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(57) Abregé/Abstract:

The present disclosure provides a HTP genomic engineering platform for improving Escherichia coli. that is computationally driven
and integrates molecular biology, automation, and advanced machine learning protocols. This integrative platform utilizes a suite of
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IN THE UNITED STATES PATENT & TRADEMARK
RECEIVING OFFICE

INTERNATIONAL PCT PATENT APPLICATION

A HTP GENOMIC ENGINEERING PLATFORM FOR IMPROVING ESCHERICHIA
COLI

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of priority to U.S. Provisional Application Serial No.
62/515,870, ftiled June 6, 2017, which 1s herein incorporated by reference 1n its entirety for all

purposes.
FIELD

[0002] The present disclosure 1s directed to high-throughput (HTP) microbial genomic
engineering for Fscherichia coli. The disclosed HTP genomic engineering platform 1s
computationally driven and integrates molecular biology, automation, and advanced machine
learning protocols. This integrative platform utilizes a suite of HTP molecular tool sets to create
HTP genetic design libraries, which are derived from, inter alia, scientific insight and iterative

pattern recognition.
STATEMENT REGARDING SEQUENCE LISTING

[0003] The Sequence Listing associated with this application 1s provided 1n text format 1n lieu of
a paper copy, and 1s hereby incorporated by reference into the specification. The name of the text
file containing the Sequence Listing 1s ZYMR 012 01WO Seqlist ST25.txt. The text file 1s =
127 KB, was created on June 6, 2018, and 1s being submitted electronically via EFS-Web.

BACKGROUND

[0004] Humans have been harnessing the power of microbial cellular biosynthetic pathways for
millennia to produce products of interest, the oldest examples of which include alcohol, vinegar,
cheese, and yogurt. These products are still in large demand today and have also been accompanied

by an ever increasing repertoire of products producible by microbes. The advent of genetic



CA 03064612 2015-11-21

WO 2018/226880 PCT/US2018/036333

engineering technology has enabled scientists to design and program novel biosynthetic pathways
into a variety of organisms to produce a broad range of industrial, medical, and consumer products.
Indeed, microbial cellular cultures are now used to produce products ranging from small
molecules, antibiotics, vaccines, insecticides, enzymes, fuels, and industrial chemaicals.

[000S] Given the large number of products produced by modern industrial microbes, 1t comes as
no surprise that engineers are under tremendous pressure to improve the speed and efficiency by
which a given microorganism 1s able to produce a target product. A variety of approaches have
been used to improve the economy of biologically-based industrial processes by “improving” the
microorganism mnvolved. For example, many pharmaceutical and chemical industries rely on
microbial strain improvement programs in which the parent strains of a microbial culture are
continuously mutated through exposure to chemicals or UV radiation and are subsequently
screened for performance increases, such as in productivity, yield and titer. This mutagenesis
process 1s extensively repeated until a strain demonstrates a suitable increase i1n product
performance. The subsequent “improved” strain 1s then utilized in commercial production. The
1dentification of improved industrial microbial strains through mutagenesis 1s time consuming and
inefficient. The process, by 1ts very nature, 1s haphazard and relies on stumbling upon a mutation
that has a desirable outcome on product output. Not only are traditional microbial strain
improvement programs inetficient, but the process can also lead to industrial strains with a high
degree of detrimental mutagenic load. The accumulation of mutations 1n industrial strains
subjected to these types of programs can become significant and may lead to an eventual stagnation
in the rate of performance improvement.

[0006] Perhaps there 1s no better example of the stagnation resultant from trational strain
improvement programs than with £. coli, which 1s one of the most engineered microbial host
systems 1n existence. The microbe has been subjected to the aforementioned traditional methods
of microbial strain improvement for decades. Despite the vast amount of effort that has been
devoted to engineering F. coli, the microbe still possess an enormous amount of untapped
potential. This 1s because E. coli presents unique challenges for researchers attempting to improve
the microbe for production purposes. These challenges have hampered the field of genomic
engineering in F. coli and prevented researchers from harnessing the full potential of this microbial

system.
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[0007] In particular, the industry has not yet developed a high-throughput system for genomic
engineering 1n F. coli. It 1s clear that traditional methods of strain improvement have reached a
plateau with respect to this organismal system, but yet researchers do not have the genomic
engineering tools that are needed to traverse this plateau.

[0008] Thus, there 1s a great need 1n the art for new methods of engineering £. coli for production
purposes, which do not suffer from the aforementioned drawbacks 1inherent with traditional strain
improvement programs. Specifically, a high-throughput system for discovering and consolidating
beneficial mutations 1n £. coli would revolutionize the field and allow researchers to tap the full

potential of this organism.
SUMMARY OF THE DISCLOSURE

[0009] The present disclosure provides a high-throughput (HTP) genomic engineering platform
for £. coli that does not suffer from the myriad of problems associated with traditional microbial
strain 1improvement programs.

[0010] Further, the HTP platform taught herein 1s able to rehabilitate £. coli strains that have
accumulated non-beneficial mutations through decades of random mutagenesis-based strain
improvement programs.

[0011] The disclosure also provides for unique genomic engineering toolsets and procedures,
which undergird the HTP platform’s functionality in an £. coli system.

[0012] The disclosed HTP genomic engineering platform i1s computationally driven and integrates
molecular biology, automation, and advanced machine learning protocols. This integrative
platform utilizes a suite of HTP molecular tool sets to create HTP genetic design libraries, which
are derived from, inter alia, scientific insight and 1terative pattern recognition.

[0013] The taught HTP genetic design libraries function as drivers of the genomic engineering
process, by providing libraries of particular genomic alterations for testing 1n /. coli. The microbes
engineered utilizing a particular library, or combination of libraries, are efficiently screened 1n a
HTP manner for a resultant outcome, e.g. production of a product of interest. This process of
utilizing the HTP genetic design libraries to define particular genomic alterations for testing 1n a
microbe and then subsequently screening host microbial genomes harboring the alterations 1s

implemented 1n an efficient and iterative manner. In some aspects, the iterative cycle or “rounds”
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of genomic engineering campaigns can be atleast 1, 2, 3,4, 5,6, 7, 8, 9, 10, 20, 30, 40, 50, 60, 70,
80, 90, 100, or more 1terations/cycles/rounds.

[0014] Thus, 1n some aspects, the present disclosure teaches methods of conducting at least 1, 2,
3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30,
31, 32,33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 50, 51, 52, 53, 54, 55,
56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74,75, 76, 77, 78, 79, 80, 81,
82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, 100, 125, 150, 175, 200, 225,
250, 275, 300, 325, 350, 375, 400, 425, 450, 475, 500, 525, 550, 575, 600, 625, 650, 675, 700,
725, 750, 775, 800, 825, 850, 875, 900, 925, 950, 975, 1000 or more “rounds” of HTP genetic
engineering (e.g., rounds of SNP swap, PRO swap, STOP swap, or combinations thereotf) in an £.
coli host system.

[0015] In some embodiments, the present disclosure teaches a linear approach, in which each
subsequent HTP genetic engineering round 1s based on genetic variation identified 1n the previous
round of genetic engineering. In other embodiments the present disclosure teaches a non-linear
approach, in which each subsequent HTP genetic engineering round 1s based on genetic variation
1dentified 1n any previous round of genetic engineering, including previously conducted analysis,
and separate HTP genetic engineering branches.

[0016] The data from these 1terative cycles enables large scale data analytics and pattern
recognition, which 1s utilized by the integrative platform to inform subsequent rounds of HTP
genetic design library implementation. Consequently, the HTP genetic design libraries utilized 1n
the taught platform are highly dynamic tools that benefit from large scale data pattern recognition
algorithms and become more informative through each iterative round of microbial engineering.
Such a system has never been developed for E. coli and 1s desperately needed 1n the art.

[0017] In some embodiments, the genetic design libraries of the present disclosure comprise at
least1,2,3,4,5,6,7,8,9,10,11, 12,13, 14,15, 16, 17,18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28,
29, 30, 31, 32, 33, 34, 35,36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 50, 51, 52, 53,
54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72,73, 74, 75, 76, 77, 78, 79,
80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, 100, 125, 150, 175,
200, 225, 250, 275, 300, 325, 350, 375, 400, 425, 450, 475, 500, 525, 550, 575, 600, 625, 650,
675, 700, 725, 750, 775, 800, 825, 850, 875, 900, 925, 950, 975, 1000 or more individual genetic

changes (e.g., at least X number of promoter:gene combinations in the PRO swap library).
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[0018] In some embodiments, the present disclosure teaches a high-throughput (HTP) method of
genomic engineering to evolve an E. coli strain to acquire a desired phenotype, comprising: a)
perturbing the genomes of an 1nitial plurality of £. coli strains having the same strain background,
to thereby create an 1nitial HTP genetic design E. coli strain library comprising individual strains
with unique genetic variations; b) screening and selecting individual strains of the nitial HTP
genetic design L. coli strain library for the desired phenotype; ¢) providing a subsequent plurality
of E. coli microbes that each comprise a unique combination of genetic variation, said genetic
variation selected from the genetic variation present in at least two individual E. coli strains
screened 1n the preceding step, to thereby create a subsequent HTP genetic design £. coli strain
library; d) screening and selecting individual £. coli strains of the subsequent HTP genetic design
E. coli strain library for the desired phenotype; e) repeating steps ¢)-d) one or more times, 1n a
linear or non-linear fashion, until an £. coli strain has acquired the desired phenotype, wherein
each subsequent iteration creates a new HTP genetic design E. coli strain library comprising
individual E. coli strains harboring unique genetic variations that are a combination of genetic
variation selected from amongst at least two individual E. coli strains of a preceding HTP genetic
design F. coli strain library.

[0019] In some embodiments, the present disclosure teaches that the initial HTP genetic design £.
coli strain library 1s at least one selected from the group consisting of a promoter swap microbial
strain library, SNP swap microbial strain library, start/stop codon microbial strain library,
optimized sequence microbial strain library, a terminator swap microbial strain library, a protein
solubility tag microbial strain library, a protein degradation tag microbial strain library or any
combination thereof.

[0020] In some embodiments, the present disclosure teaches methods of making a subsequent
plurality of £. coli strains that each comprise a unique combination of genetic variations, wherein
each of the combined genetic variations 1s derived from the initial HTP genetic design £. coli strain
library or the HTP genetic design E. coli strain library of the preceding step.

[0021] In some embodiments, the combination of genetic variations 1n the subsequent plurality of
E. coli strains will comprise a subset of all the possible combinations of the genetic variations 1n
the mnitial HTP genetic design L. coli strain library or the HTP genetic design L. coli strain library
of the preceding step.
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[0022] In some embodiments, the present disclosure teaches that the subsequent HTP genetic
design £. coli strain library 1s a full combinatorial strain library derived from the genetic variations
in the mitial HTP genetic design £. coli strain library or the HTP genetic design E. coli strain
library of the preceding step.

