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SYSTEMS AND METHODS FOR NONDESTRUCTIVE TESTING OF GAMETES

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority to U.S. provisional applications: 62/767318, filed November 14,

2018, entitled “SYSTEMS AND METHODS FOR NONDESTRUCTIVE TESTING OF GAMETES”;

62/806594, filed February 15, 2019, entitled “SYSTEMS AND METHODS FOR NONDESTRUCTIVE

TESTING OF GAMETES ” ; 62/767333, filed November 14, 2018, entitled “SYSTEMS AND

METHODS FOR NONDESTRUCTIVE TESTING OF GAMETES”; 62/767352, filed November 14,

2018, entitled “SYSTEMS AND METHODS FOR NONDESTRUCTIVE TESTING OF GAMETES”;

62/767373, filed November 14, 2018, entitled “SYSTEMS AND METHODS FOR NONDESTRUCTIVE

TESTING OF GAMETES”; and 62/767383, filed November 14, 2018, entitled “METHODS OF

PREPARING COMPOSITIONS COMPRISING MONO-HAPLOTYPIC POLYNUCLEOTIDES”, the

contents of which are incorporated by reference in their entirety for all purposes.

BACKGROUND OF THE INVENTION

There are more than 7,000 human genetic diseases, and approximately 1/100 live births involves

a highly penetrant genetic disease, many of which cause significant morbidity and mortality in childhood.

Currently, there is very little ability to assist a parent having a disease allele to avoid passing that allele on

to their child. Many genetic diseases are so rare that the per-patient development costs of a therapy

specific for one disease are prohibitive, or the disease itself is has a developmental component such that it

is difficult to imagine any treatment for patients after birth even with state-of-the-art medical science.

In non-human animals, e.g., livestock animals, it is often desirable to breed for genetically-

determined advantageous traits such as size, milk or egg production, longevity, feed efficiency, and

disease resistance. Conventional breeding, even when assisted by animal genetics, is slow and requires

raising animals to the embryo, juvenile, or adult stage for genetic testing and/or phenotyping.

There is a need in the art for improved gamete testing methods that allow parents that carry

disease alleles to have children without the genetic disease and to have children that are not carriers for

genetic disease, in case those children go on to have unplanned pregnancies. There is also a need for

improved methods of producing livestock animals with advantageous traits. There is, in addition, a need

for improved methods of producing livestock animals with advantageous traits.

SUMMARY OF THE INVENTION



This disclosure provides, among other things, methods of physically separating sperm carrying a

first allele (e.g., a non-disease allele or a desirable phenotypic trait allele) from sperm carrying another

allele (e.g., a disease allele or an undesirable phenotypic trait allele). Many disease loci are difficult to

detect directly, but are situated on a chromosome near a marker gene that is easier to detect. For instance,

the marker gene may affect a surface property of the sperm, e.g., may encode a sperm surface protein,

which can be detected with a reagent such as an antibody. When an individual is heterozygous at a

disease locus, and is also heterozygous at a marker locus that is genetically linked to the disease locus, his

disease-carrying sperm can be separated from his wild-type sperm on the basis of affinity of the

heterozygous marker protein for the reagent. The sperm carrying the non-disease allele can then be used,

e.g., in artificial insemination or IVF, to produce a healthy embryo. Thus, methods described herein

allow the detection of a DNA sequence of interest, using a functionally unrelated gene product as a proxy.

Various methods herein take advantage of an understanding of sperm development. Sperm

development has been described as follows: “Unlike oocytes, sperm undergo most of their differentiation

after their nuclei have completed meiosis to become haploid. The presence of cytoplasmic bridges

between them, however, means that each developing haploid sperm shares a common cytoplasm with its

neighbors. In this way, it can be supplied with all the products of a complete diploid genome. Developing

sperm that carry a Y chromosome, for example, can be supplied with essential proteins encoded by genes

on the X chromosome. Thus, the diploid genome directs sperm differentiation just as it directs egg

differentiation.” Molecular Biology of the Cell. 4th edition. Alberts B, Johnson A, Lewis J, et al. New

York: Garland Science; 2002. Thus, sperm develop in a syncytium (a set of connected cells), whereby

each haploid sperm shares gene products such as mRNA and protein with other sperm in the syncytium.

This developmental feature means that many mRNAs and proteins will be representative of the diploid

genome rather than the single-sperm-specific haploid genome. mRNAs and proteins that transit through

the syncytium are in many cases not good markers. This disclosure provides, among other things, an

extensive set of suitable geno-informative marker sites (GIMSs). An example of GIMS is a gene that

encodes a protein product that does not diffuse through the syncytium.

Accordingly, in some aspects, the present disclosure provides a method of manufacturing a

preparation of gametes, or a method of selecting a gamete, e.g., sperm cell comprising a first allele, e.g., a

non-disease or non-disorder of phenotype (DOP) or first phenotypic condition (PC) allele, at a phenotype

associated site (a PAS), a gamete, e.g., sperm cell, having greater than random, e.g., greater than 60, 65,

70, 75, 80, 85, 90, 95, or 99% likelihood of comprising the first allele, or a population of gametes, e.g.,

sperm cells, enriched for gametes e.g., comprising greater than 60, 65, 70, 75, 80, 85, 90, 95, or 99% of



cells, comprising the first allele, comprising:

a) providing a plurality of gametes, e.g., sperm cells, from an individual (e.g., a mammal, e.g.,

human or a non-human animal) having:

i) the first allele and a second, different, allele at the PAS, wherein the first allele of the

PAS is associated with a first PAS phenotype, e.g., a non-disease phenotype or non-DOP or first PC, and

the second allele of the PAS is associated with a second PAS phenotype, e.g., a disease phenotype or

DOP or second PC; and

ii) a first allele and a second, different, allele for a geno-informative marker site (a

GIMS), linked to the PAS, wherein the first allele of the GIMS is associated with a first GIMS phenotype

and the second allele of the GIMS is associated with a second, different, GIMS phenotype;

wherein the individual comprises a first haplotype comprising the first allele of the PAS and one

of the first and second allele of the GIMS, and a second haplotype comprising the second allele of the

PAS and the other of the first and second allele of the GIMS; and

b) subjecting the plurality of gametes, e.g., sperm cells, to a method that selects one or more

gametes, e.g., sperm cells, on the basis of comprising the first allele of the GIMS or comprising the first

GIMS phenotype,

thereby manufacturing a preparation of gametes or selecting a gamete, e.g., sperm ce , having a

first allele, e.g., a non-disease or non-DOP or first PC allele, at the PAS, a gamete e.g., sperm ce having

greater than random, e.g., greater than 60, 65, 70, 75, 80, 85, 90, 95, or 99% likelihood of comprising the

first allele, or a population of sperm cells enriched for sperm cells, e.g., comprising greater than 60, 65,

70, 75, 80, 85, 90, 95, or 99% of cells, comprising the first allele.

In an embodiment the method comprises selecting a gamete, e.g., sperm ce , having a first allele,

e.g., a non-disease or non-DOP or first PC allele, at the PAS.

In an embodiment the method comprises selecting a sperm ce having greater than random, e.g.,

greater than 60, 65, 70, 75, 80, 85, 90, 95, or 99% likelihood of comprising the first allele.

In an embodiment the method comprises selecting a population of sperm cells enriched for sperm

cells, e.g., comprising greater than 60, 65, 70, 75, 80, 85, 90, 95, or 99% sperm cells, comprising the first

allele.

In some embodiments, the first PAS allele is a non-disease or non-DOP or first PC allele. In

other embodiments, the first PAS allele is a disease or DOP or second PC allele.

In some embodiments, the sperm ce is viable. In some embodiments, the sperm ce is capable

of fertilizing an egg.



In certain aspects, the present disclosure provides a method of manufacturing a preparation of

sperm cells, or a method of selecting a sperm cell comprising a first allele, e.g., a preselected allele, e.g., a

non-disease or non-DOP or first PC allele, at a phenotype associated site (PAS), e.g., in a phenotype

associated gene, comprising:

a) providing a plurality of sperm cells from an individual (e.g., a mammal, a human, or a non

human animal) having,

i) the first allele, sometimes referred as the preselected allele, and a second, different,

allele at the PAS, e.g., in a phenotype associated gene, wherein the first allele of the PAS is associated

with a first PAS phenotype, e.g., a non-disease phenotype or non-DOP or first PC, and the second allele

of the PAS is associated with a second PAS phenotype, e.g., a disease phenotype or DOP or second PC;

and

ii) a first allele and a second, different, allele for a geno-informative marker site (GIMS),

e.g., a cell-restricted marker site, e.g., in a geno-informative marker gene, e.g., a cell-restricted marker

gene, linked to the PAS (e.g., phenotype associated gene) wherein the first GIMS allele is associated with

a first GIMS phenotype and the second GIMS allele is associated with a second GIMS phenotype;

wherein the PAS and the GIMS are not in the same gene; and

a2) acquiring knowledge of, e.g., determining, whether a sperm cell in the plurality comprises the

first allele of the GIMS or comprises the first GIMS phenotype, and

b) selecting one or more sperm cells on the basis of comprising the first allele of the GIMS from

one or more sperm cells comprising the second allele of the GIMS,

thereby manufacturing a preparation of sperm cells or selecting a sperm cell having a first allele,

e.g., a preselected allele, e.g., a non-disease or non-DOP or first PC allele, at the PAS.

In embodiments, the PAS and the GIMS are not in the same gene; are a predetermined distance

apart; are not in linkage disequilibrium with each other; are not in the same LD block as each other; are

not in the same transcript; are not in the same coding region; or are at least 10, 20, 30, 40, 50, 100 kb

apart.

In certain aspects, the present disclosure provides a method of manufacturing a preparation of

gametes, or a method of selecting a sperm cell comprising a first allele, e.g., a preselected allele, e.g., a

non-disease or non-DOP or first PC allele, at a PAS, comprising:

a) providing a plurality of sperm cells from an individual (e.g., a mammal, a human, or a non

human animal) having:



i) the first allele, sometimes referred as the preselected allele, and a second, different,

allele at the PAS; and

ii) a first allele and a second, different, allele for a GIMS, linked to the PAS (e.g.,

phenotype associated gene);

wherein the first allele of the PAS or phenotype associated gene is associated with a first

phenotype, e.g., a non-disease phenotype or non-DOP or first PC, and the second allele of the PAS or

phenotype associated gene is associated with a second phenotype, e.g., a disease phenotype or DOP or

second PC, and one or more of:

iii) wherein a sperm cell having the first allele of the PAS or phenotype associated gene

has a first surface-exposed structure, e.g., a first surface exposed epitope, present at a first level,

and a sperm cell having the second allele of the PAS or phenotype associated gene lacks the first

surface exposed epitope or has it at a second, different, level;

iv) the plurality of sperm cells have normal mitochondrial function, e.g., have normal

mitochondrial membrane potential, or cells having the first allele of the PAS have the same

mitochondrial function as cells having the second allele of the PAS;

v) the plurality of sperm cells have normal morphology, or cells having the first allele of

the PAS have the same morphology as cells having the second allele of the PAS;

vi) the plurality of sperm cells have normal ability to undergo capacitation and/or the

acrosome reaction, or cells having the first allele of the PAS have the same ability to undergo

capacitation and/or the acrosome reaction as cells having the second allele of the PAS; or

vii) the PAS is on one of human autosomes 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,

16, 17, 18, 19, 20, 21, or 22, or on a human X or Y chromosome, or wherein the PAS is on a non

human animal autosome; and

b) selecting one or more sperm cells comprising the first allele of the GIMS from one or more

sperm cells comprising the second allele of the GIMS,

thereby manufacturing a preparation of sperm cells, or selecting a sperm cell having a first allele,

e.g., a preselected allele, e.g., a non-disease or non-DOP or a first PC allele, at the PAS.

In embodiments, the PAS and the GIMS are in the same gene; are within a predetermined

distance of each other; in linkage disequilibrium with each other; are in the same LD block as each other;

are in the same transcript; are in the same coding region; or are within 10, 8, 6, 5, 4, 3, 2, or 1 kb of each

other.



In certain aspects, the present disclosure provides a method of manufacturing a preparation of

gamete or a method of selecting a sperm cell comprising a first allele at a GIMS, comprising:

a) providing a plurality of gametes, e.g., sperm cells, from an individual (e.g., a mammal, a

human, or a non-human animal) having a first allele and a second, different, allele for a geno-informative

marker site (a GIMS), wherein the first allele of the GIMS is associated with a first GIMS phenotype and

the second allele of the GIMS is associated with a second, different, GIMS phenotype; and one or more of

(e.g., 2, 3, 4 or all of):

i) wherein a sperm cell having the first allele of the GIMS has a first surface-exposed structure,

e.g., a first surface exposed epitope, present at a first level, and a sperm cell having the second allele of

the GIMS lacks the first surface exposed epitope or has it at a second, different, level;

ii) the plurality of sperm cells have normal mitochondrial function, e.g., have normal

mitochondrial membrane potential, or cells having the first allele of the GIMS have the same

mitochondrial function as cells having the second allele of the GIMS;

iii) the plurality of sperm cells have normal morphology, or cells having the first allele of the

GIMS have the same morphology as cells having the second allele of the GIMS;

iv) the plurality of sperm cells have normal ability to undergo capacitation and/or the acrosome

reaction, or cells having the first allele of the GIMS have the same ability to undergo capacitation and/or

the acrosome reaction as cells having the second allele of the GIMS; or

v) the GIMS is on one of human autosomes 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17,

18, 19, 20, 21, or 22, or on a human X or Y chromosome, or wherein the GIMS is on a non-human animal

autosome; and

b) subjecting the plurality of gametes, e.g., sperm cells, to a method that selects one or more

gametes, e.g., sperm cells, on the basis that it comprises or they comprise the first allele of the GIMS or

that it comprises the first GIMS phenotype,

thereby manufacturing a preparation of gametes or selecting a gamete, e.g., sperm cell, having a

first allele at the GIMS.

In embodiments, the method comprises detecting the presence, absence, or level of a gene

product of the first and/or second GIMS. In embodiment, the method comprises selecting a gamete by its

affinity for a reagent, e.g., a reagent that binds a gene product of the first and/or second GIMS or a

structure produced by the first and/or second GIMS.

In embodiments, the PAS is in a first gene and the GIMS not in the first gene, e.g., is in a second

gene. In embodiments, the PAS and the GIMS are in the same gene.



In embodiments, (b) comprises selecting a sperm cell based on affinity of a reagent for an antigen

comprised by a sperm cell comprising a first allele of a GIMS. In embodiments, (b) comprises selecting a

sperm cell based on affinity of a reagent for an antigen comprised by a sperm cell comprising a second

allele of a GIMS. In embodiments, (b) does not comprise selecting on the basis of mitochondrial

function, morphology, or ability to undergo capacitation or the acrosome reaction. In embodiments, the

method yields a plurality of sperm cells wherein at least 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%,

98%, or 99% of the sperm cells in the plurality, comprises the first allele of the GIMS.

In some aspects, the disclosure provides a method of separating a population of sperm cells (e.g.,

from a mammal, a human, or a non-human animal) into at least two genetically distinct sub-populations,

comprising:

separating the population of sperm cells into a first sub-population that is enriched for a first

allele of a PAS and a second sub-population that is enriched for a second allele of the PAS, wherein:

i) the first sub-population and the second sub-population have substantially equal ratios of X

chromosome -bearing sperm to Y chromosome -bearing sperm, e.g., ratios of about 1:1;

ii) the PAS is situated on an autosome; or

iii) the method does not comprise a sex selection step;

thereby separating the population of sperm cells into at least two genetically distinct sub

populations.

The present disclosure provides, in some aspects, a method of manufacturing a preparation of

sperm cells or selecting a sperm cell (e.g., a human sperm cell, mammalian sperm cell, or non-human

animal sperm cell) comprising a first allele, e.g., a non-disease or non-DOP or first PCT allele, at a

phenotype associated site (a PAS), comprising:

a) providing a plurality of sperm cells from an individual, e.g., a human individual or a non

human animal individual, having:

i) the first allele and a second, different, allele at the PAS, wherein the first allele of the

PAS is associated with a non-disease phenotype or non-DOP or first PC, and the second allele of the PAS

is associated with a disease phenotype or DOP or second PC; and

ii) a first allele and a second, different, allele for a geno-informative marker site (a

GIMS), linked to the PAS, wherein the first allele of the GIMS encodes a first surface-expressed protein

and the second allele of the GIMS encodes a second, different, surface-expressed protein;

wherein the PAS and the GIMS are not in the same gene



wherein the individual comprises a first haplotype comprising the first allele of the PAS and one

of the first and second allele of the GIMS, and a second haplotype comprising the second allele of the

PAS and the other of the first and second allele of the GIMS; and

b) contacting the plurality of sperm cells with a first antibody molecule that binds the first surface

expressed protein and a second antibody molecule that binds the second surface expressed protein, and

c) selecting one or more sperm cells that bind the first antibody molecule at a higher level than

the sperm cell or cells bind the second antibody molecule,

wherein the method does not comprise selecting sperm on the basis of carrying an X or Y

chromosome;

thereby manufacturing a preparation of sperm cells or selecting a sperm cell having the non

disease or non-DOP or first PC allele at the PAS.

In some aspects, the disclosure provides a method of distinguishing a first population of gametes

(e.g., sperm cells) from a second population of gametes (e.g., sperm cells) comprising:

providing an input population of gametes which comprises the first population and the second

population, and

contacting the input population with a reagent that binds the first population with a first binding

property, e.g., binds the first population with greater affinity than it binds the second population, or binds

the first population with a first distribution of binding sites and binds the second population with a

second distribution of binding sites;

thereby distinguishing the first population of gametes from the second population of gametes.

In some embodiments, the method further comprises detecting binding of the reagent to the first

population, the second population, or the first population and the second population.

In some aspects, the present disclosure provides a method of manufacturing a labeled gamete,

e.g., a preparation of labeled gametes, e.g., a sperm cell, or preparation thereof, comprising a first allele,

e.g., a non-disease or non-DOP or first PC allele, at a phenotype associated site (a PAS), a sperm cell

having greater than random, e.g., greater than 60, 65, 70, 75, 80, 85, 90, 95, or 99% likelihood of

comprising the first allele, or a population of sperm cells, enriched for sperm cells, e.g., comprising

greater than 60, 65, 70, 75, 80, 85, 90, 95, or 99% sperm cells, comprising the first allele, comprising:

a) providing a plurality of gametes, e.g., sperm cells, from an individual (e.g., a human or a non

human animal) having:



i) the first allele and a second, different, allele at the PAS, wherein the first allele of the

PAS is associated with a first PAS phenotype, e.g., a non-disease phenotype or non-DOP or first PC, and

the second allele of the PAS is associated with a second PAS phenotype, e.g., a disease phenotype or

DOP or second PC; and

ii) a first allele and a second, different, allele for a geno-informative marker site (a

GIMS), linked to the PAS, wherein the first allele of the GIMS is associated with a first GIMS phenotype

and the second allele of the GIMS is associated with a second, different, GIMS phenotype;

wherein the individual comprises a first haplotype comprising the first allele of the PAS and one

of the first and second allele of the GIMS, and a second haplotype comprising the second allele of the

PAS and the other of the first and second allele of the GIMS; and

contacting the gamete, or preparation of gametes, with a reagent having specific affinity for an

antigen comprised by a sperm cell comprising a first allele of a GIMS.

In embodiments, the reagent, e.g., the antibody molecule, is bound (e.g., conjugated) to a

substrate such as a bead, polymer, gel, film, or latex sheath. In embodiments, the substrate is a solid

substrate. In some embodiments, the reagent preferentially binds and immobilizes sperm cells that

comprise the first PAS phenotype, e.g., the non-disease phenotype or non-DOP or first PC. In some such

embodiments, the method further comprises separating the bound sperm cells from the reagent or

substrate, e.g., for use in fertilizing an egg. In other embodiments, the reagent preferentially binds and

immobilizes sperm cells that comprise the second PAS phenotype, e.g., the disease phenotype or DOP or

second PC. In some such embodiments, the method further comprises recovering sperm cells that do not

bind the reagent, e.g., for use in fertilizing an egg.

In some embodiments, the reagent, e.g., the antibody molecule, is disposed on or in a device, e.g.,

a separation device, e.g., comprising a column .

In an embodiment, a user contacts the sperm cells with the reagent, e.g., a reagent disposed in the

device, e.g., a column. In an embodiment, the user is the male that produces the sperm, the woman that

provides the egg to be fertilized, a health care professional, or a user associated with a medical facility,

e.g., a hospital or clinic, e.g., fertility clinic. In an embodiment the user receives the reagent (e.g.,

receives a device comprising the reagent) from another party, e.g., by mail or other delivery mode.

In embodiments, the method further comprises contacting an egg with the preparation of sperm

cells, e.g., in vivo (e.g., through IUI) or in vitro (e.g., through ICSI). In embodiments, the method further

comprises fertilizing an egg with the sperm cell.

In embodiments, a method herein comprises determining whether a haplotype comprises the first

allele of the PAS and the first allele of the GIMS. In embodiments, a method herein comprises



determining whether a haplotype comprises the second allele of the PAS and the second allele of the

GIMS. In embodiments, a method herein comprises determining whether a haplotype comprises the first

allele of the PAS and the second allele of the GIMS. In embodiments, a method herein comprises

determining whether a haplotype comprises the second allele of the PAS and the first allele of the GIMS.

In some embodiments, the method comprising testing, e.g., destructive testing, e.g., DNA sequencing, of

gamete samples produced (e.g., selected or sorted) by a method described herein. In some embodiments,

the method comprises performing DNA sequencing of one or more parents (e.g., of two parents) of the

individual providing the gametes (e.g., sperm cells), e.g., to infer a haplotype of the individual. In some

embodiments, the method comprises performing single cell nucleic acid sequencing (e.g., DNA or RNA

sequencing) on one or more single gametes (e.g., sperm cells) provided by the individual.

In any of the above aspects and embodiments, the following may apply:

In embodiments, the method comprises selecting a plurality of sperm cells on the basis that each

sperm cell in the plurality, or at least 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% of the

sperm cells in the plurality, comprises the first allele of the GIMS or comprises the first GIMS phenotype.

In embodiments, the method does not comprise selecting a sperm cell on the basis of its X or Y

chromosome.

In embodiments, the method comprises assaying whether the selected sperm cell comprises the

first allele of the GIMS or comprises the first GIMS phenotype. In embodiments, the method comprises

assaying whether the selected sperm cell comprises the second allele of the GIMS or comprises the

second GIMS phenotype. In embodiments, the method comprises assaying whether the selected sperm

cell comprises the first or second allele of the GIMS or comprises the first or second GIMS phenotype.

In embodiments, the method further comprises performing one or more of: gamete differentiation

in vitro (e.g., generating or obtaining a stem cell such as an embryonic stem cell or induced pluripotent

cell and inducing it to differentiate into a gamete such as an egg), in vitro spermatogenesis, sequencing a

nucleic acid from an IVF embryo before implantation, sequencing a nucleic acid from an embryo post

implantation, sequencing a nucleic acid from an egg polar body (e.g., sequencing nucleic acids from two

or three egg polar bodies generated by one egg, and optionally further inferring the genotype of the egg at

one or more locus, e.g., the PAS, and optionally selecting an egg for fertilization based on the identity of

the locus).

In embodiments, the method further comprises contacting the sperm cell with an egg cell, e.g., by

IVF, ICSI, IUI, or intercourse.

In embodiments, the method further comprises contacting the sperm cell having the first or

second (e.g., preselected) allele with an ovum. In embodiments, the method further comprises artificial



insemination, in vitro fertilization, or intracytoplasmic sperm injection (ICSI). In embodiments, the ovum

is from a female individual that is, or is identified as being, heterozygous for the PAS.

In embodiments, the method further comprises cryopreserving the sperm comprising the first or

second (e.g., preselected) GIMS or PAS allele. In embodiments, the sperm are cryopreserved before

and/or after the method of selecting a sperm cell. In embodiments, the method further comprises

transporting the sperm comprising the first or second (e.g., preselected) GIMS or PAS allele. In

embodiments, the method further comprises thawing the cryopreserved sperm.

In embodiments, the method further comprises acquiring information on the heterozygosity of the

GIMS in the individual, e.g., the individual that contributes the sperm or the individual that contributes

the egg. In embodiments, the method further comprises testing whether the individual (e.g., the

individual that contributes the sperm or the individual that contributes the egg) is heterozygous for the

PAS. In embodiments, the method further comprises acquiring information on the heterozygosity of the

PAS in the individual. In embodiments, the method further comprises testing whether the individual is

heterozygous for the GIMS. In embodiments, the testing is performed on a biological sample from the

patient, e.g., a biological sample comprises gametes or somatic cells. In embodiments, the biological

sample comprises blood, a cheek swab, epidermal sample, skin sample, sperm, or semen. In

embodiments, the testing comprises performing DNA sequencing (e.g., whole genome DNA sequencing),

PCR, ELISA, or microarray analysis.

In embodiments, the method yields a first plurality of sperm cells comprising the first allele of the

GIMS and a second plurality of sperm cells comprising the second allele of the GIMS. In embodiments,

the method comprises acquiring information about the PAS in the first plurality of sperm cells, e.g.,

determining whether the first or second allele of the PAS is present in the first plurality of sperm cells. In

embodiments, the method comprises acquiring information about the PAS in the second plurality of

sperm cells, e.g., determining whether the first or second allele of the PAS is present in the second

plurality of sperm cells. In embodiments, acquiring information comprises performing testing, e.g.,

destructive testing, on a sample of the first plurality of sperm cells. In embodiments, acquiring

information comprises performing testing, e.g., destructive testing, on a sample of the second plurality of

sperm cells. In embodiments, acquiring information comprises acquiring information about the purity of

the sperm cells in the first sample, e.g., acquiring information about a level of the first allele of the

phenotype associated gene and the second allele of the phenotype associated gene. In embodiments,

acquiring information comprises acquiring information about the purity of the sperm cells in the second

sample, e.g., acquiring information about a level of the first allele of the phenotype associated gene and

the second allele of the phenotype associated gene.



In embodiments, the method further comprises acquiring knowledge of the haplotype of the

individual supplying the sperm cells, e.g., acquiring knowledge of which allele of the GIMS is linked to

which allele of the PAS. In embodiments, this knowledge is acquired before or after a method of

selecting a sperm cell.

In embodiments, the method further comprises acquiring information on the GIMS in the

individual, e.g., whether the individual is heterozygous for the GIMS and/or identifying the sequence of

one or both alleles of the GIMS, e.g., by DNA sequencing of a sperm or somatic cell or plurality of cells.

In embodiments, the method further comprises generating a novel reagent, e.g., antibody

molecule or mixture of reagents, e.g., antibody molecules (e.g., a novel mixture of previously known

antibodies) specific to an antigen comprised by one or more sperm cells comprising a GIMS. In

embodiments, the mixture comprises a first antibody molecule (optionally labelled with a first label, e.g.,

a label having a first color) specific to an antigen comprised by a sperm cell comprising the first allele of

a first GIMS and a second antibody molecule (optionally labelled with a second label, e.g., a label having

a second color) specific to an antigen comprised by a sperm cell comprising a second allele of the first

GIMS. In embodiments, the mixture comprises an antibody molecule (optionally labelled with a first

label, e.g., a label having a first color) specific to an antigen comprised by a sperm cell comprising a first

allele of a first GIMS and a second antibody molecule (optionally labelled with the first label, e.g., the

label having a first color, or a second label, e.g., a label having a second color) specific to an antigen

comprised by a sperm cell comprising a first allele of a second GIMS. The product can be, e.g., a protein

encoded by the GIMS allele or a reaction substrate of a reaction performed by an enzyme encoded by the

GIMS allele.

In embodiments, the method further comprises providing a plurality of haploid cells, e.g., sperm

cells, e.g., comprises acquiring, e.g., collecting ejaculate from the individual, e.g., in a collection vial

which is optionally in a temperature-controlled container. In embodiments, the method further comprises

thawing cryopreserved sperm cells before step (b), or cryopreserving one or more sperm cells after step

(b).

In embodiments, the selected haploid cell, e.g., sperm cell is an epididymal cell, testes cell, or an

immature sperm cell, e.g., a round cell. In embodiments, the plurality of sperm cells comprises

epididymal cells, testes cells, or round cells, or any combination thereof.

In embodiments, the method further comprises performing testing, e.g., destructive testing, on a

sample of the first plurality of sperm cells and/or the second plurality of sperm cells or on a cell from an

embryo produced using a sperm cell from the first and/or second plurality of sperm cells. In

embodiments, the testing comprises sequencing a nucleic acid (e.g., RNA or DNA) from the sample,



detecting a protein in the sample, observing a phenotype (e.g., motility e.g., hypermotility, membrane

polarization, acrosome reaction, or swelling, or any combination thereof), or inducing a phenotype in the

sample. The induced phenotype may be, e.g., acrosome reactivity, chemoattraction, hypermotility, lack of

motility, cell death, swelling, permeabilization, or sensitivity to a solution, or any combination thereof.

In embodiments, step (b) comprises selecting the sperm cell by FACS, column, microfluidic

device, or centrifuge.

In embodiments, the first PAS phenotype or the second PAS phenotype is displayed in an

individual that arises from fertilization with a sperm cell comprising, respectively, the first allele or the

second allele of the PAS, e.g., the phenotype is displayed prenatally, or postnatally, e.g., in a child or

adult. In embodiments, the first PAS phenotype and/or the second PAS phenotype is not displayed in the

sperm cell. In embodiments, the PAS is in a phenotype associated gene and/or the GIMS is in a cell-

restricted marker gene. In embodiments, the PAS comprises or is comprised by a gene that is not

expressed in sperm cells, does not produce a detectable amount of RNA in sperm cells (e.g., by RT-PCR),

does not produce a detectable amount of protein in sperm cells (e.g., by Western blot), or does not

produce a detectable amount of protein on the surface of sperm cells (e.g., by FACS).

In embodiments, the PAS or GIMS comprises one or more nucleotide from, e.g., overlaps with or

is situated within one or more of: a gene; a transcribed sequence of a gene; a translated sequence of a

gene; a coding sequence of a gene; a non-coding region, e.g., intronic sequence or 5 ’ UTR or 3 ’ UTR, of

a gene; a non-gene functional element, e.g., an enhancer or insulator; a translocation; a deletion, e.g., a

multi-gene deletion; an epigenetic feature, e.g., chromatin having DNA methylation or one or more

histone modifications; an eQTL (expression quantitative trait locus); a GWAS (genome-wide association

study) region; a phenotype associated region; or a pedigree region. In embodiments, the PAS is not

expressed in sperm cells. In embodiments, the PAS is located in, encompasses, or overlaps with a gene

that is not expressed in sperm cells (e.g., developing or mature sperm cells).

In embodiments, selection of a GIMS allele results in selection of a sperm cell having the first or

second (e.g., preselected) allele of the PAS. In embodiments, the method comprises separating a sperm

cell having the first or preselected allele of the PAS from a sperm cell having the second allele of the

PAS. In embodiments, the first allele of the PAS is linked to the first allele of the GIMS and the second

allele of the PAS is linked to the second allele of the GIMS; or the first allele of the PAS is linked to the

second allele of the GIMS and the second allele of the PAS is linked to the first allele of the GIMS.

The method can involve a reagent that can distinguish between sperm cells. In embodiments, the

method comprises, e.g., in step b), contacting a sperm cell from the plurality with a reagent that can

distinguish a sperm cell having the first allele of the GIMS from a sperm cell having the second allele of

the GIMS. In embodiments, the reagent binds a sperm cell having the first allele of the GIMS with a first



affinity and binds a sperm cell having the second allele of the GIMS with a second affinity. In

embodiments, the first affinity and second affinity differ sufficiently to allow distinguishing a sperm cell

having the first allele of the GIMS from a sperm cell having the second allele of the GIMS. In

embodiments, the reagent binds a product of the first allele of the GIMS with a first affinity and binds a

product of the second allele of the GIMS with a second affinity, and the first affinity is greater (e.g.,

having a lower Kd) than the second affinity, e.g., by about 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 50, or 100-fold. In

embodiments, the affinity of the reagent for the product of the first allele of the PAS is not sufficiently

different from the affinity of the reagent for the product of the second allele of the PAS to allow

distinguishing or separating sperm cells having first allele of the PAS from sperm cells having the second

allele of the PAS on the basis of binding to a product of the PAS. In embodiments, the reagent fails to

bind at substantial levels to one or both of a product of the first allele of the PAS or the product of a

second allele of the PAS. In embodiments, the reagent comprises an antibody molecule, e.g., an antibody,

scFv, Fab fragment, or Fab2 fragment. In embodiments, the reagent comprises a nucleic acid, e.g., DNA

or RNA. In embodiments, the reagent comprises a Cas9 polypeptide (e.g., rCas9) and/or a guide RNA.

In embodiments, the method further comprises permeabilizing the gametes, e.g., sperm cells. In

embodiments, the reagent can distinguish a sperm cell having the first allele of the GIMS from a sperm

cell having of the second allele of the GIMS. In embodiments, the reagent can distinguish an antigen

comprised by a sperm cell having the first allele of the GIMS from an antigen comprised by a sperm cell

having of the second allele of the GIMS. In embodiments, the reagent binds preferentially to a product of

the first allele of the GIMS compared to a product of the second allele of the GIMS (e.g., has an affinity

for the product of the first allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater than its affinity for

the product of the second allele).

The method can also involve a second reagent. In embodiments, the method further comprises,

e.g., in step b), contacting a sperm cell from the plurality with a second reagent that can distinguish a

sperm cell having the first allele of the GIMS from a sperm cell having the second allele of the GIMS. In

embodiments, the second reagent binds preferentially to the product of the second allele of the GIMS

compared to the product of the first allele of the GIMS (e.g., has an affinity for the product of the second

allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater than its affinity for a product of the first allele).

In embodiments, the first reagent binds preferentially to the product of the first allele of the GIMS

compared to the product of the second allele of the GIMS (e.g., has an affinity for the product of the first

allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater than its affinity for a product of the second

allele), and the second reagent binds preferentially to the product of the second allele of the GIMS

compared to the product of the first allele of the GIMS (e.g., has an affinity for the product of the second

allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater than its affinity for a product of the first allele).



In embodiments, the first reagent is associated with a first detectable label, e.g., a first fluorophore and the

second reagent is associated with a second detectable label, e.g., a second fluorophore. In embodiments,

the method further comprises measuring a level of the first detectable label, e.g., fluorescence from the

first fluorophore and a level of the second detectable label, e.g., fluorescence from the second

fluorophore, which is associated with a sperm cell. In embodiments, the method further comprises

calculating a ratio between the level of the first detectable label, e.g., fluorescence from the first

fluorophore and the level of the second detectable label, e.g., fluorescence from the second fluorophore,

which is associated with a sperm cell. In embodiments, the method further comprises sorting the

population of sperm cells into at least two (e.g., 3, 4, 5, 6, or more) sub-populations based on the ratio.

In embodiments, the sub-populations of sperm cells comprise:

i) a sub-population enriched for first allele of the GIMS, e.g., having greater fluorescence from

the first fluorophore than the second fluorophore,

ii) a sub-population enriched for second allele of the GIMS, e.g., having greater fluorescence

from the second fluorophore than the first fluorophore, and

iii) optionally, a sub-population which has similar levels of fluorescence from the first and second

fluorophores, e.g., a non-enriched or weakly enriched sub-population, e.g., suitable to discard.

In embodiments, the method further comprises a step of removing the first reagent, e.g., antibody

molecule, from the sperm cell, e.g., wherein a plurality of antibody molecules bind the sperm, the method

further comprises a step of removing one or more reagents, e.g., antibody molecules, e.g., all antibodies,

from the sperm. In embodiments, the method further comprises assaying the sperm cell for the presence

of the first reagent, e.g., antibody molecule. In embodiments, the method further comprises removing the

second reagent and/or assaying the sperm cell for the presence of the second reagent.

In embodiments, the method further comprises contacting the sperm cell with a viability dye. In

embodiments, the method further comprises removing non-viable sperm from the population, e.g., by

FACS.

In embodiments, a sperm cell having the first allele of the GIMS has a first structure, e.g., a first

epitope, e.g., a first surface exposed epitope, present at a first level; and a sperm cell having the second

allele of the GIMS lacks the first structure or has it at a second, different level. In embodiments, the

structure is one listed in Table 5. In embodiments, the first level is greater than the second level. In

embodiments, the second level is undetectable or zero, i.e., the first structure is not present or not

detectable on sperm cells having the second allele of the GIMS. In embodiments, the sperm cell having

the second allele of the GIMS has a second structure. In embodiments, the method, e.g., step b) of the

method, comprises contacting a sperm cell from the starting population with a reagent, e.g., an antibody

molecule, that can distinguish the first structure, e.g., first epitope, from the second structure, e.g., second



epitope. In embodiments, the reagent has a KD for the first structure and a KD for the second structure,

wherein the KD for the first structure is at least 2, 5, 10, 20, 50, 100, 200, 500, or 1000-fold lower than the

KD for the second structure.

The methods herein can involve directly detecting a protein encoded by a GIMS. In

embodiments, the first structure is a gene product, e.g., a polypeptide, encoded by the GIMS. In

embodiments, the first structure is a polypeptide having a first amino acid sequence and the second

structure is a polypeptide having a second amino acid sequence, wherein the first and second structures

are different. In embodiments, the first allele of the GIMS is a null allele, or the second allele of the

GIMS is a null allele, but the first and second alleles of the GIMS are not both null alleles. In

embodiments, the first allele of the GIMS, relative to the second allele of the GIMS, comprises a point

mutation, substitution, insertion, deletion, premature stop codon, or frameshift. In embodiments, the

GIMS encodes a transmembrane protein, a membrane-associated protein, and/or a membrane lipid-

anchored protein. In embodiments, the GIMS encodes a spermadhesin, transmembrane transporter, ion

channel, solute carrier, integrin, cadherin, matrix metahopeptidase, ATP-binding cassette, ATPase,

glycoproteins, or cell surface receptor (e.g., G protein-coupled receptor, hormone receptor, chemokine

receptor, or cytokine receptor). In embodiments, the GIMS affects levels of a protein, e.g., the GIMS is

disposed in, overlaps with, or encompasses a promoter, enhancer, or mRNA stability element. In

embodiments, the GIMS affects stability of a protein, e.g., encodes an amino acid mutation that alters

stability of the encoded protein.

The methods herein can also involve detecting a structure produced by a GIMS, e.g., wherein the

structure comprises a reaction product such as a phosphorylated reaction substrate or a glycosylated

reaction substrate. In embodiments, a first sperm cell having the first allele of the GIMS has a first

structure, e.g., a first epitope, e.g., a first surface exposed epitope, and the first allele of the GIMS encodes

a gene product, e.g., a polypeptide, that can form (e.g., catalyze the formation of) the first structure, and

the first structure is present at a first level; and a second sperm cell having the second allele of the GIMS

lacks the first structure or has the first structure at a second, different level. In embodiments, the first

structure is not disposed on the gene product of the GIMS. In embodiments, the first allele of the GIMS

encodes a polypeptide having enzymatic, e.g., catalytic activity, at a first level. In embodiments, the

second allele of the GIMS encodes a polypeptide having enzymatic, e.g., catalytic activity, at a second,

different level. In embodiments, the second level is zero. In embodiments, the polypeptide is a

glycosyltransferase, kinase, phosphatase, methyltransferase, acetyltransferase, deacetylase, protease,

biosynthetic enzyme (e.g., enzyme for biosynthesis of a membrane component, lipid biosynthesis

enzyme, or cholesterol biosynthesis enzyme). In embodiments, the GIMS encodes a factor (e.g.,

polypeptide or RNA) that affects splicing of an RNA, e.g., leading to a cell surface epitope being present



or spliced out. In embodiments, the factor (e.g., polypeptide) acts on a reaction substrate, which reaction

substrate is cell-restricted and/or geno-informative. The gene encoding the reaction substrate can be

heterozygous or homozygous. In embodiments, the factor (e.g., polypeptide) acts on a reaction substrate,

which reaction substrate is disposed at the sperm cell surface, e.g., is a lipid (e.g., phospholipid),

transmembrane protein, surface-associated protein, lipid-anchored protein, or surface-associated

carbohydrate. In embodiments, the method comprises contacting the first sperm ce or second sperm ce

with a reagent specific for the first structure. In embodiments, the reagent comprises an antibody

molecule. In embodiments, the first structure comprises a lipid (e.g., a phospholipid), polypeptide,

glycosyl moiety, phosphorylated amino acid, methylated amino acid, acetylated amino acid, polypeptide

subject to alternative splicing, post-translationally modified polypeptide.

The sperm cells can be derived from various species. In embodiments, the sperm ce is a human

sperm ce . In embodiments, the sperm cell is a non-human animal sperm ce , e.g., from an agricultural

animal (e.g., cow, pig, horse, goat, or chicken), a companion animal (e.g., dog, or cat) rodent (e.g., mouse

or rat), fish, bird, or insect. In embodiments, the sperm ce is from an organism other than a rodent,

mouse, rat, or hamster. In embodiments, the sperm cell is a human sperm ce and the GIMS is listed in

Table 2. In embodiments, the sperm ce is a non-human animal sperm ce and the GIMS is listed in

Table 1,3A, or 3B, or a human homolog thereof.

In embodiments, the PAS is not a gross chromosomal feature, e.g., is not a translocation, multi

gene deletion, multi-gene inversion, or loss of a chromosome.

In embodiments, the reagent is affixed to a support, e.g., an insoluble or solid support. In

embodiments, the support comprises a bead, or plurality of beads. In embodiments, the support is

disposed on or in a device, e.g., a column, or microfluidic device. In embodiments, the method comprises

contacting the plurality of sperm cells with the reagent affixed to the support. In embodiments, the

method further comprises washing the support. In embodiments, the method further comprises eluting

sperm cells from the support.

In embodiments, the method further comprises contacting the plurality of sperm cells with a

microfluidic device. In embodiments, the method further comprises passing the plurality of sperm cells

through the device, e.g., a microfluidic device. In embodiments, the device, e.g., a microfluidic device,

comprises an inlet, an outlet, and a channel connecting the inlet to the outlet.

In embodiments, the method comprises contacting the plurality of sperm with the inlet under

conditions that allow at a sub-population of sperm cells to reach the outlet, and optionally collecting the

sub-population of sperm cells (or a portion thereof) from the outlet. In embodiments, the device is

configured to be worn by the individual producing the plurality of sperm cells. In embodiments, the

device, e.g., a gel, is configured to be disposed in vagina or uterus of the individual supplying the egg. In



embodiments, the device comprises a flexible cylinder, e.g., a condom comprising an outlet capable of

releasing a sub-population of sperm cells.

In embodiments, the method comprises performing flow cytometry on a plurality of beads.

In embodiments, the method does not comprise performing sex selection. In embodiments, the

method results in a population comprising X chromosome bearing sperm cells and Y chromosome

bearing sperm cells, e.g., a population that comprises about 40% X chromosome bearing sperm cells and

about 60% Y chromosome bearing sperm cells; about 45% X chromosome bearing sperm cells and about

55% Y chromosome bearing sperm cells; about 50% X chromosome bearing sperm cells and about 50%

Y chromosome bearing sperm cells; about 55% X chromosome bearing sperm cells and about 45% Y

chromosome bearing sperm cells; or about 60% X chromosome bearing sperm cells and about 40% Y

chromosome bearing sperm cells. In embodiments, the method has at least 5%, 10%, 20%, 30%, 40%, or

50% (e.g., about equal chance) chance of providing either an X chromosome bearing or a Y chromosome

bearing sperm cell. In embodiments, the method does not enrich for X or Y chromosome bearing sperm

cells. In embodiments, the selected population comprises X and Y chromosome bearing sperm cells. In

embodiments, the selected population comprises at least 5%, 10%, 20%, 30%, 40%, or 50% (e.g., about

equal numbers) of X chromosome bearing sperm cells. In embodiments, the selected population

comprises at least 5%, 10%, 20%, 30%, 40%, or 50% (e.g., about equal numbers) of Y chromosome

bearing sperm cells. In embodiments, the proportions of X and Y chromosome bearing sperm cells in the

selected population does not differ significantly from the proportion of X and Y chromosome bearing

sperm cells in the plurality of sperm cells provided by the individual.

In embodiments, providing the plurality of sperm cells comprises receiving a plurality of sperm

cells. In embodiments, the plurality of sperm cells is in frozen form or in non-frozen (e.g., fresh) form

when received. In embodiments, the method further comprises transporting the sperm cell having the first

or second (e.g., preselected) PAS allele and/or GIMS allele to a recipient. In some embodiments,

providing (e.g., providing gametes, e.g., sperm cells) comprises acquiring (e.g., acquiring gametes, e.g.,

sperm cells), e.g., acquiring the gametes from the individual that produced the gametes e.g., sperm cells.

In embodiments, the reagent is bound, e.g., non-covalently bound or covalently linked, to a

detectable label, e.g., a fluorophore.

In embodiments, the method comprises selecting a population of sperm cells having the first or

second (e.g., preselected) allele at the PAS. In embodiments, the selected population of sperm cells

comprises at least 2, 5, 10, 20, 50, 100, 200, 500, 1,000, 2,000, 5,000, 10,000, 20,000, 50,000, 100,000,

200,000, 500,000, 1 million, 2 million, 5 million, 10 million, 20 million, 50 million, 100 million, 200

million, or 500 million sperm cells.



In embodiments, the method further comprises contacting the sperm cells with an antibody

molecule. In embodiments, the separation step comprises an affinity separation step.

In embodiments, the methods herein include a physical change in a physical substance, e.g., a

starting material. Exemplary changes include making a physical entity from two or more starting

materials, shearing or fragmenting a substance, separating or purifying a substance, combining two or

more separate entities into a mixture, or performing a chemical reaction that includes breaking or forming

a covalent or non-covalent bond.

In embodiments, the structure (e.g., the structure produced by the GIMS, e.g., by the first and/or

second GIMS) is present at one or more locations of the sperm cell. In embodiments, the head of the

sperm cell (e.g., the acrosomal vesicle, the nucleus, and/or the plasma membrane) comprises the structure.

In embodiments, the structure is present in the head at a higher level than in the tail, and in embodiments,

the structure is present only in the head. In embodiments, the tail of the sperm cell (e.g., the midpiece,

mitochondria, flagellum, and/or plasma membrane) comprises the structure. In embodiments, the

structure is present in the tail at a higher level than in the head, and in embodiments, the structure is

present only in the tail. In embodiments, the structure is present in: i) the head and midpiece, ii) the head

and flagellum, iii) the midpiece and flagellum, or iv) the head, midpiece, and flagellum. In embodiments,

the structure is comprised by plasma membrane covering the head or tail (e.g., midpiece and/or flagellum)

of the sperm. In embodiments, the head is the portion of the sperm surrounding the nucleus and

extending to the posterior ring; the midpiece is the portion of the sperm between the posterior ring and the

annulus; the flagellum of the sperm is the portion extending beyond the annulus; and the tail comprises

the midpiece and flagellum. In embodiments, the structure can be comprised by one or more subdomains

of the head, e.g., the apical ridge, pre-equatorial subdomain, equatorial subdomain, or post-equatorial

subdomain. In embodiments, the structure is a surface-exposed structure, e.g., a surface exposed epitope.

In embodiments, the structure is a polypeptide encoded by the GIMS (e.g., the first or second GIMS).

The present disclosure provides, in some aspects, a method of producing a fertilized egg,

comprising:

a) providing a sperm cell (e.g., a mammalian sperm cell, human sperm cell, or non-human animal

sperm cell) bound by a reagent, e.g., an antibody molecule, e.g., a population of antibody molecules;

b) optionally removing the reagent (e.g., antibody molecule) from the sperm cell, e.g., wherein a

plurality of antibody molecules bind the sperm cell, the method comprises removing one or more

antibody molecules from the sperm cell, thereby decreasing the number of antibody molecules bound to

the sperm cell;

c) optionally assaying the sperm for the presence of the reagent, e.g., antibody molecule; and



d) contacting the sperm cell with an egg cell (e.g., a human egg cell or non-human animal egg

cell) under conditions that allow for fertilization,

thereby producing a fertilized egg.

In embodiments, removing the antibody molecule comprises one or more of adding a buffer, e.g.,

a high salt buffer, counter-selection (e.g., allowing the antibody molecule to dissociate from one or more

of the sperm cells and then selecting sperm cells that are not bound to the antibody molecule or are bound

by less than a preselected number of antibody molecules), swim-up (e.g., allowing the antibody molecule

to dissociate from one or more of the sperm cells, contacting the sperm cells with a reagent that impedes

swimming and binds to the antibody molecule, e.g., beads coated with an antibody-binding reagent such

as protein A or protein G, and then selecting sperm cells with better swimming activity in a swim-up

assay), centrifugation (e.g., allowing the antibody to dissociate from one or more of the sperm cells,

contacting the sperm cells with a reagent that changes the sperm cell’s sedimentation under centrifuge

conditions and binds to the antibody molecule, e.g., beads coated with an antibody-binding reagent such

as protein A or protein G, centrifuging the sperm cells, and selecting sperm cells that do not sediment

with the beads), washing (e.g., allowing the antibody to dissociate from one or more of the sperm cells in

a buffer, centrifuging or otherwise separating the sperm cells from the buffer, and removing the buffer),

filtering (e.g., binding a large entity such as a bead to the antibody, allowing the antibody to dissociate

from one or more of the sperm cells, and allowing non antibody-bound beads to pass through a filter),

enzymatic treatment (e.g., cleaving the antibody molecule, e.g., with a protease), self-destruction (e.g.,

antibody self-cleaving), or destabilization in vitro or in vivo (e.g., exposing the sperm and antibodies to a

solution that destabilizes the antibody).

In embodiments, the antibody molecule is a non-human antibody molecule. In embodiments, the

antibody molecule is other than one produced by the individual that produced the egg cell or the sperm

cell. In embodiments, the antibody molecule is a single-chain antibody molecule.

In embodiments, a) comprises contacting the sperm cell with the antibody molecule. In

embodiments, a) comprises receiving the sperm cell and antibody molecule (e.g., bound to each other

and/or admixed in a single volume) from another entity such as a clinic, doctor’s office, or hospital.

In embodiments, the reagent, e.g., antibody molecule, has specificity for a protein or structure of

Table 1, 2, 3A, or 3B, or a homolog thereof. In embodiments, the reagent, e.g., the antibody molecule, is

bound to the sperm cell when fertilization initiates. In embodiments, the reagent, e.g., the antibody

molecule is not bound to the sperm cell when fertilization initiates.

In embodiments, the method further comprises a step of removing the reagent, e.g., antibody

molecule, from the sperm cell, e.g., wherein a plurality of antibody molecules bind the sperm, the method



further comprises a step of removing one or more antibody molecules, e.g., all antibodies, from the sperm.

In embodiments, the method further comprises assaying the sperm cell for the presence of the reagent,

e.g., antibody molecule.

In embodiments, the method further comprises contacting the sperm cell with an anti

immunoglobulin antibody. In embodiments, the method further comprises contacting the sperm with a

detectable moiety, e.g., fluorescent moiety, e.g., a fluorescently labeled anti-immunoglobulin antibody.

In embodiments, the sperm cell is a human sperm cell. In embodiments, the sperm cell is a non

human animal sperm cell.

In some aspects, the present disclosure provides a method of removing an antibody molecule

from a sperm cell (e.g., from a mammal, a human, or a non-human animal), comprising: a) providing a

sperm cell bound by an antibody molecule, e.g., a plurality of antibody molecules; b) removing one or

more antibody molecules from the sperm cell, e.g., wherein a plurality of antibody molecules bind the

sperm cell, the method comprises removing one or more antibody molecules from the sperm cell; and c)

optionally assaying the sperm cell for the presence of the antibody molecule.

In some aspects, the present disclosure provides a method of contacting a sperm cell with a

reagent, e.g., antibody molecule, comprising:

a) providing a sperm cell (e.g., from a mammal, a human, or a non-human animal), e.g.,

providing a population of sperm cells;

b) providing a reagent, e.g., an antibody molecule, e.g., providing a population of antibody

molecules; and

c) contacting the sperm cell with the reagent, e.g., by admixing the population of sperm cells with

the reagents;

wherein one or more of (e.g., 2, 3, 4, 5, 6, or all of):

i) the sperm cell does not undergo a change in phenotype upon binding of the reagent;

ii) the sperm cell remains viable upon binding of the reagent;

iii) the sperm cell remains fertile upon binding of the reagent;

iv) the sperm cell does not comprise a DNA dye;

v) the reagent does not comprise a detectable label, e.g., does not comprise a fluorescent

label;

vi) the method further comprises a step of separating the sperm cells into a first pool and

a second pool based on binding of the reagent; or



vii) the method further comprises a step of separating the sperm cells into a first pool and

a second pool that are enriched for genetically different sperm.

In embodiments, the method comprises receiving the sample of sperm cells from a provider, e.g.,

a patient, sperm bank, or clinic. In some aspects, the disclosure provides a method of transporting a

sperm cell sample, comprising: providing a sample of sperm cells prepared (e.g., sorted) as described

herein, or providing a reaction mixture described herein, and transporting the sample to a recipient, e.g., a

clinic.

The present disclosure also provides, in certain aspects, a method of inducing a phenotype in a

population of sorted sperm cells. The induced phenotype can be, e.g., acrosome reactivity,

chemoattraction, hypermotility, lack of motility, cell death, swelling, permeabilization, or sensitivity to a

solution.

In some aspects, the present disclosure also provides a method of producing a fertilized egg,

comprising contacting an egg cell with a composition, e.g., reaction mixture, comprising:

I) a plurality of sperm cells from an individual (e.g., from a mammal, a human, or a non

human animal) that carries:

i) a first allele and a second, different, allele for a PAS; and

ii) a first allele and a second, different, allele for a GIMS, linked to the PAS;

wherein the first allele of the PAS is associated with a first phenotype, e.g., a non-disease

phenotype or non-DOP or first PC, and the second allele of the PAS is associated with a second

phenotype, e.g., a disease phenotype or DOP or second PC;

II) wherein one or more of:

a) the composition further comprises one, or more, e.g., at least 2, 3, 4, 6, 8, or 10 reagents, e.g.,

antibody molecules, that can distinguish a gamete, e.g., sperm cell, having the first allele of the GIMS

from a gamete, e.g., sperm cell, having the second allele of the GIMS;

b) at least 70, 80, 90, 95, or 99 % of the sperm cells in the composition, e.g., reaction

mixture, contain the first allele of the PAS, and wherein the PAS is on an autosome;

c) at least 70, 80, 90, 95, or 99 % of the gametes, e.g., sperm cells in the composition, e.g.,

reaction mixture, contain the second allele of the PAS, and wherein the PAS is on an autosome;

d) at least 70, 80, 90, 95, or 99 % of the gametes, e.g., sperm cells in the composition, e.g.,

reaction mixture, contain the first allele of the GIMS, and wherein the GIMS is on an autosome;



e) at least 70, 80, 90, 95, or 99 % of the gametes, e.g., sperm cells in the composition, e.g.,

reaction mixture, contain the second allele of the GIMS, and wherein the GIMS is on an autosome;

f ) the plurality of gametes, e.g., sperm cells, has a locus of maximal enrichment that is other

than the PAS, e.g., wherein the locus of maximal enrichment is at or near the GIMS (e.g., within 10, 9, 8,

7, 6, 5, 4, 3, 2, or 1 kb of the GIMS or within the same LD block as the GIMS, within the same transcript

as the GIMS, in linkage disequilibrium with the GIMS, in the same coding region as the GIMS, in the

same chromosome arm as the GIMS, or in the same cytogenetic band as the GIMS), wherein the locus of

maximal enrichment is between the GIMS and the PAS, wherein the locus of maximal enrichment is not

in linkage disequilibrium with the PAS, wherein the locus of maximal enrichment is not in the same LD

block as the PAS, wherein the locus of maximal enrichment is not in the same transcript as the PAS,

wherein the locus of maximal enrichment is not in the same coding region as the PAS, wherein the locus

of maximal enrichment is at least 10, 20, 30, 40, 50, 100 kb away from the PAS, wherein the locus of

maximal enrichment is not in the same chromosome arm as the PAS, or wherein the locus of maximal

enrichment is not in the same cytogenetic band as the PAS;

g) the plurality of gametes, e.g., sperm cells, has two or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, 10,

or more) loci of maximal enrichment, e.g., a first locus of maximal enrichment at or near a first GIMS and

a second locus of maximal enrichment at or near a second GIMS (e.g., within 10, 9, 8, 7, 6, 5, 4, 3, 2, or 1

kb of the GIMS, within the same LD block as the GIMS, within the same transcript as the GIMS, in

linkage disequilibrium with the GIMS, in the same coding region as the GIMS, in the same chromosome

arm as the GIMS, or in the same cytogenetic band as the GIMS);

h) the plurality of gametes, e.g., sperm cells, has a first GIMS and a second GIMS and the

locus of maximal enrichment is between the first GIMS and the second GIMS;

i) the plurality of gametes, e.g., sperm cells, has a locus-based enrichment at the GIMS that

is greater than locus-based enrichment at the PAS, e.g., by at least 1%, 2%, 3%, 4%, 5%, 10%, 20%,

30%, or 40%;

j ) the plurality of gametes, e.g., sperm cells, are enriched for two or more GIMS, wherein a

first GIMS is on a first chromosome and a second GIMS is on a second chromosome; or

k) the plurality of gametes, e.g., sperm cells, are enriched for two or more PASs, wherein a

first PAS is on a first chromosome and a second PAS is on a second chromosome.

In some aspects, the present disclosure also provides a method of producing a fertilized egg,

comprising contacting a plurality of egg cells described herein with a sperm cell, e.g., a plurality of sperm

cells, e.g., a plurality of sperm cells as described herein.



In some aspects, the present disclosure provides a method of identifying a heterozygous GIMS

near a PAS comprising:

obtaining nucleic acid sequence information, e.g., sequencing a nucleic acid, from a subject that

is heterozygous at a PAS, wherein the nucleic acid sequence information comprises the sequence of one

or more GIMS, and

identifying the subject as heterozygous at one or more GIMS that is less than a predetermined

distance from the PAS.

In an embodiment sequence information of less than the entire genome is obtained. In an

embodiment sequence information of less than all autosomes, is obtained. In an embodiment sequence

information obtained does not include the entire genome, e.g., it omits at least 10,000, 50,000, 100,000, or

200,000 kilobases of genomic sequence. In embodiments, the method does not comprise whole-genome,

high-throughput, microarray (e.g., SNP chip), or shotgun sequencing. In embodiments, the obtained

nucleic acid sequence information is not whole-genome, high-throughput, microarray (e.g., SNP chip), or

shotgun sequencing information. In embodiments, the nucleic acid sequence information comprises the

sequence of at least 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 30, 40, or 50 GIMSs. In embodiments, the nucleic acid

sequence information comprises the sequence of no more than 100, 80, 60, 40, or 20 GIMSs. In

embodiments, the method comprises whole-genome, high-throughput, microarray (e.g., SNP chip), or

shotgun sequencing.

In embodiments, the genetic variants are phased computationally or experimentally to determine

the physical linkages between heterozygous sites. Phasing can comprise, e.g., computational inference

using a genotyped reference population, sequencing using direct or synthetic long read technology, or

chromosome-scale phasing. The phasing can be partial or chromosome-scale.

In embodiments, the method comprises comparing the sequence of a first allele of a GIMS to the

sequence of a second allele of the GIMS. In embodiments, the method comprises calculating the distance

between the GIMS and the PAS.

In certain aspects, the disclosure provides a method of producing a fertilized egg (e.g., a

mammalian egg, a human egg, or a non-human animal egg) or preventing fertilization by a sperm cell

(e.g., a mammalian sperm cell, a human sperm cell, or a non-human animal sperm cell) having a first

allele of a PAS, comprising administering to a subject (e.g., to the vagina or penis), prior to or subsequent

to intercourse, a composition comprising a reagent with specificity for an allele of a GIMS.

In some aspects, the disclosure provides a method of producing a fertilized egg (e.g., a human egg

or a non-human animal egg), comprising:



contacting an ovum (e.g., a mammalian ovum, a human ovum, or a non-human animal ovum)

with

a sample of sperm cells (e.g., mammalian sperm cells, human sperm cells, or non-human animal

sperm cells) produced by a method herein, e.g., produced by an individual that is heterozygous for a PAS,

wherein the sample of sperm cells is enriched for a first allele of the PAS, and wherein the sample

comprises X-chromosome bearing sperm cells and Y-chromosome bearing sperm cells, e.g., in

approximately a 1:1 ratio,

under conditions that allow for fertilization,

thereby producing a fertilized egg.

In embodiments, the method comprises receiving the sample of sperm cells from a provider, e.g.,

a patient, sperm bank, or clinic. In some aspects, the disclosure provides a method of transporting a

sperm cell sample, comprising: providing a sample of sperm cells prepared (e.g., sorted) as described

herein, or providing a reaction mixture described herein, and transporting the sample to a recipient, e.g., a

clinic.

In embodiments, the sperm cell is a human sperm cell. In embodiments, the sperm cell is a non

human animal sperm cell. In embodiments, the sperm cell is a mammalian sperm cell. In embodiments,

the sperm cell is a non-human mammalian sperm cell.

The present disclosure provides, in some aspects, a composition, e.g., reaction mixture,

comprising:

I) a plurality of gametes (e.g., mammalian gametes, human gametes, or non-human animal

gametes), e.g., sperm cells (e.g., human sperm cells or non-human animal sperm cells), from an individual

that carries:

i) a first allele and a second, different, allele for a PAS; and

ii) a first allele and a second, different, allele for a GIMS, linked to the PAS;

wherein the first allele of the PAS is associated with a first phenotype, e.g., a non-disease

phenotype or non-DOP or first PC, and the second allele of the PAS is associated with a second

phenotype, e.g., a disease phenotype or DOP or second PC;

II) wherein one or more of:

a) the composition, e.g., reaction mixture, further comprises one, or more, e.g., at least 2, 3,

4, 6, 8, or 10 reagents, e.g., antibody molecules, that can distinguish a gamete, e.g., sperm cell, having the

first allele of the GIMS from a gamete, e.g., sperm cell, having the second allele of the GIMS;



b) at least 70, 80, 90, 95, or 99 % of the gametes, e.g., sperm cells in the composition, e.g.,

reaction mixture, contain the first allele of the PAS, and wherein the PAS is on an autosome;

c) at least 70, 80, 90, 95, or 99 % of the gametes, e.g., sperm cells in the composition, e.g.,

reaction mixture, contain the second allele of the PAS, and wherein the PAS is on an autosome;

d) at least 70, 80, 90, 95, or 99 % of the gametes, e.g., sperm cells in the composition, e.g.,

reaction mixture, contain the first allele of the GIMS, and wherein the GIMS is on an autosome;

e) at least 70, 80, 90, 95, or 99 % of the gametes, e.g., sperm cells in the composition, e.g.,

reaction mixture, contain the second allele of the GIMS, and wherein the GIMS is on an autosome;

f ) the plurality of gametes, e.g., sperm cells, has a locus of maximal enrichment that is other

than the PAS, e.g., wherein the locus of maximal enrichment is at or near the GIMS (e.g., within 10, 9, 8,

7, 6, 5, 4, 3, 2, or 1 kb of the GIMS, within the same LD block as the GIMS, within the same transcript as

the GIMS, in linkage disequilibrium with the GIMS, in the same coding region as the GIMS, in the same

chromosome arm as the GIMS, or in the same cytogenetic band as the GIMS), wherein the locus of

maximal enrichment is between the GIMS and the PAS, wherein the locus of maximal enrichment is not

in linkage disequilibrium with the PAS, wherein the locus of maximal enrichment is not in the same LD

block as the PAS, wherein the locus of maximal enrichment is not in the same transcript as the PAS,

wherein the locus of maximal enrichment is not in the same coding region as the PAS, wherein the locus

of maximal enrichment is at least 10, 20, 30, 40, 50, 100 kb away from the PAS, wherein the locus of

maximal enrichment is not in the same chromosome arm as the PAS, or wherein the locus of maximal

enrichment is not in the same cytogenetic band as the PAS;

g) the plurality of gametes, e.g., sperm cells, has two or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, 10,

or more) loci of maximal enrichment, e.g., a first locus of maximal enrichment at or near a first GIMS and

a second locus of maximal enrichment at or near a second GIMS (e.g., within 10, 9, 8, 7, 6, 5, 4, 3, 2, or 1

kb of the GIMS, within the same LD block as the GIMS, within the same transcript as the GIMS, in

linkage disequilibrium with the GIMS, in the same coding region as the GIMS, in the same chromosome

arm as the GIMS, or in the same cytogenetic band as the GIMS);

h) the plurality of gametes, e.g., sperm cells, has a first GIMS and a second GIMS and the

locus of maximal enrichment is between the first GIMS and the second GIMS;

i) the plurality of gametes, e.g., sperm cells, has a locus-based enrichment at the GIMS that

is greater than locus-based enrichment at the PAS, e.g., by at least 1%, 2%, 3%, 4%, 5%, 10%, 20%,

30%, or 40%;

j ) the plurality of gametes, e.g., sperm cells, are enriched for two or more GIMS, wherein a

first GIMS is on a first chromosome and a second GIMS is on a second chromosome;



k) the plurality of gametes, e.g., sperm cells, are enriched for two or more PASs, wherein a

first PAS is on a first chromosome and a second PAS is on a second chromosome; or

l) the gametes are egg cells.

In some aspects, the disclosure provides a composition, e.g., reaction mixture, comprising:

sperm cells from a single donor,

a reagent, e.g., an antibody molecule, that binds a protein of Table 1, 2, 3A, or 3B, or a homolog

thereof, e.g., a human homolog thereof.

In some aspects, the disclosure provides a method of making a reaction mixture described herein.

In embodiments, the method comprises contacting sperm cells from a single donor with a reagent, e.g., an

antibody molecule, that binds a protein of Table 1, 2, 3A, or 3B, or a homolog thereof, e.g., a human

homolog thereof. In embodiments, the method comprises contacting sperm cells described herein with a

reagent that binds a GIMS.

In some embodiments, the reagent, e.g., antibody molecule, distinguishes between a first allele of

the protein of Table 1, 2, 3A, or 3B and a second allele of the protein of Table 1, 2, 3A, or 3B e.g.,

distinguishes between an allele listed in column 5 of Table 2 and another allele, e.g., distinguishes

between two alleles listed in column 5 of Table 2. In embodiments, the reaction mixture does not

comprise a dye or a radionuclide.

In embodiments, the gametes are sperm cells and the reaction mixture further comprises an egg

cell.

In embodiments, the PAS is a phenotype-associated gene.

In embodiments, the reagent, e.g., the antibody molecule, is bound (e.g., conjugated) to a

substrate such as a bead, polymer, gel, film, or latex sheath. In embodiments, the substrate is a solid

substrate. In embodiments, binding of a substrate-bound reagent to a sperm cell substrate impairs motility

of the sperm, e.g., by virtue of mass, bulk, water resistance, or steric hindrance of the substrate.

In embodiments (e.g., prior to selection) the plurality of sperm cells comprises: a first sperm cell,

or first plurality of sperm cells, having the first allele of the GIMS; and a second sperm cell, or second

plurality of sperm cells, having the second allele of the GIMS. In embodiments (e.g., prior to selection)

the proportion of the first and second plurality of sperm cells is the same as the proportion produced by

the individual.

In embodiments (e.g., post-selection), at least 55, 60, 65, 70, 75, 80, 85, 90, 95, or 99 % of the

sperm cells in the reaction mixture are of the first plurality. In embodiments (e.g., post-selection), all or



essentially all of the sperm cells in the reaction mixture are of the first plurality. In embodiments (e.g.,

post-sorting), the reaction mixture is free or essentially free of the sperm cells of the second plurality.

In embodiments, the reaction mixture is other than a sperm sample naturally produced by an

individual. In embodiments, the reaction mixture comprises synthetically sorted and/or ex vivo sorted

sperm cells. In embodiments, the individual does not have a genotype that promotes a skewed ratio of

sperm having a first allele and a second allele. In embodiments, the individual is not heterozygous for a

gene that impacts sperm survival or development. In embodiments, the sperm cells are from an individual

who does not comprise an Rb null allele, e.g., the individual comprises a wild-type Rb gene as the

maternal allele and a wild-type Rb gene as the paternal allele. In embodiments, the plurality of sperm

cells does not comprise Rb-null sperm. In embodiments, the individual does not have and/or is not a

carrier for a trinucleotide expansion disease such as fragile X syndrome, Machado-Joseph disease, or

myotonic dystrophy, a retinoblastoma mutation, or cone-rod retinal dystrophy. In embodiments, the

individual does not have and/or is not a carrier for an allele that skews allelic ratios in sperm. In

embodiments, the sperm cells are human sperm cells. In embodiments, the sperm cells do not comprise

an inversion relative to a wild-type sequence, e.g., do not comprise a T allele inversion.

In embodiments, the sperm cell is a human sperm cell. In embodiments, the sperm cell is a non

human animal sperm cell.

In some embodiments, the reagent is other than an antibody. In some embodiments, the reagent

is other than an antibody molecule. In some embodiments, the reagent is subject to cleavage and/or

denaturation, e.g., in the vagina or uterus.

In some embodiments, the reagent does not bind a factor (e.g., a sperm protein) that participates

in fertilization. In embodiments, the reagent does not bind a spermadhesin. In embodiments, the reagent

does not interfere with fertilization.

In embodiments, a composition herein (e.g., a sperm cell composition described herein, e.g., a

sperm cell composition enriched for a GIMS and/or PAS) is disposed in a cannula, e.g., a cannula suitable

for IUI.

In some aspects, the present disclosure provides a reagent, e.g., an antibody molecule, that

specifically binds an antigen comprised by a sperm cell comprising the first allele of a GIMS, e.g., a

GIMS of Table 1, 2, 3A, or 3B, or a human homolog thereof. In embodiments, the antigen is encoded by

the GIMS, e.g., is part of a polypeptide encoded by the GIMS. In embodiments, the antigen is modified

by a product (e.g., polypeptide, e.g., enzyme) encoded by the GIMS. In embodiments, the GIMS is

selected from Table 1, 2, 3A, or 3B, or a human homolog thereof. In embodiments, the reagent, e.g.,

antibody molecule binds a product of a first allele of GIMS with higher affinity than a product of the



second allele of GIMS. In embodiments, the antibody molecule is monoclonal, purified, or a single-chain

antibody, e.g., scFv. In embodiments, the reagent is other than an antibody molecule. In some

embodiments, the reagent is subject to cleavage and/or denaturation, e.g., in the vagina or uterus.

In some aspects, the present disclosure provides a kit comprising two or more reagents, e.g.,

antibody molecules, described herein. In embodiments, the kit comprises a first reagent (e.g., antibody

molecule) specific for an antigen comprised by a sperm ce comprising a first allele of a GIMS and a

second reagent (e.g., antibody molecule) specific for an antigen comprised by a sperm ce comprising a

second allele of a GIMS. In embodiments, the kit comprises 2, 3, 4, 5, 6, 7, 8, 9, or 10 or more reagents

(e.g., antibody molecules), each specific for an antigen comprised by a sperm ce comprising 2, 3, 4, 5, 6,

7, 8, 9, or 10 or more alleles of a GIMS. In embodiments, the kit comprises a reagent (e.g., antibody

molecule) specific to an antigen comprised by a sperm ce comprising a first allele of a first GIMS and a

second reagent (e.g., antibody molecule) specific to an antigen comprised by a sperm ce comprising a

first allele of a second GIMS. In embodiments, the kit comprises a plurality (e.g., 2, 3, 4, 5, 6, 7, 8, 9, or

10 or more) of reagents (e.g., antibody molecules), each specific for an antigen comprised by a sperm ce

comprising a plurality of alleles of a first GIMS and a second plurality (e.g., 2, 3, 4, 5, 6, 7, 8, 9, or 10 or

more) of reagents (e.g., antibody molecules), each specific for an antigen comprised by sperm cells

comprising a plurality of alleles of a second GIMS. In embodiments, the kit comprises: (i) one or more

(e.g., 2, 3, 4, 5, 6, 7, 8, 9, or 10 or more) reagents (e.g., antibody molecules), each specific for an allele of

a first GIMS, (ii) one or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, or 10 or more) reagents (e.g., antibody

molecules), each specific for an allele of a second GIMS, (iii) optionally, one or more (e.g., 2, 3, 4, 5, 6,

7, 8, 9, or 10 or more) reagents (e.g., antibody molecules), each specific for an allele of a third GIMS, (iv)

optionally, one or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, or 10 or more) reagents (e.g., antibody molecules), each

specific for an allele of a fourth GIMS, (v) optionally, one or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, or 10 or

more) reagents (e.g., antibody molecules), each specific for an allele of a fifth GIMS. Optionally, the kit

comprises reagents specific for an allele of one or more additional GIMSs. In embodiments, two or more

(e.g., at least 3, 4, 5, 6, 7, 8, 9, or 10) of the GIMS are within a predetermined distance of each other or of

a single PAS. In embodiments, two or more (e.g., at least 3, 4, 5, 6, 7, 8, 9, or 10) of the GIMS are

greater than a predetermined distance of each other. In embodiments, the predetermined distance is

within the same LD block; in the same transcript; in the same coding region; within 10, 8, 6, 5, 4, 3, 2, or

1 kb; in the same chromosome arm, of in the same cytogenetic band. In embodiments, two or more (e.g.,

at least 3, 4, 5, 6, 7, 8, 9, or 10) of the GIMS are on different chromosomes from each other. In

embodiments, two or more (e.g., at least 3, 4, 5, 6, 7, 8, 9, or 10) of the GIMS are on the same

chromosome, e.g., in the same chromosome arm.



In some aspects, the disclosure provides a method of providing a reagent to a subject, comprising:

determining a haplotype characteristic of the subject, e.g., determining whether the subject

comprises a first haplotype comprising a first allele of a PAS and a first allele of a GIMS, and

responsive to the determining, providing to the subject a reagent that binds the first allele of the

GIMS or a second allele of the GIMS.

In embodiments, the reagent, e.g., an antibody molecule, is bound (e.g., conjugated) to a substrate

such as a bead, polymer, gel, film, or latex sheath. In embodiments, the substrate is a solid substrate. In

some embodiments, the reagent preferentially binds and immobilizes sperm cells that comprise a first

PAS phenotype, e.g., a non-disease phenotype or non-DOP or first PC. In some such embodiments, the

subject can separate the bound sperm cells from the reagent or substrate, e.g., for use in fertilizing an egg.

In other embodiments, the reagent preferentially binds and immobilizes sperm cells that comprise a

second PAS phenotype, e.g., a disease phenotype or DOP or second PC. In some such embodiments, the

subject can recover sperm cells that do not bind the reagent, e.g., for use in fertilizing an egg.

In embodiments, the method comprises determining whether a haplotype comprises the first allele

of the PAS and the first allele of the GIMS. In embodiments, the method comprises determining whether

a haplotype comprises the second allele of the PAS and the second allele of the GIMS. In embodiments,

the method comprises determining whether a haplotype comprises the first allele of the PAS and the

second allele of the GIMS. In embodiments, the method comprises determining whether a haplotype

comprises the second allele of the PAS and the first allele of the GIMS. In some embodiments, the

method comprising testing, e.g., destructive testing, e.g., DNA sequencing, of gamete samples produced

(e.g., selected or sorted) by a method described herein. In some embodiments, the method comprises

performing DNA sequencing of one or more parents (e.g., of two parents) of the individual providing the

gametes (e.g., sperm cells), e.g., to fer a haplotype of the individual. In some embodiments, the method

comprises performing single cell nucleic acid sequencing (e.g., DNA or RNA sequencing) on one or more

single gametes (e.g., sperm cells) provided by the individual.

In some aspects, the present disclosure provides a method of performing, e.g., on a reaction

mixture described herein (e.g., a reaction mixture comprising selected sperm cells, e.g., sperm cells

enriched for one or more GIMS or PAS), or on a population of cells (e.g., unsorted cells), one or more of:

gamete differentiation in vitro (e.g., generating or obtaining a stem cell such as an embryonic stem cell or

induced pluripotent cell and inducing it to differentiate into a gamete such as an egg), in vitro

spermatogenesis, sequencing a nucleic acid from an IVF embryo before implantation, sequencing a

nucleic acid from an embryo post-implantation, sequencing a nucleic acid from an egg polar body (e.g.,

sequencing nucleic acids from two or three egg polar bodies generated by one egg, and optionally further



inferring the genotype of the egg at one or more locus, e.g., the PAS, and optionally selecting an egg for

fertilization based on the identity of the locus). In embodiments, the method further comprises contacting

the sperm cell with an egg cell, e.g., by IVF, ICSI, IUI, or intercourse.

The present disclosure also provides, in some aspects, a reaction mixture comprising:

a) a sperm cell, e.g., a population of sperm cells (e.g., from a mammal, a human, or a non-human

animal);

b) a reagent, e.g., an antibody molecule, with specificity for a sperm cell epitope, e.g., a surface

exposed epitope; and

c) an agent that inhibits binding of the reagent to the sperm cell, e.g., a soluble protein comprising

the epitope or an agent with stronger affinity for the reagent than the affinity of the reagent for the sperm,

e.g., a salt.

In embodiments, the antibody molecule is bound to the sperm or to the soluble protein.

In embodiments, the reaction mixture further comprises an egg cell.

In embodiments, the reaction mixture is produced after selecting the sperm cell, e.g., a population

of sperm cells enriched for a GIMS and/or PAS. In embodiments, the reaction mixture is produced before

or simultaneously with contacting the sperm cell or sperm cells with an egg.

The present disclosure also provides, in some aspects, a reaction mixture comprising an agent that

inhibits binding of a reagent described herein to a sperm cell, e.g., a soluble protein comprising the

epitope or an agent with stronger affinity for the reagent than the affinity of the reagent for the sperm cell.

