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METHODS AND ORGANISM EXPRESSING METSCHNIKOWIA GENES FOR
INCREASED ETHANOL PRODUCTION

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of priority of United States Provisional
Application No. 62/437,596, filed on December 21, 2016, the content of which isherein

incorporated by reference in its entirety.
FIELD

[0002] The present invention relates to the field of molecular biology and microbiology.
Provided herein are non-naturally occurring microbial organisms having increased xylose
metabolism and increased production of bioderived ethanol using xylose as a substrate, as

well as methods to produce ethanol using these microbial organisms.

REFERENCE TO SEQUENCE LISTING

[0003] The instant application contains a Sequence Listing which has been submitted in
ASCII format via EFS-Web and is hereby incorporated by reference in its entirety. Said
ASCII copy, created on December 19, 2017, isnamed 14305-006-228 Sequence_L isting.txt
and is 118,163 bytes in size.

BACKGROUND

[0004] Ethanol has a number of uses and ismost commonly used as afuel additive. Asa
fuel additive, ethanol isalow value product with much of the cost of its production attributed
tothe cost of raw materials. It would be desirable, therefore, to develop ethanologens and
fermentation processes for the production of ethanol from readily available, inexpensive
starting materials, such aslignocellulose. Xylose isan abundant sugar present in
lignocellulosic biomass, arenewable feedstock for producing bioderived ethanol. Most
microorganisms are able to ferment glucose but few have been reported to utilize xylose
efficiently and even fewer ferment this pentose to ethanol. Ethanol production from xylose is
limited by the absence or low natural xylose uptake and/or metabolism in microbial
organisms. Therefore, methods to confer or enhance xylose uptake and/or metabolism in
microbial organisms to increase the production of bioderived ethanol from xylose represent
unmet needs. The non-naturally occurring microbial organisms and methods provided herein

meet these needs and provide other related advantages.
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SUMMARY OF THE INVENTION

[0005] Provided herein are non-naturally occurring microbial organisms having axylose-
ethanol pathway and at least one exogenous nucleic acid encoding an enzyme or protein
expressed in a sufficient amount to confer or enhance xylose uptake or metabolism, wherein
the enzyme or protein has an amino acid sequence that is at least 89% identical to a
Metschnikowia enzyme or protein such as axylose transporter, axylose reductase, axylose
dehydrogenase, or axylulokinase. The Metschnikowia species can be H OMetschnikowia

Species.

[0006] In some embodiments, the non-naturally occurring microbial organism can have at
least two exogenous nucleic acids encoding two enzymes or proteins selected from the group
consisting of axylose transporter, axylose reductase, axylose dehydrogenase and a
xylulokinase. In some embodiments, the non-naturally occurring microbia organism can
have at least three exogenous nucleic acids encoding three enzymes or proteins selected from
the group consisting of axylose transporter, axylose reductase, axylose dehydrogenase and a
xylulokinase. In some embodiments, the non-naturally occurring microbia organism can
have at least four exogenous nucleic acids encoding the four enzymes or proteins of axylose

transporter, axylose reductase, axylose dehydrogenase and a xylulokinase.

[0007] In some embodiments, the non-naturally occurring microbial organism provided
herein can have at least one exogenous nucleic acid encoding an enzyme or protein having an
amino acid sequence that is at least 89% identical with a Metschnikowia xylose transporter
such as Xytlp, Gxflp, AGxflp, Gxf2p/Gal2p, Gxslp/Hgtl2p, AGxslp/AHgti2p, Hxt5p,
Hxt2.6p, Qup2p, or Apsip/Hgtl9p. In some embodiments, the non-naturally occurring
microbia organism provided herein can have at least one exogenous nucleic acid encoding an
enzyme or protein that is aMetschnikowia xylose transporter such as Xytlp, Gxflp, AGxflp,
Gxf2p/Gal2p, Gxslp/Hgtl2p, AGxsp/AHgtl2p, Hxt5p, Hxt2.6p, Qup2p, or Apsip/Hgtl9p.
The xylose transporter can be Xytlp. The xylose transporter can be Gxflp. The xylose
transporter can be Apslp/Hgtl9p. The Metschnikowia species can be H OMetschnikowia

Species.

[0008] In some embodiments, the non-naturally occurring microbial organisms provided
herein can have at least one exogenous nucleic acid encoding an enzyme or protein that has
an amino acid sequence that is at least 89% identical to aMetschnikowia enzyme or protein
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such as a xylose transporter, axylose reductase, axylose dehydrogenase, or a xylulokinase,
wherein the xylose reductase is Xyllp, the xylose dehydrogenase is Xyl2p, and the
xylulokinase is Xkslp. The Metschnikowia species can be H OMetschnikowia species.

[0009] In some embodiments, the non-naturally occurring microbial organism can further
include at least one exogenous nucleic acid encoding atransketolase, atransaldolase, or both.
The transketolase can be Tkllp. The transaldolase can be Tallp.

[0010] In some embodiments, the exogenous nucleic acid can be codon-optimized to
produce the enzyme or protein to confer or enhance xylose uptake or metabolism in the host
microbia organism. The exogenous nucleic acid can be a heterologous nucleic acid. The
exogenous nucleic acid can beincluded in an expression vector. The exogenous nucleic acid

can aso be integrated into the genome of the microbial organism.

[0011] In some embodiments, the non-naturally occurring microbial organism provided
herein can further include one or more gene disruptions occurring in genes encoding an
enzyme or protein that reduces xylose metabolism or enhances ethanol metabolism. In some
embodiments, the microbial organism can have a disruption in the gene encoding

phosphatase Phol 3p.

[0012] In some embodiments, the non-naturally occurring microbial organism provided
herein can include one or more gene disruptions occurring in genes encoding an enzyme or
protein such as an ethanol dehydrogenase, an acetaldehyde dehydrogenase, or an acetate coA-
transferase. In some embodiments, the microbial organism can have agene disruption
occurring in genes encoding an acetaldehyde dehydrogenase. The ethanol dehydrogenase can
be Adh2p. The acetaldehyde dehydrogenase can be Ald2p. The acetate coA-transferase can
be Acdlp.