[0023] For example, if the prior HTP genetic design E. coli strain library only had genetic
variations A, B, C, and D, then a partial combinatorial of said variations could include a subsequent
HTP genetic design L. coli strain library comprising three strains with each comprising either the
AB, AC, or AD unique combinations of genetic variations (order in which the mutations are
represented 1s unimportant). A full combinatorial £. coli strain library derived from the genetic
variations of the HTP genetic design library of the preceding step would include six microbes,
each comprising either AB, AC, AD, BC, BD, or CD unique combinations of genetic variations.
[0024] In some embodiments, the methods of the present disclosure teach perturbing the genome
of £. coli utilizing at least one method selected from the group consisting of: random mutagenesis,
targeted sequence 1nsertions, targeted sequence deletions, targeted sequence replacements, or any
combination thereof.

[0025] In some embodiments of the presently disclosed methods, the initial plurality of E. coli
comprise unique genetic variations derived from an industrial production £. coli strain.

[0026] In some embodiments of the presently disclosed methods, the iitial plurality of E. coli
comprise industrial production £. coli strains denoted S1Geni and any number of subsequent
microbial generations derived therefrom denoted SnGenn.

[0027] In some embodiments, the present disclosure teaches a method for generating a SNP swap
E. coli strain library, comprising the steps of: a) providing a reference £. coli strain and a second
E. coli strain, wherein the second £. coli strain comprises a plurality of 1dentified genetic variations
selected from single nucleotide polymorphisms, DNA 1nsertions, and DNA deletions, which are
not present in the reference strain; b) perturbing the genome of either the reference strain, or the
second strain, to thereby create an 1nitial SNP swap E. coli strain library comprising a plurality of
individual E. coli strains with unique genetic variations found within each strain of said plurality
of individual strains, wherein each of said unique genetic variations corresponds to a single genetic
variation selected from the plurality of 1dentified genetic variations between the reference strain

and the second strain.
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[0028] In some embodiments of a SNP swap library, the genome of the reference £. coli strain 1s
perturbed to add one or more of the 1dentified single nucleotide polymorphisms, DNA 1nsertions,
or DNA deletions, which are found 1n the second £. coli strain.

[0029] In some embodiments of a SNP swap library, the genome of the second £. coli strain 1s
perturbed to remove one or more of the identified single nucleotide polymorphisms, DNA
insertions, or DNA deletions, which are not found 1n the reterence E. coli strain.

[0030] In some embodiments, the genetic variations of the SNP swap library will comprise a
subset of all the genetic variations 1dentified between the reference E. coli strain and the second E.
coli strain.

[0031] In some embodiments, the genetic variations of the SNP swap library will comprise all of
the 1dentified genetic variations 1dentified between the reference £. coli strain and the second £.
coli strain.

[0032] In some embodiments, the present disclosure teaches a method for rehabilitating and
improving the phenotypic performance of an industrial £. coli strain, comprising the steps of: a)
providing a parental lineage £. coli strain and an industrial £. coli strain derived therefrom, wherein
the industrial strain comprises a plurality of identified genetic variations selected from single
nucleotide polymorphisms, DNA 1nsertions, and DNA deletions, not present in the parental lineage
strain; b) perturbing the genome of either the parental lineage strain, or the industrial strain, to
thereby create an 1nitial SNP swap E. coli strain library comprising a plurality of individual strains
with unique genetic variations found within each strain of said plurality of individual strains,
wherein each of said unique genetic variations corresponds to a single genetic variation selected
from the plurality of i1dentified genetic variations between the parental lineage strain and the
industrial strain; ¢) screening and selecting individual strains of the initial SNP swap £. coli strain
library for phenotype performance improvements over a reference F£. coli strain, thereby
1dentifying unique genetic variations that confer said £. coli strains with phenotype performance
improvements; d) providing a subsequent plurality of E. coli strains that each comprise a unique
combination of genetic variation, said genetic variation selected from the genetic variation present
in at least two individual strains screened 1n the preceding step, to thereby create a subsequent SNP
swap L. coli strain library; e) screening and selecting individual strains of the subsequent SNP
swap £.. coli strain library for phenotype performance improvements over the reference strain,

thereby 1dentifying unique combinations of genetic variation that confer said £. coli strains with
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additional phenotype performance improvements; and f) repeating steps d)-e) one or more times,
in a linear or non-linear fashion, until a strain exhibits a desired level of improved phenotype
performance compared to the phenotype performance of the industrial £. coli strain, wherein each
subsequent 1teration creates a new SNP swap £. coli strain library comprising individual microbial
strains harboring unique genetic variations that are a combination of genetic variation selected
from amongst at least two individual microbial strains of a preceding SNP swap £. coli strain
library.

[0033] In some embodiments, the present disclosure teaches methods for rehabilitating and
improving the phenotypic performance of an industrial £. coli strain, wherein the genome of the
parental lineage £. coli strain 1s perturbed to add one or more of the i1dentified single nucleotide
polymorphisms, DNA 1nsertions, or DNA deletions, which are found 1n the industrial £. coli strain.
[0034] In some embodiments, the present disclosure teaches methods for rehabilitating and
improving the phenotypic performance of an industrial £. coli strain, wherein the genome of the
industrial E. coli strain 1s perturbed to remove one or more of the identified single nucleotide
polymorphisms, DNA 1nsertions, or DNA deletions, which are not found 1n the parental lineage F.
coli strain.

[0035] In some embodiments, the present disclosure teaches a method for generating a promoter
swap F. coli strain library, said method comprising the steps of: a) providing a plurality of target
ogenes endogenous to a base £. coli strain, and a promoter ladder, wherein said promoter ladder
comprises a plurality of promoters exhibiting different expression profiles in the base £. coli strain;
b) engineering the genome of the base £. coli strain, to thereby create an initial promoter swap E.
coli strain library comprising a plurality of individual £. coli strains with unique genetic variations
found within each strain of said plurality of individual strains, wherein each of said unique genetic
variations comprises one of the promoters from the promoter ladder operably linked to one of the
target genes endogenous to the base E. coli strain.

[0036] In some embodiments, the present disclosure teaches a promoter swap method of genomic
engineering to evolve an E. coli strain to acquire a desired phenotype, said method comprising the
steps of: a) providing a plurality of target genes endogenous to a base £. coli strain, and a promoter
ladder, wherein said promoter ladder comprises a plurality of promoters exhibiting different
expression profiles in the base £. coli strain; b) engineering the genome of the base E. coli strain,

to thereby create an 1nitial promoter swap £. coli strain library comprising a plurality of individual
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E. coli strains with unique genetic variations found within each strain of said plurality of individual
strains, wherein each of said unique genetic variations comprises one of the promoters from the
promoter ladder operably linked to one of the target genes endogenous to the base £. coli strain;
¢) screening and selecting individual strains of the initial promoter swap L. coli strain library for
the desired phenotype; d) providing a subsequent plurality of £. coli strains that each comprise a
unique combination of genetic variation, said genetic variation selected from the genetic variation
present 1n at least two individual strains screened i1n the preceding step, to thereby create a
subsequent promoter swap F. coli strain library; e) screening and selecting individual strains of
the subsequent promoter swap £. coli strain library for the desired phenotype; f) repeating steps
d)-e) one or more times, 1n a linear or non-linear fashion, until a microbe has acquired the desired
phenotype, wherein each subsequent 1teration creates a new promoter swap £. coli strain library
comprising individual strains harboring unique genetic variations that are a combination of genetic
variation selected from amongst at least two individual strains of a preceding promoter swap £.
coli strain library.

[0037] In some embodiments, the present disclosure teaches a method for generating a terminator
swap F. coli strain library, said method comprising the steps of: a) providing a plurality of target
genes endogenous to a base E. coli strain, and a terminator ladder, wherein said terminator ladder
comprises a plurality of terminators exhibiting different expression profiles in the base L. coli
strain; b) engineering the genome of the base E. coli strain, to thereby create an initial terminator
swap F. coli strain library comprising a plurality of individual strains with unique genetic
variations found within each strain of said plurality of individual strains, wherein each of said
unique genetic variations comprises one of the target genes endogenous to the base E. coli strain
operably linked to one or more of the terminators from the terminator ladder.

[0038] In some embodiments, the present disclosure teaches a terminator swap method of genomic
engineering to evolve an E. coli strain to acquire a desired phenotype, said method comprising the
steps of: a) providing a plurality of target genes endogenous to a base FE. coli strain, and a
terminator ladder, wherein said terminator ladder comprises a plurality of terminators exhibiting
different expression profiles in the base L. coli strain; b) engineering the genome of the base £.
coli strain, to thereby create an 1nitial terminator swap E. coli strain library comprising a plurality
of individual £. coli strains with unique genetic variations found within each strain of said plurality

of individual strains, wherein each of said unique genetic variations comprises one of the target
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ogenes endogenous to the base £. coli strain operably linked to one or more of the terminators from
the terminator ladder; c) screening and selecting individual microbial strains of the initial
terminator swap £. coli strain library for the desired phenotype; d) providing a subsequent plurality
of £. coli strains that each comprise a unique combination of genetic varation, said genetic
variation selected from the genetic variation present 1n at least two individual strains screened 1n
the preceding step, to thereby create a subsequent terminator swap £. coli strain library; e)
screening and selecting individual strains of the subsequent terminator swap £. coli strain library
for the desired phenotype; f) repeating steps d)-e) one or more times, 1n a linear or non-linear
fashion, until a microbe has acquired the desired phenotype, wherein each subsequent 1teration
creates a new terminator swap F. coli strain library comprising individual strains harboring unique
genetic variations that are a combination of genetic varation selected from amongst at least two
individual strains of a preceding terminator swap £. coli strain library.

[0039] In some embodiments, the present disclosure teaches iteratively improving the design of
candidate L. coli strains by (a) accessing a predictive model populated with a training set
comprising (1) inputs representing genetic changes to one or more background £. coli strains and
(2) corresponding performance measures; (b) applying test inputs to the predictive model that
represent genetic changes, the test inputs corresponding to candidate L. coli strains incorporating
those genetic changes; (¢) predicting phenotypic performance of the candidate £. coli strains based
at least 1n part upon the predictive model; (d) selecting a first subset of the candidate £. coli strains
based at least in part upon their predicted performance; (e) obtaining measured phenotypic
performance of the first subset of the candidate £. coli strains; (f) obtaining a selection of a second
subset of the candidate F£. coli strains based at least in part upon their measured phenotypic
performance; (g) adding to the training set of the predictive model (1) inputs corresponding to the
selected second subset of candidate E. coli strains, along with (2) corresponding measured
performance of the selected second subset of candidate £. coli strains; and (h) repeating (b)-(g)
until measured phenotypic performance of at least one candidate E. coli strain satisties a
performance metric. In some cases, during a first application of test inputs to the predictive model,
the genetic changes represented by the test inputs comprise genetic changes to the one or more
background E. coli strains; and during subsequent applications of test inputs, the genetic changes
represented by the test inputs comprise genetic changes to candidate E. coli strains within a

previously selected second subset of candidate £. coli strains.
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[0040] In some embodiments, selection of the first subset may be based on epistatic effects. This
may be achieved by: during a first selection of the first subset: determining degrees of dissimilarity
between performance measures of the one or more background £. coli strains in response to
application of a plurality of respective inputs representing genetic changes to the one or more
background £. coli strains; and selecting for inclusion 1n the first subset at least two candidate F.
coli strains based at least in part upon the degrees of dissimilarity in the performance measures of
the one or more background F. coli strains 1n response to application of genetic changes
incorporated into the at least two candidate £. coli strains.