In certain aspects, the disclosure also provides a kit comprising a plurality of reagents having

specificity for two or more GIMS alleles, e.g., a GIMS of Table 1, 2, 3A, or 3B, or a homolog thereof. In

some embodiments, the kit comprises a first reagent specific for an epitope comprised by a sperm cell

comprising a first allele of a first GIMS and a second reagent specific for an epitope comprised by a

sperm cell comprising a second allele of the first GIMS. In some embodiments, the kit comprises a first

reagent specific for an epitope comprised by a sperm cell comprising a first allele of a first GIMS and a

second reagent specific for an epitope comprised by a sperm cell comprising a first allele of a second

GIMS. In embodiments, the plurality comprises at least 3, 4, 5, 10, 15, 20, 25, 30, 35, 40, 45, or 50 of the

reagents. In embodiments, the reagents are antibody molecules, e.g., antibody molecules derived from a

non-human animal, e.g., comprising a non-human constant region. In embodiments, the kit comprises at

least two (e.g., at least 3, 4, 5, 10, 15, 20, 25, 30, 35, 40, 45, or 50) reagents having specificity for

products of alleles of a single GIMS. In embodiments, the kit comprises at least one reagent having



specificity for a product of an allele of a first GIMS linked to a first PAS and at least one reagent having

specificity for a product of an allele of a second GIMS linked to a second PAS. In embodiments, the one

or more reagents are affixed to a solid support, e.g., a bead, plate, or column. In embodiments, the one or

more GIMS (e.g., each GIMS) is from Table 1, 2, 3A, or 3B, or a homolog thereof.

The present disclosure also provides, in some aspects, a population of sperm cells (e.g., from a

mammal, a human, or a non-human animal) produced by a method herein.

The present disclosure also provides, in some aspects, a population of sperm cells, e.g., human

sperm cells, mammalian sperm cells, or non-human animal sperm cells, that has skewed allelic ratios

(e.g., has predominantly one allele) at one or more sites, e.g., genes, on a first chromosome (e.g., a first

autosome) and has non-skewed allelic ratios (e.g., has approximately equal levels of two alleles) at one or

more sites, e.g., genes, on a second chromosome (e.g., a second autosome).

The present disclosure also provides, in some aspects, a population of sperm cells, e.g., human

sperm cells, mammalian sperm cells, or non-human animal sperm cells, that has skewed allelic ratios

(e.g., has predominantly one allele ) at one or more sites, e.g., genes, on a region of 1-50 megabases (e.g.,

1-10, 10-20, 20-30, 30-40, or 40-50 megabases) on a first chromosome, e.g., a first autosome, and has

non-skewed allelic ratios (e.g., has approximately equal levels of two alleles) at one or more sites, e.g.,

genes, on a second chromosome, e.g., a second autosome. In embodiments, the cells are non-skewed

(e.g., has approximately equal levels of two alleles) at sites, e.g., genes, on all autosomes but the first

autosome.

The present disclosure also provides, in some aspects, a population of sperm cells, e.g., human

sperm cells, mammalian sperm cells, or non-human animal sperm cells, that has skewed allelic ratios

(e.g., has predominantly one allele) at one or more sites, e.g., genes, on a first chromosome (e.g., a first

autosome); has skewed allelic ratios (e.g., has predominantly one allele) at one or more sites, e.g., genes,

that are distal to the site on the first chromosome (e.g., the distal site is on a second chromosome (e.g., a

second autosome) or on a different arm of the first chromosome); and has non-skewed allelic ratios (e.g.,

has approximately equal levels of two alleles) at one or more sites, e.g., genes, on a third chromosome

(e.g., a third autosome).

The present disclosure also provides, in some aspects, a population of sperm cells, e.g., human

sperm cells, mammalian sperm cells, or non-human animal sperm cells, that has skewed allelic ratios



(e.g., has predominantly one allele) at one or more sites, e.g., genes, on a region of 1-50 megabases (e.g.,

1-10, 10-20, 20-30, 30-40, or 40-50 megabases) on a first autosome; has skewed allelic ratios (e.g., has

predominantly one allele) at one or more sites, e.g., genes, that are distal to the site on the first

chromosome (e.g., the distal site is on a second chromosome (e.g., a second autosome) or on a different

arm of the first chromosome); and has non-skewed allelic ratios (e.g., has approximately equal levels of

two alleles) at one or more sites, e.g., genes, on a third chromosome (e.g., a third autosome).

The present disclosure also provides, in some aspects, a population of sperm cells, e.g., human

sperm cells, mammalian sperm cells, or non-human animal sperm cells, from an individual (e.g., a human

individual) who is heterozygous for a PAS, wherein the population of sperm cells is enriched for a first

allele, e.g., a non-disease or non-DOP allele, of the PAS.

The present disclosure also provides, in some aspects, a population of sperm cells, e.g., human

sperm cells, mammalian sperm cells, or non-human animal sperm cells, from an individual, wherein the

individual carries

i) a first allele and a second, different, allele for a first PAS; and

ii) a first allele and a second, different, allele for a first GIMS, linked to the first PAS,

wherein the population of sperm cells is enriched for the first allele for the PAS.

The present disclosure also provides, in some aspects, a plurality (e.g., 2, 3, 4, 5, 6, 7, 8, 9, 10, 20,

30, 40, or 50) of reaction mixtures described herein.

The present disclosure also provides, in certain aspects, a plurality (e.g., 2, 3, 4, 5, 6, 7, 8, 9, 10,

20, 30, 40, or 50) of pools of sperm cells from a single individual,

wherein the individual carries

i) a first allele and a second, different, allele for a first PAS; and

ii) a first allele and a second, different, allele for a GIMS, linked to the first PAS,

wherein a first pool of sperm cells is enriched for the first allele for the PAS, and a second pool of

sperm cells is enriched for the second allele of the PAS.

In embodiments, at least one sperm cell of the first pool is bound by a reagent (e.g., an antibody

molecule). In embodiments, at least one sperm cell of the second pool is bound by a second reagent (e.g.,

antibody molecule). In embodiments, at least one sperm cell of each of the plurality of pools is bound by

a reagent (e.g., antibody molecule).



In embodiments, the PAS is situated on an autosome. In embodiments, the GIMS is situated on

an autosome.

In embodiments, a sperm cell having the first allele of the PAS has a first surface -exposed

structure, e.g., a first surface exposed epitope, present at a first level, and a sperm cell having the second

allele of the PAS lacks the first surface exposed epitope or has it at a second, different, level.

In embodiments, the individual carries i) a first allele and a second, different, allele for a second

PAS; and ii) a first allele and a second, different, allele for a second GIMS, linked to the second PAS. In

embodiments, the individual is heterozygous at a third PAS. In embodiments, the individual is

heterozygous at a fourth PAS. In embodiments, the individual is heterozygous at a fifth PAS or more.

In embodiments, a first pool of sperm cells is enriched for the first allele for the first PAS, a

second pool of sperm cells is enriched for the second allele of the first PAS, a third pool of sperm cells is

enriched for the first allele for the second PAS, and a fourth pool of sperm cells is enriched for the second

allele of the second PAS.

In embodiments, the first pool of sperm cells is enriched for the first allele for the first PAS and

for the first allele for the second PAS, and the second pool of sperm cells is enriched for the second allele

of the first PAS and for the second allele of the second PAS.

In embodiments, the plurality of pools of sperm cells comprises at least 2, 3, 4, 5, 6, 7, 8, 9, 10,

11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 or more pools of sperm cells, e.g., genetically distinct or

epigenetically distinct pools of sperm cells (e.g., being enriched for different PASs or combinations of

PASs).

In embodiments, the sperm cells were produced by a human or a non-human animal.

In some aspects, the disclosure also provides a composition, e.g., a device, comprising:

a substrate, e.g., a solid substrate and

a reagent having specificity for antigen comprised by a sperm cell comprising a first allele of a

GIMS, e.g., a GIMS of Table 1, 2, 3A, or 3B, or a human homolog thereof.

In embodiments, the reagent is an allele-specific antibody molecule, e.g., an antibody molecule

derived from a non-human animal, e.g., comprising a non-human constant region. In embodiments, the

substrate comprises a flexible cylinder, e.g., a condom comprising an outlet capable of releasing a sub

population of sperm cells. In embodiments, the substrate, e.g., a bead, is large enough to impede sperm

motility, e.g., reduce the number of sperm capable of passing through the cervix or reaching the uterus.

In embodiments, the substrate comprises a plurality of beads, e.g., in the form of a suspension. In

embodiments, the substrate comprises a polymer or gel. In embodiments, the reagent is specific for an



allele of a GIMS that is linked to a non-desired allele of a PAS. In embodiments, the reagent is coupled

to a cell-killing agent, e.g., spermicide.

The present disclosure also provides a method of producing a fertilized egg or preventing

fertilization by a sperm cell having a first allele of a PAS, comprising applying the composition, e.g.,

device, described herein, to a subject’s penis prior to intercourse.

The present disclosure also provides a method of producing a fertilized egg or preventing

fertilization by a sperm cell having a first allele of a PAS, comprising vaginally inserting the composition,

e.g., device or gel, described herein, e.g., prior to or subsequent to intercourse.

The present disclosure also provides, in some aspects, a sperm cell or population of sperm cells

that is the product of a process described herein. In embodiments, the sperm cell or population of sperm

cells is produced by a method comprising:

a) providing a plurality of sperm cells from an individual (e.g., a human, mammal, or non-human

animal) having:

i) the first allele and a second, different, allele at the PAS, wherein the first allele of the

PAS is associated with a first PAS phenotype, e.g., a non-disease phenotype or non-DOP or first PC, and

the second allele of the PAS is associated with a second PAS phenotype, e.g., a disease phenotype or

DOP or second PC; and

ii) a first allele and a second, different, allele for a GIMS, linked to the PAS, wherein the

first allele of the GIMS is associated with a first GIMS phenotype and the second allele of the GIMS is

associated with a second, different, GIMS phenotype;

wherein the individual comprises a first haplotype comprising the first allele of the PAS

and one of the first and second allele of the GIMS, and a second haplotype comprising the second allele

of the PAS and the other of the first and second allele of the GIMS; and

b) subjecting the plurality of sperm cells to a method that selects a sperm cell on the basis that it

comprises the first allele of the GIMS or that it comprises the first GIMS phenotype,

thereby selecting a sperm cell having a first allele, e.g., a preselected allele, e.g., a non-disease or

non-DOP or first PC allele, at the PAS.

The disclosure also provides, in some aspects, a composition comprising:

a) a sperm cell (e.g., from a human, mammal, or non-human animal), and

b) a reagent, e.g., an antibody molecule, having a dissociation constant of about 10 5 - 10 13 M

(e.g., 10 - 10 7, 10 7 - 10 , 10 - 1 9, 10 9 - 10 1 , 10 1 - 10 " , 10 11 - 10 12 , or 10 1 - 10 13 M) for

the sperm cell.



In embodiments, the composition comprises at least 2, 3, 4, 5, 6, 7, 8, 9, or 10 reagents (e.g.,

antibody molecules) having an affinity of about 10 5 - 10 13 M (e.g., 10 - 10 7, 10 7 - 10 s, 10 - 10 9, 10 9

- 10 1 , 10 1 - 10 11 , 10 11 - 10 12 , or 10 1 - 10 13 M) for the sperm cell.

In certain aspects, the present disclosure provides a method of generating a reagent (e.g., antibody

molecule) specific to an antigen comprised by a sperm cell comprising a first allele of the GIMS, e.g., a

GIMS listed in Table 1, 2, 3A, or 3B, or a human homolog thereof. The method can comprise: i)

contacting a first antigen comprised by a sperm cell comprising the first allele of the GIMS with a

candidate reagent (e.g., antibody molecule), ii) contacting a second antigen comprised by a sperm cell

comprising a second allele of the GIMS with the candidate reagent (e.g., antibody molecule), and

selecting the reagent (e.g., antibody molecule) if it is specific for the first antigen over the second antigen.

In embodiments, the reagent (e.g., antibody molecule) has an affinity for the first antigen that is at least 2,

5, 10, 20, 50, or 100-fold greater than its affinity for the second antigen. In embodiments, the method

comprises performing phage display or yeast display. In embodiments, the method comprises performing

a plurality of binding cycles, e.g., repeating step i) for a plurality of cycles, e.g., alternating steps i) and ii)

for a plurality of cycles. In embodiments, step i) comprises positive selection and step ii) comprises

negative selection. In embodiments, mutagenesis is performed between cycles.

In some aspects, the present disclosure provides a method comprising testing for one or more

GIMS alleles, e.g., one or more alleles of a GIMS listed in Table 1, 2, 3A, or 3B, or a human homolog

thereof, in a biological sample (e.g., a blood sample or a sperm sample) from an individual. In

embodiments, the individual is, or is identified as being, heterozygous for one or more GIMS alleles of

Table 1, 2, 3A, or 3B, or a human homolog thereof. In some embodiments, the method further comprises

testing whether the individual is heterozygous for one or more PAS. In some embodiments, the method

further comprises identifying a heterozygous GIMS near a heterozygous PAS.

In some aspects, the present disclosure also provides a method of validating a candidate GIMS,

comprising:

contacting a plurality of sperm cells having a first allele of a candidate GIMS and a plurality of

sperm cells having a second allele of the candidate GIMS with a reagent that can distinguish a sperm cell

having the first allele of the candidate GIMS from a sperm cell having the second allele of the candidate

GIMS, and

determining whether the reagent binds preferentially to one sub-population of the sperm cells.



In embodiments, the plurality of sperm cells having a first allele of a candidate GIMS and a

plurality of sperm cells having a second allele of the candidate GIMS are admixed. In embodiments, the

plurality of sperm cells having a first allele of a candidate GIMS and a plurality of sperm cells having a

second allele of the candidate GIMS are separate.

In embodiments, the method comprises separating the sperm cell population into at least two sub

populations based on binding of the reagent.

In embodiments, the method further comprises genetically testing at least two of the sperm cell

populations for the nucleic acid sequence of the candidate GIMS or a site genetically linked thereto.

In some embodiments, the sperm cell is intact. In some embodiments, the sperm cell comprises a

head and a tail. In some embodiments, the sperm cell comprises a head, a midpiece, and a tail.

In some embodiments, one of more GIMSs as described herein comprise a 3 ’ UTR motif, e.g., as

listed in any of Tables 10-12, or a sequence having at least: 90%, 95%, 96%, 97%, 98%, or 99% sequence

identity thereto, or a sequence having up to 1, 2, 3, 4, or 5 nucleotide differences (e.g., substitutions,

additions or deletions) thereto. In some embodiments, one of more GIMSs as described herein comprise a

3 ’ UTR motif, e.g., as listed in Table 10, or a sequence having at least 90%, 95%, 96%, 97%, 98%, or

99% sequence identity thereto, or a sequence having up to 1, 2, 3, 4, or 5 nucleotide differences (e.g.,

substitutions, additions or deletions) thereto. In some embodiments, one of more GIMSs as described

herein comprise a 3 ’ UTR motif, e.g., as listed in Table 11, or a sequence having at least 90%, 95%, 96%,

97%, 98%, or 99% sequence identity thereto, or a sequence having up to 1, 2, 3, 4, or 5 nucleotide

differences (e.g., substitutions, additions or deletions) thereto. In some embodiments, one of more GIMS

as described herein comprise a 3 ’ UTR motif, e.g., as listed in Table 12, or a sequence having at least

90%, 95%, 96%, 97%, 98%, or 99% sequence identity thereto, or a sequence having up to 1, 2, 3, 4, or 5

nucleotide differences (e.g., substitutions, additions or deletions) thereto.

In some embodiments of any of the compositions or methods described herein, the GIMS

comprises a sex chromosome GIMS, e.g., an X chromosome GIMS or a Y chromosome GIMS. In some

embodiments, the sex chromosome GIMS is selected from those listed in Table 13.

Methods of the invention provide, inter alia, for the making of preparations comprising a mono-

haplotypic DNA, e.g., a preselected mono-haplotypic DNA. The preparations are useful for a variety of

purposes, e.g., providing a uniform long DNA sequence from a non-inbred subject, e.g., for manipulating

long sequences that are cumbersome for many traditional vectors, for providing a source of DNA for



sequencing, e.g., to confirm the identities or sequence of segments of the haplotype, or for obtaining a

population of cells that are enriched for a haplotype.

Haploid cells can provide a useful source of haplotypic nucleic acid. Disclosed herein are

methods of physically separating haploid cells carrying a first haplotype from haploid cells carrying

another haplotype, to thereby provide a preparation of a desired mono-haplotypic DNA.

A marker site with genotype-concordance (MSGC) can be used in the separation methods

described herein. A MSGC can affect a surface property of the haploid cell, e.g., may encode a haploid

cell surface protein, which can be detected with a reagent such as an antibody, and thus can be used in the

purification process. By selecting for a MSGC, one simultaneously selects for nearby or linked sub-

genomic segments (SGS), thereby selecting a haplotype.

The present disclosure provides, in some aspects, a method of making a mono-haplotypic DNA

preparation comprising:

a) providing, e.g., acquiring, a plurality of haploid cells from an individual having:

i) a first allele and a second, different, allele at a first sub-genomic segment (SGS), e.g., a

gene; and

ii) a first allele and a second, different, allele for a MSGC, linked to the SGS, wherein the

first allele of the MSGC is associated with a first MSGC phenotype and the second allele of the MSGC is

associated with a second, different, MSGC phenotype;

wherein the individual comprises a first haplotype comprising the first allele of the SGS and one

of the first and second allele of the MSGC, and a second haplotype comprising the second allele of the

SGS and the other of the first and second allele of the MSGC; and

b) subjecting the plurality of haploid cells to a method that selects a haploid cell, on the basis that

it comprises the first allele of the MSGC or that it comprises the first MSGC phenotype,

thereby making a mono-haplotypic DNA preparation comprising a preselected haplotype.

In embodiments, the haplotype is on an autosomal chromosome.

In embodiments, the method further comprises isolating the mono-haplotypic DNA from the

haploid cells, e.g., from live haploid cells. In embodiments, the method comprises sequencing an aliquot

of the preparation to confirm the presence of the pre-selected haplotype.

In embodiments, the preparation comprises haploid cells which comprise the preselected

haplotype. In embodiments, the preparation comprises purified DNA.

In embodiments, the first allele of the SGS is associated with a first SGS phenotype and the

second allele of the SGS is associated with a second SGS phenotype. In embodiments, the first SGS



phenotype is a disease phenotype, DOP, or first PC and the second SGS phenotype is a non-disease

phenotype, non-DOP, or second PC.

In an embodiment the method comprises selecting a haploid cell having a first allele at the SGS.

In an embodiment the method comprises selecting a haploid cell having greater than random, e.g.,

greater than 60, 65, 70, 75, 80, 85, 90, 95, or 99% likelihood of comprising the first SGS and/or MSGC

allele.

In an embodiment the method comprises selecting a population of haploid cells enriched for

haploid cells, e.g., comprising greater than 60, 65, 70, 75, 80, 85, 90, 95, or 99% haploid cells, comprising

the first SGS and/or MSGC allele.

In embodiments, the SGS and the MSGC are not in the same gene; are a predetermined distance

apart; are not in linkage disequilibrium with each other; are not in the same LD block as each other; are

not in the same transcript; are not in the same coding region; or are at least 10, 20, 30, 40, 50, 100 kb

apart.

In embodiments, the haploid cells comprise gametes. In embodiments, the gametes comprise

sperm cells. In embodiments, the preparation comprises substantially equal numbers of haploid cells

comprising an X chromosome and haploid cells comprising a Y chromosome. In embodiments, the

method that selects a haploid cell does not select on the basis of sex and/or results in a population that

comprises about 40-60% haploid cells comprising an X chromosome and about 40-60% haploid cells

comprising a Y chromosome (wherein the total percentage is 100%), or about 45-55 haploid cells

comprising an X chromosome and about 45-55% haploid cells comprising a Y chromosome (wherein the

total percentage is 100%).

In certain aspects, the present disclosure provides a method of selecting a haploid cell comprising

a first allele at a MSGC, comprising:

a) providing a plurality of haploid cells from an individual having a first allele and a second,

different, allele for a MSGC wherein the first allele of the MSGC is associated with a first MSGC

phenotype and the second allele of the MSGC is associated with a second, different, MSGC phenotype;

and one or more of (e.g., 2, 3, 4 or all of):

i) wherein a haploid cell having the first allele of the MSGC has a first surface-exposed structure,

e.g., a first surface exposed epitope, present at a first level, and a haploid cell having the second allele of

the MSGC lacks the first surface exposed epitope or has it at a second, different, level;

ii) the plurality of haploid cells have normal mitochondrial function, e.g., have normal

mitochondrial membrane potential, or cells having the first allele of the MSGC have the same

mitochondrial function as cells having the second allele of the MSGC;



iii) the plurality of haploid cells have normal morphology, or cells having the first allele of the

MSGC have the same morphology as cells having the second allele of the MSGC;

iv) the plurality of haploid cells have normal ability to undergo capacitation and/or the acrosome

reaction, or cells having the first allele of the MSGC have the same ability to undergo capacitation and/or

the acrosome reaction as cells having the second allele of the MSGC; or

v) the MSGC is on an autosome and/or a human chromosome; and

b) subjecting the plurality of haploid cells to a method that selects a haploid cell on the basis that

it comprises the first allele of the MSGC or that it comprises the first MSGC phenotype,

thereby selecting a haploid cell having a first allele at the MSGC.

In embodiments, the method comprises detecting the presence, absence, or level of a gene

product of the first and/or second MSGC. In embodiment, the method comprises selecting a haploid cell

by its affinity for a reagent, e.g., a reagent that binds a gene product of the first and/or second MSGC or a

structure produced by the first and/or second MSGC.

In embodiments, the SGS is in a first gene and the MSGC not in the first gene, e.g., is in a second

gene. In embodiments, the SGS and the MSGC are in the same gene.

In embodiments, (b) comprises selecting a haploid cell based on affinity of a reagent for an

antigen comprised by a haploid cell comprising a first allele of a MSGC. In embodiments, (b) comprises

selecting a haploid cell based on affinity of a reagent for an antigen comprised by a haploid cell

comprising a second allele of a MSGC. In embodiments, (b) does not comprise selecting on the basis of

mitochondrial function, morphology, or ability to undergo capacitation or the acrosome reaction. In

embodiments, the method yields a plurality of haploid cells wherein at least 70%, 75%, 80%, 85%, 90%,

95%, 96%, 97%, 98%, or 99% of the haploid cells in the plurality, comprises the first allele of the MSGC.

In some aspects, the disclosure provides a method of separating a population of haploid cells into

at least two genetically distinct sub-populations, comprising:

separating the population of haploid cells into a first sub-population that is enriched for a first

allele of a SGS and a second sub-population that is enriched for a second allele of the SGS, wherein:

i) the first sub-population and the second sub-population have substantially equal ratios of

haploid cells comprising an X chromosome to haploid cells comprising a Y chromosome, e.g., ratios of

about 1:1;

ii) the SGS is situated on an autosome; or

iii) the method does not comprise a sex selection step;



thereby separating the population of haploid cells into at least two genetically distinct sub

populations.

In some aspects, the disclosure provides a method of distinguishing a first population of haploid

cells from a second population of haploid cells, comprising:

providing an input population of haploid cells which comprises the first population and the

second population, and

contacting the input population with a reagent that binds the first population with a first binding

property, e.g., binds the first population with greater affinity than it binds the second population, or binds

the first population with a first distribution of binding sites and binds the second population with a

second distribution of binding sites;

thereby distinguishing the first population from the second population.

In some embodiments, the method further comprises detecting binding of the reagent to the first

population, the second population, or the first population and the second population.

In some aspects, the present disclosure provides a method of making a labeled haploid cell,

comprising:

a) providing, e.g., acquiring, a plurality of haploid cells from an individual having:

i) a first allele and a second, different, allele at a first sub-genomic segment (SGS), e.g., a

gene; and

ii) a first allele and a second, different, allele for a MSGC, linked to the SGS, wherein the

first allele of the MSGC is associated with a first MSGC phenotype and the second allele of the MSGC is

associated with a second, different, MSGC phenotype;

wherein the individual comprises a first haplotype comprising the first allele of the SGS and one

of the first and second allele of the MSGC, and a second haplotype comprising the second allele of the

SGS and the other of the first and second allele of the MSGC; and

b) contacting the plurality of haploid cells with a reagent having specific affinity for a haploid

cell, on the basis that it comprises the first allele of the MSGC or that it comprises the first MSGC

phenotype,

thereby making a labeled haploid cell.

In any of the above aspects and embodiments, the following may apply:



In embodiments, the method comprises selecting a plurality of haploid cells on the basis that each

haploid cell in the plurality, or at least 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% of the

haploid cells in the plurality, comprises the first allele of the MSGC or comprises the first MSGC

phenotype. In embodiments, the method does not comprise selecting a haploid cell on the basis of its X

or Y chromosome.

In embodiments, the method comprises assaying whether the selected haploid cell comprises the

first allele of the MSGC or comprises the first MSGC phenotype. In embodiments, the method comprises

assaying whether the selected haploid cell comprises the second allele of the MSGC or comprises the

second MSGC phenotype. In embodiments, the method comprises assaying whether the selected haploid

cell comprises the first or second allele of the MSGC or comprises the first or second MSGC phenotype.

In embodiments, the method further comprises performing gamete differentiation in vitro (e.g.,

generating or obtaining a stem cell such as an embryonic stem cell or induced pluripotent cell and

inducing it to differentiate into a gamete such as an egg) or in vitro spermatogenesis.

In embodiments, the method further comprises cryopreserving the haploid cells comprising the

first or second (e.g., preselected) MSGC or SGS allele. In embodiments, the haploid cells are

cryopreserved before and/or after the method of selecting a haploid cell. In embodiments, the method

further comprises transporting the haploid cells comprising the first or second (e.g., preselected) MSGC

or SGS allele. In embodiments, the method further comprises thawing the cryopreserved haploid cells.

In embodiments, the method further comprises acquiring information on the heterozygosity of the

MSGC in the individual, e.g., the individual that contributes the haploid cell. In embodiments, the

method further comprises testing whether the individual (e.g., the individual that contributes the haploid

cell) is heterozygous for the SGS. In embodiments, the method further comprises acquiring information

on the heterozygosity of the SGS in the individual. In embodiments, the method further comprises testing

whether the individual is heterozygous for the MSGC. In embodiments, the testing is performed on a

biological sample from the patient, e.g., a biological sample comprises gametes or somatic cells. In

embodiments, the biological sample comprises blood, a cheek swab, epidermal sample, skin sample,

sperm, or semen. In embodiments, the testing comprises performing DNA sequencing (e.g., whole

genome DNA sequencing), PCR, ELISA, or microarray analysis.

In embodiments, the SGS comprises or is comprised by a gene that is not expressed in the haploid

cells, does not produce a detectable amount of RNA in the haploid cells (e.g., by RT-PCR), does not

produce a detectable amount of protein in the haploid cells (e.g., by Western blot), or does not produce a

detectable amount of protein on the surface of the haploid cells (e.g., by FACS).

In embodiments, the method yields a first plurality of haploid cells comprising the first allele of

the MSGC and a second plurality of haploid cells comprising the second allele of the MSGC. In



embodiments, the method comprises acquiring information about the SGS in the first plurality of haploid

cells, e.g., determining whether the first or second allele of the SGS is present in the first plurality of

haploid cells. In embodiments, the method comprises acquiring information about the SGS in the second

plurality of haploid cells, e.g., determining whether the first or second allele of the SGS is present in the

second plurality of haploid cells. In embodiments, acquiring information comprises performing testing,

e.g., destructive testing, on a sample of the first plurality of haploid cells. In embodiments, acquiring

information comprises performing testing, e.g., destructive testing, on a sample of the second plurality of

haploid cells. In embodiments, acquiring information comprises acquiring information about the purity of

the haploid cells in the first sample, e.g., acquiring information about a level of the first allele of the SGS

and the second allele of the SGS. In embodiments, acquiring information comprises acquiring

information about the purity of the haploid cells in the second sample, e.g., acquiring information about a

level of the first allele of the SGS and the second allele of the SGS.

In embodiments, the method further comprises acquiring knowledge of the haplotype of the

individual supplying the haploid cells, e.g., acquiring knowledge of which allele of the MSGC is linked to

which allele of the SGS. In embodiments, this knowledge is acquired before or after a method of

selecting a haploid cell.

In embodiments, the method further comprises acquiring information on the MSGC in the

individual, e.g., whether the individual is heterozygous for the MSGC and/or identifying the sequence of

one or both alleles of the MSGC, e.g., by DNA sequencing of a haploid or diploid cell or plurality of

cells.

In embodiments, the method further comprises generating a novel reagent, e.g., antibody

molecule or mixture of reagents, e.g., antibody molecules (e.g., a novel mixture of previously known

antibodies) specific to an antigen comprised by one or more haploid cells comprising a MSGC. In

embodiments, the mixture comprises a first antibody molecule (optionally labelled with a first label, e.g.,

a label having a first color) specific to an antigen comprised by a haploid cell comprising the first allele of

a first MSGC and a second antibody molecule (optionally labelled with a second label, e.g., a label having

a second color) specific to an antigen comprised by a haploid cell comprising a second allele of the first

MSGC. In embodiments, the mixture comprises an antibody molecule (optionally labelled with a first

label, e.g., a label having a first color) specific to an antigen comprised by a haploid cell comprising a

first allele of a first MSGC and a second antibody molecule (optionally labelled with the first label, e.g.,

the label having a first color, or a second label, e.g., a label having a second color) specific to an antigen

comprised by a haploid cell comprising a first allele of a second MSGC. The product can be, e.g., a

protein encoded by the MSGC allele or a reaction substrate of a reaction performed by an enzyme

encoded by the MSGC allele.



In embodiments, the method further comprises providing a plurality of haploid cells, e.g.,

comprises acquiring, e.g., collecting ejaculate from the individual, e.g., in a collection vial which is

optionally in a temperature-controlled container. In embodiments, the method further comprises thawing

cryopreserved haploid cells before step (b), or cryopreserving one or more haploid cells after step (b).

In embodiments, the selected haploid cell, e.g., sperm cell, is an epididymal cell, testes cell, or an

immature sperm cell, e.g., a round cell. In embodiments, the plurality of haploid cells, e.g., sperm cells,

comprises epididymal cells, testes cells, or round cells, or any combination thereof. In some

embodiments, the sperm cell is intact. In some embodiments, the sperm cell comprises a head and a tail.

In embodiments, the method further comprises performing testing, e.g., destructive testing, on a

sample of the first plurality of haploid cells and/or the second plurality of haploid cells. In embodiments,

the testing comprises sequencing a nucleic acid (e.g., RNA or DNA) from the sample, detecting a protein

in the sample, observing a phenotype (e.g., motility e.g., hypermotility, membrane polarization, acrosome

reaction, or swelling, or any combination thereof), or inducing a phenotype in the sample. The induced

phenotype may be, e.g., acrosome reactivity, chemoattraction, hypermotility, lack of motility, cell death,

swelling, permeabilization, or sensitivity to a solution, or any combination thereof.

In embodiments, step (b) comprises selecting the haploid cell by FACS, column, microfluidic

device, or centrifuge.

In embodiments, the first SGS phenotype or the second SGS phenotype is displayed in a diploid

cell or diploid organism, e.g., an organism that is homozygous for the first SGS allele, homozygous for

the second SGS allele, or heterozygous for the SGS allele. In embodiments, the first SGS phenotype

and/or the second SGS phenotype is not displayed in the haploid cell. In embodiments, the MSGC is in

cell-restricted marker gene.

In embodiments, the SGS or MSGC comprises one or more nucleotide from, e.g., overlaps with

or is situated within one or more of: a gene; a transcribed sequence of a gene; a translated sequence of a

gene; a coding sequence of a gene; a non-coding region, e.g., intronic sequence or 5 ’ UTR or 3 ’ UTR, of

a gene; a non-gene functional element, e.g., an enhancer or insulator; a translocation; a deletion, e.g., a

multi-gene deletion; an epigenetic feature, e.g., chromatin having DNA methylation or one or more

histone modifications; an eQTL (expression quantitative trait locus); a GWAS (genome-wide association

study) region; a phenotype associated region; or a pedigree region. In embodiments, the SGS is not

expressed in haploid cells. In embodiments, the SGS is located in, encompasses, or overlaps with a gene

that is not expressed in haploid cells (e.g., developing or mature haploid cells).

In embodiments, selection of a MSGC allele results in selection of a haploid cell having the first

or second (e.g., preselected) allele of the SGS. In embodiments, the method comprises separating a

haploid cell having the first or preselected allele of the SGS from a haploid cell having the second allele



of the SGS. In embodiments, the first allele of the SGS is linked to the first allele of the MSGC and the

second allele of the SGS is linked to the second allele of the MSGC; or the first allele of the SGS is linked

to the second allele of the MSGC and the second allele of the SGS is linked to the first allele of the

MSGC.

The method can involve a reagent that can distinguish between haploid cells. In embodiments,

the method comprises, e.g., in step b), contacting a haploid cell from the plurality with a reagent that can

distinguish a haploid cell having the first allele of the MSGC from a haploid cell having the second allele

of the MSGC. In embodiments, the reagent binds a haploid cell having the first allele of the MSGC with

a first affinity and binds a haploid cell having the second allele of the MSGC with a second affinity. In

embodiments, the first affinity and second affinity differ sufficiently to allow distinguishing a haploid cell

having the first allele of the MSGC from a haploid cell having the second allele of the MSGC. In

embodiments, the reagent binds a product of the first allele of the MSGC with a first affinity and binds a

product of the second allele of the MSGC with a second affinity, and the first affinity is greater (e.g.,

having a lower Kd) than the second affinity, e.g., by about 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 50, or 100-fold. In

embodiments, the affinity of the reagent for the product of the first allele of the SGS is not sufficiently

different from the affinity of the reagent for the product of the second allele of the SGS to allow

distinguishing or separating haploid cells having first allele of the SGS from haploid cells having the

second allele of the SGS on the basis of binding to a product of the SGS. In embodiments, the reagent

fails to bind at substantial levels to one or both of a product of the first allele of the SGS or the product of

a second allele of the SGS. In embodiments, the reagent comprises an antibody molecule, e.g., an

antibody, scFv, Fab fragment, or Fab2 fragment. In embodiments, the reagent comprises a nucleic acid,

e.g., DNA or RNA. In embodiments, the reagent comprises a Cas9 polypeptide (e.g., rCas9) and/or a

guide RNA. In embodiments, the method further comprises permeabilizing the haploid cells. In

embodiments, the reagent can distinguish a haploid cell having the first allele of the MSGC from a

haploid cell having of the second allele of the MSGC. In embodiments, the reagent can distinguish an

antigen comprised by a haploid cell having the first allele of the MSGC from an antigen comprised by a

haploid cell having of the second allele of the MSGC. In embodiments, the reagent binds preferentially to

a product of the first allele of the MSGC compared to a product of the second allele of the MSGC (e.g.,

has an affinity for the product of the first allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater than

its affinity for the product of the second allele).

The method can also involve a second reagent. In embodiments, the method further comprises,

e.g., in step b), contacting a haploid cell from the plurality with a second reagent that can distinguish a

haploid cell having the first allele of the MSGC from a haploid cell having the second allele of the

MSGC. In embodiments, the second reagent binds preferentially to the product of the second allele of the



MSGC compared to the product of the first allele of the MSGC (e.g., has an affinity for the product of the

second allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater than its affinity for a product of the first

allele). In embodiments, the first reagent binds preferentially to the product of the first allele of the

MSGC compared to the product of the second allele of the MSGC (e.g., has an affinity for the product of

the first allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater than its affinity for a product of the

second allele), and the second reagent binds preferentially to the product of the second allele of the

MSGC compared to the product of the first allele of the MSGC (e.g., has an affinity for the product of the

second allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater than its affinity for a product of the first

allele). In embodiments, the first reagent is associated with a first detectable label, e.g., a first

fluorophore and the second reagent is associated with a second detectable label, e.g., a second

fluorophore. In embodiments, the method further comprises measuring a level of the first detectable

label, e.g., fluorescence from the first fluorophore and a level of the second detectable label, e.g.,

fluorescence from the second fluorophore, which is associated with a haploid cell. In embodiments, the

method further comprises calculating a ratio between the level of the first detectable label, e.g.,

fluorescence from the first fluorophore and the level of the second detectable label, e.g., fluorescence

from the second fluorophore, which is associated with a haploid cell. In embodiments, the method further

comprises sorting the population of haploid cells into at least two (e.g., 3, 4, 5, 6, or more) sub

populations based on the ratio.

In embodiments, the sub-populations of haploid cells comprise:

i) a sub-population enriched for first allele of the MSGC, e.g., having greater fluorescence from

the first fluorophore than the second fluorophore,

ii) a sub-population enriched for second allele of the MSGC, e.g., having greater fluorescence

from the second fluorophore than the first fluorophore, and

iii) optionally, a sub-population which has similar levels of fluorescence from the first and second

fluorophores, e.g., a non-enriched or weakly enriched sub-population, e.g., suitable to discard.

In embodiments, the method further comprises a step of removing the first reagent, e.g., antibody

molecule, from the haploid cell, e.g., wherein a plurality of antibody molecules bind the haploid cell, the

method further comprises a step of removing one or more reagents, e.g., antibody molecules, e.g., all

antibodies, from the haploid cell. In embodiments, the method further comprises assaying the haploid cell

for the presence of the first reagent, e.g., antibody molecule. In embodiments, the method further

comprises removing the second reagent and/or assaying the haploid cell for the presence of the second

reagent.



In embodiments, the method further comprises contacting the haploid cell with a viability dye. In

embodiments, the method further comprises removing non-viable cells from the population, e.g., by

FACS.

In embodiments, a haploid cell having the first allele of the MSGC has a first structure, e.g., a

first epitope, e.g., a first surface exposed epitope, present at a first level; and a haploid cell having the

second allele of the MSGC lacks the first structure or has it at a second, different level. In embodiments,

the structure is one listed in Table 4. In embodiments, the first level is greater than the second level. In

embodiments, the second level is undetectable or zero, i.e., the first structure is not present or not

detectable on haploid cells having the second allele of the MSGC. In embodiments, the haploid cell

having the second allele of the MSGC has a second structure. In embodiments, the method, e.g., step b)

of the method, comprises contacting a haploid cell from the starting population with a reagent, e.g., an

antibody molecule, that can distinguish the first structure, e.g., first epitope, from the second structure,

e.g., second epitope. In embodiments, the reagent has a KD for the first structure and a KD for the second

structure, wherein the KD for the first structure is at least 2, 5, 10, 20, 50, 100, 200, 500, or 1000-fold

lower than the KD for the second structure.

The methods herein can involve directly detecting a protein encoded by a MSGC. In

embodiments, the first structure is a gene product, e.g., a polypeptide, encoded by the MSGC. In

embodiments, the first structure is a polypeptide having a first amino acid sequence and the second

structure is a polypeptide having a second amino acid sequence, wherein the first and second structures

are different. In embodiments, the first allele of the MSGC is a null allele, or the second allele of the

MSGC is a null allele, but the first and second alleles of the MSGC are not both null alleles. In

embodiments, the first allele of the MSGC, relative to the second allele of the MSGC, comprises a point

mutation, substitution, insertion, deletion, premature stop codon, or frameshift. In embodiments, the

MSGC encodes a transmembrane protein, a membrane-associated protein, and/or a membrane lipid-

anchored protein. In embodiments, the MSGC encodes a spermadhesin, transmembrane transporter, ion

channel, solute carrier, integrin, cadherin, matrix metallopeptidase, ATP-binding cassette, ATPase,

glycoproteins, or cell surface receptor (e.g., G protein-coupled receptor, hormone receptor, chemokine

receptor, or cytokine receptor). In embodiments, the MSGC affects levels of a protein, e.g., the MSGC is

disposed in, overlaps with, or encompasses a promoter, enhancer, or mRNA stability element. In

embodiments, the MSGC affects stability of a protein, e.g., encodes an amino acid mutation that alters

stability of the encoded protein.

The methods herein can also involve detecting a structure produced by a MSGC, e.g., wherein

the structure comprises a reaction product such as a phosphorylated reaction substrate or a glycosylated

reaction substrate. In embodiments, a first haploid cell having the first allele of the MSGC has a first



structure, e.g., a first epitope, e.g., a first surface exposed epitope, and the first allele of the MSGC

encodes a gene product, e.g., a polypeptide, that can form (e.g., catalyze the formation of) the first

structure, and the first structure is present at a first level; and a second haploid cell having the second

allele of the MSGC lacks the first structure or has the first structure at a second, different level. In

embodiments, the first structure is not disposed on the gene product of the MSGC. In embodiments, the

first allele of the MSGC encodes a polypeptide having enzymatic, e.g., catalytic activity, at a first level.

In embodiments, the second allele of the MSGC encodes a polypeptide having enzymatic, e.g., catalytic

activity, at a second, different level. In embodiments, the second level is zero. In embodiments, the

polypeptide is a glycosyltransferase, kinase, phosphatase, methyltransferase, acetyltransferase,

deacetylase, protease, biosynthetic enzyme (e.g., enzyme for biosynthesis of a membrane component,

lipid biosynthesis enzyme, or cholesterol biosynthesis enzyme). In embodiments, the MSGC encodes a

factor (e.g., polypeptide or RNA) that affects splicing of an RNA, e.g., leading to a cell surface epitope

being present or spliced out. In embodiments, the factor (e.g., polypeptide) acts on a reaction substrate,

which reaction substrate is cell-restricted and/or geno-informative. The gene encoding the reaction

substrate can be heterozygous or homozygous. In embodiments, the factor (e.g., polypeptide) acts on a

reaction substrate, which reaction substrate is disposed at the haploid cell surface, e.g., is a lipid (e.g.,

phospholipid), transmembrane protein, surface-associated protein, lipid-anchored protein, or surface-

associated carbohydrate. In embodiments, the method comprises contacting the first haploid cell or

second haploid cell with a reagent specific for the first structure. In embodiments, the reagent comprises

an antibody molecule. In embodiments, the first structure comprises a lipid (e.g., a phospholipid),

polypeptide, glycosyl moiety, phosphorylated amino acid, methylated amino acid, acetylated amino acid,

polypeptide subject to alternative splicing, post-translationally modified polypeptide.

The haploid cells can be derived from various species. In embodiments, the haploid cell is a

sperm cell, e.g., a human sperm cell. In embodiments, the cell is a non-human animal cell, e.g., from an

agricultural animal (e.g., cow, pig, horse, goat, or chicken), a companion animal (e.g., dog, or cat) rodent

(e.g., mouse or rat), fish, bird, or insect. In embodiments, the cell is from an organism other than a

rodent, mouse, rat, or hamster. In embodiments, the cell is a human cell and the MSGC is listed in Table

2. In embodiments, the cell is a non-human animal cell and the MSGC is listed in Table 1.

In embodiments, the SGS is not a gross chromosomal feature, e.g., is not a translocation, multi

gene deletion, multi-gene inversion, or loss of a chromosome.

In embodiments, the reagent is affixed to a support, e.g., an insoluble or solid support. In

embodiments, the support comprises a bead, or plurality of beads. In embodiments, the support is

disposed on or in a device, e.g., a column, or microfluidic device. In embodiments, the method comprises

contacting the plurality of haploid cells with the reagent affixed to the support. In embodiments, the



method further comprises washing the support. In embodiments, the method further comprises eluting

haploid cells from the support.

In embodiments, the method further comprises contacting the plurality of haploid cells with a

microfluidic device. In embodiments, the method further comprises passing the plurality of haploid cells

through the device, e.g., a microfluidic device. In embodiments, the device, e.g., a microfluidic device,

comprises an inlet, an outlet, and a channel connecting the inlet to the outlet.

In embodiments, the method comprises contacting the plurality of haploid cells with the inlet

under conditions that allow at a sub-population of haploid cells to reach the outlet, and optionally

collecting the sub-population of haploid cells (or a portion thereof) from the outlet. In embodiments, the

method comprises performing flow cytometry on a plurality of beads.

In embodiments, the method does not comprise performing sex selection. In embodiments, the

method results in a population comprising haploid cells comprising an X chromosome and haploid cells

comprising a Y chromosome, e.g., a population that comprises about 40% haploid cells comprising an X

chromosome and about 60% haploid cells comprising a Y chromosome; about 45% haploid cells

comprising an X chromosome and about 55% haploid cells comprising a Y chromosome; about 50%

haploid cells comprising an X chromosome and about 50% haploid cells comprising a Y chromosome;

about 55% haploid cells comprising an X chromosome and about 45% haploid cells comprising a Y

chromosome; or about 60% haploid cells comprising an X chromosome and about 40% haploid cells

comprising a Y chromosome . In embodiments, the method has at least 5%, 10%, 20%, 30%, 40%, or

50% (e.g., about equal chance) chance of providing either a haploid cell comprising an X chromosome or

a haploid cell comprising a Y chromosome. In embodiments, the method does not enrich for haploid cells

comprising an X or Y chromosome. In embodiments, the selected population comprises haploid cells

comprising X chromosomes and haploid cells comprising Y chromosomes. In embodiments, the selected

population comprises at least 5%, 10%, 20%, 30%, 40%, or 50% (e.g., about equal numbers) of haploid

cells comprising an X chromosome. In embodiments, the selected population comprises at least 5%,

10%, 20%, 30%, 40%, or 50% (e.g., about equal numbers) of haploid cells comprising a Y chromosome.

In embodiments, the proportions of haploid cells comprising an X chromosome and haploid cells

comprising a Y chromosome in the selected population does not differ significantly from the proportion

of haploid cells comprising an X chromosome and haploid cells comprising a Y chromosome in the

plurality of cells provided by the individual.

In embodiments, providing the plurality of haploid cells comprises receiving a plurality of

haploid cells. In embodiments, the plurality of haploid cells is in frozen form or in non-frozen (e.g.,

fresh) form when received. In embodiments, the method further comprises transporting the haploid cell

having the first or second (e.g., preselected) SGS allele and/or MSGC allele to a recipient. In some



embodiments, providing (e.g., providing haploid cells) comprises acquiring (e.g., acquiring haploid cells),

e.g., acquiring gametes from the individual that produced the gametes.

In embodiments, the reagent is bound, e.g., non-covalently bound or covalently linked, to a

detectable label, e.g., a fluorophore.

In embodiments, the method comprises selecting a population of haploid cells having the first or

second (e.g., preselected) allele at the SGS. In embodiments, the selected population of haploid cells

comprises at least 2, 5, 10, 20, 50, 100, 200, 500, 1,000, 2,000, 5,000, 10,000, 20,000, 50,000, 100,000,

200,000, 500,000, 1 million, 2 million, 5 million, 10 million, 20 million, 50 million, 100 million, 200

million, or 500 million haploid cells.

In embodiments, the method further comprises contacting the haploid cells with an antibody

molecule. In embodiments, the separation step comprises an affinity separation step.

In embodiments, the methods herein include a physical change in a physical substance, e.g., a

starting material. Exemplary changes include making a physical entity from two or more starting

materials, shearing or fragmenting a substance, separating or purifying a substance, combining two or

more separate entities into a mixture, or performing a chemical reaction that includes breaking or forming

a covalent or non-covalent bond.

In embodiments, removing the reagent, e.g., antibody molecule comprises one or more of adding

a buffer, e.g., a high salt buffer, counter-selection (e.g., allowing the antibody molecule to dissociate from

one or more of the haploid cells and then selecting haploid cells that are not bound to the antibody

molecule or are bound by less than a preselected number of antibody molecules), swim-up (e.g., allowing

the antibody molecule to dissociate from one or more of the haploid cells, contacting the haploid cells

with a reagent that impedes swimming and binds to the antibody molecule, e.g., beads coated with an

antibody-binding reagent such as protein A or protein G, and then selecting haploid cells with better

swimming activity in a swim-up assay), centrifugation (e.g., allowing the antibody to dissociate from one

or more of the haploid cells, contacting the haploid cells with a reagent that changes the haploid cell’s

sedimentation under centrifuge conditions and binds to the antibody molecule, e.g., beads coated with an

antibody-binding reagent such as protein A or protein G, centrifuging the haploid cells, and selecting

haploid cells that do not sediment with the beads), washing (e.g., allowing the antibody to dissociate from

one or more of the haploid cells in a buffer, centrifuging or otherwise separating the haploid cells from

the buffer, and removing the buffer), filtering (e.g., binding a large entity such as a bead to the antibody,

allowing the antibody to dissociate from one or more of the haploid cells, and allowing non antibody-

bound beads to pass through a filter), enzymatic treatment (e.g., cleaving the antibody molecule, e.g., with

a protease), self-destruction (e.g., antibody self-cleaving), or destabilization in vitro or in vivo (e.g.,

exposing the haploid and antibodies to a solution that destabilizes the antibody).



In embodiments, the antibody molecule is a non-human antibody molecule. In embodiments, the

antibody molecule is other than one produced by the individual that produced the haploid cell. In

embodiments, the antibody molecule is a single-chain antibody molecule.

In embodiments, a) comprises contacting the haploid cell with the antibody molecule. In

embodiments, a) comprises receiving the haploid cell and antibody molecule (e.g., bound to each other

and/or admixed in a single volume) from another entity such as a clinic, doctor’s office, or hospital.

In embodiments, the reagent, e.g., antibody molecule, has specificity for a protein or structure of

Table 1 or 2.

In embodiments, the method further comprises a step of removing the reagent, e.g., antibody

molecule, from the haploid cell, e.g., wherein a plurality of antibody molecules bind the haploid cell, the

method further comprises a step of removing one or more antibody molecules, e.g., all antibodies, from

the haploid cell. In embodiments, the method further comprises assaying the haploid cell for the presence

of the reagent, e.g., antibody molecule.

In embodiments, the method further comprises contacting the haploid cell with an anti

immunoglobulin antibody. In embodiments, the method further comprises contacting the haploid cell

with a detectable moiety, e.g., fluorescent moiety, e.g., a fluorescently labeled anti-immunoglobulin

antibody.

In some aspects, the present disclosure provides a method of removing an antibody molecule

from a haploid cell comprising: a) providing a haploid cell bound by an antibody molecule, e.g., a

plurality of antibody molecules; b) removing one or more antibody molecules from the haploid cell, e.g.,

wherein a plurality of antibody molecules bind the haploid cell, the method comprises removing one or

more antibody molecules from the haploid cell; and c) optionally assaying the haploid cell for the

presence of the antibody molecule.

In some aspects, the present disclosure provides a method of contacting a haploid cell with a

reagent, e.g., antibody molecule, comprising:

a) providing a haploid cell, e.g., providing a population of haploid cells;

b) providing a reagent, e.g., an antibody molecule, e.g., providing a population of antibody

molecules; and

c) contacting the haploid cell with the reagent, e.g., by admixing the population of haploid cells

with the reagents;

wherein one or more of (e.g., 2, 3, 4, 5, 6, or all of):

i) the haploid cell does not undergo a change in phenotype upon binding of the reagent;



ii) the haploid cell remains viable upon binding of the reagent;

iii) the haploid cell remains fertile upon binding of the reagent;

iv) the haploid cell does not comprise a DNA dye;

v) the haploid does not comprise a detectable label, e.g., does not comprise a fluorescent

label;

vi) the method further comprises a step of separating the haploid cells into a first pool and

a second pool based on binding of the reagent; or

vii) the method further comprises a step of separating the haploid cells into a first pool

and a second pool that are enriched for genetically different haploid cells.

In embodiments, the method comprises receiving the sample of haploid cells from a provider,

e.g., a patient, sperm bank, or clinic. In some aspects, the disclosure provides a method of transporting a

haploid cell sample, comprising: providing a sample of haploid cells prepared (e.g., sorted) as described

herein, or providing a reaction mixture described herein, and transporting the sample to a recipient, e.g., a

clinic.

The present disclosure also provides, in certain aspects, a method of inducing a phenotype in a

population of sorted haploid cells. The induced phenotype can be, e.g., acrosome reactivity,

chemoattraction, hypermotility, lack of motility, cell death, swelling, permeabilization, or sensitivity to a

solution.

In some aspects, the present disclosure provides a method of identifying a heterozygous MSGC

near a SGS comprising:

obtaining nucleic acid sequence information, e.g., sequencing a nucleic acid, from a subject that

is heterozygous at a SGS, wherein the nucleic acid sequence information comprises the sequence of one

or more MSGC, and

identifying the subject as heterozygous at one or more MSGC that is less than a predetermined

distance from the SGS.

In an embodiment sequence information of less than the entire genome is obtained. In an

embodiment sequence information of less than all autosomes, is obtained. In an embodiment sequence

information obtained does not include the entire genome, e.g., it omits at least 10,000, 50,000, 100,000, or

200,000 kilobases of genomic sequence. In embodiments, the method does not comprise whole-genome,

high-throughput, microarray (e.g., SNP chip), or shotgun sequencing. In embodiments, the obtained

nucleic acid sequence information is not whole-genome, high-throughput, microarray (e.g., SNP chip), or



shotgun sequencing information. In embodiments, the nucleic acid sequence information comprises the

sequence of at least 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 30, 40, or 50 MSGCs. In embodiments, the nucleic

acid sequence information comprises the sequence of no more than 100, 80, 60, 40, or 20 MSGCs. In

embodiments, the method comprises whole-genome, high-throughput, microarray (e.g., SNP chip), or

shotgun sequencing.

In embodiments, the genetic variants are phased computationally or experimentally to determine

the physical linkages between heterozygous sites. Phasing can comprise, e.g., computational inference

using a genotyped reference population, sequencing using direct or synthetic long read technology, or

chromosome-scale phasing. The phasing can be partial or chromosome-scale.

In embodiments, the method comprises comparing the sequence of a first allele of a MSGC to the

sequence of a second allele of the MSGC. In embodiments, the method comprises calculating the

distance between the MSGC and the SGS.

In embodiments, the method comprises receiving the sample of haploid cells from a provider,

e.g., a patient, sperm bank, or clinic.

In some aspects, the disclosure provides a method of transporting a haploid cell sample,

comprising: providing a sample of haploid cells prepared (e.g., sorted) as described herein, or providing a

reaction mixture described herein, and transporting the sample to a recipient, e.g., a clinic.

In embodiments, the haploid cell is a human haploid cell. In embodiments, the haploid cell is a

non-human animal haploid cell.

The present disclosure provides, in some aspects, a composition, e.g., reaction mixture,

comprising:

I) a plurality of haploid cells from an individual that carries:

i) a first allele and a second, different, allele for a SGS; and

ii) a first allele and a second, different, allele for a MSGC, linked to the SGS;

wherein the first allele of the SGS is associated with a first phenotype, e.g., a non-disease

phenotype, non-DOP, or first PC, and the second allele of the SGS is associated with a second phenotype,

e.g., a disease phenotype, DOP, or second PC;

II) wherein one or more of:

a) the composition, e.g., reaction mixture, further comprises one, or more, e.g., at least 2, 3,

4, 6, 8, or 10 reagents, e.g., antibody molecules, that can distinguish a haploid cell having the first allele

of the MSGC from a haploid cell having the second allele of the MSGC;

b) at least 70, 80, 90, 95, or 99 % of the haploid cells in the composition, e.g., reaction

mixture, contain the first allele of the SGS, and wherein the SGS is on an autosome;



c) at least 70, 80, 90, 95, or 99 % of the haploid cells in the composition, e.g., reaction

mixture, contain the second allele of the SGS, and wherein the SGS is on an autosome;

d) at least 70, 80, 90, 95, or 99 % of the haploid cells in the composition, e.g., reaction

mixture, contain the first allele of the MSGC, and wherein the MSGC is on an autosome;

e) at least 70, 80, 90, 95, or 99 % of the haploid cells in the composition, e.g., reaction

mixture, contain the second allele of the MSGC, and wherein the MSGC is on an autosome;

f ) the plurality of haploid cells has a locus of maximal enrichment that is other than the

SGS, e.g., wherein the locus of maximal enrichment is at or near the MSGC (e.g., within 10, 9, 8, 7, 6, 5,

4, 3, 2, or 1 kb of the MSGC, within the same LD block as the MSGC, within the same transcript as the

MSGC, in linkage disequilibrium with the MSGC, in the same coding region as the MSGC, in the same

chromosome arm as the MSGC, or in the same cytogenetic band as the MSGC), wherein the locus of

maximal enrichment is between the MSGC and the SGS, wherein the locus of maximal enrichment is not

in linkage disequilibrium with the SGS, wherein the locus of maximal enrichment is not in the same LD

block as the SGS, wherein the locus of maximal enrichment is not in the same transcript as the SGS,

wherein the locus of maximal enrichment is not in the same coding region as the SGS, wherein the locus

of maximal enrichment is at least 10, 20, 30, 40, 50, 100 kb away from the SGS, wherein the locus of

maximal enrichment is not in the same chromosome arm as the SGS, or wherein the locus of maximal

enrichment is not in the same cytogenetic band as the SGS;

g) the plurality of haploid cells has two or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, 10, or more) loci

of maximal enrichment, e.g., a first locus of maximal enrichment at or near a first MSGC and a second

locus of maximal enrichment at or near a second MSGC (e.g., within 10, 9, 8, 7, 6, 5, 4, 3, 2, or 1 kb of

the MSGC, within the same LD block as the MSGC, within the same transcript as the MSGC, in linkage

disequilibrium with the MSGC, in the same coding region as the MSGC, in the same chromosome arm as

the MSGC, or in the same cytogenetic band as the MSGC);

h) the plurality of haploid cells has a first MSGC and a second MSGC and the locus of

maximal enrichment is between the first MSGC and the second MSGC;

i) the plurality of haploid cells has a locus-based enrichment at the MSGC that is greater

than locus-based enrichment at the SGS, e.g., by at least 1%, 2%, 3%, 4%, 5%, 10%, 20%, 30%, or 40%;

j ) the plurality of haploid cells are enriched for two or more MSGC, wherein a first MSGC

is on a first chromosome and a second MSGC is on a second chromosome;

k) the plurality of haploid cells are enriched for two or more SGSs, wherein a first SGS is on

a first chromosome and a second SGS is on a second chromosome; or

l) the haploid cells are egg cells.



In some aspects, the disclosure provides a composition, e.g., reaction mixture, comprising:

haploid cells, e.g., haploid cells from a single individual,

a reagent, e.g., an antibody molecule, that binds a protein of Table 1, Table 2, or Table 3, or a

homolog thereof.

In some aspects, the disclosure provides a method of making a reaction mixture described herein.

In embodiments, the method comprises contacting haploid cells with a reagent, e.g., an antibody

molecule, that binds a protein of Table 1, Table 2, or Table 3 or a homolog thereof. In embodiments, the

method comprises contacting haploid described herein with a reagent that binds an MSGC.

In some embodiments, the reagent, e.g., antibody molecule, distinguishes between a first allele of

the protein of Table 1, 2, or 3 and a second allele of the protein of Table 1, 2, or 3. In embodiments, the

reaction mixture does not comprise a dye or a radionuclide.

In embodiments, the reagent, e.g., the antibody molecule, is bound (e.g., conjugated) to a

substrate such as a bead, polymer, gel, film, or latex sheath. In embodiments, the substrate is a solid

substrate. In embodiments, binding of a substrate-bound reagent to a haploid cell substrate impairs

motility of the cell, e.g., by virtue of mass, bulk, water resistance, or steric hindrance of the substrate.

In embodiments (e.g., prior to selection) the plurality of haploid cells comprises: a first haploid

cell, or first plurality of haploid cells, having the first allele of the MSGC; and a second haploid cell, or

second plurality of haploid cells, having the second allele of the MSGC. In embodiments (e.g., prior to

selection) the proportion of the first and second plurality of haploid cells is the same as the proportion

produced by the individual.

In embodiments (e.g., post-selection), at least 55, 60, 65, 70, 75, 80, 85, 90, 95, or 99 % of the

haploid cells in the reaction mixture are of the first plurality. In embodiments (e.g., post-selection), all or

essentially all of the haploid cells in the reaction mixture are of the first plurality. In embodiments (e.g.,

post-sorting), the reaction mixture is free or essentially free of the haploid cells of the second plurality.

In embodiments, the reaction mixture is other than a haploid sample naturally produced by an

individual. In embodiments, the reaction mixture comprises synthetically sorted and/or ex vivo sorted

haploid cells. In embodiments, the individual does not have a genotype that promotes a skewed ratio of

haploid cells having a first allele and a second allele. In embodiments, the individual is not heterozygous

for a gene that impacts haploid cell survival or development. In embodiments, the cells are from an

individual who does not comprise an Rb null allele, e.g., the individual comprises a wild-type Rb gene as

the maternal allele and a wild-type Rb gene as the paternal allele. In embodiments, the plurality of cells

does not comprise Rb-null cells. In embodiments, the individual does not have and/or is not a carrier for



a trinucleotide expansion disease such as fragile X syndrome, Machado-Joseph disease, or myotonic

dystrophy, a retinoblastoma mutation, or cone-rod retinal dystrophy. In embodiments, the individual does

not have and/or is not a carrier for an allele that skews allelic ratios in sperm. In embodiments, the cells

are human cells. In embodiments, the haploid cells do not comprise an inversion relative to a wild-type

sequence, e.g., do not comprise a T allele inversion.

In embodiments, the cell is a human cell. In embodiments, the cell is a non-human animal cell.

In some embodiments, the reagent is other than an antibody. In some embodiments, the reagent

is other than an antibody molecule. In some embodiments, the reagent is subject to cleavage and/or

denaturation.

In some embodiments, the reagent does not bind a factor (e.g., a sperm protein) that participates

in fertilization. In embodiments, the reagent does not bind a spermadhesin. In embodiments, the reagent

does not interfere with fertilization.

In embodiments, a composition herein (e.g., a haploid cell composition described herein, e.g., a

haploid cell composition enriched for a MSGC and/or SGS) is disposed in a cannula.

In embodiments, the antigen is encoded by the MSGC, e.g., is part of a polypeptide encoded by

the MSGC. In embodiments, the antigen is modified by a product (e.g., polypeptide, e.g., enzyme)

encoded by the MSGC. In embodiments, the MSGC is selected from Table 1 or 2. In embodiments, the

reagent, e.g., antibody molecule binds a product of a first allele of MSGC with higher affinity than a

product of the second allele of MSGC. In embodiments, the antibody molecule is monoclonal, purified,

or a single-chain antibody, e.g., scFv. In embodiments, the reagent is other than an antibody molecule. In

some embodiments, the reagent is subject to cleavage and/or denaturation.

In embodiments, a composition herein comprises a first reagent (e.g., antibody molecule) specific

for an antigen comprised by a haploid cell comprising a first allele of a MSGC and a second reagent (e.g.,

antibody molecule) specific for an antigen comprised by a haploid cell comprising a second allele of a

MSGC. In embodiments, the composition comprises 2, 3, 4, 5, 6, 7, 8, 9, or 10 or more reagents (e.g.,

antibody molecules), each specific for an antigen comprised by a haploid cell comprising 2, 3, 4, 5, 6, 7,

8, 9, or 10 or more alleles of a MSGC. In embodiments, the composition comprises a reagent (e.g.,

antibody molecule) specific to an antigen comprised by a haploid cell comprising a first allele of a first

MSGC and a second reagent (e.g., antibody molecule) specific to an antigen comprised by a haploid cell

comprising a first allele of a second MSGC. In embodiments, the composition comprises a plurality (e.g.,

2, 3, 4, 5, 6, 7, 8, 9, or 10 or more) of reagents (e.g., antibody molecules), each specific for an antigen

comprised by a haploid cell comprising a plurality of alleles of a first MSGC and a second plurality (e.g.,

2, 3, 4, 5, 6, 7, 8, 9, or 10 or more) of reagents (e.g., antibody molecules), each specific for an antigen

comprised by haploid cells comprising a plurality of alleles of a second MSGC. In embodiments, the



composition comprises: (i) one or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, or 10 or more) reagents (e.g., antibody

molecules), each specific for an allele of a first MSGC, (ii) one or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, or 10 or

more) reagents (e.g., antibody molecules), each specific for an allele of a second MSGC, (iii) optionally,

one or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, or 10 or more) reagents (e.g., antibody molecules), each specific for

an allele of a third MSGC, (iv) optionally, one or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, or 10 or more) reagents

(e.g., antibody molecules), each specific for an allele of a fourth MSGC, (v) optionally, one or more (e.g.,

2, 3, 4, 5, 6, 7, 8, 9, or 10 or more) reagents (e.g., antibody molecules), each specific for an allele of a fifth

MSGC. Optionally, the composition comprises reagents specific for an allele of one or more additional

MSGCs. In embodiments, two or more (e.g., at least 3, 4, 5, 6, 7, 8, 9, or 10) of the MSGC are within a

predetermined distance of each other or of a single SGS. In embodiments, two or more (e.g., at least 3, 4,

5, 6, 7, 8, 9, or 10) of the MSGC are greater than a predetermined distance of each other. In

embodiments, the predetermined distance is within the same LD block; in the same transcript; in the same

coding region; within 10, 8, 6, 5, 4, 3, 2, or 1 kb; in the same chromosome arm, of in the same cytogenetic

band. In embodiments, two or more (e.g., at least 3, 4, 5, 6, 7, 8, 9, or 10) of the MSGC are on different

chromosomes from each other. In embodiments, two or more (e.g., at least 3, 4, 5, 6, 7, 8, 9, or 10) of the

MSGC are on the same chromosome, e.g., in the same chromosome arm.

In some aspects, the present disclosure provides a method of performing, e.g., on a reaction

mixture described herein (e.g., a reaction mixture comprising selected haploid cells, e.g., haploid cells

enriched for one or more MSGC or SGS), or on a population of haploid cells (e.g., unsorted haploid cells)

one or more of: gamete differentiation in vitro (e.g., generating or obtaining a stem cell such as an

embryonic stem cell or induced pluripotent cell and inducing it to differentiate into a gamete such as an

egg) or in vitro spermatogenesis.

The present disclosure also provides, in some aspects, a reaction mixture comprising:

a) a haploid cell, a population of haploid cells;

b) a reagent, e.g., an antibody molecule, with specificity for a haploid cell epitope, e.g., a surface

exposed epitope; and

c) an agent that inhibits binding of the reagent to the haploid cell, e.g., a soluble protein

comprising the epitope or an agent with stronger affinity for the reagent than the affinity of the reagent for

the haploid cell, e.g., a salt.

In embodiments, the antibody molecule is bound to the haploid cell or to the soluble protein.

In embodiments, the reaction mixture is produced after selecting the haploid cell, e.g., a

population of haploid cells enriched for a MSGC and/or SGS.



The present disclosure also provides, in some aspects, a reaction mixture comprising an agent that

inhibits binding of a reagent described herein to a haploid cell e.g., a soluble protein comprising the

epitope or an agent with stronger affinity for the reagent than the affinity of the reagent for the haploid

cell.

In certain aspects, the disclosure also provides a kit comprising a plurality of reagents having

specificity for two or more MSGC alleles, e.g., a MSGC of Table 1 or 2. In some embodiments, the kit

comprises a first reagent specific for an epitope comprised by a haploid cell comprising a first allele of a

first MSGC and a second reagent specific for an epitope comprised by a haploid cell comprising a second

allele of the first MSGC. In some embodiments, the kit comprises a first reagent specific for an epitope

comprised by a haploid cell comprising a first allele of a first MSGC and a second reagent specific for an

epitope comprised by a haploid cell comprising a first allele of a second MSGC. In embodiments, the

plurality comprises at least 3, 4, 5, 10, 15, 20, 25, 30, 35, 40, 45, or 50 of the reagents. In embodiments,

the reagents are antibody molecules, e.g., antibody molecules derived from a non-human animal, e.g.,

comprising a non-human constant region. In embodiments, the kit comprises at least two (e.g., at least 3,

4, 5, 10, 15, 20, 25, 30, 35, 40, 45, or 50) reagents having specificity for products of alleles of a single

MSGC. In embodiments, the kit comprises at least one reagent having specificity for a product of an

allele of a first MSGC linked to a first SGS and at least one reagent having specificity for a product of an

allele of a second MSGC linked to a second SGS. In embodiments, the one or more reagents are affixed

to a solid support, e.g., a bead, plate, or column. In embodiments, the one or more MSGC (e.g., each

MSGC) is from Table 1 or 2.

The present disclosure also provides, in some aspects, a mono-haplotypic DNA preparation

produced by a method herein.

The present disclosure also provides, in some aspects, a population of haploid cells that has

skewed allelic ratios (e.g., has predominantly one allele) at one or more sites, e.g., genes, on a first

chromosome (e.g., a first autosome) and has non-skewed allelic ratios (e.g., has approximately equal

levels of two alleles) at one or more sites, e.g., genes, on a second chromosome (e.g., a second autosome).

The present disclosure also provides, in some aspects, a population of haploid cells that has

skewed allelic ratios (e.g., has predominantly one allele ) at one or more sites, e.g., genes, on a region of

1-50 megabases (e.g., 1-10, 10-20, 20-30, 30-40, or 40-50 megabases) on a first chromosome, e.g., a first



autosome, and has non-skewed allelic ratios (e.g., has approximately equal levels of two alleles) at one or

more sites, e.g., genes, on a second chromosome, e.g., a second autosome. In embodiments, the cells are

non-skewed (e.g., has approximately equal levels of two alleles) at sites, e.g., genes, on all autosomes but

the first autosome.

The present disclosure also provides, in some aspects, a population of haploid cells that has

skewed allelic ratios (e.g., has predominantly one allele) at one or more sites, e.g., genes, on a first

chromosome (e.g., a first autosome); has skewed allelic ratios (e.g., has predominantly one allele) at one

or more sites, e.g., genes, that are distal to the site on the first chromosome (e.g., the distal site is on a

second chromosome (e.g., a second autosome) or on a different arm of the first chromosome); and has

non-skewed allelic ratios (e.g., has approximately equal levels of two alleles) at one or more sites, e.g.,

genes, on a third chromosome (e.g., a third autosome).

The present disclosure also provides, in some aspects, a population of haploid cells, that has

skewed allelic ratios (e.g., has predominantly one allele) at one or more sites, e.g., genes, on a region of 1-

50 megabases (e.g., 1-10, 10-20, 20-30, 30-40, or 40-50 megabases) on a first autosome; has skewed

allelic ratios (e.g., has predominantly one allele) at one or more sites, e.g., genes, that are distal to the site

on the first chromosome (e.g., the distal site is on a second chromosome (e.g., a second autosome) or on a

different arm of the first chromosome); and has non-skewed allelic ratios (e.g., has approximately equal

levels of two alleles) at one or more sites, e.g., genes, on a third chromosome (e.g., a third autosome).

The present disclosure also provides, in some aspects, a population of haploid cells from an

individual (e.g., a human individual) who is heterozygous for a SGS, wherein the population of haploid

cells is enriched for a first allele, e.g., a non-disease or non-DOP allele, of the SGS.

The present disclosure also provides, in some aspects, a population of haploid cells from an

individual, wherein the individual carries

i) a first allele and a second, different, allele for a first SGS; and

ii) a first allele and a second, different, allele for a first MSGC, linked to the first SGS,

wherein the population of haploid cells is enriched for the first allele for the SGS.

The present disclosure also provides, in some aspects, a plurality (e.g., 2, 3, 4, 5, 6, 7, 8, 9, 10, 20,

30, 40, or 50) of reaction mixtures described herein.



The present disclosure also provides, in certain aspects, a plurality (e.g., 2, 3, 4, 5, 6, 7, 8, 9, 10,

20, 30, 40, or 50) of pools of haploid cells from a single individual,

wherein the individual carries

i) a first allele and a second, different, allele for a first SGS; and

ii) a first allele and a second, different, allele for a MSGC, linked to the first SGS,

wherein a first pool of haploid cells is enriched for the first allele for the SGS, and a second pool

of haploid cells is enriched for the second allele of the SGS.

In embodiments, at least one haploid cell of the first pool is bound by a reagent (e.g., an antibody

molecule). In embodiments, at least one haploid cell of the second pool is bound by a second reagent

(e.g., antibody molecule). In embodiments, at least one haploid cell of each of the plurality of pools is

bound by a reagent (e.g., antibody molecule).

In embodiments, the SGS is situated on an autosome. In embodiments, the MSGC is situated on

an autosome.

In embodiments, a haploid cell having the first allele of the SGS has a first surface-exposed

structure, e.g., a first surface exposed epitope, present at a first level, and a haploid cell having the second

allele of the SGS lacks the first surface exposed epitope or has it at a second, different, level.

In embodiments, the individual carries i) a first allele and a second, different, allele for a second

SGS; and ii) a first allele and a second, different, allele for a second MSGC, linked to the second SGS. In

embodiments, the individual is heterozygous at a third SGS. In embodiments, the individual is

heterozygous at a fourth SGS. In embodiments, the individual is heterozygous at a fifth SGS or more.

In embodiments, a first pool of haploid cells is enriched for the first allele for the first SGS, a

second pool of haploid cells is enriched for the second allele of the first SGS, a third pool of haploid cells

is enriched for the first allele for the second SGS, and a fourth pool of haploid cells is enriched for the

second allele of the second SGS.

In embodiments, the first pool of haploid cells is enriched for the first allele for the first SGS and

for the first allele for the second SGS, and the second pool of haploid cells is enriched for the second

allele of the first SGS and for the second allele of the second SGS.

In embodiments, the plurality of pools of haploid cells comprises at least 2, 3, 4, 5, 6, 7, 8, 9, 10,

11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 or more pools of haploid cells, e.g., genetically distinct or

epigenetically distinct pools of haploid cells (e.g., being enriched for different SGSs or combinations of

SGSs).

In embodiments, the cells were produced by a human or a non-human animal.

In some aspects, the disclosure also provides a composition, e.g., a device, comprising:



a substrate, e.g., a solid substrate and

a reagent having specificity for antigen comprised by a haploid cell comprising a first allele of a

MSGC, e.g., a MSGC of Table 1 or 2.

In embodiments, the reagent is an allele-specific antibody molecule, e.g., an antibody molecule

derived from a non-human animal, e.g., comprising a non-human constant region. In embodiments, the

substrate comprises a plurality of beads, e.g., in the form of a suspension. In embodiments, the substrate

comprises a polymer or gel. In embodiments, the reagent is specific for an allele of a MSGC that is

linked to a non-desired allele of a SGS. In embodiments, the reagent is coupled to a cell-killing agent.

The present disclosure also provides, in some aspects, a haploid ce or population of haploid cells

that is the product of a process described herein.

The disclosure also provides, in some aspects, a composition comprising:

a) a haploid ce and

b) a reagent, e.g., an antibody molecule, having a dissociation constant of about 10 5 - 10 13 M

(e.g., 10 - 10 7, 10 7 - 10 , 10 - 1 9, 10 9 - 10 1 , 10 1 - 10 " , 10 11 - 10 12 , or 10 1 - 10 13 M) for

the haploid ce .

In embodiments, the composition comprises at least 2, 3, 4, 5, 6, 7, 8, 9, or 10 reagents (e.g.,

antibody molecules) having an affinity of about 10 5 - 10 13 M (e.g., 10 - 10 7, 10 7 - 10 s, 10 - 10 9, 10 9

- 10 1 , 10 1 - 10 " , 10 11 - 10 12 , or 10 12 - 10 13 M) for the haploid ce .

In certain aspects, the present disclosure provides a method of generating a reagent (e.g., antibody

molecule) specific to an antigen comprised by a haploid ce comprising a first allele of the MSGC, e.g., a

MSGC listed in Table 1 or 2. The method can comprise: i) contacting a first antigen comprised by a

haploid ce comprising the first allele of the MSGC with a candidate reagent (e.g., antibody molecule), ii)

contacting a second antigen comprised by a haploid ce comprising a second allele of the MSGC with the

candidate reagent (e.g., antibody molecule), and selecting the reagent (e.g., antibody molecule) if it is

specific for the first antigen over the second antigen. In embodiments, the reagent (e.g., antibody

molecule) has an affinity for the first antigen that is at least 2, 5, 10, 20, 50, or 100-fold greater than its

affinity for the second antigen. In embodiments, the method comprises performing phage display or yeast

display. In embodiments, the method comprises performing a plurality of binding cycles, e.g., repeating

step i) for a plurality of cycles, e.g., alternating steps i) and ii) for a plurality of cycles. In embodiments,

step i) comprises positive selection and step ii) comprises negative selection. In embodiments,

mutagenesis is performed between cycles.



In some aspects, the present disclosure provides a method comprising testing for one or more

MSGC alleles, e.g., one or more alleles of a MSGC listed in Table 1 or 2 in a biological sample (e.g., a

blood sample or a sperm sample) from an individual. In embodiments, the individual is, or is identified as

being, heterozygous for one or more MSGC alleles of Table 1 or 2. In some embodiments, the method

further comprises testing whether the individual is heterozygous for one or more SGS. In some

embodiments, the method further comprises identifying a heterozygous MSGC near a heterozygous SGS.

In some aspects, the present disclosure also provides a method of validating a candidate MSGC,

comprising:

contacting a plurality of haploid cells having a first allele of a candidate MSGC and a plurality of

haploid cells having a second allele of the candidate MSGC with a reagent that can distinguish a haploid

cell having the first allele of the candidate MSGC from a haploid cell having the second allele of the

candidate MSGC, and

determining whether the reagent binds preferentially to one sub-population of the haploid cells.

In embodiments, the plurality of haploid cells having a first allele of a candidate MSGC and a

plurality of haploid cells having a second allele of the candidate MSGC are admixed. In embodiments,

the plurality of haploid cells having a first allele of a candidate MSGC and a plurality of haploid cells

having a second allele of the candidate MSGC are separate.

In embodiments, the method comprises separating the haploid cell population into at least two

sub-populations based on binding of the reagent.

In embodiments, the method further comprises genetically testing at least two of the haploid cell

populations for the nucleic acid sequence of the candidate MSGC or a site genetically linked thereto.