[0013] Provided herein are non-naturally occurring microbial organisms having axylose-
ethanol pathway and at least one exogenous nucleic acid encoding an enzyme or protein
expressed in a sufficient amount to confer or enhance xylose uptake or metabolism. The
microbia organism can bein a substantially anaerobic culture medium. The non-naturally

occurring microbial organism can be a species of bacteria or yeast.

[0014] In some embodiments, the microbial organism can be a species of ayeast such as

Saccharomyces cerevisiae, Schizosaccharomyces pombe, Candida albicans, Candida
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tropicalis, Debaryomyces hansenii, Kluyveromyces lactis, Kluyveromyces marxianus,
Aspergillus terreus, Aspergillus niger, Chlamydomonas reinhardtii, Pichia pastoris,

Rhizopus arrhizus, Rhizobus oryzae, Trichoderma reesei, or Yarrowia lipolytica.

[0015] In some embodiments, the microbia organism can be a species of abacteria such
asEscherichia cali, Klebsiella oxytoca, Anaerobiospirillum succiniciproducens,
Actinobacillus succinogenes, Mannheimia succiniciproducens, Rhizobium etli, Bacillus
subtilis, Corynebacterium glutamicum, Gluconobacter oxydans, Zymomonas mobilis,
Lactococcus lactis, Lactobacillus plantarum, Sreptomyces coelicolor, Clostridium

acetobutylicum, Pseudomonasfluorescens, or Pseudomonas putida.

[0016] Provided herein isalso amethod for producing ethanol including culturing the
microbial organism described herein under conditions and for a sufficient period of time to
produce ethanol. The microbial organism can be cultured in medium having xylose and a co-
substrate such as cellobiose, hemicellulose, glycerol, galactose, glucose, or a combination
thereof. The microbial organism can be cultured in substantially anaerobic culturing
conditions. The microbia organism can be cultured in batch cultivation, fed-batch

cultivation or continuous cultivation.

[0017] In some embodiments, the method can further include separating ethanol from

other components in the culture. The separation method can include extraction, continuous
liquid-liquid extraction, pervaporation, membrane filtration, membrane separation, reverse
osmosis, electrodialysis, distillation, crystallization, centrifugation, extractive filtration, ion

exchange chromatography, absorption chromatography, or ultrafiltration.

[0018] In some embodiments, the methods provided herein has conversion efficiency of
ethanol from xylose of at least 0.25 g ethanol/g xylose. In some embodiments, the methods
provided herein produces ethanol a arate of a least 0.5 g/L/h.

[0019] Also provided herein isabioderived ethanol produced using methods described
herein. The bioderived ethanol can have glycerol, acetate, glyceraldehyde, acetaldehyde or a

combination thereof asimpurities.

[0020] Also provided herein isacomposition having the bioderived ethanol described
herein. The composition can be culture medium. The composition can bethe culture

medium with the microbial organism removed.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIG. 1showsthat the expression of HOXYT1 in 5. cerevisiae increased the xylose
transport from about 10% to about 74% (48 hours).

[0022] FIG. 2 shows axylose metabolic pathway. Asshown, xylose isreduced to xylitol
by an NAD[P]H+ linked xylose reductase (XR, e.g., Xyllp), and the xylitol isoxidized to
xylulose by an NAD+ linked xylitol dehydrogenase (XDH, e.g., Xyl2p). D-xylulokinase
{e.g., Xkslp) phosphorylates D-xylulose to form D-xyluose-5-phosphate (X5P).
Transketolase {e.g., Tkllp) catalyzes conversion of xylulose-5-phosphate and ribose-5-
phosphate to sedoheptul ose-7-phosphate and glyceraldehyde-3 -phosphate, and transaldolase
{e.g., Talp) converts sedoheptulose 7-phosphate and glyceraldehyde 3-phosphate to
erythrose 4-phosphate and fructose 6-phosphate. Erythrose 4-phosphate isrecycled to the
pentose phosphate pathway (PPP), and fructose 6-phosphate can be metabolized further to
produce ethanol via glycolysis pathway.

[0023] FIG. 3 shows the xylose-ethanol pathway aswell as ethanol metabolic pathway.
As shown, increased xylose metabolism can lead to increased ethanol production. Inthe
meantime, the endogenous ethanol metabolic pathways can convert ethanol to acetyl-CoA
through alcohol dehydrogenase (ADH), which catalyzes the conversion of alcohol to
acetaldehyde, adehyde dehydrogenase (ALD), which catalyzes the conversion of
acetaldehyde to acetate, acetate coA-transferase (ACS), which catalyzes the conversion of
acetate to acetyl-CoA. Reduction of the endogenous ethanol metabolism can increase the

ethanol production from xylose by microbia organism.
DETAILED DESCRIPTION

[0024] Provided herein are non-naturally occurring microbia organisms having enhanced
xylose uptake and/or metabolism, and axylose-ethanol pathway that converts xylose to
ethanol. Some Metschnikowia species, e.g. the H OMetschnikowia species, have arobust
xylose uptake and metabolism machinery, and can consume and metabolize xylose asits sole
carbon source. Heterologous expression of enzymes or proteins constituting the xylose
uptake and metabolism machinery of these Metschnikowia species in ahost microbial
organism {e.g. S. cerevisiae) can confer or enhance xylose uptake and/or metabolism in the
host microbial organism, alowing it to consume xylose and to produce ethanol from xylose

through the xylose-ethanol pathway.
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[0025] Asused herein, the term "non-naturally occurring,” when used in reference to a
microbial organism or microorganism described herein isintended to mean that the microbial
organism has at least one genetic ateration not normally found in a naturally occurring strain
of the referenced species, including wild-type strains of the referenced species. Genetic
aterations include, for example, modifications introducing expressible nucleic acids
encoding metabolic polypeptides, other nucleic acid additions, nucleic acid deletions and/or
other functional disruption of the microbial organism's genetic material. Such modifications
include, for example, coding regions and functional fragments thereof, for heterologous,
homologous or both heterologous and homologous polypeptides for the referenced species.
Additional modifications include, for example, non-coding regulatory regions in which the
modifications alter expression of agene or operon. Exemplary metabolic polypeptides

include enzymes or proteins within an ethanol biosynthetic pathway.