[0041] In some embodiments, the present invention teaches applying epistatic effects in the
iterative improvement of candidate F£. coli strains, the method comprising: obtaining data
representing measured performance 1n response to corresponding genetic changes made to at least
one F. coli background strain; obtaining a selection of at least two genetic changes based at least
1in part upon a degree of dissimilarity between the corresponding responsive performance measures
of the at least two genetic changes, wherein the degree of dissimilarity relates to the degree to
which the at least two genetic changes atfect their corresponding responsive performance measures
through different biological pathways; and designing genetic changes to an E£. coli background
strain that include the selected genetic changes. In some cases, the £. coli background strain for
which the at least two selected genetic changes are designed 1s the same as the at least one £. coli
background strain for which data representing measured responsive performance was obtained.
[0042] In some embodiments, the present disclosure teaches HTP FE. coli strain improvement
methods utilizing only a single type of genetic library. For example, i1n some embodiments, the
present disclosure teaches HTP F. coli strain improvement methods utilizing only SNP swap
libraries. In other embodiments, the present disclosure teaches HTP E. coli strain improvement
methods utilizing only PRO swap libraries. In some embodiments, the present disclosure teaches
HTP E. coli strain improvement methods utilizing only STOP swap libraries. In some
embodiments, the present disclosure teaches HTP E. coli strain improvement methods utilizing
only Start/Stop Codon swap libraries.

[0043] In other embodiments, the present disclosure teaches HTP E. coli strain improvement
methods utilizing two or more types of genetic libraries. For example, in some embodiments, the
present disclosure teaches HTP F. coli strain improvement methods combining SNP swap and

PRO swap libraries. In some embodiments, the present disclosure teaches HTP E. coli strain
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improvement methods combining SNP swap and STOP swap libraries. In some embodiments, the
present disclosure teaches HTP F. coli strain improvement methods combining PRO swap and
STOP swap libraries.

[0044] In other embodiments, the present disclosure teaches HTP E. coli strain improvement
methods utilizing multiple types of genetic libraries (see, for example, Figure 5). In some
embodiments, the genetic libraries are combined to produce combination mutations (e.g.,
promoter/terminator combination ladders applied to one or more genes). In yet other embodiments,
the HTP E. coli strain improvement methods of the present disclosure can be combined with one
or more traditional strain improvement methods.

[0045] In some embodiments, the HTP FE. coli strain improvement methods of the present
disclosure result 1n an improved E. coli host cell. That 1s, the present disclosure teaches methods
of improving one or more £. coli host cell properties. In some embodiments the improved . coli
host cell property 1s selected from the group consisting of: volumetric productivity, specific
productivity, yield or titre, of a product of interest produced by the . coli host cell. In some
embodiments, the improved E. coli host cell property 1s volumetric productivity. In some
embodiments, the improved FE. coli host cell property 1s specific productivity. In some
embodiments, the improved E. coli host cell property 1s yield.

[0046] In some embodiments, the HTP FE. coli strain improvement methods of the present
disclosure result in an an £. coli host cell that exhibits a 1%, 2%, 3%, 4%, 5%, 6%. 7%, 8%, 9%,
10%, 11%, 12%, 13%, 14%, 15%, 16%, 17%, 18%, 19%, 20%, 21%, 22%, 23%, 24%, 25%, 26%,
27%, 28%, 29%, 30%, 31%, 32%, 33%, 34%, 35%, 36%, 37%, 38%, 39%, 40%, 41%, 42%, 43%,
44%, 45%, 46%, 47%, 48%, 49%, 50%, 51%, 52%, 53%, 54%, 55%, 56%, 57%, 58%, 59%, 60%,
61%, 62%, 63%, 64%, 65%, 66%, 67%, 68%, 69%, 70%, 71%, 72%, 73%., 74%, 75%, 76%, 77%,
78%., 79%, 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%,
95%, 96%, 97%, 98%, 99%, 100%, 150%, 200%, 250%, 300% or more of an improvement 1n at
least one E. coli host cell property over a control £. coli host cell that 1s not subjected to the HTP
strain improvements methods (e.g, an X% improvement 1n yield or productivity of a biomolecule
of interest, incorporating any ranges and subranges therebetween). In some embodiments, the
HTP E. coli strain improvement methods of the present disclosure are selected from the group
consisting of SNP swap, PRO swap, STOP swap, SOLUBILITY TAG swap, DEGRADATION

TAG swap, and combinations thereof.
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[0047] Thus, 1n some embodiments, the SNP swap methods of the present disclosure result in an
E. coli host cell that exhibits a 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%, 11%, 12%, 13%,
14%, 15%, 16%, 17%, 18%, 19%, 20%, 21%, 22%, 23%, 24%, 25%, 26%, 27%, 28%, 29%, 30%,
31%, 32%, 33%, 34%, 35%, 36%, 37%, 38%, 39%, 40%, 41%, 42%, 43%, 44%, 45%, 46%, 47%,
48%., 49%, 50%, 51%, 52%, 53%, 54%, 55%, 56%, 57%, 58%, 59%, 60%, 61%, 62%, 63%, 64%,
65%, 66%, 67%, 68%, 69%, 70%, 71%, 72%, 73%, 74%, 75%, 76%., 77%, 78%, 79%, 80%, 81%,
82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%,
99%, 100%, 150%, 200%, 250%, 300% or more of an improvement 1n at least one £. coli host cell
property over a control £. coli host cell that 1s not subjected to the SNP swap methods (e.g, an
X% 1mprovement 1n yield or productivity of a biomolecule of interest, incorporating any ranges
and subranges therebetween).

[0048] Thus, in some embodiments, the PRO swap methods of the present disclosure result in an
E. coli host cell that exhibits a 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%. 10%, 11%, 12%. 13%,
14%, 15%, 16%, 17%, 18%, 19%, 20%, 21%, 22%, 23%, 24%, 25%, 26%, 27%, 28%, 29%, 30%,
31%, 32%, 33%, 34%, 35%, 36%, 37%, 38%, 39%, 40%, 41%, 42%, 43%, 44%, 45%, 46%, 47%,
48%., 49%, 50%, 51%, 52%, 53%, 54%, 55%, 56%, 57%, 58%, 59%, 60%, 61%, 62%, 63%, 64%,
65%, 66%, 67%, 68%, 69%, 70%, 71%, 72%, 73%, 74%, 75%, 76%., 77%, 78%, 79%, 80%, 81%,
82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%,
99%, 100%, 150%, 200%, 250%, 300% or more of an improvement 1n at least one £. coli host cell
property over a control . coli host cell that 1s not subjected to the PRO swap methods (e.g, an X%
improvement 1n yield or productivity of a biomolecule of interest, incorporating any ranges and
subranges therebetween).

[0049] Thus, 1n some embodiments, the TERMINATOR swap methods of the present disclosure
result in an E. coli host cell that exhibits a 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%, 11%,
12%, 13%, 14%, 15%, 16%, 17%, 18%, 19%, 20%, 21%, 22%, 23%, 24%, 25%, 26%, 27%, 28%,
29%, 30%, 31%, 32%, 33%, 34%, 35%, 36%, 37%, 38%, 39%, 40%, 41%, 42%, 43%, 44%, 45%,
46%, 47%, 48%, 49%, 50%, 51%, 52%, 53%, 54%, 55%, 56%, 57%, 58%, 59%, 60%, 61%, 62%,
63%, 64%, 65%, 66%, 67%, 68%, 69%, 70%, 71%, 72%, 73%, 74%, 75%, 76%, 77%, 78%, 79%,
80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%,
97%, 98%, 99%, 100%, 150%, 200%, 250%, 300% or more of an improvement 1n at least one £.
coli host cell property over a control £. coli host cell that 1s not subjected to the TERMINATOR
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swap methods (e.g, an X% improvement 1n yield or productivity of a biomolecule of interest,
Incorporating any ranges and subranges therebetween).

[00S0] Thus, in some embodiments, the SOLUBILITY TAG swap methods of the present
disclosure result in an £. coli host cell that exhibits a 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%,
10%, 11%, 12%, 13%, 14%, 15%, 16%, 17%, 18%, 19%, 20%, 21%, 22%, 23%, 24%, 25%, 26%,
27%., 28%, 29%, 30%, 31%, 32%, 33%, 34%, 35%, 36%, 37%, 38%, 39%, 40%, 41%, 42%, 43%,
44%., 45%, 46%, 47%, 48%, 49%, 50%, 51%, 52%, 53%, 54%, 55%, 56%, 57%, 58%, 59%, 60%,
61%, 62%, 63%, 64%, 65%, 66%, 67%, 68%, 69%, 70%, 71%, 72%., 73%, 74%, 75%, 76%, 77%,
78%, 79%, 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%,
95%, 96%, 97%, 98%, 99%, 100%, 150%, 200%, 250%, 300% or more of an improvement 1n at
least one E. coli host cell property over a control £. coli host cell that 1s not subjected to the
SOLUBILITY TAG swap methods (e.g, an X% mmprovement 1n yield or productivity of a
biomolecule of interest, incorporating any ranges and subranges therebetween).

[0051] Thus, 1n some embodiments, the DEGRADATION TAG swap methods of the present
disclosure result 1n an F. coli host cell that exhibits a 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%,
10%, 11%, 12%, 13%, 14%, 15%, 16%, 17%, 18%, 19%, 20%, 21%, 22%, 23%, 24%, 25%, 26%,
27%., 28%, 29%, 30%, 31%, 32%, 33%, 34%, 35%, 36%, 37%, 38%, 39%, 40%, 41%, 42%, 43%,
44%., 45%, 46%, 47%, 48%, 49%, 50%, 51%, 52%, 53%, 54%, 55%, 56%, 57%, 58%, 59%, 60%,
61%, 62%, 63%, 64%, 65%, 66%, 67%, 68%, 69%, 70%, 71%, 72%., 73%, 74%, 75%, 76%, 77%,
78%, 79%, 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%,
95%, 96%, 97%, 98%, 99%, 100%, 150%, 200%, 250%, 300% or more of an improvement 1n at
least one E. coli host cell property over a control £. coli host cell that 1s not subjected to the
DEGRADATION TAG swap methods (e.g, an X% improvement in yield or productivity of a
biomolecule of interest, incorporating any ranges and subranges therebetween).