The disclosure contemplates all combinations of any one or more of the foregoing aspects and/or

embodiments, as well as combinations with any one or more of the embodiments set forth in the detailed

description and examples.

Unless otherwise defined, all technical and scientific terms used herein have the same meaning as

commonly understood by one of ordinary skill in the art to which this invention belongs. Although

methods and materials similar or equivalent to those described herein can be used in the practice or

testing of the present invention, suitable methods and materials are described below. All publications,

patent applications, patents, and other references mentioned herein are incorporated by reference in their

entirety. In addition, the materials, methods, and examples are illustrative only and not intended to be

limiting.



BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a diagram depicting the development of the sperm from a single cell to a syncytium to individual

sperm cells. The genotype of each sperm is indicated, where D represents the disease gene (and D D and

DN indicate the disease allele and the non-disease allele, respectively), G represents the GIMS genetically

linked to D (and Gi and G2 indicate the two alleles at the heterozygous GIMS), and S represents a gene

genetically linked to D whose gene product distributes evenly through the syncytium (and Si and S2

indicate the two alleles at the heterozygous S locus). Both DD sperm and D N sperm contain equal

amounts of si and S2, the gene products of Si and S2, indicating that although S is genetically linked to D,

S is not a geno-informative marker gene. In contrast, D D sperm contain predominantly g (the gene

product of Gi), and DN sperm contain predominantly g2 (the gene product of G2), so Gi and G2 are geno-

informative marker genes for separating DN sperm from D D sperm. Note that Figure 1 shows the situation

where there are no meiotic crossovers in the region covered by G, D, and S, and although such crossovers

are possible, the strength of the linkage between G and D increases the utility of G as a suitable geno-

informative marker. It also represents an idealized GIMS that is not shared between cells in the syncytium

at even a low rate, is only transcribed at the haploid stage, and is perfectly informative of the haploid

genotype. Most real GIMS will correlate incompletely with genotype.

Fig. 2 is a diagram depicting the separation of different populations of sperm based on a geno-informative

marker site. An initial population of sperm comprises DDG I sperm and D NG2 sperm. A bead having an

antibody molecule with affinity for Gi is used to immobilize the D DG I disease allele-carrying sperm but

not the other sperm in the population. The result is a purified population of DNG2 non-disease-carrying

sperm.

Fig. 3 is a graph of mRNA levels of heterozygous transcripts in a single mouse sperm cell. Each gray dot

represents a different heterozygous transcript. The X-axis indicates the gene’s position on chromosome 1,

and the Y-axis indicates the percentage of that transcript levels that represent the maternal or paternal

allele. Dots that fall at 0 or 1 indicate genes with very skewed expression, which are geno-informative/

genotype concordant in a single cell. The black line (final state call) indicates the inferred genotype of

the sperm cell based on a mathematical model integrating allelic RNA biases along the chromosome, and

illustrates two crossover events. The dotted line indicates the posterior probability, i.e., the probability of

the genotype call, at each position along the chromosome.

Fig. 4 shows data collected as described in Fig. 3, for 12 exemplary loci from individually sequenced

sperm cells. The X axis indicates the degree of skewed expression relative to the inferred genotype in the



cell, and the Y axis indicates number of cells. The graphs boxed with a dotted line show consistently

skewed expression in a large proportion of cells. These loci are geno-informative in a population.

Fig. 5 shows whole-transcriptome data analyzed as described in Example 1. The x axis indicates the

normalized genotype concordance, and the y axis indicates number of genes. The dotted and dashed lines

indicates null hypotheses. The solid line indicates the degree of normalized genotype concordance

observed experimentally. 39.4% of genes on autosomes showed normalized genotype concordance at a

level of at least 67%.

Fig. 6 depicts the predictive power achievable with different numbers of markers, for two exemplary

disease loci.

Fig. 7 illustrates the amount of genetic diversity in various human and animal populations.

Fig. 8A, 8B, 8C, 8D, and 8E illustrate sperm sorting by FACS. Fig. 8A is a schematic of the

experimental setup, where a mixture of sperm cells comprises labeled cells (using a CD59 antibody and

fluorescent secondary antibody) having a PTCHD3+/- genotype, and unlabeled cells having a PTCHD3-/-

genotype. The two populations of cells can be separated by FACS. Fig. 8B shows a FACS plot based on

FSC and CD59 signal, where the two populations of sperm are clearly distinguished by CD59 levels. Fig.

8C shows that the purity of each sample by PTCHD3 genotype as at least 99%. Fig. 8D shows the results

of FACS analysis of differentially labeled populations of sperm cells. Fig. 8E shows the level of CD36

allele presence by SNP genotyping.

Fig. 9A and 9B illustrate generation of allele-specific antibody molecules. Fig. 9A is a diagram of a

yeast 2-hybrid library for generating scFv molecules against a given antigen. Fig. 9B is a flow cytometry

plot showing the affinity of scFvs generated using this screen for the two antigens used in the 2-hybrid

screen, HA and MYC.

Fig. 10A and 10B show immunofluorescence data and flow cytometry data, respectively, indicating the

ability to distinguish cells expressing low or high amounts of GAPDH-S using labeled antibodies.

Fig. 11 is a boxplot showing the length of GIMS genes compared to controls and non-GIMS. The x-axis

shows all expressed non-GIMSs, Controls, and GIMSs. The y-axis shows gene length on chromosome

log 10(base pairs). As shown in the figure, the median length for all-expressed non-GIMSs is

approximately 17,635, the median length for expression-matched controls is approximately 21,820, and

the median length for GIMSs is approximately 35,082 base pairs. The boxes range from the first and third



quartiles and median indicated by the inner line, with whiskers extending up to 1.5 times the interquartile

range and outliers plotted.

Fig. 12 is a bar graph showing the number of genomic regions showing evidence for a recent positive

selection event (selective sweep) between mouse populations (y-axis) for Controls and GIMSs (x-axis).

There are Controls in 34.4 genomic regions with evidence of a recent selective sweep (an average over 20

sets of expression-matched controls) and the amount for GIMSs is higher, 103 regions. Error bars

represent +/- one standard deviation.

Fig. 13 is a set of three bar graphs showing number of genes (y-axes), and Control or GIMSs samples (x-

axes). Left graph indicates that the number of expression-matched control genes with no paralog is

approximately 1740, and the number of GIMSs genes with no paralog is approximately 1743. Center

graph indicates that for genes with a testis-specific paralog, the number of Control genes is approximately

5 1 and the number of GIMSs genes is approximately 76. Right graph indicates that for genes with a

paralog that is not testis-specific, the number of Control genes is approximately 752 and the number of

GIMSs genes is approximately 724. Error bars represent +/- one standard deviation.

Fig. 14 is a set of three bar graphs showing number of genes (y-axes), and Control or GIMSs samples (x-

axes). Left graph indicates that for genes with the number of Control genes with no annotated alternative

splicing is approximately 1251 and the number of GIMSs genes is approximately 1195. Center graph

indicates that for genes with testis-specific alternative splicing, the number of Control genes is

approximately 112 and the number of GIMSs genes is approximately 196. Right graph indicates that for

genes with alternative splicing that is not testis-specific, the number of Control genes is approximately

1400 and the number of GIMSs genes is approximately 1351. Error bars represent +/- one standard

deviation.

Fig. 15 is a graph showing the log2(fraction of RNA in polysomes) (y-axis) versus, on the x-axis, from

left to right, the median log2(fraction of Control gene RNA present in polysomes) in elongating

spermatids (approximately 0.098), median log2(fraction of GIMS gene RNA present in polysomes) in

elongating spermatids (approximately 0.057), median log2(fraction of Other gene RNA present in

polysomes) in elongating spermatids (approximately 0.000), median log2(fraction of Control gene RNA

present in polysomes) in round spermatids (approximately -0.020), median log2(fraction of GIMS gene

RNA present in polysomes) in round spermatids (approximately 0.030), median log2(fraction of Other

gene RNA present in polysomes) in round spermatids (approximately 0.000). The boxes range from the

first and third quartiles and median indicated by the inner line, with whiskers extending up to 1.5 times

the interquartile range and outliers plotted.



Fig. 16A, 16B, and 16C are a series of diagrams showing single cell sequencing of haploid spermatids

for assessing allelic skew. (A) Models for allelic expression skew informative of the haploid genotype

(genoinformative expression). The null hypothesis predicts complete sharing between spermatids, erasing

any systematic allelic expression differences in mature sperm (top). Selfish genetic elements like the

mouse t haplotype have virtually no sharing and lead to dramatic allelic differences in mature sperm

(center), but incomplete sharing of transcripts would also lead to genoinformative expression (bottom).

DNA is represented as straight lines with color representing an allele, and RNA is represented as wavy

lines. Sperm color represents the degree of functional links to the allelic genotype. (B) Experimental setup

for single cell RNAseq. We crossed distantly related inbred mouse strains, digested single cells from the

testis and enriched for haploid spermatids, and performed full-length RNA-seq and allele-specific

quantification. (C) Pseudotime analysis shows haploid spermatids covered a range from the early round

stage (low expression of Protamines) to the late elongating phase (very low expression of SYCP3).

Fig. 17A-17F are a series of diagrams showing that single cell RNAseq of haploid spermatids identified

chromosome-scale correlations in allelic bias. (A) t-Distributed Stochastic Neighbor Embedding (tSNE)

dimensionality reduction for single testis cells enriched for haploid cells. Expression levels in transcripts

per million (TPM) are visualized for markers for haploid spermatids (Prm3), spermatocytes (Sycp3), and

spermatogonia (Zbtbl6). (B) Cell type annotations based on the above marker genes. (C) Principal

component analysis confirming the tSNE result, showing that all haploid spermatids were strongly

distinct from diploid cells. (D) Left: first two dimensions of diffusion map of haploid spermatids showing

relatively low information captured beyond the first dimension (diffusion map pseudotime). Right:

Number of genes detected per cell against diffusion map pseudotime, showing a decline in those at the

latest developmental stage. (E) Illustration of chromosome -length allelic expression correlation. For one

gene on chromosome 1, Dnah7a (located at the red line), pairwise correlation of allelic expression ratio

was calculated for every gene. Plotted is a loess-smoothed average across each chromosome. Only on

chromosome 1 near the Dnah7a locus is there a substantial average correlation. (F) Summary of

chromosome -length allelic expression correlations. For each gene, pairwise correlations of allelic

expression ratios with all genes on the same chromosome were calculated. The mean correlation in

haploid cells or diploid cells across all genes is plotted as a loess-smoothed average. A substantial mean

correlation exists for nearby genes in haploid but not diploid cells, and decreases gradually across tens of

megabases.

Fig. 18A-18H are a series of diagrams showing that a large fraction of mouse genes exhibit

genoinformative expression. (A) Visualization of allelic bias in the first two chromosomes of two

representative haploid cells. Each expressed gene is represented as a vertical line with color representing



its allelic ratio (red for more maternal allele, blue for more paternal). Below each chromosome is the

genotype automatically inferred by our Bayesian method. (B) Correlations between inferred

recombination densities and a published mouse recombination map or a control with recombination

densities shuffled between ah bins. As bin sizes decrease below about 20 megabases, the variance in our

inferred rates increases, causing a degradation of our signal to noise ratio. (C) Example genes illustrating

differing levels of genoinformative expression (right) with their models of sharing (left). Sycp3 exhibits

no association with the haploid genotype, Ccdc28a exhibits a strong but incomplete association between

the inferred genotype and the expressed allele, and Ferll5 exhibits a near-perfect correlation with the

inferred genotype. (D) GIM classification of ah genes. Histogram shows the log2 of the expression ratio

between the concordant allele (i.e. matching the genotype) over the discordant allele on average across

cells. Inset: the total number of genes classified in each category of genoinformative expression. (E)

Genes with mRNAs enriched in the chromatoid body have significantly lower genoinformativity scores.

Genoinformativity scores range from zero to one and represent the estimated fraction of transcripts

originating from a cell’s haploid transcription. Inset: depiction of the chromatoid body’s role in shuttling

mRNAs across cytoplasmic bridges in haploid spermatids. (F) A model for how allelic skew (e.g. due to

eQTLs) interacts with genoinformative expression. Only genes with both allelic skew and

genoinformative expression (not shared) have their mean expression level correlated to the haploid

genotype. (G) Example genes matching the categories in (F). Only Rabl2 has a significant mean

expression difference (p = 1.5 X 10- 5 , Wilcoxon test). (H) Summary of expression differences (log2

ratio of genotype concordant with skew to discordant) in ah genes in each of the four combinations listed.

Only with both allelic skew and GIMSs is there an expression difference between cells of differing

genotypes.

Fig. 19A-19E is a series of diagrams showing joint inference of genotype and genoinformativity. A)

Visualization of allelic bias in the first four chromosomes of randomly selected haploid cells and

randomly selected diploid cells. Each expressed gene is represented as a vertical line with color

representing its allelic ratio (red for more maternal allele, blue for more paternal). Below each

chromosome is the genotype automatically inferred by our Bayesian method. B) Correlations between

inferred recombination densities and two published mouse recombination maps or corresponding controls

with recombination densities shuffled between ah bins. C) Recombination densities across each

chromosome (calculated over a 20Mb window) implied by the Bayesian recombination frequencies or for

each of the two published recombination maps. D) Inferred genotype and genoinformativity for real

haploid data and two shuffle types: one permuting both gene and cell labels (complete shuffle) and one

permuting only cell labels. Each point is a gene/ceh pair, with genotype estimate (x-axis) being a property

of the specific gene in a specific cell, and 5% lower bound of genoinformativity (y-axis) being a property



of the gene (constant across cells). Three representative chromosomes are plotted (5, 10, and 15). Real

data more often have confident genotype estimates and high genoinformativity (upper left and upper right

of graph). The cell label shuffle is quite conservative because the genotype structure is maintained, and

only the genoinformative expression is randomized. E) Summary of the data from (D) illustrating

thresholds for calling confident GIMSs (dashed lines). Each point is a gene, with lower confidence

haplotypes defined as those with less than 95% probability of a genotype. 5% lower bound of posterior

genoinformativity probability is plotted on x-axis.

Fig. 20A, 20B, and 20C are a series of diagrams showing sex chromosome GIMS. (A) Heatmap of

pairwise correlations of sex chromosome genes. Correcting for developmental stage (fitting the

expression to the diffusion pseudotime position), the residuals of the log expression levels are correlated

between all pairs of sex chromosome genes. Two anticorrelated clusters appear, one principally on the X

chromosome (black lines above the heatmap), one principally on the Y chromosome (red lines above the

heatmap). (B) Heatmap of pairwise correlations as in (A), but for autosomal control chromosomes with

similar numbers of spermatid-expressed genes (chromosomes 14 and 18). No similar broad clusters

appear. (C) Cells have bimodal expression of putative X chromosome GIMSs. For each cell, the mean

residual log expression across putative X GIMSs and Y GIMSs is plotted, with density contours. Density

plots on the margins show the kernel density of the mean residual for X GIMSs (top) and for Y GIMSs

(right). Most cells have either a high or a low average expression of X chromosome GIMSs, but not

intermediate. Cells that have high X GIM expression tend to have lower expression of Y GIMSs, and vice

versa.

Fig. 21A, 21B, and 21C is a series of diagrams showing that GIMSs are conserved between individuals

and across species. A) Fully phased chromosomes were generated directly from outbred cynomolgus

individuals by computationally merging phasing maps from two experimental techniques: short-range

phasing from lOx Genomics linked read sequencing, and long-range phasing from whole genome

sequencing of several single haploid spermatids. B) Genoinformative expression classification of all

genes as in Fig. 18D, for each of two cynomolgus individuals. Histogram shows the log2 of the

expression ratio between the concordant allele and the discordant allele on average, where the concordant

allele matches the inferred genotype. Inset: the total number of genes classified in each category of

genoinformative expression. C) Conservation of genoinformativity. Genes are categorized based on their

genoinformativity classification in Cynomolgus 1 (x axis), and genoinformativity is plotted for these

genes in Cynomolgus 2 (left) or orthologs in mouse (right). Genoinformativity scores range from zero to

one and reflect the degree of shared information with genotype.



Fig. 22A-22E are a series of diagrams showing Cynomolgus primate genotype and genoinformativity

inference. (A) Single cell DNA sequencing data is displayed as phasing blocks called by the lOx

Chromium pipeline for chromosome 1. Blocks are assigned to parental chromosomes based on the single

cell sequencing data using the algorithm described in the methods section. The resulting patterns show 1-

2 recombinations per cell with very few discordant (incorrectly assigned) blocks. (B) Spearman

correlation between recombination densities inferred for the two individuals. Shuffled data showed lower

correlations at low to moderate bin sizes. (C) Summary of expression differences (log2 ratio of genotype

concordant with skew to discordant) in all genes in each of the four combinations listed. Only with both

allelic skew and GIMSs is there an expression difference between cells of differing genotypes, matching

the results in mouse. (D) Inferred genotype and genoinformativity for real haploid data and two shuffle

types: one permuting both gene and cell labels (complete shuffle) and one permuting only cell labels.

Each point is a gene/cell pair, with genotype estimate (x-axis) being a property of the specific gene in a

specific cell, and 5% lower bound of genoinformativity (y-axis) being a property of the gene (constant

across cells). Three representative chromosomes are plotted (5, 10, and 15). Real data more often have

confident genotype estimates and high genoinformativity (upper left and upper right of graph). The cell

label shuffle is quite conservative because the genotype structure is maintained, and only the

genoinformative expression is randomized. (E) Summary of the data from (D) illustrating thresholds for

calling confident GIMSs (dashed lines). Each point is a gene, with lower confidence haplotypes defined

as those with less than 95% probability of a genotype. 5% lower bound of posterior genoinformativity

probability is plotted on x-axis.

Fig. 23A-23F are a series of diagrams showing that GIMSs are associated with sperm-level natural

selection and evolutionary conflict. (A) GIMSs are enriched in selective sweep regions in mouse and

human. Human GIMSs were inferred from cynomolgus orthologs. GIMSs were compared to control sets

(orange bars), either selected from all spermatid-expressed confident non-GIMSs, or confident non-

GIMSs matched to GIMSs by their spermatid expression trajectory. (B) Model for evolutionary conflict

between sperm-level and organism-level natural selection. The gene has one allele with beneficial effect

in somatic cells but detrimental effect in sperm (G) and one allele with the reverse pattern (g), resulting in

positive selection for g at the sperm level, but negative selection at the organism level. A resolution to

conflict can be achieved by duplication into two genes, G / expressed in somatic cells and G2/ g 2

expressed in sperm. Selection will then favor the G and g2 alleles, with no detrimental effects at either

level. (C) GIMSs are enriched for testis-specific expression in mice and human, defined as 10-fold higher

expression than any other tissue. GIMSs were compared to non-GIMSs matched for spermatid expression

trajectory. (D) GIMSs represent a higher number of paralog families than non-GIMSs in mice and



humans. Controls as in (A). (E) GIMSs are enriched in testis-specific exons in mice and humans. Controls

as in (A). (F) GIMSs that are functional candidates are more likely to be translated late in spermiogenesis

than other GIMSs. The genes in the panels are taken from the blue bars in panel A, C, D, and E,

respectively. GIMSs with upregulated translation in late spermatids are in grey, other GIMSs are in black.

Fig. 24A-24D are a series of diagrams showing functional characterization of GIMS. (A) Illustration of

expression-matched control selection for representative GIMSs. Thick black lines represent log2 of the

loess fit of the expression (in TPM) of GIMSs across the spermatid differentiation diffusion pseudotime.

Colored lines represent the same loess fit for the 20 genes selected as controls for this gene based on their

expression pattern and dropout rate. (B) The number of positive selection (selective sweep) candidates

from several publications overlapping GIMSs or several types of controls. Error bars represent the mean

+ standard deviation over the 20 control sets of mock GIMSs. (C) The fraction of genes overlapping the

genes annotated as enriched in the chromatoid body overlapping with each gene category. Bars represent

mean + standard deviation over the 20 control sets of mock GIMSs. (D) Enrichment for GIMSs in

positive selection candidates based on raw scores for positive selection calculated based on 1000 genomes

project data. The background expectation was calculated using the expression-matched non-GIM control

set, and error bars represent the mean + twice the standard deviation of these controls.

Figs. 25A and 25B are diagrams showing clustering of genes by pairwise correlations of residuals after

controlling for expression along differentiation diffusion map space.

Fig. 26 is a graph showing mean residual values of candidate X and Y chromosome GIMS. Each

spermatid cell was plotted based on its mean expression residual for X chromosome GIMSs or Y

chromosome GIMSs. Most cells had high X chromosome GIMS expression and low Y chromosome GIM

expression or vice versa.

DETAILED DESCRIPTION

I. Definitions

Unless defined otherwise, all technical and scientific terms used herein have the same meaning as

commonly understood by one of ordinary skill in the relevant art.

“Acquire” or “acquiring” as the terms are used herein, refer to obtaining possession of a physical

entity (e.g., a sample, a cell, a polypeptide, a nucleic acid, or a sequence), or a value, e.g., a numerical

value, by “directly acquiring” or “indirectly acquiring” the physical entity or value. “Directly acquiring”

means performing a process (e.g., performing a synthetic or analytical method) to obtain the physical

entity or value. “Indirectly acquiring” refers to receiving the physical entity or value from another party

or source (e.g., a third party laboratory that directly acquired the physical entity or value). Directly



acquiring a physical entity includes performing a process that includes a physical change in a physical

substance, e.g., a starting material. Exemplary changes include making a physical entity from two or

more starting materials, shearing or fragmenting a substance, separating or purifying a substance,

combining two or more separate entities into a mixture, performing a chemical reaction that includes

breaking or forming a covalent or non-covalent bond. Directly acquiring a value includes performing a

process that includes a physical change in a sample or another substance, e.g., performing an analytical

process which includes a physical change in a substance, e.g., a sample, analyte, or reagent (sometimes

referred to herein as “physical analysis”), performing an analytical method, e.g., a method which includes

one or more of the following: separating or purifying a substance, e.g., an analyte, or a fragment or other

derivative thereof, from another substance; combining an analyte, or fragment or other derivative thereof,

with another substance, e.g., a buffer, solvent, or reactant; or changing the structure of an analyte, or a

fragment or other derivative thereof, e.g., by breaking or forming a covalent or non-covalent bond,

between a first and a second atom of the analyte; or by changing the structure of a reagent, or a fragment

or other derivative thereof, e.g., by breaking or forming a covalent or non-covalent bond, between a first

and a second atom of the reagent.

As used herein, “allele” refers to one of two or more alternative forms of a genomic sequence, the

two or more forms being found at the same location on two versions (e.g., the maternal and paternal

versions) of the same chromosome. An allele can be inside, outside, or overlapping with a coding region.

As used herein, the term “antibody molecule” refers to a protein, e.g., an immunoglobulin chain

or fragment thereof, comprising at least one immunoglobulin variable domain sequence. The term

“antibody molecule” encompasses antibodies and antibody fragments. In an embodiment, an antibody

molecule is a multispecific antibody molecule, e.g., it comprises a plurality of immunoglobulin variable

domain sequences, wherein a first immunoglobulin variable domain sequence of the plurality has binding

specificity for a first epitope and a second immunoglobulin variable domain sequence of the plurality has

binding specificity for a second epitope. In an embodiment, a multispecific antibody molecule is a

bispecific antibody molecule. A bispecific antibody has specificity for no more than two antigens. A

bispecific antibody molecule is characterized by a first immunoglobulin variable domain sequence which

has binding specificity for a first epitope and a second immunoglobulin variable domain sequence that has

binding specificity for a second epitope.

The term “antibody fragment” refers to at least one portion of an antibody, that retains the ability

to specifically interact with (e.g., by binding, steric hindrance, stabilizing/destabilizing, spatial

distribution) an epitope of an antigen. Examples of antibody fragments include, but are not limited to,

Fab, Fab', F(ab')2, Fv fragments, scFv antibody fragments, disulfide-linked Fvs (sdFv), a Fd fragment



consisting of the VH and CHI domains, linear antibodies, single domain antibodies such as sdAb (either

VL or VH), camelid VHH domains, multi-specific antibodies formed from antibody fragments such as a

bivalent fragment comprising two Fab fragments linked by a disulfide bridge at the hinge region, and an

isolated CDR or other epitope binding fragments of an antibody. An antigen binding fragment can also

be incorporated into single domain antibodies, maxibodies, minibodies, nanobodies, intrabodies,

diabodies, triabodies, tetrabodies, v-NAR and bis-scFv (see, e.g., Hollinger and Hudson, Nature

Biotechnology 23: 1126-1136, 2005). Antigen binding fragments can also be grafted into scaffolds based

on polypeptides such as a fibronectin type III (Fn3) (see U.S. Patent No.: 6,703,199, which describes

fibronectin polypeptide minibodies). The term “scFv” refers to a fusion protein comprising at least one

antibody fragment comprising a variable region of a light chain and at least one antibody fragment

comprising a variable region of a heavy chain, wherein the light and heavy chain variable regions are

contiguously linked via a short flexible polypeptide linker, and capable of being expressed as a single

chain polypeptide, and wherein the scFv retains the specificity of the intact antibody from which it is

derived. Unless specified, as used herein an scFv may have the VL and VH variable regions in either

order, e.g., with respect to the N-terminal and C-terminal ends of the polypeptide, the scFv may comprise

VL-linker-VH or may comprise VH-linker-VL.

The term “disorder of phenotype” (“DOP”) as used herein is intended to reflect an abnormal

condition of the human or animal body or of one of its parts that impairs normal functioning, is typically

manifested by distinguishing signs and symptoms, and causes the human or animal to have a reduced

duration or quality of life. A DOP may be a disorder or other ailment caused by a genetic mutation or

abnormality that is phenotypically expressed in an organism, such as a human. For example, a DOP may

result in a baby that is not compatible with life and dies prior to birth (such as, for example, Sulfate

Transporter-Related Osteochondrodysplasia Achondrogenesis Type IB (ACG1B), that is born but dies

almost immediately after birth, such as within 1 hour, 2 hours, 3 hours, 4 hours, 6 hours, 12 hours, 1 day,

2 days, 3 days, 4 days, or 1 week (such as, for example, Achondrogenesis Type IB), that is born but dies

shortly after birth, such as within 2 weeks, 3 weeks, 1 month, 2 months, 3 months, 4 months, 5 months, 6

months, 7 months, 8 months, 9 months, 10 months, or 11 months (such as, for example, Spinal Muscular

Atrophy Type 0) , that is born but dies within the first year of life (such as, for example, severe Spina

Bifida), that is born but dies within the first two years of life (such as, for example, Niemann-Pick

Disease (SMPDl-associated/A-type, Gaucher’s Disease, D-Bifunctional Protein Deficiency, Rhizomelic

Chondrodysplasia Punctata Type 1, or Spinal Muscular Atrophy Type 1), that is born but dies within the

first five years of life (such as, for example, untreated Alpha Thalassemia, or Walker-Warburg

Syndrome), that is born but does not live past puberty (such as, for example, neonatal/infantile Canavan



Disease, or pptl-Related Infantile Neuronal Ceroid Lipofuscinosis), that is born but does not live into

adulthood (such as, for example, Limb-Girdle Muscular Dystrophy Type 2d) , that is born but lives only

into early adulthood (such as, for example, Bloom Syndrome, Cystic Fibrosis (CF), pptl-Related Juvenile

Neuronal Ceroid Lipofuscinosis, Spinal Muscular Atrophy Type II, or Mucopolysaccharidosis Type I),

that is born but lives only to be middle-aged (such as, for example, Megalencephalic

Leukoencephalopathy with Subcortical Cysts, or Sickle Cell Disease), that is born but does not live a

typical life expectancy (such as, for example, Joubert Syndrome 2, alpha-1 Antitrypsin Deficiency, or

Isovaleric Acidemia), and/or that is born, but has a reduced quality of life due to the DOP (such as, for

example, Medium-chain acyl-CoA dehydrogenase (MCAD) deficiency, Maple Syrup Urine Disease,

Galactosemia, mild/juvenile Canavan Disease, propl-Related Combined Pituitary Hormone Deficiency,

Spinal Muscular Atrophy Types III & IV, Medium-Chain Acyl-CoA Dehydrogenase (MCAD)

Deficiency, Very Long-Chain Acyl CoA Dehydrogenase Deficiency, Phenylketonuria, hfe-Associated

Hereditary Hemochromatosis (Type 1), Familial Mediterranean Fever, or Congenital Adrenal

Hyperplasia).

The term “phenotypic condition” or “PC” as used herein is intended to reflect any genetically-

influenced phenotype of one human or animal body or of one of its parts that may be different in another

human or animal that can typically be observed (e.g., in plain sight, upon observation, upon medical

and/or genetic testing or other invasive or non-invasive measures). Conditions include DOPs (as defined

above) as well as other phenotypes that are not considered abnormal, such a hair color or eye color.

A “gamete” as used herein encompasses mature sperm cells, mature egg cells, post-meiotic sperm

cell precursors (spermatids) including round cells and elongating cells, post-meiotic egg cell precursors,

and haploid cells differentiated from precursors (e.g. spermatogonia, spermatocytes, embryonic stem

cells, or induced pluripotent stem cells), e.g., artificially in vitro or by insertion into a human or an animal

testis.

“Geno-informative marker site” (“GIMS”) as used herein, refers to a DNA sequence, e.g., an

allele, which confers a distinguishable phenotype on the cell that comprises the DNA sequence.

Distinguishable, as used in this context, means the phenotype can be used to distinguish a cell having the

DNA sequence from a cell that does not comprise the DNA sequence. For example, the DNA sequence

can comprise a first allele that confers a first phenotype, which can be distinguished from a DNA

sequence comprising a second allele that confers a second phenotype. In an embodiment the geno-

informative marker site comprises a geno-informative marker gene, a cell-restricted marker site, or a cell-



restricted marker gene. In an embodiment the geno-informative marker site encodes a membrane

associated protein, e.g., a transmembrane protein.

“Marker site with genotype-concordance” (“MSGC”) as used herein, refers to a DNA sequence,

e.g., an allele, which confers a distinguishable phenotype on the cell that comprises the DNA sequence.

Distinguishable, as used in this context, means the phenotype can be used to distinguish a cell having the

DNA sequence from a cell that does not comprise the DNA sequence. For example, the DNA sequence

can comprise a first allele that confers a first phenotype, which can be distinguished from a DNA

sequence comprising a second allele that confers a second phenotype. In an embodiment the MSGC

comprises a marker gene with genotype-concordance, a cell-restricted marker site, or a cell-restricted

marker gene. In an embodiment the MSGC encodes a membrane associated protein, e.g., a

transmembrane protein. It is contemplated that disclosures herein provided with respect to a GIMS can

also be applied to an MSGC.

A “mono-haplotypic DNA preparation” as used herein refers to a preparation comprising DNA,

wherein, at a preselected SGS, greater than 50% (e.g., 60%, 70%, 80%, 90%, or 100%) of the DNA, e.g.,

of the DNA of intact chromosomes, has the sequence of a first haplotype. In some embodiments, the

mono-haplotypic DNA preparation is enriched for a haplotype on at least one segment of a chromosome,

but is not enriched for haplotypes on other chromosomes. In some embodiments, the mono-haplotypic

DNA preparation is enriched for a haplotype on one region of a chromosome, but is not enriched for

haplotypes on other regions of the same chromosome. In embodiments the mono-haplotypic DNA

preparation comprises cells (e.g., viable cells) that comprise the mono-haplotypic DNA, provided that

greater than 50% (e.g., 60%, 70%, 80%, 90%, or 100%) of the DNA, e.g., of the DNA of intact

chromosomes, at the preselected SGS in the preparation has the sequence of the first haplotype, regardless

of whether the DNA is inside a cell. In an embodiment, a mono-haplotypic DNA preparation, is one

comprising cells, wherein, at a preselected SGS of the genome of the cells, greater than 50% (e.g., 60%,

70%, 80%, 90%, or 100%) of the DNA has the sequence of a first haplotype and one other haplotype on

each chromosome, or each other chromosome, of the genome of the cells is not enriched.

A “mono-haplotypic DNA preparation” as used herein refers to a preparation comprising DNA,

wherein, at a preselected SGS, greater than 50% (e.g., 60%, 70%, 80%, 90%, or 100%) of the DNA, e.g.,

of the DNA of intact chromosomes, has the sequence of a first haplotype. In some embodiments, the

mono-haplotypic DNA preparation is enriched for a haplotype on at least one segment of a chromosome,

but is not enriched for haplotypes on other chromosomes. In some embodiments, the mono-haplotypic

DNA preparation is enriched for a haplotype on one region of a chromosome, but is not enriched for



haplotypes on other regions of the same chromosome. In embodiments the mono-haplotypic DNA

preparation comprises cells (e.g., viable cells) that comprise the mono-haplotypic DNA, provided that

greater than 50% (e.g., 60%, 70%, 80%, 90%, or 100%) of the DNA, e.g., of the DNA of intact

chromosomes, at the preselected SGS in the preparation has the sequence of the first haplotype, regardless

of whether the DNA is inside a cell. In an embodiment, a mono-haplotypic DNA preparation, is one

comprising cells, wherein, at a preselected SGS of the genome of the cells, greater than 50% (e.g., 60%,

70%, 80%, 90%, or 100%) of the DNA has the sequence of a first haplotype and one other haplotype on

each chromosome, or each other chromosome, of the genome of the cells is not enriched.

A “phenotype” as used herein, refers to an observable property of a cell or organism. A

phenotype can be a disease, DOP, absence of disease, absence of DOP, PC, physical property, cell

morphology, cell motility attribute, response to an environmental stimulus, or presence or level of a

component of a cell such as a protein or RNA.

“Phenotype associated site” (“PAS”) as used herein refers to a location on a chromosome that is

associated with, e.g., correlated with and/or causative of, a phenotype. In some embodiments, the

phenotype is a disease phenotype or DOP or first PC, and in some embodiments, the phenotype is a non

disease phenotype or non-DOP or second PC. The PAS can be located in a gene. In an embodiment the

PAS comprises a phenotype associated gene. In embodiments, the PAS comprises one or more

nucleotide from, e.g., overlaps with or is situated within one or more of: a gene; a transcribed sequence of

a gene; a translated sequence of a gene; a coding sequence of a gene; a non-coding region, e.g., intronic

sequence or 5 ’ UTR or 3 ’ UTR, of a gene; a non-gene functional element, e.g., an enhancer or insulator; a

translocation; a deletion, e.g., a multi-gene deletion; an epigenetic feature, e.g., chromatin having DNA

methylation or one or more histone modifications; an eQTL (expression quantitative trait locus); a GWAS

(genome-wide association study) region; a phenotype associated region; or a pedigree region. In an

embodiment, the PAS comprises a sequence that encodes a polypeptide. In an embodiment the PAS

comprises a sequence that encodes a polypeptide, e.g., an enzyme, comprising a polymorphism or

mutation associated with a disease phenotype or DOP. In embodiments, an allele of a PAS increases the

risk of developing a disease or DOP, increases sensitivity to an environmental factor such as a drug or

environmental toxin, or contributes to an increased severity of the disease or DOP, relative to another

allele of the PAS. In embodiments, a PAS is associated with risk of developing a multigene disorder.

“Sub-genomic segment” (“SGS”) as used herein refers to a segment comprising one nucleotide,

or a plurality of continuous nucleotides, on a chromosome. In some embodiments, the SGS is associated

with, e.g., correlated with and/or causative of, a phenotype. In some embodiments, the phenotype is a



disease phenotype, DOP, or first PC, and in some embodiments, the phenotype is a non-disease

phenotype, non-DOP, or second PC. The SGS can be located in a gene. In embodiments, the SGS

comprises one or more nucleotide from, e.g., overlaps with or is situated within one or more of: a gene; a

transcribed sequence of a gene; a translated sequence of a gene; a coding sequence of a gene; a non

coding region, e.g., intronic sequence or 5 ’ UTR or 3 ’ UTR, of a gene; a non-gene functional element,

e.g., an enhancer or insulator; a translocation; a deletion, e.g., a multi-gene deletion; an epigenetic feature,

e.g., chromatin having DNA methylation or one or more histone modifications; an eQTL (expression

quantitative trait locus); a GWAS (genome -wide association study) region; a phenotype associated region;

or a pedigree region. In an embodiment, the SGS comprises a sequence that encodes a polypeptide. In

an embodiment the SGS comprises a sequence that encodes a polypeptide, e.g., an enzyme, comprising a

polymorphism or mutation associated with a disease phenotype or DOP. In embodiments, an allele of a

SGS increases the risk of developing a disease or DOP, increases sensitivity to an environmental factor

such as a drug or environmental toxin, or contributes to an increased severity of the disease or DOP,

relative to another allele of the SGS. In embodiments, a SGS is associated with risk of developing a

multigene disorder. An SGS can comprise nucleotides that form a haplotype, or a portion of a haplotype.

It is contemplated that disclosures herein provided with respect to a PAS can also be applied to an SGS.

As used herein two genomic sites are “linked” when they are on the same chromosome and in

sufficient proximity that they co-segregate in the majority of gametes, e.g., in greater than 50%, 55%,

60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, 99%, 99.5%, or 99.9% of gametes.

As used herein, “linkage disequilibrium” refers to a situation where two loci on the same

chromosome are close enough to each other that they display non-random association in a population,

e.g., after at least 2, 5, or 10 generations.

A “locus of maximal enrichment,” as used herein, refers to a genomic locus in a plurality of cells,

wherein the cells show the highest level enrichment for an allele at that locus than any other locus in the

haplotype or haploid genome. Typically, due to the randomness of crossover events, a population that is

sorted based on a GIMS will have a locus of maximal enrichment at or near the GIMS; loci near the

GIMS will be highly enriched; loci a moderate distance from the GIMS will have moderate enrichment in

the sample, and loci farther from the GIMS will have low enrichment or will not be enriched. In an

embodiment the PAS is not the locus of maximal enrichment and the GIMS is the locus of maximal

enrichment. In embodiments a population of cells has two or more loci of maximal enrichment, e.g., two

loci that have approximately the same enrichment or two loci that are each maximal with respect to a

portion of a chromosome, but not necessarily with respect to the entire chromosome. In embodiments the



two loci are on different chromosomes or different arms of the same chromosome. In embodiments,

when the locus-based enrichment is defined as the percentage of an allele above the expected 50%, i.e.

ranging between 0 and a maximum of 50%, and plotted versus position on the chromosome, the locus-

based enrichment declines on either side of the locus of maximal enrichment, e.g., reaching a level lower

than 10%, 20%, 30%, 40%, or 45% of the enrichment at the locus of maximal enrichment between the

locus of maximal enrichment and the end of the chromosome. In embodiments, where a plurality of cells

were sorted or selected using one GIMS, the locus of maximal enrichment is the site in the genome with

the highest locus-based enrichment. In embodiments, were a plurality of cells were sorted or selected

using more than one GIMS, there may be more than one locus of maximal enrichment, for instance, a

locus of maximal enrichment is the site in the genome with the highest locus-based enrichment except

that other GIMS may (but need not) have higher enrichment.

“Locus-based enrichment,” as used herein, refers to the relative level of enrichment for a first site,

e.g., a PAS, and second site, e.g., a GIMS, in the genome in a plurality of cells. Typically, in a method

described herein, the GIMS wi have a higher locus-based enrichment than wi a PAS, e.g., by at least

1%, 2%, 3%, 4%, 5%, 10%, 20%, 30%, or 40%. A locus-based enrichment of 50% indicates a

homogenous population at the locus, and a locus-based enrichment of 0% indicates a non-enriched

population having equal numbers of both alleles.

“Specific binding” and “specifically binds” as used herein refer to preferential binding of a first

binding partner (e.g., an antibody molecule) to a second binding partner (e.g., an antigen). In

embodiments where a first binding partner is specific for a product of a first allele over a product of a

second allele, the first binding partner can have a Kd for the product of the first allele that is at least 2, 3,

4, 5, 6, 7, 8, 9, 10, 20, 100, 200, or 500-fold stronger than its Kd for the product of the second allele.

A “sperm ce ” as used herein encompasses mature sperm cells and post-meiotic sperm ce

precursors (spermatids) including round cells and elongating cells. In embodiments, the sperm ce is

differentiated in vitro, e.g., from an induced pluripotent stem ce or embryonic stem ce (e.g., an

embryonic stem ce from a human, mammal, or non-human animal).

A “gene product” as used herein refers to a product encoded by a gene. For instance, the gene

product can be an RNA transcribed from the gene, a protein encoded by the gene, or a modification of a

protein encoded by the gene (e.g., a protein that has undergone proteolytic processing or post-translational

modification such as phosphorylation or glycosylation). In an embodiment the gene product comprises an

RNA encoded by the gene. In an embodiment the gene product comprises a protein encoded by the gene.



A “GWAS (genome-wide association study) region” as used herein refers to a genomic region

identified by a genome-wide association study as disease-associated, DOP-associated, PC-associated,

trait-associated, or health-associated.

“Pedigree region” as used herein refers to a genomic region identified by pedigree analysis in one

or more families.

A “phenotype associated region” as used herein refers to a genomic region identified, by any

method, as being disease-associated (e.g., associated with risk of developing a disease or with the severity

of the disease), DOP-associated, PC-associated, trait-associated, or health-associated. Phenotype-

associated regions include GWAS regions, pedigree regions, and regions identified by candidate gene

studies or other association studies.

II. Genetic diseases, DOPs, PCs, and traits for selection

The first or second allele of the phenotype associated site (PAS) may be, in embodiments, any

allele identified as desirable or undesirable. For instance, in some embodiments, e.g., relating to humans,

the allele can be a disease, DOP, or PC allele. In other embodiments, e.g., relating to non-human animals,

the allele can be an allele that affects a phenotypic trait such as size or disease resistance. This section

describes various PAS alleles.

A. Phenotype, e.g., disease and/or DOP alleles, e.g., for uses relating to humans or non¬

human animals

1. Listing of phenotype, e.g., disease or DOP alleles

In some embodiments, the PAS allele is an allele of a gene or phenotype associated region (e.g.,

GWAS region or pedigree region) listed in Table 1, 2, 3A, or 3B, or a homolog thereof, e.g., an allele

described in Table 2. In some embodiments, the methods herein involve providing a plurality of human,

mammalian, or non-human animal gametes, e.g., sperm cells, which are heterozygous for a GIMS and/or

PAS of Table 1, 2, 3A, or 3B, or a homolog thereof. In some embodiments, the PAS allele is an allele of

a gene or phenotype associated region (e.g., GWAS region or pedigree region) that is near a GIMS listed

in Table 1, 3A, or 3B or a homolog thereof, e.g., a human homolog thereof. In some embodiments, the

methods herein involve providing a plurality of non-human gametes, e.g., sperm cells, which are

heterozygous for a GIMS of Table 1, 2, 3A, or 3B, or a homolog thereof, e.g., a human homolog thereof

and/or a PAS near said GIMS. In some embodiments, the methods herein involve providing a plurality of

human gametes, e.g., sperm cells, which are heterozygous for a human homolog of a murine GIMS of



Table 1, 3A, or 3B, or a PAS near said GIMS. In some embodiments, the methods herein involve

providing a plurality of non-human gametes, e.g., sperm cells, which are heterozygous for a homolog of a

human GIMS and/or PAS of Table 2. In some embodiments, the individual has a disease, DOP, or first

PC allele and a non-disease, non-DOP, or second PC allele at the PAS, and the methods involve

separating gametes (e.g., sperm cells) carrying the non-disease, non-DOP, or second PC allele from

gametes (e.g., sperm cells) carrying the disease, DOP, or first PC allele. In some embodiments, the

individual has a severe disease or DOP allele and a less-severe disease or DOP allele at the PAS, and the

methods involve separating gametes (e.g., sperm cells) carrying the severe disease or DOP allele from

gametes (e.g., sperm cells) carrying the less severe disease or DOP allele.

In embodiments, the PAS is a gene of Table 4 or a homolog thereof (e.g., a human homolog

thereof). In embodiments, the PAS allele is an allele of a gene of Table 4 or a homolog thereof (e.g., a

human homolog thereof).

2. Listing of phenotype, e.g., disease or DOP classes

In some embodiments, the PAS allele is associated with a disease or DOP phenotype, e.g., is

causative of a disease or DOP phenotype. In some embodiments, the PAS allele is associated with a non

disease phenotype or non-DOP, e.g., is necessary or sufficient for the disease or DOP not to develop.

In some embodiments, the PAS allele is associated with one or more classes of disease or DOP

listed in this section.

In some embodiments, the PAS allele is associated with an enzymatic deficiency disease or DOP,

e.g., one listed in Table 2 or Table 4. In some embodiments, the PAS allele is associated with lysosomal

storage disorder such as Hurler syndrome, Niemann-Pick disease, Tay-Sachs disease, Gaucher disease,

Fabry disease, Krabbe disease. In some embodiments, the PAS allele is associated with a trinucleotide

expansion disease such as Huntington’s disease, fragile X syndrome, fragile X-E syndrome, a

spinocerebellar ataxia, myotonic dystrophy, juvenile myoclonic epilepsy, and Friedreich's ataxia. In

embodiments, the trinucleotide expansion disease is a poly glutamine disease (e.g., DRPLA

(Dentatorubropallidoluysian atrophy), HD (Huntington's disease), SBMA (Spinal and bulbar muscular

atrophy), SCA1 (Spinocerebellar ataxia Type 1), SCA2 (Spinocerebellar ataxia Type 2), SCA3

(Spinocerebellar ataxia Type 3 or Machado-Joseph disease), SCA6 (Spinocerebellar ataxia Type 6),

SCA7 (Spinocerebellar ataxia Type 7), SCA17 (Spinocerebellar ataxia Type 17)) or a non-polyglutamine

disease (e.g., FRAXA (Fragile X syndrome), FXTAS (Fragile X-associated tremor/ataxia syndrome),



FRAXE (Fragile XE mental retardation), FRDA (Friedreich's ataxia), DM (Myotonic dystrophy), SCA8

(Spinocerebellar ataxia Type 8), SCA12 (Spinocerebellar ataxia Type 12)). In embodiments, the

trinucleotide expansion disease is a Category I disease (e.g., a spinocerebellar ataxia with a CAG repeat

expansion), Category II disease (generally small numbers of repeats found in the exons), or Category III

disease (generally large numbers of repeats found outside coding regions).

In some embodiments, the PAS allele is associated with a multigene disease or condition.

Multigene diseases and conditions are those where a plurality of genes influences the risk of developing

the disease or condition, or the severity of disease or condition. Multigene diseases and conditions

include, e.g., cancer, cardiovascular disease, diabetes, mental illness e.g., depression or schizophrenia,

obesity, alcoholism, autism, inflammatory bowel diseases (e.g., Crohn’s disease), neural tube defects, hip

dysplasia, neurodegenerative disease, and Alzheimer’s disease.

In some embodiments, the PAS allele is associated with a dominant genetic disorder. In some

embodiments, the PAS allele is associated with a recessive genetic disorder.

Nonlimiting examples of phenotypes associated with a PAS described herein include or relate to

ability to roll the tongue, ability to taste PTC, acute inflammation, adaptive immunity, addiction(s),

adipose tissue, adrenal gland, age, aggression, amino acid level, amyloidosis, anogenital distance, antigen

presenting cells, auditory system, autonomic nervous system, avoidance learning, axial defects or lack

thereof, B cell deficiency, B cells, B lymphocytes (e.g., antigen presentation), basophils, bladder

size/shape, blinking, blood chemistry, blood circulation, blood glucose level, blood physiology, blood

pressure, body mass index, body weight, bone density, bone marrow formation/structure, bone strength,

bone/skeletal physiology, breast size/shape, bursae, cancellous bone, cardiac arrest, cardiac muscle

contractility, cardiac output, cardiac stroke volume, cardiomyopathy, cardiovascular system/disease,

carpal bone, catalepsy, cell abnormalities, cell death, cell differentiation, cell morphology, cell number,

cell-mediated immunity, central nervous system, central nervous system physiology, chemotactic factors,

chondrodystrophy, chromosomal instability, chronic inflammation, circadian rhythm, circulatory system,

cleft chin, clonal anergy, clonal deletion, T and B cell deficiencies, conditioned emotional response,

congenital skeletal deformities, contextual conditioning, cortical bone thickness, craniofacial bones,

craniofacial defects, crypts of Lieberkuhn, cued conditioning, cytokines, delayed bone ossification,

dendritic cells (e.g., antigen presentation), Di George syndrome, digestive function, digestive system,

digit dysmorphology, dimples, discrimination learning, drinking behavior, drug abuse, drug response, ear

size/shape including ear lobe attachment, eating behavior, ejaculation function, embryogenesis,

embryonic death, embryonic growth/weight/body size, emotional affect, enzyme/coenzyme level,



eosinophils, epilepsy, epiphysis, esophagus, excretion physiology, extremities, eye blink conditioning,

eye color/shape, eye physiology, eyebrows shape, eyelash length, face shape, facial cleft, femur,

fertility/fecundity, fibula, finger length/shape, fluid regulation, fontanels, foregut, fragile skeleton,

freckles, gall bladder, gametogenesis, gastrointestinal hemorrhage, germ cells (e.g., morphology,

depletion), gland dysmorphology, gland function, glucagon level, glucose homeostasis, glucose tolerance,

glycogen catabolism, granulocytes, granulocytes (e.g., bactericidal activity, chemotaxis), grip strength,

grooming behavior, hair color, hair follicle structure/orientation, hair growth, hair on mid joints, hair

texture, handedness, harderian glands, head, hearing function, heart, heart rate, heartbeat (e.g., rate,

irregularity), height, hemarthrosis, hemolymphoid system, hepatic system, hitchhiker's thumb,

homeostasis, humerus, humoral immune response, hypoplastic axial skeleton, hypothalamus, immune

cell, immune system (e.g., hypersensitivity), immune system response/function, immune tolerance,

immunodeficiency, inability to urinate, increased sensitivity to gamma-irradiation, inflammatory

mediators, inflammatory response, innate immunity, inner ear, innervation, insulin level, insulin

resistance, intestinal bleeding, intestine, ion homeostasis, jaw, kidney hemorrhage, kidney stones,

kidney/renal system, kyphoscoliosis, kyphosis, cr m l glands, larynx, learning/memory, leukocyte,

ligaments, limb dysmorphology, limb grasping, lipid chemistry, lipid homeostasis, lips size/shape, liver

(e.g., development/function), liver/hepatic system, locomotor activity, lordosis, lung, lung development,

lymph organ development, macrophages (e.g., antigen presentation), mammary glands, maternal/paternal

behavior, mating patterns, meiosis, mental acuity, mental stability, mental state, metabolism of

xenobiotics, metaphysis, middle ear, middle ear bone, morbidity and mortality, motor

coordination/balance, motor learning, mouth, movement, muscle, muscle contractility, muscle

degeneration, muscle development, muscle physiology, muscle regeneration, muscle spasms, muscle

twitching, musculature, myelination, myogenesis, nervous system, neurocranium, neuroendocrine glands,

neutrophils, NK cells, nociception, nose, nutrients/absorption, object recognition memory, ocular reflex,

odor preference, olfactory system, oogenesis, operant or "target response", orbit, osteogenesis,

osteogenesis/developmental, osteomyelitis, osteoporosis, outer ear, oxygen consumption, palate,

pancreas, paralysis, parathyroid glands, pelvis girdle, penile erection function, perinatal death, peripheral

nervous system, phalanxes, pharynx, photosensitivity, piloerection, pinna reflex, pituitary gland, PNS

glia, postnatal death, postnatal growth/weight/body size, posture, premature death, preneoplasia,

propensity to cross the right arm over the left of vice versa, propensity to cross the right thumb over the

left thumb when clasping hands or vice versa, pulmonary circulation, pupillary reflex, radius, reflexes,

reproductive condition, reproductive system, resistance to fatty liver development, resistance to

hyperlipidemia, respiration (e.g., rate, shallowness), respiratory distress or failure, respiratory mucosa,

respiratory muscle, respiratory system, response to infection, response to injury, response to new



environment (transfer arousal), ribs, salivary glands, scoliosis, sebaceous glands, secondary bone

resorption, seizures, self-tolerance, senility, sensory capabilities, sensory system physiology/response,

sex, sex glands, shoulder, skin, skin color, skin texture/condition, skull, skull abnormalities, sleep pattern,

social intelligence, somatic nervous system, spatial learning, sperm count, sperm motility,

spermatogenesis, startle reflex, sternum defect, stomach, suture closure, sweat glands, T cell deficiency, T

cells (e.g., count), tarsus, taste response, teeth, temperature regulation, temporal memory, tendons, thyroid

glands, tibia, touch/nociception, trachea, tremors, trunk curl, tumor incidence, tumorigenesis, ulna,

urinary system, urination pattern, urine chemistry, urogenital condition, urogenital system, vasculature,

vasoactive mediators, vertebrae, vesicoureteral reflux, vibrissae, vibrissae reflex, viscerocranium, visual

system, weakness, widows peak or lack thereof, etc.

Other nonlimiting phenotypes associated with a PAS described herein include cognitive ability

(Ruano et a , Am. J . Hum. Genet. 86:113 (2010)); Familial Osteochondritis Dissecans (Stattin et al., Am.

J . Hum. Genet. 86:126 (2010)); hearing impairment (Schraders et al., Am. J . Hum. Genet. 86:138 (2010));

mental retardation associated with autism, epilepsy, or macrocephaly (Giannandrea et al., Am. J . Hum.

Genet. 86:185 (2010)); muscular dystrophies (Bolduc et al., Am. J . Hum. Genet. 86:213 (2010));

Diamond-Blackfan anemia (Doherty et al., Am. J . Hum. Genet. 86:222 (2010)); osteoporotic fractures

(Rung et al., Am. J . Hum. Genet. 86:229 (2010)); famil l exudative vitreoretinopathy (Poulter et al., Am.

J . Hum. Genet. 86:248 (2010)); skeletal dysplasia, eye, and cardiac abnormalities (Iqbal et al., Am. J .

Hum. Genet. 86:254 (2010)); Warsaw breakage syndrome (van der Lilij et al., Am. J . Hum. Genet. 86:262

(2010)); arterial calcification of infancy (Lorenz-Depiereux et al., Am. J . Hum. Genet. 86:267 (2010));

hypophosphatemic rickets (Lorenz-Depiereux et al., Am. J . Hum. Genet. 86:267 (2010); Levy-Litan et al.,

Am. J . Hum. Genet. 86:273 (2010)); rhabdoid tumor predisposition syndrome (Schneppenheim et al.,

Am. J . Hum. Genet. 86:279 (2010)); and multiple sclerosis (Jakkula et al., Am. J . Hum. Genet. 86:285

(2010)).

Yet other nonlimiting phenotypes associated with a PAS described herein include 21-

Hydroxylase Deficiency, ABCC8-Related Hyperinsulinism, ARSACS, Achondroplasia, Achromatopsia,

Adenosine Monophosphate Deaminase 1, Agenesis of Corpus Callosum with Neuronopathy,

Alkaptonuria, Alpha- 1-Antitrypsin Deficiency, Alpha-Mannosidosis, Alpha-Sarcoglycanopathy, Alpha-

Thalassemia, Alzheimer’s Disease, Angiotensin II Receptor, Type I, Apolipoprotein E-associated

phenotypes, Argininosuccinicaciduria, Aspartylglycosaminuria, Ataxia with Vitamin E Deficiency,

Ataxia-Telangiectasia, Autoimmune Polyendocrinopathy Syndrome Type 1, BRCA1 Hereditary

Breast/Ovarian Cancer, BRCA2 Hereditary Breast/Ovarian Cancer, Bardet-Biedl Syndrome, Best

Vitelliform Macular Dystrophy, Beta-Sarcoglycanopathy, Beta-Thalassemia, Biotinidase Deficiency,



Blau Syndrome, Bloom Syndrome, CFTR-Related Disorders, CLN3-Related Neuronal Ceroid-

Lipofuscinosis, CLN5-Related Neuronal Ceroid-Lipofuscinosis, CLN8-Related Neuronal Ceroid-

Lipofuscinosis, Canavan Disease, Carnitine Palmitoyltransferase IA Deficiency, Carnitine

Palmitoyltransferase II Deficiency, Cartilage-Hair Hypoplasia, Cerebral Cavernous Malformation,

Choroideremia, Cohen Syndrome, Congenital Cataracts, Facial Dysmorphism, and Neuropathy,

Congenital Disorder of Glycosylationla, Congenital Disorder of Glycosylation lb, Congenital Finnish

Nephrosis, Crohn Disease, Cystinosis, DFNA 9 (COCH), Diabetes and Hearing Loss, Early-Onset

Primary Dystonia (DYTI), Epidermolysis Bullosa Junctional, Herlitz-Pearson Type, FANCC-Related

Fanconi Anemia, FGFRl-Related Craniosynostosis, FGFR2-Related Craniosynostosis, FGFR3-Related

Craniosynostosis, Factor V Leiden Thrombophilia, Factor V R2 Mutation Thrombophilia, Factor XI

Deficiency, Factor XIII Deficiency, Familial Adenomatous Polyposis, Familial Dysautonomia, Familial

Hypercholesterolemia Type B, Familial Mediterranean Fever, Free Sialic Acid Storage Disorders,

Frontotemporal Dementia with Parkinsonism-17, Fumarase deficiency, GJB2-Related DFNA 3

Nonsyndromic Hearing Loss and Deafness, GJB2-Related DFNB 1 Nonsyndromic Hearing Loss and

Deafness, GNE-Related Myopathies, Galactosemia, Gaucher Disease, Glucose-6-Phosphate

Dehydrogenase Deficiency, Glutaricacidemia Type 1, Glycogen Storage Disease Type la, Glycogen

Storage Disease Type lb, Glycogen Storage Disease Type II, Glycogen Storage Disease Type III,

Glycogen Storage Disease Type V, Gracile Syndrome, FIFE-Associated Hereditary Hemochromatosis,

Haider AIMs, Hemoglobin S Beta-Thalassemia, Hereditary Fructose Intolerance, Hereditary Pancreatitis,

Hereditary Thymine-Uraciluria, Hexosaminidase A Deficiency, Hidrotic Ectodermal Dysplasia 2,

Homocystinuria Caused by Cystathionine Beta-Synthase Deficiency, Hyperkalemic Periodic Paralysis

Type 1, Hyperornithinemia-Hyperammonemia-Homocitruhinuria Syndrome, Hyperoxaluria, Primary,

Type 1, Hyperoxaluria, Primary, Type 2, Hypochondroplasia, Hypokalemic Periodic Paralysis Type 1,

Hypokalemic Periodic Paralysis Type 2, Hypophosphatasia, Infantile Myopathy and Lactic Acidosis

(Fatal and Non-Fatal Forms), Isovaleric Acidemias, Krabbe Disease, LGMD2I, Leber Hereditary Optic

Neuropathy, Leigh Syndrome, French-Canadian Type, Long Chain 3-Hydroxyacyl-CoA Dehydrogenase

Deficiency, MELAS, MERRF, MTHFR Deficiency, MTHFR Thermolabile Variant, MTRNR1 -Related

Hearing Loss and Deafness, MTTS1 -Related Hearing Loss and Deafness, MYH-Associated Polyposis,

Maple Syrup Urine Disease Type 1A, Maple Syrup Urine Disease Type IB, McCune-Albright Syndrome,

Medium Chain Acyl-Coenzyme A Dehydrogenase Deficiency, Megalencephalic Leukoencephalopathy

with Subcortical Cysts, Metachromatic Leukodystrophy, Mitochondrial Cardiomyopathy, Mitochondrial

DNA-Associated Leigh Syndrome and NARP, Mucolipidosis IV, Mucopolysaccharidosis Type I,

Mucopolysaccharidosis Type IIIA, Mucopolysaccharidosis Type VII, Multiple Endocrine Neoplasia Type

2, Muscle-Eye-Brain Disease, Nemaline Myopathy, Neurological phenotype, Niemann-Pick Disease Due



to Sphingomyelinase Deficiency, Niemann-Pick Disease Type Cl, Nijmegen Breakage Syndrome, PPT1-

Related Neuronal Ceroid-Lipofuscinosis, PROP1-related pituitary hormome deficiency, Pallister-Hall

Syndrome, Paramyotonia Congenita, Pendred Syndrome, Peroxisomal Bifunctional Enzyme Deficiency,

Pervasive Developmental Disorders, Phenylalanine Hydroxylase Deficiency, Plasminogen Activator

Inhibitor I, Polycystic Kidney Disease, Autosomal Recessive, Prothrombin G20210A Thrombophilia,

Pseudovitamin D Deficiency Rickets, Pycnodysostosis, Retinitis Pigmentosa, Autosomal Recessive,

Bothnia Type, Rett Syndrome, Rhizomelic Chondrodysplasia Punctata Type 1, Short Chain Acyl-CoA

Dehydrogenase Deficiency, Shwachman-Diamond Syndrome, Sjogren-Larsson Syndrome, Smith-Lemli-

Opitz Syndrome, Spastic Paraplegia 13, Sulfate Transporter-Related Osteochondrodysplasia, TFR2-

Related Hereditary Hemochromatosis, TPP1 -Related Neuronal Ceroid-Lipofuscinosis, Thanatophoric

Dysplasia, Transthyretin Amyloidosis, Trifunctional Protein Deficiency, Tyrosine Hydroxylase-Deficient

DRD, Tyrosinemia Type I, Wilson Disease, X-Linked Juvenile Retinoschisis, and Zellweger Syndrome

Spectrum.

In some embodiments, the PAS phenotype is a disease that affects non-human animals, e.g.,

canines. In some embodiments, the PAS phenotype is Centronuclear Myopathy (CNM), Progressive

Retinal Atrophy (PRA), or Exercise Intolerance and Collapse (EIC). In some embodiments, the PAS

phenotype is Hip Dysplasia, Elbow Dysplasia, or Tricuspid Valve Dysplasia (TVD). In some

embodiments, the PAS phenotype is as Canine Degenerative Myelopathy (DM), Hyperuricosuria (HUU),

Ichthyosis (ICT-A), Achromatopsia Type-1 (ACHM-Type 1), Hereditary Nasal Parakeratosis (HNPK),

Retinal Dysplasia/OculoSkeletal Dysplasia (RD/OSD), Narcolepsy (NARC), or Skeletal Dysplasia Type

2 (SD2). In embodiments, the PAS phenotype is susceptibility to ear infections, susceptibility to skin

allergies, epilepsy, or mast cell cancer.

B. Phenotypic trait alleles, e.g., for non-human animals

1. Listing of phenotypic trait alleles

In some embodiments, the methods herein involve providing a starting population of gametes,

e.g., non-human animal gametes, e.g., sperm cells, which are heterozygous for a GIMS (e.g., a GIMS of

Table 1 or 2 or a homolog thereof) and a PAS (e.g., a PAS near a GIMS of Table 1 or 2 or a homolog

thereof). In some embodiments, the individual has a first allele and a second allele for a GIMS of Table 1

or 2 or a homolog thereof, and the methods involve separating gametes (e.g., sperm) carrying the

preferred allele from gametes (e.g., sperm) carrying the non-preferred allele.



In human genetics, the mutation responsible for a disease or DOP or PC has often been

pinpointed to a specific gene, and even a specific nucleotide or nucleotides within the gene. In contrast,

in animal breeding, the location of desirable or undesirable traits is not always known with as great

precision. Furthermore, in animal breeding, the breeder is often selecting for multiple alleles at once,

including alleles that are within the same haplotype. Since the methods herein are capable of selecting

gametes (e.g., sperm cells) having a known haplotype along a large region of the chromosome, the

methods herein can be used to select even a very large stretch of the chromosome. Thus, in some

embodiments, the PAS may comprise a GWAS (genome-wide association study) region, a phenotype

associated region, a pedigree region, a chromosome arm, an LD block, a plurality of contiguous LD

blocks, or a region of at least: 10 Kbp, 20 Kbp, 30 Kbp, 40 Kbp, 50 Kbp, 60 Kbp, 70 Kbp, 80 Kbp, 90

Kbp, 100 Kbp, 150 Kbp, 200 Kbp, 250 Kbp, 500 Kbp, 1 Mbp, 2 Mbp, 3 Mbp, 4 Mbp, 5 Mbp, 10 Mbp, 15

Mbp, 20 Mbp, 25 Mbp, 30 Mbp, 35 Mbp, 40 Mbp, 50 Mbp, 100 Mbp, or 150 Mbp.

2. Listing of phenotypic trait classes

In some embodiments, the PAS allele is associated with a desired trait phenotype, e.g., is

causative of the desired trait. In some embodiments, the PAS allele is associated with a non-desired trait

phenotype.

In some embodiments, the PAS allele is associated with one or more classes of trait listed in this

section.

In some embodiments, the PAS allele is associated with a disease resistance trait, e.g., resistance

to a disease such as Foot and Mouth Disease, Brucellosis, tuberculosis, black leg, malignant edema, red

water, enterotoxaemia, black disease, leptospirosis, Anaemia Bracken Poisoning, and BSE (e.g., in cattle);

Campylobacter, vibrio, Chlamydia, Toxoplasmosis, Ovine progressive pneumonia, Pregnancy disease in

ewes, Caseous lymphadenitis, Entropion, Polyarthritis, Feedlot rectal prolapse, Urinary calculi, Mastitis,

Ewe prolapse, Footrot, Sore mouth (contagious ecthyma), Scrapie, Pinkeye, Pneumonia, Baby lamb

scours, Coccidiosis, White muscle disease, Enterotoxemia, and Neurological diseases (e.g., Bacterial

meningitis, Polioencephalomalacia, Listeriosis, and Tetanus) (e.g., in sheep); Fowl Pox, Newcastle

Disease, Infectious Bronchitis, Quail Bronchitis, Avian Influenza, Infectious Coryza, Infectious

Laryngotracheitis, Turkey Rhinotracheitis, Chlamydiosis, Swollen Head Syndrome, Mycoplasma

gallisepticum, Mycoplasma synoviae, Mycoplasma meleagridis, Aspergillosis, Marek's Disease,

Lymphoid Leukosis, Infectious Bursal Disease, Equine Encephalitis, Avian Encephalomyelitis, Egg Drop

Syndrome, Infectious Tenosynovitis, Fowl Cholera, Omphalitis, Puhorum, Necrotic Enteritis, Ulcerative

Enteritis, Botulism, or Staphylococcus (e.g., in poultry).



In some embodiments, the PAS allele is associated with a growth phenotype.

In some embodiments, the PAS allele is associated with an appearance characteristic, e.g., coat

color, coat pattern, coat length, ear length, limb length (e.g., fore-limb and/or hind limb), body length,

limb length-to body-length ratio (proportionality), tail length, size (e.g., height or weight), eye color, hair

color, hair length, hair thickness, similarity to a reference animal (e.g., a purebred non-human animal,

e.g., purebred dog or purebred cat; e.g., by any measure including one or more of any of the foregoing

appearance characteristics).

In some embodiments, the PAS allele is associated with a behavioral characteristic, e.g., barking,

retrieving, hunting, obedience, intelligence, service animal behaviors (e.g., guiding, navigating, warning,

success as a guide dog, or likelihood to qualify as a guide dog), rescue behaviors (e.g., identifying a

person in need of rescue), fear of thunderstorms, and body sensitivity.

In some embodiments, the PAS allele is associated with the productive lifespan of an animal, e.g.

an agricultural animal, e.g., a dairy cow.

In some embodiments, the PAS allele is associated with the yield of useful biological products,

e.g. protein or fat content of milk or milk volume, or number or size of eggs produced.

In some embodiments, the PAS allele is associated with a reduced burden of disease, e.g. somatic

cell score (SCS) in dairy cows, a lowered incidence or severity of mastitis, cardiovascular disease, or

cancer.

In some embodiments, the PAS allele is associated with an increased yield of productive

offspring, e.g., higher calving ease, lower stillbirth rates, or higher pregnancy rate.

C. Testing whether an individual is heterozygous for a GIMS and/or PAS

In some embodiments, the methods herein include testing whether an individual, e.g., a male, is

heterozygous for one or more (e.g., 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, or 100 or

more) PAS, e.g., a disease or DOP or PC gene. In some embodiments, the methods herein include testing

whether an individual, e.g., a male, is heterozygous for one or more (e.g., 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15,

20, 30, 40, 50, 60, 70, 80, 90, or 100 or more) GIMS. In some embodiment, the methods herein involve

performing gamete selection methods on an individual that has previously undergone testing for the one

or more PAS, GIMS, or both. In some embodiments, the methods herein include, testing an individual



for heterozygosity at a PAS (e.g., a disease or DOP or PC gene) or identifying the individual as

heterozygous for the PAS (e.g., based on a previous genetic test); testing one or more GIMS (e.g., sites

known to be geno-informative and polymorphic in the population, e.g., a GIMS of Table 1 or 2 or a

homolog thereof) in the individual for heterozygosity, or identifying the individual as heterozygous at a

GIMS (e.g., based on a previous genetic test); and separating a sperm cell comprising the first allele of the

GIMS from a sperm cell comprising the second allele of the GIMS.

In some embodiments, the methods herein involve testing whether an individual, e.g., a female, is

heterozygous for a PAS, e.g., a disease or DOP or PC gene. In some embodiments, the female provides

an egg which is fertilized with a sperm cell sorted by a method herein. For instance, the PAS may be a

recessive disease or DOP or PC gene, and the methods herein comprise selecting an egg cell that does not

have the same PAS allele as the sperm cell, e.g., the egg cell may have a non-disease or non-DOP or

second PC allele at that site. As another example, the PAS may be a disease or DOP gene that is

dominant in female, and the methods herein comprise selecting a sperm cell comprising a suppressor

allele at the PAS or at another site, e.g., at a second PAS.

In some embodiments, a mutation causative of the disease or DOP or PC is known, and the PAS

comprises at least one nucleotide of the mutation causative of the disease or DOP or PC. The mutation

may be, e.g., in a gene, a promoter region, or an enhancer region. In some embodiments, an allele

associated with the gene has been identified, e.g., by a GWAS study or a pedigree study. In some

embodiments, the location of the disease- or DOP-causing mutation need not have been pinpointed;

knowing the general region of the disease or DOP or PC allele can be enough to sort gametes based on

their genotype at the general region.

In some embodiments, the methods herein also include testing whether an individual, e.g., a

female, is heterozygous for a PAS, e.g., a recessive disease or DOP or PC gene. The heterozygous PAS

assayed in the female can be the same heterozygous PAS assayed for in the male. In embodiments, the

female and male are two individuals planning to have children. In embodiments, an egg from the female

is contacted with a sperm cell from the male, e.g., by IVF, ICSI, or intercourse.

It can be desirable to determine which of several GIMS in an individual are heterozygous and

which are homozygous. Thus, in some embodiments, the methods herein include testing of a plurality of

GIMS (e.g., at least: 2, 3, 4, 5, 10, 15, 20, 25, 50, or 100) genetically linked to a heterozygous PAS.

It can be desirable to identify a heterozygous GIMS near one or more (e.g., all) of a plurality of

heterozygous PASs in an individual. Thus, in some embodiments, the methods herein include testing or



acquiring knowledge of the sequence of a plurality of GIMS (e.g., at least: 2, 3, 4, 5, 10, 15, 20, 25, 50, or

100). One or more of the GIMS can be genetically linked to a first heterozygous PAS. One or more of

the GIMSs can be genetically linked to a second heterozygous PAS. One or more of the GIMSs can be

genetically linked to each of a plurality of heterozygous PASs.

Any appropriate testing method can be used, including numerous methods known in the art.

Exemplary appropriate genetic testing methods include PCR (e.g., using a pair of primers and thermal

cycling to amplify a sequence, wherein optionally the presence or length of a product gives sequence

information about the gene being assayed), primer extension (e.g., mixing a primer and a target nucleic

acid, wherein a sequence match between the primer and the target allows extension of the primer, wherein

optionally the presence or absence of extension gives sequence information about the gene being

assayed), sequence-specific microarray (e.g., where labeled nucleic acids of interest are allowed to

hybridize to the array, and the array comprises short nucleic acids that hybridize preferentially with one

allele over a second allele, and hybridization gives sequence information about the gene being assayed),

protein assays (e.g., Western blot, protein microarray, or immunological assay such as ELISA or

immunofluorescence), DNA sequencing such as next generation sequencing, or a Luminex assay (e.g., a

multiplex assay where test nucleic acids are allowed to hybridize sequence specifically with nucleic acids

on beads, and binding of the test nucleic acids to the beads is assayed by flow cytometry). In some

embodiments, the genotype of an individual can be inferred based on known sequences or phenotypes of

relatives (e.g., mother, father, children, and/or siblings). In some embodiments, the genotype of an

individual at a first site can be inferred based knowledge of the individual’s genotype at a nearby site.

The testing to identify whether an individual is heterozygous for a GIMS and/or PAS may be

performed on any suitable biological sample, e.g., a gamete sample (e.g., sperm or egg cells) or a somatic

cell sample (e.g., blood, a cheek swab, epidermal sample, or skin sample).

III. Geno-informative marker sites

The literature on sperm development emphasizes that gene products are typically shared between

developing sperm cells in a syncytium. For instance, in “Molecular Biology of the Cell” 4th edition

(2002), Alberts, Johnson, Lewis, et al. state that “unlike oocytes, sperm undergo most of their

differentiation after their nuclei have completed meiosis to become haploid. The presence of cytoplasmic

bridges between them, however, means that each developing haploid sperm shares a common cytoplasm

with its neighbors. In this way, it can be supplied with all the products of a complete diploid genome.



Developing sperm that carry a Y chromosome, for example, can be supplied with essential proteins

encoded by genes on the X chromosome. Thus, the diploid genome directs sperm differentiation just as it

directs egg differentiation.” Likewise, Joseph and Kirkpatrick 2004 “Haploid selection in animals”, (doi:

10.1016/j.tree.2004.08.004) state “It has long been known that some gene products are shared between

developing sperm in mice, via cytoplasmic bridges, making the sperm phenotype for those loci effectively

diploid.” Joseph and Kirkpatrick also explain, “ . . . for decades, geneticists dismissed the possibility of

haploid selection on animal sperm, largely on the strength of two observations. The first was that

aneuploid sperm could be viable and fertile, suggesting that transcription of the haploid genome is not

necessary. Second, sperm DNA is so densely packed that researchers believed transcription was

impossible. This contrasts sharply with the view from research on plants, where expression in

gametophytes has long been recognized.” This observation is echoed in Dadoune et al. 2004

“Transcription in Haploid Male Germ Cells” (doi: 10.1016/S0074-7696(04)37001-4) which states: “After

meiosis, spermatids are genetically but not phenotypically different, because of transcript and protein

sharing through cytoplasmic bridges connecting spermatids of the same generation.” Thus, based on the

literature, many gene products would be expected to diffuse through the syncytium and therefore not be

geno-informative. This disclosure provides, for the first time (among other things) a high throughput

method of identifying geno-informative marker sites (GIMSs) and an extensive list of GIMS. Tables 1, 2,

3A, and 3B comprise a variety of GIMSs in the mouse, human, bovine, and nonhuman primate (e.g.,

cynomolgus monkey) genomes, respectively.

This disclosure provides, among other things, a variety of GIMSs that are genetically linked to

various PASs, e.g., human disease or DOP or PC genes and commercially important livestock traits. The

GIMSs are typically polymorphic in the population, e.g., the human population or a population of

mammals or non-human animals. This section describes various GIMSs and alleles thereof.

Tables 1, 3A, and 3B comprise GIMSs that were identified by a method of Example 1 performed

on mouse sperm ce precursors, bovine sperm ce precursors, and cynomolgus monkey sperm ce

precursors, respectively. Table 2 comprises human GIMSs that were identified by a method of Example 1

performed on human sperm cells. Table 2 also comprises human GIMS that were identified by a method

of Example 1 performed on nonhuman primate sperm ce precursors, followed by a homology

comparison to human genes. A large number of genes are present in both Table 1 and Table 2, implying

conservation of the GIMS phenomenon between mammalian species. The suitability of candidate GIMS,

e.g., from Table 1, 2, 3A, or 3B, can be evaluated, e.g., as described in Example 7 herein.



In embodiments, expression of a GIMS is skewed by at least 75%, e.g., at least 75% of the

transcript of that GIMS in a cell corresponds to a first GIMS allele (e.g., the GIMS allele present in the

haploid genome in that cell), and no more than 25% of the transcript of that GIMS in the cell corresponds

to the second GIMS allele (e.g., the GIMS allele that is not in the haploid genome in that cell). In

embodiments, expression of a GIMS is skewed by at least: 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%,

96%, 97%, 98%, or 99%. In embodiments, the GIMS is highly expressed in gametes, e.g., can be

detected at a level of at least: 2, 3,4, 5, 10, 20, 50, or 100-fold higher than a negative control value. In

embodiments, the GIMS is expressed in gametes at a level greater than or equal to the level of a GIMS

listed in Table 1, 2, 3A, 3B, or a homolog thereof. In embodiments, the GIMS is expressed in at least one

of (e.g., at least 2 or 3 of) round cells, elongating cells, and mature sperm cells. In embodiments, the

GIMS is expressed in at least round cells and elongating cells, or in at least elongating cells and mature

sperm cells.

In embodiments, the GIMS is other than Spaml (Ph-20), Ter (T cell receptor), or ASM (Acid

Sphingomyelinase), or a homolog thereof, e.g., a human homolog thereof.

In some embodiments, a GIMS is identified as described in Example 1. In other embodiments, a

GIMS is identified using a top-down approach. For instance, sperm from two genetically different donors

can be provided and used to generate a reagent (e.g., an antibody molecule) that distinguishes between the

populations. For instance, in vitro selection of an antibody phage display library can be used, screening

for molecules that bind the first population and using the second population as a counterscreen. In

embodiments, the reagent recognizes a protein, lipid, small molecule such as steroid, membrane

component, or glycosylation.

In some embodiments, two or more GIMSs affect a phenotype. Thus, selecting for a phenotype

may simultaneously select for two or more GIMSs.