[0026] Asused herein, the terms "microbial,” "microbial organism" or "microorganism”
are intended to mean any organism that exists as amicroscopic cell that isincluded within the
domains of archaea, bacteria or eukarya. Therefore, the term isintended to encompass
prokaryotic or eukaryotic cells or organisms having amicroscopic size and includes bacteria,
archaea and eubacteria of all species aswell as eukaryotic microorganisms such asyeast and
fungi. Theterm also includes cell cultures of any species that can be cultured for the

production of abiochemical.

[0027] Asused herein, the term "isolated" when used in reference to amicrobial
organism isintended to mean an organism that is substantially free of at least one component
asthe referenced microbial organism isfound in nature. The term includes a microbial
organism that isremoved from some or al components asit isfound in its natural
environment. The term aso includes amicrobial organism that isremoved from some or al
components asthe microbial organism isfound in non-naturally occurring environments.
Therefore, an isolated microbial organism ispartly or completely separated from other
substances asit isfound in nature or asit isgrown, stored or subsisted in non-naturally
occurring environments. Specific examples of isolated microbial organisms include partially
pure microbes, substantially pure microbes and microbes cultured in a medium that is non-

naturally occurring.

[0028] Asused herein, the terms "exogenous' isintended to mean that the referenced

molecule or the referenced activity isintroduced into the host microbial organism. The
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molecule can be introduced, for example, by introduction of an encoding nucleic acid into the
host genetic material such as by integration into ahost chromosome or as non-chromosomal
genetic material such asaplasmid. Therefore, the term asit isused in reference to
expression of an encoding nucleic acid refers to introduction of the encoding nucleic acid in
an expressible form into the microbial organism. When used in reference to a biosynthetic
activity, the term refers to an activity that isintroduced into the host reference organism. The
source can be, for example, a homologous or heterologous encoding nucleic acid that
expresses the referenced activity following introduction into the host microbia organism.
Therefore, the term "endogenous’ refers to areferenced molecule or activity that ispresent in
the host. Similarly, the term when used in reference to expression of an encoding nucleic
acid refers to expression of an encoding nucleic acid contained within the microbial

organism. Theterm "heterologous’ refers to amolecule or activity derived from a source
other than the referenced species whereas "homologous' refers to amolecule or activity
derived from the host microbial organism. Accordingly, exogenous expression of an
encoding nucleic acid of the invention can utilize either or both a heterologous or

homologous encoding nucleic acid.

[0029] It isunderstood that when more than one exogenous nucleic acid isincluded in a
microbial organism that the more than one exogenous nucleic acids refers to the referenced
encoding nucleic acid or biosynthetic activity, as discussed above. It isalso understood that a
microbial organism can have one or multiple copies of the same exogenous nucleic acid. It
isfurther understood that the more than one exogenous nucleic acids can be introduced into
the host microbial organism on separate nucleic acid molecules, on polycistronic nucleic acid
molecules, or a combination thereof, and still be considered as more than one exogenous
nucleic acid. For example, as disclosed herein amicrobial organism can be engineered to
express two or more exogenous nucleic acids encoding a desired pathway enzyme or protein.
In the case where two exogenous nucleic acids encoding a desired activity are introduced into
ahost microbia organism, it isunderstood that the two exogenous nucleic acids can be
introduced as a single nucleic acid, for example, on a single plasmid, on separate plasmids,
can be integrated into the host chromosome at a single site or multiple sites, and still be
considered astwo exogenous nucleic acids. Similarly, it isunderstood that more than two
exogenous nucleic acids can be introduced into ahost organism in any desired combination,
for example, on asingle plasmid, on separate plasmids, can beintegrated into the host

chromosome at a single site or multiple sites, and still be considered astwo or more
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exogenous nucleic acids, for example three exogenous nucleic acids. Thus, the number of
referenced exogenous nucleic acids or biosynthetic activities refers to the number of encoding
nucleic acids or the number of biosynthetic activities, not the number of separate nucleic

acids introduced into the host organism.

[0030] Asused herein, the term "xylose" refers to afive carbon monosaccharide with a
formyl functional group having the chemical formula of cs5H1005, aMolar mass of 150.13
g/mol, and one IUPAC name of (3i?,45',5i?)-oxane-2,3,4,5-tetrol. Xylose isaso known in
the art as D-xylose, D-xylopyranose, xyloside, d-(+)-xylose, xylopyranose, wood sugar,

xylomed and D-xylopentose.

[0031] Asused herein, the term "xylose-ethanol pathway" when used in connection with
amicrobial organism refers to ametabolic pathway that uses xylose asthe substrate to
produce ethanol. The xylose-ethanol pathway can include multiple enzymes or proteins
catalyzing different stepsin the production of ethanol from xylose, including, (1) axylose
transporter that allows the uptake of xylose, (2) enzymes or proteins of the xylose metabolic
pathway including axylose reductase, axylitol dehydrogenase, axylulokinase, a
transketolase and atransaldolase that together convert xylose to xylulose-5-phosphate.
Xylulose-5-phosphate is combined with ribose-5-phosphate to yield glyceraldehyde-3 -
phosphate and sedoheptul ose-7-phosphate which are subsequently converted to erythrose-4-
phosphate and fructose-6-phosphate, and (3) enzymes or proteins of the glycolysis and
fermentation pathways that further metabolize glyceraldehyde-3 -phosphate and fructose-6-
phosphate to produce ethanol. The xylose-ethanol pathway can also include enzymes or

proteins that recycle glyceraldehyde-3 -phosphate and xylulose-5-phosphate back into PPP.

[0032] These enzymes or proteins can be endogenous or exogenous to the microbial
organism. The xylose-ethanol pathway isan "endogenous’ pathway to the host microbial
organism if the xylose-ethanol pathway includes only endogenous enzymes or proteins. The
xylose-ethanol pathway isan "exogenous' pathway to the host microbial organism if the
xylose-ethanol pathway includes one or more exogenous enzymes or proteins. An exogenous

xylose-ethanol pathway can also include endogenous enzymes or proteins.