[0052] In some embodiments, the present disclosure teaches a method for generating a protein
solubility tag swap E. coli strain library, comprising the steps of: a. providing a plurality of target
ogenes endogenous to a base £. coli strain, and a solubility tag ladder, wherein said solubility tag
ladder comprises a plurality of solubility tags exhibiting different solubility profiles in the base £.
coli strain; and b. engineering the genome of the base E. coli strain, to thereby create an 1nitial
solubility tag swap E. coli strain library comprising a plurality of individual E. coli strains with

unique genetic variations found within each strain of said plurality of individual £. coli strains,
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wherein each of said unique genetic variations comprises one or more of the solubility tags from
the solubility tag ladder operably linked to one of the target genes endogenous to the base £. coli
strain.

[00S3] In some embodiments, the present disclosure teaches a protein solubility tag swap method
for improving the phenotypic performance of a production £. coli strain, comprising the steps of:
providing a plurality of target genes endogenous to a base E. coli strain, and a solubility tag ladder,
wherein said solubility tag ladder comprises a plurality of solubility tags exhibiting different
expression profiles in the base E. coli strain; engineering the genome of the base £. coli strain, to
thereby create an initial solubility tag swap £. coli strain library comprising a plurality of individual
E. coli strains with unique genetic variations found within each strain of said plurality of individual
E. coli strains, wherein each of said unique genetic variations comprises one or more of the
solubility tags from the solubility tag ladder operably linked to one of the target genes endogenous
to the base £. coli strain; screening and selecting individual £. coli strains of the initial solubility
tag swap F. coli strain library for phenotypic performance improvements over a reference £. coli
strain, thereby identifying unique genetic variations that confer phenotypic performance
improvements; providing a subsequent plurality of E. coli microbes that each comprise a
combination of unique genetic variations from the genetic variations present in at least two
individual E. coli strains screened 1n the preceding step, to thereby create a subsequent solubility
tag swap L. coli strain library; screening and selecting individual £. coli strains of the subsequent
solubility tag swap F. coli strain library for phenotypic performance improvements over the
reference E. coli strain, thereby 1dentifying unique combinations of genetic variation that confer
additional phenotypic performance improvements; and repeating steps d)-e) one or more times, 1n
a linear or non-linear fashion, until an £. coli strain exhibits a desired level of improved phenotypic
performance compared to the phenotypic performance of the production £. coli strain, wherein
each subsequent iteration creates a new solubility tag swap F. coli strain library of microbial
strains, where each strain 1in the new library comprises genetic variations that are a combination of
genetic variations selected from amongst at least two individual E. coli strains of a preceding
library.

[0054] In some embodiments, the subsequent solubility tag swap E. coli strain library 1s a full

combinatorial library of the initial solubility tag swap £. coli strain library.
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[00S5] In some embodiments, the subsequent solubility tag swap F. coli strain library 1s a subset
of a full combinatorial library of the initial solubility tag swap £. coli strain library.

[00S6] In some embodiments, the subsequent solubility tag swap E. coli strain library 1s a full
combinatorial library of a preceding solubility tag swap £. coli strain library.

[0057] In some embodiments, the subsequent solubility tag swap F. coli strain library 1s a subset
of a full combinatorial library of a preceding solubility tag swap E. coli strain library.

[0058] In some embodiments, steps d)-e) are repeated until the phenotypic performance of an £.
coli strain of a subsequent solubility tag swap . coli strain library exhibits at least a 10% increase
1n a measured phenotypic variable compared to the phenotypic performance of the production £.
coli strain.

[0059] In some embodiments, steps d)-e) are repeated until the phenotypic performance of an £.
coli strain of a subsequent solubility tag swap E. coli strain library exhibits at least a one-fold
increase 1n a measured phenotypic variable compared to the phenotypic performance of the
production £. coli strain.

[0060] In some embodiments, the improved phenotypic performance of step f) 1s selected from
the group consisting of: volumetric productivity of a product of interest, specific productivity of a
product of interest, yield of a product of interest, titer of a product of interest, and combinations
thereof.

[0061] In some embodiments, the improved phenotypic performance of step f) 1s: increased or
more efficient production of a product of interest, said product of interest selected from the group
consisting of: a small molecule, enzyme, peptide, amino acid, organic acid, synthetic compound,
fuel, alcohol, primary extracellular metabolite, secondary extracellular metabolite, intracellular
component molecule, and combinations thereof.

[0062] In some embodiments, the present disclosure teaches a method for generating a protein
degradation tag swap F. coli strain library, comprising the steps of: a. providing a plurality of target
ogenes endogenous to a base F. coli strain, and a degradation tag ladder, wherein said degradation
tag ladder comprises a plurality of degradation tags exhibiting different solubility profiles 1n the
base F. coli strain; and b. engineering the genome of the base £. coli strain, to thereby create an
initial degradation tag swap £. coli strain library comprising a plurality of individual £. coli strains
with unique genetic variations found within each strain of said plurality of individual E. coli

strains, wherein each of said unique genetic variations comprises one or more of the degradation
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tags from the degradation tag ladder operably linked to one of the target genes endogenous to the
base E. coli strain.

[0063] In some embodiments, the present disclosure teaches a protein degradation tag swap
method for improving the phenotypic performance of a production £. coli strain, comprising the
steps of: providing a plurality of target genes endogenous to a base E. coli strain, and a degradation
tag ladder, wherein said degradation tag ladder comprises a plurality of degradation tags exhibiting
different expression profiles in the base E. coli strain; engineering the genome of the base £. coli
strain, to thereby create an initial degradation tag swap E. coli strain library comprising a plurality
of individual £. coli strains with unique genetic variations found within each strain of said plurality
of individual . coli strains, wherein each of said unique genetic variations comprises one or more
of the degradation tags from the degradation tag ladder operably linked to one of the target genes
endogenous to the base £. coli strain; screening and selecting individual . coli strains of the initial
degradation tag swap FE. coli strain library for phenotypic performance improvements over a
reference FE. coli strain, thereby identifying unique genetic variations that confer phenotypic
performance improvements;, providing a subsequent plurality of E. coli microbes that each
comprise a combination of unique genetic variations from the genetic variations present in at least
two individual E. coli strains screened in the preceding step, to thereby create a subsequent
degradation tag swap F. coli strain library; screening and selecting individual E. coli strains of the
subsequent degradation tag swap £. coli strain library for phenotypic performance improvements
over the reference E. coli strain, thereby 1dentifying unique combinations of genetic variation that
confer additional phenotypic performance improvements; and repeating steps d)-e) one or more
times, 1n a linear or non-linear fashion, until an £. coli strain exhibits a desired level of improved
phenotypic performance compared to the phenotypic performance of the production £. coli strain,
wherein each subsequent iteration creates a new degradation tag swap F. coli strain library of
microbial strains, where each strain in the new library comprises genetic variations that are a
combination of genetic variations selected from amongst at least two individual E. coli strains of
a preceding library.

[0064] In some embodiments, the subsequent degradation tag swap E. coli strain library 1s a full
combinatorial library of the imitial degradation tag swap £. coli strain library.

[0065] In some embodiments, the subsequent degradation tag swap F. coli strain library 1s a subset

of a full combinatorial library of the initial degradation tag swap E. coli strain library.
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[0066] In some embodiments, the subsequent degradation tag swap E. coli strain library 1s a full
combinatorial library of a preceding degradation tag swap E. coli strain library.

[0067] In some embodiments, the subsequent degradation tag swap E. coli strain library 1s a subset
of a full combinatorial library of a preceding degradation tag swap F. coli strain library.

[0068] In some embodiments, steps d)-e) are repeated until the phenotypic performance of an £.
coli strain of a subsequent degradation tag swap £. coli strain library exhibits at least a 10%
increase 1n a measured phenotypic variable compared to the phenotypic performance of the
production £. coli strain.

[0069] In some embodiments, steps d)-e) are repeated until the phenotypic performance of an £.
coli strain of a subsequent degradation tag swap E. coli strain library exhibits at least a one-fold
increase 1n a measured phenotypic variable compared to the phenotypic performance of the
production £. coli strain.

[0070] In some embodiments, the improved phenotypic performance of step f) 1s selected from
the group consisting of: volumetric productivity of a product of interest, specific productivity of a
product of interest, yield of a product of interest, titer of a product of interest, and combinations
thereof.

[0071] In some embodiments, the improved phenotypic performance of step f) 1s: increased or
more efficient production of a product of interest, said product of interest selected from the group
consisting of: a small molecule, enzyme, peptide, amino acid, organic acid, synthetic compound,
fuel, alcohol, primary extracellular metabolite, secondary extracellular metabolite, intracellular
component molecule, and combinations thereof.

[0072] In some embodiments, the present disclosure teaches a chimeric synthetic promoter
operably linked to a heterologous gene for expression 1n a microbial host cell, wherein the chimeric
synthetic promoter 1s 60-90 nucleotides 1n length and consists of a distal portion of lambda phage
pr promoter, variable -35 and -10 regions of lambda phage pL and pr promoters that are each six
nucleotides 1n length, core portions of lambda phage pL and pr promoters and a 5° UTR/Ribosomal
Binding Site (RBS) portion of lambda phage pr promoter.

[0073] In some embodiments, nucleic acid sequences of the distal portion of the lambda phage pr
promoter, the variable -35 and -10 regions of the lambda phage pr. and pr promoters, the core

portions of the the lambda phage pL and pr promoters and the 5° UTR/Ribosomal Binding Site

18



CA 03064612 2015-11-21

WO 2018/226880 PCT/US2018/036333

(RBS) portion of the lambda phage pr promoter are selected from the nucleic acid sequences found
in Table 1.5.

[0074] In some embodiments, the present disclosure teaches a chimeric synthetic promoter
operably linked to a heterologous gene for expression 1n a microbial host cell, wherein the chimeric
synthetic promoter 1s 60-90 nucleotides 1n length and consists of a distal portion of lambda phage
pr promoter, variable -35 and -10 regions of lambda phage pL and pr promoters that are each six
nucleotides 1n length, core portions of lambda phage pL and pr promoters and a 5° UTR/Ribosomal
Binding Site (RBS) portion of the promoter of the £. coli acs gene.

[0075] In some embodiments, nucleic acid sequences of the distal portion of the lambda phage pr
promoter, the variable -35 and -10 regions of the lambda phage pr. and pr promoters, the core
portions of the the lambda phage pL and pr promoters and the 5° UTR/Ribosomal Binding Site
(RBS) portion of the promoter of the . coli acs gene are selected from the nucleic acid sequences
found 1n Table 1.5.

[0076] In some embodiments, the chimeric synthetic promoter consists of a nucleic acid sequence
selected from SEQ ID NOs. 132-152, 159-160, 162, 165, 174-175, 188, 190, 199-201 or 207.
[0077] In some embodiments, the chimeric synthetic promoter consists of a nucleic acid sequence
selected from SEQ ID NOs. 153-158, 161, 163-164, 166-173, 176-187, 189, 191-198 or 202-206.
[0078] In some embodiments, the microbial host cell 1s E. coli.

[0079] In some embodiments, the heterologous gene encodes a protein product of interest found
in Table 2.