A. GIMS linked to disease, DOP, or PC alleles, e.g., in humans or non-human animals

In some embodiments, the GIMS is one listed in Table 2 (e.g., in column 1). In some

embodiments, the first allele or second allele of the GIMS is an allele described in Table 2 (e.g., in

column 5). In some embodiments, the GIMs is listed in Table 1, 3A, 3B, or a homolog thereof (e.g., a

human homolog thereof).

In some embodiments, the methods herein involve providing a plurality of gametes, e.g., human

gametes, e.g., sperm cells, which are heterozygous for a GIMS of Table 1, 2, 3A, or 3B. In some

embodiments, the methods herein involve providing a plurality of human gametes, e.g., sperm cells,



which are heterozygous for a GIMS of Table 2. In some embodiments, the methods herein involve

providing a plurality of human gametes, e.g., sperm cells, which are heterozygous for a homolog of a

GIMS of Table 1, 3A, or 3B. In some embodiments, the methods herein involve separating a sperm cell

comprising a first allele of a GIMS, which GIMS is listed in Table 2 (e.g., any allele of a GIMS listed in

column 1) from a sperm cell comprising a second allele of the GIMS. In some embodiments, the methods

herein involve separating a sperm comprising a first allele of a GIMS, which GIMS is listed in Table 2

(e.g., any allele of a GIMS listed in column 1) from a sperm cell comprising a second allele listed in

Table 2 (e.g., an allele listed in column 5). In some embodiments, the methods herein involve separating

a sperm cell comprising a first allele listed in Table 2 (e.g., an allele listed in column 5) from a sperm cell

comprising a second allele listed in Table 2 (e.g., an allele listed in the column 5). Alleles of GIMS of

Tables 1, 3A, or 3B can be found, e.g., in GenBank. Disease or DOP genes near these loci can be found

in a number of publicly available annotated genomes.

Table 2 comprises a number of alleles of different GIMSs; however this list of alleles is not

exhaustive and many other alleles of these genes are published in the literature. In particular, Table 2 lists

some of the more common alleles in the human population; less frequent alleles have been omitted for

brevity. Additional alleles can be accessed, e.g., from the 1000 genomes project (available at

www.1000genomes.org). Table 2 also lists a number of disease or DOP genes close to GIMSs.

However, for brevity the table does not include every known human disease or DOP gene. GIMSs in the

table that do not list a disease or DOP gene in the same row in the table are linked to many genes

associated with diseases, DOPs, PCs, or other phenotypic effects. Many of these relationships can be

found in the OMIM database, for example.

In some embodiments, the GIMS is sufficiently close to the PAS that a crossover event occurs

between the GIMS and PAS in no more than 1%, 2%, 3%, 4%, 5%, 10%, 15%, 20%, 25%, or 30% of

sperm cells in a sample.

In embodiments, the GIMS encodes a surface-accessible protein, affects organellar function,

encodes an enzyme, produces a gene product located in the acrosome (e.g., the lumen or membrane), is

involved in lipid or glycan synthesis, affects metabolism, affects motility, encodes a transporter, or affects

chemotaxis.

B. GIMS linked to phenotype trait loci, e.g., in non-human animals

In some embodiments, the GIMS is a murine GIMS of Table 1 (e.g., in column 1) or a homolog

thereof. In some embodiments, the GIMS is a bovine GIMS of Table 3A or a homolog thereof. In some



embodiments, the GIMS is a cynomolgus GIMS of Table 3B or a homolog thereof. In some

embodiments, the first allele or second allele of the GIMS is an allele of a GIMS described in Table 1,

3A, 3B, or a homolog thereof. Numerous non-human animal (e.g., mouse) genomes have been

sequenced, and alleles of the GIMSs of Table 1, 3A, 3B can be accessed, e.g., in GenBank.

In some embodiments, the methods herein involve providing a plurality of non-human gametes,

e.g., sperm cells, which are heterozygous for a GIMS of Table 1, 3A, 3B, or homolog thereof. In some

embodiments, the methods herein involve providing a plurality of non-human gametes, e.g., sperm cells,

which are heterozygous for a homolog of a human GIMS of Table 2. Experiments in mice and primates

indicated a number of genes that are genotype-concordant in both species, and these genes are indicated

in column 7 of Table 2 (see also Example 1). Based on the observation of conservation, at least a subset

of the genes listed in Tables 1, 2, 3A, and 3B are expected to be GIMS in other species as well, e.g., other

mammals.

In some embodiments, the methods herein involve separating a sperm cell comprising a first

allele of a GIMS, which GIMS is listed in Table 1 (e.g., any allele of a GIMS of column 1) from a sperm

cell comprising a second allele (e.g., any allele of a GIMS of column 1) of the GIMS. In some

embodiments, the methods herein involve separating a sperm cell comprising a first allele of a GIMS,

which GIMS is listed in Table 3A (e.g., any allele of a GIMS of column 1) from a sperm cell comprising

a second allele (e.g., any allele of a GIMS of column 1) of the GIMS. In some embodiments, the methods

herein involve separating a sperm cell comprising a first allele of a GIMS, which GIMS is listed in Table

3B (e.g., any allele of a GIMS of column 1) from a sperm cell comprising a second allele (e.g., any allele

of a GIMS of column 1) of the GIMS.

C. Classes of GIMS and alleles of GIMS

In many embodiments, e.g., embodiments involving sperm cell selection, the GIMS is expressed

in one or more of: the testes, mature sperm cells, or spermatids (e.g., round cells or elongated cells). In

some embodiments, e.g., those involving egg cell selection, the GIMS is expressed in a post-meiotic

female germ cell, e.g., a mature ovum.

In some embodiments, the GIMS comprises at least one nucleotide of (e.g., overlaps with, is

situated in, or encompasses) a gene that encodes a protein. In some embodiments, the GIMS is a gene

that encodes an RNA, e.g., spliceosomal RNA, miRNA, IncRNA, rRNA, tRNA, snRNA, or snoRNA.

The encoded protein may be, for example, accessible on the surface of the sperm cell, e.g., a

transmembrane protein or a protein that binds to a membrane protein or lipid. In some embodiments, the



encoded protein is an ion channel such as KCNMA1, a structural protein such as CFAP54, a cell surface

protein such as S1PR2, a glycosylation enzyme such as COLGALT1, a lipid synthesis enzyme such as

SMPDL3B, a lipid-anchored protein such as SMPDL3B, or a transmembrane protein such as CADM2.

In some embodiments, the first and second alleles of the GIMS differ from each other by an

insertion. The insertion may be, e.g., of at least 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 35, 40, 50, 100, 150, 200,

250, or 500 nucleotides. The insertion may be, e.g., of at most 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 35, 40, 50,

100, 150, 200, 250, or 500 nucleotides. The insertion may be, e.g., of about 1-5, 5-10, 10-15, 15-20, 20-

25, 25-30, 30-35, 35-40, 40-45, 45-50, 50-100, 100-150, 150-200, 200-250, or 250-500 nucleotides.

In some embodiments, the first and second alleles of the GIMS differ from each other by a

deletion. The deletion may be, e.g., of at least 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 35, 40, 50, 100, 150, 200,

250, or 500 nucleotides. The deletion may be, e.g., of at most 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 35, 40, 50,

100, 150, 200, 250, or 500 nucleotides. The deletion may be, e.g., of about 1-5, 5-10, 10-15, 15-20, 20-

25, 25-30, 30-35, 35-40, 40-45, 45-50, 50-100, 100-150, 150-200, 200-250, or 250-500 nucleotides.

In some embodiments, the first and second alleles of the GIMS differ from each other by a

substitution. The substitution may be, e.g., of at least 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 35, 40, 50, 100, 150,

200, 250, or 500 nucleotides. The substitution may be, e.g., of at most 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 35,

40, 50, 100, 150, 200, 250, or 500 nucleotides. The substitution may be, e.g., of about 1-5, 5-10, 10-15,

15-20, 20-25, 25-30, 30-35, 35-40, 40-45, 45-50, 50-100, 100-150, 150-200, 200-250, or 250-500

nucleotides.

In some embodiments, the first and second alleles of the GIMS differ from each other by a

translocation or inversion.

In some embodiments, the first and second alleles of the GIMS differ from each other by a SNP

(single nucleotide polymorphism). In some embodiments, the SNP causes an amino acid substitution in

an encoded protein. In some embodiments, the SNP causes a premature stop codon. In some

embodiments, the SNP alters splicing, e.g., causes intron retention, exon skipping, or exon replacement.

In some embodiments, the first allele and second allele of the GIMS result in a difference in an

encoded protein. In some embodiments, the first allele of the GIMS has an amino acid substitution,

insertion, or deletion in an encoded protein relative to the second allele of the GIMS. In some

embodiments, the first allele of the GIMS has a premature stop codon relative to the second. In some

embodiments, the first allele of the GIMS alters splicing, e.g., causes intron retention, exon skipping, or

exon replacement, relative to the second allele.



In some embodiments, the first allele and second allele of the GIMS result in a difference in

levels of protein expression. For instance, in some embodiments the GIMS is in, or affects activity of, an

enhancer, insulator, promoter, 3 ’ UTR element, or 5 ’ UTR element.

In some embodiments, the first allele and second allele of the GIMS result in a difference in RNA

expression, sequence, or activity, e.g., alter the level, sequence, or activity of an mRNA or a non-coding

RNA such as a miRNA. In some embodiments, the miRNA regulates expression of a downstream

protein, and the level or activity of the downstream protein can be assayed.

In some embodiments, the GIMS is on an autosome. In some embodiments, the GIMS is on a sex

chromosome. In some embodiments, the GIMS is on chromosome 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13,

14, 15, 16, 17, 18, 19, 20, 21, 22, X, or Y, e.g., one of human chromosomes 1-22, X, or Y.

D. Chromosomal geometries of GIMS and PAS, e.g., distance between them

Typically, the GIMS is physically proximal to and on the same chromosome as a PAS. In

general, the GIMS should be close enough to the PAS that in any given gamete, a recombination event

between the two is unlikely enough such that the presence of a GIMS is informative as to the allele

present at the PAS, e.g., a disease, DOP, or PC allele.

In some embodiments, the distance between the GIMS and the PAS (e.g., the distance between

the closest edge of the GIMS to the closest edge of the PAS, or the distance between the middle of the

GIMS and the middle of the PAS) is no more than 50 Kbp, 100 Kbp, 150 Kbp, 200 Kbp, 250 Kbp, 500

Kbp, 1 Mbp, 2 Mbp, 3 Mbp, 4 Mbp, 5 Mbp, 10 Mbp, 15 Mbp, 20 Mbp, 25 Mbp, 30 Mbp, 35 Mbp, 40

Mbp, 50 Mbp, 100 Mbp, or 150 Mbp. In embodiments, the distance is 1-50 Mbp, e.g., 1-10, 10-20, 20-

30, 30-40, or 40-50 Mbp. In embodiments, the distance is no more than 1, 2, 3, 4, 5, 10, 15, 20, 25, 30,

35, 40, 45, or 50 Mbp. In embodiments, the distance is at least 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 35, 40, 45,

or 50 Mbp.

In some embodiments, the distance between the GIMS and the PAS is no more than 1 cM, 2 cM,

3 cM, 4 cM, 5 cM, 10 cM, 15 cM, 20 cM, 25 cM, 30 cM, 35 cM, 40 cM, 50 cM, or 60 cM. In

embodiments, the distance between the GIMS and the PAS is about 1-2, 1-3, 1-4, 1-5, 1-10, 1-15, 1-20, 1-

25, 1-30, 1-35, 1-40, 1-50, 2-3, 3-4, 4-5, 5-10, 10-15, 15-20, 20-25, 25-30, 30-35, 35-40, 40-50, 50-60, 1-

60, 10-60, 20-60, 30-60, or 40-60 cM.

In some embodiments, the probability of recombination during meiosis, which has a theoretical

maximum value of 50% for unlinked genes, between the GIMS and the PAS is no more than 1%, 2%,



3%, 4%, 5%, 10%, 15%, 20%, 25%, 30%, or 35%. In embodiments, the probability of recombination

during meiosis is about 1-2%, 1-3%, 1-4%, 1-5%, 1-10%, 1-20%, 1-25%, 1-30%, 1-35%, 1-2%, 2-3%, 3-

4%, 4-5%, 5-10%, 10-20%, 20-25%, 25-30%, 30-35%, %, 2-35%, 3-35%, 4-35%, 5-35%, 10-35%, 20-

35%, 25-35%.

In some embodiments, the GIMS is disposed on the centromere side of the PAS. In some

embodiments, the GIMS is disposed on the telomere side of the PAS. In some embodiments, the GIMS is

disposed on the other arm of the chromosome from the PAS, and in some embodiments, the GIMS and

the PAS are disposed on the same arm of a chromosome. In some embodiments, the GIMS is upstream of

the PAS with respect to the direction of transcription of the GIMS or the PAS or both. In some

embodiments, the GIMS is downstream of the PAS with respect to the direction of transcription of the

GIMS or the PAS or both.

In some embodiments, the methods herein involve two GIMSs near a single PAS. In some such

embodiments, the PAS is disposed between the two GIMS. In this case, since crossover events are not

spatially independent and interfere with one another, the probability of both GIMSs recombining with the

PAS is less than the probability of the first GIMS recombining multiplied by the probability of the second

GIMS recombining. In some embodiments, the distance between each GIMS and the PAS is a distance

described herein, e.g., in this section.

In some such embodiments, the PAS is disposed to either side of the two GIMSs. As an example,

an individual can have a genotype G-M-M’, wherein M and M ’ are GIMSs and G is a gene at the PAS.

The individual can be heterozygous at each of the loci, such that one chromosome carries alleles Gl, Ml,

and M’l, and the other chromosome carries alleles G2, M2, and M’2. Because of crossover interference,

the presence of a crossover event between M and M ’ is informative as to the absence of a crossover event

between G and M. In this way, by selecting for sperm showing crossover between M and M’, e.g. Ml-

M’2 and M2-M’ 1 sperm, the population of sperm resulting from such a selection is more likely to

maintain the M allele and the G allele in their chromosomal arrangement which is found in the parent, e.g.

Gl-Ml and G2-M2 respectively, as compared to a population of sperm only selected for Ml or M2,

respectively. In some embodiments, the distance between the distal GIMS and the PAS is a distance

described herein, e.g., in this section.

It can also be useful to sort sperm using two or more GIMS to improve the specificity due to, e.g.,

less than 100% genotype concordance or incomplete allele selectivity. This is described in more detail in

section IV E below.



In some embodiments, there are multiple PASs and multiple candidate GIMSs. In some

embodiments, a computational simulation of meiosis is run in order to establish a suitable selection

strategy for the joint selection of genotypes at each GIMS such that sperm can be separated into

populations to maximize the purity objective function for a given minimal yield. In some embodiments,

the purity objective function takes as input the probabilities of each desired and non-desired joint set of

genotypes at each PAS. In some embodiments, the simulation uses as inputs: the chromosomal location

of the GIMS and PASs, the allele for each GIMS and PAS found on each of the two copies of each

chromosome, and a database of sperm crossover events. In some embodiments, the database of sperm

crossover events contains a mapping between each crossover event and specific sperm. In some

embodiments, the database of sperm crossover events is from the same individual. In some embodiments,

the database of sperm crossover events is from a representative group of individuals. In some

embodiments, the distribution of crossovers is sampled from the database of sperm crossover events as a

joint distribution with replacement across all crossover events for each individual sperm in the database.

In some embodiments, the distribution of crossovers is sampled once for each chromosome from the

database of sperm crossover events as a distribution with replacement across all crossover events, and

then subsequent crossover events are stochastically and iteratively sampled according to a statistical

model of crossover interference conditional probabilities and the distribution of the total number of

crossovers on each chromosome. In some embodiments, the simulation iteratively selects each possible

joint set of genotypes for all GIMSs, and calculates the joint probability distribution of all possible

genotypes for all PASs by sampling crossover events from the database of sperm crossover events and

calculating the joint probability of recombination between all alleles of all GIMSs and PASs. In some

embodiments, the given minimal yield is low enough such that only one population of joint GIMS

genotypes gives acceptable yield (e.g., a yield above a predetermined threshold) and the chosen

population is that which maximizes the purity objective function. In some embodiments, the given

minimal yield is such that multiple populations of joint GIMS genotypes are required and pooled to give

acceptable yield and the chosen populations are those which together jointly maximize the purity

objective function.

In some embodiments, the simulation is run multiple times as a meta-simulation, omitting all

possible combinations of GIMSs to determine which GIMSs contribute the most to maximizing the purity

objective function for a given minimal yield. In some embodiments, each simulation within the meta

simulation is given the same minimal yield as an input and is scored based on a joint cost function for the

set of markers used in each simulation and the maximal value of the purity objective function in each



simulation. In some embodiments, a necessary and sufficient set of GIMSs is selected based on the set of

GIMSs used in the highest scoring simulation from the meta -simulation.

IV. Methods for sorting gametes

A. Detection reagents

In some embodiments, the methods herein involve a reagent, e.g., a reagent as described herein.

In some embodiments, the kits and reaction mixtures herein include one or more reagents, e.g., reagents

as described herein. In some embodiments, the reagent can distinguish a sperm cell having the first allele

of the GIMS from a sperm cell having the second allele of the GIMS. In some embodiments, the reagent

comprises an antibody molecule.

1. Binding reagents, e.g., antibody molecules

In some embodiments, the reagent is an allele-specific reagent that preferentially binds a sperm

cell comprising one allele of a GIMS over a sperm cell comprising a second allele of the GIMS. Allele-

specific reagents, e.g., antibody molecules, e.g., antibodies, can be made according to any suitable

method, including several known in the art. Exemplary reagents include nucleic acid aptamers (e.g.,

RNA aptamers), fibronectin-based binding molecules, engineered proteins (e.g., engineered proteins that

that mimic a natural binder of the GIMS), monobodies, nanobodies, Affilins, affibodies, affimers, affitins,

alphabodies, anticalins, avimers, DARPins, fynomers, or Kunitz domain peptides. In some embodiments,

the reagent is produced using in vitro evolution, e.g., in vitro selection and error-prone replication.

In some embodiments, the reagent, e.g., antibody molecule, binds a structure, e.g., GIMS gene

product, on the sperm cell surface.

In some embodiments, the reagent, e.g., an intrabody, binds a structure, e.g., GIMS gene product,

that is internal to the sperm. A reagent can be delivered to the interior of the sperm cell by, e.g.,

transfection or electroporation. In some embodiments, the reagent (e.g., intrabody) comprises a visible

label, e.g., a fluorescent label, and sperm cells are sorted by flow cytometry, e.g., FACS. In some

embodiments, the reagent (e.g., intrabody) comprises a magnetic label, and the sperm cells are sorted by

magnetic separation or MACS.

In embodiments, the reagent (e.g., antibody molecule or aptamer) is capable of distinguishing

between proteins produced by different alleles of a single gene, e.g., proteins that differ by a SNP.

Methods of producing antibodies and aptamers that recognize single amino acid substitutions are

described, e.g., in Chen et al., “The isolation of an RNA aptamer targeting to p53 protein with single

amino acid mutation” Proc Natl Acad Sci U S A. 2015 Aug 11;112(32): 10002-7 and Richman et al.,



“Development of a novel strategy for engineering high-affinity proteins by yeast display” Protein

Engineering, Design and Selection (2006) 19(6):255-264.

In some embodiments, the reagent (e.g., antibody molecule) comprises a detectable label or is

bound by an entity comprising a detectable label. A detectable label can be, e.g., a fluorescent moiety, a

magnetic moiety, or a dye. In embodiments, the fluorescent label is chosen fluorescein, fluorescein

isothiocyanate (FITC), 6-carboxyfluorescein (6-FAM), naphthofluorescein, rhodamine, rhodamine 6G,

rhodamine X, rhodol, sulforhodamine 101, tetramethylrhodamine (TAMRA),

tetramethylrhodamineisothiocyanate (TRITC), 4,7-dichIororhodamine, eosin, eosinisothiocyanate (EITC),

dansyl, hydroxycoumarin, methoxycoumarin or p-(DimethyI aminophenylazo) benzoic acid (DABCYE),

a cyanine dye, Cy3, Cy5, or a derivative of any of the foregoing.

2. Reagentsfor sensing RNA levels

In embodiments, the GIMS encodes an RNA and the reagent detects levels or sequence of the

RNA. In embodiments, the GIMS also encodes a protein, but the RNA is detected. In some

embodiments, the reagent is an allele-specific nucleic acid probe (e.g., comprising DNA or RNA), e.g.,

hybridizes with high affinity to a first allele of a first GIMS and with lower affinity to a second allele of

the first GIMS. RNA may be detected, e.g., by in situ hybridization, nuclease-dead TAEEN, isothermal

PCR. In embodiments, the reagent is introduced into the sperm ce by transfection or electroporation.

In some embodiments, the reagent comprises a nucleic acid sequence that is complementary to

the GIMS RNA, and the reagent further comprises a detectable label such as a fluorophore. In some

embodiments, probe that does not bind RNA in the ce is washed away, and probe that binds RNA in the

ce remains and is detected, e.g., by its fluorescence.

In some embodiments, binding to the GIMS activates fluorescence in the reagent. For instance,

the reagent may comprise a nucleic acid sequence complementary to the GIMS nucleic acid, a fluorescent

moiety, and a quencher moiety. When the reagent is not bound to the GIMS nucleic acid, the fluorescent

moiety and quencher moiety are close, and fluorescence is low. When the reagent binds to the GIMS

reagent, the quencher moiety and fluorescent moiety are more distant, and fluorescence is high. As an

example, the fluorescent moiety and quencher moiety may be on opposite ends of the nucleic acid

sequence, and may be in proximity (e.g., through formation of internal secondary structure in the nucleic

acid portion of the reagent) when the reagent is not bound to a GIMS RNA. As another example, the

fluorescent moiety may be on a nucleic acid that can hybridize to the GIMS nucleic acid, and the

quencher is on a second nucleic acid that can hybridize to the nucleic acid with the fluorescent moiety.

Binding of the nucleic acid with the fluorescent moiety to a GIMS RNA can displace the nucleic acid

having the quenching moiety. In embodiments, the reagent comprises a toehold region that can facilitate



hybridization with the target (see, e.g., International Application WO2012/058488, which is herein

incorporated by reference in its entirety).

In embodiments, the reagent comprises a nc ear-localized RNA-targeting Cas9 (rCas9), e.g., as

described in Nelles et al. “Programmable RNA Tracking in Live Cells with CRISPR/Cas9” Cell Volume

165, Issue 2, p488-496, 7 April 2016, or a functional homolog, variant, or mutant thereof. The rCas9 can

comprise a catalytically dead Cas9 moiety fused to a reporter, e.g., a fluorescent reporter protein, e.g.,

GFP. In embodiments, the rCas9 selectively binds one allele of the RNA, e.g., comprises a guide RNA

that is selective for one allele of the GIMS RNA. In some embodiments, the GIMS RNA is expressed

highly in cells having the first GIMS allele and expressed at a lower level in cells having the other GIMS

allele. In embodiments, a plurality of rCas9 molecules are used to target a plurality of regions in the

GIMS RNA, e.g., to amplify the signal. In embodiments, the rCas9 is introduced into sperm cells by

electroporation.

3. Functional assays

In some embodiments, a GIMS produces a phenotype in a sperm cell, e.g., affects motility,

morphology, or chemotaxis. Thus, the sperm can be assayed by morphology or a functional assay to

determine the identity of the GIMS. In some embodiments, the sperm are visualized via imaging FACS

and sorted based on morphology. In embodiments, the sperm are visualized by microscopy, e.g. using a

CASA (computer-assisted sperm analysis) instrument, and are sorted manually or robotically based on

morphology or behavior. In embodiments, motile sperm are enriched or depleted from a sperm sample

via a microfluidic device in which sperm are deposited in one chamber and motile sperm are drawn from

a connected chamber. In embodiments, the sperm are challenged with a medium with a chemical

composition that preferentially affects a subset of sperm, e.g. a specific concentration of sodium ions,

which could differentially affect the motility of sperm with functionally distinct sodium ion transporters.

In some embodiments, a chemical gradient is established in the microfluidic device, influencing the

behavior of sperm via chemotaxis. In some embodiments, sperm are separated by surface area, volume, or

by weight e.g. using gradient centrifugation or piezoelectric sensors. In embodiments, sperm are

challenged by a medium with a chemical composition that preferentially kills a subset of sperm.

In each of these cases, a subset of sperm obtained using these methods that is phenotypically

distinct may or may not be genotypically distinct. A cell phenotype that is partially influenced by at least

one GIMS variant will be associated with genotype. Therefore a subset of sperm selected in one of these

ways can be enriched for one or more GIMS alleles.

B. Selection (e.g., physical separation) methods and kits



In some embodiments, the methods herein involve a physical separation step as described herein.

The selection can be positive or negative. The separation step can involve binding to sperm cells having a

desired genotype (e.g., isolating sperm to use in IVF) or sperm cells having a non-desired genotype (e.g.,

inactivating sperm carrying a disease, DOP, or PC allele). In some embodiments, the kits and reaction

mixtures herein include a solid substrate as described herein.

The reagent, e.g., allele specific reagent, can be immobilized to a solid substrate such as a column

or microfluidic device. A reagent can serve as a positive selection tool (e.g., binding the sperm cell

fraction of interest and temporarily immobilizing it to the column, and then eluting the sperm of interest

from the column) or negative selection tool (e.g., allowing the sperm cell fraction of interest to flow

through the column). For example, one can start with a population of cells that either display allele 1 (Ai)

or allele 2 (A2) on the surface. A column-bound antibody binds preferentially to Ai relative to A2. The

mixture of cells can be passed through the column, and Ai-expressing cells would be preferentially

immobilized, whereas A2-expressing cells would flow through. The Ai-expressing cells could then be

washed off the column, yielding two populations of cells preferentially expressing either Ai or A2, and

either subset may be selected for fertilization.

In embodiments, the solid substrate comprises a microfluidic device which comprises one or

more channels and reservoirs, connected such that gametes can be deposited into a reservoir and flow

through a channel. The channel may comprise reagents that selectively allow a subset of gametes to pass

through, e.g., into a second reservoir for collection.

The allele-specific reagent can also be immobilized to a solid substrate such as a bead, and used

for positive and/or negative selection. The bead-bound cells can be fractionated away through one of

several methods (e.g., using magnetic beads or spinning the heavier beads down).

The allele specific reagent may also be coupled to one or more detectable labels that can be used

to fractionate a population of sperm cells containing two different alleles. The cells could be run through a

flow cytometer, the detectable labels would be monitored and gated, and the cells subsequently

fractionated based on the presence, level, and/or absence of one or more labels.

A kit for fractionating sperm cells could include a readout for an individual’s genotype, or the

genotype of a fraction of their sperm, and materials for such a determination to be made accurately.

Additionally, a kit could include one or more positive and/or negative selection reagents

immobilized to a solid support (e.g. a column or bead). Microelectrophoresis-based separation of sperm is

described, e.g., in Simon et al., “Optimization of microelectrophoresis to select highly negatively charged



sperm” J Assist Reprod Genet (2016) 33: 679, which is herein incorporated by reference in its entirety. In

some instances the unbound sperm cell fraction can be the population of interest. In some instances

elution can be performed to release the bound sperm cell fraction. A bound sperm fraction may be

washed (e.g., 1, 2, or more times) before elution.

These steps may be repeated one or more times to achieve a more pure population of cells.

The kit can include media suitable for cryopreservation of sperm cells, e.g., before or after the

procedure.

In embodiments, the selection (e.g., physical separation) step is performed ex vivo and is

followed by IVF or artificial insemination with a desired sub-population of sperm cells. Artificial

insemination can comprise inter-vaginal insertion, intra-cervical insertion, or intrauterine insertion.

Artificial insemination can be performed using a device suitable for inserting the sperm cells into a

recipient female, e.g., to the vagina, cervix, or uterus. In some embodiments, IVF or artificial

insemination is performed using a sperm cell that is not motile or that is dye permeable.

C. Selection methods and kits, e.g., for non-human animal gametes

In some embodiments, e.g., methods performed on non-human animal gametes, the method

involves selectively killing or inactivating sperm cells that do not have a desired genotype. In some

embodiments, the kits and reaction mixtures herein include a cell-inactivating agent, e.g., a cell-killing

agent as described herein. In some embodiments, the cell-inactivating agent, e.g., cell-killing agent is

bound, e.g., linked, to a reagent that can distinguish a sperm cell having the first allele of the GIMS from

a sperm cell having the second allele of the GIMS. In some embodiments, the cell-inactivating agent,

e.g., cell-killing agent is bound, e.g., linked, to a reagent that binds a gene product of a gene of Table 1, 2,

3A, or 3B, or a homolog thereof. In some embodiments, the cell-inactivating agent, e.g., a cell-killing

agent is bound, e.g., linked, to a reagent that binds an allele described in Table 1, 2, 3A, or 3B, e.g., in

column 5 of Table 2. Exemplary cell-inactivating agents include cell-killing agents, reagents that inhibit

motility, inhibit chemotaxis, inhibit organellar function, inhibit hypermotility, inhibit the acrosome

reaction, inhibit sperm-egg binding or penetration, or inhibit fertility in another way. Exemplary cell

killing agents include microtubule disruptors e.g., monomethyl auristatin E (MMAE), emtansine (DM1),

a-amanitin, and tubulysin; DNA-damaging agents e.g., indolinobenzodiazepine pseudodimers (IGNs),

doxorubicin, calicheamicin, and pyrrolobenzodiazepine; pore-forming agents; metabolic sink agents, and

mitochondrial inhibitors. Exemplary agents that inhibit fertility include agents that bind sperm proteins,

e.g., that bind the zona pellucida, e.g., Adamla, Adam2, Adam3, Pmis-2; agents that inhibit the acrosome



reaction, e.g., an agent that binds a sperm-specific Ca channel such as a Catsper channel; agents that

inhibit motility e.g., an agent that binds a sperm-specific Ca channel such as a Catsper channel; agents

that bind sperm proteins that bind the egg, e.g., Izumo; and agents that bind sperm surface carbohydrates.

In some embodiments, the inhibition of fertility is imparted directly by binding to the GIMS. In other

embodiments, the inhibition of fertility is imparted by a second agent linked to the reagent that is specific

for the GIMS. In some embodiments, the agent comprises an antibody molecule. In some embodiments,

the agent comprises a multimerization domain that causes it to multimerized on the sperm surface.

In some embodiments, selection is performed using a device, e.g., a selective contraceptive

device. The device can be worn by a male, e.g., can have the shape of a condom. The device can be

worn by a female and can be situated in the female reproductive tract, e.g., in the vagina or uterus.

D. Types of gamete

In some embodiments, the methods herein are performed on sperm cells, e.g., human sperm cells,

mammalian sperm cells, or non-human animal sperm cells. In some embodiments, the reaction mixtures

herein comprise sperm cells, e.g., human sperm cells, mammalian sperm cells, or non-human animal

sperm cells. In some embodiments, the sperm cells are mature sperm cells or spermatids (e.g., round cells

or elongated cells).

In some embodiments, the methods herein are performed on ova, e.g., human ova, mammalian

ova, or non-human animal ova. For instance, in some embodiments the ova are produced in vitro, e.g., by

differentiation of gamete precursors. In embodiments, the method comprises generating or obtaining a

stem cell such as an embryonic stem cell or induced pluripotent cell and inducing it to differentiate into a

gamete such as an ovum. In embodiments, the methods herein are practiced on a plurality of ova

produced in vitro. In some embodiments, at least 10, 20, 50, 100, 200, 500, or 1000 ova are subjected to

the methods herein, e.g., sorted based on GIMS.

In some embodiments, the gametes are produced by gamete cycling.

E. Sorting based on a plurality of GIMSs near a single PAS

In some embodiments, the methods herein involve assessing a plurality (e.g., 2, 3, 4, 5, 10, 15, 20,

25, 30, 35, 40, 45, 50, or 100) different GIMSs in a sample of cells, e.g., sperm cells. In some

embodiments, the GIMSs are used for a physical separation step. In some embodiments, the GIMSs are

used for a selection step, e.g., on the basis of sperm survival or fertility.

1. Sorting using two GIMSs to minimize the effects of crossing-over

For instance, in some embodiments, the methods can comprise assaying a first GIMS and a

second GIMS, both of which are near a PAS. In some embodiments, one GIMS is on either side of the

PAS, and in other embodiments, both GIMSs are on the same side of the PAS. While not wishing to be

bound by theory, in some embodiments, assaying two GIMS near a PAS, e.g., a GIMS on either side of



the PAS, can improve the purity of the selected population of sperm cells. This can be useful, e.g., when

the nearest available GIMS is far enough away from the PAS that a crossing-over event between the

GIMS and the PAS becomes a substantial possibility.

As an example, an individual can have a genotype U-P-D, wherein U is the upstream GIMS, P is

the PAS, and D is the downstream GIMS. The individual can be heterozygous at each of the loci, such

that one chromosome carries alleles Ul, PI, and Dl, and the other chromosome carries alleles U2, P2,

and D2. The individual’s haplotype can be known or unknown at the time the sperm cells are sorted.

Sorting between U1 and U2 sperm can employ a reagent that distinguishes between U1 and U2 gene

products, and sorting between Dl and D2 can use a reagent that distinguishes between Dl and D2 gene

products. These two sorting steps can be performed simultaneously (e.g., by FACS using different

fluorescent labels) or sequentially.

In some embodiments, the alleles are sorted sequentially. In this example, the individual’s

haplotype is U1-P1-D1 on one chromosome and U2-P2-D2 on the other chromosome, but this is not

necessarily known at the time of sorting. The first sorting step distinguishes between U1 and U2. It

separates the cells into two populations. The first population is mainly U1-P1-D1, but also contains a

small fraction of cells that are U1-P1-D2 because of crossing-over between P and D, a small fraction of

cells that are U1-P2-D2 which underwent crossing-over between U and P, and an even smaller fraction of

cells that are U1-P2-D1 which underwent a crossing-over event between U and P and a second crossing

over event between P and D; this fraction is expected to be very small because the presence of one

crossover inhibits another nearby crossover. The first population therefore has a higher proportion of PI

than P2, but is not completely devoid of P2. The second population is mainly U2-P2-D2, but also

contains a small fraction of cells that are U2-P2-D1 because of a crossing over event between P and D, a

small fraction of cells that are U2-P1-D1 because of a crossing over event between U and P, and an even

smaller fraction of cells that are U2-P1-D2 which underwent a crossing-over event between U and P and a

second crossing over event between P and D.

Next, or simultaneously with the first sorting step, the two populations of Ul and U2 sperm cells

are sorted based on the presence of Dl or D2. This results in four populations of sperm cells. (It is also

possible to test which of the two populations is enriched for the P allele of interest, and only perform the

further sorting step on that population.)

The first population has Ul and Dl. This population of cells is almost exclusively U1-P1-D1. It

has a very small fraction of cells that are U1-P2-D1 which underwent a crossing-over event between U

and P and a second crossing over event between P and D. This population is highly purified for PI and

can be used for fertilizing an ovum if PI is the desired allele of the PAS. If it was not known before the



sorting step that the individual was U1-P1-D1, it can be determined at this stage by testing, e.g.,

performing PCR or sequencing on an aliquot of this population, that this population has primarily PI.

The second population has U 1 and D2. This is a small population of cells that is partially Ul-Pl-

D2 and partially U1-P2-D2. These are the cells that underwent a single crossing-over event, either

between U and P or between P and D. This population can be discarded because it is not highly enriched

for either PI or P2.

The third population has U2 and Dl. This is a small population of cells that is partially U2-P1-

D 1 and partially U2-P2-D1. These are the cells that underwent a single crossing-over event, either

between U and P or between P and D. This population can be discarded because it is not highly enriched

for either PI or P2.

The fourth population has U2 and D2. This population of cells is almost exclusively U2-P2-D2.

It has a very small fraction of cells that are U2-P1-D2 which underwent a crossing-over event between U

and P and a second crossing over event between P and D. This population is highly purified for P2.

2. Sorting using two GIMSs to minimize the effects of antibody cross-reaction

In some embodiments, sorting using two or more GIMSs near a single PAS can help create a

more highly purified population, when the reagent that binds a cell with each GIMS has some affinity for

a cell with either allele of the GIMS. For instance, the reagent, e.g., an antibody molecule, can bind the

first GIMS allele 10-fold more strongly than the second GIMS allele, but its measurable binding to the

second allele creates background, e.g., a small number of sperm cells with the unwanted genotype

contaminate the pool of sperm cells with the wanted genotype. In these embodiments, the two GIMSs

can be on the same side or on different sides of the PAS.

For instance, in some embodiments, an individual has a genotype of U-D-P, wherein U is the

most upstream GIMS, D is the GIMS that is downstream of U, and P is the PAS which is downstream of

both D and U. The individual’s haplotype for this example is U1-D1-P1 on the first chromosome and U2-

D2-P2 on the second chromosome, although this is not necessarily known at the time of sorting. Sorting

between U 1 and U2 sperm can use a reagent that distinguishes between U 1 and U2 gene products, and

sorting between Dl and D2 can use a reagent that distinguishes between Dl and D2 gene products. These

two sorting steps can be performed simultaneously (e.g., by FACS using different fluorescent labels) or

sequentially.

In this example, the sorting is done sequentially: first for U and then for D. First, U 1 sperm are

separated from U2 sperm, e.g., using an antibody that binds the U 1 gene product preferably to the U2

gene product. Flowever, due to some low affinity for U2, the U 1-enriched sample includes a small

number of U2 sperm cells. Omitting, for simplicity, the possibility of crossovers, the U 1-enriched sample



includes mostly U1-D1-P1 sperm cells, and a small number of U2-D2-P2 cells, while the U2-enriched

sample includes mostly U2-D2-P2 sperm cells and a small number of U1-D1-P1 cells.

Next, the two populations of U 1 and U2 sperm cells are sorted based on the presence of D 1 or

D2. This step can, e.g., use an antibody that binds the D 1 gene product preferably to the D2 gene product.

However, due to some low affinity for D2, the D 1-enriched sample includes a small number of D2 sperm

cells. This results in four populations of sperm cells. (It is also possible to test which of the two

populations is enriched for the G allele of interest, and only perform the further sorting step on that

population.)

The first population reacted with the reagents specific for U 1 and Dl. This population of cells is

almost exclusively U1-D1-P1. It has a very small fraction of cells that are U2-D2-P2. These U2-D2-P2

cells are the cells that cross-reacted with both the U2 and D2 antibodies. This population is highly

purified for PI and can be used for fertilizing an ovum if PI is the desired allele of the PAS. If it was not

known before the sorting step that the individual was U1-D1-P1, it can be determined at this stage by

testing, e.g., performing PCR or sequencing on an aliquot of this population, that this population has

primarily PI.

The second population reacted with the reagents specific for U1 and D2. This is a small

population of cells that either underwent a crossover or was mis-sorted during the first or second sorting

step. This population can be discarded because it is not highly enriched for either PI or P2.

The third population reacted with the reagents specific for U2 and Dl. This is a small population

of cells that either underwent a crossover or was mis-sorted during the first or second sorting step. This

population can be discarded because it is not highly enriched for either PI or P2.

The fourth population reacted with the reagents specific for U2 and D2. This population of cells

is almost exclusively U2-D2-P2. It has a very small fraction of cells that are U1-D1-P1 which were mis-

sorted during both sorting steps. This population is highly purified for P2.

For any given U, P, and D, the expected frequencies of each sub-population of sperm cells can be

calculated readily, based on the relative affinities of the U antibodies for the U1 and U2 gene products

and of the D antibodies for the Dl and D2 gene products.

3. Sorting using two GIMSs to minimize the effects of GIMS with low genotype concordance

Sorting with two GIMS can also be useful when a given GIMS has less than 100% genotype

concordance, e.g., some sperm that have a first GIMS allele in their genome nonetheless have some gene

product from the second GIMS allele. As an example, a given GIMS (U) may have two alleles, U 1 and

U2. For this GIMS, most sperm cells having a U 1 genotype have U protein content that is 75% U 1 and

25% U2. Most sperm cells having a U2 genotype have U protein that is 75% U2 and 25% Ul. This may

be caused, for instance, when low levels of U protein leak through the syncytium. Due to natural



variation, some other cells in the population may have U1:U2 protein levels that differ slightly from 75:25

or 25:75. As a result, even an antibody reagent highly specific for the U 1 protein will bind at a significant

level to both U 1 and U2 sperm cells; the same would occur for an antibody specific for the U2 protein.

This could lead to less than 100% pure sorted sperm samples.

One way to improve the purity of the samples would be to sort using reagents that distinguish

based on two GIMSs. For instance, if a reagent for U 1 yielded a 75% pure population of U 1 sperm, U 1

sorting could be performed together with a sorting step for a second GIMS (D). The D GIMS and U

GIMS can be on the same side or different sides of the PAS. If sorting for D 1 yielded a 75% pure

population of D 1 sperm (i.e., had 25% sperm with the unwanted genotype), then sorting for both U 1 and

D 1 (simultaneously or sequentially) will in theory yield a population that is 93.75% pure (i.e., had 6.25%

sperm with the unwanted genotype).

4. Sorting using a plurality of GIMS

In embodiments, the methods herein can be performed using a plurality of GIMS, e.g., at least 2,

3, 4, 5, 6, 7, 8, 9, 10, 15, or 20 GIMS. Without wishing to be bound by theory, it can be useful to use a

plurality of GIMS to address crossing over, reagent cross-reaction, or low genotype concordance, e.g., as

discussed in the previous three sections. In some embodiments, a subset or all of the GIMS are near to a

single PAS. In some embodiments, a subset or all of the GIMS are on a single chromosome, e.g., on the

same arm of the chromosome. In some embodiments, e.g., where the subject’s haplotype is not known,

the method comprises at least two sequential sorting steps, e.g., first sorting based on a first GIMS and

then sorting based on a second GIMS. In some embodiments, e.g., where the subject’s haplotype is

known, the method can comprise a single sorting step which simultaneously sorts based on two or more

GIMSs.

In some embodiments, an initial test is performed to determine the subject’s haplotype, by

performing sorting with one or a few different GIMSs, and genetic testing (e.g., destructive testing) is

used to determine the haplotype of the one or a few different GIMSs relative to the PAS. Once the

haplotype is known, full-scale sorting can be performed, e.g., sorting sequentially or simultaneously using

a plurality of different GIMSs.

F. Sorting using a plurality of reagents to detect a plurality of alleles of a single GIMS

In some embodiments, a GIMS is highly polymorphic in the population. In these cases, any

given individual is very likely to be heterozygous for the GIMS, but it is not necessarily known prior to

sorting what two alleles the individual has for the GIMS. Thus, in some embodiments, it is useful to have

a plurality of detection reagents capable of detecting a variety of alleles of a single GIMS. This plurality

of detection reagents can be used on a sample from an individual having an unknown genotype at the

GIMS.



For instance, consider a GIMS (G) linked to a PAS (P). G is known to have five common

polymorphs in the human population: Gl, G2, G3, G4, and G5. The individual providing the sperm cells

has G2 and G4, but that is not necessarily known at the time of sorting. The individual is known to be

heterozygous for P, having alleles PI and P2. The individual’s haplotype is P1-G4 on one chromosome

and P2-G2 on the other chromosome, but that is not necessarily known at the time the sperm are sorted.

The method involves a collection of five detection reagents, e.g., present in a single mixture.

Each reagent is specific for one of Gl, G2, G3, G4, or G5. Each reagent comprises a distinguishing

feature, e.g., a fluorophore with a different wavelength or a different affinity tag. The sperm cells are

contacted with the mixture of detection reagents. The G4 reagent binds predominantly to the P1-G4

population of sperm cells. The G2 reagent binds predominantly to the P2-G2 population of sperm cells.

The Gl, G3, and G5 reagents either do not bind the sperm cells, or are competed away by the stronger

binding of the G2 and G4 reagents. The reagents are then separated from each other, e.g., by FACS based

on their fluorescence. The result is a population of P1-G4 sperm cells and a population of P2-G2 sperm

cells. If it was not known before the sorting step that the individual was P1-G4 and P2-G2, it can be

determined at this stage by testing, e.g., performing PCR or sequencing on an aliquot of either or both

sperm cell populations, which population is primarily PI and which population is primarily P2.

In some embodiments, the GIMS is not highly informative of genotype in a majority of cells, but

is informative in a minority of cells. If a labeled detector reagent is used, e.g. in flow cytometry, a high

threshold for the label can be selected to maximize the genotype concordance in the selected fraction of

sperm. If a quantitative label is not used, the concentration of binding reagent and wash conditions can be

adjusted to increase the stringency of selection, which would result in selection of a minority of cells with

an elevated genotype concordance.

G. Competitive binding of two reagents for alleles of a single GIMS

In some embodiments, two or more reagents are used, e.g., simultaneously. For instance, in some

embodiments, a population of sperm cells has two GIMS alleles, Gl and G2, which are detectable using

labeled antibody molecules. A reagent, e.g., antibody molecule with specificity for Gl over G2, is

labeled with a first fluorophore, and a reagent, e.g., antibody molecule with specificity for G2 over Gl, is

labeled with a second fluorophore. A first sub-population of cells, having Gl, will be labeled primarily

with the first fluorophore. A second sub-population of cells, having G2, will be labeled primarily with

the second fluorophore. Flowever in each of these populations there will be some background arising

from the weak affinity of each antibody molecule for its less-preferred antigen. A third sub-population of

cells contains cells that are labelled with both fluorophores; these cells may have undergone nonspecific

binding with the antibody or some other event that complicates analysis. In this case, the sub-population

of cells that are bound primarily by the desired fluorophore can be separated from the other two sub-



populations by selecting cells that have a predetermined ratio of the first fluorophore to the second

fluorophore, e.g., at least 1:2, 1:3, 1:4, 1:5, 1:10, 1:20, 1:50, or 1:100.

H. Testing the efficacy of sorting or selection

After sorting yields two populations (or more) of gametes, e.g., sperm cells, each population can

be tested to determine the relative frequency of each allele of the PAS. Similarly, if a selection (e.g.,

involving viability or fertility) step is used, the resulting population can be tested to determine the relative

frequency of each allele of the PAS. In some embodiments, the testing identifies if the population of

sperm is sufficiently pure (e.g., has a sufficiently high ratio of the preselected allele of the PAS to the

other allele of the PAS). In some embodiments, if the testing shows that the population is not sufficiently

pure, a second round of separation is performed, e.g., using the same or a different GIMS. In some

embodiments, the testing identifies that a reagent or plurality of reagents are useful or not useful for a

given selection by assessing if the sperm populations are sufficiently pure.

In some embodiments, the testing is performed on a sample of the sorted or selected population.

In some embodiments, the testing is destructive testing.

In some embodiments, the individual’s haplotype was not known prior to sorting. In these cases,

the haplotype can be determined by testing the frequency of each allele of the PAS in each of the two

populations sorted based on a GIMS.

Determining the relative frequency of each allele of the PAS can be performed by any suitable

method, including those disclosed herein, such as PCR, microarray, or nucleic acid sequencing.

V. Individuals that can provide gametes

In embodiments, the individual that provides the gamete sample (e.g., sperm cell sample) is a

mammal, e.g. a mammal described herein.

In some embodiments, the individual that provides the gamete sample (e.g., sperm cell sample) is

a human.

In other embodiments, the individual that provides the gamete sample (e.g., sperm cell sample) is

a non-human animal. In some embodiments, the non-human animal is: a bird; a poultry bird; a chicken

(e.g., a broiler or layer chicken); a duck; a turkey; a goose; guinea fowl; a squab; a pig; a piglet; a swine; a

hog; a grower-finisher; a sow; a ruminant animal; a beef producing animal; a dairy producing animal; an

alpaca; a bison; a bovine animal; a camel; an animal of the cattle family; a cow; a deer; a donkey; an

Equus animal; a goat; a horse; a lamb; any animal considered to be livestock; a llama; a mule; an ox; a

reindeer; a sheep; a steer; a yak; a buffalo; a giraffe; a moose; an elk; a llama; an antelope; a pronghorn; a

nilgai; an equine, bovine, cervidae, caprinae, camelidae animal; a fish; a gastric fish; an agastric fish; a

crustacean such as shrimp or lobster; a marine fish or a freshwater fish; an insect such as a food insect,



pest control insect, pollinating insect, silkworm, bee (e.g., honey bee), ant, ladybug, mayfly, stonefly, or

hellgrammite, grasshopper, sago grub, termite, caterpillar, water bug, beetle larva, fly, cricket, katydid,

cicada, dragonfly, beetle, dung beetle, butterfly, Laccifer lacca, and Dactylopius coccus), a monogastric

farm animal; a monogastric animal; a non-monogastric animal; a non-monogastric farm animal; a

ruminant from the Bovinae sub family including Bison, Yak, Cattle, Cow, Buffalo, Bovine, Ox, Steer,

Nilgai, and dairy and beef producing animals; a Ruminant of Bos taurus and Bos lndicus such as cows,

bulls, steers, beef cattle, dairy cattle and calves; a Ruminant of the Cervidae sub family including Deer,

Reindeer, Antelope, Moose, Elk and Muntjac; a ruminant of the Caprinae sub-family including Sheep,

Goat, Lambs, Chamois and Pronghorn; a non-ruminant such as Giraffe, a non-ruminant such as Equus or

Equine species such as Horse, Donkey, and Mule; or a non-ruminant such as Camelidae including Llama,

Alpaca and Camel. In some embodiments, the animal is a laboratory animal such as a rodent (e.g., mouse

or rat), pig, monkey, ape, or rabbit. In some embodiments, the individual is a companion animal such as a

dog, cat, or bird. In some embodiments, the individual is a show animal, for example, for a breed or

agricultural show, such as a dog, cat, rabbit, budgerigars, canaries, cockatiels, guinea pigs/cavies, fancy

rats, hamsters, lovebirds, pigeons, horse, sheep, alpaca, poultry, swine, or cow. In some embodiments,

the individual is an animal used for sport, such as a show jumping, dressage, three-day eventing,

combined driving, eventing, horseball, reining, tent pegging, vaulting, paraequestrianism, competitive

driving, endurance riding, gymkhana, rodeos, polo, jousting, buzkhasi and fox hunting (e.g., hot-blood

horses, light horses, riding horses, cold blood horses, draft horses, work horses, warmblood horses, sport

horses) greyhound racing, pigeon racing, polo (e.g., elephants, horses), animal fighting (e.g., gamecocks,

dogs, cows, camels, bulls or crickets), hunting, or fishing.

In some embodiments, the individual is a male. In some embodiments, the individual is a female.

The individual (e.g., a mammal, a non-human animal, or a human, e.g., a human male) may be

fertile or infertile. Assisted reproduction technologies may be used together with the methods herein, e.g.,

when the one or both individuals providing the sperm and egg(s) is infertile. In some embodiments, the

infertile individual experiences or experienced one or more of DNA damage; diabetes mehitus; thyroid

disorders; adrenal disease; hypothalamic -pituitary factors such as hyperprolactinemia, hypopituitarism, or

anti-thyroid antibodies; smoking; ovulation problems such as polycystic ovarian syndrome; tubal

blockage; pelvic inflammatory disease, e.g., from tuberculosis; uterine problems; previous tubal ligation;

endometriosis; or advanced maternal age. In some embodiments, the infertile male individual has low

semen quality, e.g., singly or in combination, oligospermia or oligozoospermia (decreased number of

spermatozoa in semen), azoospermia (lack of spermatozoa in semen) but sperm are collected through

testicular biopsy, hypospermia (reduced seminal volume), teratospermia (increase in sperm with abnormal

morphology), or asthenozoospermia (reduced sperm motility). In some embodiments, the individual (e.g.,



human male) is fertile. In some embodiments, the individual (e.g., human male) provides a sperm sample

that is within normal ranges for one or more of the number of sperm cells, sperm ce morphology, sperm

ce motility, percentage of defective sperm, or amount of DNA damage.

In some embodiments, the gamete is derived from precursor cells extracted from the individual,

e.g. spermatogonia or spermatocytes. In some embodiments, the gamete is derived from embryonic stem

cells or induced pluripotent stem cells. In embodiments, the gamete is differentiated or matured in vitro.

In other embodiments, the gamete is differentiated or matured by insertion into a human or animal testis

and later extracted.

In embodiments, the individual is not from an inbred population. For example, the individual

may be from a population that has not undergone inbreeding in the last 10 generations.

VI. Methods of fertilization

In some embodiments, the methods herein involve contacting a sperm ce with an ovum to allow

fertilization to occur. The method may involve, e.g., artificial insemination or IVF (e.g., ICSI), ROSI or

intercourse, using either fresh or cryopreserved stem cells. Various suitable fertilization methods are

described, e.g., in “Manual of Assisted Reproductive Technologies and Clinical Embryology” by Talwar

2014. Artificial insemination, when used in combination with the compositions and methods herein,

involves the injection of pre-fractionated sperm cells into the vagina or uterus. In-vitro fertilization, when

used in combination with the compositions and methods herein, involves manually combining an egg and

pre-fractionated sperm (e.g., in a laboratory dish), and then transferring the embryo to the uterus. This

process can be aided using intra-cytoplasmic sperm injection (ICSI) to aid in fertilization of the egg.

Alternatively, e.g., in males that are unable to produce mature sperm, pre-fractionated round ce

precursors can be injected into the egg using ROSI (round spermatid injection), e.g., as described in

Tanaka et al. “Fourteen babies born after round spermatid injection into human oocytes” PNAS

November 24, 2015 vol. 112 no. 47.

Intercourse can involve using a device to fractionate sperm, allowing only the desirable sperm

cells to pass through (either by binding or otherwise incapacitating undesirable sperm cells). The device

can be condom-like. Alternatively or in combination, the device can include a sponge or selectively

permeable barrier inserted into the reproductive tract, e.g., vagina or uterus.

In embodiments, a sperm ce (e.g., a sperm ce obtained by a method herein) and an egg ce are

chosen, using computational predictions methods, to make an embryo. The computational prediction

methods can include, e.g., using a processor to generate one or more sperm haplotype sequences and one

or more virtual egg haplotype sequences. The haplotype sequence may comprise a whole haploid genome

or a portion thereof. In some cases, a processor is used to combine a sperm haplotype sequence with an



egg haplotype sequence, thereby generating a progeny sequence. Using knowledge of which alleles are

beneficial or deleterious (alone or in combination with alleles at other genes), one can select a sperm cell

and an egg cell that, when fused, would produce an embryo with a given genotype. Examples of

computational methods that can be used in combination with the methods described herein are provided,

e.g., in U.S. Patent 8,620,594, and U.S. Patent Publication Nos. 2015/0317432, and 2015/0363546, each

of which is incorporated herein by reference in its entirety.

In embodiments, an embryo described herein (e.g., an embryo produced using a sperm cell

obtained by a method herein) is visualized with microscopy over time. The microscopy can be time-lapse

microscopy. The embryo can be illuminated with brightfield or darkfield illumination, e.g., for detecting

gross morphological features. Fertilization and/or early embryonic development can be visualized. A

video file can be generated and subjected to image processing to measure, e.g., the speed of cell division,

level of cell fragmentation, level of cell symmetry, abnormal cleavage, blastocyst expansion, blastocyst

collapse, or machine-learned features. Based on the image processing, a prediction can be made about

whether the embryo is likely to survive, and embryos with good potential can be transferred to the uterus.

Examples of computational microscopy methods that can be used in combination with the methods

described herein are provided, e.g., in U.S. Patent 9,177,192, and U.S. Patent Publication Nos.

2014/0106389, 2013/0337487, 2014/0017717, 2014/0220618, 2014/0220619, 2014/0247973, and

2015/0268227, each of which is incorporated herein by reference in its entirety.

In embodiments, an embryo described herein (e.g., an embryo produced using a sperm cell

obtained by a method herein) is produced using a step of mitochondrial transplantation. For example,

donor mitochondria can be introduced into a recipient oocyte, e.g., prior to fertilization. The

mitochondria can be prepared, e.g., as described in U.S. Patent Publication No. 2016/0160237 which is

herein incorporated by reference in its entirety. In embodiments, and embryo described herein (e.g., an

embryo produced using a sperm cell obtained by a method here) is produced using an oocyte that was

differentiated in vitro, e.g, from an ovarian germ-line-competent embryonic stem cells. Such in vitro

differentiation methods are described, e.g., in U.S. Patent Publication No. 2014/0249364, which is herein

incorporated by reference in its entirety. In embodiments, oocyte precursors (e.g., oogonial stem cells)

can be enriched from a population of cells using anti-VASA antibodies, e.g., as described in U.S. Patent

Publication No. 2016/0075797, which is herein incorporated by reference in its entirety.

The oocytes and sperm cells described herein can be obtained from various sources. For instance,

the oocyte can be obtained from a female’s ova, e.g., using standard IVF techniques. As another

example, the oocyte can be differentiated in vitro from a precursor cell, e.g., from a stem cell such as an

embryonic stem cell, induced pluripotent stem cell, or an ovarian germ-line-competent embryonic stem

cell. In embodiments, in vitro differentiation of oocytes is performed as described in Hikabe et al.,



“Reconstitution in vitro of the entire cycle of the mouse female germ line.” Nature. 2016 Oct 17. doi:

10.1038/nature20104. The stem cell used to produce the oocyte may be derived from a male or female

individual. In some embodiments, the oocyte is a primary oocyte or a secondary oocyte. In some

embodiments, the sperm cell is obtained from ejaculate. As another example, the sperm cells can be

differentiated in vitro from a precursor cell, e.g., from a stem cell such as an embryonic stem cell or

induced pluripotent stem cell. The stem cell used to produce the sperm cell may be derived from a male

or female individual. Thus, in some embodiments, an embryo described herein has two male genetic

parents, two female genetic parents, or a male genetic parent and a female genetic parent. In some

embodiments, a sperm cell and an oocyte are produced from stem cells obtained from the same

individual. Thus, in some embodiments, an embryo described herein has one genetic parent, e.g., a male

parent or a female parent.

In embodiments, an embryo described herein (e.g., an embryo produced using a sperm cell

obtained by a method herein) is subjected to one or more analytical steps. For instance, an early embryo

(e.g., having about 1 to about 500 cells) may be divided into two or more aliquots, and one or more

aliquots of cells may undergo genetic testing. A viable aliquot corresponding to a tested aliquot may be

selected for fertilization, e.g., on the basis of the genetic test results. In related embodiments, the method

can comprise removing one or more cells from an embryo, optionally culturing the one or more removed

cells, and genetically analyzing the removed cells or cells derived therefrom. Exemplary methods for

genetic testing of a cell or aliquot removed from an embryo are described, e.g., in U.S. Patent Publication

No. 2015/0247197, which is herein incorporated by reference in its entirety.

In accordance with the methods herein, fertilization can use a whole sperm cell or functional

portion thereof. For instance, the sperm cell can comprise an acrosome or can lack an acrosome. In

embodiments, the sperm cell has abnormal morphology or motility but is still competent for fertilization

in vitro (e.g., in conjunction with ICSI). For instance, the sperm cell may have two heads or two tails or

may lack a tail, but have a functional genome. In some embodiments, an entire sperm cell or a functional

portion thereof is injected into an oocyte.

In some embodiments, testing steps are carried out prior to or after fertilization. For instance, in

some embodiments, the female cells are tested, e.g., the polar bodies can be genotyped, e.g., by

destructive testing to ascertain the genotype of the egg. Alternatively or in combination, the fertilized egg

can be tested, e.g., by removing a cell from the early embryo and performing testing on the cell, e.g.,

destructive testing. In some embodiments, the testing comprises DNA sequencing.

In some embodiments, the sperm cells are tested prior to fertilization. For instance, the sperm

cells can be tested for and/or selected for viability, DNA staining, morphology, motility, mitochondrial

function, or behavior in specific solutions. In some embodiments, a sample of sperm cells are subjected



to testing, e.g., destructive testing, for DNA sequence or levels, RNA sequence or levels, or protein

sequence or levels.

VII. Genetic Engineering and Gamete Cycling Methods

Genetic engineering methods can be used in conjunction with the methods herein, e.g., to

facilitate breeding of non-human animals, e.g., livestock animals. Genetic engineering can be used to

produce a male parent animal for which sperm cell sorting is easier or more effective than on an otherwise

similar wild-type animal.

For instance, by engineering animals to overexpress SPOl 1 or a downstream gene in the

recombination pathway, one can increase the rate of recombination in gametogenesis. This

overexpression can be accomplished, e.g., by engineering a SPOll expression cassette into the germline,

or by transfecting testis in a live animal with an overexpression construct. The resulting sperm would

have a higher rate of recombination than wild-type sperm, and could be subjected to the cell separation

methods described herein. Increased recombination could lead to combining multiple advantageous

haplotype blocks per chromosome in a much faster way than conventional breeding. The recombination

could also be targeted to specific regions, e.g., by using a fusion of SPOl 1 and a sequence specific

targeting moiety such as Transcription activator-like effector (TALE), nuclease-dead CRISPR/Cas9,

nuclease-dead ZFN, or nuclease-dead TALEN. This method could be used to target recombination

preferentially between two GIMS, aiding the selection of specific combinations of haplotype blocks.

The methods herein can also comprise engineering artificial GIMS into the genome. An artificial

GIMS can be inserted into the genome by, e.g., homologous recombination, random integration, or a

genome editing technique such as CRISPR/Cas9, TALEN, or ZFN. In some embodiments, the GIMS is

wholly artificial, e.g., an expression cassette can comprise a promoter active in sperm (e.g., exclusively

active in sperm cells), a region encoding a genoinformative protein (e.g., comprising a transmembrane

domain and an extracellular affinity tag). The artificial GIMS may comprise a transmembrane protein

with a tag (e.g. an epitope) or having an existing highly specific antibody; and sequence elements

conferring GIMS status. Alternatively or in combination, the artificial GIMS may comprise a reporter,

e.g., a reporter protein, e.g., a fluorescent reporter protein. The reporter may be, e.g., intracellular or

surface-exposed. A construct comprising the artificial GIMS may also comprise a promoter that is active

in haploid sperm precursor cells, and 3' UTR elements associated with RNA retention (i.e. keeping the

RNA from cytoplasmic bridges). In other embodiments, the GIMS is partially artificial, e.g., an affinity

tag is inserted into an endogenous surface-exposed geno-informative gene, or a non-geno-informative

gene is converted into a geno-informative gene, e.g., by fusing it with a geno-informative gene or portion

thereof. An artificial GIMS could be tuned to have higher genoinformativity, would be easily selected



using antibodies or other reagents, and would be suitable for use in parallel with other GIMS (e.g.,

naturally occurring or artificial GIMS). With multiple artificial GIMS per chromosome, the optimization

of selective breeding would be much faster. In some embodiments, an animal is produced that comprises

a plurality of artificial GIMSs, e.g., at least 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, or 60

GIMS. In some embodiments, an animal is produced that comprises a GIMS on each chromosome, or

each chromosome arm.

Gamete cycling can be used in conjunction with the methods herein. In gamete cycling, many

generations can be iterated in vitro without producing a full adult organism, thereby speeding the animal

breeding process. Gamete cycling can include performing two or more iterations of: (in either order)

fusing gametes to produce an embryo, and producing gametes from the embryo. More specifically,

producing gametes from the embryo can comprise producing one or more embryonic stem cells from the

embryo, differentiating the stem cell(s) into one or more gametes, such as a sperm and/or egg cells, and

fusing a differentiated gamete, such as sperm and/or egg with another gamete to produce another embryo.

In addition, producing gametes from the embryo can comprise producing one or more embryonic stem

cells from the embryo, differentiating the stem cell(s) into one or more gametes, and fusing a

differentiated gamete with a different in-vitro differentiated gamete (e.g., another gamete derived using a

similar method) to produce another embryo. Thus, the use of gamete cycling in conjunction with the

methods herein can provide two or more iterations of: sorting gametes using a method herein, using a

desired one or more gametes to fertilize another gamete (e.g., an egg), thereby producing an embryo,

causing one or more embryonic cells to differentiate into a gamete.

TABLES

Overview of Tables

Table 1 - Exemplary Mouse GIMSs

Table 2 - Exemplary Human GIMSs and PAS

Table 3A - Exemplary Bovine GIMSs

Table 3B - Exemplary Nonhuman Primate GIMSs

Table 4 - Exemplary disease genes and associated diseases for GIMSs

Table 5 - Exemplary structures for GIMSs

Table A 1 - Exemplary Mouse MSGCs and SGSs

Table A2 - Exemplary Human MSGCs and SGSs



Table A3 - Exemplary Bovine MSGCs and SGSs

Table A4 - Exemplary structures for MSGCs

Table 1 comprises mouse GIMS. Column 1 = Candidate GIMS name. Column 2 = Candidate GIMS
Ensembl ID (ENSMUSG 00000+ identifier). Column 3 = Likely membrane associated. Candidate
GIMS in this list were statistically more genoinformative in spermatid cells than expected by chance.
Genes that code for proteins with some membrane annotation in the Uniprot database are annotated as

likely membrane-associated GIMS.































































































Table 2 comprises human GIMS and PAS. Column 1 = Candidate GIMS name. Column 2 =
Candidate GIMS Ensembl ID (ENSG00000 + identifier). Column 3 = likely membrane associated.
Column 4 = chromosome. Column 5 = Common protein-level variants. Column 6 = linked disease
genes. Column 7 = Genoinformative in mouse. Candidate GIMS in this list were statistically more
genoinformative in spermatid cells than expected by chance. Genes that code for proteins with some
membrane annotation in the Uniprot database are annotated as likely membrane-associated GIMS. In
addition, variants from the 1000 genomes project were cross-referenced with the GIMS genes, and
variants with at least 2.5% minor allele frequency and an effect on the am o acid sequence are shown for
illustration purposes. Also annotated are genes that are closely linked (<50Mb for most chromosomes)
and are associated in the OMIM database with autosomal Mendelian diseases that are commonly tested.
Finally, GIMS that are also statistically significant GIMS in mouse data are annotated as such. Genes that
do not have variants meeting these cutoffs usually still have variants that may be useful for selection.
These variants can be retrieved from public databases, for example Ensembl or dbSNP. Aside from this
source, most genes have allele-specific variations in gene expression level that can be exploited, e.g. via
expression quantitative trait loci (eQTLs).











































































Table 3A comprises bovine GIMS. Column 1 = Candidate GIMS name. Column 2 = Candidate GIMS
Ensembl ID (ENSBTAG00000+ identifier). Column 3 = Chromosome.























Table 3B comprises nonhuman primate GIMS. Column 1 = Candidate GIMS name. Column 2 = Start
coordinate. Column 3 = End coordinate. Column 4 = chromosome. Allelic variants of the GIMS in the
table can be retrieved from public databases, for example Ensembl or dbSNP. Aside from this source,
most genes have allele-specific variations in gene expression level that can be exploited, e.g. via
expression quantitative trait loci (eQTLs).





































































Table 4. Disease genes, and diseases associated with the genes.









Table 5. Exemplary structures detectable by methods herein



Table A1 comprises mouse MSGCs and SGSs. Column 1 = Candidate MSGC name. Column
2 = Candidate MSGC Ensembl ID. Column 3 = chromosome on which MSGC is situated.
Candidate MSGC in this list were statistically more genoinformative in spermatid cells than
expected by chance.



Table A2 comprises human MSGC for different SGSs. Column 1 = Candidate MSGC name.
Column 2 = Candidate MSGC Ensembl ID (ENSG00000 + identifier). Column 3 = likely
membrane associated. Column 4 = chromosome. Column 5 = Common protein-level variants.
Column 6 = SGS name. Column 7 = also genoinformative in mouse.





Table A3 comprises bovine MSGCs and SGSs. Column 1 = Candidate MSGC name. Column
2 = Candidate MSGC Ensembl ID. Column 3 = chromosome on which MSGC is situated.



Candidate MSGC in this list were statistically more genoinformative in spermatid cells than
expected by chance.



Table A4. Exemplary structures detectable by methods herein

NUMBERED EMBODIMENTS

The invention is further described with reference to the following numbered embodiments.

1. A method of manufacturing a preparation of gametes, or a method of selecting a gamete, e.g.,

sperm cell, comprising a first allele, e.g., a non-disease or non-DOP or first PC allele, at a phenotype

associated site (a PAS), a gamete, e.g., sperm cell having greater than random, e.g., greater than 60, 65,

70, 75, 80, 85, 90, 95, or 99% likelihood of comprising the first allele, or a population of gametes, e.g.,

sperm cells, enriched for gametes e.g., comprising greater than 60, 65, 70, 75, 80, 85, 90, 95, or 99% of

cells, comprising the first allele, comprising:

a) providing a plurality of gametes, e.g., sperm cells, from an individual (e.g., a human, mammal,

or a non-human animal) having:

i) the first allele and a second, different, allele at the PAS, wherein the first allele of the

PAS is associated with a first PAS phenotype, e.g., a non-disease phenotype, non-DOP, or first PC, and

the second allele of the PAS is associated with a second PAS phenotype, e.g., a disease phenotype, DOP,

or second PC; and



ii) a first allele and a second, different, allele for a geno-informative marker site (a

GIMS), linked to the PAS, wherein the first allele of the GIMS is associated with a first GIMS phenotype

and the second allele of the GIMS is associated with a second, different, GIMS phenotype;

wherein the individual comprises a first haplotype comprising the first allele of the PAS and one

of the first and second allele of the GIMS, and a second haplotype comprising the second allele of the

PAS and the other of the first and second allele of the GIMS; and

b) subjecting the plurality of gametes, e.g., sperm cells, to a method that selects one or more

gametes, e.g., sperm cells, on the basis of comprising the first allele of the GIMS or comprising the first

GIMS phenotype,

thereby manufacturing a preparation of gametes or selecting a gamete, e.g., sperm cell, having a

first allele, e.g., a non-disease, non-DOP, or first PC allele, at the PAS, a gamete, e.g. sperm cell having

greater than random, e.g., greater than 60, 65, 70, 75, 80, 85, 90, 95, or 99% likelihood of comprising the

first allele, or a population of gametes, e.g., sperm cells enriched for gametes e.g., comprising greater than

60, 65, 70, 75, 80, 85, 90, 95, or 99% of cells, comprising the first allele.

2. A method of manufacturing a preparation of sperm cells, or a method of selecting a sperm cell

comprising a first allele, e.g., a preselected allele, e.g., a non-disease, non-DOP, or first PC allele, at a

phenotype associated site (PAS), e.g., in a phenotype associated gene, comprising:

a) providing a plurality of sperm cells from an individual (e.g., a human, a mammal, or a non

human animal) having,

i) the first allele, sometimes referred as the preselected allele, and a second, different,

allele at the PAS, e.g., in a phenotype associated gene, wherein the first allele of the PAS is associated

with a first PAS phenotype, e.g., a non-disease phenotype, non-DOP, or first PC, and the second allele of

the PAS is associated with a second PAS phenotype, e.g., a disease phenotype, DOP, or second PC; and

ii) a first allele and a second, different, allele for a geno-informative marker site (GIMS),

e.g., a cell-restricted marker site, e.g., in a geno-informative marker gene, e.g., a cell-restricted marker

gene, linked to the PAS (e.g., phenotype associated gene) wherein the first GIMS allele is associated with

a first GIMS phenotype and the second GIMS allele is associated with a second GIMS phenotype;

wherein the PAS and the GIMS are not in the same gene; and

a2) acquiring knowledge of, e.g., determining, whether a sperm cell in the plurality comprises the

first allele of the GIMS or comprises the first GIMS phenotype, and

b) selecting one or more sperm cells on the basis of comprising the first allele of the GIMS from

one or more sperm cells comprising the second allele of the GIMS,



thereby manufacturing a preparation of sperm cells or selecting a sperm cell having a first allele,

e.g., a preselected allele, e.g., a non-disease, non-DOP, or first PC allele, at the PAS.

3. A method of manufacturing a preparation of gametes, or a method of selecting a sperm cell

comprising a first allele, e.g., a preselected allele, e.g., a non-disease, non-DOP, or first PC allele, at a

PAS, comprising:

a) providing a plurality of sperm cells from an individual (e.g., a human, a mammal, or a non

human animal) having:

i) the first allele, sometimes referred as the preselected allele, and a second, different,

allele at the PAS; and

ii) a first allele and a second, different, allele for a GIMS, linked to the PAS (e.g.,

phenotype associated gene);

wherein the first allele of the PAS or phenotype associated gene is associated with a first

phenotype, e.g., a non-disease phenotype, non-DOP, or first PC, and the second allele of the PAS or

phenotype associated gene is associated with a second phenotype, e.g., a disease phenotype, DOP, or

second PC, and one or more of:

iii) wherein a sperm cell having the first allele of the PAS or phenotype associated gene

has a first surface-exposed structure, e.g., a first surface exposed epitope, present at a first level,

and a sperm cell having the second allele of the PAS or phenotype associated gene lacks the first

surface exposed epitope or has it at a second, different, level;

iv) the plurality of sperm cells have normal mitochondrial function, e.g., have normal

mitochondrial membrane potential, or cells having the first allele of the PAS have the same

mitochondrial function as cells having the second allele of the PAS;

v) the plurality of sperm cells have normal morphology, or cells having the first allele of

the PAS have the same morphology as cells having the second allele of the PAS;

vi) the plurality of sperm cells have normal ability to undergo capacitation and/or the

acrosome reaction, or cells having the first allele of the PAS have the same ability to undergo

capacitation and/or the acrosome reaction as cells having the second allele of the PAS; or

vii) the PAS is on one of human autosomes 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,

16, 17, 18, 19, 20, 21, or 22, or on a human X or Y chromosome, or wherein the PAS is on a non

human animal autosome; and

b) selecting one or more sperm cells comprising the first allele of the GIMS from one or more

sperm cells comprising the second allele of the GIMS,



thereby manufacturing a preparation of sperm cells, or selecting a sperm cell having a first allele,

e.g., a preselected allele, e.g., a non-disease, non-DOP, or first PC allele, at the PAS.

4. The method of embodiment 3, wherein the PAS and the GIMS are in the same gene; are within a

predetermined distance of each other; in linkage disequilibrium with each other; are in the same LD block

as each other; are in the same transcript; are in the same coding region; or are within 10, 8, 6, 5, 4, 3, 2, or

1 kb of each other.

5. A method of manufacturing a preparation of gamete or a method of selecting a sperm cell

comprising a first allele at a GIMS, comprising:

a) providing a plurality of gametes, e.g., sperm cells, from an individual (e.g., a human, a

mammal, or a non-human animal) having a first allele and a second, different, allele for a geno-

informative marker site (a GIMS), wherein the first allele of the GIMS is associated with a first GIMS

phenotype and the second allele of the GIMS is associated with a second, different, GIMS phenotype, and

wherein the gametes optionally further comprise a PAS; and one or more of (e.g., 2, 3, 4 or all of):

i) wherein a sperm cell having the first allele of the GIMS has a first surface-exposed structure,

e.g., a first surface exposed epitope, present at a first level, and a sperm cell having the second allele of

the GIMS lacks the first surface exposed epitope or has it at a second, different, level;

ii) the plurality of sperm cells have normal mitochondrial function, e.g., have normal

mitochondrial membrane potential, or cells having the first allele of the GIMS have the same

mitochondrial function as cells having the second allele of the GIMS;

iii) the plurality of sperm cells have normal morphology, or cells having the first allele of the

GIMS have the same morphology as cells having the second allele of the GIMS;

iv) the plurality of sperm cells have normal ability to undergo capacitation and/or the acrosome

reaction, or cells having the first allele of the GIMS have the same ability to undergo capacitation and/or

the acrosome reaction as cells having the second allele of the GIMS; or

v) the GIMS is on one of human autosomes 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17,

18, 19, 20, 21, or 22, or on a human X or Y chromosome, or wherein the GIMS is on a non-human animal

autosome; and

b) subjecting the plurality of gametes, e.g., sperm cells, to a method that selects one or more

gametes, e.g., sperm cells, on the basis that it comprises or they comprise the first allele of the GIMS or

that it comprises the first GIMS phenotype,

thereby manufacturing a preparation of gametes or selecting a gamete, e.g., sperm cell, having a

first allele at the GIMS.



6. A method of manufacturing a preparation of sperm cells or a method of selecting a sperm cell

(e.g., a human sperm cell, mammalian sperm cell, or non-human animal sperm cell) comprising a first

allele, e.g., a non-disease, non-DOP, or first PC allele, at a phenotype associated site (a PAS), comprising:

a) providing a plurality of sperm cells from an individual, e.g., a human individual, having:

i) the first allele and a second, different, allele at the PAS, wherein the first allele of the

PAS is associated with a non-disease phenotype, non-DOP, or first PC, and the second allele of the PAS

is associated with a disease phenotype, DOP or second PC; and

ii) a first allele and a second, different, allele for a geno-informative marker site (a

GIMS), linked to the PAS, wherein the first allele of the GIMS encodes a first surface-expressed protein

and the second allele of the GIMS encodes a second, different, surface-expressed protein;

wherein the PAS and the GIMS are not in the same gene;

wherein the individual comprises a first haplotype comprising the first allele of the PAS and one

of the first and second allele of the GIMS, and a second haplotype comprising the second allele of the

PAS and the other of the first and second allele of the GIMS; and

b) contacting the plurality of sperm cells with a first antibody molecule that binds the first surface

expressed protein and a second antibody molecule that binds the second surface expressed protein, and

c) selecting one or more sperm cells that bind the first antibody molecule at a higher level than

the sperm cell or cells bind the second antibody molecule,

wherein the method does not comprise selecting sperm on the basis of carrying an X or Y chromosome;

thereby manufacturing a preparation of sperm cells or selecting a sperm cell having the non

disease, non-DOP, or first PC allele at the PAS.

7. A method of distinguishing a first population of gametes (e.g., sperm cells) from a second

population of gametes (e.g., sperm cells) comprising:

providing an input population of gametes which comprises the first population and the second population,

and

contacting the input population with a reagent that binds the first population with a first binding property,

e.g., binds the first population with greater affinity than it binds the second population, or binds the first

population with a first distribution of binding sites and binds the second population with a second

distribution of binding sites;

thereby distinguishing the first population of gametes from the second population of gametes.