[0033] Asused herein, the term "Metschnikowia species' refers to any species of yeast
that falls within the Metschnikowia genus. Exemplary Metschnikowia species include, but

are not limited to, Metschnikowiapulcherrima, Metschnikowiafructicola, Metschnikowia
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chrysoperlae, Metschnikowia reukaufii, Metschnikowia andauensis, Metschnikowia sinensis,
Metschnikowia shanxiensis, Metschnikowia zzyphicola, Metschnikowia bicuspidata,
Metschnikowia lunata, Metschnikowia zobellii, Metschnikowia australis, Metschnikowia
agaveae, Metschnikowia gruessii, Metschnikowia hawaiiensis, Metschnikowia krissii,
Metschnikowia sp. strain NS-O-85, Metschnikowia sp. strain NS-O-89 and the unique
Metschnikowia species described herein Metschnikowia sp. HO, alternatively referred to as
the "H 0 Metschnikowia species.” The Metschnikowia species described herein, i.e., theH O
Metschnikowia species, isanewly discovered species, which isdesignated Accession No.
081 116-01, was deposited at International Depositary Authority of Canada ("IDAC"), an
International Depositary Authority, at the address of 1015 Arlington Street, Winnipeg,
Manitoba, Canada R3E 3R2, on November 8, 2016, under the terms of the Budapest Treaty.

[0034] Asused herein, the term "attenuate,” or grammatical equivalents thereof, is
intended to mean to weaken, reduce or diminish the activity or amount of an enzyme or
protein. Attenuation of the activity or amount of an enzyme or protein can mimic complete
disruption if the attenuation causes the activity or amount to fall below acritical level
required for agiven pathway to function. However, the attenuation of the activity or amount
of an enzyme or protein that mimics complete disruption for one pathway, can still be
sufficient for a separate pathway to continue to function. For example, attenuation of an
endogenous enzyme or protein can be sufficient to mimic the complete disruption of the same
enzyme or protein for production of aparticular product, but the remaining activity or amount
of enzyme or protein can still be sufficient to maintain other pathways or reactions, such asa
pathway that iscritical for the host microbial organism to survive, reproduce or grow.
Attenuation of an enzyme or protein can also beweakening, reducing or diminishing the
activity or amount of the enzyme or protein in an amount that is sufficient to increase yield of

ethanol, but does not necessarily mimic complete disruption of the enzyme or protein.

[0035] Asused herein, the term "genetic modification,” "gene disruption,” or
grammatical equivalents thereof, isintended to mean agenetic alteration that renders the
encoded gene product functionally inactive, or active but attenuated. The genetic alteration
can be, for example, deletion of the entire gene, deletion of aregulatory sequence required for
transcription or tranglation, deletion of a portion of the gene that results in atruncated gene
product, or by any of the various mutation strategies that inactivate or attenuate the encoded

gene product well known in the art. One particularly useful method of gene disruption is
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complete gene deletion because it reduces or eliminates the occurrence of genetic reversions
in the non-naturally occurring microorganisms of the invention. A gene disruption also
includes anull mutation, which refers to a mutation within agene or aregion containing a
gene that results in the gene not being transcribed into RNA and/or translated into a
functional gene product. Such anull mutation can arise from many types of mutations
including, for example, inactivating point mutations, deletion of a portion of agene, entire

gene deletions, or deletion of chromosomal segments.

[0036] Asused herein, the term "overexpression” or grammatical equivalents thereof, is
intended to mean the expression of a gene product (e.g., ribonucleic acids (RNA), protein or
enzyme) in an amount that is greater than isnormal for ahost microbial organism, or & a
time or location within the host microbia organism that is different from that of wild-type

expression.

[0037] The non-naturally occurring microbal organisms provided herein can contain
stable genetic aterations, which refers to microorganisms that can be cultured for greater than
five generations without loss of the alteration. Generally, stable genetic alterations include
modifications that persist greater than 10 generations, particularly stable modifications will
persist more than about 25 generations, and more particularly, stable genetic modifications
will be greater than 50 generations, including indefinitely.

[0038] In the case of gene disruptions, a particularly useful stable genetic alterationisa
gene deletion. The use of agene deletion to introduce a stable genetic alteration is
particularly useful to reduce the likelihood of areversion to a phenotype prior to the genetic
alteration. For example, stable growth-coupled production of abiochemical can be achieved,
for example, by deletion of agene encoding an enzyme catalyzing one or more reactions
within a set of metabolic modifications. The stability of growth-coupled production of a
biochemical can be further enhanced through multiple deletions, significantly reducing the
likelihood of multiple compensatory reversions occurring for each disrupted activity.

[0039] Those skilled in the art will understand that the genetic alterations, including
metabolic modifications exemplified herein, are described with reference to a suitable host
organism such as5. cerevisiae and their corresponding metabolic reactions or a suitable
source organism for desired genetic material such as genes for a desired metabolic pathway.
However, given the complete genome sequencing of awide variety of organisms and the high

10
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level of skill inthe area of genomics, those skilled in the art will readily be able to apply the
teachings and guidance provided herein to essentially all other organisms. For example, the
5. cerevisiae metabolic alterations exemplified herein can readily be applied to other species
by incorporating the same or analogous encoding nucleic acid from species other than the
referenced species. Such genetic alterations include, for example, genetic alterations of
species homologs, in general, and in particular, orthologs, paralogs or nonorthologous gene

displacements.

[0040] An ortholog is agene or genes that are related by vertical descent and are
responsible for substantially the same or identical functions in different organisms. For
example, mouse epoxide hydrolase and human epoxide hydrolase can be considered
orthologs for the biological function of hydrolysis of epoxides. Genes are related by vertical
descent when, for example, they share sequence similarity of sufficient amount to indicate
they are homologous, or related by evolution from acommon ancestor. Genes can also be
considered orthologs if they share three-dimensional structure but not necessarily sequence
similarity, of a sufficient amount to indicate that they have evolved from a common ancestor
to the extent that the primary sequence similarity isnot identifiable. Genesthat are
orthologous can encode proteins with sequence similarity of about 25% to 100% amino acid
sequence identity. Genes encoding proteins sharing an amino acid similarity less that 25%
can also be considered to have arisen by vertical descent if their three-dimensional structure
also shows similarities. Members of the serine protease family of enzymes, including tissue
plasminogen activator and elastase, are considered to have arisen by vertical descent from a

common ancestor.