[0080] In some embodiments, the heterologous gene 1s a gene that 1s part of a lysine biosynthetic
pathway.

[0081] In some embodiments, the heterologous gene 1s selected from the asd gene, the ask gene,
the hom gene, the dapA gene, the dapB gene, the dapD gene, the ddh gene, the argD gene, the
dapE gene, the dapF gene, the lysA gene, the lysE gene, the zwt gene, the pg1 gene, the ktk gene,
the tbp gene, the ppc gene, the pck gene, the ddx gene, the pyc gene or the 1cd gene.

[0082] In some embodiments, the heterologous gene 1s a gene that 1s part of a lycopene
biosynthetic pathway.

[0083] In some embodiments, the heterologous gene 1s selected from the dxs gene, the 1spC gene,

the 1SpE gene, the 1spD gene, the 1spF gene, the 1spG gene, the 1spH gene, the 1d1 gene, the 1SpA
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oene, the 1spB gene, the crtE gene, the crtB gene, the crtl gene, the crtY gene , the ymgA gene, the
dxr gene, the elbA gene, the gdhA gene, the appY gene, the elbB gene, or the ymgB gene.

[0084] In some embodiments, the heterologous gene encodes a biopharmaceutical or 1s a gene 1n
a pathway for generating a biopharmaceutical.

[0085] In some embodiments, the biopharmaceutical 1s selected from humulin (rh insulin), intronA
(interferon alpha2b), roferon (interferon alpha2a), humatrope (somatropin rh growth hormone),
neupogen (filgrastim), detaferon (interferon beta-1b), lispro (fast-acting insulin), rapilysin
(reteplase), infergen (interferon alfacon-1), glucagon, beromun (tasonermin), ontak (denileukin
diftitox), lantus (long-acting insulin glargine), kineret (anakinra), natrecor (nesiritide), somavert
(pegvisomant), calcitonin (recombinant calcitonin salmon), lucentis (ranibizumab), preotact
(human parathyroid hormone), kyrstexxal (rh urate oxidase, PEGlyated), nivestim (filgrastim,
rhGCSF), voraxaze (glucarpidase), or preos (parathyroid hormone).

[0086] In some embodiments, the present disclosure teaches a heterologous gene operably linked
to a chimeric synthetic promoter with a nucleic acid sequence selected from SEQ ID NOs. 132-
207,

[0087] In some embodiments, the heterologous gene encodes a protein product of interest found
in Table 2.

[0088] In some embodiments, the heterologous gene 1s a gene that 1s part of a lysine biosynthetic
pathway.

[0089] In some embodiments, the heterologous gene 1s selected from the asd gene, the ask gene,
the hom gene, the dapA gene, the dapB gene, the dapD gene, the ddh gene, the argD gene, the
dapE gene, the dapF gene, the lysA gene, the lysE gene, the zwt gene, the pg1 gene, the ktk gene,
the tbp gene, the ppc gene, the pck gene, the ddx gene, the pyc gene or the 1cd gene.

[0090] In some embodiments, the heterologous gene 1s a gene that 1s part of a lycopene
biosynthetic pathway.

[0091] In some embodiments, the heterologous gene 1s selected from the dxs gene, the 1spC gene,
the 1SpE gene, the 1spD gene, the 1spF gene, the 1spG gene, the 1spH gene, the 1d1 gene, the 1SpA
ogene, the 1SpB gene, the crtE gene, the crtB gene, the crtl gene, the crtY gene , the ymgA gene, the
dxr gene, the elbA gene, the gdhA gene, the appY gene, the elbB gene, or the ymgB gene.

[0092] In some embodiments, the heterologous gene encodes a biopharmaceutical or 1s a gene 1n

a pathway for generating a biopharmaceutical.
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[0093] In some embodiments, the biopharmaceutical 1s selected from humulin (rh insulin), intronA
(interferon alpha2b), roferon (interferon alpha2a), humatrope (somatropin rh growth hormone),
neupogen (filgrastim), detaferon (interferon beta-1b), lispro (fast-acting insulin), rapilysin
(reteplase), infergen (interferon alfacon-1), glucagon, beromun (tasonermin), ontak (denileukin
diftitox), lantus (long-acting insulin glargine), kineret (anakinra), natrecor (nesiritide), somavert
(pegvisomant), calcitonin (recombinant calcitonin salmon), lucentis (ranibizumab), preotact
(human parathyroid hormone), kyrstexxal (rh urate oxidase, PEGlyated), nivestim (filgrastim,

rhGCSF), voraxaze (glucarpidase), or preos (parathyroid hormone).

BRIEF DESCRIPTION OF THE FIGURES

[0094] FIGURE 1 depicts a DNA recombination method of the present disclosure for increasing
variation 1n diversity pools. DNA sections, such as genome regions from related species, can be
cut via physical or enzymatic/chemical means. The cut DNA regions are melted and allowed to
reanneal, such that overlapping genetic regions prime polymerase extension reactions. Subsequent
melting/extension reactions are carried out until products are reassembled into chimeric DNA,
comprising elements from one or more starting sequences.

[0095] FIGURE 2 outlines methods of the present disclosure for generating new host E. coli
strains with selected sequence modifications (e.g., 100 SNPs to swap). Briefly, the method
comprises (1) desired DNA 1nserts are designed and generated by combining one or more
synthesized oligos 1n an assembly reaction, (2) DNA 1nserts are cloned into transformation
plasmids, (3) completed plasmids are transferred into desired production strains, where they are
integrated 1into the host strain genome, and (4) selection markers and other unwanted DNA
elements are looped out of the host strain. Each DN A assembly step may involve additional quality
control (QC) steps, such as cloning plasmids into £. coli bacteria for amplification and sequencing.
[0096] FIGURE 3 depicts assembly of transformation plasmids of the present disclosure, and
their integration into a host . coli genome. The insert DNA 1s generated by combining one or
more synthesized oligos 1n an assembly reaction. DNA 1nserts containing the desired sequence are
flanked by regions of DNA homologous to the targeted region of the genome. These homologous
regions facilitate genomic integration, and, once integrated, form direct repeat regions designed
for looping out vector backbone DNA 1n subsequent steps. Assembled plasmids contain the insert

DNA, and optionally, one or more selection markers.
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[0097] FIGURE 4 depicts a procedure for looping-out selected regions of DNA from host £. coli
strains. Direct repeat regions of the inserted DNA and host genome can “loop out” 1n a
recombination event. Cells counter selected for the selection marker contain deletions of the loop
DNA flanked by the direct repeat regions.

[0098] FIGURE 5 depicts an embodiment of the £. coli strain improvement process of the present
disclosure. Host strain sequences containing genetic modifications (Genetic Design) are tested for
strain performance improvements 1n various strain backgrounds (Strain Build). Strains exhibiting
beneficial mutations are analyzed (Hit ID and Analysis) and the data 1s stored 1n libraries for further
analysis (e.g., SNP swap libraries, PRO swap libraries, and combinations thereof, among others).
Selection rules of the present disclosure generate new proposed £. coli host strain sequences based
on the predicted effect of combining elements from one or more libraries for additional i1terative
analysis.

[0099] FIGURE 6A-B depicts the DNA assembly, transtormation, and E. coli strain screening
steps of one of the embodiments of the present disclosure. FIGURE 6A depicts the steps for
building DNA fragments, cloning said DNA fragments into vectors, transforming said vectors into
host £. coli strains, and looping out selection sequences through counter selection. FIGURE 6B
depicts the steps for high-throughput culturing, screening, and evaluation of selected £. coli host
strains. This figure also depicts the optional steps of culturing, screening, and evaluating selected
E. coli strains 1n culture tanks.

[0100] FIGURE 7 depicts one embodiment of the automated system of the present disclosure.
The present disclosure teaches use of automated robotic systems with various modules capable of
cloning, transforming, culturing, screening and/or sequencing host £. coli.

[0101] FIGURE 8 depicts an overview of an embodiment of the £. coli strain improvement
program of the present disclosure.

[0102] FIGURE 9 1s a representation of the genome of Corynebacterium glutamicum, comprising
around 3.2 million base pairs.

[0103] FIGURE 10 depicts the results of a transformation experiment of the present disclosure.
DNA 1nserts ranging from 0.5kb to 5.0kb were targeted for insertion into various regions (shown
as relative positions 1-24) of the genome of Corynebacterium glutamicum. Light color indicates

successful integration, while darker color indicates insertion failure.
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[0104] FIGURE 11 depicts the results of a second round HTP engineering PRO swap program.
Top promoter::gene combinations identified during the first PRO swap round were analyzed
according to the methods of the present disclosure to 1dentify combinations of said mutations that
would be likely to exhibit additive or combinatorial beneficial effects on host performance. Second
round PRO swap mutants thus comprised pair combinations of various promoter::gene mutations.
The resulting second round mutants were screened for differences 1n host cell yield of a selected
biomolecule. A combination pair of mutations that had been predicted to exhibit beneficial eftects
1s emphasized with a circle.

[010S] FIGURE 12 depicts the results of an experiment testing successful plasmid assembly for
plasmids transformed into L. coli. Picking four colonies 1s sufficient to achieve 13% failure rate
for plasmids containing 1 and 2kb 1nsertion sequences. Larger insertions may require additional
colony screening to achieve consistent results.

[0106] FIGURE 13 depicts results of an experiment testing successful transformation of
Corynebacterium glutamicum with sertion vectors. DNA 1nsert sizes of 2 and 5 kb exhibited
high transformation rates with low assembly failure rates.

[0107] FIGURE 14 depicts results of loop out selections in Corynebacterium glutamicum.
Sucrose resistance of transformed bacteria indicates loop out of sacB selection marker. DNA 1nsert
size does not appear to impact loop out efficiency.

[0108] FIGURE 1S 1s a sismilarity matrix computed using the correlation measure. The matrix 1s
a representation of the functional similarity between SNP variants. The consolidation of SNPs with
low functional similarity 1s expected to have a higher likelthood of improving strain performance,
as opposed to the consolidation of SNPs with higher functional stmilarity.

[0109] FIGURE 16A-B depicts the results of an epistasis mapping experiment. Combination of
SNPs and PRO swaps with low functional similarities yields improved strain performance.
FIGURE 16A depicts a dendrogram clustered by functional similarity of all the SNPs/PRO swaps.
FIGURE 16B depicts host strain performance of consolidated SNPs as measured by product yield.
Greater cluster distance correlates with improved consolidation performance of the host strain.
[0110] FIGURE 17A-B depicts SNP differences among strain variants in the diversity pool.
FIGURE 17A depicts the relationship among the strains of this experiment. Strain A 1s the wild-
type host strain. Strain B 1s an intermediate engineered strain. Strain C 1s the industrial production

strain. FIGURE 17B 1s a graph 1dentifying the number of unique and shared SNPs 1n each strain.
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[0111] FIGURE 18 depicts a first-round SNP swapping experiment according to the methods of
the present disclosure. (1) all the SNPs from C will be individually and/or combinatorially cloned
into the base A strain (“wave up” A to C). (2) all the SNPs from C will be individually and/or
combinatorially removed from the commercial strain C (“wave down™ C to A). (3) all the SNPs
from B will be individually and/or combinatorially cloned into the base A strain (wave up A to B).
(4) all the SNPs from B will be individually and/or combinatorially removed from the commercial
strain B (wave down B to A). (5) all the SNPs unique to C will be individually and/or
combinatorially cloned into the commercial B strain (wave up B to C). (6) all the SNPs unique to
C will be individually and/or combinatorially removed from the commercial strain C (wave down
C to B).