8. The method of embodiment 7, which further comprises detecting binding of the reagent to the

first population, the second population, or the first population and the second population.

9. A method of manufacturing a labeled gamete, e.g., a preparation of labeled gametes, e.g., a

sperm cell, or preparation thereof, comprising a first allele, e.g., a non-disease or non-DOP or first PC

allele, at a phenotype associated site (a PAS), a sperm cell having greater than random, e.g., greater than

60, 65, 70, 75, 80, 85, 90, 95, or 99% likelihood of comprising the first allele, or a population of sperm

cells, enriched for sperm cells, e.g., comprising greater than 60, 65, 70, 75, 80, 85, 90, 95, or 99% sperm

cells, comprising the first allele, comprising:

a) providing a plurality of gametes, e.g., sperm cells, from an individual (e.g., a human or a non

human animal) having:

i) the first allele and a second, different, allele at the PAS, wherein the first allele of the

PAS is associated with a first PAS phenotype, e.g., a non-disease phenotype or non-DOP or first PC, and

the second allele of the PAS is associated with a second PAS phenotype, e.g., a disease phenotype or

DOP or second PC; and

ii) a first allele and a second, different, allele for a geno-informative marker site (a

GIMS), linked to the PAS, wherein the first allele of the GIMS is associated with a first GIMS phenotype

and the second allele of the GIMS is associated with a second, different, GIMS phenotype;

wherein the individual comprises a first haplotype comprising the first allele of the PAS and one

of the first and second allele of the GIMS, and a second haplotype comprising the second allele of the

PAS and the other of the first and second allele of the GIMS; and

contacting the gamete, or preparation of gametes, with a reagent having specific affinity for an

antigen comprised by a sperm cell comprising a first allele of a GIMS.

10. The method of embodiment 9, wherein the reagent, e.g., the antibody molecule, is bound (e.g.,

conjugated) to a substrate such as a bead, polymer, gel, film, or latex sheath.

11. The method of embodiment 10, wherein the substrate is a solid substrate.

12. The method of embodiment 9, wherein the reagent preferentially binds and immobilizes sperm

cells that comprise the first PAS phenotype, e.g., the non-disease phenotype or non-DOP or first PC.

13. The method of embodiment 12, which further comprises separating the bound sperm cells from

the reagent or substrate, e.g., for use in fertilizing an egg.



14. The method of embodiment 9, wherein the reagent preferentially binds and immobilizes sperm

cells that comprise the second PAS phenotype, e.g., the disease phenotype or DOP or second PC.

15. The method of embodiment 14, which further comprises recovering sperm cells that do not bind

the reagent, e.g., for use in fertilizing an egg.

16. The method of any of embodiments 9-15, wherein the reagent, e.g., the antibody molecule, is

disposed on or in a device, e.g., a separation device, e.g., comprising a column .

17. The method of any of embodiments 9-16, wherein a user contacts the sperm cells with the

reagent, e.g., a reagent disposed in the device, e.g., a column .

18. The method of embodiment 17, wherein the user is the male that produces the sperm, the woman

that provides the egg to be fertilized, a health care professional, or a user associated with a medical

facility, e.g., a hospital or clinic, e.g., fertility clinic.

19. The method of embodiment 17 or 18, wherein the user receives the reagent (e.g., receives a

device comprising the reagent) from another party, e.g., by mail or other delivery mode.

20. The method of any of embodiments 9-19, which further comprises contacting an egg with the

preparation of sperm cells, e.g., in vivo (e.g., through IUI) or in vitro (e.g., through ICSI)., or which

further comprises fertilizing an egg with the sperm cell.

21. A method of separating a population of sperm cells into at least two genetically distinct sub

populations, comprising:

separating the population of sperm cells into a first sub-population that is enriched for a first

allele of a PAS and a second sub-population that is enriched for a second allele of the PAS, wherein:

i) the first sub-population and the second sub-population have substantially equal ratios of X

chromosome -bearing sperm to Y chromosome -bearing sperm, e.g., ratios of about 1:1;

ii) the PAS is situated on an autosome; or

iii) the method does not comprise a sex selection step;

thereby separating the population of sperm cells into at least two genetically distinct sub-populations.



22. The method of any of the preceding embodiments, which comprises selecting a gamete, e.g.,

sperm cell, having a first allele, e.g., a non-disease, non-DOP, or first PC allele, at the PAS.

23. The method of any of the preceding embodiments, which comprises selecting a sperm cell having

greater than random, e.g., greater than 60, 65, 70, 75, 80, 85, 90, 95, or 99% likelihood of comprising the

first allele.

24. The method of any of the preceding embodiments, which comprises selecting a population of

sperm cells enriched for sperm cells, e.g., comprising greater than 60, 65, 70, 75, 80, 85, 90, 95, or 99%

sperm cells, comprising the first allele.

25. The method of any of the preceding embodiments, wherein the first PAS allele is a non-disease,

non-DOP, or first PC allele.

26. The method of any of embodiments 1-25, wherein the first PAS allele is a disease, DOP, or

second PC allele.

27. The method of any of the preceding embodiments, wherein the PAS and the GIMS are not in the

same gene; are a predetermined distance apart; are not in linkage disequilibrium with each other; are not

in the same LD block as each other; are not in the same transcript; are not in the same coding region; or

are at least 10, 20, 30, 40, 50, 100 kb apart.

28. The method of any of the preceding embodiments, which comprises detecting the presence,

absence, or level of a gene product of the first and/or second GIMS.

29. The method of any of the preceding embodiments, wherein the PAS is in a first gene and the

GIMS not in the first gene, e.g., is in a second gene.

30. The method of any of the preceding embodiments, wherein the PAS and the GIMS are in the

same gene.

31. The method of any of the preceding embodiments, wherein (b) comprises selecting a sperm cell

based on affinity of a reagent for an antigen comprised by a sperm cell comprising a first allele of a



GIMS, wherein optionally the reagent is bound, e.g., non-covalently bound or covalently linked, to a

detectable label, e.g., a fluorophore.

32. The method of any of the preceding embodiments, wherein (b) comprises selecting a sperm cell

based on affinity of a reagent for an antigen comprised by a sperm cell comprising a second allele of a

GIMS, wherein optionally the reagent is bound, e.g., non-covalently bound or covalently linked, to a

detectable label, e.g., a fluorophore.

33. The method of any of the preceding embodiments, wherein (b) does not comprise selecting on the

basis of mitochondrial function, morphology, or ability to undergo capacitation or the acrosome reaction.

34. The method of any of the preceding embodiments, which yields a plurality of sperm cells wherein

at least 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% of the sperm cells in the plurality,

comprises the first allele of the GIMS.

35. The method of any of the preceding embodiments, which comprises selecting a plurality of sperm

cells on the basis that each sperm cell in the plurality, or at least 70%, 75%, 80%, 85%, 90%, 95%, 96%,

97%, 98%, or 99% of the sperm cells in the plurality, comprises the first allele of the GIMS or comprises

the first GIMS phenotype.

36. The method of any of the preceding embodiments, which does not comprise selecting a sperm

cell on the basis of its X or Y chromosome.

37. The method of any of the preceding embodiments, which comprises assaying whether the

selected sperm cell comprises the first allele of the GIMS or comprises the first GIMS phenotype.

38. The method of any of the preceding embodiments, which comprises assaying whether the

selected sperm cell comprises the second allele of the GIMS or comprises the second GIMS phenotype.

39. The method of any of the preceding embodiments, which comprises assaying whether the

selected sperm cell comprises the first or second allele of the GIMS or comprises the first or second

GIMS phenotype.



40. The method of any of the preceding embodiments, which further comprises performing one or

more of: gamete differentiation in vitro (e.g., generating or obtaining a stem cell such as an embryonic

stem cell or induced pluripotent cell and inducing it to differentiate into a gamete such as an egg), in vitro

spermatogenesis, sequencing a nucleic acid from an IVF embryo before implantation, sequencing a

nucleic acid from an embryo post-implantation, sequencing a nucleic acid from an egg polar body (e.g.,

sequencing nucleic acids from two or three egg polar bodies generated by one egg, and optionally further

inferring the genotype of the egg at one or more locus, e.g., the PAS, and optionally selecting an egg for

fertilization based on the identity of the locus).

41. The method of any of the preceding embodiments, which further comprises contacting the sperm

cell with an egg cell, e.g., by IVF, ICSI, IUI, or intercourse.

42. The method of any of the preceding embodiments, which comprises contacting the sperm cell

having the first or second (e.g., preselected) allele with an ovum.

43. The method of any of the preceding embodiments, which further comprises artificial

insemination, in vitro fertilization, or intracytoplasmic sperm injection (ICSI).

44. The method of any of the preceding embodiments, wherein the ovum is from a female individual

that is, or is identified as being, heterozygous for the PAS.

45. The method of any of the preceding embodiments, which further comprises thawing the

cryopreserved sperm.

46. The method of any of the preceding embodiments, which further comprises cryopreserving the

sperm comprising the first or second (e.g., preselected) GIMS or PAS allele.

47. The method of any of the preceding embodiments, wherein the sperm are cryopreserved before

and/or after the method of selecting a sperm cell.

48. The method of any of the preceding embodiments, which further comprises transporting the

sperm comprising the first or second (e.g., preselected) GIMS or PAS allele.



49. The method of any of the preceding embodiments, which further comprises acquiring information

on the heterozygosity of the GIMS in the individual, e.g., the individual that contributes the sperm or the

individual that contributes the egg.

50. The method of any of the preceding embodiments, which further comprises testing whether the

individual (e.g., the individual that contributes the sperm or the individual that contributes the egg) is

heterozygous for the PAS.

51. The method of any of the preceding embodiments, which further comprises acquiring information

on the heterozygosity of the PAS in the individual (e.g., the individual that contributes the sperm or the

individual that contributes the egg).

52. The method of any of the preceding embodiments, which further comprises testing whether the

individual (e.g., the individual that contributes the sperm or the individual that contributes the egg) is

heterozygous for the GIMS.

53. The method of any of embodiments 50-52, wherein the testing is performed on a biological

sample from the individual (e.g., the individual that contributes the sperm or the individual that

contributes the egg), e.g., a biological sample that comprises gametes or somatic cells.

54. The method of any of embodiments 50-53, wherein the biological sample comprises blood, a

cheek swab, epidermal sample, skin sample, sperm, or semen.

55. The method of any of embodiments 50-54, wherein the testing comprises performing DNA

sequencing (e.g., whole genome DNA sequencing), PCR, ELISA, or microarray analysis.

56. The method of any of the preceding embodiments, which yields a first plurality of sperm cells

comprising the first allele of the GIMS and a second plurality of sperm cells comprising the second allele

of the GIMS.

57. The method of any of the preceding embodiments, which comprises acquiring information about

the PAS in the first plurality of sperm cells, e.g., determining whether the first or second allele of the PAS

is present in the first plurality of sperm cells.



58. The method of any of the preceding embodiments, which comprises acquiring information about

the PAS in the second plurality of sperm cells, e.g., determining whether the first or second allele of the

PAS is present in the second plurality of sperm cells.

59. The method of embodiment 57 or 58, wherein acquiring information comprises performing

testing, e.g., destructive testing, on a sample of the first plurality of sperm cells.

60. The method of any of embodiments 57-59, wherein acquiring information comprises performing

testing, e.g., destructive testing, on a sample of the second plurality of sperm cells.

61. The method of any of embodiments 57-60, wherein acquiring information comprises acquiring

information about the purity of the sperm cells in the first sample, e.g., acquiring information about a

level of the first allele of the phenotype associated gene and the second allele of the phenotype associated

gene.

62. The method of any of embodiments 57-61, wherein acquiring information comprises acquiring

information about the purity of the sperm cells in the second sample, e.g., acquiring information about a

level of the first allele of the phenotype associated gene and the second allele of the phenotype associated

gene.

63. The method of any of the preceding embodiments, which further comprises acquiring knowledge

of the haplotype of the individual supplying the sperm cells, e.g., acquiring knowledge of which allele of

the GIMS is linked to which allele of the PAS.

64. The method of embodiment 63, wherein the knowledge of the haplotype is acquired before or

after the selecting of the sperm cell.

65. The method of any of the preceding embodiments, which further comprises acquiring information

on the GIMS in the individual, e.g., whether the individual is heterozygous for the GIMS and/or

identifying the sequence of one or both alleles of the GIMS, e.g., by DNA sequencing of a sperm or

somatic cell or plurality of cells.

66. The method of any of the preceding embodiments, which further comprises generating a novel

reagent, e.g., antibody molecule, or mixture of reagents, e.g., antibody molecules (e.g., a novel mixture of



previously known antibodies) specific to an antigen comprised by one or more sperm cells comprising a

GIMS.

67. The method of embodiment 66, wherein the mixture comprises a first antibody molecule

(optionally labelled with a first label, e.g., a label having a first color) specific to an antigen comprised by

a sperm cell comprising the first allele of a first GIMS and a second antibody molecule (optionally

labelled with a second label, e.g., a label having a second color) specific to an antigen comprised by a

sperm cell comprising a second allele of the first GIMS.

68. The method of embodiment 66, wherein the mixture comprises an antibody molecule (optionally

labelled with a first label, e.g., a label having a first color) specific to an antigen comprised by a sperm

cell comprising a first allele of a first GIMS and a second antibody molecule (optionally labelled with the

first label, e.g., the label having a first color, or a second label, e.g., a label having a second color) specific

to an antigen comprised by a sperm cell comprising a first allele of a second GIMS.

69. The method of embodiment 66, wherein the mixture comprises:

a first antibody molecule (optionally labelled with a first label, e.g., a label having a first color)

specific to an antigen comprised by a sperm cell comprising the first allele of a first GIMS;

a second antibody molecule (optionally labelled with a second label, e.g., a label having a second

color) specific to an antigen comprised by a sperm cell comprising a second allele of the first GIMS;

a third antibody molecule (optionally labelled with a first label, e.g., a label having a third color)

specific to an antigen comprised by a sperm cell comprising the first allele of a second GIMS; and

a fourth antibody molecule (optionally labelled with a second label, e.g., a label having a fourth

color) specific to an antigen comprised by a sperm cell comprising a second allele of the second GIMS.

70. The method of any of embodiments 66-69, wherein the antigen is comprised by a protein encoded

by the GIMS allele or a reaction substrate of a reaction performed by an enzyme encoded by the GIMS

allele.

71. The method of any of the preceding embodiments, which comprises providing a plurality of

sperm cells, e.g., comprises acquiring, e.g., collecting ejaculate from the individual, e.g., in a collection

vial which is optionally in a temperature-controlled container.



72. The method of any of the preceding embodiments, which further comprises thawing

cryopreserved sperm cells before step (b), or cryopreserving one or more sperm cells after step (b).

73. The method of any of the preceding embodiments, wherein the selected sperm cell is an

epididymal cell, testes cell, or an immature sperm cell, e.g., a round cell.

74. The method of any of the preceding embodiments, wherein the plurality of sperm cells comprises

epididymal cells, testes cells, or round cells, or any combination thereof.

75. The method of any of the preceding embodiments, which further comprises performing testing,

e.g., destructive testing, on a sample of the first plurality of sperm cells and/or the second plurality of

sperm cells or on a cell from an embryo produced using a sperm cell from the first and/or second plurality

of sperm cells.

76. The method of embodiment 75, wherein the testing comprises sequencing a nucleic acid (e.g.,

RNA or DNA) from the sample, detecting a protein in the sample, observing a phenotype (e.g., motility

e.g., hypermotility, membrane polarization, acrosome reaction, or swelling, or any combination thereof),

or inducing a phenotype in the sample.

77. The method of embodiment 76, wherein the induced phenotype is acrosome reactivity,

chemoattraction, hypermotility, lack of motility, cell death, swelling, permeabilization, or sensitivity to a

solution, or any combination thereof.

78. The method of any of the preceding embodiments, wherein step (b) comprises selecting the sperm

cell by FACS, column, microfluidic device, or centrifuge.

79. The method of any of the preceding embodiments, wherein the first PAS phenotype or the second

PAS phenotype is displayed in an individual that arises from fertilization with a sperm cell comprising,

respectively, the first allele or the second allele of the PAS, e.g., the phenotype is displayed prenatally, or

postnatally, e.g., in a child or adult.

80. The method of any of the preceding embodiments, wherein the first PAS phenotype and/or the

second PAS phenotype is not displayed in the sperm cell.



81. The method of any of the preceding embodiments, wherein the PAS is in a phenotype associated

gene and/or the GIMS is in a cell-restricted marker gene.

82. The method of any of the preceding embodiments, wherein the PAS comprises or is comprised by

a gene that is not expressed in sperm cells, does not produce a detectable amount of RNA in sperm cells

(e.g., by RT-PCR), does not produce a detectable amount of protein in sperm cells (e.g., by Western blot),

or does not produce a detectable amount of protein on the surface of sperm cells (e.g., by FACS).

83. The method of any of the preceding embodiments, wherein the PAS or GIMS comprises one or

more nucleotide from, e.g., overlaps with or is situated within one or more of: a gene; a transcribed

sequence of a gene; a translated sequence of a gene; a coding sequence of a gene; a non-coding region,

e.g., intronic sequence or 5 ’ UTR or 3 ’ UTR, of a gene; a non-gene functional element, e.g., an enhancer

or insulator; a translocation; a deletion, e.g., a multi-gene deletion; an epigenetic feature, e.g., chromatin

having DNA methylation or one or more histone modifications; an eQTL (expression quantitative trait

locus); a GWAS (genome-wide association study) region; a phenotype associated region; or a pedigree

region.

84. The method of any of the preceding embodiments, wherein the PAS is not expressed in sperm

cells.

85. The method of any of the preceding embodiments, wherein PAS is located in, encompasses, or

overlaps with a gene that is not expressed in sperm cells (e.g., developing or mature sperm cells).

86. The method of any of the preceding embodiments, wherein selection of a GIMS allele results in

selection of a sperm cell having the first or second (e.g., preselected) allele of the PAS.

87. The method of any of the preceding embodiments, wherein the method comprises separating a

sperm cell having the first or preselected allele of the PAS from a sperm cell having the second allele of

the PAS.

88. The method of any of the preceding embodiments, wherein the first allele of the PAS is linked to

the first allele of the GIMS and the second allele of the PAS is linked to the second allele of the GIMS; or

the first allele of the PAS is linked to the second allele of the GIMS and the second allele of the PAS is

linked to the first allele of the GIMS.



89. The method of any of the preceding embodiments, which comprises, e.g., in step b), contacting a

sperm cell from the plurality with a reagent that can distinguish a sperm cell having the first allele of the

GIMS from a sperm cell having the second allele of the GIMS.

90. The method of any of the preceding embodiments, which comprises selecting a gamete by its

affinity for a reagent, e.g., a reagent that binds a gene product of the first and/or second GIMS or a

structure produced by the first and/or second GIMS.

91. The method of embodiment 89 or 90, wherein the reagent binds a sperm cell having the first

allele of the GIMS with a first affinity and binds a sperm cell having the second allele of the GIMS with a

second affinity.

92. The method of embodiment 91, wherein the first affinity and second affinity differ sufficiently to

allow distinguishing a sperm cell having the first allele of the GIMS from a sperm cell having the second

allele of the GIMS.

93. The method of any of embodiments 89-92, wherein the reagent binds a product of the first allele

of the GIMS with a first affinity and binds a product of the second allele of the GIMS with a second

affinity, and the first affinity is greater (e.g., having a lower Kd) than the second affinity, e.g., by about 2,

3, 4, 5, 6, 7, 8, 9, 10, 20, 50, or 100-fold.

94. The method of any of embodiments 89-93, wherein the affinity of the reagent for the product of

the first allele of the PAS is not sufficiently different from the affinity of the reagent for the product of the

second allele of the PAS to allow distinguishing or separating sperm cells having first allele of the PAS

from sperm cells having the second allele of the PAS on the basis of binding to a product of the PAS.

95. The method of any of embodiments 89-94, wherein the reagent fails to bind at substantial levels

to one or both of a product of the first allele of the PAS or the product of a second allele of the PAS.

96. The method of any of embodiments 89-95, wherein the reagent comprises an antibody molecule,

e.g., an antibody, scFv, Fab fragment, or Fab2 fragment, and optionally wherein the reagent is other than

an antibody produced by the individual that produced the egg cell or the sperm cell.



97. The method of any of embodiments 89-96, wherein the reagent comprises a nucleic acid, e.g.,

DNA or RNA.

98. The method of any of embodiments 89-97, wherein the reagent can distinguish a sperm cell

having the first allele of the GIMS from a sperm cell having of the second allele of the GIMS.

99. The method of any of embodiments 89-98, wherein the reagent can distinguish an antigen

comprised by a sperm cell having the first allele of the GIMS from an antigen comprised by a sperm cell

having of the second allele of the GIMS.

100. The method of any of embodiments 89-99, wherein the reagent binds preferentially to a product

of the first allele of the GIMS compared to a product of the second allele of the GIMS (e.g., has an

affinity for the product of the first allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater than its

affinity for the product of the second allele).

101. The method of any of embodiments 89-100, which further comprises, e.g., in step b), contacting a

sperm cell from the plurality with a second reagent that can distinguish a sperm cell having the first allele

of the GIMS from a sperm cell having the second allele of the GIMS.

102. The method of embodiment 101, wherein the second reagent binds preferentially to the product of

the second allele of the GIMS compared to the product of the first allele of the GIMS (e.g., has an affinity

for the product of the second allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater than its affinity

for a product of the first allele).

103. The method of embodiment 101 or 102, wherein the first reagent binds preferentially to the

product of the first allele of the GIMS compared to the product of the second allele of the GIMS (e.g., has

an affinity for the product of the first allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater than its

affinity for a product of the second allele), and the second reagent binds preferentially to the product of

the second allele of the GIMS compared to the product of the first allele of the GIMS (e.g., has an affinity

for the product of the second allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater than its affinity

for a product of the first allele).



104. The method of any of embodiments 101-103, wherein the first reagent is associated with a first

detectable label, e.g., a first fluorophore and the second reagent is associated with a second detectable

label, e.g., a second fluorophore.

105. The method of embodiment 104, which further comprises measuring a level of the first detectable

label, e.g., fluorescence from the first fluorophore and a level of the second detectable label, e.g.,

fluorescence from the second fluorophore, which is associated with a sperm cell.

106. The method of embodiment 104 or 105, which further comprises calculating a ratio between the

level of the first detectable label, e.g., fluorescence from the first fluorophore and the level of the second

detectable label, e.g., fluorescence from the second fluorophore, which is associated with a sperm cell.

107. The method of embodiment 106, which further comprises sorting the population of sperm cells

into at least two (e.g., 3, 4, 5, 6, or more) sub-populations based on the ratio.

108. The method of embodiment 107, wherein the sub-populations of sperm cells comprise:

i) a sub-population enriched for first allele of the GIMS, e.g., having greater fluorescence from

the first fluorophore than the second fluorophore,

ii) a sub-population enriched for second allele of the GIMS, e.g., having greater fluorescence

from the second fluorophore than the first fluorophore, and

iii) optionally, a sub-population which has similar levels of fluorescence from the first and second

fluorophores, e.g., a non-enriched or weakly enriched sub-population, e.g., suitable to discard.

109. The method of any of embodiments 89-108, which further comprises a step of removing the

reagent (e.g., the first reagent), e.g., antibody molecule, from the sperm cell, e.g., wherein a plurality of

antibody molecules bind the sperm, the method further comprises a step of removing one or more

reagents, e.g., antibody molecules, e.g., all antibodies, from the sperm.

110. The method of embodiment 109, which further comprises assaying the sperm cell for the

presence of the first reagent, e.g., antibody molecule.

111. The method of embodiment 109 or 110, which further comprises removing the second reagent

and/or assaying the sperm cell for the presence of the second reagent.



112. The method of any of the preceding embodiments, which further comprises contacting the sperm

cell with a viability dye.

113. The method of any of the preceding embodiments, which further comprises removing non-viable

sperm from the population, e.g., by FACS.

114. The method of any of the preceding embodiments, wherein a sperm cell having the first allele of

the GIMS has a first structure, e.g., a first epitope, e.g., a first surface exposed epitope, present at a first

level; and a sperm cell having the second allele of the GIMS lacks the first structure or has it at a second,

different level.

115. The method of embodiment 114, wherein the structure is one listed in Table 5.

116. The method of embodiment 114 or 115, wherein the first level is greater than the second level.

117. The method of any of embodiments 114-116, wherein second level is undetectable or zero, i.e.,

the first structure is not present or not detectable on sperm cells having the second allele of the GIMS.

118. The method of any of embodiments 114-117, wherein the sperm cell having the second allele of

the GIMS has a second structure.

119. The method of any of embodiments 114-118, wherein the method, e.g., step b) of the method,

comprises contacting a sperm cell from the starting population with a reagent, e.g., an antibody molecule,

that can distinguish the first structure, e.g., first epitope, from the second structure, e.g., second epitope.

120. The method of any of the preceding embodiments, wherein the reagent has a KD for the first

structure and a KD for the second structure, wherein the KD for the first structure is at least 2, 5, 10, 20,

50, 100, 200, 500, or 1000-fold lower than the KD for the second structure.

121. The method of any of embodiments 114-120, wherein the first structure is a gene product, e.g., a

polypeptide, encoded by the GIMS.



122. The method of any of embodiments 114-121, wherein the first structure is a polypeptide having a

first amino acid sequence and the second structure is a polypeptide having a second amino acid sequence,

wherein the first and second structures are different.

123. The method of any of the preceding embodiments, which comprises detecting a structure

produced by a GIMS, e.g., wherein the structure comprises a reaction product such as a phosphorylated

reaction substrate or a glycosylated reaction substrate.

124. The method of any of the preceding embodiments, wherein a first sperm cell having the first

allele of the GIMS has a first structure, e.g., a first epitope, e.g., a first surface exposed epitope, and the

first allele of the GIMS encodes a gene product, e.g., a polypeptide, that can form (e.g., catalyze the

formation of) the first structure, and the first structure is present at a first level; and a second sperm cell

having the second allele of the GIMS lacks the first structure or has the first structure at a second,

different level.

125. The method of embodiment 124, wherein the first structure is not disposed on the gene product of

the GIMS.

126. The method of embodiment 124 or 125, which comprises contacting the first sperm cell or second

sperm cell with a reagent (e.g., an antibody molecule) specific for the first structure.

127. The method of any of embodiments 124-126, wherein the first structure comprises a lipid (e.g., a

phospholipid), polypeptide, glycosyl moiety, phosphorylated amino acid, methylated amino acid,

acetylated amino acid, polypeptide subject to alternative splicing, post-translationally modified

polypeptide.

128. The method of any of the preceding embodiments, wherein:

the reagent is subject to cleavage and/or denaturation, e.g., in the vagina or uterus,

the reagent does not bind a factor (e.g., a sperm protein) that participates in fertilization,

the reagent does not bind a spermadhesin, and/or

the reagent does not interfere with fertilization.

129. The method of any of the preceding embodiments, which comprises directly detecting a protein

encoded by a GIMS.



130. The method of any of the preceding embodiments, wherein the first allele of the GIMS is a null

allele, or the second allele of the GIMS is a null allele, but the first and second alleles of the GIMS are not

both null alleles.

131. The method of any of embodiments 1-130, wherein the first allele of the GIMS, relative to the

second allele of the GIMS, comprises a point mutation, substitution, insertion, deletion, premature stop

codon, or frameshift.

132. The method of any of embodiments 1-131, wherein the GIMS encodes a transmembrane protein,

a membrane-associated protein, and/or a membrane lipid-anchored protein.

133. The method of any of embodiments 1-132, wherein the GIMS encodes a spermadhesin,

transmembrane transporter, ion channel, solute carrier, integrin, cadherin, matrix metallopeptidase, ATP-

binding cassette, ATPase, glycoproteins, or cell surface receptor (e.g., G protein-coupled receptor,

hormone receptor, chemokine receptor, or cytokine receptor).

134. The method of any of embodiments 1-133, wherein the GIMS affects levels of a protein, e.g., the

GIMS is disposed in, overlaps with, or encompasses a promoter, enhancer, or mRNA stability element.

135. The method of any of embodiments 1-134, wherein the GIMS affects stability of a protein, e.g.,

encodes an amino acid mutation that alters stability of the encoded protein.

136. The method of any of the preceding embodiments, wherein the first allele of the GIMS encodes a

polypeptide having enzymatic, e.g., catalytic activity, at a first level.

137. The method of any of the preceding embodiments, wherein the second allele of the GIMS

encodes a polypeptide having enzymatic, e.g., catalytic activity, at a second, different level.

138. The method of embodiment 137, wherein the second level is zero.

139. The method of any of embodiments 136-148, wherein the polypeptide is a glycosyltransferase,

kinase, phosphatase, methyltransf erase, acetyltransferase, deacetylase, protease, biosynthetic enzyme



(e.g., enzyme for biosynthesis of a membrane component, lipid biosynthesis enzyme, or cholesterol

biosynthesis enzyme).

140. The method of any of the preceding embodiments, wherein the GIMS encodes a factor (e.g.,

polypeptide or RNA) that affects splicing of an RNA, e.g., leading to a cell surface epitope being present

or spliced out.

141. The method of embodiment 140, wherein the factor (e.g., polypeptide) acts on a reaction

substrate, which reaction substrate is cell-restricted and/or geno-informative.

142. The method of embodiment 141, wherein a gene encoding the reaction substrate is heterozygous

or homozygous.

143. The method of any of embodiments 140-142, wherein the factor (e.g., polypeptide) acts on a

reaction substrate, which reaction substrate is disposed at the sperm cell surface, e.g., is a lipid (e.g.,

phospholipid), transmembrane protein, surface-associated protein, lipid-anchored protein, or surface-

associated carbohydrate.

144. The method of any of the preceding embodiments, wherein the sperm cell is a human sperm cell.

145. The method of any of embodiments 1-143, wherein the sperm cell is a non-human animal sperm

cell, e.g., from an agricultural animal (e.g., cow, pig, horse, goat, or chicken), a companion animal (e.g.,

dog, or cat) rodent (e.g., mouse or rat), fish, bird, or insect.

146. The method of any of embodiments 1-143, wherein the sperm cell is from an organism other than

a rodent, mouse, rat, or hamster.

147. The method of any of embodiments 1-144, wherein the sperm cell is a human sperm cell and the

GIMS is listed in Table 2, or is a homolog of a GIMS listed in Table 1, 3A, or 3B.

148. The method of any of embodiments 1-143, wherein the sperm cell is a non-human animal sperm

cell and the GIMS is listed in Table 1, 3A, or 3B.



149. The method of any of the preceding embodiments, wherein the PAS is not a gross chromosomal

feature, e.g., is not a translocation, multi-gene deletion, multi-gene inversion, or loss of a chromosome.

150. The method of any of embodiments 17, 18, 66, 89-111, 126, or 127, wherein the reagent (e.g.,

first and/or second reagent) is affixed to a support, e.g., an insoluble or solid support.

151. The method of embodiment 150, wherein the support comprises a bead, or plurality of beads.

152. The method of embodiment 150 or 151, wherein the support is disposed on or in a device, e.g., a

column, or microfluidic device.

153. The method of any of embodiments 150-152, which comprises contacting the plurality of sperm

cells with the reagent affixed to the support.

154. The method of embodiment 153, which further comprises washing the support.

155. The method of embodiment 153 or 154, which further comprises eluting sperm cells from the

support.

156. The method of any of the preceding embodiments, which further comprises contacting the

plurality of sperm cells with a microfluidic device.

157. The method of any of the preceding embodiments, which further comprises passing the plurality

of sperm cells through the device, e.g., a microfluidic device.

158. The method of embodiment 157, wherein the device, e.g., a microfluidic device, comprises an

inlet, an outlet, and a channel connecting the inlet to the outlet.

159. The method of embodiments 157 or 158, which comprises contacting the plurality of sperm with

the inlet under conditions that allow at a sub-population of sperm cells to reach the outlet, and optionally

collecting the sub-population of sperm cells (or a portion thereof) from the outlet.

160. The method of any of embodiments 157-159, wherein the device is configured to be worn by the

individual producing the plurality of sperm cells.



161. The method of any of embodiments 157-159, wherein the device, e.g., a gel, is configured to be

disposed in vagina or uterus of the individual supplying the egg.

162. The method of any of embodiments 157-159, wherein the device comprises a flexible cylinder,

e.g., a condom comprising an outlet capable of releasing a sub-population of sperm cells.

163. The method of any of the preceding embodiments, which comprises performing flow cytometry

on a plurality of beads.

164. The method of any of the preceding embodiments, which does not comprise performing sex

selection.

165. The method of any of the preceding embodiments, which results in a population comprising X

chromosome bearing sperm cells and Y chromosome bearing sperm cells, e.g., a population that

comprises about 40% X chromosome bearing sperm cells and about 60% Y chromosome bearing sperm

cells; about 45% X chromosome bearing sperm cells and about 55% Y chromosome bearing sperm cells;

about 50% X chromosome bearing sperm cells and about 50% Y chromosome bearing sperm cells; about

55% X chromosome bearing sperm cells and about 45% Y chromosome bearing sperm cells; about 60%

X chromosome bearing sperm cells and about 40% Y chromosome bearing sperm cells; about 40-60% X

chromosome bearing sperm and about 40-60% Y chromosome bearing sperm (wherein the total

percentage is 100%); or about 45-55% X chromosome bearing sperm and about 45-55% Y chromosome

bearing sperm (wherein the total percentage is 100%).

166. The method of any of the preceding embodiments, which has at least 5%, 10%, 20%, 30%, 40%,

or 50% (e.g., about equal chance) chance of providing either an X chromosome bearing or a Y

chromosome bearing sperm cell.

167. The method of any of the preceding embodiments, which does not enrich for X or Y chromosome

bearing sperm cells.

168. The method of any of the preceding embodiments, wherein the selected population comprises X

and Y chromosome bearing sperm cells.



169. The method of any of the preceding embodiments, wherein the selected population comprises at

least 5%, 10%, 20%, 30%, 40%, or 50% (e.g., about equal numbers) of X chromosome bearing sperm

cells.

170. The method of any of the preceding embodiments, wherein the selected population comprises at

least 5%, 10%, 20%, 30%, 40%, or 50% (e.g., about equal numbers) of Y chromosome bearing sperm

cells.

171. The method of any of the preceding embodiments, wherein the proportions of X and Y

chromosome bearing sperm cells in the selected population does not differ significantly from the

proportion of X and Y chromosome bearing sperm cells in the plurality of sperm cells provided by the

individual.

172. The method of any of the preceding embodiments, wherein providing the plurality of sperm cells

comprises receiving a plurality of sperm cells.

173. The method of any of the preceding embodiments, wherein the plurality of sperm cells is in

frozen form or in non-frozen (e.g., fresh) form when received.

174. The method of any of the preceding embodiments, which further comprises transporting the

sperm cell having the first or second (e.g., preselected) PAS allele and/or GIMS allele to a recipient.

175. The method of any of the preceding embodiments, wherein providing (e.g., providing gametes,

e.g., sperm cells) comprises acquiring (e.g., acquiring gametes, e.g., sperm cells), e.g., acquiring the

gametes from the individual that produced the gametes e.g., sperm cells.

176. The method of any of the preceding embodiments, which comprises selecting a population of

sperm cells having the first or second (e.g., preselected) allele at the PAS.

177. The method of embodiment 176, wherein the selected population of sperm cells comprises at

least 2, 5, 10, 20, 50, 100, 200, 500, 1,000, 2,000, 5,000, 10,000, 20,000, 50,000, 100,000, 200,000,

500,000, 1 million, 2 million, 5 million, 10 million, 20 million, 50 million, 100 million, 200 million, or

500 million sperm cells.



178. The method of any of the preceding embodiments, which further comprises contacting the sperm

cells with an antibody molecule.

179. The method of any of the preceding embodiments, wherein the selection step comprises a

separation step, e.g., an affinity separation step.

180. The method of any of the preceding embodiments, which comprises permeabilizing the gametes,

e.g., sperm cells.

181. The method of any of the preceding embodiments, wherein the sperm cell comprises a head and a

tail.

182. The method of any of the preceding embodiments, wherein the sperm cell is intact.

183. The method of any of the preceding embodiments, which further comprises determining whether:

a haplotype comprises the first allele of the PAS and the first allele of the GIMS;

whether a haplotype comprises the second allele of the PAS and the second allele of the GIMS;

whether a haplotype comprises the first allele of the PAS and the second allele of the GIMS; or

whether a haplotype comprises the second allele of the PAS and the first allele of the GIMS.

184. The method of any of the preceding embodiments, which further comprises one or more of:

testing, e.g., destructive testing, e.g., DNA sequencing, of gamete samples produced (e.g.,

selected or sorted), e.g., by a method of any of c ms 1-182;

performing DNA sequencing of one or more parents (e.g., of two parents) of the individual

providing the gametes (e.g., sperm cells), e.g., to fer a haplotype of the individual; or

performing single cell nucleic acid sequencing (e.g., DNA or RNA sequencing) on one or more

single gametes (e.g., sperm cells) provided by the individual.

185. A method of identifying a heterozygous GIMS near a PAS comprising:

obtaining nucleic acid sequence information, e.g., sequencing a nucleic acid, from a subject (e.g., a

human, a mammal, or a non-human animal) that is heterozygous at a PAS, wherein the nucleic acid

sequence information comprises the sequence of one or more GIMS, and

identifying the subject as heterozygous at one or more GIMS that is less than a predetermined

distance from the PAS.



186. The method of embodiment 185, wherein:

sequence information of less than the entire genome is obtained,

sequence information of less than all autosomes, is obtained,

sequence information obtained does not include the entire genome, e.g., it omits at least 10,000,

50,000, 100,000, or 200,000 i phases of genomic sequence.

the method does not comprise whole-genome, high-throughput, microarray (e.g., SNP chip), or

shotgun sequencing, or

the obtained nucleic acid sequence information is not whole -genome, high-throughput,

microarray (e.g., SNP chip), or shotgun sequencing information.

187. The method of embodiment 185 or 186, wherein the nucleic acid sequence information comprises

the sequence of at least 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 30, 40, or 50 GIMSs.

188. The method of any of embodiments 185-187, wherein the nucleic acid sequence information

comprises the sequence of no more than 100, 80, 60, 40, or 20 GIMSs.

189. The method of any of embodiments 185-188, which comprises whole-genome, high-throughput,

microarray (e.g., SNP chip), or shotgun sequencing.

190. The methods of any of embodiments 185-189, wherein the genetic variants are phased

computationally or experimentally to determine the physical linkages between heterozygous sites, e.g.,

wherein phasing comprises computational inference using a genotyped reference population, sequencing

using direct or synthetic long read technology, or chromosome-scale phasing, and wherein the phasing is,

e.g., partial or chromosome-scale.

191. The method of any of embodiments 185-190, which comprises comparing the sequence of a first

allele of a GIMS to the sequence of a second allele of the GIMS.

192. The method of any of embodiments 185-191, which comprises calculating the distance between

the GIMS and the PAS.

193. A method of producing a fertilized egg, comprising:



a) providing a sperm cell (e.g., a human sperm cell or non-human animal sperm cell) bound by a

reagent, e.g., an antibody molecule, e.g., a population of antibody molecules;

b) optionally removing the reagent (e.g., antibody molecule) from the sperm cell, e.g., wherein a

plurality of antibody molecules bind the sperm cell, the method comprises removing one or more

antibody molecules from the sperm cell, thereby decreasing the number of antibody molecules bound to

the sperm cell;

c) optionally assaying the sperm for the presence of the reagent, e.g., antibody molecule; and

d) contacting the sperm cell with an egg cell (e.g., a human egg cell or non-human animal egg

cell) under conditions that allow for fertilization,

thereby producing a fertilized egg.

193B. A method of producing a fertilized egg, comprising:

a) providing a sperm cell (e.g., a human sperm cell, mammalian sperm cell, or non-human animal

sperm cell) bound by a reagent, e.g., an antibody molecule, e.g., a population of antibody molecules;

b) optionally removing the reagent (e.g., antibody molecule) from the sperm cell, e.g., wherein a

plurality of antibody molecules bind the sperm cell, the method comprises removing one or more

antibody molecules from the sperm cell, thereby decreasing the number of antibody molecules bound to

the sperm cell;

c) optionally assaying the sperm for the presence of the reagent, e.g., antibody molecule; and

d) contacting the sperm cell with an egg cell (e.g., a human egg cell, m mm n egg cell, or non

human animal egg cell) under conditions that allow for fertilization,

thereby producing a fertilized egg.

194. A method of removing a reagent, e.g., antibody molecule, from a sperm cell, comprising:

a) providing a sperm cell (e.g., from a human, a mammal, or a non-human animal) bound by a

reagent, e.g., antibody molecule, e.g., a plurality of antibody molecules;

b) removing one or more reagents, e.g., antibody molecules from the sperm cell, e.g., wherein a

plurality of antibody molecules bind the sperm cell, the method comprises removing one or more

antibody molecules from the sperm cell; and

c) optionally assaying the sperm cell for the presence of the reagent, e.g., antibody molecule.

195. A method of contacting a sperm cell with a reagent, e.g., antibody molecule, comprising:

a) providing a sperm cell (e.g., from a human, a mammal, or a non-human animal), e.g.,

providing a population of sperm cells;



b) providing a reagent, e.g., an antibody molecule, e.g., providing a population of antibody

molecules; and

c) contacting the sperm cell with the reagent, e.g., by admixing the population of sperm cells with

the reagents;

wherein one or more of (e.g., 2, 3, 4, 5, 6, or all of):

i) the sperm cell does not undergo a change in phenotype upon binding of the reagent;

ii) the sperm cell remains viable upon binding of the reagent;

iii) the sperm cell remains fertile upon binding of the reagent;

iv) the sperm cell does not comprise a DNA dye;

v) the reagent does not comprise a detectable label, e.g., does not comprise a fluorescent label;

vi) the method further comprises a step of separating the sperm cells into a first pool and a second

pool based on binding of the reagent; or

vii) the method further comprises a step of separating the sperm cells into a first pool and a

second pool that are enriched for genetically different sperm.

196. The method of any of embodiments 193-195, wherein a) comprises contacting the sperm cell with

the antibody molecule.

197. The method of any of embodiments 193-195, wherein a) comprises receiving the sperm cell and

antibody molecule (e.g., bound to each other and/or admixed in a single volume) from another entity such

as a clinic, doctor’s office, or hospital.

198. A method of producing a fertilized egg, comprising contacting an egg cell with a composition,

e.g., reaction mixture, comprising:

I) a plurality of sperm cells from an individual (e.g., a human, a mammal, or a non-human animal)

that carries:

i) a first allele and a second, different, allele for a PAS; and

ii) a first allele and a second, different, allele for a GIMS, linked to the PAS;

wherein the first allele of the PAS is associated with a first phenotype, e.g., a non-disease

phenotype, non-DOP, or first PC, and the second allele of the PAS is associated with a second phenotype,

e.g., a disease phenotype, DOP, or second PC;

II) wherein one or more of:



a) the composition further comprises one, or more, e.g., at least 2, 3, 4, 6, 8, or 10 reagents, e.g., antibody

molecules, that can distinguish a gamete, e.g., sperm cell, having the first allele of the GIMS from a

gamete, e.g., sperm cell, having the second allele of the GIMS;

b) at least 70, 80, 90, 95, or 99 % of the sperm cells in the composition, e.g., reaction mixture,

contain the first allele of the PAS, and wherein the PAS is on an autosome;

c) at least 70, 80, 90, 95, or 99 % of the gametes, e.g., sperm cells in the composition, e.g., reaction

mixture, contain the second allele of the PAS, and wherein the PAS is on an autosome;

d) at least 70, 80, 90, 95, or 99 % of the gametes, e.g., sperm cells in the composition, e.g., reaction

mixture, contain the first allele of the GIMS, and wherein the GIMS is on an autosome;

e) at least 70, 80, 90, 95, or 99 % of the gametes, e.g., sperm cells in the composition, e.g., reaction

mixture, contain the second allele of the GIMS, and wherein the GIMS is on an autosome;

f ) the plurality of gametes, e.g., sperm cells, has a locus of maximal enrichment that is other than

the PAS, e.g., wherein the locus of maximal enrichment is at or near the GIMS (e.g., within 10, 9, 8, 7, 6,

5, 4, 3, 2, or 1 kb of the GIMS or within the same LD block as the GIMS, within the same transcript as

the GIMS, in linkage disequilibrium with the GIMS, in the same coding region as the GIMS, in the same

chromosome arm as the GIMS, or in the same cytogenetic band as the GIMS), wherein the locus of

maximal enrichment is between the GIMS and the PAS, wherein the locus of maximal enrichment is not

in linkage disequilibrium with the PAS, wherein the locus of maximal enrichment is not in the same LD

block as the PAS, wherein the locus of maximal enrichment is not in the same transcript as the PAS,

wherein the locus of maximal enrichment is not in the same coding region as the PAS, wherein the locus

of maximal enrichment is at least 10, 20, 30, 40, 50, 100 kb away from the PAS, wherein the locus of

maximal enrichment is not in the same chromosome arm as the PAS, or wherein the locus of maximal

enrichment is not in the same cytogenetic band as the PAS;

g) the plurality of gametes, e.g., sperm cells, has two or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, 10, or more)

loci of maximal enrichment, e.g., a first locus of maximal enrichment at or near a first GIMS and a second

locus of maximal enrichment at or near a second GIMS (e.g., within 10, 9, 8, 7, 6, 5, 4, 3, 2, or 1 kb of the

GIMS, within the same LD block as the GIMS, within the same transcript as the GIMS, in linkage

disequilibrium with the GIMS, in the same coding region as the GIMS, in the same chromosome arm as

the GIMS, or in the same cytogenetic band as the GIMS);

h) the plurality of gametes, e.g., sperm cells, has a first GIMS and a second GIMS and the locus of

maximal enrichment is between the first GIMS and the second GIMS;

i) the plurality of gametes, e.g., sperm cells, has a locus-based enrichment at the GIMS that is

greater than locus-based enrichment at the PAS, e.g., by at least 1%, 2%, 3%, 4%, 5%, 10%, 20%, 30%,

or 40%;



j ) the plurality of gametes, e.g., sperm cells, are enriched for two or more GIMS, wherein a first

GIMS is on a first chromosome and a second GIMS is on a second chromosome; or

k) the plurality of gametes, e.g., sperm cells, are enriched for two or more PASs, wherein a first PAS

is on a first chromosome and a second PAS is on a second chromosome.

199. A method of producing a fertilized egg (e.g., a human egg, a mammalian egg, or a non-human

animal egg) or preventing fertilization by a sperm ce (e.g., a human sperm ce or a non-human animal

sperm ce ) having a first allele of a PAS, comprising administering to a subject (e.g., to the vagina or

penis), prior to or subsequent to intercourse, a composition comprising a reagent with specificity for an

allele of a GIMS.

200. The method of any of embodiments 193-199, which comprises receiving the sample of sperm

cells from a provider, e.g., a patient, sperm bank, or clinic.

201. The method of any of embodiments 193-200, wherein removing the reagent (e.g., antibody

molecule) comprises one or more of adding a buffer, e.g., a high salt buffer, counter-selection (e.g.,

allowing the antibody molecule to dissociate from one or more of the sperm cells and then selecting

sperm cells that are not bound to the antibody molecule or are bound by less than a preselected number of

antibody molecules), swim-up (e.g., allowing the antibody molecule to dissociate from one or more of the

sperm cells, contacting the sperm cells with a reagent that impedes swimming and binds to the antibody

molecule, e.g., beads coated with an antibody-binding reagent such as protein A or protein G, and then

selecting sperm cells with better swimming activity in a swim-up assay), centrifugation (e.g., allowing the

antibody to dissociate from one or more of the sperm cells, contacting the sperm cells with a reagent that

changes the sperm cell’s sedimentation under centrifuge conditions and binds to the antibody molecule,

e.g., beads coated with an antibody-binding reagent such as protein A or protein G, centrifuging the sperm

cells, and selecting sperm cells that do not sediment with the beads), washing (e.g., allowing the antibody

to dissociate from one or more of the sperm cells in a buffer, centrifuging or otherwise separating the

sperm cells from the buffer, and removing the buffer), filtering (e.g., binding a large entity such as a bead

to the antibody, allowing the antibody to dissociate from one or more of the sperm cells, and allowing non

antibody-bound beads to pass through a filter), enzymatic treatment (e.g., cleaving the antibody molecule,

e.g., with a protease), self-destruction (e.g., antibody self-cleaving), or destabilization in vitro or in vivo

(e.g., exposing the sperm and antibodies to a solution that destabilizes the antibody).



202. The method of any of embodiments 193-201, wherein the reagent comprises an antibody

molecule, e.g., a non-human antibody molecule.

203. The method of embodiment 202, wherein the antibody molecule is other than one produced by

the individual that produced the egg cell or the sperm cell.

204. The method of embodiment 202, wherein the antibody molecule is a single-chain antibody

molecule.

205. The method of any of embodiments 193-204, wherein the reagent, e.g., antibody molecule, has

specificity for a protein or structure of Table 1, 2, 3A, or 3B, or a homolog thereof.

206. The method of any of embodiments 193-205, wherein the reagent, e.g., the antibody molecule, is

bound to the sperm cell when fertilization initiates.

207. The method of any of embodiments 193-205, wherein the reagent, e.g., the antibody molecule is

not bound to the sperm cell when fertilization initiates.

208. The method of any of embodiments 193-207, which further comprises a step of removing the

reagent, e.g., antibody molecule, from the sperm cell, e.g., wherein a plurality of antibody molecules bind

the sperm, the method further comprises a step of removing one or more antibody molecules, e.g., all

antibodies, from the sperm.

209. The method of any of embodiments 193-208, wherein the method further comprises assaying the

sperm cell for the presence of the reagent, e.g., antibody molecule.

210. The method of any of embodiments 193-209, which further comprises contacting the sperm cell

with an anti-immunoglobulin antibody.

211. The method of any of embodiments 193-210, which further comprises contacting the sperm with

a detectable moiety, e.g., fluorescent moiety, e.g., a fluorescently labeled anti-immunoglobulin antibody.

212. The method of any of embodiments 193-211, wherein the sperm cell is a human sperm cell.



213. The method of any of embodiments 193-211, wherein the sperm cell is a non-human animal

sperm cell.

214. The method of any of embodiments 185-213, wherein the PAS and the GIMS are in the same

gene; are within a predetermined distance of each other; in linkage disequilibrium with each other; are in

the same LD block as each other; are in the same transcript; are in the same coding region; or are within

10, 8, 6, 5, 4, 3, 2, or 1 kb of each other.

215. The method of any of embodiments 185-213, wherein the PAS and the GIMS are not in the same

gene; are a predetermined distance apart; are not in linkage disequilibrium with each other; are not in the

same LD block as each other; are not in the same transcript; are not in the same coding region; or are at

least 10, 20, 30, 40, 50, 100 kb apart.

216. The method of any of embodiments 185-215, wherein the first PAS allele is a non-disease, non-

DOP, or first PC allele.

217. The method of any of embodiments 185-215, wherein the first PAS allele is a disease, DOP, or

second PC allele.

218. The method of any of embodiments 185-217, wherein the PAS is in a first gene and the GIMS not

in the first gene, e.g., is in a second gene.

219. The method of any of embodiments 185-217, wherein the PAS and the GIMS are in the same

gene.

220. The method of any of embodiments 193, 198, or 199, wherein contacting the sperm cell with an

egg cell comprises IVF, ICSI, IUI, or intercourse.

221. The method of any of embodiments 193, 198, or 199, wherein the egg or ovum is from a female

individual that is, or is identified as being, heterozygous for the PAS.

222. The method of any of embodiments 193, 198, or 199, wherein the sperm cell is a frozen sperm

cell, and the method further comprises thawing the frozen sperm cell.



223. The method of any of embodiments 193-222, which further comprises acquiring information on

the heterozygosity of the GIMS in the individual, e.g., the individual that contributes the sperm or the

individual that contributes the egg.

224. The method of any of embodiments 193-223, which further comprises testing whether the

individual (e.g., the individual that contributes the sperm or the individual that contributes the egg) is

heterozygous for the PAS.

225. The method of any of embodiments 193-224, which further comprises acquiring information on

the heterozygosity of the PAS in the individual (e.g., the individual that contributes the sperm or the

individual that contributes the egg).

226. The method of any of embodiments 193-225, which further comprises testing whether the

individual (e.g., the individual that contributes the sperm or the individual that contributes the egg) is

heterozygous for the GIMS.

227. The method of embodiment 224, 225, or 226, wherein the testing is performed on a biological

sample from the individual (e.g., the individual that contributes the sperm or the individual that

contributes the egg), e.g., a biological sample that comprises gametes or somatic cells.

228. The method of embodiment 227, wherein the biological sample comprises blood, a cheek swab,

epidermal sample, skin sample, sperm, or semen.

229. The method of any of embodiments 224-228, wherein the testing comprises performing DNA

sequencing (e.g., whole genome DNA sequencing), PCR, ELISA, or microarray analysis.

230. The method of any of embodiments 193-229, wherein the sperm cell is an epididymal cell, testes

cell, or an immature sperm cell, e.g., a round cell.

231. The method of any of embodiments 193-230, wherein the first allele of the PAS is associated

with a first PAS phenotype, and wherein the first PAS phenotype is displayed in an individual that arises

from fertilization with a sperm cell comprising the first allele of the PAS, e.g., the phenotype is displayed

prenatally, or postnatally, e.g., in a child or adult.



232. The method of embodiment 231, wherein the first PAS phenotype is not displayed in the sperm

cell.

233. The method of any of embodiments 185-232, wherein the PAS is in a phenotype associated gene

and/or the GIMS is in cell-restricted marker gene.

234. The method of any of embodiments 185-233, wherein the PAS or GIMS comprises one or more

nucleotide from, e.g., overlaps with or is situated within one or more of: a gene; a transcribed sequence of

a gene; a translated sequence of a gene; a coding sequence of a gene; a non-coding region, e.g., intronic

sequence or 5 ’ UTR or 3 ’ UTR, of a gene; a non-gene functional element, e.g., an enhancer or insulator; a

translocation; a deletion, e.g., a multi-gene deletion; an epigenetic feature, e.g., chromatin having DNA

methylation or one or more histone modifications; an eQTL (expression quantitative trait locus); a GWAS

(genome-wide association study) region; a phenotype associated region; or a pedigree region.

235. The method of any of embodiments 185-234, wherein the PAS is not expressed in sperm cells.

236. The method of any of embodiments 185-235, wherein PAS is located in, encompasses, or

overlaps with a gene that is not expressed in sperm cells (e.g., developing or mature sperm cells).

237. The method of any of embodiments 185-236, wherein the reagent binds a gene product of the first

and/or second GIMS or a structure produced by the first and/or second GIMS.

238. The method of any of embodiments 193-237, wherein the reagent comprises an antibody

molecule, e.g., an antibody, scFv, Fab fragment, or Fab2 fragment.

239. The method of any of embodiments 193-238, wherein the reagent comprises a nucleic acid, e.g.,

DNA or RNA.

240. The method of any of embodiments 193-239, which further comprises assaying the sperm cell for

the presence of the reagent, e.g., antibody molecule.

241. The method of any of embodiments 193-240, wherein the sperm cell is bound by a second

reagent.



242. The method of any of embodiments 193-241, wherein the GIMS encodes a transmembrane

protein, a membrane-associated protein, and/or a membrane lipid-anchored protein.

243. The method of any of embodiments 193-242, wherein the GIMS encodes a spermadhesin,

transmembrane transporter, ion channel, solute carrier, integrin, cadherin, matrix metallopeptidase, ATP-

binding cassette, ATPase, glycoproteins, or cell surface receptor (e.g., G protein-coupled receptor,

hormone receptor, chemokine receptor, or cytokine receptor).

244. The method of any of embodiments 193-243, wherein the GIMS affects levels of a protein, e.g.,

the GIMS is disposed in, overlaps with, or encompasses a promoter, enhancer, or mRNA stability

element.

245. The method of any of embodiments 193-244, wherein the GIMS affects stability of a protein, e.g.,

encodes an amino acid mutation that alters stability of the encoded protein.

246. The method of any of embodiments 193-245, wherein the GIMS encodes a polypeptide having

enzymatic, e.g., catalytic activity.

247. The method of embodiment 246, wherein the polypeptide is a glycosyltransferase, kinase,

phosphatase, methyltransferase, acetyltransferase, deacetylase, protease, biosynthetic enzyme (e.g.,

enzyme for biosynthesis of a membrane component, lipid biosynthesis enzyme, or cholesterol

biosynthesis enzyme).

248. The method of any of embodiments 193-247, wherein the GIMS encodes a factor (e.g.,

polypeptide or RNA) that affects splicing of an RNA, e.g., leading to a cell surface epitope being present

or spliced out.

249. The method of embodiment 248, wherein the factor (e.g., polypeptide) acts on a reaction

substrate, which reaction substrate is cell-restricted and/or geno-informative.

250. The method of embodiment 249, wherein a gene encoding the reaction substrate is heterozygous

or homozygous.



251. The method of embodiment 248 or 249, wherein the factor (e.g., polypeptide) acts on a reaction

substrate, which reaction substrate is disposed at the sperm cell surface.

252. The method of embodiment 251, wherein the reaction substrate is a lipid (e.g., phospholipid),

transmembrane protein, surface-associated protein, lipid-anchored protein, or surface-associated

carbohydrate.

253. The method of any of embodiments 194-252, wherein the PAS is not a gross chromosomal

feature, e.g., is not a translocation, multi-gene deletion, multi-gene inversion, or loss of a chromosome.

254. The method of any of embodiments 193-253, wherein the reagent (e.g., first and/or second

reagent) is affixed to a support, e.g., an insoluble or solid support, wherein optionally the support

comprises a bead, or plurality of beads, and wherein optionally the support is disposed on or in a device,

e.g., a column, or microfluidic device.

255. The method of any of embodiments 193-254, wherein the sperm cell is part of a population of

sperm cells comprising X chromosome bearing sperm cells and Y chromosome bearing sperm cells, e.g.,

a population that comprises about 40% X chromosome bearing sperm cells and about 60% Y

chromosome bearing sperm cells; about 45% X chromosome bearing sperm cells and about 55% Y

chromosome bearing sperm cells; about 50% X chromosome bearing sperm cells and about 50% Y

chromosome bearing sperm cells; about 55% X chromosome bearing sperm cells and about 45% Y

chromosome bearing sperm cells; about 60% X chromosome bearing sperm cells and about 40% Y

chromosome bearing sperm cells; about 40-60% X chromosome bearing sperm and about 40-60% Y

chromosome bearing sperm (wherein the total percentage is 100%); or about 45-55% X chromosome

bearing sperm and about 45-55% Y chromosome bearing sperm (wherein the total percentage is 100%).

256. The method of any of embodiments 193-255, wherein the sperm cell is part of a population of

sperm cells that comprises at least 5%, 10%, 20%, 30%, 40%, or 50% (e.g., about equal numbers) of X

chromosome bearing sperm cells.

257. The method of any of embodiments 193-256, wherein the sperm cell is part of a population of

sperm cells that comprises at least 5%, 10%, 20%, 30%, 40%, or 50% (e.g., about equal numbers) of Y

chromosome bearing sperm cells.



258. A method of producing a fertilized egg (e.g., a human egg, mammalian egg, or a non-human

animal egg), comprising:

contacting an ovum (e.g., a human ovum, a mammalian ovum, or a non-human animal ovum)

with a sample of sperm cells (e.g., human sperm cells, mammalian sperm cells, or non-human animal

sperm cells) produced by a method herein, e.g., produced by an individual that is heterozygous for a PAS,

wherein the sample of sperm cells is enriched for a first allele of the PAS, and wherein the sample

comprises X-chromosome bearing sperm cells and Y-chromosome bearing sperm cells, e.g., in

approximately a 1:1 ratio,

under conditions that allow for fertilization,

thereby producing a fertilized egg.

259. A method of producing a fertilized egg (e.g., a human egg, a mammalian egg, or a non-human

animal egg), comprising contacting a plurality of egg cells described herein with a sperm cell, e.g., a

plurality of sperm cells, e.g., a plurality of sperm cells as described herein.

260. A method of transporting a sperm cell sample, comprising: providing a sample of sperm cells

(e.g., a human sperm cell sample, mammalian sperm cell sample, or non-human animal sperm cell

sample) prepared (e.g., sorted) as described herein, or providing a reaction mixture described herein, and

transporting the sample to a recipient, e.g., a clinic.

261. The method of any of embodiments 258-260, which comprises receiving the sample of sperm

cells from a provider, e.g., a patient, sperm bank, or clinic.

262. A method of inducing a phenotype in a population of sorted sperm cells, wherein optionally the

induced phenotype is acrosome reactivity, chemoattraction, hypermotility, lack of motility, cell death,

swelling, permeabilization, or sensitivity to a solution.

263. A composition, e.g., reaction mixture, comprising:

I) a plurality of gametes (e.g., human gametes, mammalian gametes, or non-human animal

gametes), e.g., sperm cells (e.g., human sperm cells, mammalian sperm cells, or non-human animal sperm

cells), from an individual that carries:

i) a first allele and a second, different, allele for a PAS; and

ii) a first allele and a second, different, allele for a GIMS, linked to the PAS;



wherein the first allele of the PAS is associated with a first phenotype, e.g., a non-disease

phenotype, non-DOP, or first PC, and the second allele of the PAS is associated with a second phenotype,

e.g., a disease phenotype, DOP, or second PC;

II) wherein one or more of:

a) the composition, e.g., reaction mixture, further comprises one, or more, e.g., at least 2, 3, 4, 6, 8,

or 10 reagents, e.g., antibody molecules, that can distinguish a gamete, e.g., sperm cell, having the first

allele of the GIMS from a gamete, e.g., sperm cell, having the second allele of the GIMS;

b) at least 70, 80, 90, 95, or 99 % of the gametes, e.g., sperm cells in the composition, e.g., reaction

mixture, contain the first allele of the PAS, and wherein the PAS is on an autosome;

c) at least 70, 80, 90, 95, or 99 % of the gametes, e.g., sperm cells in the composition, e.g., reaction

mixture, contain the second allele of the PAS, and wherein the PAS is on an autosome;

d) at least 70, 80, 90, 95, or 99 % of the gametes, e.g., sperm cells in the composition, e.g., reaction

mixture, contain the first allele of the GIMS, and wherein the GIMS is on an autosome;

e) at least 70, 80, 90, 95, or 99 % of the gametes, e.g., sperm cells in the composition, e.g., reaction

mixture, contain the second allele of the GIMS, and wherein the GIMS is on an autosome;

f ) the plurality of gametes, e.g., sperm cells, has a locus of maximal enrichment that is other than

the PAS, e.g., wherein the locus of maximal enrichment is at or near the GIMS (e.g., within 10, 9, 8, 7, 6,

5, 4, 3, 2, or 1 kb of the GIMS, within the same LD block as the GIMS, within the same transcript as the

GIMS, in linkage disequilibrium with the GIMS, in the same coding region as the GIMS, in the same

chromosome arm as the GIMS, or in the same cytogenetic band as the GIMS), wherein the locus of

maximal enrichment is between the GIMS and the PAS, wherein the locus of maximal enrichment is not

in linkage disequilibrium with the PAS, wherein the locus of maximal enrichment is not in the same LD

block as the PAS, wherein the locus of maximal enrichment is not in the same transcript as the PAS,

wherein the locus of maximal enrichment is not in the same coding region as the PAS, wherein the locus

of maximal enrichment is at least 10, 20, 30, 40, 50, 100 kb away from the PAS, wherein the locus of

maximal enrichment is not in the same chromosome arm as the PAS, or wherein the locus of maximal

enrichment is not in the same cytogenetic band as the PAS;

g) the plurality of gametes, e.g., sperm cells, has two or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, 10, or more)

loci of maximal enrichment, e.g., a first locus of maximal enrichment at or near a first GIMS and a second

locus of maximal enrichment at or near a second GIMS (e.g., within 10, 9, 8, 7, 6, 5, 4, 3, 2, or 1 kb of the

GIMS, within the same LD block as the GIMS, within the same transcript as the GIMS, in linkage

disequilibrium with the GIMS, in the same coding region as the GIMS, in the same chromosome arm as

the GIMS, or in the same cytogenetic band as the GIMS);



h) the plurality of gametes, e.g., sperm cells, has a first GIMS and a second GIMS and the locus of

maximal enrichment is between the first GIMS and the second GIMS;

i) the plurality of gametes, e.g., sperm cells, has a locus-based enrichment at the GIMS that is

greater than locus-based enrichment at the PAS, e.g., by at least 1%, 2%, 3%, 4%, 5%, 10%, 20%, 30%,

or 40%;

j ) the plurality of gametes, e.g., sperm cells, are enriched for two or more GIMS, wherein a first

GIMS is on a first chromosome and a second GIMS is on a second chromosome;

k) the plurality of gametes, e.g., sperm cells, are enriched for two or more PASs, wherein a first PAS

is on a first chromosome and a second PAS is on a second chromosome; or

l) the gametes are egg cells.

264. A composition, e.g., reaction mixture, comprising:

sperm cells from a single donor,

a reagent, e.g., an antibody molecule, that binds a protein of Table 1, 2, 3A, 3B, or a homolog

thereof, e.g., a human homolog thereof.

265. A composition, e.g., reaction mixture, comprising:

a) a sperm ce (e.g., from a human, mammal, or non-human animal), e.g., a population of sperm

cells;

b) a reagent, e.g., an antibody molecule, with specificity for a sperm ce epitope, e.g., a surface

exposed epitope; and

c) an agent that inhibits binding of the reagent to the sperm ce , e.g., a soluble protein comprising

the epitope or an agent with stronger affinity for the reagent than the affinity of the reagent for the sperm,

e.g., a salt.

266. A composition, e.g., reaction mixture comprising an agent that inhibits binding of a reagent

described herein to a sperm ce , e.g., a soluble protein comprising an epitope to which the reagent binds,

or an agent with stronger affinity for the reagent than the affinity of the reagent for the sperm.

267. The composition of any of embodiments 263-266, wherein the reagent, e.g., antibody molecule is

bound to the sperm ce or to the soluble protein.

268. The composition of any of embodiments 263-267, which further comprises an egg ce .



269. The composition of any of embodiments 263-269, which is produced after selecting the sperm

cell, e.g., after selecting a population of sperm cells enriched for a GIMS and/or PAS.

270. The composition of any of embodiments 263-268, which is produced before or simultaneously

with contacting the sperm cell or sperm cells with an egg.

271. The composition of any of embodiments 263-270, which the gametes are sperm cells and the

composition, e.g., reaction mixture further comprises an egg cell.

272. The composition of any of embodiments 263-271, wherein (e.g., prior to selection) the plurality

of sperm cells comprises: a first sperm cell, or first plurality of sperm cells, having the first allele of the

GIMS; and a second sperm cell, or second plurality of sperm cells, having the second allele of the GIMS.

273. The composition of any of embodiments 263-272, wherein (e.g., prior to selection) the proportion

of the first and second plurality of sperm cells is the same as the proportion produced by the individual.

274. The composition of any of embodiments 263-273, wherein (e.g., post-selection), at least 55, 60,

65, 70, 75, 80, 85, 90, 95, or 99 % of the sperm cells in the reaction mixture are of the first plurality.

275. The composition of any of embodiments 263-270, wherein (e.g., post-selection), all or essentially

all of the sperm cells in the reaction mixture are of the first plurality.

276. The composition of any of embodiments 263-270, wherein (e.g., post-sorting), the reaction

mixture is free or essentially free of the sperm cells of the second plurality.

277. The composition of any of embodiments 263-276, wherein the composition, e.g., reaction mixture

is other than a sperm sample naturally produced by an individual.

278. The composition of any of embodiments 263-277, wherein the composition, e.g., reaction mixture

comprises synthetically sorted and/or ex vivo sorted sperm cells.



279. The composition of any of embodiments 263-278, wherein the individual that produced the sperm

cells does not have a genotype that promotes a skewed ratio of sperm having a first allele and a second

allele.

280. The composition of any of embodiments 263-279, wherein the individual that produced the sperm

cells is not heterozygous for a gene that impacts sperm survival or development.

281. The composition of any of embodiments 263-280, wherein the sperm cells are from an individual

who does not comprise an Rb null allele, e.g., the individual comprises a wild-type Rb gene as the

maternal allele and a wild-type Rb gene as the paternal allele.

282. The composition of any of embodiments 263-281, wherein the plurality of sperm cells does not

comprise Rb-null sperm.

283. The composition of any of embodiments 263-282, wherein the individual does not have and/or is

not a carrier for a trinucleotide expansion disease such as fragile X syndrome, Machado-Joseph disease,

or myotonic dystrophy, a retinoblastoma mutation, or cone-rod retinal dystrophy.

284. The composition of any of embodiments 263-283, wherein the individual does not have and/or is

not a carrier for an allele that skews allelic ratios in sperm.

285. The composition of any of embodiments 263-284, wherein the sperm cells are human sperm cells

or are non-human animal sperm cells.

286. The composition of any of embodiments 263-285, wherein the sperm cells do not comprise an

inversion relative to a wild-type sequence, e.g., do not comprise a T allele inversion.

287. The composition of any of embodiments 263-286, which is disposed in a cannula, e.g., a cannula

suitable for IUI.

288. The composition of any of embodiments 263-287, wherein the reagent, e.g., antibody molecule,

distinguishes between a first allele of the protein of Table 1, 2, 3A, or 3B, or a homolog thereof, and a

second allele of the protein of Table 1 , 2, 3A, or 3B, or a homolog thereof, e.g., distinguishes between an



allele listed in column 5 of Table 2 and another allele, e.g., distinguishes between two alleles listed in

column 5 of Table 2.

289. The composition of any of embodiments 263-288, wherein the reaction mixture does not

comprise a dye or a radionuclide.

290. A method of making a composition, e.g., reaction mixture of any of embodiments 234-257 or

264-289, comprising contacting the sperm cells with the reagent.

291. A reagent, e.g., an antibody molecule, that specifically binds an antigen comprised by a sperm

cell comprising the first allele of a GIMS, e.g., a GIMS of Table 1, 3A, or 3B, or a human homolog

thereof, or a GIMS of Table 2.

292. A composition, e.g., a device, comprising:

a substrate, e.g., a solid substrate and

a reagent having specificity for antigen comprised by a sperm cell comprising a first allele of a

GIMS, e.g., a GIMS of Table 1, 3A, or 3B, or a human homolog thereof, or a GIMS of Table 2.

293. A kit comprising two or more reagents described herein, e.g., antibody molecules, e.g., antibody

molecules that specifically bind antigens comprised by sperm cells comprising a GIMS.

294. A kit comprising a plurality of reagents having specificity for two or more GIMS alleles, e.g., a

GIMS of Table 1, 2, 3A, or 3B, or a homolog thereof.

295. A kit comprising:

a first reagent having specificity for an epitope comprised by a sperm cell having a first allele of a

first GIMS, e.g., an allele of Table 2 or an allele of Table 1, 3A, or 3B, or a homolog thereof; and

a second reagent having specificity for an epitope comprised by a sperm cell having a second

GIMS allele (e.g., a second allele of the first GIMS, or a first allele of a second GIMS), e.g., an allele of

Table 2 or an allele of Table 1, 3A, or 3B, or a homolog thereof.

296. The kit or composition of any of embodiments 263-295, which comprises a first reagent specific

for an epitope comprised by a sperm cell comprising a first allele of a first GIMS and a second reagent

specific for an epitope comprised by a sperm cell comprising a second allele of the first GIMS.



297. The kit or composition of any of embodiments 263-296, which comprises a first reagent specific

for an epitope comprised by a sperm cell comprising a first allele of a first GIMS and a second reagent

specific for an epitope comprised by a sperm cell comprising a first allele of a second GIMS.

298. The kit or composition of any of embodiments 263-297, which comprises a first reagent (e.g.,

antibody molecule) specific for an antigen comprised by a sperm cell comprising a first allele of a GIMS

and a second reagent (e.g., antibody molecule) specific for an antigen comprised by a sperm cell

comprising a second allele of the GIMS.

299. The kit or composition of any of embodiments 263-298, which comprises 2, 3, 4, 5, 6, 7, 8, 9, or

10 or more reagents (e.g., antibody molecules), each specific for an antigen comprised by a sperm cell

comprising 2, 3, 4, 5, 6, 7, 8, 9, or 10 or more alleles of a GIMS.

300. The kit or composition of any of embodiments 263-299, which comprises a reagent (e.g.,

antibody molecule) specific to an antigen comprised by a sperm cell comprising a first allele of a first

GIMS and a second reagent (e.g., antibody molecule) specific to an antigen comprised by a sperm cell

comprising a first allele of a second GIMS.

301. The kit or composition of any of embodiments 263-300, which comprises a plurality (e.g., 2, 3, 4,

5, 6, 7, 8, 9, or 10 or more) of reagents (e.g., antibody molecules), each specific for an antigen comprised

by a sperm cell comprising a plurality of alleles of a first GIMS and a second plurality (e.g., 2, 3, 4, 5, 6,

7, 8, 9, or 10 or more) of reagents (e.g., antibody molecules), each specific for an antigen comprised by

sperm cells comprising a plurality of alleles of a second GIMS.

302. The kit or composition of any of embodiments 263-301, which comprises:

(i) one or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, or 10 or more) reagents (e.g., antibody molecules), each

specific for an allele of a first GIMS,

(ii) one or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, or 10 or more) reagents (e.g., antibody molecules), each

specific for an allele of a second GIMS,

(iii) optionally, one or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, or 10 or more) reagents (e.g., antibody

molecules), each specific for an allele of a third GIMS,

(iv) optionally, one or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, or 10 or more) reagents (e.g., antibody

molecules), each specific for an allele of a fourth GIMS,



(v) optionally, one or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, or 10 or more) reagents (e.g., antibody

molecules), each specific for an allele of a fifth GIMS.

303. The kit or composition of any of embodiments 263-302, which comprises reagents specific for an

allele of one or more additional GIMSs.

304. The kit or composition of any of embodiments 263-303, wherein two or more (e.g., at least 3, 4,

5, 6, 7, 8, 9, or 10) of the GIMS are within a predetermined distance of each other or of a single PAS.

305. The kit or composition of any of embodiments 263-304, wherein two or more (e.g., at least 3, 4,

5, 6, 7, 8, 9, or 10) of the GIMS are greater than a predetermined distance of each other.

306. The kit or composition of embodiment 305, wherein the predetermined distance is within the

same LD block; in the same transcript; in the same coding region; within 10, 8, 6, 5, 4, 3, 2, or 1 kb; in the

same chromosome arm, of in the same cytogenetic band.

307. The kit or composition of any of embodiments 263-306, wherein two or more (e.g., at least 3, 4,

5, 6, 7, 8, 9, or 10) of the GIMS are on different chromosomes from each other.

308. The kit or composition of any of embodiments 263-307, wherein two or more (e.g., at least 3, 4,

5, 6, 7, 8, 9, or 10) of the GIMS are on the same chromosome, e.g., in the same chromosome arm.

309. The kit or composition of any of embodiments 263-308, which comprises at least 3, 4, 5, 10, 15,

20, 25, 30, 35, 40, 45, or 50 of the reagents.

310. The kit or composition of any of embodiments 263-309, wherein the reagents are antibody

molecules, e.g., antibody molecules derived from a non-human animal, e.g., comprising a non-human

constant region.

311. The kit or composition of any of embodiments 263-310, which comprises at least two (e.g., at

least 3, 4, 5, 10, 15, 20, 25, 30, 35, 40, 45, or 50) reagents having specificity for products of alleles of a

single GIMS.



312. The kit or composition of any of embodiments 263-311, which comprises at least one reagent

having specificity for a product of an allele of a first GIMS linked to a first PAS and at least one reagent

having specificity for a product of an allele of a second GIMS linked to a second PAS.

313. The kit or composition of any of embodiments 263-312, which the one or more reagents are

affixed to a solid support, e.g., a bead, plate, or column .

314. The kit or composition of any of embodiments 263-313, wherein the one or more GIMS (e.g.,

each GIMS) is a GIMS of Table 1, 2, 3A, or 3B, or a homolog thereof.

315. The kit or composition of any of embodiments 263-313, wherein the PAS is a phenotype-

associated gene.

316. The kit or composition of any of embodiments 263-315, wherein the reagent, e.g., the antibody

molecule, is bound (e.g., conjugated) to a substrate such as a bead, polymer, gel, film, or latex sheath.

317. The kit or composition of embodiment 316, wherein the substrate is a solid substrate.

318. The kit or composition of embodiment 316 or 317, wherein binding of a substrate-bound reagent

to a sperm cell substrate impairs motility of the sperm, e.g., by virtue of mass, bulk, water resistance, or

steric hindrance of the substrate.

319. The kit or composition of any of embodiments 263-318, wherein the reagent is other than an

antibody.

320. The kit or composition of any of embodiments 263-319, wherein the reagent is other than an

antibody molecule.

321. The kit or composition of any of embodiments 263-320, wherein:

the reagent is subject to cleavage and/or denaturation, e.g., in the vagina or uterus,

the reagent does not bind a factor (e.g., a sperm protein) that participates in fertilization,

the reagent does not bind a spermadhesin, and/or

the reagent does not interfere with fertilization.



322. The kit or composition of any of embodiments 263-321, wherein the antigen is encoded by the

GIMS, e.g., is part of a polypeptide encoded by the GIMS.

323. The kit or composition of any of embodiments 263-321, wherein the antigen is modified by a

product (e.g., polypeptide, e.g., enzyme) encoded by the GIMS.

324. The kit or composition of any of embodiments 263-323, wherein the GIMS is selected from Table

1, 2, 3A, or 3B, or a homolog thereof.

325. The kit or composition of any of embodiments 263-324, wherein the reagent, e.g., antibody

molecule binds a product of a first allele of GIMS with higher affinity than a product of the second allele

of GIMS.