[0041] Orthologs include genes or their encoded gene products that through, for example,
evolution, have diverged in structure or overall activity. For example, where one species
encodes a gene product exhibiting two functions and where such functions have been
separated into distinct genes in a second species, the three genes and their corresponding
products are considered to be orthologs. For the production of abiochemical product, those
skilled in the art will understand that the orthologous gene harboring the metabolic activity to
be introduced or disrupted isto be chosen for construction of the non-naturally occurring
microorganism. An example of orthologs exhibiting separable activities iswhere distinct
activities have been separated into distinct gene products between two or more species or

within asingle species. A specific example isthe separation of elastase proteolysis and
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plasminogen proteolysis, two types of serine protease activity, into distinct molecules as
plasminogen activator and elastase. A second example isthe separation of mycoplasma 5'-3'
exonuclease and Drosophila DNA polymerase |11 activity. The DNA polymerase from the
first species can be considered an ortholog to either or both of the exonuclease or the

polymerase from the second species and vice versa.

[0042] In contrast, paralogs are homologs related by, for example, duplication followed
by evolutionary divergence and have similar or common, but not identical functions.

Paralogs can originate or derive from, for example, the same species or from a different
species. For example, microsomal epoxide hydrolase (epoxide hydrolase I) and soluble
epoxide hydrolase (epoxide hydrolase Il) can be considered paralogs because they represent
two distinct enzymes or proteins, co-evolved from acommon ancestor, that catalyze distinct
reactions and have distinct functions in the same species. Paralogs are proteins from the
same species with significant sequence similarity to each other suggesting that they are
homologous, or related through co-evolution from a common ancestor. Groups of paralogous

protein families include HipA homologs, luciferase genes, peptidases, and others.

[0043] A nonorthologous gene displacement is anonorthologous gene from one species
that can substitute for areferenced gene function in a different species. Substitution includes,
for example, being able to perform substantialy the same or a similar function in the species
of origin compared to the referenced function in the different species. Although generally, a
nonorthologous gene displacement will be identifiable as structurally related to a known gene
encoding the referenced function, less structurally related but functionally similar genes and
their corresponding gene products nevertheless will still fall within the meaning of the term
asitisused herein. Functional similarity requires, for example, at least some structural
similarity in the active site or binding region of a nonorthologous gene product compared to a
gene encoding the function sought to be substituted. Therefore, a nonorthologous gene

includes, for example, aparalog or an unrelated gene.

[0044] Therefore, in identifying and constructing the non-naturally occurring microbial
organisms of the invention having biosynthetic capability, those skilled in the art will
understand with applying the teaching and guidance provided herein to a particular species
that the identification of metabolic modifications can include identification and inclusion or
inactivation of orthologs. To the extent that paralogs and/or nonorthologous gene

displacements are present in the referenced microorganism that encode an enzyme catalyzing
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asimilar or substantially similar metabolic reaction, those skilled in the art also can utilize
these evolutionally related genes. Similarly for agene disruption, evolutionally related genes
can aso be disrupted or deleted in ahost microbial organism to reduce or eliminate

functional redundancy of enzymatic activities targeted for disruption.

[0045] Orthologs, paralogs and nonorthologous gene displacements can be determined by
methods well known to those skilled inthe art. For example, inspection of nucleic acid or
amino acid sequences for two polypeptides will reveal sequence identity and similarities
between the compared sequences. Based on such similarities, one skilled in the art can
determine if the similarity is sufficiently high to indicate the proteins are related through
evolution from a common ancestor. Algorithms well known to those skilled in the art, such
asAlign, BLAST, Clustal W and others compare and determine araw sequence similarity or
identity, and also determine the presence or significance of gaps in the sequence which can be
assigned aweight or score. Such agorithms also are known inthe art and are similarly
applicable for determining nucleotide sequence similarity or identity. Parameters for
sufficient similarity to determine relatedness are computed based on well known methods for
calculating statistical similarity, or the chance of finding a similar match in arandom
polypeptide, and the significance of the match determined. A computer comparison of two or
more sequences can, if desired, also be optimized visually by those skilled in the art. Related
gene products or proteins can be expected to have ahigh similarity, for example, 25% to
100% sequence identity. Proteins that are unrelated can have an identity which is essentialy
the same aswould be expected to occur by chance, if a database of sufficient size is scanned
(about 5%). Sequences between 5% and 24% may or may not represent sufficient homology
to conclude that the compared sequences are related. Additional statistical analysis to
determine the significance of such matches given the size of the data set can be carried out to

determine the relevance of these sequences.

[0046] Exemplary parameters for determining relatedness of two or more sequences
using the BLAST algorithm, for example, can be as set forth below. Briefly, amino acid
sequence alignments can be performed using BLASTP version 2.0.8 (Jan-05-1999) and the
following parameters. Matrix: 0 BLOSUMG62; gap open: 11; gap extension: 1; X_dropoff: 50;
expect: 10.0; wordsize: 3; filter: on. Nucleic acid sequence alignments can be performed
using BLASTN version 2.0.6 (Sept-16-1998) and the following parameters: Match: 1;

mismatch: -2; gap open: 5; gap extension: 2; x_dropoff: 50; expect: 10.0; wordsize: 11; filter:
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off. Those skilled in the art will know what modifications can be made to the above
parameters to either increase or decrease the stringency of the comparison, for example, and

determine the relatedness of two or more sequences.