[0112] FIGURE 19 illustrates example gene targets to be utilized 1n a promoter swap process.
The 4 underlined are diverting genes that can be targeted for downregulaton, while the remaining
19 on pathway genes can be targeted for overexpression.

[0113] FIGURE 20 illustrates an exemplary promoter library that 1s being utilized to conduct a
promoter swap process for the identified gene targets. Promoters utilized in the PRO swap (i.e.
promoter swap) process are P1-Ps, the sequences and 1dentity of which can be found 1n Table 1.
[0114] FIGURE 21 1illustrates the different available approaches to promoter swapping depending
on whether the targeted gene comprises 1ts own promoter, or 1s part of an operon.

[0115] FIGURE 22 depicts exemplary HTP promoter swapping data showing modifications that
significantly atfect performance on lysine yield. The X-axis represents different strains within the
promoter swap genetic design microbial strain library, and the Y-axis includes relative lysine yield
values for each strain. Each letter on the graph represents a PRO swap target gene. Each data point
represents a replicate. The data demonstrates that a molecular tool adapted for HTP applications,
as described herein (i.e. PRO swap), 1s able to efficiently create and optimize microbial strain
performance for the production of a compound or molecule of interest. In this case, the compound
of interest was lysine; however, the taught PRO swap molecular tool can be utilized to optimize
and/or increase the production of any compound of interest. One of skill in the art would
understand how to choose target genes, encoding the production of a desired compound, and then
utilize the taught PRO swap procedure. One of skill in the art would readily appreciate that the

demonstrated data exemplifying lysine yield increases taught herein, along with the detailed
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disclosure presented in the application, enables the PRO swap molecular tool to be a widely
applicable advancement in HTP genomic engineering.

[0116] FIGURE 23 illustrates the distribution of relative strain performances for the input data
under consideration. A relative performance of zero indicates that the engineered strain performed
equally well to the in-plate base strain. The processes described herein are designed to 1dentify the
strains that are likely to perform significantly above zero.

[0117] FIGURE 24 1llustrates the linear regression coefficient values, which depict the average
change (increase or decrease) 1n relative strain performance associated with each genetic change
incorporated into the depicted strains.

[0118] FIGURE 25 1llustrates the composition of changes for the top 100 predicted strain designs.
The x-axis lists the pool of potential genetic changes (dss mutations are SNP swaps, and Pcg
mutations are PRO swaps), and the y-axis shows the rank order. Black cells indicate the presence
of a particular change 1n the candidate design, while white cells indicate the absence of that change.
In this particular example, all of the top 100 designs contain the changes pcg3121 pgi,
pcgl860 pyc, dss 339, and pcg0007 39 lysa. Additionally, the top candidate design contains the
changes dss 034, dss 009.

[0119] FIGURE 26 depicts the DNA assembly and transformation steps of one of the
embodiments of the present disclosure. The flow chart depicts the steps for building DNA
fragments, cloning said DNA fragments into vectors, transforming said vectors into host £. coli
strains, and looping out selection sequences through counter selection.

[0120] FIGURE 27 depicts the steps for high-throughput culturing, screening, and evaluation of
selected host £. coli strains. This figure also depicts the optional steps of culturing, screening, and
evaluating selected E. coli strains 1n culture tanks.

[0121] FIGURE 28 depicts expression profiles of illustrative promoters exhibiting a range of
regulatory expression, according to the promoter ladders of the present disclosure. Promoter A
expression peaks at the lag phase of bacterial cultures, while promoter B and C peak at the
exponential and stationary phase, respectively.

[0122] FIGURE 29 depicts expression profiles of illustrative promoters exhibiting a range of
regulatory expression, according to the promoter ladders of the present disclosure. Promoter A
expression peaks immediately upon addition of a selected substrate, but quickly returns to

undetectable levels as the concentration of the substrate 1s reduced. Promoter B expression peaks
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immediately upon addition of the selected substrate and lowers slowly back to undetectable levels
together with the corresponding reduction 1n substrate. Promoter C expression peaks upon addition
of the selected substrate, and remains highly expressed throughout the culture, even after the
substrate has dissipated.

[0123] FIGURE 30 depicts expression profiles of illustrative promoters exhibiting a range of
constitutive expression levels, according to the promoter ladders of the present disclosure.
Promoter A exhibits the lowest expression, followed by increasing expression levels promoter B
and C, respectively.

[0124] FIGURE 31 diagrams an embodiment of LIMS system of the present disclosure for £. coli
strain 1improvement.

[012S] FIGURE 32 diagrams a cloud computing implementation of embodiments of the LIMS
system of the present disclosure.

[0126] FIGURE 33 depicts an embodiment of the iterative predictive strain design worktlow of
the present disclosure.

[0127] FIGURE 34 diagrams an embodiment of a computer system, according to embodiments
of the present disclosure.

[0128] FIGURE 35 depicts the workflow associated with the DNA assembly according to one
embodiment of the present disclosure. This process 1s divided up 1into 4 stages: parts generation,
plasmid assembly, plasmid QC, and plasmid preparation for transformation. During parts
generation, oligos designed by Laboratory Information Management System (LIMS) are ordered
from an oligo sequencing vendor and used to amplity the target sequences from the host organism
via PCR. These PCR parts are cleaned to remove contaminants and assessed for success by
fragment analysis, in silico quality control comparison of observed to theoretical fragment sizes,
and DNA quantification. The parts are transformed 1nto yeast along with an assembly vector and
assembled into plasmids via homologous recombination. Assembled plasmids are 1solated from
yeast and transformed into E. coli for subsequent assembly quality control and amplification.
During plasmid assembly quality control, several replicates of each plasmid are 1solated, amplified
using Rolling Circle Amplification (RCA), and assessed for correct assembly by enzymatic digest
and fragment analysis. Correctly assembled plasmids i1dentified during the QC process are hit
picked to generate permanent stocks and the plasmud DNA extracted and quantified prior to

transformation into the target host organism.
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[0129] FIGURE 36 depicts the results of an experiment characterizing the effects of Terminators
T1-T8 1n two media over two time points. Conditions A and C represent the two time points for
the BHI media, while the B and D points represent the two time points for the HTP test media.
[0130] FIGURE 37 depicts the results of an experiment comparing the etfectiveness of traditional
strain 1mprovement approaches such as UV mutagenesis against the HTP engineering
methodologies of the present disclosure. The vast majority of UV mutations produced no
noticeable increase 1n host cell performance. In contrast, PRO swap methodologies of the present
disclosure produced a high proportion of mutants exhibiting 1.2 to 2 fold increases 1n host cell
performance.

[0131] FIGURE 38 depicts the results of a first round HTP engineering SNP swap program. 186
individual SNP mutations were 1dentified and individually cloned onto a base strain. The resulting
mutants were screened for differences 1n host cell yield of a selected biomolecule.

[0132] FIGURE 39 depicts the results of a second round HTP engineering SNP swap program.
176 individual SNP mutations from a first round SNP swap program were individually cloned into
a second round host cell strain containing a beneficial SNP 1dentified during a first round SNP
program. The resulting mutants thus represent the effect of two mutation combination pairs.
Screening results for differences 1n host cell yield (Y-axis) and productivity (X-axis) for the
selected biomolecule are shown.

[0133] FIGURE 40 depicts the results of a tank fermentation validation experiment. The top
mutation pairs from the second round of HTP SNP swap were cultured 1in fermentation tanks.
Results for host cell yield and productivity for the selected biomolecule (i.e. lysine) are shown. As
can be seen, 1n one round of genomic engineering the inventors utilized the PRO swap procedure
to determine that a particular PRO swap mutant (zwf) exhibited increased yield of a selected
biomolecule compared to base strain (i.e. compare base strain to base strain + zwf). Then, the
inventors performed another round of genomic engineering, wherein a SNP swap procedure was
used to determine beneficial SNP mutations that could affect yield of the biomolecule, when
combined with said PRO swap mutant. The combination of the PRO swap procedure and SNP
swap procedure created mutants with even higher yields than the previous PRO swap only mutants
(i.e. compare base strain + zwf + SNP121 to the previously discussed base strain + zwt). This
figure 1llustrates the dramatic improvements 1n yield that can be achieved by combining the PRO

swap and SNP swap procedures of the disclosure. In aspects, combining a PRO swap genomic
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engineering campaign with a SNP swap genomic engineering campaign can lead to increased yield
and/or productivity of a biomolecule/product of interest by a factor of 1%, 2%, 3%, 4%, 5%, 6%,
7%, 8%, 9% 10%, 15%, 20%, 25%, 30%., 40%, 45%, 50%, or more, relative to a base strain.
[0134] FIGURE 41 depicts the results of a first round HTP engineering PRO swap program.
Selected genes believed to be associated with host performance were combined with a promoter
ladder to create a first round PRO swap library, according to the methods of the present disclosure.
The resulting mutants were screened for differences 1n host cell yield of a selected biomolecule
(i.e. lysine).

[0135] FIGURE 42 1s a flowchart 1llustrating the consideration of epistatic etfects in the selection
of mutations for the design of a microbial strain, according to embodiments of the disclosure.
[0136] FIGURE 43 depicts a Bicistronic Design (BCD) regulatory sequence, according to the
present disclosure. In some embodiments, the present disclosure teaches that BCDs can be used
in place of traditional promoters 1n order to improve expression consistency between different
promoter::target genes combinations 1n PRO-swaps. In some embodiments, BCDs comprise a
promoter, a first ribosome binding site (SD1), a first cistronic sequence (Cisl), a second ribosome
binding site (SD2), operably linked to a target gene of interest (Cis2). In some embodiments, the
present disclosure teaches that Cisl can be any peptide-coding sequence. Additional information
about BCD design and use 1s provided 1n later sections of the specification.

[0137] FIGURE 44 1s an illustration of pathway enzyme co-localization via recombinant DNA
binding domains. An engineered cell encodes pathway enzymes Enzl-3 with DNA binding
domains. When expressed, these enzymes bind to a scaffold DNA or other target location, which
comprises DN A motifs that are recognized by the recombinant DNA binding domains fused to the
pathway enzymes. When the fused DNA binding domains attach to their cognate DNA motifs on
the scaffold plasmid, the enzymes are constrained close to one another 1n space, which can improve
productivity of the pathway.