326. The kit or composition of any of embodiments 263-325, wherein the antibody molecule is

monoclonal, purified, or a single-chain antibody, e.g., scFv.

327. The kit or composition of any of embodiments 263-326, wherein the PAS and the GIMS are in

the same gene; are within a predetermined distance of each other; in linkage disequilibrium with each

other; are in the same LD block as each other; are in the same transcript; are in the same coding region; or

are within 10, 8, 6, 5, 4, 3, 2, or 1 kb of each other.

328. The kit or composition of any of embodiments 263-327, wherein the first PAS allele is a non

disease, non-DOP, or first PC allele.

329. The kit or composition of any of embodiments 263-328, wherein the first PAS allele is a disease,

DOP, or second PC allele.

330. The kit or composition of any of embodiments 263-329, wherein the PAS is in a first gene and

the GIMS not in the first gene, e.g., is in a second gene.

331. The kit or composition of any of embodiments 263-330, wherein the PAS and the GIMS are in

the same gene.



332. The kit or composition of any of embodiments 263-331, wherein the egg is from a female

individual that is, or is identified as being, heterozygous for the PAS.

333. The kit or composition of any of embodiments 263-332, which is frozen.

334. The kit or composition of any of embodiments 263-333, which comprises a first reagent (e.g.,

antibody molecule) (optionally labelled with a first label, e.g., a label having a first color) specific to an

antigen comprised by a sperm cell comprising the first allele of a first GIMS and a second reagent (e.g.,

antibody molecule) (optionally labelled with a second label, e.g., a label having a second color) specific to

an antigen comprised by a sperm cell comprising a second allele of the first GIMS.

335. The kit or composition of any of embodiments 263-334, which comprises a first reagent (e.g.,

antibody molecule) (optionally labelled with a first label, e.g., a label having a first color) specific to an

antigen comprised by a sperm cell comprising a first allele of a first GIMS and a second reagent (e.g.,

antibody molecule) (optionally labelled with the first label, e.g., the label having a first color, or a second

label, e.g., a label having a second color) specific to an antigen comprised by a sperm cell comprising a

first allele of a second GIMS.

336. The kit or composition of any of embodiments 263-335, which comprises:

a first reagent, e.g., antibody molecule (optionally labelled with a first label, e.g., a label having a

first color) specific to an antigen comprised by a sperm cell comprising the first allele of a first GIMS;

a second reagent, e.g., antibody molecule (optionally labelled with a second label, e.g., a label

having a second color) specific to an antigen comprised by a sperm cell comprising a second allele of the

first GIMS;

a third reagent, e.g., antibody molecule (optionally labelled with a first label, e.g., a label having a

third color) specific to an antigen comprised by a sperm cell comprising the first allele of a second GIMS;

and

a fourth reagent, e.g., antibody molecule (optionally labelled with a second label, e.g., a label

having a fourth color) specific to an antigen comprised by a sperm cell comprising a second allele of the

second GIMS.

337. The kit or composition of any of embodiments 263-336, wherein the sperm cell is an epididymal

cell, testes cell, or an immature sperm cell, e.g., a round cell.



338. The kit or composition of any of embodiments 263-337, wherein the first PAS phenotype or the

second PAS phenotype is displayed in an individual that arises from fertilization with a sperm cell

comprising, respectively, the first allele or the second allele of the PAS, e.g., the phenotype is displayed

prenatally, or postnatally, e.g., in a child or adult.

339. The kit or composition of any of embodiments 263-338, wherein the first PAS phenotype and/or

the second PAS phenotype is not displayed in the sperm cell.

340. The kit or composition of any of embodiments 263-339, wherein the PAS is in a phenotype

associated gene and/or the GIMS is in cell-restricted marker gene.

341. The kit or composition of any of embodiments 263-340, wherein the PAS or GIMS comprises

one or more nucleotide from, e.g., overlaps with or is situated within one or more of: a gene; a transcribed

sequence of a gene; a translated sequence of a gene; a coding sequence of a gene; a non-coding region,

e.g., intronic sequence or 5 ’ UTR or 3 ’ UTR, of a gene; a non-gene functional element, e.g., an enhancer

or insulator; a translocation; a deletion, e.g., a multi-gene deletion; an epigenetic feature, e.g., chromatin

having DNA methylation or one or more histone modifications; an eQTL (expression quantitative trait

locus); a GWAS (genome-wide association study) region; a phenotype associated region; or a pedigree

region.

342. The kit or composition of any of embodiments 263-341, wherein the PAS is not expressed in

sperm cells.

343. The kit or composition of any of embodiments 263-342, wherein PAS is located in, encompasses,

or overlaps with a gene that is not expressed in sperm cells (e.g., developing or mature sperm cells).

344. The kit or composition of any of embodiments 263-343, wherein the first allele of the PAS is

linked to the first allele of the GIMS and the second allele of the PAS is linked to the second allele of the

GIMS; or the first allele of the PAS is linked to the second allele of the GIMS and the second allele of the

PAS is linked to the first allele of the GIMS.

345. The kit or composition of any of embodiments 263-344, wherein the reagent binds a sperm cell

having the first allele of the GIMS with a first affinity and binds a sperm cell having the second allele of

the GIMS with a second affinity.



346. The kit or composition of embodiment 345, wherein the first affinity and second affinity differ

sufficiently to allow distinguishing a sperm cell having the first allele of the GIMS from a sperm cell

having the second allele of the GIMS, or wherein the reagent binds a product of the first allele of the

GIMS with a first affinity and binds a product of the second allele of the GIMS with a second affinity,

and the first affinity is greater (e.g., having a lower Kd) than the second affinity, e.g., by about 2, 3, 4, 5,

6, 7, 8, 9, 10, 20, 50, or 100-fold.

347. The kit or composition of any of embodiments 263-346, wherein the affinity of the reagent for the

product of the first allele of the PAS is not sufficiently different from the affinity of the reagent for the

product of the second allele of the PAS to allow distinguishing or separating sperm cells having first

allele of the PAS from sperm cells having the second allele of the PAS on the basis of binding to a

product of the PAS.

348. The kit or composition of any of embodiments 263-346, wherein the reagent fails to bind at

substantial levels to one or both of a product of the first allele of the PAS or the product of a second allele

of the PAS.

349. The kit or composition of any of embodiments 263-348, wherein the reagent comprises an

antibody molecule, e.g., an antibody, scFv, Fab fragment, or Fab2 fragment, and optionally wherein the

reagent is other than an antibody produced by the individual that produced the egg cell or the sperm cell.

350. The kit or composition of any of embodiments 263-349, wherein the reagent comprises a nucleic

acid, e.g., DNA or RNA.

351. The kit or composition of any of embodiments 263-350, wherein the reagent can distinguish a

sperm cell having the first allele of the GIMS from a sperm cell having of the second allele of the GIMS.

352. The kit or composition of any of embodiments 263-351, wherein the reagent can distinguish an

antigen comprised by a sperm cell having the first allele of the GIMS from an antigen comprised by a

sperm cell having of the second allele of the GIMS.

353. The kit or composition of any of embodiments 263-352, wherein the reagent binds preferentially

to a product of the first allele of the GIMS compared to a product of the second allele of the GIMS (e.g.,



has an affinity for the product of the first allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater than

its affinity for the product of the second allele).

354. The kit or composition of any of embodiments 263-353, which comprises a second reagent that

can distinguish a sperm cell having the first allele of the GIMS from a sperm cell having the second allele

of the GIMS.

355. The kit or composition of embodiment 354, wherein the second reagent binds preferentially to the

product of the second allele of the GIMS compared to the product of the first allele of the GIMS (e.g., has

an affinity for the product of the second allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater than its

affinity for a product of the first allele).

356. The kit or composition of embodiment 354 or 355, wherein the first reagent binds preferentially

to the product of the first allele of the GIMS compared to the product of the second allele of the GIMS

(e.g., has an affinity for the product of the first allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater

than its affinity for a product of the second allele), and the second reagent binds preferentially to the

product of the second allele of the GIMS compared to the product of the first allele of the GIMS (e.g., has

an affinity for the product of the second allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater than its

affinity for a product of the first allele).

357. The kit or composition of any of embodiments 354-356, wherein the first reagent is associated

with a first detectable label, e.g., a first fluorophore and the second reagent is associated with a second

detectable label, e.g., a second fluorophore.

358. The kit or composition of any of embodiments 263-357, which further comprises a cell viability

dye.

359. The kit or composition of any of embodiments 263-358, wherein a sperm cell having the first

allele of the GIMS has a first structure, e.g., a first epitope, e.g., a first surface exposed epitope, present at

a first level; and a sperm cell having the second allele of the GIMS lacks the first structure or has it at a

second, different level.

360. The kit or composition of embodiment 359, wherein the structure is one listed in Table 5.



361. The kit or composition of embodiment 359 or 360, wherein the first level is greater than the

second level.

362. The kit or composition of any of embodiments 359-361, wherein second level is undetectable or

zero, i.e., the first structure is not present or not detectable on sperm cells having the second allele of the

GIMS.

363. The kit or composition of any of embodiments 359-362, wherein the sperm cell having the second

allele of the GIMS has a second structure.

364. The kit or composition of embodiment 363, wherein the reagent has a KD for the first structure

and a KD for the second structure, wherein the KD for the first structure is at least 2, 5, 10, 20, 50, 100,

200, 500, or 1000-fold lower than the KD for the second structure.

365. The kit or composition of any of embodiments 359-364, wherein the first structure is a gene

product, e.g., a polypeptide, encoded by the GIMS.

366. The kit or composition of any of embodiments 359-365, wherein the first structure is a

polypeptide having a first amino acid sequence and the second structure is a polypeptide having a second

amino acid sequence, wherein the first and second structures are different.

367. The kit or composition of any of embodiments 359-366, wherein the structure comprises a

reaction product such as a phosphorylated reaction substrate or a glycosylated reaction substrate.

368. The kit or composition of any of embodiments 359-367, wherein the first structure comprises a

first surface exposed epitope.

369. The kit or composition of any of embodiments 359-368, wherein the first structure is not disposed

on the gene product of the GIMS.

370. The kit or composition of any of embodiments 359-369, wherein the first structure comprises a

lipid (e.g., a phospholipid), polypeptide, glycosyl moiety, phosphorylated amino acid, methylated amino

acid, acetylated amino acid, polypeptide subject to alternative splicing, post-translationally modified

polypeptide.



371. The kit or composition of any of embodiments 359-370, wherein the first allele of the GIMS is a

null allele, or the second allele of the GIMS is a null allele, but the first and second alleles of the GIMS

are not both null alleles.

372. The kit or composition of any of embodiments 359-370, wherein the first allele of the GIMS,

relative to the second allele of the GIMS, comprises a point mutation, substitution, insertion, deletion,

premature stop codon, or frameshift.

373. The kit or composition of any of embodiments 359-372, wherein the GIMS encodes a

transmembrane protein, a membrane-associated protein, and/or a membrane lipid-anchored protein.

374. The kit or composition of any of embodiments 359-373, wherein the GIMS encodes a

spermadhesin, transmembrane transporter, ion channel, solute carrier, integrin, cadherin, matrix

metallopeptidase, ATP-binding cassette, ATPase, glycoproteins, or cell surface receptor (e.g., G protein-

coupled receptor, hormone receptor, chemokine receptor, or cytokine receptor).

375. The kit or composition of any of embodiments 359-374, wherein the GIMS affects levels of a

protein, e.g., the GIMS is disposed in, overlaps with, or encompasses a promoter, enhancer, or mRNA

stability element.

376. The kit or composition of any of embodiments 359-375, wherein the GIMS affects stability of a

protein, e.g., encodes an amino acid mutation that alters stability of the encoded protein.

377. The kit or composition of any of embodiments 359-376, wherein the first allele of the GIMS

encodes a polypeptide having enzymatic, e.g., catalytic activity, at a first level.

378. The kit or composition of any of embodiments 359-377, wherein the second allele of the GIMS

encodes a polypeptide having enzymatic, e.g., catalytic activity, at a second, different level.

379. The kit or composition of embodiment 378, wherein the second level is zero.

380. The kit or composition of any of embodiments 359-378, wherein the polypeptide is a

glycosyltransferase, kinase, phosphatase, methyltransferase, acetyltransferase, deacetylase, protease,



biosynthetic enzyme (e.g., enzyme for biosynthesis of a membrane component, lipid biosynthesis

enzyme, or cholesterol biosynthesis enzyme).

381. The kit or composition of any of embodiments 359-380, wherein the GIMS encodes a factor (e.g.,

polypeptide or RNA) that affects splicing of an RNA, e.g., leading to a cell surface epitope being present

or spliced out.

382. The kit or composition of embodiment 381, wherein the factor (e.g., polypeptide) acts on a

reaction substrate, which reaction substrate is cell-restricted and/or geno-informative.

383. The kit or composition of embodiment 382, wherein a gene encoding the reaction substrate is

heterozygous or homozygous.

384. The kit or composition of any of embodiments 359-383, wherein the PAS is not a gross

chromosomal feature, e.g., is not a translocation, multi-gene deletion, multi-gene inversion, or loss of a

chromosome.

385. The kit or composition of any of embodiments 359-384, which comprises a population of sperm

cells comprising X chromosome bearing sperm cells and Y chromosome bearing sperm cells, e.g., a

population that comprises about 40% X chromosome bearing sperm cells and about 60% Y chromosome

bearing sperm cells; about 45% X chromosome bearing sperm cells and about 55% Y chromosome

bearing sperm cells; about 50% X chromosome bearing sperm cells and about 50% Y chromosome

bearing sperm cells; about 55% X chromosome bearing sperm cells and about 45% Y chromosome

bearing sperm cells; about 60% X chromosome bearing sperm cells and about 40% Y chromosome

bearing sperm cells; about 40-60% X chromosome bearing sperm and about 40-60% Y chromosome

bearing sperm (wherein the total percentage is 100%); or about 45-55% X chromosome bearing sperm

and about 45-55% Y chromosome bearing sperm (wherein the total percentage is 100%).

386. The kit or composition of any of embodiments 359-385, which comprises a population of sperm

cells that comprises at least 5%, 10%, 20%, 30%, 40%, or 50% (e.g., about equal numbers) of X

chromosome bearing sperm cells.



387. The kit or composition of any of embodiments 359-386, which comprises a population of sperm

cells that comprises at least 5%, 10%, 20%, 30%, 40%, or 50% (e.g., about equal numbers) of Y

chromosome bearing sperm cells.

388. The kit or composition of any of embodiments 359-387, which comprises a population of sperm

cells wherein the proportions of X and Y chromosome bearing sperm cells in the population does not

differ significantly from the proportion of X and Y chromosome bearing sperm cells in the plurality of

sperm cells produced by the individual.

389. The kit or composition of any of embodiments 359-388, which comprises a population of sperm

cells that comprises at least 2, 5, 10, 20, 50, 100, 200, 500, 1,000, 2,000, 5,000, 10,000, 20,000, 50,000,

100,000, 200,000, 500,000, 1 million, 2 million, 5 million, 10 million, 20 million, 50 million, 100 million,

200 million, or 500 million sperm cells.

390. A method of providing a reagent to a subject, comprising:

determining a haplotype characteristic of the subject, e.g., determining whether the subject

comprises a first haplotype comprising a first allele of a PAS and a first allele of a GIMS, and

responsive to the determining, providing to the subject a reagent that binds the first allele of the

GIMS or a second allele of the GIMS.

391. The method of embodiment 390, wherein the reagent, e.g., an antibody molecule, is bound (e.g.,

conjugated) to a substrate such as a bead, polymer, gel, film, or latex sheath.

392. The method of embodiment 391, wherein the substrate is a solid substrate.

393. The method of any of embodiments 390-392, wherein the reagent preferentially binds and

immobilizes sperm cells that comprise a first PAS phenotype, e.g., a non-disease phenotype or non-DOP

or first PC.

394. The method of any of embodiments 390-392, wherein the reagent preferentially binds and

immobilizes sperm cells that comprise a second PAS phenotype, e.g., a disease phenotype or DOP or

second PC.

395. The method of any of embodiments 390-394, which comprises determining whether:



a haplotype comprises the first allele of the PAS and the first allele of the GIMS;

whether a haplotype comprises the second allele of the PAS and the second allele of the GIMS;

whether a haplotype comprises the first allele of the PAS and the second allele of the GIMS; or

whether a haplotype comprises the second allele of the PAS and the first allele of the GIMS.

396. The method of any of embodiments 390-394, which comprises one or more of:

testing, e.g., destructive testing, e.g., DNA sequencing, of gamete samples produced (e.g.,

selected or sorted), e.g., by a method of any of c ms l-155e;

performing DNA sequencing of one or more parents (e.g., of two parents) of the individual

providing the gametes (e.g., sperm cells), e.g., to fer a haplotype of the individual; or

performing single cell nucleic acid sequencing (e.g., DNA or RNA sequencing) on one or more

single gametes (e.g., sperm cells) provided by the individual.

397. A population of sperm cells produced by a method herein.

398. A population of sperm cells produced by a method of any of embodiments 1-184.

399. A population of sperm cells, e.g., human sperm cells, mammalian sperm cells, or non-human

animal sperm cells, that has skewed allelic ratios (e.g., has predominantly one allele) at one or more sites,

e.g., genes, on a first chromosome (e.g., a first autosome) and has non-skewed allelic ratios (e.g., has

approximately equal levels of two alleles) at one or more sites, e.g., genes, on a second chromosome (e.g.,

a second autosome).

400. A population of sperm cells, e.g., human sperm cells, mammalian sperm cells, or non-human

animal sperm cells, that has skewed allelic ratios (e.g., has predominantly one allele ) at one or more sites,

e.g., genes, on a region of 1-50 megabases (e.g., 1-10, 10-20, 20-30, 30-40, or 40-50 megabases) on a first

chromosome, e.g., a first autosome, and has non-skewed allelic ratios (e.g., has approximately equal

levels of two alleles) at one or more sites, e.g., genes, on a second chromosome, e.g., a second autosome;

wherein optionally the cells are non-skewed (e.g., have approximately equal levels of two alleles) at sites,

e.g., genes, on all autosomes but the first autosome.

401. A population of sperm cells, e.g., human sperm cells, mammalian sperm cells, or non-human

animal sperm cells, that has skewed allelic ratios (e.g., has predominantly one allele) at one or more sites,

e.g., genes, on a first chromosome (e.g., a first autosome); has skewed allelic ratios (e.g., has



predominantly one allele) at one or more sites, e.g., genes, that are distal to the site on the first

chromosome (e.g., the distal site is on a second chromosome (e.g., a second autosome) or on a different

arm of the first chromosome); and has non-skewed allelic ratios (e.g., has approximately equal levels of

two alleles) at one or more sites, e.g., genes, on a third chromosome (e.g., a third autosome).

402. A population of sperm cells, e.g., human sperm cells, mammalian sperm cells, or non-human

animal sperm cells, that has skewed allelic ratios (e.g., has predominantly one allele) at one or more sites,

e.g., genes, on a region of 1-50 megabases (e.g., 1-10, 10-20, 20-30, 30-40, or 40-50 megabases) on a first

autosome; has skewed allelic ratios (e.g., has predominantly one allele) at one or more sites, e.g., genes,

that are distal to the site on the first chromosome (e.g., the distal site is on a second chromosome (e.g., a

second autosome) or on a different arm of the first chromosome); and has non-skewed allelic ratios (e.g.,

has approximately equal levels of two alleles) at one or more sites, e.g., genes, on a third chromosome

(e.g., a third autosome).

403. A population of sperm cells, e.g., human sperm cells, mammalian sperm cells, or non-human

animal sperm cells, from an individual (e.g., a human individual) who is heterozygous for a PAS, wherein

the population of sperm cells is enriched for a first allele, e.g., a non-disease, non-DOP, or first PC allele,

of the PAS, wherein optionally the PAS is a PAS of Table 2 or Table 4.

404. A population of sperm cells, e.g., human sperm cells, mammalian sperm cells, or non-human

animal sperm cells, from an individual, wherein the individual carries

i) a first allele and a second, different, allele for a first PAS; and

ii) a first allele and a second, different, allele for a first GIMS, linked to the first PAS,

wherein the population of sperm cells is enriched for the first allele for the PAS.

405. A plurality (e.g., 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 30, 40, or 50) of reaction mixtures described herein,

e.g., reaction mixtures according to any of embodiments 234-356.

406. A plurality (e.g., 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 30, 40, or 50) of pools of sperm cells from a single

individual (e.g., a human, a mammal, or a non-human animal),

wherein the individual carries

i) a first allele and a second, different, allele for a first PAS; and

ii) a first allele and a second, different, allele for a GIMS, linked to the first PAS,



wherein a first pool of sperm cells is enriched for the first allele for the PAS, and a second pool of

sperm cells is enriched for the second allele of the PAS.

407. The plurality of embodiment 406, wherein at least one sperm cell of the first pool is bound by a

reagent (e.g., an antibody molecule).

408. The plurality of embodiment 406 or 407, wherein at least one sperm cell of the second pool is

bound by a second reagent (e.g., antibody molecule).

409. The plurality of any of embodiments 406-408, wherein at least one sperm cell of each of the

plurality of pools is bound by a reagent (e.g., antibody molecule).

410. The plurality or population of any of embodiments 403-409, wherein the PAS is situated on an

autosome.

411. The plurality or population of any of embodiments 404-410, wherein the GIMS is situated on an

autosome.

412. The plurality or population of any of embodiments 403-411, wherein a sperm cell having the first

allele of the PAS has a first surface-exposed structure, e.g., a first surface exposed epitope, present at a

first level, and a sperm cell having the second allele of the PAS lacks the first surface exposed epitope or

has it at a second, different, level.

413. The plurality or population of any of embodiments 403-412, wherein the individual carries i) a

first allele and a second, different, allele for a second PAS; and ii) a first allele and a second, different,

allele for a second GIMS, linked to the second PAS.

414. The plurality or population of any of embodiments 403-413, wherein the individual is

heterozygous at a third PAS.

415. The plurality or population of any of embodiments 403-414, wherein the individual is

heterozygous at a fourth PAS.



416. The plurality or population of any of embodiments 403-415, wherein the individual is

heterozygous at a fifth PAS or more.

417. The plurality or population of any of embodiments 403-416, wherein a first pool of sperm cells is

enriched for the first allele for the first PAS, a second pool of sperm cells is enriched for the second allele

of the first PAS, a third pool of sperm cells is enriched for the first allele for the second PAS, and a fourth

pool of sperm cells is enriched for the second allele of the second PAS.

418. The plurality or population of any of embodiments 403-417, wherein the first pool of sperm cells

is enriched for the first allele for the first PAS and for the first allele for the second PAS, and the second

pool of sperm cells is enriched for the second allele of the first PAS and for the second allele of the

second PAS.

419. The plurality of any of embodiments 403-418, which comprises at least 2, 3, 4, 5, 6, 7, 8, 9, 10,

11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 or more pools of sperm cells, e.g., genetically distinct or

epigenetically distinct pools of sperm cells (e.g., being enriched for different PASs or combinations of

PASs).

420. A method of performing, e.g., on a composition (e.g., reaction mixture) described herein (e.g., a

composition or reaction mixture of any of embodiments 234-356, or a reaction mixture comprising

selected sperm cells, e.g., sperm cells enriched for one or more GIMS or PAS), or on a population of cells

(e.g., unsorted cells), one or more of:

gamete differentiation in vitro (e.g., generating or obtaining a stem cell such as an embryonic

stem cell or induced pluripotent cell and inducing it to differentiate into a gamete such as an egg),

in vitro spermatogenesis,

sequencing a nucleic acid from an IVF embryo before implantation,

sequencing a nucleic acid from an embryo post-implantation, and

sequencing a nucleic acid from an egg polar body (e.g., sequencing nucleic acids from two or

three egg polar bodies generated by one egg, and optionally further inferring the genotype of the egg at

one or more locus, e.g., the PAS, and optionally selecting an egg for fertilization based on the identity of

the locus).

421. The method of embodiment 420, which further comprises contacting the sperm cell with an egg

cell, e.g., by IVF, ICSI, IUI, or intercourse.



422. The composition of any of embodiments 292-389, wherein the substrate comprises a flexible

cylinder, e.g., a condom comprising an outlet capable of releasing a sub-population of sperm cells.

423. The composition of any of embodiments 292-389, wherein the substrate, e.g., a bead, is large

enough to impede sperm motility, e.g., reduce the number of sperm capable of passing through the cervix

or reaching the uterus.

424. The composition of any of embodiments 292-389, wherein the substrate comprises a plurality of

beads, e.g., in the form of a suspension.

425. The composition of any of embodiments 292-389, wherein the substrate comprises a polymer or

gel.

426. The composition of any of embodiments 292-389 or 422-425, wherein the reagent is specific for

an allele of a GIMS that is linked to a non-desired allele of a PAS.

427. The composition of any of embodiments 292-389 or 422-426, wherein the reagent is coupled to a

cell-killing agent, e.g., spermicide.

428. A method of producing a fertilized egg or preventing fertilization by a sperm cell having a first

allele of a PAS, comprising applying the composition described herein, e.g., a composition of any of

embodiments 292-389 or 422-427, or a device described herein, e.g., a device of any of embodiments

292-389 or 422-427, to a subject’s penis prior to intercourse.

429. A method of producing a fertilized egg or preventing fertilization by a sperm cell having a first

allele of a PAS, comprising vaginally inserting the composition described herein, e.g., a composition of

any of embodiments 292-389 or 422-427, or a device or gel described herein, e.g., a device of any of

embodiments 292-389 or 422-427, e.g., prior to or subsequent to intercourse.

430. A sperm cell or population of sperm cells that is the product of a method described herein, e.g., a

method of any of embodiments 1-184.

431. A sperm cell or population of sperm cells that is produced by a method comprising:



a) providing a plurality of sperm cells from an individual (e.g., a human, mammal, or non-human animal)

having:

i) the first allele and a second, different, allele at the PAS, wherein the first allele of the PAS is

associated with a first PAS phenotype, e.g., a non-disease, non-DOP, or first PC phenotype, and the

second allele of the PAS is associated with a second PAS phenotype, e.g., a disease phenotype, DOP, or

second PC; and

ii) a first allele and a second, different, allele for a GIMS, linked to the PAS, wherein the first

allele of the GIMS is associated with a first GIMS phenotype and the second allele of the GIMS is

associated with a second, different, GIMS phenotype;

wherein the individual comprises a first haplotype comprising the first allele of the PAS and one

of the first and second allele of the GIMS, and a second haplotype comprising the second allele of the

PAS and the other of the first and second allele of the GIMS; and

b) subjecting the plurality of sperm cells to a method that selects a sperm cell on the basis that it

comprises the first allele of the GIMS or that it comprises the first GIMS phenotype,

thereby selecting a sperm cell having a first allele, e.g., a preselected allele, e.g., a non-disease, non-DOP,

or first PC allele, at the PAS.

432. A composition comprising:

a) a sperm cell (e.g., a human sperm cell or non-human animal sperm cell), and

b) a reagent, e.g., an antibody molecule, having a dissociation constant of about 10 5 - 10 13 M (e.g., 10 -

10 10 7 - 10 , 10 - 1 9, 10 9 - 10 1 , 10 1 - 10 , 10 11 - 10 12 , or 10 1 - 10 13 M) for the sperm cell.

433. The composition of embodiment 432, which comprises at least 2, 3, 4, 5, 6, 7, 8, 9, or 10 reagents

(e.g., antibody molecules) having an affinity of about 10 5 - 10 13 M (e.g., 10 - 10 7, 10 7 - 10 s, 10 - 10

9, 10 9 - 10 1 , 10 1 - 10 11 , 10 11 - 10 12 , or 10 1 - 10 13 M) for the sperm cell.

434. A method of generating a reagent (e.g., antibody molecule) specific to an antigen comprised by a

sperm cell comprising a first allele of the GIMS, e.g., a GIMS listed in Table 1, 3A, or 3B, or a human

homolog thereof or a GIMS listed in Table 2.

435. The method of embodiment 434, which comprises:

i) contacting a first antigen comprised by a sperm cell comprising the first allele of the GIMS

with a candidate reagent (e.g., antibody molecule),



ii) contacting a second antigen comprised by a sperm cell comprising a second allele of the GIMS

with the candidate reagent (e.g., antibody molecule), and

iii) selecting the reagent (e.g., antibody molecule) if it is specific for the first antigen over the

second antigen.

436. The method of embodiment 434 or 435, wherein the reagent (e.g., antibody molecule) has an

affinity for the first antigen that is at least 2, 5, 10, 20, 50, or 100-fold greater than its affinity for the

second antigen.

437. The method of any of embodiments 434-436, which comprises performing phage display or yeast

display.

438. The method of any of embodiments 434-437, wherein comprises performing a plurality of

binding cycles, e.g., repeating step i) for a plurality of cycles, e.g., alternating steps i) and ii) for a

plurality of cycles.

439. The method of any of embodiments 434-438, wherein step i) comprises positive selection and

step ii) comprises negative selection.

440. The method of any of embodiments 434-439, wherein mutagenesis is performed between cycles.

441. A method comprising testing for one or more GIMS alleles, e.g., one or more alleles of a GIMS

listed in Table 1, 3A, or 3B, or a human homolog thereof, or a GIMS of Table 2 in a biological sample

(e.g., a blood sample or a sperm sample) from an individual (e.g., a human, mammal, or non-human

animal).

442. The method of embodiment 441, wherein the individual is, or is identified as being, heterozygous

for one or more GIMS alleles of Table 1, 3A, or 3B, or a human homolog thereof, or a GIMS of Table 2.

443. The method of embodiment 441 or 442, which further comprises testing whether the individual is

heterozygous for one or more PAS.

444. The method of embodiment 441, 442, or 443, which further comprises identifying a heterozygous

GIMS near a heterozygous PAS.



445. A method of validating a candidate GIMS, comprising:

contacting a plurality of sperm cells (e.g., from a human, mammal, or non-human animal) having

a first allele of a GIMS and a plurality of sperm cells having a second allele of the candidate GIMS with a

reagent that can distinguish a sperm cell having the first allele of the candidate GIMS from a sperm cell

having the second allele of the candidate GIMS, and

determining whether the reagent binds preferentially to one sub-population of the sperm cells.

446. The method of embodiment 445, wherein the plurality of sperm cells having a first allele of a

candidate GIMS and a plurality of sperm cells having a second allele of the candidate GIMS are admixed.

447. The method of embodiment 445 or 446, wherein the plurality of sperm cells having a first allele

of a candidate GIMS and a plurality of sperm cells having a second allele of the candidate GIMS are

separate.

448. The method of any of embodiments 445-447, which further comprises separating the sperm cell

population into at least two sub-populations based on binding of the reagent.

449. The method of any of embodiments 445-447, which further comprises genetically testing at least

two of the sperm cell populations for the nucleic acid sequence of the GIMS or a site genetically linked

thereto.

450. The method, kit, or composition of any of the preceding embodiments, wherein the first GIMS

produces a first structure (e.g., a polypeptide encoded by the GIMS and/or a surface-exposed structure,

e.g., a surface exposed epitope), and the first structure is comprised by the head of the sperm cell (e.g., the

acrosomal vesicle, the nucleus, or the plasma membrane).

451. The method, kit, or composition of any of the preceding embodiments, wherein the first GIMS

produces a first structure, and the first structure is comprised by one or more subdomains of the head, e.g.,

the apical ridge, pre-equatorial subdomain, equatorial subdomain, or post-equatorial subdomain.

452. The method, kit, or composition of any of the preceding embodiments, wherein the first GIMS

produces a first structure, and the first structure is comprised by the tail of the sperm cell (e.g., the

midpiece, mitochondria, flagellum, and/or plasma membrane).



453. The method, kit, or composition of any of the preceding embodiments, wherein the first structure

comprises a polypeptide encoded by the GIMS and/or a surface-exposed structure, e.g., a surface exposed

epitope.

454. The method of any of embodiments 17, 18, 66, 89-111, 126, or 127, or the composition, kit, or

reagent of any of claims 263-389, or the plurality of any of claims 407-409, wherein the reagent

comprises a Cas9 polypeptide (e.g., rCas9) and/or a guide RNA.

455. The method, kit, or composition of any of the preceding embodiments, wherein the GIMS is in a

gene (e.g., a human gene) having a mature transcript with a length of at least about 3000, 3100, 3200,

3300, 3400, 3500, 4000, 4500, 5000, 6000, 7000, 8000, 9000, or 10,000 nucleotides (and optionally up to

about 8,000 or 10,000 nucleotides).

456. The method, kit, or composition of any of the preceding embodiments, wherein the GIMS is in a

gene (e.g., a human gene) having length of at least about 22,000, 25,000, 30,000, 35,000, 40,000, 45,000,

50,000, 55,000, 60,000, 70,000, 80,000, 90,000, 100,000, 150,000, or 200,000 base pairs (and optionally

up to about 200,000 or 500,000 base pairs), measured from transcription start site to transcription stop site

on the chromosome.

457. The method, kit, or composition of any of the preceding embodiments, wherein the GIMS is in a

gene (e.g., a human gene) having a mean length per intron of at least about 2900, 3000, 3500, 3700, 4000,

4500, 5000, 5500, 6000, 6500, 7000, 7500, 8000, 8500, 9000, 9500, or 10,000 base pairs, and optionally

up to about 8,000 or 10,000 base pairs.

458. The method, kit, or composition of any of the preceding embodiments, wherein the GIMS is in a

gene (e.g., a human gene) having at least 11, 12, 13, 14, 15, or 20 exons, and optionally up to about 100

or 300 exons.

459. The method, kit, or composition of any of the preceding embodiments, wherein the GIMS is in a

gene (e.g., a human gene) encoding a polypeptide, which polypeptide is present in or at the axoneme,

cilium (e.g., motile cilium), endoplasmic reticulum, mitotic spindle, centriole, spindle pole, or

centrosome, of the sperm cell or precursor thereof (e.g. spermatogonium or spermatocyte), wherein

optionally the peptide is present in or at the axoneme, cilium (e.g., motile cilium), endoplasmic reticulum,

mitotic spindle, centriole, spindle pole, or centrosome at a higher concentration or level than any other

location in the sperm cell.



460. The method, kit, or composition of any of the preceding embodiments, wherein the GIMS is in a

gene that encodes an RNA (e.g., mRNA) comprising a binding site (e.g., in the 3 ’ UTR of the transcript)

for an RNA-binding protein of Table 10, or the human homolog of any of the foregoing.

461. The method, kit, or composition of any of the preceding embodiments, wherein the GIMS is in a

gene that encodes an RNA (e.g., mRNA) that binds an RNA-binding protein of Table 10, or the human

homolog of any of the foregoing.

462. The method, kit, or composition of any of the preceding embodiments, wherein the GIMS is in a

gene that encodes an RNA (e.g., mRNA) comprising a sequence of any of SEQ ID NOs: 1-46, or a

sequence having no more than 1, 2, or 3 sequence alterations (e.g., substitutions, insertions, or deletions)

relative thereto.

463. The method, kit, or composition of any of the preceding embodiments, wherein the GIMS is in a

gene that is spliced alternatively in testis as compared to at least one other cell type, e.g., comprises an

exon in testes but is expressed and lacks the exon (or comprises the exon at a lower level) in at least one

other cell type in the subject, e.g., comprises the exon only in the testes.

464. The method, kit, or composition of any of the preceding embodiments, one of more GIMSs as

described herein comprise a 3 ’ UTR motif, e.g., as listed in any of Tables 10-12, or a sequence having at

least 90%, 95%, 96%, 97%, 98%, or 99% sequence identity thereto.

465. The method, kit, or composition of any of the preceding embodiments, one of more GIMSs as

described herein comprise a 3 ’ UTR motif, e.g., as listed in any of Tables 10-12, or a sequence having up

to 1, 2, or 3 nucleotide differences (e.g., substitutions, additions or deletions) thereto

501. A method of making a mono-haplotypic DNA preparation comprising:

a) providing a plurality of haploid cells from an individual having:

i) a first allele and a second, different, allele at a first sub-genomic segment (SGS), e.g., a

gene; and

ii) a first allele and a second, different, allele for a MSGC, linked to the SGS, wherein the

first allele of the MSGC is associated with a first MSGC phenotype and the second allele of the

MSGC is associated with a second, different, MSGC phenotype;

wherein the individual comprises a first haplotype comprising the first allele of the SGS

and one of the first and second allele of the MSGC, and a second haplotype comprising the

second allele of the SGS and the other of the first and second allele of the MSGC; and



b) subjecting the plurality of haploid cells to a method that selects a haploid cell on the basis that

it comprises the first allele of the MSGC or that it comprises the first MSGC phenotype,

thereby making a mono-haplotypic DNA preparation comprising a preselected haplotype.

502. The method of embodiment 501, wherein the haplotype is on an autosomal chromosome.

503. The method of any of embodiment 501 or 502, further comprising isolating the mono-haplotypic

DNA from the haploid cells, e.g., from live haploid cells.

504. The method of any of embodiments 501-503, comprising sequencing an aliquot of the preparation

to confirm the presence of the pre-selected haplotype.

505. The method of any of embodiments 501-504, wherein the preparation comprises haploid cells

(e.g., live haploid cells) which comprise the preselected haplotype.

506. The method of any of embodiments 501-505, wherein the preparation comprises purified DNA.

507. The method of any of embodiments 501-506, wherein the first allele of the SGS is associated

with a first SGS phenotype and the second allele of the SGS is associated with a second SGS phenotype.

508. The method of any of any of embodiments 501-507, wherein the first SGS phenotype is a disease

phenotype, DOP, or first PC and the second SGS phenotype is a non-disease phenotype, non-DOP, or

second PC.

509. The method of any of embodiments 501-508, wherein the haploid cells comprise gametes.

510. The method of embodiment 509, wherein the gametes comprise sperm cells.

511. The method of any of embodiments 501-510, wherein the preparation comprises substantially

equal numbers of haploid cells comprising an X chromosome and haploid cells comprising a Y

chromosome.

512. The method of any of embodiments 501-505, wherein the method that selects a haploid cell does

not select on the basis of sex, and/or results in a population that comprises about 40-60% haploid cells



comprising an X chromosome and about 40-60% haploid cells comprising a Y chromosome (wherein the

total percentage is 100%); or about 45-55% haploid cells comprising an X chromosome and about 45-

55% haploid cells comprising a Y chromosome (wherein the total percentage is 100%).

513. A method of selecting a haploid cell comprising a first allele at a MSGC, comprising:

a) providing, e.g., acquiring, a plurality of haploid cells from an individual having a first allele

and a second, different, allele for a MSGC, wherein the first allele of the MSGC is associated with a first

MSGC phenotype and the second allele of the MSGC is associated with a second, different, MSGC

phenotype, and wherein the haploid cells optionally further comprise a SGS; and one or more of (e.g., 2,

3, 4 or all of):

i) wherein a haploid cell having the first allele of the MSGC has a first surface -exposed structure,

e.g., a first surface exposed epitope, present at a first level, and a haploid cell having the second allele of

the MSGC lacks the first surface exposed epitope or has it at a second, different, level;

ii) the plurality of haploid cells have normal mitochondrial function, e.g., have normal

mitochondrial membrane potential, or cells having the first allele of the MSGC have the same

mitochondrial function as cells having the second allele of the MSGC;

iii) the plurality of haploid cells have normal morphology, or cells having the first allele of the

MSGC have the same morphology as cells having the second allele of the MSGC;

iv) the plurality of haploid cells have normal ability to undergo capacitation and/or the acrosome

reaction, or cells having the first allele of the MSGC have the same ability to undergo capacitation and/or

the acrosome reaction as cells having the second allele of the MSGC; or

v) the MSGC is on an autosome and/or a human chromosome; and

b) subjecting the plurality of haploid cells to a method that selects a haploid cell on the basis that

it comprises the first allele of the MSGC or that it comprises the first MSGC phenotype,

thereby selecting a haploid cell having a first allele at the MSGC.

514. A method of separating a population of haploid cells into at least two genetically distinct sub

populations, comprising:

separating the population of haploid cells into a first sub-population that is enriched for a first

allele of a SGS and a second sub-population that is enriched for a second allele of the SGS, wherein:

i) the first sub-population and the second sub-population have substantially equal ratios of

haploid cells comprising an X chromosome to haploid cells comprising a Y chromosome, e.g., ratios of

about 1:1;

ii) the SGS is situated on an autosome; or



iii) the method does not comprise a sex selection step;

thereby separating the population of haploid cells into at least two genetically distinct sub-populations.

515. A method of distinguishing a first population of haploid cells from a second population of haploid

cells, comprising:

providing an input population of haploid cells which comprises the first population and the

second population, and

contacting the input population with a reagent that binds the first population with a first binding

property, e.g., binds the first population with greater affinity than it binds the second population, or binds

the first population with a first distribution of binding sites and binds the second population with a

second distribution of binding sites;

thereby distinguishing the first population from the second population.

516. The method of embodiment 515, which further comprises detecting binding of the reagent to the

first population, the second population, or the first population and the second population.

517. A method of making a labeled haploid cell, comprising:

a) providing, e.g., acquiring, a plurality of haploid cells from an individual having:

i) a first allele and a second, different, allele at a first sub-genomic segment (SGS), e.g., a

gene; and

ii) a first allele and a second, different, allele for a MSGC, linked to the SGS, wherein the

first allele of the MSGC is associated with a first MSGC phenotype and the second allele of the MSGC is

associated with a second, different, MSGC phenotype;

wherein the individual comprises a first haplotype comprising the first allele of the SGS and one

of the first and second allele of the MSGC, and a second haplotype comprising the second allele of the

SGS and the other of the first and second allele of the MSGC; and

b) contacting the plurality of haploid cells with a reagent having specific affinity for a haploid

cell, on the basis that it comprises the first allele of the MSGC or that it comprises the first MSGC

phenotype,

thereby making a labeled haploid cell.

518. The method of any of the preceding embodiments, which comprises selecting a haploid cell

having a first allele at the SGS.



519. The method of any of the preceding embodiments, which comprises selecting a haploid cell

having greater than random, e.g., greater than 60, 65, 70, 75, 80, 85, 90, 95, or 99% likelihood of

comprising the first allele of the SGS and/or MSGC.

520. The method of any of the preceding embodiments, which comprises selecting a population of

haploid cells enriched for haploid cells, e.g., comprising greater than 60, 65, 70, 75, 80, 85, 90, 95, or

99% haploid cells, comprising the first allele of the SGS and/or MSGC.

521. The method of any of the preceding embodiments, wherein the SGS and the MSGC are not in the

same gene; are a predetermined distance apart; are not in linkage disequilibrium with each other; are not

in the same LD block as each other; are not in the same transcript; are not in the same coding region; or

are at least 10, 20, 30, 40, 50, 100 kb apart.

522. The method of any of the preceding embodiments, which comprises detecting the presence,

absence, or level of a gene product of the first and/or second MSGC.

523. The method of any of the preceding embodiments, wherein the SGS is in a first gene and the

MSGC not in the first gene, e.g., is in a second gene.

524. The method of any of the preceding embodiments, wherein the SGS and the MSGC are in the

same gene.

525. The method of any of the preceding embodiments, wherein (b) comprises selecting a haploid cell

based on affinity of a reagent for an antigen comprised by a haploid cell comprising a first allele of a

MSGC, wherein optionally the reagent is bound, e.g., non-covalently bound or covalently linked, to a

detectable label, e.g., a fluorophore.

526. The method of any of the preceding embodiments, wherein (b) comprises selecting a haploid cell

based on affinity of a reagent for an antigen comprised by a haploid cell comprising a second allele of a

MSGC, wherein optionally the reagent is bound, e.g., non-covalently bound or covalently linked, to a

detectable label, e.g., a fluorophore.

527. The method of any of the preceding embodiments, wherein (b) does not comprise selecting on the

basis of mitochondrial function, morphology, or ability to undergo capacitation or the acrosome reaction.



528. The method of any of the preceding embodiments, which yields a plurality of haploid cells

wherein at least 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% of the haploid cells in the

plurality, comprises the first allele of the MSGC.

529. The method of any of the preceding embodiments, which comprises selecting a plurality of

haploid cells on the basis that each haploid cell in the plurality, or at least 70%, 75%, 80%, 85%, 90%,

95%, 96%, 97%, 98%, or 99% of the haploid cells in the plurality, comprises the first allele of the MSGC

or comprises the first MSGC phenotype.

530. The method of any of the preceding embodiments, which does not comprise selecting a haploid

cell on the basis of its X or Y chromosome.

531. The method of any of the preceding embodiments, which comprises assaying whether the

selected haploid cell comprises the first allele of the MSGC or comprises the first MSGC phenotype.

532. The method of any of the preceding embodiments, which comprises assaying whether the

selected haploid cell comprises the second allele of the MSGC or comprises the second MSGC

phenotype.

533. The method of any of the preceding embodiments, which comprises assaying whether the

selected haploid cell comprises the first or second allele of the MSGC or comprises the first or second

MSGC phenotype.

534. The method of any of the preceding embodiments, which further comprises performing gamete

differentiation in vitro (e.g., generating or obtaining a stem cell such as an embryonic stem cell or induced

pluripotent cell and inducing it to differentiate into a gamete such as an egg) or in vitro spermatogenesis.

535. The method of any of the preceding embodiments, which further comprises thawing the

cryopreserved haploid cells, and/or further comprises cryopreserving the haploid cells comprising the first

or second (e.g., preselected) MSGC or SGS allele.

536. The method of any of the preceding embodiments, wherein the haploid cells are cryopreserved

before and/or after the method of selecting a haploid cell.



537. The method of any of the preceding embodiments, which further comprises transporting the

haploid cell comprising the first or second (e.g., preselected) MSGC or SGS allele.

538. The method of any of the preceding embodiments, which further comprises acquiring information

on the heterozygosity of the MSGC in the individual, e.g., the individual that contributes the haploid cell.

539. The method of any of the preceding embodiments, which further comprises testing whether the

individual (e.g., the individual that contributes the haploid cell) is heterozygous for the SGS.

540. The method of any of the preceding embodiments, which further comprises acquiring information

on the heterozygosity of the SGS in the individual (e.g., the individual that contributes the haploid cell).

541. The method of any of the preceding embodiments, which further comprises testing whether the

individual (e.g., the individual that contributes the haploid cell) is heterozygous for the MSGC.

542. The method of embodiment 539 or 541, wherein the testing is performed on a biological sample

from the individual (e.g., the individual that contributes the haploid cell), e.g., a biological sample that

comprises gametes or somatic cells.

543. The method of any of embodiments 539-542, wherein the biological sample comprises blood, a

cheek swab, epidermal sample, skin sample, sperm, or semen.

544. The method of any of embodiments 536-540, wherein the testing comprises performing DNA

sequencing (e.g., whole genome DNA sequencing), PCR, ELISA, or microarray analysis.

545. The method of any of the preceding embodiments, which yields a first plurality of haploid cells

comprising the first allele of the MSGC and a second plurality of haploid cells comprising the second

allele of the MSGC.

546. The method of any of the preceding embodiments, which comprises acquiring information about

the SGS in the first plurality of haploid cells, e.g., determining whether the first or second allele of the

SGS is present in the first plurality of haploid cells.



547. The method of any of the preceding embodiments, which comprises acquiring information about

the SGS in the second plurality of haploid cells, e.g., determining whether the first or second allele of the

SGS is present in the second plurality of haploid cells.

548. The method of embodiment 546 or 547, wherein acquiring information comprises performing

testing, e.g., destructive testing, on a sample of the first plurality of haploid cells.

549. The method of any of embodiments 546-548, wherein acquiring information comprises

performing testing, e.g., destructive testing, on a sample of the second plurality of haploid cells.

550. The method of any of embodiments 546-549, wherein acquiring information comprises acquiring

information about the purity of the haploid cells in the first sample, e.g., acquiring information about a

level of the first allele of the SGS and the second allele of the SGS.

551. The method of any of embodiments 546-550, wherein acquiring information comprises acquiring

information about the purity of the haploid cells in the second sample, e.g., acquiring information about a

level of the first allele of the SGS and the second allele of the SGS.

552. The method of any of the preceding embodiments, which further comprises acquiring knowledge

of the haplotype of the individual supplying the haploid cells, e.g., acquiring knowledge of which allele of

the MSGC is linked to which allele of the SGS.

553. The method of embodiment 49, wherein the knowledge of the haplotype is acquired before or

after the selecting of the haploid cell.

554. The method of any of the preceding embodiments, which further comprises acquiring information

on the MSGC in the individual, e.g., whether the individual is heterozygous for the MSGC and/or

identifying the sequence of one or both alleles of the MSGC, e.g., by DNA sequencing of a haploid or

somatic cell or plurality of cells.

555. The method of any of the preceding embodiments, which further comprises generating a novel

reagent, e.g., antibody molecule, or mixture of reagents, e.g., antibody molecules (e.g., a novel mixture of

previously known antibodies) specific to an antigen comprised by one or more haploid cells comprising a

MSGC.



556. The method of embodiment 555, wherein the mixture comprises a first antibody molecule

(optionally labelled with a first label, e.g., a label having a first color) specific to an antigen comprised by

a haploid cell comprising the first allele of a first MSGC and a second antibody molecule (optionally

labelled with a second label, e.g., a label having a second color) specific to an antigen comprised by a

haploid cell comprising a second allele of the first MSGC.

557. The method of embodiment 555, wherein the mixture comprises an antibody molecule (optionally

labelled with a first label, e.g., a label having a first color) specific to an antigen comprised by a haploid

cell comprising a first allele of a first MSGC and a second antibody molecule (optionally labelled with the

first label, e.g., the label having a first color, or a second label, e.g., a label having a second color) specific

to an antigen comprised by a haploid cell comprising a first allele of a second MSGC.

558. The method of embodiment 555, wherein the mixture comprises:

a first antibody molecule (optionally labelled with a first label, e.g., a label having a first color)

specific to an antigen comprised by a haploid cell comprising the first allele of a first MSGC;

a second antibody molecule (optionally labelled with a second label, e.g., a label having a second

color) specific to an antigen comprised by a haploid cell comprising a second allele of the first MSGC;

a third antibody molecule (optionally labelled with a first label, e.g., a label having a third color)

specific to an antigen comprised by a haploid cell comprising the first allele of a second MSGC; and

a fourth antibody molecule (optionally labelled with a second label, e.g., a label having a fourth

color) specific to an antigen comprised by a haploid cell comprising a second allele of the second MSGC.

559. The method of any of embodiments 556-558, wherein the antigen is comprised by a protein

encoded by the MSGC allele or a reaction substrate of a reaction performed by an enzyme encoded by the

MSGC allele.

560. The method of any of the preceding embodiments, which comprises providing a plurality of

haploid cells in a collection vial which is optionally in a temperature-controlled container.

561. The method of any of the preceding embodiments, which further comprises thawing

cryopreserved haploid cells before step (b), or cryopreserving one or more haploid cells after step (b).



562. The method of any of the preceding embodiments, wherein the selected haploid cell is an

epididymal cell, testes cell, or an immature haploid cell, e.g., a round cell.

563. The method of any of the preceding embodiments, wherein the plurality of haploid cells

comprises epididymal cells, testes cells, or round cells, or any combination thereof.

564. The method of any of the preceding embodiments, which further comprises performing testing,

e.g., destructive testing, on a sample of the first plurality of haploid cells and/or the second plurality of

haploid cells.

565. The method of embodiment 564, wherein the testing comprises sequencing a nucleic acid (e.g.,

RNA or DNA) from the sample, detecting a protein in the sample, observing a phenotype (e.g., motility

e.g., hypermotility, membrane polarization, acrosome reaction, or swelling, or any combination thereof),

or inducing a phenotype in the sample.

566. The method of embodiment 565, wherein the induced phenotype is acrosome reactivity,

chemoattraction, hypermotility, lack of motility, cell death, swelling, permeabilization, or sensitivity to a

solution, or any combination thereof.

567. The method of any of the preceding embodiments, wherein step (b) comprises selecting the

haploid cell by FACS, column, microfluidic device, or centrifuge.

568. The method of any of the preceding embodiments, wherein the first SGS phenotype or the second

SGS phenotype is displayed in a diploid cell or diploid organism, e.g., an organism that is homozygous

for the first SGS allele, homozygous for the second SGS allele, or heterozygous for the SGS allele.

569. The method of any of the preceding embodiments, wherein the first SGS phenotype and/or the

second SGS phenotype is not displayed in the haploid cell.

570. The method of any of the preceding embodiments, wherein the SGS comprises or is comprised by

a gene that is not expressed in the haploid cells, does not produce a detectable amount of RNA in the

haploid cells (e.g., by RT-PCR), does not produce a detectable amount of protein in haploid cells (e.g., by

Western blot), or does not produce a detectable amount of protein on the surface of haploid cells (e.g., by

FACS)..



571. The method of any of the preceding embodiments, wherein the SGS or MSGC comprises one or

more nucleotide from, e.g., overlaps with or is situated within one or more of: a gene; a transcribed

sequence of a gene; a translated sequence of a gene; a coding sequence of a gene; a non-coding region,

e.g., intronic sequence or 5 ’ UTR or 3 ’ UTR, of a gene; a non-gene functional element, e.g., an enhancer

or insulator; a translocation; a deletion, e.g., a multi-gene deletion; an epigenetic feature, e.g., chromatin

having DNA methylation or one or more histone modifications; an eQTL (expression quantitative trait

locus); a GWAS (genome-wide association study) region; a phenotype associated region; or a pedigree

region.

572. The method of any of the preceding embodiments, wherein the SGS is not expressed in haploid

cells.

573. The method of any of the preceding embodiments, wherein SGS is located in, encompasses, or

overlaps with a gene that is not expressed in haploid cells (e.g., developing or mature haploid cells).

574. The method of any of the preceding embodiments, wherein selection of a MSGC allele results in

selection of a haploid cell having the first or second (e.g., preselected) allele of the SGS.

575. The method of any of the preceding embodiments, wherein the method comprises separating a

haploid cell having the first or preselected allele of the SGS from a haploid cell having the second allele

of the SGS.

576. The method of any of the preceding embodiments, wherein the first allele of the SGS is linked to

the first allele of the MSGC and the second allele of the SGS is linked to the second allele of the MSGC;

or the first allele of the SGS is linked to the second allele of the MSGC and the second allele of the SGS

is linked to the first allele of the MSGC.

577. The method of any of the preceding embodiments, which comprises, e.g., in step b), contacting a

haploid cell from the plurality with a reagent that can distinguish a haploid cell having the first allele of

the MSGC from a haploid cell having the second allele of the MSGC.



578. The method of any of the preceding embodiments, which comprises selecting a haploid cell by its

affinity for a reagent, e.g., a reagent that binds a gene product of the first and/or second MSGC or a

structure produced by the first and/or second MSGC.

579. The method of embodiment 577 or 578, wherein the reagent binds a haploid cell having the first

allele of the MSGC with a first affinity and binds a haploid cell having the second allele of the MSGC

with a second affinity.

580. The method of embodiment 579, wherein the first affinity and second affinity differ sufficiently

to allow distinguishing a haploid cell having the first allele of the MSGC from a haploid cell having the

second allele of the MSGC.

581. The method of any of embodiments 577-580, wherein the reagent binds a product of the first

allele of the MSGC with a first affinity and binds a product of the second allele of the MSGC with a

second affinity, and the first affinity is greater (e.g., having a lower Kd) than the second affinity, e.g., by

about 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 50, or 100-fold.

582. The method of any of embodiments 577-581, wherein the affinity of the reagent for the product

of the first allele of the SGS is not sufficiently different from the affinity of the reagent for the product of

the second allele of the SGS to allow distinguishing or separating haploid cells having first allele of the

SGS from haploid cells having the second allele of the SGS on the basis of binding to a product of the

SGS.

583. The method of any of embodiments 577-582, wherein the reagent fails to bind at substantial

levels to one or both of a product of the first allele of the SGS or the product of a second allele of the

SGS.

584. The method of any of embodiments 577-583, wherein the reagent comprises an antibody

molecule, e.g., an antibody, scFv, Fab fragment, or Fab2 fragment, and optionally wherein the reagent is

other than an antibody produced by the individual that produced the egg cell or the haploid cell.

585. The method of any of embodiments 577-584, wherein the reagent comprises a nucleic acid, e.g.,

DNA or RNA.



586. The method of any of embodiments 577-585, wherein the reagent can distinguish a haploid cell

having the first allele of the MSGC from a haploid cell having of the second allele of the MSGC.

587. The method of any of embodiments 577-586, wherein the reagent can distinguish an antigen

comprised by a haploid cell having the first allele of the MSGC from an antigen comprised by a haploid

cell having of the second allele of the MSGC.

588. The method of any of embodiments 577-586, wherein the reagent binds preferentially to a

product of the first allele of the MSGC compared to a product of the second allele of the MSGC (e.g., has

an affinity for the product of the first allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater than its

affinity for the product of the second allele).

589. The method of any of embodiments 577-588, which further comprises, e.g., in step b), contacting

a haploid cell from the plurality with a second reagent that can distinguish a haploid cell having the first

allele of the MSGC from a haploid cell having the second allele of the MSGC.

590. The method of embodiment 589, wherein the second reagent binds preferentially to the product of

the second allele of the MSGC compared to the product of the first allele of the MSGC (e.g., has an

affinity for the product of the second allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater than its

affinity for a product of the first allele).

591. The method of embodiment 589 or 590, wherein the first reagent binds preferentially to the

product of the first allele of the MSGC compared to the product of the second allele of the MSGC (e.g.,

has an affinity for the product of the first allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater than

its affinity for a product of the second allele), and the second reagent binds preferentially to the product of

the second allele of the MSGC compared to the product of the first allele of the MSGC (e.g., has an

affinity for the product of the second allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater than its

affinity for a product of the first allele).

592. The method of any of embodiments 589-591, wherein the first reagent is associated with a first

detectable label, e.g., a first fluorophore and the second reagent is associated with a second detectable

label, e.g., a second fluorophore.



593. The method of embodiment 592, which further comprises measuring a level of the first detectable

label, e.g., fluorescence from the first fluorophore and a level of the second detectable label, e.g.,

fluorescence from the second fluorophore, which is associated with a haploid cell.

594. The method of embodiment 592 or 593, which further comprises calculating a ratio between the

level of the first detectable label, e.g., fluorescence from the first fluorophore and the level of the second

detectable label, e.g., fluorescence from the second fluorophore, which is associated with a haploid cell.

595. The method of embodiment 594, which further comprises sorting the population of haploid cells

into at least two (e.g., 3, 4, 5, 6, or more) sub-populations based on the ratio.

596. The method of embodiment 595, wherein the sub-populations of haploid cells comprise:

i) a sub-population enriched for first allele of the MSGC, e.g., having greater fluorescence from

the first fluorophore than the second fluorophore,

ii) a sub-population enriched for second allele of the MSGC, e.g., having greater fluorescence

from the second fluorophore than the first fluorophore, and

iii) optionally, a sub-population which has similar levels of fluorescence from the first and second

fluorophores, e.g., a non-enriched or weakly enriched sub-population, e.g., suitable to discard.

597. The method of any of embodiments 577-596, which further comprises a step of removing the

reagent (e.g., the first reagent), e.g., antibody molecule, from the haploid cell, e.g., wherein a plurality of

antibody molecules bind the haploid cell, the method further comprises a step of removing one or more

reagents, e.g., antibody molecules, e.g., all antibodies, from the haploid cell.

598. The method of embodiment 597, which further comprises assaying the haploid cell for the

presence of the first reagent, e.g., antibody molecule.

599. The method of embodiment 597 or 598, which further comprises removing the second reagent

and/or assaying the haploid cell for the presence of the second reagent.

600. The method of any of the preceding embodiments, which further comprises contacting the

haploid cell with a viability dye.



601. The method of any of the preceding embodiments, which further comprises removing non-viable

haploid cells from the population, e.g., by FACS.

602. The method of any of the preceding embodiments, wherein a haploid cell having the first allele of

the MSGC has a first structure, e.g., a first epitope, e.g., a first surface exposed epitope, present at a first

level; and a haploid cell having the second allele of the MSGC lacks the first structure or has it at a

second, different level.

603. The method of embodiment 602, wherein the structure is one listed in Table A4.

604. The method of embodiment 602 or 603, wherein the first level is greater than the second level.

605. The method of any of embodiments 602-604, wherein second level is undetectable or zero, i.e.,

the first structure is not present or not detectable on haploid cells having the second allele of the MSGC.

606. The method of any of embodiments 602-605, wherein the haploid cell having the second allele of

the MSGC has a second structure.

607. The method of any of embodiments 602-606, wherein the method, e.g., step b) of the method,

comprises contacting a haploid cell from the starting population with a reagent, e.g., an antibody

molecule, that can distinguish the first structure, e.g., first epitope, from the second structure, e.g., second

epitope.

608. The method of embodiment 607, wherein the reagent has a KD for the first structure and a KD for

the second structure, wherein the KD for the first structure is at least 2, 5, 10, 20, 50, 100, 200, 500, or

1000-fold lower than the KD for the second structure.

609. The method of any of embodiments 602-608, wherein the first structure is a gene product, e.g., a

polypeptide, encoded by the MSGC.

610. The method of any of embodiments 602-609, wherein the first structure is a polypeptide having a

first amino acid sequence and the second structure is a polypeptide having a second amino acid sequence,

wherein the first and second structures are different.



611. The method of any of the preceding embodiments, which comprises detecting a structure

produced by a MSGC, e.g., wherein the structure comprises a reaction product such as a phosphorylated

reaction substrate or a glycosylated reaction substrate.

612. The method of any of the preceding embodiments, wherein a first haploid cell having the first

allele of the MSGC has a first structure, e.g., a first epitope, e.g., a first surface exposed epitope, and the

first allele of the MSGC encodes a gene product, e.g., a polypeptide, that can form (e.g., catalyze the

formation of) the first structure, and the first structure is present at a first level; and a second haploid cell

having the second allele of the MSGC lacks the first structure or has the first structure at a second,

different level.

613. The method of embodiment 612, wherein the first structure is not disposed on the gene product of

the MSGC.

614. The method of embodiment 612 or 613, which comprises contacting the first haploid cell or

second haploid cell with a reagent (e.g., an antibody molecule) specific for the first structure.

615. The method of any of embodiments 612-614, wherein the first structure comprises a lipid (e.g., a

phospholipid), polypeptide, glycosyl moiety, phosphorylated amino acid, methylated amino acid,

acetylated amino acid, polypeptide subject to alternative splicing, post-translationally modified

polypeptide.

616. The method of any of the preceding embodiments, wherein:

the reagent is subject to cleavage and/or denaturation,

the reagent does not bind a factor (e.g., a sperm protein) that participates in fertilization,

the reagent does not bind a spermadhesin, and/or

the reagent does not interfere with fertilization.

617. The method of any of the preceding embodiments, which comprises directly detecting a protein

encoded by a MSGC.

618. The method of any of the preceding embodiments, wherein the first allele of the MSGC is a null

allele, or the second allele of the MSGC is a null allele, but the first and second alleles of the MSGC are

not both null alleles.



619. The method of any of embodiments 501-618, wherein the first allele of the MSGC, relative to the

second allele of the MSGC, comprises a point mutation, substitution, insertion, deletion, premature stop

codon, or frameshift.

620. The method of any of embodiments 501-619, wherein the MSGC encodes a transmembrane

protein, a membrane-associated protein, and/or a membrane lipid-anchored protein.

621. The method of any of embodiments 501-620, wherein the MSGC encodes a spermadhesin,

transmembrane transporter, ion channel, solute carrier, integrin, cadherin, matrix metallopeptidase, ATP-

binding cassette, ATPase, glycoproteins, or cell surface receptor (e.g., G protein-coupled receptor,

hormone receptor, chemokine receptor, or cytokine receptor).

622. The method of any of embodiments 501-621, wherein the MSGC affects levels of a protein, e.g.,

the MSGC is disposed in, overlaps with, or encompasses a promoter, enhancer, or mRNA stability

element.

623. The method of any of embodiments 501-622, wherein the MSGC affects stability of a protein,

e.g., encodes an amino acid mutation that alters stability of the encoded protein.

624. The method of any of the preceding embodiments, wherein the first allele of the MSGC encodes a

polypeptide having enzymatic, e.g., catalytic activity, at a first level.

625. The method of any of the preceding embodiments, wherein the second allele of the MSGC

encodes a polypeptide having enzymatic, e.g., catalytic activity, at a second, different level.

626. The method of embodiment 625, wherein the second level is zero.

627. The method of any of embodiments 624-626, wherein the polypeptide is a glycosyltransferase,

kinase, phosphatase, methyltransferase, acetyltransferase, deacetylase, protease, biosynthetic enzyme

(e.g., enzyme for biosynthesis of a membrane component, lipid biosynthesis enzyme, or cholesterol

biosynthesis enzyme).



628. The method of any of the preceding embodiments, wherein the MSGC encodes a factor (e.g.,

polypeptide or RNA) that affects splicing of an RNA, e.g., leading to a cell surface epitope being present

or spliced out.

629. The method of embodiment 628, wherein the factor (e.g., polypeptide) acts on a reaction

substrate, which reaction substrate is cell-restricted and/or geno-informative.

630. The method of embodiment 629, wherein a gene encoding the reaction substrate is heterozygous

or homozygous.

631. The method of any of embodiments 628-630, wherein the factor (e.g., polypeptide) acts on a

reaction substrate, which reaction substrate is disposed at the haploid cell surface, e.g., is a lipid (e.g.,

phospholipid), transmembrane protein, surface-associated protein, lipid-anchored protein, or surface-

associated carbohydrate.

632. The method of any of the preceding embodiments, wherein the haploid cell is a sperm cell, e.g., a

human sperm cell.

633. The method of any of embodiments 501-631, wherein the cell is a non-human animal cell, e.g.,

from an agricultural animal (e.g., cow, pig, horse, goat, or chicken), a companion animal (e.g., dog, or

cat) rodent (e.g., mouse or rat), fish, bird, or insect.

634. The method of any of embodiments 501-631, wherein the cell is from an organism other than a

rodent, mouse, rat, or hamster.

635. The method of any of embodiments 501-632, wherein the cell is a human cell and the MSGC is

listed in Table A2.

636. The method of any of embodiments 501-631, wherein the cell is a non-human animal cell and the

MSGC is listed in Table A 1 or A3.

637. The method of any of the preceding embodiments, wherein the SGS is not a gross chromosomal

feature, e.g., is not a translocation, multi-gene deletion, multi-gene inversion, or loss of a chromosome.



638. The method of any of embodiments 525, 526, 555, 577-566, 614, or 615, wherein the reagent

(e.g., first and/or second reagent) is affixed to a support, e.g., an insoluble or solid support.

639. The method of embodiment 638, wherein the support comprises a bead, or plurality of beads.

640. The method of embodiment 638, wherein the support is disposed on or in a device, e.g., a

column, or microfluidic device.

641. The method of any of embodiments 638-640, which comprises contacting the plurality of haploid

cells with the reagent affixed to the support.

642. The method of embodiment 641, which further comprises washing the support.

643. The method of embodiment 641 or 642, which further comprises eluting haploid cells from the

support.

644. The method of any of the preceding embodiments, which further comprises contacting the

plurality of haploid cells with a microfluidic device.

645. The method of any of the preceding embodiments, which further comprises passing the plurality

of haploid cells through the device, e.g., a microfluidic device.

646. The method of embodiment 645, wherein the device, e.g., a microfluidic device, comprises an

inlet, an outlet, and a channel connecting the inlet to the outlet.

647. The method of embodiments 645 or 646, which comprises contacting the plurality of haploid

cells with the inlet under conditions that allow at a sub-population of haploid cells to reach the outlet, and

optionally collecting the sub-population of haploid cells (or a portion thereof) from the outlet.

648. The method of any of the preceding embodiments, which comprises performing flow cytometry

on a plurality of beads.

649. The method of any of the preceding embodiments, which does not comprise performing sex

selection.



650. The method of any of the preceding embodiments, which results in a population comprising

haploid cells comprising an X chromosome and haploid cells comprising a Y chromosome, e.g., a

population that comprises about 40% haploid cells comprising an X chromosome and about 60% haploid

cells comprising a Y chromosome; about 45% haploid cells comprising an X chromosome and about 55%

haploid cells comprising a Y chromosome; about 50% haploid cells comprising an X chromosome and

about 50% haploid cells comprising a Y chromosome; about 55% haploid cells comprising an X

chromosome and about 45% haploid cells comprising a Y chromosome; about 60% haploid cells

comprising an X chromosome and about 40% haploid cells comprising a Y chromosome; about 40-60%

haploid cells comprising an X chromosome and about 40-60% haploid cells comprising a Y chromosome

(wherein the total percentage is 100%); or about 45-55% haploid cells comprising an X chromosome and

about 45-55% haploid cells comprising a Y chromosome (wherein the total percentage is 100%).

651. The method of any of the preceding embodiments, which has at least 5%, 10%, 20%, 30%, 40%,

or 50% (e.g., about equal chance) chance of providing either a haploid cell comprising an X chromosome

or a haploid cell comprising a Y chromosome.

652. The method of any of the preceding embodiments, which does not enrich for haploid cells

comprising an X or Y chromosome.

653. The method of any of the preceding embodiments, wherein the selected population comprises

haploid cells comprising X chromosomes and haploid cells comprising Y chromosomes.

654. The method of any of the preceding embodiments, wherein the selected population comprises at

least 5%, 10%, 20%, 30%, 40%, or 50% (e.g., about equal numbers) of haploid cells comprising an X

chromosome.

655. The method of any of the preceding embodiments, wherein the selected population comprises at

least 5%, 10%, 20%, 30%, 40%, or 50% (e.g., about equal numbers) of haploid cells comprising a Y

chromosome.

656. The method of any of the preceding embodiments, wherein the proportions of haploid cells

comprising an X chromosome and haploid cells comprising a Y chromosome in the selected population



does not differ significantly from the proportion of haploid cells comprising an X chromosome and

haploid cells comprising a Y chromosome in the plurality of haploid cells provided by the individual.

657. The method of any of the preceding embodiments, wherein providing the plurality of haploid

cells comprises receiving a plurality of haploid cells.

658. The method of any of the preceding embodiments, wherein the plurality of haploid cells is in

frozen form or in non-frozen (e.g., fresh) form when received.

659. The method of any of the preceding embodiments, which further comprises transporting the

haploid cell having the first or second (e.g., preselected) SGS allele and/or MSGC allele to a recipient.

660. The method of any of the preceding embodiments, wherein providing (e.g., providing haploid

cells) comprises acquiring (e.g., acquiring haploid cells), e.g., acquiring gametes from the individual that

produced the gametes.

661. The method of any of the preceding embodiments, which comprises selecting a population of

haploid cells having the first or second (e.g., preselected) allele at the SGS.

662. The method of embodiment 661, wherein the selected population of haploid cells comprises at

least 2, 5, 10, 20, 50, 100, 200, 500, 1,000, 2,000, 5,000, 10,000, 20,000, 50,000, 100,000, 200,000,

500,000, 1 million, 2 million, 5 million, 10 million, 20 million, 50 million, 100 million, 200 million, or

500 million haploid cells.

663. The method of any of the preceding embodiments, which further comprises contacting the

haploid cells with an antibody molecule.

664. The method of any of the preceding embodiments, wherein the selection step comprises a

separation step, e.g., an affinity separation step.

665. A method of identifying a heterozygous MSGC near an SGS comprising:

obtaining nucleic acid sequence information, e.g., sequencing a nucleic acid, from a subject (e.g., a

human or a non-human animal) that is heterozygous at a SGS, wherein the nucleic acid sequence

information comprises the sequence of one or more MSGC, and



identifying the subject as heterozygous at one or more MSGC that is less than a predetermined

distance from the SGS.

666. The method of embodiment 665, wherein:

sequence information of less than the entire genome is obtained,

sequence information of less than all autosomes, is obtained,

sequence information obtained does not include the entire genome, e.g., it omits at least 10,000,

50,000, 100,000, or 200,000 i phases of genomic sequence.

the method does not comprise whole-genome, high-throughput, microarray (e.g., SNP chip), or

shotgun sequencing, or

the obtained nucleic acid sequence information is not whole -genome, high-throughput,

microarray (e.g., SNP chip), or shotgun sequencing information.

667. The method of embodiment 665 or 666, wherein the nucleic acid sequence information comprises

the sequence of at least 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 30, 40, or 50 MSGCs.

668. The method of any of embodiments 665-667, wherein the nucleic acid sequence information

comprises the sequence of no more than 100, 80, 60, 40, or 20 MSGCs.

669. The method of any of embodiments 665-668, which comprises whole-genome, high-throughput,

microarray (e.g., SNP chip), or shotgun sequencing.

670. The methods of any of embodiments 665-668, wherein the genetic variants are phased

computationally or experimentally to determine the physical linkages between heterozygous sites, e.g.,

wherein phasing comprises computational inference using a genotyped reference population, sequencing

using direct or synthetic long read technology, or chromosome-scale phasing, and wherein the phasing is,

e.g., partial or chromosome-scale.

671. The method of any of embodiments 665-670, which comprises comparing the sequence of a first

allele of a MSGC to the sequence of a second allele of the MSGC.

672. The method of any of embodiments 665-671, which comprises calculating the distance between

the MSGC and the SGS.



673. A method of removing a reagent, e.g., antibody molecule, from a haploid cell comprising:

a) providing a haploid cell bound by a reagent, e.g., antibody molecule, e.g., a plurality of

antibody molecules;

b) removing one or more reagents, e.g., antibody molecules from the haploid cell, e.g., wherein a

plurality of antibody molecules bind the haploid cell, the method comprises removing one or more

antibody molecules from the haploid cell; and

c) optionally assaying the haploid cell for the presence of the reagent, e.g., antibody molecule.

674. A method of contacting a haploid cell with a reagent, e.g., antibody molecule, comprising:

a) providing a haploid cell e.g., providing a population of haploid cells;

b) providing a reagent, e.g., an antibody molecule, e.g., providing a population of antibody

molecules; and

c) contacting the haploid cell with the reagent, e.g., by admixing the population of haploid cells

with the reagents;

wherein one or more of (e.g., 2, 3, 4, 5, 6, or all of):

i) the haploid cell does not undergo a change in phenotype upon binding of the reagent;

ii) the haploid cell remains viable upon binding of the reagent;

iii) the haploid cell remains fertile upon binding of the reagent;

iv) the haploid cell does not comprise a DNA dye;

v) the reagent does not comprise a detectable label, e.g., does not comprise a fluorescent label;

vi) the method further comprises a step of separating the haploid cells into a first pool and a

second pool based on binding of the reagent; or

vii) the method further comprises a step of separating the haploid cells into a first pool and a

second pool that are enriched for genetically different haploid cells.

675. The method of embodiment 673 or 674, wherein a) comprises contacting the haploid cell with the

antibody molecule.

676. The method of any of embodiments 673-675, wherein a) comprises receiving the haploid cell and

antibody molecule (e.g., bound to each other and/or admixed in a single volume) from another entity such

as a clinic, doctor’s office, or hospital.

677. The method of any of embodiments 673-676, which comprises receiving the sample of haploid

cells from a provider, e.g., a patient, sperm bank, or clinic.



678. The method of any of embodiments 673-677, wherein removing the reagent (e.g., antibody

molecule) comprises one or more of adding a buffer, e.g., a high salt buffer, counter-selection (e.g.,

allowing the antibody molecule to dissociate from one or more of the haploid cells and then selecting

haploid cells that are not bound to the antibody molecule or are bound by less than a preselected number

of antibody molecules), swim-up (e.g., allowing the antibody molecule to dissociate from one or more of

the haploid cells, contacting the haploid cells with a reagent that impedes swimming and binds to the

antibody molecule, e.g., beads coated with an antibody-binding reagent such as protein A or protein G,

and then selecting haploid cells with better swimming activity in a swim-up assay), centrifugation (e.g.,

allowing the antibody to dissociate from one or more of the haploid cells, contacting the haploid cells

with a reagent that changes the haploid cell’s sedimentation under centrifuge conditions and binds to the

antibody molecule, e.g., beads coated with an antibody-binding reagent such as protein A or protein G,

centrifuging the haploid cells, and selecting haploid cells that do not sediment with the beads), washing

(e.g., allowing the antibody to dissociate from one or more of the haploid cells in a buffer, centrifuging or

otherwise separating the haploid cells from the buffer, and removing the buffer), filtering (e.g., binding a

large entity such as a bead to the antibody, allowing the antibody to dissociate from one or more of the

haploid cells, and allowing non antibody-bound beads to pass through a filter), enzymatic treatment (e.g.,

cleaving the antibody molecule, e.g., with a protease), self-destruction (e.g., antibody self-cleaving), or

destabilization in vitro or in vivo (e.g., exposing the haploid cell and antibodies to a solution that

destabilizes the antibody).

679. The method of any of embodiments 673-678, wherein the reagent comprises an antibody

molecule, e.g., a non-human antibody molecule.

680. The method of embodiment 679, wherein the antibody molecule is other than one produced by

the individual that produced the haploid cell.

681. The method of embodiment 679, wherein the antibody molecule is a single-chain antibody

molecule.

682. The method of any of embodiments 673-681, wherein the reagent, e.g., antibody molecule, has

specificity for a protein or structure of any of Tables A1-A4.



683. The method of any of embodiments 673-682, which further comprises a step of removing the

reagent, e.g., antibody molecule, from the haploid cell, e.g., wherein a plurality of antibody molecules

bind the haploid cell, the method further comprises a step of removing one or more antibody molecules,

e.g., all antibodies, from the haploid cell.

684. The method of any of embodiments 673-683, wherein the method further comprises assaying the

haploid cell for the presence of the reagent, e.g., antibody molecule.

685. The method of any of embodiments 673-684, which further comprises contacting the haploid cell

with an anti-immunoglobulin antibody.