[0047] Asused herein, the term "medium,” "culture medium," "growth medium" or
grammatical equivalents thereof refersto aliquid or solid (e.g., gelatinous) substance
containing nutrients that supports the growth of acell, including any microbia organism
species described herein. Nutrients that support growth include: a substrate that supplies
carbon, such as, but are not limited to, xylose, cellobiose, hemicelluloses, glycerol, galactose
and glucose; saltsthat provide essential elements including magnesium, nitrogen,
phosphorus, and sulfur; and a source for amino acids, such as peptone or tryptone; and a
source for vitamin content, such asyeast extract. Examples of medium include yeast extract
peptone (YEP) medium and yeast nitrogen base (YNB) medium having a carbon source such
as, but not limited to xylose, glucose, cellobiose, galactose, or glycerol, or a combination
thereof. The formulations of YEP and YNB medium are well known in the art. For example,
Y EP medium having 4% xylose includes, but isnot limited to, yeast extract 1.0 g, peptone
2.0 g, xylose 4.0 g, and 100 ml water. Asanother example, YNB medium having 2% glucose
and 2% xylose includes, but isnot limited to, biotin 2 pg, calcium pantothenate 400 pg, folic
acid 2 ug, inositol 2000 pg, niacin 400 pg, paminobenzoic acid 200 pg, pyridoxine
hydrochloride 400 g, riboflavin 200 g, thiamine hydrochloride 400 pg, boric acid 500 pg,
copper sulfate 40 ug, potassium iodide 100 g, ferric chloride 200 pg, manganese sulfate 400
Hg, sodium molybdate 200 pg, zinc sulfate 400 pg, potassium phosphate monobasic 14,
magnesium sulfate 500 mg, sodium chloride 100 mg, calcium chloride 100 mg, 20 g glucose,
20 g, xylose and 1L water. The amount of the carbon source in the medium can be readily
determined by aperson skilled inthe art. When more than one substrate that supplies carbon
ispresent in the medium, these are referred to as"co-substrates.” Medium can also include
substances other than nutrients needed for growth, such as a substance that only allows select
cellsto grow (e.g., antibiotic or antifungal), which are generally found in selective medium,
or a substance that allows for differentiation of one microbial organism over another when
grown on the same medium, which are generally found in differential or indicator medium.

Such substances are well known to aperson skilled in the art.

[0048] Asused herein, the term "aerobic" when used in reference to a culture or growth

condition isintended to mean that the free oxygen (0 ,) is available in the culture or growth
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condition. The term "anaerobic" when used in reference to a culture or growth conditionis
intended to mean that the culture or growth condition lacks free oxygen (02). Theterm
"substantially anaerobic" when used in reference to a culture or growth condition isintended
to mean that the amount of dissolved oxygen in aliquid medium isless than about 10% of
saturation. The term also isintended to include sealed chambers maintained with an
atmosphere of less than about 1% oxygen that include liquid or solid medium.

[0049] Asused herein, the term "bioderived" means derived from or synthesized by a
biological organism and can be considered arenewable resource since it can be generated by
abiologica organism. Such abiological organism, in particular the microbial organism
disclosed herein, can utilize feedstock or biomass, such as, sugars (e.g., xylose, glucose,
fructose, galactose, sucrose, and arabinose), carbohydrates obtained from an agricultural,

plant, bacterial, or animal source, and glycerol.

[0050] Asused herein, the term "biobased" means a product is composed, inwhole or in
part, of abioderived compound. A biobased or bioderived product isin contrast to a
petroleum derived product, wherein such a product is derived from or synthesized from
petroleum or a petrochemical feedstock.

[0051] Provided herein are non-naturally occurring microbia organisms having axylose-
ethanol pathway that produces ethanol from xylose. Asshown in FIG. 2, acomplete xylose-
ethanol pathway include enzymes or proteins catalyzing different steps of the production of
ethanol from xylose, including, (1) axylose transporter (e.g. Xytl), (2) enzymes or proteins
of the xylose metabolic pathway including xylose reductase (e.g. Xyllp), xylose
dehydrogenase (e.g. Xyl2p), xylulokinase (e.g. Xkslp), transketolase (e.g. Tkllp), and
transaldolase (e.g. Tallp) that together convert xylose to erythrose 4-phosphate and fructose
6-phosphate, which can feed into the PPP and the glycolysis pathways, and (3) enzymes or
proteins of the glycolysis and fermentation pathways that further metabolize fructose 6-
phosphate to produce ethanol. For example, in Saccharomyces, an exemplary model of
fermentation, glucose i s converted to fructose-6-phosphate by hexokinases (e.g. Hxklp,
Hxk2p) and phosphoglucoisomerase (e.g. Pgilp), which isfurther converted to ethanol.
Starting from xylose asthe carbon source for ethanol production, these two steps can be
skipped. In an exemplary xylose-ethanol pathway, fructose-6-phosphate generated from the
xylose metabolic pathway and from PPP is converted to fructose- 1,6-bisphosphate by
phosphofructokinases (e.g. Pfklp, Pfk2p). Fructose 1,6-bisphosphate aldolase (Fbalp)
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converts fructose- 1,6-bisphosphate into glycera dehyde-3-phosphate (G3P) and dihydroxy-
acetone-phosphate (DHAP). DHAP isthen converted to G3P by triosephosphate isomerase
(e.g. Tpilp), ultimately, shunting carbon into ethanol. The G3P is converted to 3-phospho-D-
glyceroyl-phosphate by glyceraldehyde-3-phosphate dehydrogenases (e.g. Tdhlp, Tdh2p,
Tdh3p). The resulting molecule i s phosphorylated by 3-phosphogly cerate kinase (e.g. Pgkip)
yielding 3-phosphogly cerate. The phosphate of this molecule is shifted to carbon 2 by
phosphoglycerate mutase (e.g. Gpmlp) yielding 2-phosphogly cerate. Enolases (e.g. Enolp,
Eno2p) convert 2-phospogly cerate to phosphoenol pyruvate. Pyruvate kinases (e.g. Cdcl9p,
Pyk2p) generate pyruvate from phosphoenolpyruvate, concomitantly yielding ATP.

Pyruvate is decarboxylated by pyruvate decarboxylases (e.g. Pdclp, Pdc5p, Pdc6ép) toyield
acetaldehyde. The acetaldehyde isreduced by alcohol dehydrogenases (e.g. Adhlp, Adh2p,
Adh3p, Adh4dp, Adh5p) to ethanol. Adhlp isthe isoform responsible for most acetaldehyde
to ethanol production. The xylose-ethanol pathway can also include enzymes or proteins that
recycle erythrose 4-phosphate to PPP.

[0052] In some embodiments, the non-naturally occurring microbial organisms provided
herein are generated from host organisms having a complete endogenous xylose-ethanol
pathway and naturally producing ethanol from xylose. These microbial organisms can be
engineered to have enhanced xylose uptake by increasing either the activity and/or level of its
xylose transporter. These microbia organisms can also be engineered to have enhanced
xylose metabolism by increasing either the activity and/or level of the enzymes or proteins of
the endogenous xylose metabolic pathway. In some embodiments, additional copies of genes
encoding the endogenous enzymes or proteins can be expressed in the microbia organisms.
In some embodiments, one or more heterologous genes encoding an enzyme or protein
having similar or same activity asthe enzyme(s) of the endogenous pathway can be
expressed. The microbial organisms can also be engineered to have axylose-ethanol

pathway that is different from its endogenous pathway(s) by heterologously expressing
enzymes or proteins required by the pathway.