[0138] FIGURE 45 1s a schematic diagram for incorporation of nucleotide sequences encoding
DNA binding domains into pathway enzymes. GOI encodes a pathway enzyme. . coli cells are
transformed with a plasmid encoding a mutant version of GOI that includes a nucleotide sequence
that encodes a DNA binding domain (denoted with a star). The plasmid also encodes an antibiotic
resistance marker (Ab) that allows for selection of loop 1n cells, and a counterselection marker

(Counter) that allows for subsequent counterselection of loop out cells. In the “Loop-1n" step, the
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entire plasmid, including the mutant GOI, 1s incorporated into the genome via homologous
recombination (HR). During the “Loop-out” step, some of the cells will revert to the native GOI
sequence via HR, while others will undergo a HR event that leaves the mutant GOI 1n the genome.
[0139] FIGURE 46 1s a dot plot for the predicted performance vs measured performance of
training data for a yield model of the present disclosure. The underlying model 1s a Kernel Ridge
Regression model (with 4th order polynomial kernel). The model 1s trained on 1864 unique genetic
constructs and associated phenotypic performance. The fitted model has an r2 value of 0.52.
[0140] FIGURE 47 depicts the genetic makeup of candidate designs generated by the prediction
algorithms of the present disclosure. These candidate designs were submitted for HTP build and
analysis. Here the candidate design 1s defined as the combination of parent strain 1d and introduced
mutation(s).

[0141] FIGURE 48 1s a dot plot of the predicted performance vs. measured performance of
candidate designs generated by the prediction algorithms of the present disclosure, and built
according the HTP build methods of the present disclosure. This figure demonstrates that the
model may predict candidate strain performance within an acceptable degree of accuracy.

[0142] FIGURE 49 1s a box and whiskers plot depicting the yield percent change of candidate
strains with respect to parent strains. On the y-axis, a value of 0.01 corresponds to 1%. This figure
demonstrates that strains designed by a computer model (light gray) achieve measureable
improvement over their corresponding parent strains. Additionally, the figure demonstrates that
these model base strain improvements are comparable 1n magnitude to improvements achieved by
human expert designed strains.

[0143] FIGURE 50 1illustrates the yield performance distribution for strains designed by the
computer model (dark grey) and by a human expert (light grey). Computer-designed strains
exhibited tighter distributions with higher median gains.

[0144] FIGURE 51 1s a box and whiskers plot depicting the absolute yield of candidate strains
generated by the computer (light grey) or by a human expert (dark grey). Results are aggregated
by parent strain.

[0145] FIGURE 52 15 a representation of the genome of Escherichia coli, comprising around 4.6
million base pairs.

[0146] FIGURE 53 1llustrates the effect of insulator and terminator parts 1n vector backbones on

the efficiency of transtormation and plasmid integration.
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[0147] FIGURE 54 1llustrates the combinatorial design of synthetic promoter-5'UTR sequences
from Table 1.4.

[0148] FIGURE 35 depicts the plasmid map illustrating the components of the vector 1 backbone.
[0149] FIGURE 56 depicts the plasmid map illustrating the components of the vector 2 backbone.
[0150] FIGURE 57 depicts the plasmid map illustrating the components of the vector 3 backbone.
[0151] FIGURE 38 depicts the plasmid map illustrating the components of the vector 4 backbone.
[0152] FIGURE 39 depicts the E. coli lycopene biosynthetic pathway.

[0153] FIGURE 60 depicts terminator edits at lycopene pathway targets idi and ymgA. The
terminator TyjbE demonstrates decreased strain performance relative to the control, thus
highlighting the utility of these library types for identifying critical pathway targets.

[0154] FIGURE 61 depicts terminator edits at multiple lycopene pathway targets.

[0155] FIGURE 62 depicts promoter (for comparison), degradation tag, and terminator swaps at
lycopene pathway target dxs.The sstA LAA degradation tag demonstrates improved strain
performance relative to the control. This 1s unexpected as this strain 1s a combination of a
PROSWP with a degradation tag at a single pathway target. The initial PROSWP 1s expected to
increase protein abundance, and the degradation tag 1s expected to decrease protein abundance,
thus demonstrating the utility of combinations of library types for tuning optimal strain
performance.

[0156] FIGURE 63 depicts solubility tag, promoter, and terminator swaps at lycopene pathway
target gdhA. The solubility tag FH8 demonstrates improved strain performance relative to the
control, but the GB1 solubility tag does not, thus demonstrating the necessity for evaluating
libraries of each modification type.

DETAILED DESCRIPTION

Definitions

[0157] While the following terms are believed to be well understood by one of ordinary skill 1n
the art, the following definitions are set forth to facilitate explanation of the presently disclosed
subject matter.

[0158] The term “a” or “an” refers to one or more of that entity, 7.e. can refer to a plural referents.

As such, the terms “a” or “an”, “one or more” and “at least one” are used interchangeably herein.

In addition, reference to “an element” by the indefinite article “a” or “an” does not exclude the
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possibility that more than one of the elements 1s present, unless the context clearly requires that
there 1s one and only one of the elements.

2% ¢¢

[0159] As used herein the terms “cellular organism” “microorganism” or “microbe” should be
taken broadly. These terms are used interchangeably and include, but are not limited to, the two
prokaryotic domains, Bacteria and Archaea, as well as certain eukaryotic fungi and protists. In
some embodiments, the disclosure refers to the “microorganisms” or “cellular organisms” or
“microbes” of lists/tables and figures present in the disclosure. This characterization can refer to
not only the 1dentified taxonomic genera of the tables and figures, but also the 1dentified taxonomic
species, as well as the various novel and newly 1dentified or designed strains of any organism 1n
said tables or figures. The same characterization holds true for the recitation of these terms 1n other
parts of the Specification, such as 1n the Examples.

[0160] The term “prokaryotes” 1s art recognized and refers to cells which contain no nucleus or
other cell organelles. The prokaryotes are generally classified in one of two domains, the Bacteria
and the Archaea. The definitive difference between organisms of the Archaea and Bacteria
domains 1s based on fundamental differences 1n the nucleotide base sequence 1n the 16S ribosomal
RNA.

[0161] The term “Archaea” refers to a categorization of organisms of the division Mendosicutes,
typically found 1n unusual environments and distinguished from the rest of the prokaryotes by
several criteria, including the number of ribosomal proteins and the lack of muramic acid 1n cell
walls. On the basis of ssTRNA analysis, the Archaea consist of two phylogenetically-distinct
oroups: Crenarchaeota and Euryarchaeota. On the basis of their physiology, the Archaea can be
organized into three types: methanogens (prokaryotes that produce methane); extreme halophiles
(prokaryotes that live at very high concentrations of salt (NaCl); and extreme (hyper) thermophilus
(prokaryotes that live at very high temperatures). Besides the unifying archaeal features that
distinguish them from Bacteria (i.e., no murein 1n cell wall, ester-linked membrane lipids, etc.),
these prokaryotes exhibit unique structural or biochemical attributes which adapt them to their
particular habitats. The Crenarchaeota consists mainly of hyperthermophilic sulfur-dependent
prokaryotes and the Euryarchaeota contains the methanogens and extreme halophiles.

[0162] “Bacteria” or “eubacteria” refers to a domain of prokaryotic organisms. Bacteria include
at least 11 distinct groups as follows: (1) Gram-positive (gram+) bacteria, of which there are two

major subdivisions: (1) high G+C group (Actinomycetes, Mycobacteria, Micrococcus, others) (2)
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low G+C group (Bacillus, Clostridia, Lactobacillus, Staphylococci, Streptococci, Mycoplasmas);
(2) Proteobacteria, e.g., Purple photosynthetictnon-photosynthetic Gram-negative bacteria

?

(includes most “common” Gram-negative bacteria); (3) Cyanobacteria, e.g., oxygenic
phototrophs; (4) Spirochetes and related species; (5) Planctomyces; (6) Bacteroides,
Flavobacteria, (7) Chlamydia;, (8) Green sulfur bacteria; (9) Green non-sulfur bacteria (also
anaerobic phototrophs); (10) Radioresistant MI1CrocOCCl and relatives;
(11) Thermotoga and Thermosipho thermophiles.

[0163] A “eukaryote” 1s any organism whose cells contain a nucleus and other organelles enclosed
within membranes. Eukaryotes belong to the taxon Eukarya or Eukaryota. The defining feature
that sets eukaryotic cells apart from prokaryotic cells (the aforementioned Bacteria and Archaea)
1s that they have membrane-bound organelles, especially the nucleus, which contains the genetic
material, and 1s enclosed by the nuclear envelope.

[0164] The terms “genetically modified host cell,” “recombinant host cell,” and “recombinant
strain’” are used interchangeably herein and refer to host cells that have been genetically modified
by the cloning and transtormation methods of the present disclosure. Thus, the terms include a
host cell (e.g., bacteria, yeast cell, fungal cell, CHO, human cell, etc.) that has been genetically
altered, modified, or engineered, such that 1t exhibits an altered, modified, or different genotype
and/or phenotype (e.g., when the genetic modification atfects coding nucleic acid sequences of the
microorganism), as compared to the naturally-occurring organism from which 1t was derived. It 1s
understood that in some embodiments, the terms refer not only to the particular recombinant host
cell 1n question, but also to the progeny or potential progeny of such a host cell

[016S] The term “wild-type microorganism™ or “wild-type host cell” describes a cell that occurs
in nature, i.e. a cell that has not been genetically modified.

[0166] The term “genetically engineered” may refer to any manipulation of a host cell’s genome
(e.g. by insertion, deletion, mutation, or replacement of nucleic acids).

[0167] The term “control” or “control host cell” refers to an appropriate comparator host cell for
determining the effect of a genetic modification or experimental treatment. In some embodiments,
the control host cell 1s a wild type cell. In other embodiments, a control host cell 1s genetically
1dentical to the genetically modified host cell, save for the genetic modification(s) differentiating

the treatment host cell. In some embodiments, the present disclosure teaches the use of parent

strains as control host cells (e.g., the S1 strain that was used as the basis for the strain improvement
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program). In other embodiments, a host cell may be a genetically 1dentical cell that lacks a specific
promoter or SNP being tested 1n the treatment host cell.

[0168] As used herein, the term “allele(s)” means any of one or more alternative forms of a gene,
all of which alleles relate to at least one trait or characteristic. In a diploid cell, the two alleles of a
given gene occupy corresponding loci on a pair of homologous chromosomes.

[0169] As used herein, the term “locus™ (loci plural) means a specific place or places or a site on
a chromosome where for example a gene or genetic marker 1s found.

[0170] As used herein, the term “genetically linked” refers to two or more traits that are co-
inherited at a high rate during breeding such that they are difficult to separate through crossing.
[0171] A “recombination” or “recombination event” as used herein refers to a chromosomal
crossing over or independent assortment.

[0172] As used herein, the term “phenotype” refers to the observable characteristics of an
individual cell, cell culture, organism, or group of organisms which results from the interaction
between that individual’s genetic makeup (i.e., genotype) and the environment.