686. The method of any of embodiments 673-685, which further comprises contacting the haploid cell

with a detectable moiety, e.g., fluorescent moiety, e.g., a fluorescently labeled anti-immunoglobulin

antibody.

687. The method of any of embodiments 673-686, wherein the cell is a human cell.

688. The method of any of embodiments 673-686, wherein the cell is a non-human animal cell.

689. The method of any of embodiments 675-688, wherein the SGS and the MSGC are in the same

gene; are within a predetermined distance of each other; in linkage disequilibrium with each other; are in

the same LD block as each other; are in the same transcript; are in the same coding region; or are within

10, 8, 6, 5, 4, 3, 2, or 1 kb of each other.

690. The method of any of embodiments 675-689, wherein the SGS and the MSGC are not in the same

gene; are a predetermined distance apart; are not in linkage disequilibrium with each other; are not in the

same LD block as each other; are not in the same transcript; are not in the same coding region; or are at

least 10, 20, 30, 40, 50, 100 kb apart.

691. The method of any of embodiments 675-690, wherein the first SGS allele is a non-disease, non

DOP, or first PC allele.

692. The method of any of embodiments 675-690, wherein the first SGS allele is a disease, DOP, or

second PC allele.



693. The method of any of embodiments 675-692, wherein the SGS is in a first gene and the MSGC

not in the first gene, e.g., is in a second gene.

694. The method of any of embodiments 675-692, wherein the SGS and the MSGC are in the same

gene.

695. The method of any of embodiments 675-694, wherein the haploid cell is a frozen haploid cell,

and the method further comprises thawing the frozen haploid cell.

696. The method of any of embodiments 675-695, which further comprises acquiring information on

the heterozygosity of the MSGC in the individual, e.g., the individual that contributes the haploid cell.

697. The method of any of embodiments 675-696, which further comprises testing whether the

individual (e.g., the individual that contributes the haploid cell) is heterozygous for the SGS.

698. The method of any of embodiments 675-697, which further comprises acquiring information on

the heterozygosity of the SGS in the individual (e.g., the individual that contributes the haploid cell).

699. The method of any of embodiments 675-699, which further comprises testing whether the

individual (e.g., the individual that contributes the haploid cell) is heterozygous for the MSGC.

700. The method of embodiment 698 or 699, wherein the testing is performed on a biological sample

from the individual (e.g., the individual that contributes the haploid cell), e.g., a biological sample that

comprises gametes or somatic cells.

701. The method of embodiment 700, wherein the biological sample comprises blood, a cheek swab,

epidermal sample, skin sample, sperm, or semen.

702. The method of any of embodiments 697-701, wherein the testing comprises performing DNA

sequencing (e.g., whole genome DNA sequencing), PCR, ELISA, or microarray analysis.

703. The method of any of embodiments 675-702, wherein the haploid cell is an epididymal cell,

testes cell, or an immature sperm cell, e.g., a round cell.



704. The method of any of embodiments 675-703, wherein the first allele of the SGS is associated

with a first SGS phenotype, and wherein the first SGS phenotype is displayed in a diploid cell or diploid

organism.

705. The method of embodiment 704, wherein the first SGS phenotype is not displayed in the haploid

cell.

706. The method of any of embodiments 675-705, wherein the MSGC is in cell-restricted marker

gene.

707. The method of any of embodiments 675-706, wherein the SGS or MSGC comprises one or more

nucleotide from, e.g., overlaps with or is situated within one or more of: a gene; a transcribed sequence of

a gene; a translated sequence of a gene; a coding sequence of a gene; a non-coding region, e.g., intronic

sequence or 5 ’ UTR or 3 ’ UTR, of a gene; a non-gene functional element, e.g., an enhancer or insulator; a

translocation; a deletion, e.g., a multi-gene deletion; an epigenetic feature, e.g., chromatin having DNA

methylation or one or more histone modifications; an eQTL (expression quantitative trait locus); a GWAS

(genome-wide association study) region; a phenotype associated region; or a pedigree region.

708. The method of any of embodiments 675-707, wherein the SGS is not expressed in haploid cells.

709. The method of any of embodiments 675-708, wherein SGS is located in, encompasses, or

overlaps with a gene that is not expressed in haploid cells (e.g., developing or mature haploid cells).

710. The method of any of embodiments 675-709, wherein the reagent binds a gene product of the first

and/or second MSGC or a structure produced by the first and/or second MSGC.

711. The method of any of embodiments 675-710, wherein the reagent comprises an antibody

molecule, e.g., an antibody, scFv, Fab fragment, or Fab2 fragment.

712. The method of any of embodiments 675-711, wherein the reagent comprises a nucleic acid, e.g.,

DNA or RNA.



713. The method of any of embodiments 675-712, which further comprises assaying the haploid cell

for the presence of the reagent, e.g., antibody molecule.

714. The method of any of embodiments 675-713, wherein the haploid cell is bound by a second

reagent.

715. The method of any of embodiments 675-714, wherein the MSGC encodes a transmembrane

protein, a membrane-associated protein, and/or a membrane lipid-anchored protein.

716. The method of any of embodiments 675-715, wherein the MSGC encodes a spermadhesin,

transmembrane transporter, ion channel, solute carrier, integrin, cadherin, matrix metallopeptidase, ATP-

binding cassette, ATPase, glycoproteins, or cell surface receptor (e.g., G protein-coupled receptor,

hormone receptor, chemokine receptor, or cytokine receptor).

717. The method of any of embodiments 675-716, wherein the MSGC affects levels of a protein, e.g.,

the MSGC is disposed in, overlaps with, or encompasses a promoter, enhancer, or mRNA stability

element.

718. The method of any of embodiments 675-717, wherein the MSGC affects stability of a protein,

e.g., encodes an amino acid mutation that alters stability of the encoded protein.

719. The method of any of embodiments 675-718, wherein the MSGC encodes a polypeptide having

enzymatic, e.g., catalytic activity.

720. The method of embodiment 719, wherein the polypeptide is a glycosyltransferase, kinase,

phosphatase, methyltransferase, acetyltransferase, deacetylase, protease, biosynthetic enzyme (e.g.,

enzyme for biosynthesis of a membrane component, lipid biosynthesis enzyme, or cholesterol

biosynthesis enzyme).

721. The method of any of embodiments 675-720, wherein the MSGC encodes a factor (e.g.,

polypeptide or RNA) that affects splicing of an RNA, e.g., leading to a cell surface epitope being present

or spliced out.



722. The method of embodiment 721, wherein the factor (e.g., polypeptide) acts on a reaction

substrate, which reaction substrate is cell-restricted and/or geno-informative.

723. The method of embodiment 722, wherein a gene encoding the reaction substrate is heterozygous

or homozygous.

724. The method of embodiment 721 or 722, wherein the factor (e.g., polypeptide) acts on a reaction

substrate, which reaction substrate is disposed at the haploid cell surface, e.g., is a lipid (e.g.,

phospholipid), transmembrane protein, surface-associated protein, lipid-anchored protein, or surface-

associated carbohydrate.

725. The method of any of embodiments 665-724, wherein the SGS is not a gross chromosomal

feature, e.g., is not a translocation, multi-gene deletion, multi-gene inversion, or loss of a chromosome.

726. The method of any of embodiments 675-725, wherein the reagent (e.g., first and/or second

reagent) is affixed to a support, e.g., an insoluble or solid support, wherein optionally the support

comprises a bead, or plurality of beads, and wherein optionally the support is disposed on or in a device,

e.g., a column, or microfluidic device.

727. The method of any of embodiments 675-726, wherein the haploid cell is part of a population of

haploid cells comprising haploid cells comprising an X chromosome and haploid cells comprising a Y

chromosome, e.g., a population that comprises about 40% haploid cells comprising an X chromosome

and about 60% haploid cells comprising a Y chromosome; about 45% haploid cells comprising an X

chromosome and about 55% haploid cells comprising a Y chromosome; about 50% haploid cells

comprising an X chromosome and about 50% haploid cells comprising a Y chromosome; about 55%

haploid cells comprising an X chromosome and about 45% haploid cells comprising a Y chromosome;

about 60% haploid cells comprising an X chromosome and about 40% haploid cells comprising a Y

chromosome; about 40-60% haploid cells comprising an X chromosome and about 40-60% haploid cells

comprising a Y chromosome (wherein the total percentage is 100%); or about 45-55% haploid cells

comprising an X chromosome and about 45-55% haploid cells comprising a Y chromosome (wherein the

total percentage is 100%).



728. The method of any of embodiments 675-727, wherein the haploid cell is part of a population of

haploid cells that comprises at least 5%, 10%, 20%, 30%, 40%, or 50% (e.g., about equal numbers) of

haploid cells comprising an X chromosome.

729. The method of any of embodiments 675-728, wherein the haploid cell is part of a population of

haploid cells that comprises at least 5%, 10%, 20%, 30%, 40%, or 50% (e.g., about equal numbers) of

haploid cells comprising a Y chromosome.

730. A method of transporting a haploid cell sample comprising: providing a sample of haploid cells,

prepared (e.g., sorted) as described herein, or providing a reaction mixture described herein, and

transporting the sample to a recipient, e.g., a clinic.

731. A method of inducing a phenotype in a population of sorted haploid cells wherein optionally the

induced phenotype is acrosome reactivity, chemoattraction, hypermotility, lack of motility, cell death,

swelling, permeabilization, or sensitivity to a solution.

732. A composition, e.g., reaction mixture, comprising:

I) a plurality of haploid cells from an individual that carries:

i) a first allele and a second, different, allele for a SGS; and

ii) a first allele and a second, different, allele for a MSGC, linked to the SGS;

wherein the first allele of the SGS is associated with a first phenotype, e.g., a non-disease

phenotype, non-DOP, or first PC, and the second allele of the SGS is associated with a second phenotype,

e.g., a disease phenotype, DOP, or second PC;

II) wherein one or more of:

a) the composition, e.g., reaction mixture, further comprises one, or more, e.g., at least 2, 3, 4, 6, 8,

or 10 reagents, e.g., antibody molecules, that can distinguish a haploid cell having the first allele of the

MSGC from a haploid cell having the second allele of the MSGC;

b) at least 70, 80, 90, 95, or 99 % of the haploid cells in the composition, e.g., reaction mixture,

contain the first allele of the SGS, and wherein the SGS is on an autosome;

c) at least 70, 80, 90, 95, or 99 % of the haploid cells in the composition, e.g., reaction mixture,

contain the second allele of the SGS, and wherein the SGS is on an autosome;

d) at least 70, 80, 90, 95, or 99 % of the haploid cells in the composition, e.g., reaction mixture,

contain the first allele of the MSGC, and wherein the MSGC is on an autosome;



e) at least 70, 80, 90, 95, or 99 % of the haploid cells in the composition, e.g., reaction mixture,

contain the second allele of the MSGC, and wherein the MSGC is on an autosome;

f ) the plurality of haploid cells has a locus of maximal enrichment that is other than the SGS, e.g.,

wherein the locus of maximal enrichment is at or near the MSGC (e.g., within 10, 9, 8, 7, 6, 5, 4, 3, 2, or

1 kb of the MSGC, within the same LD block as the MSGC, within the same transcript as the MSGC, in

linkage disequilibrium with the MSGC, in the same coding region as the MSGC, in the same

chromosome arm as the MSGC, or in the same cytogenetic band as the MSGC), wherein the locus of

maximal enrichment is between the MSGC and the SGS, wherein the locus of maximal enrichment is not

in linkage disequilibrium with the SGS, wherein the locus of maximal enrichment is not in the same LD

block as the SGS, wherein the locus of maximal enrichment is not in the same transcript as the SGS,

wherein the locus of maximal enrichment is not in the same coding region as the SGS, wherein the locus

of maximal enrichment is at least 10, 20, 30, 40, 50, 100 kb away from the SGS, wherein the locus of

maximal enrichment is not in the same chromosome arm as the SGS, or wherein the locus of maximal

enrichment is not in the same cytogenetic band as the SGS;

g) the plurality of haploid cells has two or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, 10, or more) loci of

maximal enrichment, e.g., a first locus of maximal enrichment at or near a first MSGC and a second locus

of maximal enrichment at or near a second MSGC (e.g., within 10, 9, 8, 7, 6, 5, 4, 3, 2, or 1 kb of the

MSGC, within the same LD block as the MSGC, within the same transcript as the MSGC, in linkage

disequilibrium with the MSGC, in the same coding region as the MSGC, in the same chromosome arm as

the MSGC, or in the same cytogenetic band as the MSGC);

h) the plurality of haploid cells has a first MSGC and a second MSGC and the locus of maximal

enrichment is between the first MSGC and the second MSGC;

i) the plurality of haploid cells has a locus-based enrichment at the MSGC that is greater than locus-

based enrichment at the SGS, e.g., by at least 1%, 2%, 3%, 4%, 5%, 10%, 20%, 30%, or 40%;

j ) the plurality of haploid cells are enriched for two or more MSGC, wherein a first MSGC is on a

first chromosome and a second MSGC is on a second chromosome;

k) the plurality of haploid cells are enriched for two or more SGSs, wherein a first SGS is on a first

chromosome and a second SGS is on a second chromosome; or

l) the haploid cells are egg cells.

733. A composition, e.g., reaction mixture, comprising:

haploid cells, e.g., haploid cells from a single individual,

a reagent, e.g., an antibody molecule, that binds a protein of Table Al, Table A2, Table A3, or a

homolog thereof.



734. A composition, e.g., reaction mixture, comprising:

a) a haploid cell, e.g., a population of haploid cells;

b) a reagent, e.g., an antibody molecule, with specificity for a haploid cell epitope, e.g., a surface

exposed epitope; and

c) an agent that inhibits binding of the reagent to the haploid cell, e.g., a soluble protein

comprising the epitope or an agent with stronger affinity for the reagent than the affinity of the reagent for

the haploid cell, e.g., a salt.

735. A composition, e.g., reaction mixture comprising an agent that inhibits binding of a reagent

described herein to a haploid cell, e.g., a soluble protein comprising an epitope to which the reagent binds,

or an agent with stronger affinity for the reagent than the affinity of the reagent for the haploid cell, e.g.,

haploid cell.

736. The composition of any of embodiments 732-735, wherein the reagent, e.g., antibody molecule is

bound to the haploid cell or to the soluble protein.

737. The composition of any of embodiments 732-736, which is produced after selecting the haploid

cell, e.g., after selecting a population of haploid cells enriched for a MSGC and/or SGS.

738. The composition of any of embodiments 732-737, wherein (e.g., prior to selection) the plurality

of haploid cells comprises: a first haploid cell, or first plurality of haploid cells, having the first allele of

the MSGC; and a second haploid cell, or second plurality of haploid cells, having the second allele of the

MSGC.

739. The composition of any of embodiments 732-738, wherein (e.g., prior to selection) the proportion

of the first and second plurality of haploid cells is the same as the proportion produced by the individual.

740. The composition of any of embodiments 732-739, wherein (e.g., post-selection), at least 55, 60,

65, 70, 75, 80, 85, 90, 95, or 99 % of the haploid cells in the reaction mixture are of the first plurality.

741. The composition of any of embodiments 732-738, wherein (e.g., post-selection), all or essentially

all of the haploid cells in the reaction mixture are of the first plurality.



742. The composition of any of embodiments 732-738, wherein (e.g., post-sorting), the reaction

mixture is free or essentially free of the haploid cells of the second plurality.

743. The composition of any of embodiments 732-742, wherein the composition, e.g., reaction mixture

is other than a haploid sample naturally produced by an individual.

744. The composition of any of embodiments 732-743, wherein the composition, e.g., reaction mixture

comprises synthetically sorted and/or ex vivo sorted haploid cells.

745. The composition of any of embodiments 732-744, wherein the individual that produced the

haploid cells does not have a genotype that promotes a skewed ratio of haploid cells having a first allele

and a second allele.

746. The composition of any of embodiments 732-745, wherein the individual that produced the

haploid cells is not heterozygous for a gene that impacts haploid survival or development.

747. The composition of any of embodiments 732-746, wherein the haploid cells are from an

individual who does not comprise an Rb null allele, e.g., the individual comprises a wild-type Rb gene as

the maternal allele and a wild-type Rb gene as the paternal allele.

748. The composition of any of embodiments 732-747, wherein the plurality of haploid cells does not

comprise Rb-null haploid cells.

749. The composition of any of embodiments 732-748, wherein the individual does not have and/or is

not a carrier for a trinucleotide expansion disease such as fragile X syndrome, Machado-Joseph disease,

or myotonic dystrophy, a retinoblastoma mutation, or cone-rod retinal dystrophy.

750. The composition of any of embodiments 732-749, wherein the individual does not have and/or is

not a carrier for an allele that skews allelic ratios in haploid cells.

751. The composition of any of embodiments 732-750, wherein the haploid cells are human cells or

are non-human animal cells.



752. The composition of any of embodiments 732-751, wherein the haploid cells do not comprise an

inversion relative to a wild-type sequence, e.g., do not comprise a T allele inversion.

753. The composition of any of embodiments 732-752, which is disposed in a cannula.

754. The composition of any of embodiments 732-753, which comprises a first reagent specific for an

epitope comprised by a haploid cell comprising a first allele of a first MSGC and a second reagent

specific for an epitope comprised by a haploid cell comprising a second allele of the first MSGC.

755. The composition of any of embodiments 732-754, which comprises a first reagent specific for an

epitope comprised by a haploid cell comprising a first allele of a first MSGC and a second reagent

specific for an epitope comprised by a haploid cell comprising a first allele of a second MSGC.

756. The composition of any of embodiments 732-755, which comprises a first reagent (e.g., antibody

molecule) specific for an antigen comprised by a haploid cell comprising a first allele of a MSGC and a

second reagent (e.g., antibody molecule) specific for an antigen comprised by a haploid cell comprising a

second allele of the MSGC.

757. The composition of any of embodiments 732-756, which comprises 2, 3, 4, 5, 6, 7, 8, 9, or 10 or

more reagents (e.g., antibody molecules), each specific for an antigen comprised by a haploid cell

comprising 2, 3, 4, 5, 6, 7, 8, 9, or 10 or more alleles of a MSGC.

758. The composition of any of embodiments 732-757, which comprises a reagent (e.g., antibody

molecule) specific to an antigen comprised by a haploid cell comprising a first allele of a first MSGC and

a second reagent (e.g., antibody molecule) specific to an antigen comprised by a haploid cell comprising a

first allele of a second MSGC.

759. The composition of any of embodiments 732-758, which comprises a plurality (e.g., 2, 3, 4, 5, 6,

7, 8, 9, or 10 or more) of reagents (e.g., antibody molecules), each specific for an antigen comprised by a

haploid cell comprising a plurality of alleles of a first MSGC and a second plurality (e.g., 2, 3, 4, 5, 6, 7,

8, 9, or 10 or more) of reagents (e.g., antibody molecules), each specific for an antigen comprised by

haploid cells comprising a plurality of alleles of a second MSGC.

760. The composition of any of embodiments 732-759, which comprises:



(i) one or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, or 10 or more) reagents (e.g., antibody molecules), each

specific for an allele of a first MSGC,

(ii) one or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, or 10 or more) reagents (e.g., antibody molecules), each

specific for an allele of a second MSGC,

(iii) optionally, one or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, or 10 or more) reagents (e.g., antibody

molecules), each specific for an allele of a third MSGC,

(iv) optionally, one or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, or 10 or more) reagents (e.g., antibody

molecules), each specific for an allele of a fourth MSGC,

(v) optionally, one or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, or 10 or more) reagents (e.g., antibody

molecules), each specific for an allele of a fifth MSGC.

761. The composition of any of embodiments 732-760, which comprises reagents specific for an allele

of one or more additional MSGCs.

762. The composition of any of embodiments 732-761, wherein two or more (e.g., at least 3, 4, 5, 6, 7,

8, 9, or 10) of the MSGC are within a predetermined distance of each other or of a single SGS.

763. The composition of any of embodiments 732-762, wherein two or more (e.g., at least 3, 4, 5, 6, 7,

8, 9, or 10) of the MSGC are greater than a predetermined distance of each other.

764. The composition of embodiment 763, wherein the predetermined distance is within the same LD

block; in the same transcript; in the same coding region; within 10, 8, 6, 5, 4, 3, 2, or 1 kb; in the same

chromosome arm, of in the same cytogenetic band.

765. The composition of any of embodiments 732-764, wherein two or more (e.g., at least 3, 4, 5, 6, 7,

8, 9, or 10) of the MSGC are on different chromosomes from each other.

766. The kit or composition of any of embodiments 732-765, wherein two or more (e.g., at least 3, 4,

5, 6, 7, 8, 9, or 10) of the MSGC are on the same chromosome, e.g., in the same chromosome arm.

767. The composition of any of embodiments 732-766, which comprises at least 3, 4, 5, 10, 15, 20, 25,

30, 35, 40, 45, or 50 of the reagents.



768. The composition of any of embodiments 732-767, wherein the reagents are antibody molecules,

e.g., antibody molecules derived from a non-human animal, e.g., comprising a non-human constant

region.

769. The composition of any of embodiments 732-768, which comprises at least two (e.g., at least 3, 4,

5, 10, 15, 20, 25, 30, 35, 40, 45, or 50) reagents having specificity for products of alleles of a single

MSGC.

770. The composition of any of embodiments 732-769, which comprises at least one reagent having

specificity for a product of an allele of a first MSGC linked to a first SGS and at least one reagent having

specificity for a product of an allele of a second MSGC linked to a second SGS.

771. The composition of any of embodiments 732-770, which the one or more reagents are affixed to a

solid support, e.g., a bead, plate, or column .

772. The kit or composition of any of embodiments 732-771, wherein the one or more MSGC (e.g.,

each MSGC) is a MSGC of Table Al, A2, or A3, or a homolog thereof.

773. The kit or composition of any of embodiments 732-772, wherein the reagent, e.g., the antibody

molecule, is bound (e.g., conjugated) to a substrate such as a bead, polymer, gel, film, or latex sheath.

774. The kit or composition of embodiment 773, wherein the substrate is a solid substrate.

775. The composition of embodiment 773 or 774, wherein binding of a substrate-bound reagent to a

haploid cell substrate impairs motility of the cell, e.g., by virtue of mass, bulk, water resistance, or steric

hindrance of the substrate.

776. The kit or composition of any of embodiments 732-775, wherein the reagent is other than an

antibody.

Ill. The composition of any of embodiments 732-776, wherein the reagent is other than an antibody

molecule.

778. The composition of any of embodiments 732-777, wherein:



the reagent is subject to cleavage and/or denaturation,

the reagent does not bind a factor (e.g., a sperm protein) that participates in fertilization,

the reagent does not bind a spermadhesin, and/or

the reagent does not interfere with fertilization.

779. The composition of any of embodiments 732-778, wherein the antigen is encoded by the MSGC,

e.g., is part of a polypeptide encoded by the MSGC.

780. The composition of any of embodiments 732-779, wherein the antigen is modified by a product

(e.g., polypeptide, e.g., enzyme) encoded by the MSGC.

781. The composition of any of embodiments 732-780, wherein the MSGC is selected from Table Al,

A2, or A3, or a homolog thereof.

782. The composition of any of embodiments 732-781, wherein the reagent, e.g., antibody molecule

binds a product of a first allele of MSGC with higher affinity than a product of the second allele of

MSGC.

783. The composition of any of embodiments 732-782, wherein the antibody molecule is monoclonal,

purified, or a single-chain antibody, e.g., scFv.

784. The composition of any of embodiments 732-783, wherein the SGS and the MSGC are in the

same gene; are within a predetermined distance of each other; in linkage disequilibrium with each other;

are in the same LD block as each other; are in the same transcript; are in the same coding region; or are

within 10, 8, 6, 5, 4, 3, 2, or 1 kb of each other.

785. The composition of any of embodiments 732-784, wherein the first SGS allele is a non-disease,

non-DOP, or first PC allele.

786. The composition of any of embodiments 732-785, wherein the first SGS allele is a disease, DOP,

or second PC allele.

787. The composition of any of embodiments 732-786, wherein the SGS is in a first gene and the

MSGC not in the first gene, e.g., is in a second gene.



788. The composition of any of embodiments 732-787, wherein the SGS and the MSGC are in the

same gene.

789. The composition of any of embodiments 732-788, which is frozen.

790. The composition of any of embodiments 732-789, which comprises a first reagent (e.g., antibody

molecule) (optionally labelled with a first label, e.g., a label having a first color) specific to an antigen

comprised by a haploid cell comprising the first allele of a first MSGC and a second reagent (e.g.,

antibody molecule) (optionally labelled with a second label, e.g., a label having a second color) specific to

an antigen comprised by a haploid cell comprising a second allele of the first MSGC.

791. The composition of any of embodiments 732-790, which comprises a first reagent (e.g., antibody

molecule) (optionally labelled with a first label, e.g., a label having a first color) specific to an antigen

comprised by a haploid cell comprising a first allele of a first MSGC and a second reagent (e.g., antibody

molecule) (optionally labelled with the first label, e.g., the label having a first color, or a second label,

e.g., a label having a second color) specific to an antigen comprised by a haploid cell comprising a first

allele of a second MSGC.

792. The composition of any of embodiments 732-791, which comprises:

a first reagent, e.g., antibody molecule (optionally labelled with a first label, e.g., a label having a

first color) specific to an antigen comprised by a haploid cell comprising the first allele of a first MSGC;

a second reagent, e.g., antibody molecule (optionally labelled with a second label, e.g., a label

having a second color) specific to an antigen comprised by a haploid cell comprising a second allele of

the first MSGC;

a third reagent, e.g., antibody molecule (optionally labelled with a first label, e.g., a label having a

third color) specific to an antigen comprised by a haploid cell comprising the first allele of a second

MSGC; and

a fourth reagent, e.g., antibody molecule (optionally labelled with a second label, e.g., a label

having a fourth color) specific to an antigen comprised by a haploid cell comprising a second allele of the

second MSGC.

793. The composition of any of embodiments 732-792, wherein the haploid cell is an epididymal cell,

testes cell, or an immature sperm cell, e.g., a round cell.



794. The composition of any of embodiments 732-793, wherein the first SGS phenotype or the second

SGS phenotype is displayed a diploid cell or diploid organism, e.g., an organism that is homozygous for

the first SGS allele, homozygous for the second SGS allele, or heterozygous for the SGS allele.

795. The composition of any of embodiments 732-794, wherein the first SGS phenotype and/or the

second SGS phenotype is not displayed in the haploid cell.

796. The composition of any of embodiments 732-795, wherein the MSGC is in cell-restricted marker

gene.

797. The composition of any of embodiments 732-796, wherein the SGS or MSGC comprises one or

more nucleotide from, e.g., overlaps with or is situated within one or more of: a gene; a transcribed

sequence of a gene; a translated sequence of a gene; a coding sequence of a gene; a non-coding region,

e.g., intronic sequence or 5 ’ UTR or 3 ’ UTR, of a gene; a non-gene functional element, e.g., an enhancer

or insulator; a translocation; a deletion, e.g., a multi-gene deletion; an epigenetic feature, e.g., chromatin

having DNA methylation or one or more histone modifications; an eQTL (expression quantitative trait

locus); a GWAS (genome-wide association study) region; a phenotype associated region; or a pedigree

region.

798. The composition of any of embodiments 732-797, wherein the SGS is not expressed in haploid

cells.

799. The composition of any of embodiments 732-798, wherein SGS is located in, encompasses, or

overlaps with a gene that is not expressed in haploid cells (e.g., developing or mature haploid cells).

800. The composition of any of embodiments 732-799, wherein the first allele of the SGS is linked to

the first allele of the MSGC and the second allele of the SGS is linked to the second allele of the MSGC;

or the first allele of the SGS is linked to the second allele of the MSGC and the second allele of the SGS

is linked to the first allele of the MSGC.

801. The composition of any of embodiments 732-800, wherein the reagent binds a haploid cell having

the first allele of the MSGC with a first affinity and binds a haploid cell having the second allele of the

MSGC with a second affinity.



802. The composition of embodiment 801, wherein the first affinity and second affinity differ

sufficiently to allow distinguishing a haploid cell having the first allele of the MSGC from a haploid cell

having the second allele of the MSGC, or wherein the reagent binds a product of the first allele of the

MSGC with a first affinity and binds a product of the second allele of the MSGC with a second affinity,

and the first affinity is greater (e.g., having a lower Kd) than the second affinity, e.g., by about 2, 3, 4, 5,

6, 7, 8, 9, 10, 20, 50, or 100-fold.

803. The composition of any of embodiments 732-802, wherein the affinity of the reagent for the

product of the first allele of the SGS is not sufficiently different from the affinity of the reagent for the

product of the second allele of the SGS to allow distinguishing or separating haploid cells having first

allele of the SGS from haploid cells having the second allele of the SGS on the basis of binding to a

product of the SGS.

804. The composition of any of embodiments 732-803, wherein the reagent fails to bind at substantial

levels to one or both of a product of the first allele of the SGS or the product of a second allele of the

SGS.

805. The composition of any of embodiments 732-804, wherein the reagent comprises an antibody

molecule, e.g., an antibody, scFv, Fab fragment, or Fab2 fragment, and optionally wherein the reagent is

other than an antibody produced by the individual that produced the haploid cell.

806. The composition of any of embodiments 732-805, wherein the reagent comprises a nucleic acid,

e.g., DNA or RNA.

807. The composition of any of embodiments 732-806, wherein the reagent can distinguish a haploid

cell having the first allele of the MSGC from a haploid cell having of the second allele of the MSGC.

808. The composition of any of embodiments 732-807, wherein the reagent can distinguish an antigen

comprised by a haploid cell having the first allele of the MSGC from an antigen comprised by a haploid

cell having of the second allele of the MSGC.

809. The composition of any of embodiments 732-808, wherein the reagent binds preferentially to a

product of the first allele of the MSGC compared to a product of the second allele of the MSGC (e.g., has



an affinity for the product of the first allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater than its

affinity for the product of the second allele).

810. The composition of any of embodiments 732-809, which comprises a second reagent that can

distinguish a haploid cell having the first allele of the MSGC from a haploid cell having the second allele

of the MSGC.

811. The composition of embodiment 810, wherein the second reagent binds preferentially to the

product of the second allele of the MSGC compared to the product of the first allele of the MSGC (e.g.,

has an affinity for the product of the second allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater

than its affinity for a product of the first allele).

812. The composition of embodiment 810 or 8 11, wherein the first reagent binds preferentially to the

product of the first allele of the MSGC compared to the product of the second allele of the MSGC (e.g.,

has an affinity for the product of the first allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater than

its affinity for a product of the second allele), and the second reagent binds preferentially to the product of

the second allele of the MSGC compared to the product of the first allele of the MSGC (e.g., has an

affinity for the product of the second allele that is at least 2, 3, 4, 5, 6, 7, 8, 9, or 10-fold greater than its

affinity for a product of the first allele).

813. The composition of any of embodiments 810-812, wherein the first reagent is associated with a

first detectable label, e.g., a first fluorophore and the second reagent is associated with a second detectable

label, e.g., a second fluorophore.

814. The composition of any of embodiments 732-813, which further comprises a cell viability dye.

815. The composition of any of embodiments 732-814, wherein a haploid cell having the first allele of

the MSGC has a first structure, e.g., a first epitope, e.g., a first surface exposed epitope, present at a first

level; and a haploid cell having the second allele of the MSGC lacks the first structure or has it at a

second, different level.

816. The composition of embodiment 815, wherein the structure is one listed in Table A4.



817. The composition of embodiment 815 or 816, wherein the first level is greater than the second

level.

818. The composition of any of embodiments 815-817, wherein second level is undetectable or zero,

i.e., the first structure is not present or not detectable on haploid cells having the second allele of the

MSGC.

819. The composition of any of embodiments 815-818, wherein the haploid cell having the second

allele of the MSGC has a second structure.

820. The composition of embodiment 819, wherein the reagent has a KD for the first structure and a KD

for the second structure, wherein the KD for the first structure is at least 2, 5, 10, 20, 50, 100, 200, 500, or

1000-fold lower than the KD for the second structure.

821. The composition of any of embodiments 815-820, wherein the first structure is a gene product,

e.g., a polypeptide, encoded by the MSGC.

822. The composition of any of embodiments 815-821, wherein the first structure is a polypeptide

having a first amino acid sequence and the second structure is a polypeptide having a second amino acid

sequence, wherein the first and second structures are different.

823. The composition of any of embodiments 815-822, wherein the structure comprises a reaction

product such as a phosphorylated reaction substrate or a glycosylated reaction substrate.

824. The composition of any of embodiments 815-823, wherein the first structure comprises a first

surface exposed epitope.

825. The composition of any of embodiments 815-824, wherein the first structure is not disposed on

the gene product of the MSGC.

826. The composition of any of embodiments 815-825, wherein the first structure comprises a lipid

(e.g., a phospholipid), polypeptide, glycosyl moiety, phosphorylated amino acid, methylated amino acid,

acetylated amino acid, polypeptide subject to alternative splicing, post-translationally modified

polypeptide.



827. The composition of any of embodiments 732-826, wherein the first allele of the MSGC is a null

allele, or the second allele of the MSGC is a null allele, but the first and second alleles of the MSGC are

not both null alleles.

828. The composition of any of embodiments 732-827, wherein the first allele of the MSGC, relative

to the second allele of the MSGC, comprises a point mutation, substitution, insertion, deletion, premature

stop codon, or frameshift.

829. The composition of any of embodiments 732-828, wherein the MSGC encodes a transmembrane

protein, a membrane-associated protein, and/or a membrane lipid-anchored protein.

830. The composition of any of embodiments 732-829, wherein the MSGC encodes a spermadhesin,

transmembrane transporter, ion channel, solute carrier, integrin, cadherin, matrix metallopeptidase, ATP-

binding cassette, ATPase, glycoproteins, or cell surface receptor (e.g., G protein-coupled receptor,

hormone receptor, chemokine receptor, or cytokine receptor).

831. The composition of any of embodiments 732-830, wherein the MSGC affects levels of a protein,

e.g., the MSGC is disposed in, overlaps with, or encompasses a promoter, enhancer, or mRNA stability

element.

832. The composition of any of embodiments 732-831, wherein the MSGC affects stability of a

protein, e.g., encodes an amino acid mutation that alters stability of the encoded protein.

833. The composition of any of embodiments 732-832, wherein the first allele of the MSGC encodes a

polypeptide having enzymatic, e.g., catalytic activity, at a first level.

834. The composition of any of embodiments 732-833, wherein the second allele of the MSGC

encodes a polypeptide having enzymatic, e.g., catalytic activity, at a second, different level.

835. The composition of embodiment 834, wherein the second level is zero.

836. The composition of any of embodiments 732-835, wherein the polypeptide is a

glycosyltransferase, kinase, phosphatase, methyltransferase, acetyltransferase, deacetylase, protease,



biosynthetic enzyme (e.g., enzyme for biosynthesis of a membrane component, lipid biosynthesis

enzyme, or cholesterol biosynthesis enzyme).

837. The composition of any of embodiments 732-836, wherein the MSGC encodes a factor (e.g.,

polypeptide or RNA) that affects splicing of an RNA, e.g., leading to a cell surface epitope being present

or spliced out.

838. The composition of embodiment 837, wherein the factor (e.g., polypeptide) acts on a reaction

substrate, which reaction substrate is cell-restricted and/or geno-informative.

839. The composition of embodiment 838, wherein a gene encoding the reaction substrate is

heterozygous or homozygous.

840. The composition of any of embodiments 732-839, wherein the SGS is not a gross chromosomal

feature, e.g., is not a translocation, multi-gene deletion, multi-gene inversion, or loss of a chromosome.

841. The composition of any of embodiments 732-840, which comprises a population of haploid cells

comprising an X chromosome and haploid cells comprising a Y chromosome, e.g., a population that

comprises about 40% haploid cells comprising an X chromosome and about 60% haploid cells

comprising a Y chromosome; about 45% haploid cells comprising an X chromosome and about 55%

haploid cells comprising a Y chromosome; about 50% haploid cells comprising an X chromosome and

about 50% haploid cells comprising a Y chromosome; about 55% haploid cells comprising an X

chromosome and about 45% haploid cells comprising a Y chromosome; about 60% haploid cells

comprising an X chromosome and about 40% haploid cells comprising a Y chromosome; about 40-60%

haploid cells comprising an X chromosome and about 40-60% haploid cells comprising a Y chromosome

(wherein the total percentage is 100%); or about 45-55% haploid cells comprising an X chromosome and

about 45-55% haploid cells comprising a Y chromosome (wherein the total percentage is 100%).

842. The composition of any of embodiments 732-841, which comprises a population of haploid cells

that comprises at least 5%, 10%, 20%, 30%, 40%, or 50% (e.g., about equal numbers) of haploid cells

comprising an X chromosome.



843. The composition of any of embodiments 732-842, which comprises a population of haploid cells

that comprises at least 5%, 10%, 20%, 30%, 40%, or 50% (e.g., about equal numbers) of haploid cells

comprising a Y chromosome.

844. The composition of any of embodiments 732-843, which comprises a population of haploid cells

wherein the proportions of haploid cells comprising an X chromosome and haploid cells comprising a Y

chromosome in the population does not differ significantly from the proportion of haploid cells

comprising an X chromosome and haploid cells comprising a Y chromosome produced by the individual.

845. The composition of any of embodiments 732-844, which comprises a population of haploid cells

that comprises at least 2, 5, 10, 20, 50, 100, 200, 500, 1,000, 2,000, 5,000, 10,000, 20,000, 50,000,

100,000, 200,000, 500,000, 1 million, 2 million, 5 million, 10 million, 20 million, 50 million, 100 million,

200 million, or 500 million haploid cells.

846. The composition of any of embodiments 732-845, wherein the reagent, e.g., antibody molecule,

distinguishes between a first allele of the protein of Table Al, A2, or A3, or a homolog thereof, and a

second allele of the protein of Table Al, A2, or A3, or a homolog thereof.

847. The composition of any of embodiments 732-846, which does not comprise a dye or a

radionuclide.

848. A method of making a composition or reaction mixture of any of embodiments 732-847,

comprising contacting the haploid cells with the reagent.

849. A mono-haplotypic DNA preparation produced by a method herein.

850. A mono-haplotypic DNA preparation produced by a method of any of embodiments 501-764.

851. A population of haploid cells that has skewed allelic ratios (e.g., has predominantly one allele) at

one or more sites, e.g., genes, on a first chromosome (e.g., a first autosome) and has non-skewed allelic

ratios (e.g., has approximately equal levels of two alleles) at one or more sites, e.g., genes, on a second

chromosome (e.g., a second autosome).



852. A population of haploid cells, that has skewed allelic ratios (e.g., has predominantly one allele ) at

one or more sites, e.g., genes, on a region of 1-50 megabases (e.g., 1-10, 10-20, 20-30, 30-40, or 40-50

megabases) on a first chromosome, e.g., a first autosome, and has non-skewed allelic ratios (e.g., has

approximately equal levels of two alleles) at one or more sites, e.g., genes, on a second chromosome, e.g.,

a second autosome; wherein optionally the cells are non-skewed (e.g., have approximately equal levels of

two alleles) at sites, e.g., genes, on all autosomes but the first autosome.

853. A population of haploid cells that has skewed allelic ratios (e.g., has predominantly one allele) at

one or more sites, e.g., genes, on a first chromosome (e.g., a first autosome); has skewed allelic ratios

(e.g., has predominantly one allele) at one or more sites, e.g., genes, that are distal to the site on the first

chromosome (e.g., the distal site is on a second chromosome (e.g., a second autosome) or on a different

arm of the first chromosome); and has non-skewed allelic ratios (e.g., has approximately equal levels of

two alleles) at one or more sites, e.g., genes, on a third chromosome (e.g., a third autosome).

854. A population of haploid cells that has skewed allelic ratios (e.g., has predominantly one allele) at

one or more sites, e.g., genes, on a region of 1-50 megabases (e.g., 1-10, 10-20, 20-30, 30-40, or 40-50

megabases) on a first autosome; has skewed allelic ratios (e.g., has predominantly one allele) at one or

more sites, e.g., genes, that are distal to the site on the first chromosome (e.g., the distal site is on a second

chromosome (e.g., a second autosome) or on a different arm of the first chromosome); and has non-

skewed allelic ratios (e.g., has approximately equal levels of two alleles) at one or more sites, e.g., genes,

on a third chromosome (e.g., a third autosome).

855. A population of haploid cells from an individual (e.g., a human individual) who is heterozygous

for a SGS, wherein the population of haploid cells is enriched for a first allele, e.g., a non-disease, non-

DOP, or first PC allele, of the SGS, wherein optionally the SGS is a SGS, PAS, or GIMS of Table A2.

856. A population of haploid cells from an individual, wherein the individual carries

i) a first allele and a second, different, allele for a first SGS; and

ii) a first allele and a second, different, allele for a first MSGC, linked to the first SGS,

wherein the population of haploid cells is enriched for the first allele for the SGS.

857. A plurality (e.g., 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 30, 40, or 50) of reaction mixtures described herein,

e.g., reaction mixtures according to any of embodiments 220-332.



858. A plurality (e.g., 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 30, 40, or 50) of pools of haploid cells from a single

individual (e.g., a human or a non-human animal),

wherein the individual carries

i) a first allele and a second, different, allele for a first SGS; and

ii) a first allele and a second, different, allele for a MSGC, linked to the first SGS,

wherein a first pool of haploid cells is enriched for the first allele for the SGS, and a second pool

of haploid cells is enriched for the second allele of the SGS.

859. The plurality of embodiment 858, wherein at least one haploid cell of the first pool is bound by a

reagent (e.g., an antibody molecule).

860. The plurality of embodiment 858 or 859, wherein at least one haploid cell of the second pool is

bound by a second reagent (e.g., antibody molecule).

861. The plurality of any of embodiments 858-860, wherein at least one haploid cell of each of the

plurality of pools is bound by a reagent (e.g., antibody molecule).

862. The plurality or population of any of embodiments 855-861, wherein the SGS is situated on an

autosome.

863. The plurality or population of any of embodiments 856-862, wherein the MSGC is situated on an

autosome.

864. The plurality or population of any of embodiments 855-863, wherein a haploid cell having the

first allele of the SGS has a first surface-exposed structure, e.g., a first surface exposed epitope, present at

a first level, and a haploid cell having the second allele of the SGS lacks the first surface exposed epitope

or has it at a second, different, level.

865. The plurality or population of any of embodiments 855-864, wherein the individual carries i) a

first allele and a second, different, allele for a second SGS; and ii) a first allele and a second, different,

allele for a second MSGC, linked to the second SGS.

866. The plurality or population of any of embodiments 855-865, wherein the individual is

heterozygous at a third SGS.



867. The plurality or population of any of embodiments 855-866, wherein the individual is

heterozygous at a fourth SGS.

868. The plurality or population of any of embodiments 855-867, wherein the individual is

heterozygous at a fifth SGS or more.

869. The plurality or population of any of embodiments 855-868, wherein a first pool of haploid cells

is enriched for the first allele for the first SGS, a second pool of haploid cells is enriched for the second

allele of the first SGS, a third pool of haploid cells is enriched for the first allele for the second SGS, and

a fourth pool of haploid cells is enriched for the second allele of the second SGS.

870. The plurality or population of any of embodiments 855-869, wherein the first pool of haploid

cells is enriched for the first allele for the first SGS and for the first allele for the second SGS, and the

second pool of haploid cells is enriched for the second allele of the first SGS and for the second allele of

the second SGS.

871. The plurality of any of embodiments 855-870, which comprises at least 2, 3, 4, 5, 6, 7, 8, 9, 10,

11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 or more pools of haploid cells, e.g., genetically distinct or

epigenetically distinct pools of haploid cells (e.g., being enriched for different SGSs or combinations of

SGSs).

872. A method of performing, e.g., on a composition (e.g., reaction mixture) described herein (e.g., a

composition or reaction mixture of any of embodiments 720-832, or a reaction mixture comprising

selected haploid cells, e.g., haploid cells enriched for one or more MSGC or SGS), or on a population of

gametes (e.g., unsorted gametes) one or more of:

gamete differentiation in vitro (e.g., generating or obtaining a stem cell such as an embryonic

stem cell or induced pluripotent cell and inducing it to differentiate into a gamete such as an egg), or

in vitro spermatogenesis.

873. The composition of any of embodiments 773-847, wherein the substrate comprises a plurality of

beads, e.g., in the form of a suspension.



874. The composition of any of embodiments 773-847, wherein the substrate comprises a polymer or

gel.

875. The composition of any of embodiments 773-847, 873, or 874, wherein the reagent is specific for

an allele of a MSGC that is linked to a non-desired allele of an SGS.

876. The composition of any of embodiments 773-847 or 873-875, wherein the reagent is coupled to a

cell-killing agent.

877. A haploid cell, e.g., population of haploid cells that is the product of a method described herein,

e.g., a method of any of embodiments 501-664.

878. A composition comprising:

a) a haploid cell, and

b) a reagent, e.g., an antibody molecule, having a dissociation constant of about 10 5 - 10 13 M (e.g., 10 -

10 10 7 - 10 , 10 - 1 9, 10 9 - 10 1 , 10 1 - 10 , 10 11 - 10 12 , or 10 1 - 10 13 M) for the haploid cell.

879. The composition of embodiment 878, which comprises at least 2, 3, 4, 5, 6, 7, 8, 9, or 10 reagents

(e.g., antibody molecules) having an affinity of about 10 5 - 10 13 M (e.g., 10 - 10 7, 10 7 - 10 s, 10 - 10

9, 10 9 - 10 1 , 10 1 - 10 , 10 11 - 10 12 , or 10 12 - 10 13 M) for the haploid cell.

880. A method of generating a reagent (e.g., antibody molecule) specific to an antigen comprised by a

haploid cell comprising a first allele of the MSGC, e.g., a MSGC or GIMS listed in Table Al, A2, or A3,

or a homolog thereof.

881. The method of embodiment 880, which comprises:

i) contacting a first antigen comprised by a haploid cell comprising the first allele of the MSGC

with a candidate reagent (e.g., antibody molecule),

ii) contacting a second antigen comprised by a haploid cell comprising a second allele of the

MSGC with the candidate reagent (e.g., antibody molecule), and

iii) selecting the reagent (e.g., antibody molecule) if it is specific for the first antigen over the

second antigen.



882. The method of embodiment 880 or 881, wherein the reagent (e.g., antibody molecule) has an

affinity for the first antigen that is at least 2, 5, 10, 20, 50, or 100-fold greater than its affinity for the

second antigen.

883. The method of any of embodiments 880-882, which comprises performing phage display or yeast

display.

884. The method of any of embodiments 880-883, wherein comprises performing a plurality of

binding cycles, e.g., repeating step i) for a plurality of cycles, e.g., alternating steps i) and ii) for a

plurality of cycles.

885. The method of any of embodiments 880-884, wherein step i) comprises positive selection and

step ii) comprises negative selection.

886. The method of any of embodiments 880-885, wherein mutagenesis is performed between cycles.

887. A method comprising testing for one or more MSGC alleles, e.g., one or more alleles of a MSGC

or GIMS listed in Table Al, A2, or A3, or a homolog thereof, in a biological sample (e.g., a blood sample

or a sperm sample) from an individual.

888. The method of embodiment 887, wherein the individual is, or is identified as being, heterozygous

for one or more MSGC alleles of Table Al, A2, or A3.

889. The method of embodiment 887 or 888, which further comprises testing whether the individual is

heterozygous for one or more SGS.

890. The method of embodiment 887 or 888, which further comprises identifying a heterozygous MSGC

near a heterozygous SGS.

891. A method of validating a candidate MSGC, comprising:

contacting a plurality of haploid cells having a first allele of a MSGC and a plurality of haploid

cells having a second allele of the candidate MSGC with a reagent that can distinguish a haploid cell

having the first allele of the candidate MSGC from a haploid cell having the second allele of the candidate

MSGC, and



determining whether the reagent binds preferentially to one sub-population of the haploid cells.

892. The method of embodiment 891, wherein the plurality of haploid cells having a first allele of a

candidate MSGC and a plurality of haploid cells having a second allele of the candidate MSGC are

admixed.

893. The method of embodiment 891 or 892, wherein the plurality of haploid cells having a first allele

of a candidate MSGC and a plurality of haploid cells having a second allele of the candidate MSGC are

separate.

894. The method of any of embodiments 891-893, which further comprises separating the haploid cell

population into at least two sub-populations based on binding of the reagent.

895. The method of any of embodiments 891-894, which further comprises genetically testing at least

two of the haploid cell populations for the nucleic acid sequence of the MSGC or a site genetically linked

thereto.

EXAMPLES

The invention is further described in detail by reference to the following examples. These

examples are provided for purposes of illustration only, and are not intended to be limiting unless

otherwise specified. Thus, the invention should in no way be construed as being limited to the following

examples, but rather, should be construed to encompass any and all variations which become evident as a

result of the teaching provided herein.

Without further description, it is believed that one of ordinary skill in the art can, using the

preceding description and the following illustrative examples, make and utilize the compositions of the

present invention and practice the claimed methods. The following examples specifically point out

various aspects of the present invention, and are not to be construed as limiting in any way the remainder

of the disclosure.

Example 1: Methods of identifying GIMSs

1A. High throughput screening methodfor identifying GIMS

To identify GIMS that could be useful for separating sperm populations (e.g., mouse or human

sperm populations) by amino acid sequence, one can first enumerate common variants in human protein-



coding genes. This can be done by first collecting all variants found in the public 1000 Genomes Project,

for human sequences, or by collecting variants from other databases such as GenBank for mouse

sequences. Variants that do not affect the coding sequence are filtered out, e.g., synonymous coding

substitutions and mutations in the 3' UTR or 5' UTR. For the remaining variants, the resulting amino acid

sequence can be easily predicted by translating the altered coding sequence. These coding sequences can

be synthesized by a commercial provider and cloned into an expression vector for an organism such as E.

coli, S. cerevisiae, or Chinese hamster ovary cells. A tag such as a histidine tag or FLAG tag can be added

to the amino acid sequence, which facilitates purification of the protein product. When the vector is

expressed and purified, the result is a tagged recombinant protein matching a particular variant sequence.

In this way, a version of each human protein can be generated with each variant sequence common in

humans. One can also generate vectors that code for sequences having multiple variants that co-occur

frequently in humans, i.e., are a part of the same haplotype sequence.

Armed with these recombinant proteins, one can then generate antibodies that are specific for

particular variant sequences. A standard way to do this is to inject each recombinant protein along with an

adjuvant into an animal such as a mouse, rabbit, or goat, and remove the serum. The resulting serum

contains antibodies that bind to one version of a protein. The antibodies can be tested for binding against

other versions of that protein with other variants, and the antibodies that bind with different affinities to

the different versions of the protein can be reserved for future use.

Flaving antibodies that are specific against variants of a protein, one can then obtain sperm

samples from an individual that is heterozygous for that variant, i.e., has one copy of the gene that

encodes for a protein with high affinity to the antibody, and one copy that encodes for a protein with low

affinity to the antibody. Binding this antibody with the sperm sample will result in sperm that are

preferential bound by the antibody when they have higher levels of the first variant of the protein. This

subset of sperm can be isolated, for example by adding a secondary antibody with a fluorescent label and

sorting using a standard FACS instrument. For a gene that is not a GIMS, the subset of sperm should have

50% of each allele. If the gene is a GIMS, the subset of sperm should have a percentage of alleles that

differs from 50%. This can be assayed by sequencing the DNA at that location and counting how many

variants of each type are observed. If the ratio between the alleles differs strongly from 50%, the gene can

be considered a GIMS. In this case, the antibody used for this sort will be useful for performing the sort

on other individuals who are heterozygous for the same protein variant.

IB. RNA sequencing methodfor identifying GIMS

One can also identify GIMS as follows. First, heterozygous gamete cells can be subjected to

single cell whole-transcriptome RNA sequencing. The data can then be processed to identify transcripts



with an allelic bias that is concordant with the corresponding haploid genotype of the sperm cells, e.g.,

transcripts that do not diffuse freely through the syncytium during sperm cell development. The method

is now described in greater detail.

To obtain samples with many heterozygous variants, but also fully known chromosomal

haplotypes, the experiment can use mice that are first-generation offspring of two inbred lines. Both

inbred lines can have known variants, so the complete chromosomal haplotypes can be known (i.e., all

variants on each chromosome can be phased). Single round spermatid cells can be isolated from mouse

testis samples using the flow-cytometry based sorting method from Bastos et al. 2005

(doi :10.1002/cyto.a.20129).

Single cells can then be processed by the SMARTSeq2 protocol as described in Picelli et al. 2013

(doi:10.1038/nmeth.2639), yielding amplified cDNA. Sequencing libraries can be prepared and

sequenced using a high-throughput DNA sequencing preparation kit.

The raw output of this DNA sequencing can be individual reads, organized in pairs corresponding

to the two ends of a fragment of an mRNA. The sequencing reads can be mapped to the mouse genome

by a splice-aware read mapper such as TopHat, STAR, GSNAP, or HISAT. Duplicates can be removed,

and duplicates can be recognized by cases in which the two reads from the same mRNA fragment are

exactly the same as another pair of reads. The next step can be assigning the mRNA fragments to one of

the two alleles of its corresponding gene, for all cases in which the read overlaps a variant that is

heterozygous in that individual. If the read overlaps a single heterozygous variant, this assignment can be

made by simply reading the sequence (A, C, G, or T) in the variant position and matching that with the

corresponding allele. If the read overlaps multiple heterozygous variants, the read can be assigned to an

allele if it matches for both variant positions. The assignment of a read to an allele can also be an

assignment to the corresponding chromosomal haplotype, since the donor’s phased variants are known.

This can yield a table quantifying, for each gene having heterozygous variants within the mRNA

sequence, the number of reads providing evidence for each chromosomal haplotype.

The next step can be to quantify the differences between the levels of each allele in each cell. To

normalize for the overall amount of sequencing in each cell, read counts for each allele can be divided by

the total number of reads mapped to any gene in that cell. To remove genes with strong allelic biases in

expression or strong technical biases, genes can be discarded if they deviate strongly from 50% of reads

matching to each allele. Even after these corrections, the fraction of reads matching each allele of the

gene may depend highly on the expression level of that gene (i.e. higher expressed genes had fractions

closer to 0.5 due to lower counting error). Therefore, one can normalize for this effect as follows: each



gene measurement (i.e., each gene in each cell) can be assigned to a normalized expression bin based on

the normalized number of allele-informative reads mapped in that cell. For each gene measurement in

each bin, the fraction of reads supporting chromosomal haplotype 1 (arbitrarily defined) can be collected.

For each bin, a cumulative distribution function (CDF) can be calculated using these measurements.

Finally, for each gene measurement, the fraction of reads supporting haplotype 1 can be converted to its

value in the CDF for its expression bin, which can be called the eCDF value. Ties can be handled by

choosing the value closest to 50%. In this way, a gene with high skew towards one allele but also a low

expression level can be penalized by shrinking the skew, whereas small skews can be amplified in genes

with high expression levels. This procedure can yield a normalized fraction of gene expression assigned

to haplotype 1 versus haplotype 2 for each cell, and this normalized fraction can be comparable between

genes of different expression levels in different cells.

With this data, the next step can be to infer the genotype of each cell by leveraging correlations in

allelic skew across chromosomes. First, to collapse measurements into a form that is spread evenly

across chromosomes, each chromosome can be broken into evenly sized tiles, generally containing more

than one gene each. For each cell, the average of all eCDF values for genes in the tile can be collected.

With this evenly spread data, a model could then be used to predict what the genotype of the cell had

been. For each chromosome, a two-state hidden Markov model (HMM) can be fit to the mean eCDF

values across all cells with a Gaussian response variable, where any tiles without genes are treated as

missing data (Fig. 3). Each state of the resulting HMM should then be associated with one haplotype, i.e.,

the alleles on one chromosome versus the alleles on the second chromosome. The posterior probabilities

for each state of the HMM at each tile therefore would correspond to the posterior probability of the

genotype of the cell matching the corresponding haplotype. In other words, this can result in probabilistic

estimates for the genotype of every tile of every chromosome of every cell.

Once the genotype of each cell is estimated, the genoinformative expression skew of each gene

can be easily calculated as follows: First, tiles in which the posterior probability of the genotype is close

to 50% were discarded, leaving only confident genotype calls. For each gene, an average can be taken

over the fraction of reads that match the allele corresponding to the genotype call in that cell (Fig. 4).

1C. Paired RNA-DNA sequencing methodfor identifying GIMS

This example describes a more direct method for identifying GIMS. First, heterozygous gamete

cells (e.g., human or mouse sperm cells) are subjected to single cell whole-transcriptome RNA

sequencing with paired DNA sequencing from the same single cells. The data is then processed to

identify transcripts with an allelic bias that is concordant with the corresponding haploid genotype of the



sperm cells, e.g., transcripts that do not diffuse freely through the syncytium during sperm cell

development. The advantage of this method is that the genotype of each cell is directly determined rather

than inferred from biases in allelic expression at the RNA level. The method is now described in greater

detail.

To obtain samples with many heterozygous variants, but also fully known chromosomal

haplotypes, the experiment can use mice that are first-generation offspring of two inbred lines. Both

inbred lines can have known variants, so the complete chromosomal haplotypes can be known (i.e., all

variants on each chromosome can be phased). Single round spermatid cells can be isolated from mouse

testis samples using the flow-cytometry based sorting method from Bastos et al. 2005

(doi :10.1002/cyto.a.20129).

Single cells may be processed by the G&T-seq protocol as described in Macaulay et al. 2015

(http://doi.org/10.1038/nmeth.3370) or Day et al. 2015 (http://doi.org/10.1038/nbt.3129), yielding

amplified cDNA and genomic DNA. Sequencing libraries may be prepared and sequenced using a high-

throughput DNA sequencing preparation kit.

The raw output of this cDNA sequencing can be individual reads, organized in pairs

corresponding to the two ends of a fragment of an mRNA. The sequencing reads can be mapped to the

mouse genome by a splice-aware read mapper such as TopHat, STAR, GSNAP, or HISAT. Duplicates

can be removed, and duplicates can be recognized by cases in which the two reads from the same mRNA

fragment are exactly the same as another pair of reads. The next step can be assigning the mRNA

fragments to one of the two alleles of its corresponding gene, for all cases in which the read overlaps a

variant that is heterozygous in that individual. If the read overlaps a single heterozygous variant, this

assignment can be made by simply reading the sequence (A, C, G, or T) in the variant position and

matching that with the corresponding allele. If the read overlaps multiple heterozygous variants, the read

can be assigned to an allele if it matches for both variant positions. The assignment of a read to an allele

can also be an assignment to the corresponding chromosomal haplotype, since the donor’s phased variants

are known. This can yield a table quantifying, for each gene having heterozygous variants within the

mRNA sequence, the number of reads providing evidence for each chromosomal haplotype.

In parallel, the genomic DNA is also sequenced, yielding short read fragments. These fragments

are mapped to the reference genome, and variants are called, e.g. via the bcftools program, the GATK

program, the freebayes program, or any other standard software tool. At this point, the allelic balance of

each transcript is known, and the genotype of each cell is known. The allelic concordance in each cell is

then simply the fraction of reads supporting the observed genotype, ranging between zero and one. This



average of this fraction can then be taken over all cells, and genes with substantially greater than 0.5 in

genotype concordance can be considered GIMS.

ID. Single-cell mass spectrometry proteomics methodfor identifying GIMS

In this example, GIMS are determined by a combination of mass spectrometry proteomics and

DNA sequencing on single sperm cells. An advantage of this method is that the GIMS are identified at the

protein level rather than the RNA level.

First, it is advantageous to define which peptides and which fragmentation spectra to look for in

the mass spectrometry experiment. This can be done by computational prediction of the peptide fragments

generated from different alleles of sperm proteins, or by an initial shotgun mass spectrometry profiling

experiment on a sperm sample. In either case, the spectra can be matched to a database containing the

alternate protein alleles, which can be generated, e.g., by computationally translating DNA variants from

the 1000 genomes project to the corresponding amino acid sequences. Peaks and spectra that differ

between the variants can be retained for the next step.

Single sperm cells (e.g., from humans or mice) are then isolated and lysed, e.g. in individual wells

in a plate. The DNA can be separated from the protein using a bead-based method, e.g., nucleic-acid

binding beads adhere to the DNA and the protein is found in non-binding flow-through. The DNA is

sequenced, for example using the MALBAC or MDA protocols (see e.g.

http://dx.doi.org/10.1371/journal.pone.0114520), and the protein is assayed by mass spectrometry.

Selective reaction monitoring (SRM) or multiple reaction monitoring (MRM) can be used to increase

sensitivity by targeting only peptides that differ between alleles in the sample. Since the spectra from

different alleles are not directly quantitatively comparable, they can be normalized either to a

housekeeping gene or by normalizing the ratio between the alleles to the average ratio across all cells,

assuming enough cells were assayed to achieve an even sampling of genotypes (e.g. >30 cells). In either

case, the normalized ratio of the two alleles is compared to the corresponding genotype of each cell.

GIMS are the genes for which the allelic ratio is substantially correlated to the genotype, when a protein

allele is expressed at higher levels in cells with the corresponding genotype.

Alternately, GIMS without protein-level variants in a cell can be identified when they are

associated with allele-specific expression differences such as eQTLs. In this case, the relative expression

level of a protein is compared across single cells. GIMS can then be identified as cases when one

genotype is associated with significantly higher expression of the protein than the other, e.g., as

determined by a t-test comparing across single cells.



IE. Single-cell proteomics method based on nucleic-acid readouts of protein levelfor identifying GIMS

This example describes a protein-based approach to identify GIMS that relies on sequencing

outputs rather than mass-spectrometry. It relies on having reagents to bind proteins or specific alleles of

interest, but has a sequencing readout for both DNA and protein in single cells.

This procedure requires a set of nucleic-acid tagged protein-binding reagents. One such set of

reagents is nucleic acid aptamers (e.g. DNA, RNA, or modified nucleotides), which can be generated by

standard SELEX (systematic evolution of ligands by exponential enrichment). Another set would be

antibodies or antibody mimetic reagents conjugated to primers suitable to a proximity extension assay

(PEA) as in Darmanis et al. 2016 (http://dx.doi.Org/10.1016/j.celrep.2015.12.021). If at least one of the

two antibodies are specific to one allele of a protein, the proximity extension assay will be specific to that

allele.

First, sperm cells (e.g., from human or mice) isolated and lysed, e.g., in wells of a plate or in oil

emulsion droplets. If using aptamers, they can be amplified via a PCR reaction for high-throughput

sequencing, otherwise a standard proximity extension assay is performed. In parallel, standard whole-

genome DNA sequencing is performed, e.g. using the MDA or MALBAC method of genome

amplification. Reads corresponding to aptamers or antibodies are then quantified and compared with the

genotype of the cell. If the expression level of the protein is significantly higher in cells having one

genotype compared to another, the protein corresponds to a GIMS. In the case of an allele-specific

protein-binding reagent, GIMS are identified when the expression level of the allele is higher in cells

having the corresponding genotype than in cells having the alternate genotype.

IF. Genome-wide tabulation of geno-informative transcripts

Geno-informative transcripts were identified by a method of Example 1. Average genotype

concordance was calculated over the whole genome. This average genotype concordance would have had

a distribution centered on 50% if there were no genoinformative expression in the cell, but for haploid

spermatids there was a tail of excess concordance with genotype (Fig. 5). This score quantifies the

average information encoded by the allelic expression of each gene.

Geno-informative transcripts were identified in mice, humans, and non-human primates by a

method of Example 1. A significant number of transcripts (about 53% of transcripts) classified as geno-

informative in non-human primates had a homolog that was also geno-informative in mice, as annotated

in Table 2. This experiment indicates conservation of the GIMS phenomenon between mammalian

species.



Example 2: Estimate of the number of surface GIMSs in humans

Genes with greater than a certain threshold of mean genoinformative skew (i.e., substantially

more than 50% concordance with confident genotype calls averaged across cells) as identified by a

method of Example 1 were considered as candidate GIMS. The list of candidate GIMS identified from a

model organism was used to infer likely GIMS in the human genome and filtered for surface GIMS

having a useful genetic variant as follows: first, genes were mapped to their human homologs using

publicly available homology databases. Next, filtering was performed for genes that were expressed in

bulk human sperm RNAseq data. Membrane annotations were then used from the Uniprot database to

filter for human GIMS candidates that were potentially exposed at the cell surface. Finally, data was used

from the public 1000 genomes project to cross-reference the surface GIMS with common amino acid

coding variants (substitutions and indels), filtering for genes having at least one common variant that

could be used as a convenient substrate for selection (i.e., variants that were not synonymous coding

substitutions, 3' UTR mutations, or 5' UTR mutations). To supplement this list of protein-coding variants,

GIMS were added that had variants that would affect protein expression levels by using expression

quantitative trait loci (eQTLs) annotated by the public GTEX project. This analysis predicts about 315

sperm-expressed membrane protein GIMSs in humans. The number of GIMSs in many non-human

animals is expected to be roughly simi r .

Example 3: Estimate of number of GIMS required for whole genome prediction

This example describes how it was calculated that a relatively low number of GIMS in the human

genome is sufficient to be closely linked to a PAS (e.g., a disease gene) at any given location in the

genome. Crossover events in single human sperm cells were taken from Wang et al. 2012

(doi:10.1016/j.cell.2012.06.030). For any two loci on a chromosome, the fraction of sperm cells in which

they had the same genotype was recorded. For a particular PAS, for example the gene CFTR (Fig. 6, left),

it was assumed that a given number of heterozygous GIMS in the genome of a carrier of the disease

allele. These heterozygous GIMS were randomly chosen from among all sperm-expressed genes in the

genome. Then, the closest GIMS on either side of the PAS was selected (if there was one on that

chromosome). For this exercise, it was assumed that the GIMS provides perfect information about the

genotype at that site, and the analysis considered the case of selecting the allele of both GIMS that was

not linked to the disease allele. If there were no GIMS on one side of the PAS, this analysis considered

the case of selecting based only on that GIMS, and similarly if there were no GIMS on the same

chromosome. The probability that the disease allele is present then depends on there being an odd number

of crossover events between the PAS and each GIMS used. This probability was given by the fraction of

sperm cells from Wang et al. 2012 that had this pattern of crossovers. For each number of heterozygous



GIMS assumed to be present in the genome, this calculation was repeated 100 times (for 100 random

assignments of GIMS) and the distribution is indicated in Figure 6. Figure 6 indicates that roughly 30-60

GIMS gives full coverage of the human genome, i.e., 30-60 GIMS are close enough to any given PAS

(e.g., disease gene) to be used in the methods herein.

A roughly similar number of GIMS, e.g., within 2-4 fold of the numbers above, are expected to

be sufficient for other animal genomes. The human genome is approximately 3.3 billion base pairs, the

mouse genome is approximately 2.8 billion base pairs, the cow genome is approximately 3.6 billion base

pairs, the pig genome is approximately 3.2 billion base pairs, the dog genome is approximately 2.5 billion

base pairs, and the chicken genome is approximately 1.3 billion base pairs.

Example 4: Humans and non-human animals have sufficient heterozygosity for GIMS sorting

GIMS sorting as described herein requires heterozygosity at a GIMS locus. The literature

indicates that humans and various species of non-human animals have high levels of heterozygosity and

are therefore suitable candidates for GIMS sorting. Figure 7 indicates the heterozygosity for humans and

several non-human animals. Value for pigs was taken from Herrero-Medrano et al. 2014

(doi:10.1186/1471-2164-15-601). Values for chickens were taken from Rubin et al. 2010

(doi:10.1038/nature08832). Value for Holstein cattle was taken from The Bovine HapMap Consortium,

2009 (doi: 10. 1126/science. 1167936). Data for human populations was taken from The 1000 Genomes

Project Consortium, 2010 (doi:10.1038/nature09534).

Example 5: Isolation of two sub-populations of human sperm

Sorting PtchD3+ from PtchD3- sperm cells

This example demonstrates that two genetically different sub-populations of sperm can be

separated by FACS, using a surface-bound antibody. Two separate populations of sperm cells were used:

the first was homozygous null for PtchD3 (PtchD3 ' ) and the second was heterozygous at the same locus

(PtchD3+/ ) . An antibody against CD59 (a cell-surface protein present on sperm cells) was used to label

each population separately for one hour. Two washes were performed subsequently (using mHTF+0.5%

BSA) and fluorescently-labeled secondary antibody was added only to the PtchD3+/ sperm cell

population for one hour. The two sperm cell populations were then mixed together, and run through a 5-

laser BD LSR II SORP. The setup is shown schematically in Fig. 8A. The instrument was used to sort

two populations: (i) the positive population based on the fluorescence of the secondary antibody,

containing PtchD3+/ sperm cells and (ii) the negative population based on the absence of fluorescence,

containing PtchD3 sperm cells (Fig. 8B). To show that these two fractionated populations were

representative of the two distinct genetic populations (at the PtchD3 locus), a TaqMan® SNP Genotyping



Assays from ThermoFisher directed at the PtchD3 locus was used. When analyzed on an allelic

discrimination plot, the two FACS-sorted populations had very high purity (Fig. 8C).

Sorting CD36 wild-type from CD36 mutant sperm cells

In a different experiment, human sperm were sorted directly into two populations from a single

heterozygous donor, using the GIMS surface protein CD36 (Fig. 8D). The donor was heterozygous for

the minor allele of variant rs321 1938, which imparts a premature stop codon to the extracellular domain

of the protein. This variant also leads to reduced levels of the CD36 protein, see Love-Gregory et al,

“Common CD36 SNPs reduce protein expression and may contribute to a protective atherogenic profile.”

Plum Mol Genet. 2011 Jan 1; 20(1): 193-201 . Anti-CD36 antibody was added to the sperm cells from the

heterozygous donor, and to a sperm sample from a homozygous wild-type donor, in order to fluorescently

label the sperm cells expressing wild-type CD36 in each sample. Using a FACS instrument, the

heterozygote sample was compared the homozygous wild-type donor sample and it was verified that there

was a reduced proportion of CD36 positive sperm cells in the heterozygote sample. The heterozygote

sample was then sorted by FACS into a high fluorescence population and a lower fluorescence

population. The sorted CD36 positive sperm were genotyped as above, and compared to a titration curve.

The analysis showed that the sorted cells were de-enriched for the mutant allele, as predicted. This

confirmed that specific genotypes could be enriched using protein markers in human sperm.

Sorting CD47 wild-type from CD47 mutant sperm cells

A sperm cell sample was collected from mice that carried a heterozygous knockout of CD47,

where about 50% of the sperm carried the wild-type allele and about 50% of the sperm carried the

knockout allele. Anti-CD47 antibody was added in order to fluorescently label the sperm cells expressing

CD47. The sample was then sorted by FACS into a high fluorescence population and a lower

fluorescence population. Quantitative PCR was performed to genotype both sperm populations.

Calibration was performed with a standard curve mixing together wild-type sperm and heterozygous

sperm at defined ratios. Table 6 below shows the qPCR values for each point, and the estimated

percentage of wild-type CD47 DNA for each. In the high fluorescence population, 80% of CD47 DNA

corresponded to the wild-type allele, with the knockout allele making up the remaining 20% in the

sample. Thus, the cell sorting resulted in enrichment of the wild-type allele.

Table 6: enrichment of wild-type CD47 DNA based on sorting for wild-type CD47 protein



Example 6: Making allele-specific antibody molecules

Allele specific antibodies can be produced as follows. The starting point is a set of two amino

acid sequences that differ in at least one variant position. These coding sequences can be synthesized,

e.g., by a commercial provider and cloned into an expression vector for an organism such as E. coli, S.

cerevisiae, or Chinese hamster ovary cells. A tag such as a histidine tag or FLAG tag can be added to the

amino acid sequence, which facilitates purification of the protein product. When the vector is expressed

and purified, the result is a tagged recombinant protein matching a particular variant sequence. In this

way, a version of each human protein can be generated with each variant sequence common in humans.

One can also generate vectors that code for sequences having multiple variants that co-occur frequently in

humans, i.e. are a part of the same haplotype sequence.

With these recombinant proteins, one can then generate antibodies that are specific for particular

variant sequences. A standard way to do this is to inject each recombinant protein along with an adjuvant

into an animal such as a mouse, rabbit, or goat, and remove the serum. The resulting serum contains

antibodies that bind to one version of a protein. The antibodies can be tested for binding against other

versions of that protein with other variants, and the antibodies that bind with different affinities to the

different versions of the protein can be reserved for future use. Workflows for generating antibodies

capable of selecting single amino acid substitutions have been published (e.g. Richman et al. 2006

“Development of a novel strategy for engineering high-affinity proteins by yeast display” Protein

Engineering, Design and Selection (2006) 19(6):255-264 D01:10.1093/protein/gzl008) and such

antibodies can be produced by one of skill in the art.

Example 7: Experimental verification of GIMS

To confirm that a given gene product is geno-informative, an antibody (or other functionally

similar reagent) can be generated that can discriminate between two alleles of one marker gene product.

The antibody can be generated as described, for example, in Example 6. The antibody preferentially binds

to allele 1 of the GIMS gene product relative to allele 2. The antibody is coupled to a fluorescent

detection reagent (either directly, using for example the ThermoFisher Xenon kit or indirectly, using a

labeled secondary antibody from Cell Signaling) and subsequently added to a heterogeneous population

of sperm cells. The mixture of sperm cells can then be run on a flow cytometer. Using the fluorescent

parameters of the reagent, the positive (allele 1) and negative (allele 2) sperm cells are gated and sorted.



To ensure that the two sorted populations are representative of the correct alleles, the genomic DNA is

extracted from each sorted population. Sequencing or qPCR is then used to verify the presence of the

correct allele, as well as the absence of the depleted allele.

Example 8: Methods of sorting sperm cells using a surface-exposed GIMS gene product

As an example, a carrier of a cystic fibrosis disease allele (affecting the CFTR gene) presents at a

fertility clinic. A DNA sample from this carrier is sequenced to yield a whole-genome sequence. Variants

are called from this sequence and cross-referenced with a list of GIMS. In this example, the carrier is

heterozygous for rsl7852615, a single nucleotide variant in the PLXNA4 GIMS (listed in Table 2), which

substitutes a glutamine for an alanine in the amino acid sequence. This GIMS is linked to the CFTR gene

because it is located nearby on chromosome 7. Using a fluorescently labeled antibody that is selective for

the rsl7852615 glutamine variant over the alanine variant (which can be generated e.g. as described in

Example 6), the sperm is labeled with the antibody by incubation in media. The labeled sperm is then

sorted in a FACS instrument, and the sperm with the highest fluorescent signal are retained. These labeled

sperm preferentially have the glutamine allele of the PLXNA4 protein, and because this is a GIMS,

therefore have a higher proportion of that allele. Because the phase between this allele and the cystic

fibrosis disease variant is not necessarily known, this sorted sperm population is then quantitatively

genotyped, e.g. via sequencing the CFTR gene, to verify the proportion of the cystic fibrosis disease allele

relative to the wild-type allele. If this sample is enriched for the wild-type CFTR allele, this fraction is

used for fertilization via IUI or IVF. If it is enriched for the CFTR disease allele, the sperm fraction with

low fluorescence is instead kept for subsequent fertilization, as it will be depleted for the disease allele.

As another example, a male patient presents with late-onset steroid-resistant nephrotic syndrome.

Genotyping the patient, a variant in the TRPC6 gene on chromosome 11 is found that has been previously

reported to be associated with this disease. The patient also happens to be heterozygous for rs71 10736, a

single nucleotide variant in the TMPRSS5 gene, which is also a GIMS on chromosome 11 close to the

TRPC6 gene. This substitutes a leucine for the phenylalanine in the extracellular portion of this gene

product. Using a fluorescently labeled antibody that is selective for the leucine variant over the

phenylalanine variant (which can be generated e.g. as described in Example 6), the sperm is labeled with

the antibody by incubation in media. The labeled sperm is then sorted in a FACS instrument, and the

sperm with the highest fluorescent signal are retained. These labeled sperm preferentially have the leucine

allele of the TMPRSS5 protein, and because this is a GIMS, therefore have a higher proportion of that

allele. Because the phase between this allele and the TRPC6 disease variant is not necessarily known, this

sorted sperm population is then quantitatively genotyped, e.g., via sequencing the TRPC6 gene in the

sorted sperm population, to verify the proportion of the TRPC6 disease allele relative to the wild-type



allele. If this sample is enriched for the wild-type TRPC6 allele, this fraction is used for fertilization via

IUI or IVF. If it is enriched for the TRPC6 disease allele, the sperm fraction with low fluorescence is

instead kept for subsequent fertilization, as it will be depleted for the disease allele.

As another hypothetical example, a male carrier of argininosuccinic aciduria is genotyped and

confirmed to be heterozygous for a disease variant in the ASL gene located on chromosome 7. The carrier

is also heterozygous for rs321 1938, a variant conferring a premature stop codon to the CD36 GIMS. In

this case, a fluorescently labeled antibody that recognizes an epitope following the premature stop codon

may be used to separate two populations of sperm. As before, this separation can be performed on a

FACS instrument, yielding a population of sperm enriched for the wild-type CD36 allele. Because CD36

is a GIMS linked to the ASL gene, the sorted sperm population will also be enriched for either the disease

allele or the wild-type allele of the ASL gene. This population can be genotyped and used in IUI if it is

enriched for the wild-type ASL allele.