[0053] In some embodiments, the non-naturally occurring microbial organisms provided
herein are generated from host organisms that lack one or more enzymes or proteins required
for the xylose-ethanol pathway and do not naturally produce ethanol from xylose. These
microbial organisms can be engineered to have axylose-ethanol pathway by heterologously

expressing any missing enzymes or proteins from the endogenous xylose-ethanol pathway.
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These microbia organisms can be engineered to have enhanced xylose uptake by increasing
either the activity or level of its xylose transporter. It isunderstood that in addition to
heterologously expressing the missing enzymes or proteins, the microbial organisms can also
be engineered to have increased activity and/or level of its endogenous enzymes or proteins
to further enhance the activity of its xylose-ethanol pathways.

[0054] The disclosures provide non-naturally occurring microbial organisms provided
herein have axylose-ethanol pathway and at least one exogenous nucleic acid encoding an
enzyme or protein expressed in a sufficient amount to confer and/or enhance xylose uptake
and/or xylose metabolism, wherein the enzyme or protein has an amino acid sequence that is
at least 30% identical to aMetschnikowia enzyme or protein selected from the group
consisting of axylose transporter, axylose reductase, axylose dehydrogenase and a
xylulokinase. The microbial organisms provided herein can further have an exogenous
nucleic acid encoding atransketolase, atransaldolase, or both. In some embodiments, the
microbial organisms have at least two exogenous nucleic acids encoding two enzymes or
proteins expressed in a sufficient amount to confer or enhance xylose uptake and/or xylose
metabolism. In some embodiments, the microbial organisms have at least three exogenous
nucleic acids encoding three enzymes or proteins expressed in a sufficient amount to confer
or enhance xylose uptake and/or xylose metabolism. In some embodiments, the microbial
organisms have at least four exogenous nucleic acids encoding four enzymes or proteins
expressed in a sufficient amount to confer or enhance xylose uptake and/or xylose
metabolism. In some embodiments, the microbial organisms have a least five exogenous
nucleic acids encoding five enzymes or proteins expressed in a sufficient amount to confer or
enhance xylose uptake and/or xylose metabolism. In some embodiments, the microbial
organisms have at least six exogenous nucleic acids encoding six enzymes or proteins
expressed in a sufficient amount to confer or enhance xylose uptake and/or xylose
metabolism. In some embodiments, the microbial organisms have a least seven exogenous
nucleic acids encoding seven enzymes or proteins expressed in a sufficient amount to confer
or enhance xylose uptake and/or xylose metabolism. In some embodiments, the microbial
organisms have at least eight exogenous nucleic acids encoding eight enzymes or proteins
expressed in a sufficient amount to confer or enhance xylose uptake and/or xylose
metabolism. In some embodiments, the microbial organisms have & least nine, a least ten, at

least eleven, or a least twelve exogenous nucleic acids encoding nine, ten, eleven, or twelve
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enzymes or proteins expressed in a sufficient amount to confer or enhance xylose uptake
and/or xylose metabolism.

[0055] In some embodiments, the microbia organisms provided herein have & least one
exogenous nucleic acid encoding an enzyme or protein expressed in a sufficient amount to
confer and/or enhance xylose uptake and/or xylose metabolism, wherein the enzyme or
protein has an amino acid sequence that is at least 30% identical to aMetschnikowia enzyme
or protein selected from the group consisting of axylose transporter, axylose reductase, a
xylose dehydrogenase and axylulokinase. The enzyme or protein can have an amino acid
sequence that is at least 35% identical to the Metschnikowia enzyme or protein. The enzyme
or protein can have an amino acid sequence that is a least 40% identical to the
Metschnikowia enzyme or protein. The enzyme or protein can have an amino acid sequence
that is at least 45% identical to the Metschnikowia enzyme or protein. The enzyme or protein
can have an amino acid sequence that is at least 50% identical to the Metschnikowia enzyme
or protein. The enzyme or protein can have an amino acid sequencethat is at least 55%
identical to the Metschnikowia enzyme or protein. The enzyme or protein can have an amino
acid sequence that is at least 60% identical to the Metschnikowia enzyme or protein. The
enzyme or protein can have an amino acid sequence that is at least 65% identical to the
Metschnikowia enzyme or protein. The enzyme or protein can have an amino acid sequence
that is at least 70% identical to the Metschnikowia enzyme or protein. The enzyme or protein
can have an amino acid sequence that isat least 71% identica to the Metschnikowia enzyme
or protein. The enzyme or protein can have an amino acid sequencethat isat least 72%
identical to the Metschnikowia enzyme or protein. The enzyme or protein can have an amino
acid sequence that is at least 73% identical to the Metschnikowia enzyme or protein. The
enzyme or protein can have an amino acid sequence that is at least 74% identical to the
Metschnikowia enzyme or protein. The enzyme or protein can have an amino acid sequence
that is at least 75% identical to the Metschnikowia enzyme or protein. The enzyme or protein
can have an amino acid sequence that is at least 76% identica to the Metschnikowia enzyme
or protein. The enzyme or protein can have an amino acid sequencethat isat least 77%
identical to the Metschnikowia enzyme or protein. The enzyme or protein can have an amino
acid sequence that is at least 78% identical to the Metschnikowia enzyme or protein. The
enzyme or protein can have an amino acid sequence that is at least 79% identical to the
Metschnikowia enzyme or protein. The enzyme or protein can have an amino acid sequence

that is at least 80% identical to the Metschnikowia enzyme or protein. The enzyme or protein