[0173] As used herein, the term “chimeric” or “recombinant” when describing a nucleic acid
sequence or a protein sequence refers to a nucleic acid, or a protein sequence, that links at least
two heterologous polynucleotides, or two heterologous polypeptides, into a single macromolecule,
or that re-arranges one or more elements of at least one natural nucleic acid or protein sequence.
For example, the term “recombinant” can refer to an artificial combination of two otherwise
separated segments of sequence, e.g., by chemical synthesis or by the manipulation of 1solated
segments of nucleic acids by genetic engineering techniques.

[0174] As used herein, a “synthetic nucleotide sequence” or “synthetic polynucleotide sequence”
1s a nucleotide sequence that 1s not known to occur 1n nature or that 1s not naturally occurring.
Generally, such a synthetic nucleotide sequence will comprise at least one nucleotide difference
when compared to any other naturally occurring nucleotide sequence.

[0175] As used herein, the term “nucleic acid” refers to a polymeric form of nucleotides of any
length, either ribonucleotides or deoxyribonucleotides, or analogs thereof. This term refers to the
primary structure of the molecule, and thus includes double- and single-stranded DNA, as well as
double- and single-stranded RNA. It also includes modified nucleic acids such as methylated
and/or capped nucleic acids, nucleic acids containing modified bases, backbone modifications, and

the like. The terms “nucleic acid” and “nucleotide sequence™ are used interchangeably.
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[0176] As used herein, the term “DNA scaffold” or “nucleic acid scatfold” refers to a nucleic
acid scaffold that 1s either artificially produced or a naturally occurring sequence that 1s repurposed
as a scaffold. In one embodiment of the present invention, the nucleic acid scaffold 1s a synthetic
deoxyribonucleic acid scatfold. The deoxyribonucleotides of the synthetic scatfold may comprise
purine and pyrimidine bases or other natural, chemically or biochemically modified, non-natural,
or derivatized deoxyribonucleotide bases. As described in more detail herein, the nucleic
acid scaffold of the present invention 1s utilized to spatially and temporally assemble and
immobilize two or more proteins involved 1n a biological pathway, 1.e. biosynthetic enzymes, to
create a functional complex. The assembly and immobilization of each biological pathway protein
on the scatfold occurs via the binding interaction between one of the protein-binding sequences,
1.e., protein docking sites, of the scatfold and a corresponding DNA-binding portion of a chimeric
biosynthetic enzyme. Accordingly, the nucleic acid scatfold comprises one or more subunits, each
subunit comprising two or more protein-binding sequences to accommodate the binding of two or
more different chimeric biological pathway proteins.

[0177] As used herein, a “DNA binding sequence” or “DNA binding site” refers to a specific
nucleic acid sequence that 1s recognized and bound by a DNA-binding domain portion of a
chimeric biosynthetic gene (e.g., chimeric biosynthetic enzyme) encoded by modified genes of the
present disclosure. Many DNA-binding domains and their cognate binding partner DNA
recognition sites (1.e., DNA binding sites) are well known 1n the art. For example, numerous zinc
finger binding domains and their corresponding DNA binding target sites are known 1n the art and
suttable for use 1n the present invention. Other DNA binding domains include, without limitation,
leucine zipper binding domains and their corresponding DNA binding sites, winged helix DNA
binding domains and their corresponding DNA binding sites, winged helix-turn-helix DNA
binding domains and their corresponding DNA binding sites, HMG-box DNA binding domains
and their corresponding DNA binding sequences, helix-loop-helix DNA binding domains and their
corresponding DNA binding sequences, and helix-turn-helix DNA binding domains and their
corresponding DNA binding sequences. Other known DNA binding domains with known DNA
binding sequences include the immunoglobulin DNA domain, B3 DNA binding domain, and TAL
effector DNA binding domains. Nucleic acid scaffold subunits of the present invention may

comprises any two or more of the aforementioned DNA binding sites.
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[0178] As used herein, the term “gene” refers to any segment of DNA associated with a biological
function. Thus, genes include, but are not limited to, coding sequences and/or the regulatory
sequences required for their expression. Genes can also include non-expressed DNA segments
that, for example, form recognition sequences for other proteins. Genes can be obtained from a
variety of sources, including cloning from a source of interest or synthesizing from known or
predicted sequence information, and may include sequences designed to have desired parameters.
[0179] As used herein, the term “homologous” or “homologue” or “ortholog™ or “orthologue” 1s
known 1n the art and refers to related sequences that share a common ancestor or family member
and are determined based on the degree of sequence 1dentity. The terms “homology,”
“homologous,” “substantially similar” and “corresponding substantially” are used interchangeably
herein. They refer to nucleic acid fragments wherein changes 1n one or more nucleotide bases do
not affect the ability of the nucleic acid fragment to mediate gene expression or produce a certain
phenotype. These terms also refer to modifications of the nucleic acid fragments of the instant
disclosure such as deletion or insertion of one or more nucleotides that do not substantially alter
the functional properties of the resulting nucleic acid fragment relative to the initial, unmodified
fragment. It 1s therefore understood, as those skilled in the art will appreciate, that the disclosure
encompasses more than the specific exemplary sequences. These terms describe the relationship
between a gene found 1n one species, subspecies, variety, cultivar or strain and the corresponding
or equivalent gene 1n another species, subspecies, variety, cultivar or strain. For purposes of this
disclosure homologous sequences are compared. “Homologous sequences” or “homologues” or
“orthologs™ are thought, believed, or known to be functionally related. A functional relationship
may be indicated 1in any one of a number of ways, including, but not limited to: (a) degree of
sequence 1dentity and/or (b) the same or similar biological function. Preferably, both (a) and (b)
are indicated. Homology can be determined using software programs readily available in the art,
such as those discussed 1n Current Protocols in Molecular Biology (F.M. Ausubel et al., eds., 1987)
Supplement 30, section 7.718, Table 7.71. Some alignment programs are MacVector (Oxtford
Molecular Ltd, Oxford, U.K.), ALIGN Plus (Scientific and Educational Software, Pennsylvania)
and AlignX (Vector NTI, Invitrogen, Carlsbad, CA). Another alignment program 1s Sequencher
(Gene Codes, Ann Arbor, Michigan), using default parameters.

[0180] As used herein, the term “endogenous” or “endogenous gene,” refers to the naturally

occurring gene, 1n the location 1n which 1t 1s naturally found within the host cell genome. In the
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context of the present disclosure, operably linking a heterologous promoter to an endogenous gene
means genetically inserting a heterologous promoter sequence 1n front of an existing gene, 1n the
location where that gene 1s naturally present. An endogenous gene as described herein can include
alleles of naturally occurring genes that have been mutated according to any of the methods of the
present disclosure.

[0181] As used herein, the term “exogenous” 1s used interchangeably with the term
“heterologous,” and refers to a substance coming from some source other than its native source.
For example, the terms “exogenous protein,” or “exogenous gene” refer to a protein or gene from
a non-native source or location, and that have been artificially supplied to a biological system.
[0182] As used herein, the term “nucleotide change” refers to, e.g., nucleotide substitution,
deletion, and/or insertion, as 1s well understood 1n the art. For example, mutations contain
alterations that produce silent substitutions, additions, or deletions, but do not alter the properties
or activities of the encoded protein or how the proteins are made.

[0183] As used herein, the term “protein modification” refers to, e.g., amino acid substitution,
amino acid modification, deletion, and/or insertion, as 1s well understood 1n the art.

[0184] As used herein, the term “at least a portion” or “fragment” of a nucleic acid or polypeptide
means a portion having the minimal size characteristics of such sequences, or any larger fragment
of the full length molecule, up to and including the full length molecule. A fragment of a
polynucleotide of the disclosure may encode a biologically active portion of a genetic regulatory
element. A biologically active portion of a genetic regulatory element can be prepared by 1solating
a portion of one of the polynucleotides of the disclosure that comprises the genetic regulatory
element and assessing activity as described herein. Similarly, a portion of a polypeptide may be 4
amino acids, 5 amino acids, 6 amino acids, 7 amino acids, and so on, going up to the full length
polypeptide. The length of the portion to be used will depend on the particular application. A
portion of a nucleic acid useful as a hybridization probe may be as short as 12 nucleotides; 1n some
embodiments, 1t 1s 20 nucleotides. A portion of a polypeptide usetul as an epitope may be as short
as 4 amino acids. A portion of a polypeptide that performs the function of the full-length
polypeptide would generally be longer than 4 amino acids.

[0185] Vanant polynucleotides also encompass sequences derived from a mutagenic and

recombinogenic procedure such as DNA shuftling. Strategies for such DNA shuftling are known

in the art. See, for example, Stemmer (1994) PNAS 91:10747-10751; Stemmer (1994) Nature
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370:389-391; Crameri ef al.(1997) Nature Biotech. 15:436-438; Moore et al.(1997) J. Mol. Biol.
272:336-347; Zhang et al.(1997) PNAS 94:4504-4509; Cramer1 et al.(1998) Nature 391:288-291;
and U.S. Patent Nos. 5,605,793 and 5,837,458.

[0186] For PCR amplifications of the polynucleotides disclosed herein, oligonucleotide primers
can be designed for use in PCR reactions to amplify corresponding DNA sequences from cDNA
or genomic DNA extracted from any organism of interest. Methods for designing PCR primers
and PCR cloning are generally known 1n the art and are disclosed 1n Sambrook et al.(2001)
Molecular Cloning: A Laboratory Manual (3™ ed., Cold Spring Harbor Laboratory Press,
Plainview, New York). See also Innis ef al., eds. (1990) PCR Protocols: A Guide to Methods and
Applications (Academic Press, New York); Innis and Gelfand, eds. (1995) PCR Strategies
(Academic Press, New York); and Innis and Gelfand, eds. (1999) PCR Methods Manual
(Academic Press, New York). Known methods of PCR include, but are not limited to, methods
using paired primers, nested primers, single specific primers, degenerate primers, gene-specific
primers, vector-specific primers, partially-mismatched primers, and the like.

[0187] The term “primer” as used herein refers to an oligonucleotide which 1s capable of annealing
to the amplification target allowing a DNA polymerase to attach, thereby serving as a point of
initiation of DNA synthesis when placed under conditions in which synthesis of primer extension
product 1s induced, i.e., 1n the presence of nucleotides and an agent for polymerization such as
DNA polymerase and at a suitable temperature and pH. The (amplification) primer 1s preferably
single stranded for maximum efficiency 1n amplification. Preferably, the primer 1s an
oligodeoxyribonucleotide. The primer must be sufficiently long to prime the synthesis of extension
products 1n the presence of the agent for polymerization. The exact lengths of the primers will
depend on many factors, including temperature and composition (A/T vs. G/C content) of primer.
A pair of bi-directional primers consists of one forward and one reverse primer as commonly used
in the art of DNA amplification such as in PCR amplification.

[0188] As used herein, “promoter” refers to a DNA sequence capable of controlling the expression
of a coding sequence or functional RNA. In some embodiments, the promoter sequ<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>