As a further example, a male patient presents with alkaptonuria. Genotyping the patient, a variant

in the HGD gene on chromosome 3 is found that has been previously reported to be associated with this

disease. The patient also happens to be heterozygous for rs570435573, a single nucleotide variant in the

CADM2 gene, which is also a GIMS on chromosome 3 close to the HGD gene (see Table 2 herein). This

substitutes an isoleucine for the valine in the extracellular portion of this gene product. Using a

fluorescently labeled antibody that is selective for the isoleucine variant over the valine variant (which

can be generated e.g., as described in Example 6), the sperm is labeled with the antibody by incubation in

media. The labeled sperm is then sorted in a FACS instrument, and the sperm with the highest fluorescent

signal are retained. These labeled sperm preferentially have the isoleucine allele of the CADM2 protein,

and because this is a GIMS, therefore have a higher proportion of the corresponding genotype. Because

the phase between this allele and the HGD disease variant is not necessarily known, this sorted sperm

population is then quantitatively genotyped, e.g., via sequencing the HGD gene in the sorted sperm

population, to verify the proportion of the HGD disease allele relative to the wild-type allele. If this

sample is enriched for the wild-type HGD allele, this fraction is used for fertilization via IUI or IVF. If it

is enriched for the HGD disease allele, the sperm fraction with low fluorescence is instead kept for

subsequent fertilization, as it will be depleted for the disease allele.

Example 9: Analysis of GIMS characteristics

Mendel’s first law dictates that alleles segregate randomly during meiosis and are distributed to

offspring with equal frequency, requiring sperm to be functionally independent of their genetic payload.

Developing mammalian spermatids have been believed to accomplish this by freely sharing RNA from



virtually all genes through cytoplasmic bridges, equalizing allelic gene expression between sperm

genotypes. Applying single cell RNA sequencing to developing spermatids, this example identifies a

large class of mammalian genes whose allelic expression ratio is informative of the haploid genotype.

27% of spermatid-expressed genes in mice and 42% in non-human primates are not uniformly shared, but

instead show at least a 2-fold allelic expression bias towards the haploid genotype. This property of these

GIMSs was significantly conserved between individuals and between rodents and primates. Consistent

with the interpretation of specific RNA localization resulting in incomplete sharing through cytoplasmic

bridges, we observe a strong depletion of GIMS transcripts from chromatoid bodies, structures involved

in shuttling RNA across cytoplasmic bridges, and an enrichment for 3' UTR motifs involved in RNA

localization. If GIMSs are translated and functional in the context of fertility, they would be able to

violate Mendel’s first law, leading to selective sweeps through a population. Indeed, we show that GIMSs

are localized to polysomes and enriched for signatures of positive selection, accounting for 68 recent

mouse selective sweeps and 5 recent human selective sweeps. Intense selection at the sperm level risks

evolutionary conflict between germline and somatic function, and GIMSs show evidence of avoiding this

conflict by evolving more testis-specific paralogs and isoforms than expression-matched controls. The

widespread existence of GIMSs suggest that selective forces acting at the level of individual mammalian

sperm are much more frequent than commonly believed.

GIMSs identified as described herein were studied for common characteristics, including gene

length, introns length, number of introns, Gene Ontology classification, 3 ’ UTR motifs, selective sweep

association, alternative splicing, and polysome association. Each of these characteristics is described

below.

Gene length and introns

As shown in Fig. 11, mouse GIMSs on average have longer genes than other spermatid-expressed

genes, as measured from annotated transcription start on the chromosome to transcription stop site. GIMS

genes are on average nearly twice as long as Controls, which in this Example are genes matched for

expression level and expression dynamics during spermiogenesis as closely as possible to GIMSs.

The mean chromosomal gene length, mean length per intron, mean mature transcript length, and

mean number of exons were calculated for non-GIMSs, control genes, and GIMSs, and the results are

shown in Table 7 below.

Table 7. Gene feature length for mouse GIMSs compared to non-GIMSs expressed in mouse

spermatids, and Controls, i.e. genes matched for expression level and expression dynamics during

spermiogenesis as closely as possible to GIMSs. The difference in gene length for GIMSs is due mainly

to longer introns and more introns, to a greater extent than mature transcript length.



Gene Ontology classification

Mouse GIMSs and control genes were compared by Gene Ontology (GO) classification ter s.

The GO terms, maintained by the Gene Ontology Consortium, provide a controlled vocabulary of gene

and gene product attributes to describe cellular component, biological process, or molecular function

information about genes, based on cited sources. Table 8 below lists the GO terms significantly enriched

in mouse GIMSs relative to Controls, i.e., genes matched for expression level and expression dynamics

during spermiogenesis as closely as possible to GIMSs. Several terms relate to localization in specific

compartments such as the membrane or axoneme/sperm tail, suggesting the localization of GIMS mRNAs

to specific locations in the spermatid such as the endoplasmic reticulum. False discovery rate (FDR) is

based on Benjamini-Fiochberg correction of a p-value based on a z-score test comparing to 20 randomly

selected sets of Control genes.

Table 8. GO terms significantly enriched in GIMS relative to controls.



Table 9A below lists Gene Ontology terms significantly depleted in mouse GIMSs relative to

Controls, i.e., genes matched for expression level and expression dynamics during spermiogenesis as

closely as possible to GIMSs. Several terms relate to localization in specific compartments such as the

mitochondrion or endosome tail, suggesting the localization of GIMS mRNAs away from specific

locations in the spermatid. False discovery rate (FDR) is based on Benjamini-Flochberg correction of a p-

value based on a z-score test comparing to 20 randomly selected sets of Control genes.

Table 9A. GO terms significantly depleted in GIMS relative to controls.



Table 9B below lists gene ontology annotations enriched in GIMSs using the

COMPARTMENTS database (Binder, J . X., Pletscher-Frankild, S., Tsafou, K., Stolte, C., O’Donoghue,

S. , Schneider, R., & Jensen, L. J . (2014). COMPARTMENTS: unification and visualization of protein

subcellular localization evidence. Database, 2014). Enrichment analysis was performed as for GO

categories (Table 8 and Table 9), but in this case fewer controls had at least one annotation than GIMSs,

which could artificially inflate significance for individual categories. Therefore, we performed an

additional normalization for the expected number of GIMSs with an annotation. The number of controls

in a set having a GO annotation was converted to a fraction out of those have any annotation, and then

multiplied by the number of GIMs to yield the total number expected with each annotation specifically.

Otherwise the enrichment analysis was the same as for the GO analysis above.

In some embodiments, one or more GIMSs as described herein are associated with (e.g., oca ed

to) cellular structures outside of chromatoid bodies. In some embodiments, one or more GIMS as

described herein are localized to polysomes.



3 ’ UTR motifs

Motifs significantly enriched in 3' UTRs of mouse GIMS RNAs relative to Controls were

identified. Motif enrichment analysis was performed with AME (available on the world wide web at

meme-suite.org/tools/ame) comparing a combined database of CISBP-RNA motifs and human and mouse

motifs from the Ray2013 dataset that had homologs in mouse. Consensus motifs are compressed

representations using standard degenerate nucleotide alphabet to represent the position weight matrices

that were searched against. The motifs identified are listed in Tables 10-12 below.

Table 10. Motifs enriched in 3' UTRs of GIMSs. A indicates adenine, U indicates uracil, C indicates

cytosine, and G indicates guanine. U and T may be used interchangeably for these purposes. R indicates

a purine (A or G). S indicates strong (G or C). W indicates weak (A or T/U). D indicates not C (A or G

or T/U). V indicates not T (A or G or C). N indicates any nucleotide. M indicates A or C. B indicates

not A (C or G or T/U). Y indicates C or T/U. K indicates G or T/U. H indicates A or C or T/U.



Selective sweeps

As shown in Fig. 12, GIMSs are associated with more selective sweeps (instances of positive

selection) in wild mouse populations than expression-matched Controls (p <10 16) . Shown in Fig. 12 is the

number of regions with evidence for a selective sweep containing at least one GIMS or expression-

matched Control gene, using the selective sweep analysis of Staubach et al. 2012 PLoS Genet 8(8):

el 002891. Error bars represent standard deviation +/- one standard deviation, using 20 randomly selected

Control gene sets, which were matched for expression levels across spermatid development with GIMSs.

Positive selection acting on GIMSs due to their function in sperm is likely to create a genetic

conflict with the role of the gene in somatic cells. In other words, selective sweeps due to

genoinformativity could become deleterious if they alter somatic functions. Therefore, functional GIMSs

would be likely to evolve to avoid somatic functions by becoming testis-specific paralogs or by

employing testis-specific exons or testis-specific isoforms. As shown in Fig. 13, mouse GIMSs are more



likely to be testis-specific paralogs than Controls (p = 0.00067). Paralogs and tissue specificity was taken

from Guschanski et al. Genome Res. 2017. 27: 1461-1474. Testis specificity was defined as > 0.9

specificity with testis as the highest-expressed tissue. Mouse GIMSs are not enriched for non-paralogs or

for paralogs that are not testis-specific, but are enriched for testis-specific paralogs.

Alternative splicing

As shown in Fig. 14, mouse GIMSs are more likely to express testis-specific alternative exons

than Controls (p < 10-16). Mouse alternative exon annotations were taken from VastDB (available on the

world wide web at vastdb.crg.eu/wiki/Main_Page). GIMS RNAs were not enriched for alternative spliced

exons overall, nor for alternative splicing that was not specific to testis, but was enriched for alternative

exons that were testis-specific. Testis-specific exons were defined as those with a 50% difference in PSI

(percent spliced in) between the median tissue sample and median of a other samples in VastDB.

Polysome association

As shown in Fig. 15, GIMS RNAs are translated to proteins at both the round spermatid and

elongating spermatid stage. Data on mRNAs present in polysomes in haploid spermatids was taken from

Zhang et al. 2017 “MicroRNAs control mRNA fate by compartmentalization based on 3' UTR length in

male germ cells” Genome Biology 2017 18:105. Only genes expressed 5-fold higher in spermatids than in

their non-haploid precursors (pachytene cells) were analyzed, so that newly transcribed mRNA would be

predominantly measured. GIMS RNAs had similar levels of presence in polysomes to Controls (selected

to be expressed at similar levels to GIMS RNAs at similar stages) and a other spermatid-expressed

genes.

Example 10. Widespread haploid-biased gene expression in mammalian spermatogenesis

associated with frequent selective sweeps and evolutionary conflict

Overview

Mendel’s first aw dictates that alleles segregate randomly during meiosis and are distributed to

offspring with equal frequency, requiring sperm to be functionally independent of their genetic payload.

Developing mammalian spermatids have been believed to accomplish this by freely sharing RNA from

virtually ah genes through cytoplasmic bridges, equalizing allelic gene expression across different

genotypes.

Here, it was hypothesized that many endogenous mRNAs would be transcribed in haploid

spermatids and incompletely shared across cytoplasmic bridges, resulting in allelic expression bias

correlating to the sperm genotype (Fig. 16A). Since mature sperm are transcriptionally and translationally

silent, allelic biases in mature sperm protein correlated with the haploid genotype would have to

correspond to mRNA expression biases at the haploid spermatid stage. Single ce RNA sequencing was



performed in spermatids (Fig. 16B) from hybrid mice and cynomolgus macaques, quantifying allele-

specific biases in expression. A large class of mammalian genes was identified, whose allelic expression

ratio is informative of the haploid genotype, referred to herein as genoinformative markers (GIMSs). 29%

of spermatid-expressed genes in mice and 47% in non-human primates are not uniformly shared, and

instead show a confident allelic expression bias of at least 2-fold towards the haploid genotype. This

property of GIMSs was significantly conserved between individuals and between rodents and primates.

Consistent with the interpretation of specific RNA localization resulting in incomplete sharing through

cytoplasmic bridges, a strong depletion of GIM transcripts was observed from chromatoid bodies,

structures involved in shuttling RNA across cytoplasmic bridges, and an enrichment for 3 UTR motifs

involved in RNA localization. If GIMSs are translated and functional in the context of fertility, they

would be able to violate Mendel’s first law, leading to selective sweeps through a population. Indeed, it

was found that GIMSs are localized to polysomes and are enriched for signatures of positive selection,

accounting for about 47 recent mouse selective sweeps and 5 recent human selective sweeps. Intense

selection at the sperm level risks evolutionary conflict between germline and somatic function, and

GIMSs show evidence of avoiding this conflict by exhibiting more testis-specific gene expression,

paralogs, and isoforms than expression-matched control genes. The widespread existence of GIMSs

suggest that selective forces acting at the level of individual mammalian sperm are much more frequent

than commonly believed.

Results

Many genes have allelic expression bias reflecting the haploid genotype in spermatids

An initial experiment aimed to identify cases of incomplete sharing of RNA across cytoplasmic

bridges in haploid spermatids (Fig. 16A). This would result in shared information (i.e. correlation)

between the allelic expression of a gene and the haploid genotype of the cell, which we call

genoinformative expression. Most single cell RNAseq experiments are poorly suited to quantifying allele-

specific expression because they do not sequence samples from fully phased individuals, they only

sequence a short tag from each RNA molecule (which may not contain a heterozygous site), and they do

so with relatively low capture efficiency. To maximize the accuracy of our allele-specific quantification,

we used an FI hybrid (therefore fully phased) of distantly-related inbred mouse models, C57BL/6 and

PWK/PhJ, having over 20 million heterozygous SNPs, compared to roughly 3 million in a human genome

(Fig. 16B). We digested testis tissue to isolate single cells from their cytoplasmic bridges, enriched for

haploid cells by flow cytometry, and performed full-length single cell RNA sequencing using a slightly

modified SmartSeq2 protocol optimized for sensitive RNA capture (Methods).



Of 144 cells obtained from a single male mouse having successful RNA amplification, 126

passed filters as likely singlets with substantial read counts. Principal Components Analysis (PCA) and t-

Distributed Stochastic Neighbor Embedding (t-SNE) revealed a mixture of three cell types expressing

marker genes for spermatids, spermatocytes, and spermatogonia, respectively (Fig. 17A-17C). Focusing

on the 95 haploid spermatids, we used diffusion mapping to define a pseudotime space covering their

differentiation process. The pseudotime ranges from early round spermatids up until the point that the

number of genes expressed decreases rapidly at the elongation stage, when transcription arrests (Fig 16C,

Fig. 17D). Fate spermatid markers such as PRM3 increase in expression over this pseudotime, while

spermatocyte markers such as SYCP3 decrease (Fig. 16C).

10,991 genes passed filters for calculation of genoinformative expression, including having at

least one heterozygous site and having comparable mean expression of each allele (see Methods). We first

focused on autosomes rather than sex chromosomes, because we could use the two alleles as an internal

control, yielding an easily quantifiable allelic expression ratio within each cell. Visualizing allelic

expression in individual haploid cells, we observed strong biases that were consistent across large

stretches of chromosomes but no such consistent bias in diploid controls. Across all haploid autosomes,

there was a significant correlation of allelic ratios between neighboring genes that gradually decreased

with chromosomal distance, and this correlation was completely absent in diploid controls (Fig. 17E-

17F). We reasoned that this effect could be explained by a combination of a widespread genoinformative

expression combined with the effect of recombination events degrading this correlation with distance.

Therefore, we designed a Bayesian model based on an extension of a Hidden Markov Model to infer the

haploid genotype of each cell including recombination breakpoints jointly with genoinformativity, with

genoinformative expression modeled as emissions based on the underlying genotype and propensity of an

RNA to be shared across cytoplasmic bridges (see Methods). Intuitively, this model shares information

between genes across an entire chromosome for each cell, which means that even weak and noisy

genoinformative expression signals in individual genes can aggregate to yield robust signals across large

stretches of a chromosome. Visual inspection confirmed that our inferred genotypes matched the observed

expression biases well (Fig. 18A, Fig. 19A). If the inferred genotypes are accurate, the distribution of

recombination breakpoints should follow the known recombination density in the mouse genome. Indeed,

we saw a significant correlation of inferred recombination density to the published map with good

agreement at a resolution of 10 to 20 megabases (Fig 18B, 19B-19C).

Examining for individual genes the concordance between allelic expression and haploid genotype

across cells, we observed a wide range of genoinformativity (Fig. 18C): Many genes, like Sycp3, had no

association between their allelic expression ratio and the inferred genotype, consistent with our null



hypothesis of complete sharing across cytoplasmic bridges erasing allelic expression differences; some,

such as Ferll5, had virtually complete concordance with their inferred genotype, suggesting minimal

sharing across cytoplasmic bridges; a larger set of genes had clear but intermediate genoinformativity,

exemplified by Ccdc28a, suggesting partial sharing through cytoplasmic bridges. To determine thresholds

for confident genoinformativity, we ran our Bayesian algorithm on shuffled data to create an empirical

background expectation under the null hypothesis of no genoinformative expression (Fig. 19D-19E).

Thresholds of parameters for both the posterior distribution of the genoinformativity score and the

strength of haplotype inference were selected to achieve an empirical False Discovery Rate of 0.10. For

convenience, genes that met the criteria for confident genoinformative expression were called

enonformative arkers (GIMSs), regardless of their effect size. Of the 10,991 genes for which we could

estimate genoinformativity, 4,354 (39.6%) were confident GIMSs and 3,317 (30.2%) were confidently

not GIMSs (see Methods; Fig. 18D, inset). We were unable to make a confident call for the remaining

3,320 (30.2%) due to marginal signal for genoinformativity. Of the confident genoinformative set, a wide

range of effect sizes was seen, but 3,159 (28.8%) had at least a 2-fold average allelic expression ratio in

favor of the allele matching the haploid genotype (Fig. 18D).

Surprisingly, as many as a third of genes were classified as strong GIMSs. Further experiments

were performed to confirm the assumption that this corresponded to incomplete sharing across

cytoplasmic bridges. The chromatoid body is a membraneless organelle (a phase-separated condensate) in

germ cells that has been shown to shuttle RNA across cytoplasmic bridges to facilitate sharing (Fig. 18E,

inset). We found that a published set of genes enriched in the chromatoid body had far lower

genoinformativity scores than other genes (Fig. 18E), and that there were fewer GIMSs enriched in the

chromatoid body than expression matched controls (Fig. 24C). This confirms that GIMSs have different

subcellular localization of their RNAs from non-GIMSs (Fig. 18E).

To identify what mechanisms might be responsible for the differential localization of GIMSs, we

compared GIMSs to non-GIMS controls that were matched for expression across spermiogenesis as

closely as possible (Fig. 24A, Methods). Most eukaryotic mRNA localization is dictated by RNA-binding

proteins via sequence motifs in 3 UTRs, so we performed an enrichment analysis for known motifs of

RNA-binding proteins that are expressed in spermatids. We identified 26 motifs significantly enriched in

GIMSs relative to controls, and zero significantly depleted in GIMSs (Table 10). Similarly, a gene

ontology enrichment analysis identified strong enrichment for GIMSs for specific protein localizations,

especially membrane associations and axoneme or other tail localizations (Table 9A). To further refine

this result, we performed an enrichment analysis with a comprehensive localization database. This

revealed a strong enrichment for genes with annotated localization in neurons, including both dendrites

and axons (Table 9B), probably reflecting the fact that subcellular RNA localization has been best studied



in neurons but is governed by principles applicable across cell types. Together, these data suggest a

possible mechanism for genoinformativity whereby RNA-binding proteins bring some mRNAs to specific

subcellular locations distal from chromatoid bodies, thus partially avoiding sharing across cytoplasmic

bridges.

As independent confirmation of our incomplete sharing model for GIMSs, we sought to use the

much larger set of RNAseq reads that did not overlap a heterozygous site but could be used for estimating

overall expression levels. GIMSs have allelic expression biases based on the haploid genotype, but

because 50% of cells have each genotype, GIMSs do not necessarily have a mean allelic expression bias

when averaging across many cells (an allelic skew). However, many genes have a mean allelic skew for

other reasons, for example due to expression quantitative trait loci (eQTLs) wherein a genetic variant has

differential effects on the expression of a nearby gene. The incomplete sharing model predicts that genes

may have different expression levels in spermatids with the paternal versus maternal genotype, but only

when they have both an allelic skew and genoinformative expression (Fig. 18F). To illustrate this point,

Sycp3 (Non-GIM, no allelic skew), Ccdc28a (GIM, no allelic skew), and Gcnlll (Non-GIMS, 2.7-fold

allelic skew) all have no difference in mean total expression from the maternal and paternal haplotype

cells (Fig. 18G). However, Rabl2, which has a 3.0-fold allelic skew and genoinformativity score of 0.45

has a significant difference in expression between the two haplotypes (p = 1.2 X 10- 5, t test). Across all

genes, we observe that the expression level of GIMSs with allelic skew is linked to the haploid genotype

in the expected direction, but not for non-GIMSs and not for genes without overall allelic skew (Fig.

18H). Therefore both allele-informative and non-allele-informative RNAseq reads support the identity of

GIMSs and the incomplete sharing model.

Although our Bayesian method for inferring genotype and genoinformativity cannot be applied to

sex chromosomes due to the lack of allelic expression data, genoinformative expression of sex

chromosome genes would provide an elegant explanation for models of sex ratio distortion in mice. We

therefore developed a separate method to identify sex chromosome GIMSs based on variation in

expression levels rather than in allelic ratios. We started by reasoning that X chromosome GIMSs should

have correlated expression and be anticorrelated with Y GIMSs. Because expression levels in any given

spermatid can be strongly influenced by developmental stage, we first corrected for the position in the

diffusion map pseudotime. Clustering genes by pairwise correlation after correction, we identified two

distinct clusters that corresponded overwhelmingly to the X and Y chromosome, respectively (Fig. 20A).

In contrast, performing the same analysis on autosomal controls yielded no similar clusters (Fig. 20B).

We selected putative GIMSs from these distinct clusters that displayed strong correlation signals (see

methods), resulting in 63 X GIMSs and 84 Y GIMSs. Spermatids tend to have high or low mean levels of



X GIMSs, but not intermediate levels (Fig. 20C). Therefore, sex chromosomes appear to be no exception

to the prevalence of genoinformative expression, at least on a quantitative level.

Genoinformativity is conserved between individuals and across species

So far, we have only considered mice with one genetic background, so we next asked whether the

phenomenon of widespread genoinformative expression extends to other mammals. We dissociated testes

from two outbred cynomolgus primates (Macaca Fascicularis), isolating haploid spermatids and

performing single cell RNAseq. Cynomolgus monkeys have the advantage of being highly heterozygous,

with ~13 million heterozygous SNPs per individual, compared to ~ 3 million for humans. Because our

method for inferring genotypes relies on sharing information across entire chromosomes, we required

fully phased chromosomes to quantify genoinformative expression. We therefore combined two phasing

methods: a dense, short-range phasing using linked read sequencing, and a sparse, long-range phasing

using whole genome sequencing of single haploid spermatids (Fig. 21A). Combining the two sources of

information led to densely phased chromosomes for each individual (see Methods), resulting in

11,654,918 and 10,131,178 phased sites in Cynomolgus 1 and 2, respectively. We were able to quantify

allelic expression of a smaller number of genes for cynomolgus spermatids than for mice (7,590 and

4,557 for the two cynomolgus compared to 10,991 in mice), mostly due a smaller number of

heterozygous sites. Nevertheless, we observed comparable quality of our genotype inference, including

significant correlation of inferred recombination rates between individuals (Fig. 22B). Again using an

empirical false discovery rate of 0.1 in each individual, we found that 50.3% and 52.3% of spermatid-

expressed genes were confident GIMSs, respectively (Fig. 21B). The effect sizes were comparable to

those seen in mice, with 44.6% and 43.3% of spermatid-expressed genes having at least a 2-fold average

expression difference between alleles in favor of the haploid genotype. In total, 47.3% of genes that could

be quantified met this threshold in either of the two individuals.

Because the two individuals had different heterozygous sites, only 2,366 genes had quantified

genoinformativity in both. Among these genes, those that were classified as a confident GIM in one

individual had far higher genoinformativity scores in the other individual, and those classified as a

confident non-GIM had far lower genoinformativity scores in the other individual (p < 2.2 X 10 16; Fig.

21C). This suggests that within a species, the property of genoinformativity is highly consistent. To look

across far larger evolutionary timescales, we compared cynomolgus genes to their orthologs in mouse

with a genoinformativity score in each (n = 2,838). Confident GIMSs in cynomolgus had higher

genoinformativity in mouse than confident non-GIMSs (p < 2.2 X 10 16; Fig. 21C), although the

relationship was weaker than within a single species. This suggests that the features that confer



incomplete sharing across cytoplasmic bridges evolve slowly, so that the identity of GIMSs tend to be

maintained across evolutionary timescales.

GIMS show signs of sperm-level natural selection and evolutionary conflict

The substantial fraction of genes having genoinformative expression at the RNA level is

surprising, but it does not necessarily imply functional differences in sperm. For example, proteins could

be shared across cytoplasmic bridges, nullifying any allelic differences at the RNA level. In contrast, if

GIMSs lead to functional differences in sperm linked to their genotype, sperm-level natural selection

could result in increased evolutionary forces (both purifying and positive selection) acting on GIMSs

compared to other genes. Given that the identity of GIMSs have been maintained across an appreciable

evolutionary distance, we reasoned that even if functional differences in GIMSs rarely arise, they would

lead to detectable signatures in the genome. Selective sweeps entail a beneficial allele experiencing

positive selection and rapidly reaching fixation in a population, which leaves a signal that can be detected

by a variety of statistical tests over patterns of variation in the genome. We cross-referenced a set of

selective sweeps in wild mouse populations with GIMSs and non-GIM controls, either randomly selected

from spermatid-expressed genes or matched for expression patterns across spermiogenesis. The GIMSs

were found in significantly more selective sweep regions than expected by chance (p = 3 X 10-25 )

corresponding to an excess of 47 + 4.6 selective sweeps putatively attributable to genoinformativity (Fig

23A, left). Although we do not know of studies of selective sweeps in cynomolgus, we took advantage of

abundant predictions of selective sweeps in humans by examining orthologs of cynomolgus GIMSs and

non-GIMSs. Using a set of human selective sweeps, we find a significant enrichment of GIMSs (p <

.013) corresponding to 9.4 + 4.2 sweeps putatively attributable to genoinformativity (Fig 23A, right). We

corroborated this enrichment for GIMSs in a wide variety of tests for selective sweeps in both mouse and

primate GIMSs, finding significant enrichments in D / Ds tests and a majority of statistical tests for

positive selection in the 1000 genomes project (Fig. 24B). Together, this indicates that GIMSs are

associated with an increased rate of positive selection over evolutionary time, even when compared to the

high background of spermatid-expressed genes.

Sperm-level natural selection poses an evolutionary conundrum: due to its highly specialized

function, what is good for the sperm is not necessarily good for the organism. In other words, selection

for a beneficial allele in sperm may decrease overall fitness if the allele is deleterious in a somatic cell

context (Fig. 23B). Over evolutionary time, this conflict might make genoinformative expression

deleterious for genes with somatic functions, but not for genes uniquely expressed in male reproductive

tissue. Supporting this hypothesis, we see that GIMSs are more likely to be testis-specific in both mouse



(p < 10-22 ) and human (p = 0.006; Fig. 23C). When it arises, the evolutionary conflict caused by

sperm-level selection will cause evolutionary pressure for separating functions for the gene in germ and

somatic cells. Examples of this evolutionary pattern include gene duplication followed by

subfunctionalization, and testis-specific gene isoforms. As predicted, GIMSs are significantly enriched in

paralog families that are predominantly testis-expressed in both mouse (p < 6.7 X 10-12 ; Fig. 23D, left)

and human (p = 0.0007; Fig. 23D, right). Fluman GIMSs are also enriched testis-specific isoforms (p <

1.9 X 10 -14 ; Fig. 23E, right), and although we are not aware of similar quality isoform-level mouse

datasets, mouse GIMSs are significantly more likely to have testis-specific exons (p < 3.7 X 10- 9 ; Fig.

23E, left).

Each of these lines of evidence implies that GIMSs with these properties are enriched for causing

functional differences in sperm, which would require incomplete sharing of proteins across cytoplasmic

bridges. In the mouse t haplotype, this occurs by translating a protein late in spermiogenesis, as

cytoplasmic bridges start to break down. We therefore predicted that GIMSs enriched for causing

functional differences in sperm would also be enriched in late translation of their proteins compared to

other GIMSs. Examining a polysome profiling dataset across mouse spermatogenesis, mouse GIMSs that

were functional candidates based on selective sweeps, testis-specific expression, or testis-specific

paralogs, were indeed enriched for late translation (p = 0.045, 1.4 X 10 -12 , 0.00045, Fisher’s exact test;

Fig. 23F). However, we did not see enrichment in late translation for GIMSs that were on testis-specific

exons. These results suggest that late translation of GIMSs is one mechanism by which they may lead to

sperm-level functional differences, causing a higher rate of selective sweeps and avoidance of

evolutionary conflict.

Methods

Spermatid isolation and cell sorting

Testes were reduced to a single-cell suspension (breaking apart the intracellular bridges between

germ cells in the process), using a two-step digestion protocol. Digestions were performed in 6ml for

mouse, with one whole testis as starting material (tunica albuginea removed); and in 30ml for non-human

primate, with 600mg of diced testis tissue as starting material. First, to disperse the seminiferous tubules,

testis tissue was incubated in digestion solution 1: Hanks’ Balanced Salt solution (HBSS, Sigma Aldrich),

lmg/ml collagenase Type I (Worthington Biochemical), and 6 l l/ml DNAse I (Sigma Aldrich).

Incubation was at 37C for 10 min with horizontal agitation. Tubules were then allowed to settle and the

supernatant (containing somatic cells) was discarded. Digestion solution 2 was then added to reduce the

tubules to a single-cell suspension: HBSS, lmg/ml collagenase, 6 l l/ml DNAse, and 0.05% trypsin



(Gibco, 2.5% stock solution). Incubation was for 25 min at 37C with horizontal agitation; tubules were

pipetted every 5 minutes, and an additional 0.025% trypsin was added halfway through the incubation.

Successful digestion was confirmed by examining the ce suspension under a light microscope. Digestion

was quenched with ml of Newborn Calf Serum (Gibco).

After digestion, the single-cell suspension was filtered through a lOOum cell strainer and

centrifuged for lOmin at 500g. The supernatant was discarded, and the cell pellet was gently resuspended

at l-2e6 cells/ml in PBS+5mg/ml BSA. Hoechst 33342 was added at lOug/ml and cells were incubated

for 30 min at 37C. Propidium iodide (PI) was added at lug/ml during the last 5 minutes of incubation.

Samples were filtered through a 40um mesh immediately before sorting.

Single live spermatids were then sorted into 96-well plates as described below, using a BD FACS

Aria, a Beckman Coulter MoFlo Astrios, or a SONY Synergy SY3200 instrument. Our gating strategy

was as follows: Selected for In cells (spermatids and sperm) based on Floechst 33342 fluorescence

intensity (with 355nm excitation and a 448/59nm bandpass emission filter); Selected for Pi-negative cells

to get live population (PI was measured with 561nm excitation and a 614/20nm bandpass emission filter);

Enriched for round spermatids by selecting cells with high forward scatter.

Cynomolgus primates

Adult male cynomolgus monkeys (Macaca fascicularis) were used for the non-human primate

studies conducted at the University of Kentucky. Monkeys were singly housed in climate -controlled

conditions with 12-hour light/dark cycles. Monkeys were provided water ad libitum and fed Teklad

Global 20% Protein Primate Diet. Spermatid isolation and sorting was preformed at the University of

Kentucky with two male monkeys. Monkeys were euthanized, testes were promptly removed and placed

in Flanks’ Balanced Salt Solution (F1BSS) on ice, prior to proceeding to tissue digestion and subsequent

preparation of a single cell suspension for cell sorting. Ah animal care, procedures, and experiments were

based on approved institutional protocols from the University of Kentucky Institutional Animal Care and

Use Committee IACUC (protocol #2015-2294).

Single-cell RNA sequencing

Single cells meant for RNA processing were sorted into 96-well full-skirted Eppendorf plates that

were pre-chihed at 4C and were prefilled with 10L of lysis buffer consisting of TCL buffer (Qiagen)

supplemented with 1% beta-mercaptoethanol. Sorted plates with single -cell lysates were subsequently

sealed, vortexed, spun down at 300g at 4C for 1 minute, immediately placed on dry ice to flash-freeze the



lysates, and then moved to -80C for storage. The Smart-Seq2 protocol was performed on single sorted

cells as previously described (1-3), with some modifications described below.

Reverse transcription

Single-cells lysates were thawed on ice for 2 minutes, then centrifuged at 3,000rpm at 4C for 1

minute. 20L of Agencourt RNAClean XP SPRI beads (Beckman-Coulter) was added to lysates, mixed

slowly, to not introduce bubbles and subsequently incubated at room temperature for 10 minutes. The 96-

well plate was then placed onto a magnet (DynaMag-96 Side Skirted Magnet, Life Technologies) for 5

minutes while covered. The supernatant was removed, and the SPRI beads were washed three times with

100L of freshly prepared 80% ethanol, careful to avoid loss of beads during the washes. Upon completely

removing ethanol after the last wash, SPRI beads were left to dry at room temperature for up to 10

minutes. Beads were resuspended in using 4L of the following Elution Mix: 0.1L 10M RT primer

(5'AAGCAGTGGTATCAACGCAGAGTACTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN-3', IDT),

1L 10 TM dNTP (Life Technologies), 0.1L Recombinant RNase-Inhibitor (40 U/L, Clontech), and 2.8L

nuclease-free water. The plates were sealed and then spun down briefly, 5 seconds max to get up to

150rpm. The samples were denatured at 72C for 3 minutes and placed immediately on ice afterwards. 7L

of the Reverse Transcription Mix was subsequently added in every well, consisting of: 2L 5x RT buffer

(Thermo Fisher Scientific), 2L 5 M Betaine (Sigma-Aldrich), 0.09L 1M MgC12 (Sigma-Aldrich), 0.1L

100M TSO (5 - AAGCAGTGGTATCAACGCAGAGTACATrGrG+G-3 , Exiqon), 0.25 L Recombinant

RNase-Inhibitor (40 U/L, Clontech), 0.1L Maxima H Minus Reverse Transcriptase (200U/L, Thermo

Fisher Scientific), and 2.46L nuclease -free water. Every well was mixed with the resuspended beads.

Reverse transcription was carried out by incubating the plate at 50C for 90 minutes, followed by heat

inactivation at 85C for 5 minutes.

PCR amplification and cDNA purification

14L of PCR Mix was added in each well: 0.05L 100M PCR primer (5'-

AAGCAGTGGTATCAACGCAGAGT -3 , IDT), 12.5L 2x KAPA HiFi HotStart ReadyMix (KAPA

Biosystems), 1.45L nuclease -free water. The reaction was carried out with an initial incubation at 98C for

3 minutes, followed by 22 cycles at (98C for 15 seconds, 67C for 20 seconds, and 72C for 6 minutes) and

a final extension at 72C for 5 minutes. PCR products were purified by mixing them with 20L (0.8X) of

Agencourt AMPureXP SPRI beads (Beckman-Coulter), followed by a 5 minutes incubation period at

room temperature. The plate was then placed onto a magnet for 6 minutes prior to removing the

supernatant. SPRI beads were washed twice with 100L of freshly prepared 70% ethanol, carefully to

avoid loss of beads during the washes. Upon removing all residual ethanol traces, SPRI beads were left to



dry at room temperature for up tolO minutes. The beads were then resuspended in 20L of TE buffer

(Teknova) and incubated at room temperature for 5 minutes. The plate was placed on the magnet for 5

minutes prior to transferring the supernatant containing the amplified cDNA to a new 96-well plate. This

cDNA SPRI clean-up procedure was repeated a second time to remove all residual primer dimers and

resuspended in a final volume of 15L of TE buffer. The concentration of amplified cDNA was measured

using the Qubit dsDNA High Sensitivity Assay Kit (Life 7 Technologies/Thermo Fisher Scientific). The

cDNA size distribution of few selected wells was assessed on a High-Sensitivity Bioanalyzer Chip

(Agilent). Expected single cell cDNA quantification was around 0.5-2 ng/L with size distribution sharply

peaking around 2kb.

Library preparation

Library preparation was carried out using the Nextera XT DNA Sample Kit (Illumina) with

indexing adapters that allow 96 single cell libraries to be simultaneously sequenced. For each library, the

amplified cDNA was normalized to a 0.12-0.20ng/L concentration range. The tagmentation reaction

consisted of mixing 1.25L of normalized cDNA with 2.5L of Tagmentation DNA Buffer and 1.25L of

Amplicon Tagment enzyme Mix. The 5L reaction was mixed well, spun at 3,000 rpm for 3 minutes,

incubated at 55C for 10 minutes and then immediately placed on ice upon completing this incubation

step. The reaction was quenched with 1.25L of Neutralize Tagment Buffer and incubated at room

temperature for 10 minutes. The libraries were amplified by adding 3.75L of Nextera PCR Master Mix,

2.5L of mixed indices (Nextera XT Index Kit). The PCR was carried out at an initial incubation at 72C

for 3 minutes, 95C for 30 seconds, followed by 12 cycles of (95C for 10 seconds, 55C for 30 seconds,

72C for 1 minute), and a final extension at 72C for 5 minutes. Following PCR amplification, 2.5L of each

library were pooled together in a 2.0 mL Eppendorf tube. The pool was mixed with 216L (0.9X ratio for

2.5ul of 96 cells pooled together) of Agencourt AMPureXP SPRI beads (Beckman-Coulter) and

incubated at room temperature for 5 minutes. The pool was then placed on a magnet (DynaMag-2, Life

Technologies) and incubated for 5 minutes. The supernatant was removed and the SPRI beads were

washed twice with lmL of freshly prepared 70% ethanol. Upon removing all residual ethanol traces, the

SPRI beads were left to dry at room temperature for 10 minutes. The beads were resuspended in 100L of

TE buffer and incubated at room temperature for 5 minutes. The tube was then placed back on the magnet

for 3 minutes prior to transferring the supernatant to a new 1.5mL Eppendorf tube. This SPRI clean-up

procedure of the library was repeated a second time to remove all residual primer dimers, using the same

approach and the final resuspension was done in 30L of TE buffer. The concentration of the pooled

libraries was measured using the Qubit dsDNA High Sensitivity Assay Kit (Life Technologies/Thermo

Fisher Scientific), and the library size distribution measured on a High-Sensitivity Bioanalyzer Chip



(Agilent). Expected concentration of the pooled libraries was 30-50 ng/L with size distribution of 300-

700bp.

Single-cell DNA sequencing

Single haploid cells meant for DNA processing were sorted into 96-well full-skirted Eppendorf

plates either in (1) 5L of Cell Extraction Buffer (4.8L of Extraction Enzyme Dilution Buffer, 0.2L Cell

Extraction enzyme, New England BioLabs) and processed using the PicoPlex kit, or (2) 5L of Cell Lysis

Reaction Mix (4.9L of Cell Lysis Buffer, 0.1L Cell Lysis enzyme, Yikon Genomics). Sorted plates with

single-cell lysates were subsequently sealed, vortexed, spun down at 300g at 4C for 1 minute,

immediately placed on dry ice to flash-freeze the lysates, and then moved to -80C for storage. All single

cells plates were thawed on ice for 2 minutes, then centrifuged at 3,000rpm at 4C for 1 minute prior to

processing.

PicoPlex amplification

For PicoPlex amplification, the plates were incubated at 75C for 10 minutes, followed by 95C for

4 minutes and held at 22C until ready for the next steps. The pre-amplification Master Mix, consisting of

4.8L of Pre-Amp Buffer and 0.2L of Pre-Amp Enzyme Mix was added to each cell, the reaction was

mixed well, spun at 3,000 rpm for 1 minute. The PCR was carried out at an initial incubation at 95C for 2

minutes, followed by 12 cycles of (95C for 15 seconds, 15C for 50 seconds, 25C for 40 seconds, 35C for

30 seconds, 65C for 40 seconds, 75C for 40 seconds), and a hold at 4C. Following the pre-amplification

reaction, each well was mixed well with the Amplification Master mix, consisting of 25L of

Amplification Buffer, 34.2L of nuclease-free water and 0.8L of Amplification Enzyme Mix. The

reactions were mixed well, spun at 3,000 rpm for 1 minute and incubated at 95C for 2 minutes, followed

by 16 cycles of (95C for 15 seconds, 65C for 1 minute, 75C for 1 minute) and a hold at 4C. The

concentration of each cell was measured using the Qubit dsDNA High Sensitivity Assay Kit (Life

Technologies/Thermo Fisher Scientific). Expected concentration of the single cell lysates was 20-50 ng/L

with size distribution of 300-1000bp.

MALBAC amplification

For MALBAC amplification, the plates were incubated at 50C for 50 minutes, followed by 80C

for 10 minutes and held at 4C until ready for the next steps. The pre-amplification Reaction Mix,

consisting of 29L of Pre-Amp Buffer and 1L of Pre-Amp Enzyme Mix was added to each cell, the

reaction was mixed well, spun at 3,000 rpm for 1 minute. The PCR was carried out at an initial incubation

at 94C for 3 minutes, followed by 8 cycles of (20C for 40 seconds, 30C for 40 seconds, 40C for 30



seconds, 50C for 30 seconds, 60C for 30 seconds, 70C for 4 minutes, 95C for 20 seconds, 58C for 10

seconds), and a hold at 4C. Following the pre-amplification reaction, each well was mixed well with the

Amplification Reaction mix, consisting of 29.2L of Amp Buffer and 0.8Lamp Enzyme Mix. The

reactions were mixed well, spun at 3,000 rpm for 1 minute and incubated at 94C for 30 seconds, followed

by 2 1 cycles of (94C for 20 seconds, 58C for 30 seconds, 72C for 3 minutes) and a hold at 4C. The

concentration of each cell was measured using the Qubit dsDNA High Sensitivity Assay Kit (Life

Technologies/Thermo Fisher Scientific). Expected concentration of the single cell lysates was 20-60 ng/L

with size distribution of 300-2000bp.

Haplotype Phasing

Mouse

We downloaded the combined VCF of laboratory mouse strains from The Mouse Genome project

and defined maternal and paternal haplotypes utilizing SNPs unique to either C57BL/6J or PWK/PHJ,

respectively. For all analyses, we disregarded indels and only considered SNPs. This resulted in a total of

20,986,995 heterozygous SNPs, which overlapped 28,497 expressed genes in mouse round spermatids.

lOx Chromium Alignment and Haplotype Calling

We created maternal and paternal haplotypes of the two non-human primates using a combination

of 10X Chromium linked read sequencing on diploid cells and sparse single cell DNA sequencing on

haploid spermatid cells. We aligned the 10X Chromium reads to the Macaca Fascicularis genome

Macaca_fascicularis_MacFac_5.0 from Ensembl, herein referred to as Ensembl-MF5-G, by first creating

a custom reference using the longrange mkref command, and then running longranger using this reference

and default parameters.

For Cynomolgus 1, the instrument generated 1,850,208 Gel Beads in Emulsion (GEMs) and the

software mapped 819,440,960 reads for 37.2x average coverage across the genome. This resulted in

361,465 haplotype blocks with N50 length of 1.6 MB. Each block contained an average of 36 SNPs for a

total of 12,758,999 heterozygous SNPs. Cynomolgus 2 lOx Chromium data featured 1,889,596 GEMs

that led to 812,899,614 reads mapping at an average coverage of 37.4X. It had 318,516 blocks with N50

length of 1.8 MB and an average of 40 heterozygous SNPs per block, for a total of 12,744,826

heterozygous SNPs.

Mature sperm scWGS alignment and processing



We genotyped the haploid sperm scWGS samples using a custom pipeline. First, the paired-end

reads were aligned to Ensembl-MF5 using BWA vO.7.5 using the mem option with default parameters.

The resulting bam files were sorted using samtools vl.4.1 sort and duplicates were removed using

sambamba v0.6.6. samtools mpileup with a bed file of the lOx identified variant positions calculated the

allelic depths per heterozygous site. W e then filtered the file to only include depths of variant alleles. For

Cynomolgus 1, this resulted in an average of 1.2M heterozygous sites per spermatid sample, for a total

overlap of 3.3M sites across the 17 spermatid samples. With the 22% (8 after filtering) spermatid samples

for Cynomolgus 2, we covered 3.5M total sites with an average 1.2M sites per sample at roughly IX

coverage.

Creating chromosome-length haplotype blocks

The final step involved stitching the large haplotypes blocks generated by 10X Chromium

sequencing into chromosome -length haplotypes using the haploid cell haplotypes as a guide. In the case

of no recombination, the stitching is trivial and requires only a single sperm sample. Flere, we describe an

dynamic programming that takes into account recombination and finds the most parsimonious

recombination map.

Ω ®o,o return Ω, Θ

i = N argmin,- v

(cb, s b)

Consider for a single chromosome, the 10X Chromium haplotype blocks

where t increases along the length of the chromosome i ...N, and the superscript indicates the two

haplotypes of a diploid genome. A simple algorithm assigns the spermatid haploid genotypes S ...SN to

find the paternal and maternal haplotypes in a single cell.

We define a function M that indicates if there is agreement between the 10X Chromium allele and

the spermatid cell allele in the region of the lOx Chromium block. It returns 1 if the alleles are matching, -

1 if the alleles are not matching, and 0 if there are no overlapping sites.

If we assign a score to each 10X Chromium block,



then, one haplotype would be the sequence where the 10X Chromium blocks equal to 1, and the other

where they equal -1.

Due to recombination, a spermatid cell contains a combination of haplotypes HA and H , and it is

no longer possible to just use one spermatid cell to stitch the 10X Chromium blocks together. Instead of

one mature spermatid cell, we use K spermatid cells, and find a configuration for defining HA and H that

results in the fewest number of recombination events across the cells.

112We begin again by defining a score Z for each lOx Chromium block C , but now for each

spermatid cell S ' as well.

112Then, let ZT be a vector across that defines the matching score across all the spermatid cells.

We use dynamic programming to create a scoring matrix Ω of size NxN or a square matrix with

length equal to the number of 10X Chromium blocks. The matrix is populated row-wise with with entry

0,0 scored 0 and the following entries following the relationship:

where, the function H indicates the Hamming distance between two vectors.

Simply, the matrix tries to find the best assignment of C ... C , to a haplotype. We initially set all

C j haplotypes as belonging to H , but each time the second case is chosen indicates that the lowest score

is achieved when the the assignment of Cj should be flipped from the initial random assignment. Each

entry contains the number of recombination events across all cells if we follow the optimal path for

haplotype assignment. As such, we use the lowest score from the final column (end of the chromosome)

and trace back to find the best path in the dynamic programming for creating the haplotypes.

Allele-specific Expression Quantification

StringTie transcriptome assembly



Due to unavailability of a publicly available testes transcriptome of Cynomolgus, we created a

custom cynomolgus transcriptome using single cell RNA-seq samples of round spermatid and elongating

spermatid cells from the two individuals. First, we aligned the samples to Ensembl-MF5-G, using STAR

v2.5.3 with default parameters, and merged and sorted the hams using samtools. This resulted in 3.7

billion total reads aligned across the corpus of 480 samples. We fed the merged bam into StringTie vl.3.3

with default options except for -p 39 to indicate a large number of available threads. We compared the

StringTie generated transcriptome to MacFas_5.0, a Ensembl-generated transcriptome of Macaca

Fascicularis using Cufflinks v.2.2.1 gffcompare, and created a dictionary to map the StringTie annotation

ids back to known gene symbols.

RNA-Seq Processing and Alignment

To reduce allelic bias in read mapping, we used bcftools consensus to generate masked genomes,

in which all bases in heterozygous positions were modified to the IUPAC character N in the reference

genomes. We used STAR v2.5.3 to align the round and elongating spermatid single cell RNAseq reads,

but created custom STAR genomes with either Ensembl GRCm38 or the previously described StringTie -

generated transcriptomes. We utilized STAR options -outFilterMultimapNmax 1 to eliminate multi

mapping reads, -alignSJBoverhangMin 4 to force large overlap between RNA-seq reads and the genome,

and -outSAMattributes NF1 HI NM nM MD XS attributes, and removed duplicated reads using

sambamba. featureCounts was used to generate gene transcripts per million (TPM) values with options -s

0 for unstranded reads, -p for paired end reads, and -B to require both ends of the read to be mapped.

Generating allele-specific counts

To quantify allele specific expression of genes, we first assigned each heterozygous SNP to a

gene using the snpEff annotate tool using custom snpEff databases. Then, after splitting the aligned RNA-

seq hams into chromosome-specific BAMs, we generated the allele counts for each gene and spermatid

sample combination. To avoid double-counting of reads that overlapped multiple sites, each read was

only counted once in favor of either allele, and if a read matched variants on both alleles, we tagged it as a

discordant read and did not utilize it for further analysis. For mouse, we average 145 allele-specific reads

per gene per sample across 11,542 phaseable genes in 95 spermatid samples.

We performed an additional step to quantify allele specific counts in the non-human primate

samples. Due to limited coverage across the length of an entire gene, StringTie often splits a single

Ensembl gene annotation into multiple gene annotations. As such, we summed reads from separate

StringTie genes overlapping known annotations. The resulting allele counts files for the monkeys are a



combination of known genes annotated by Ensembl and novel genes identified by StringTie only. For

Cynomolgus 1, in 187 spermatid samples, we average 122 reads per gene per sample for 8956 phased

genes. For Cynomolgus 2, in 185 spermatid samples, we average 131 reads per gene per sample in 8216

genes.

Haplotype and Genoinformativity Inference

Generative model of genoinformative transcripts

We begin by describing a simple model for the number of transcripts of a single gene g in a

single cell c . The total number of transcripts T in the haploid cell is the combination of external

transcripts E and retained transcripts R.

T = E + R

Here, external transcripts indicates transcripts that were not transcribed by the haploid cell, but

rather were transported into the cell through the cytoplasmic bridge. Retained transcripts are the

transcripts that were transcribed by the cell and not shared through the cytoplasmic bridge.

We can also write down the total transcripts T as the combination of transcripts from the maternal allele

of the gene M or the paternal allele of the gene P.

T = M + P

Note that we can marginalize the maternal and paternal transcripts in terms of external and

retained transcripts.

Before deriving a model for genoinformativity, we introduce two last definitions in the form of

ratios. The ratio of EM to E, or the skew of transcripts towards the maternal allele S, and the ratio of R to

T, or the genoinformativity of the transcript.

Assuming no eQTL effects, genome imprinting, technical bias, or other mechanisms for

differential allelic expression, this allelic skew S is 0.5, i.e. the number of haploid cells that contain



maternal and paternal genotype are equal and the number of transcripts transferring into the cell is equal

from either allele.

Haploid cell with maternal allele

Given the previous system and definitions, we now derive the empirical genoinformativity for a

single haploid cell. Consider the case of a cell c having the maternal allele for the gene or haplotype HM .

Then, we further deconvolve the total transcripts by the transcripts from the maternal allele M and the

transcripts from the paternal allele P. Note that this classification is only relevant for autosomes, where it

is possible to have transcripts from either chromosome in the haploid cell.

Since the cell has a maternal allele only for the gene of interest, there are no retained reads from

the paternal allele. Finally, let’ s express the total transcripts T in terms of the maternal and paternal

transcripts.

T\H M = EM + EP + RM

= E + RM

Given equation [eq:skew], [eq:genoinformativity], and [eq:total_marginal], we can restate

equation [eq:maternal] as

We can derive simi r equations for P\HM , M\HP and P\HP .

P \HM = ((1 —S) —(1 —S G T
M\HP = (S —SG T
P\HP = ((1 S) + SG T

Probability Modelfor Allele-Specific Reads

Two-stagefitting

For computational efficiency, we split the inference task into two stages. In the first stage, we fit

both the haplotype and genoinformativity inference steps for highly expressed genes (TPM > 20). Then,



in the second stage, we only performed genoinformativity inference using fixed haplotype probabilities.

We used the mean posterior of the haplotypes from the first stage, and interpolated the probability for

genes that were unique to the second stage. There was 99% correlation between the posterior mean of the

genoinformativity values, indicating low variance in the posterior haplotype distributions and high

confidence in haplotype inference.

Samplers

We used PyMC3 as the framework for sampling the model. For the haplotype sampling, we used

a Categorical Gibbs Metropolis sampler. All the other parameters were sampled using the No U-turn

Sampler (NUTS) with a target accept probability of 0.8. We sampled the model for 5000 steps with two

separate chains and used the last 500 steps for estimating the posterior distribution across the 2 chains.

Sex Chromosome GIMS

Mouse gene-level transcripts per million (TPM) values were collected for all genes in all

spermatids using all RNAseq reads, not only allele-informative reads. For each gene, a loess regression

was used to fit its log2 expression across the diffusion pseudotime with a pseudocount of 1 TPM, using

the R loess function with a gaussian function family and 0.75 span. The residuals from this fit were then

used to calculate pairwise Spearman correlations between all sex chromosome genes. Pairwise

correlations were hierarchically clustered using the complete linkage method, with the results visualized

in heatmaps. A cutoff height of 6 was empirically found to split the data into three clusters: a distinct X

cluster, an anti-correlated distinct Y cluster, and a mixed X and Y cluster with no strong correlation

patterns. Genes in the first two clusters were considered potential GIMSs. We calculated the mean

pairwise Spearman correlation between pairs of potential GIMSs, with the sign reversed for genes in

opposite clusters. Genes with a mean pairwise correlation of greater than 0.05 (roughly the median value

over potential GIMSs) were selected as putative sex chromosome GIMSs.

GIM classification

To classify each gene as a “Confident GIMS”, “Confident Non-GIMS”, or “Remaining Gene”,

we fit the aforementioned data to shuffled data, and compared the posterior distributions for , G , and

between real and shuffled data. We utilized two main shuffling methods: complete shuffle and cell-

label shuffle for each chromosome independently. The complete shuffle shuffled the allele counts

randomly across the population of cells and genes. For the cell-label shuffle, the allele counts were

randomized across the cells, but the distribution of counts in a gene remained the same. We trained our



Bayesian HMM using the same default parameters and priors as the real data, and compared the model

fits. Since β can capture both the variance of single cell rna-seq as well as the variance in

genoinformativity, we created a new measure p as an alternative measure of genoinformativity that

combines both posterior mean estimates of Gj and ?y.

j Beta ( ) = = 0.05

To reflect the confidence of the haplotype fits H k across all n samples, we also created an

aggregated measure fraction of lower confidence haplotypes which

reflected the proportion of haplotypes that a posterior mean haplotype probability less than 0.95 for either

the maternal or paternal haplotypes.

We performed a grid search across thresholds for highest posterior density (hpd) evaluated at 5%

and 95% for genoinformativity Gj and p and ·, which controlled the eFDR at 10% for confident and non

confident gims compared to the shuffled control. For a particular gene, the thresholds for a “Confident

GIM” are: hpd 5% of genoinformativity > 0.025, hpd 95% of genoinformativity > 0.2, p y > 0.025,

fraction of lower confidence haplotypes < 0.4 For “Confident Non-GIMSs” are restricted to hpd 95% of

genoinformativity < 0.2 . Genes that fall outside these bounds were considered “Remaining Genes”.

GIM characterization

Expression matched control selection

The expression trajectory across spermiogenesis was first tabulated for each gene by cross-

referencing the log2 of the TPM expression level (with a pseudocount of 1 and complete dropout

considered a zero) against the diffusion map pseudotime value for each cell (i.e. the first dimension of the

map). To reduce noise at the single cell level, a smoothed loess fit was used as the expression trajectory

(fit using default parameters for the R loess function).

Next, all confident non-GIMSs expressed in spermatids were considered as controls for all

GIMSs. Pools of controls were first reduced for each GIM based on two hard filters: first, all genes were

equally distributed into 5 bins based on their dropout rates; second, the slope of a linear fit to the

expression trajectory was required to differ by no more than 0.2. This helped to control for any

confounders resulting in oversampling, as well as large expression changes in a small number of cells,

generally in the extreme early or late part of the trajectory.



For each GIMS, all non-GIMSs remaining in its pool were ranked by their mean squared

difference in log2 expression level, and the top 20 were selected as mock GIMS controls, whose ranks

were then scrambled. This resulted in 20 control sets of mock GIMSs having similar dropout rates, slope

of expression trajectory, and low difference in expression trajectory. For analyses limited to protein

coding genes, control selection was performed again with both the GIMSs and the control pools limited to

protein coding genes.

For the cynomolgus samples, the expression trajectories were averaged across the two

individuals. Where stringtie genes overlapped with Ensembl annotations, the aggregated expression for

the Ensembl annotation was used for both GIMSs and controls. A gene was considered a GIMS if it was

called as a confident GIMS in either individual, and was considered as a non-GIMS if it was called as a

confident non-GIMS in either indivdual. The rare genes having conflicting calls in each individual were

excluded from these analyses. Fluman GIMSs and non-GIMSs were inferred from homologous

cynomolgus annotations with homology defined as having the same Ensembl gene symbol (i.e. standard

gene name).

For spermatid-expressed non-GIMS controls, control sets were selected from all confident non-

GIMSs randomly, without filtering for dropout bin or expression trajectory fit.

Gene Ontology

Mouse gene ontology annotations were downloaded from Ensembl Biomart with the Ensembl

Genes 93 / GRCm38.p6 annotation dataset. The mean and standard deviation of number of GIMSs

expected with each annotation was calculated based on the 20 control sets. Nominal probabilities were

then calculated using the normal distribution, and multiple testing was corrected using the Benjamini-

Hochberg method to result in false discovery rates. GO terms were considered significant if they had at

least 20 GIMSs, an FDR < 0.001 and a moderated log2 enrichment (using a pseudocount of 5) of at least

0.5.

For COMPARTMENTS comparisons, fewer controls had at least one annotation than GIMSs,

which could artificially inflate significance for individual categories. Therefore, we performed an

additional normalization for the expected number of GIMSs with an annotation. The number of controls

in a set having a GO annotation was converted to a fraction out of those have any annotation, and then

multiplied by the number of GIMSs to yield the total number expected with each annotation specifically.

Otherwise the enrichment analysis was the same as for the GO analysis above.



3 ’ UTR motifs

Only protein-coding genes were considered. The 3 UTR annotations of GIMSs and their controls

were taken from the highest expressed Ensembl transcript in spermatids. UTRs annotated as less than 7

nucleotides in length were discarded. All 20 sets of control UTRs were combined into a single

background set, allowing duplicates. Two tools from the MEME suite, AME and DREME were run with

default parameters and GIMSs as foreground and the combined control set as background. The

foreground and background were switched for the depletion analysis.

For candidate RNA-binding proteins, only those with a maximum TPM of 10 at any point in the

loess-smoothed expression trajectory were considered. Enrichments were considered significant at an E-

value cutoff of 0.01. Motifs having the same IUPAC consensus were merged into a single result.

Selective sweeps

Candidates for mouse selective sweeps were taken from Staubach et al. 2012. Sweep regions in

any population were considered. A candidate genes within 600kb of each other were collapsed into a

single region. For GIMSs or each control set, the number of regions having at least one overlapping gene

was counted. For a p-value of this difference, the mean and standard deviation of the control sets was

used to generate one-sample t-test.

Candidates for human selective sweeps were taken from Schrider 2016, Ferrer 2014, Cheng 2019,

and Munch 2016, with selective sweep regions as in each paper. In cases in which the paper predicted

selective sweep regions but did not annotate associated genes, a genes overlapping the regions were

considered selective sweep candidates. Otherwise this analysis was as in the mouse.

Direct testing for human selective sweeps was performed using statistics from Pybus 2013 based

on analysis of the 1000 genomes project data. To help control for differences in gene length, the median

score overlapping the 3' UTR was used to represent the gene. The “best” score for each gene was taken

across each population, where “best” signifies the raw score most in favor of a selective sweep for that

score. Selective sweep candidates were defined as any where the score was at least 3 standard deviations

beyond the mean in this direction. The number of GIM sweep candidates was compared to background

expectation of the mean and standard deviation among the 20 control sets.

Testis-specificparalogs



Paralog and tissue-specificity data were taken from Guschanski, Warnefors, and Kaessmann

2017. Testis-specific paralogs were defined as those with a “Tissue specificity” (as defined by the paper)

of at least 0.90.

Alternative splicing

Mouse alternative splicing was taken from events in VastDB with quality greater than zero and

testis specific was defined as a difference in PSI of at least 50 between testis and the median PSI across

all other tissues.

Human isoform expression was taken from the GTEX consortium (file GTEx_Analysis_20 16-01-

15_v7_RSEMvl.2.22_transcript_tpm.medians.tsv.gz). Since individual isoform estimates can be

unstable, we considered subsets of isoforms that are expressed higher in testis. Each transcript was ranked

by the difference between testis isoform usage (i.e. ratio of transcript TPM to gene TPM in that tissue) to

the median tissue isoform usage across other tissues. The maximum of the cumulative sum of excess

isoform usage in testis was counted as the testis specificity (testis isoform usage minus other tissue

isoform usage). A cutoff of 0.5 was considered testis-specific (equivalent to 50 PSI) for the purpose of

this example.

Example 11: Motifs enriched in human GIM 3’ untranslated regions (UTRs)

In this example, mechanisms for the lack of complete RNA sharing across cytoplasmic bridges

for GIMSs were identified. To maximize the set of human GIMSs, GIMS identity was inferred using

orthology relationships from our cynomolgus GIMSs. This set of inferred GIMSs agreed well with the

direct human GIMS set described herein, but included additional genes. Control genes were selected from

confident non-GIMSs in the same way. Control genes were selected as described before, except that the

top 10 genes with the most similar GC content were used for this analysis.

The 3' UTR annotations of GIMSs and their controls were taken from the highest expressed

Ensembl transcript in spermatids. UTRs annotated as less than 7 nucleotides in length were discarded.

The 10 sets of control UTRs were combined into a single background set, allowing duplicates. Two tools

from the MEME suite (http://rnerne-suite.org/), AME and DREME, were run with default parameters and

GIMSs as foreground and the combined control set as background. The foreground and background were

switched for the depletion analysis.



For the AME analysis (Table 11), candidate RNA-binding proteins were filtered for having a

transcripts per million (TPM) expression level of at least 5 in spermatids. Motifs having the same IUPAC

consensus sequence were merged into a single result.

Table 11. Human AME Motifs. Abbreviations in the consensus motif column are as shown in the

Table 10 legend.

The AME analysis yielded 16 motifs that were significantly enriched in GIM 3’UTRs at an

adjusted p-value threshold of 0.05 corresponding to 11 distinct RNA-binding proteins. These RNA-

binding proteins were all expressed in spermatids, and therefore are candidate regulators of RNA

transcript sharing and therefore genoinformativity. There were no RNA-binding proteins with motifs that

were depleted in GIMSs.

However, the DREME de novo motif analysis identified several motifs both enriched and

depleted in GIM 3 ’ UTRs. The top 20 in each direction are shown in Table 12. These motifs may

correspond to RNA-binding proteins that may or may not have known motifs, or may correspond to

unknown regulators of RNA localization.

Table 12. Human DREME Motifs. Abbreviations in the consensus motif column are as shown in the

Table 10 legend.





Example 12: Sex Chromosome GIMS

In this example, sex chromosome GIMSs were identified based on their expression patterns in

single haploid spermatids. Cells containing an X chromosome are expected to have a higher than average

expression of X chromosome GIMSs and a lower expression of Y chromosome GIMSs, and the opposite

is true for cells containing a Y chromosome. The expression pattern was searched as described below.

A dataset of single cell RNA sequencing data from haploid mouse spermatids was produced as

described for the autosomal GIMSs analysis. The expression level of all annotated Ensembl genes was

calculated as transcripts per million, or TPM. To normalize for stage of spermatid expression, a diffusion

map was calculated using the log2(TPM) expression levels and the “destiny” package for R

(https://hioeonduetor.org/paekages/release/hioe/html/destiny.html) . The expression values were then fit

across the first component of the diffusion map using LOESS regression with a span of 0.75, a

polynomial degree of 2, and least-squares fitting. The residuals from this fit therefore represented the

expression variation not accounted for by the differentiation state of the individual cells.

The sex chromosome genes were clustered based on their pairwise Spearman correlation using

complete linkage hierarchical agglomerative clustering. The resulting correlations are visualized as a

heatmap in Figure 25A. Two distinct clusters were evident, with positive correlation within the cluster

and somewhat negative correlation between clusters. The two clusters were predominantly made up of X

chromosome genes, or Y chromosome genes, respectively, as predicted herein for sex chromosome

GIMSs. A third group of genes did not fall into either cluster, as expected for non-GIMSs. As a control, a

pair of autosomes were examined that had similar levels of expressed genes in spermatids, chromosome

14 and 18. No pattern of correlation was expected for autosomes because each spermatid has a copy of

each chromosome, so GIMSs were predicted to affect allelic expression ratios but not overall expression

levels. When the same analysis was performed on these autosomes, no large clusters of correlated genes

were observed on either chromosome, as predicted (Figure 25B).

To confirm that the sex chromosome genotype of cells could be inferred using this method, for

each individual cell, the mean residual expression value of candidate GIMSs (i.e. those from the two

clusters described above) was examined. A bimodal distribution was observed, with most cells having

high expression of X chromosome GIMSs and low expression of Y chromosome GIMSs, or high

expression of Y chromosome GIMSs and low expression of X chromosome GIMSs (Figure 2). Few cells

were found to be intermediate between these groups or with concordant expression in X and Y GIMSs.

This is as expected for sex chromosome genotype, which should be either X or Y but not both.



Finally, other genes that had residual expression above 0.25 in X-containing cells and below -

0.25 in Y-containing cells were also considered X chromosome GIMSs. Likewise, genes that had residual

expression above 0.25 in Y-containing cells and below -0.25 in X-containing cells were also considered Y

chromosome GIMSs. These GIMS candidates were merged with the previous set of candidate GIMSs.

A listing of sex chromosome GIMS identified in this Example are listed in Table 13.

Table 13. Sex Chromosome GIMS

Full Ensembl gene ID = ENSMUG00000 + Shortened GIMS Ensembl ID. Column 3 : F = not likely

membrane-associated. T = likely membrane-associated.

















Example 13: Methods of sorting sperm cells using a surface-exposed GIMS gene product

In this example, a sperm cell sorting method is used when crossing mice in an experimental

setting, in order to maximize the number of offspring that carry a mutation of interest. In many situations

(e.g., when the homozygous mutation is lethal), in order to produce homozygous mutant mice, two

heterozygous mice are crossed, and about 25% of the resulting offspring are homozygous for the mutation

of interest. Maintaining and genotyping the other 75% of offspring takes considerable effort and



resources. The sperm sorting methods herein allow isolation of the sperm cell population of interest, so

that up to 100% of offspring receive the mutation of interest from the father.

In this example, a male mouse is heterozygous for a loss of function mutation at the Cbs locus on

chromosome 17, making the mouse a carrier for a phenotype analogous to homocystinuria, an autosomal

recessive disease in humans. The mouse is also heterozygous for a point mutation at the 01fr761 locus,

which is a GIMS on chromosome 17 that is linked to the Cbs locus (see Table 1). Using a fluorescently

labeled antibody that is selective for the protein product of one allele of 01fr761 (which can be generated

e.g. as described in Example 6), the sperm is labeled with the antibody by incubation in media. The

labeled population of sperm cells are then sorted in a FACS instrument, and two populations of sperm are

retained: sperm cells with high fluorescent signal, and sperm with low fluorescent signal. Because the

phase between 01fr761 and the Cbs disease variant is not necessarily known, both sorted sperm

populations are then quantitatively genotyped, e.g., via sequencing the Cbs gene in the sorted sperm

population, to verify the proportion of the Cbs disease allele relative to the wild-type allele. The sperm

fraction that is enriched for mutant Cbs can then be used to fertilize an egg or a population of eggs, e.g.,

by IUI or IVF. If 50% of the eggs are Cbs-, as would be expected from a Cbs heterozygous female, up to

50% of the resulting embryos will be homozygous Cbs-. If the eggs are 100% Cbs-, up to 100% of the

resulting embryos will be homozygous Cbs-.

Example 14: Methods of sorting sperm cells using a surface-exposed MSGC gene product

In this example, a male mouse is heterozygous for a mutation of interest at the Cbs locus on

chromosome 17, which is the SGS. The mouse is also heterozygous for a point mutation at the 01fr761

locus, which is a MSGC on chromosome 17 that is linked to the Cbs locus (see Table Al). Using a

fluorescently labeled antibody that is selective for the protein product of one allele of 01fr761 (which can

be generated e.g. as described in Example 6), the sperm is labeled with the antibody by incubation in

media. The labeled population of sperm cells are then sorted in a FACS instrument, and two populations

of sperm are retained: sperm cells with high fluorescent signal, and sperm with low fluorescent signal.

Because the phase between 01fr761 and the Cbs disease variant is not necessarily known, both sorted

sperm populations are then quantitatively genotyped, e.g., via sequencing the Cbs gene in the sorted

sperm population, to verify the proportion of the Cbs disease allele relative to the wild-type allele. DNA

can then be isolated and sequenced from the sperm fraction that is enriched for mutant Cbs, identifying

the haplotype of the region surrounding the MSGC.



INCORPORATION BY REFERENCE

The disclosures of all publications, patent applications, patents, and other references (e.g.,

sequence database reference numbers) mentioned herein are incorporated by reference in their entirety.

For example, all GenBank, Unigene, Ensembl, and Entrez sequences referred to herein, e.g., in any Table

herein, are incorporated by reference. Unless otherwise specified, the sequence accession numbers

specified herein, including in any Table herein, refer to the database entries current as of November 9,

2017.



What is claimed is:

1. A method of selecting a sperm cell comprising a first allele, e.g., a non-disease allele, at a

phenotype associated site (a PAS), comprising:

a) providing a plurality of gametes, e.g., sperm cells, from an individual (e.g., a human, an

animal, mammal, or non-human animal) having:

i) the first allele and a second, different, allele at the PAS, wherein the first allele of the

PAS is associated with a first PAS phenotype, e.g., a non-disease phenotype, and the second allele of the

PAS is associated with a second PAS phenotype, e.g., a disease phenotype; and

ii) a first allele and a second, different, allele for a geno-informative marker site (a

GIMS), linked to the PAS, wherein the first allele of the GIMS is associated with a first GIMS phenotype

and the second allele of the GIMS is associated with a second, different, GIMS phenotype;

wherein the individual comprises a first haplotype comprising the first allele of the PAS and one

of the first and second allele of the GIMS, and a second haplotype comprising the second allele of the

PAS and the other of the first and second allele of the GIMS; and

b) subjecting the plurality of gametes, e.g., sperm cells, to a method that selects a gamete, e.g.,

sperm cell, on the basis that it comprises the first allele of the GIMS or that it comprises the first GIMS

phenotype,

thereby selecting a gamete, e.g., sperm cell, having a first allele, e.g., a non-disease allele, at the

PAS.

2. A method of producing a fertilized egg, comprising:

a) providing a human sperm cell bound by a reagent, e.g., an antibody molecule, e.g., a

population of antibody molecules;

b) optionally removing the reagent (e.g., antibody molecule) from the sperm cell, e.g., wherein a

plurality of antibody molecules bind the sperm cell, the method comprises removing one or more

antibody molecules from the sperm cell, thereby decreasing the number of antibody molecules bound to

the sperm cell;

c) optionally assaying the sperm for the presence of the reagent, e.g., antibody molecule; and

d) contacting the sperm cell with a human egg cell under conditions that allow for fertilization,

thereby producing a fertilized egg.

3. A method of producing a fertilized egg (e.g., a human, animal, mammal, or non-human

animal egg) or preventing fertilization by a sperm cell (e.g., a human, animal, mammal, or non-human



animal sperm cell) having a first allele of a PAS, comprising administering to a subject (e.g., to the vagina

or penis), prior to or subsequent to intercourse, a composition comprising a reagent with specificity for an

allele of a GIMS.

4. A method of producing a fertilized egg (e.g., a human, animal, mammal, or non-human

animal egg), comprising:

contacting an ovum (e.g., a human, animal, mammal, or non-human animal ovum) with

a sample of sperm cells (e.g., human, animal, mammal, or non-human animal sperm cells)

produced by a method herein, e.g., produced by an individual that is heterozygous for a PAS, wherein the

sample of sperm cells is enriched for a first allele of the PAS, and wherein the sample comprises X-

chromosome bearing sperm cells and Y-chromosome bearing sperm cells, e.g., in approximately a 1:1

ratio,

under conditions that allow for fertilization,

thereby producing a fertilized egg.

5. A composition, e.g., reaction mixture comprising:

I) a plurality of gametes (e.g., human, animal, mammal, or non-human animal gametes),

e.g., sperm cells, from an individual that carries:

i) a first allele and a second, different, allele for a PAS; and

ii) a first allele and a second, different, allele for a GIMS, linked to the PAS;

wherein the first allele of the PAS is associated with a first phenotype, e.g., a non-disease

phenotype, and the second allele of the PAS is associated with a second phenotype, e.g., a disease

phenotype;

II) wherein one or more of:

a) the reaction mixture further comprises one, or more, e.g., at least 2, 3, 4, 6, 8, or 10 reagents,

e.g., antibody molecules, that can distinguish a gamete, e.g., sperm cell, having the first allele of the

GIMS from a gamete, e.g., sperm cell, having the second allele of the GIMS;

b) at least 70, 80, 90, 95, or 99 % of the gametes, e.g., sperm cells in the reaction mixture

contain the first allele of the PAS, and wherein the PAS is on an autosome;

c) at least 70, 80, 90, 95, or 99 % of the gametes, e.g., sperm cells in the reaction mixture

contain the second allele of the PAS, and wherein the PAS is on an autosome;

d) at least 70, 80, 90, 95, or 99 % of the gametes, e.g., sperm cells in the reaction mixture

contain the first allele of the GIMS, and wherein the GIMS is on an autosome;



e) at least 70, 80, 90, 95, or 99 % of the gametes, e.g., sperm cells in the reaction mixture

contain the second allele of the GIMS, and wherein the GIMS is on an autosome;

f ) the plurality of gametes, e.g., sperm cells, has a locus of maximal enrichment that is other

than the PAS, e.g., wherein the locus of maximal enrichment is at or near the GIMS (e.g., within 10, 9, 8,

7, 6, 5, 4, 3, 2, or 1 kb of the GIMS or within the same LD block as the GIMS, within the same transcript

as the GIMS, in linkage disequilibrium with the GIMS, in the same coding region as the GIMS, in the

same chromosome arm as the GIMS, or in the same cytogenetic band as the GIMS), wherein the locus of

maximal enrichment is between the GIMS and the PAS, wherein the locus of maximal enrichment is not

in linkage disequilibrium with the PAS, wherein the locus of maximal enrichment is not in the same LD

block as the PAS, wherein the locus of maximal enrichment is not in the same transcript as the PAS,

wherein the locus of maximal enrichment is not in the same coding region as the PAS, or wherein the

locus of maximal enrichment is at least 10, 20, 30, 40, 50, 100 kb away from the PAS, wherein the locus

of maximal enrichment is not in the same chromosome arm as the PAS, or wherein the locus of maximal

enrichment is not in the same cytogenetic band as the PAS;

g) the plurality of gametes, e.g., sperm cells, has two or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, 10,

or more) loci of maximal enrichment, e.g., a first locus of maximal enrichment at or near a first GIMS and

a second locus of maximal enrichment at or near a second GIMS (e.g., within 10, 9, 8, 7, 6, 5, 4, 3, 2, or 1

kb of the GIMS, within the same LD block as the GIMS, within the same transcript as the GIMS, in

linkage disequilibrium with the GIMS, in the same coding region as the GIMS, in the same chromosome

arm as the GIMS, or in the same cytogenetic band as the GIMS);

h) the plurality of gametes, e.g., sperm cells, has a first GIMS and a second GIMS and the

locus of maximal enrichment is between the first GIMS and the second GIMS;

i) the plurality of gametes, e.g., sperm cells, has a locus-based enrichment at the GIMS that

is greater than locus-based enrichment at the PAS, e.g., by at least 1%, 2%, 3%, 4%, 5%, 10%, 20%,

30%, or 40%;

j ) the plurality of gametes, e.g., sperm cells, are enriched for two or more GIMS, wherein a

first GIMS is on a first chromosome and a second GIMS is on a second chromosome;

k) the plurality of gametes, e.g., sperm cells, are enriched for two or more PASs, wherein a

first PAS is on a first chromosome and a second PAS is on a second chromosome; or

l) the gametes are egg cells.

6. A method of selecting a sperm cell (e.g., a human, animal, mammal, or non-human

animal sperm cell) comprising a first allele, e.g., a non-disease allele, at a phenotype associated site (a

PAS), comprising:



a) providing a plurality of sperm cells (e.g., human, animal, mammal, or non-human animal

sperm cells) from an individual, having:

i) the first allele and a second, different, allele at the PAS, wherein the first allele of the

PAS is associated with a non-disease phenotype, and the second allele of the PAS is associated with a

disease phenotype; and

ii) a first allele and a second, different, allele for a geno-informative marker site (a

GIMS), linked to the PAS, wherein the first allele of the GIMS encodes a first surface-expressed protein

and the second allele of the GIMS encodes a second, different, surface-expressed protein;

wherein the PAS and the GIMS are not in the same gene

wherein the individual comprises a first haplotype comprising the first allele of the PAS and one

of the first and second allele of the GIMS, and a second haplotype comprising the second allele of the

PAS and the other of the first and second allele of the GIMS; and

b) contacting the plurality of sperm cells with a first antibody molecule that binds the first surface

expressed protein and a second antibody molecule that binds the second surface expressed protein, and

c) selecting a sperm cell that binds the first antibody molecule at a higher level than the sperm

cell binds the second antibody molecule,

wherein the method does not comprise selecting sperm on the basis of carrying an X or Y

chromosome;

thereby selecting a sperm cell having the non-disease allele at the PAS.

7. A method of producing a fertilized egg, comprising:

a) providing a sperm cell (e.g., an animal, mammal, or non-human animal sperm cell) bound by a

reagent, e.g., an antibody molecule, e.g., a population of antibody molecules;

b) optionally removing the reagent (e.g., antibody molecule) from the sperm cell, e.g., wherein a

plurality of antibody molecules bind the sperm cell, the method comprises removing one or more

antibody molecules from the sperm cell, thereby decreasing the number of antibody molecules bound to

the sperm cell;

c) optionally assaying the sperm for the presence of the reagent, e.g., antibody molecule; and

d) contacting the sperm cell with an egg cell (e.g., an animal, mammal, or non-human animal

sperm cell) under conditions that allow for fertilization,

thereby producing a fertilized egg.
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