18



10

15

20

25

30

WO 2018/112638 PCT/CA2017/051561

can have an amino acid sequence that is at least 81% identica to the Metschnikowia enzyme
or protein. The enzyme or protein can have an amino acid sequencethat is at least 82%
identical to the Metschnikowia enzyme or protein. The enzyme or protein can have an amino
acid sequence that is at least 83% identical to the Metschnikowia enzyme or protein. The
enzyme or protein can have an amino acid sequence that is at least 84% identical to the
Metschnikowia enzyme or protein. The enzyme or protein can have an amino acid sequence
that is at least 85% identical to the Metschnikowia enzyme or protein. The enzyme or protein
can have an amino acid sequence that is at least 86% identica to the Metschnikowia enzyme
or protein. The enzyme or protein can have an amino acid sequencethat is at least 87%
identical to the Metschnikowia enzyme or protein. The enzyme or protein can have an amino
acid sequence that is at least 88% identical to the Metschnikowia enzyme or protein. The
enzyme or protein can have an amino acid sequence that is at least 89% identical to the
Metschnikowia enzyme or protein. The enzyme or protein can have an amino acid sequence
that is at least 90% identical to the Metschnikowia enzyme or protein. The enzyme or protein
can have an amino acid sequence that is at least 91% identica to the Metschnikowia enzyme
or protein. The enzyme or protein can have an amino acid sequence that is at least 92%
identical to the Metschnikowia enzyme or protein. The enzyme or protein can have an amino
acid sequence that is at least 93% identical to the Metschnikowia enzyme or protein. The
enzyme or protein can have an amino acid sequence that is at least 94% identical to the
Metschnikowia enzyme or protein. The enzyme or protein can have an amino acid sequence
that is at least 95% identical to the Metschnikowia enzyme or protein. The enzyme or protein
can have an amino acid sequence that is at least 96% identica to the Metschnikowia enzyme
or protein. The enzyme or protein can have an amino acid sequence that is at least 97%
identical to the Metschnikowia enzyme or protein. The enzyme or protein can have an amino
acid sequence that is at least 98% identical to the Metschnikowia enzyme or protein. The
enzyme or protein can have an amino acid sequence that is at least 99% identical to the
Metschnikowia enzyme or protein. In some embodiments, the enzyme or proteinisa

Metschnikowia enzyme or protein.

[0056] The Metschnikowia enzyme or protein can be an enzyme or protein from anH O
Metschnikowia species. In some embodiments, the microbial organisms provided herein
have at least one exogenous nucleic acid encoding an enzyme or protein expressed in a
sufficient amount to confer or enhance xylose uptake and/or xylose metabolism, wherein the

enzyme or protein has an amino acid sequence that isat least 30% identical to the enzyme or
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protein from the H OMetschnikowia species selected from the group consisting of axylose

transporter, axylose reductase, axylose dehydrogenase and axylulokinase. The enzyme or
protein can have an amino acid sequence that is a least 35%, at least 40%, at least 45%, at
least 50%, at least 55%, at least 60%, at least 65%, at least 70%, at least 71%, at least 72%, a
least 73%, at least 74%, at least 75%, a least 76%, at least 77%, a least 78%, at least 79%, a
least 80%, at least 81%, at least 82%, at least 83%, at least 84%, at least 85%, at least 86%, a
least 87%, at least 88%, at least 89%, at least 90%, at least 91%, at least 92%, at least 93%, a
least 94%, at least 95%, at least 96%, at least 97%, at least 98%, a least 99%, or 100%
identical to an enzyme or protein from the H OMetschnikowia species. Exemplary sequences

are provided below of enzyme or protein from the H OMetschnikowia species are provided

below.
SEQID Description SEQUENCES
NO:
1 Amino acid MGYEEKLVAPALKFKNFLDKTPNIHNVY VIAAISCTSGMMFGFDISSMSVF

sequence of HO
Metschnikowia
species Xytlp

VDQQPYLKMFDNPSSVIQGFITASMSLGSFFGSLTSTFISEPFGRRASLFICGI
LWVIGAAVQSSSQNRAQLICGRIIAGWGIGFGSSVAPVY GSEMAPRKIRGTI
GGIFQFSVTVGIFIMFLIGY GCSFIQGKASFRIPWGVQMVPGLILLIGLFFIPES
PRWLAKQGYWEDAEITVANVQAKGNRNDANVQIEMSEIKDQLMLDEHLK
EFTYADLFTKKYRQRTITAIFAQIWQQLTGMNVMMY YIVYIFQMAGYSGN
TNLVPSLIQYIINMA VTVPALFCLDLLGRRTILLAGAAFMMAWQFGVAGIL
ATYSEPAYISDTVRITIPDDHKSAAKGVIACCYLFVCSFAFSWGVGIWVYCS
EVWGDSQSRQRGAALATSANWIFNFAIAMFTPSSFKNITWKTYITYATFCAC
MFIHVFFFFPETK GKRLEEIGQLWDEGVPAWRSAKWQPTVPLASDAELAH
KMDVAHAEHADLLATHSPSSDEKTGTV

Amino acid
sequence of HO
Metschnikowia
species Gxflp

MSQDELHTKSGVETPINDSLLEEKHD VTPLAALPEKSFKDYISISIFCLFVAF
GGFVFGFDTGTISGFVNMSDFKTRFGEMNAQGEY YLSNVRTGLMVSIFNV
GCAVGGIFLCKIADVY GRRIGLMFSMVVY VVGIHIQIASTTKWYQYFIGRLI
AGLAVGTVSVISPLFISEVAPKQLRGTLVCCFQLCITLGIFLGYCTTYGTKTY
TDSRQWRIPLGICFAWALFLVAGMLNMPESPRYLVEKSRIDDARKSIARSN
KVSEEDPAVYTEVQLIQAGIDREALAGSATWMELVTGKPKIFRRVIMGVM
LQSLQQLTGDNYFFYYGTTIFKAVGLQDSFQTSILGIVNFASTFVGIY AIER
MGRRLCLLTGSACMFVCFITY SLIGTQHLYKNGFSNEPSNTYKPSGNAMIFIT
CLYIFFFASTWAGGVYCIVSESYPLRIRSKAMSVATAANWMWGFLISFFTPF
ITSAIHFYYGFVFTGCLAFSFFY VYFFVVETKGLSLEEVDILY ASGTLPWKSS
GWVP

Amino acid
sequence of HO
Metschnikowia
species AGxflp
(variant of Gxflp
with shorter N-
terminus)

MSDFKTRFGEMNAQGEYYLSNVRTGLMVSIFNVGCAVGGIFLCKIADVYG
RRIGLMFSMVVYVVGHIQIASTTKWYQYFIGRLIAGLAVGTVSVISPLFISEV
APKQLRGTLVCCFQLCITLGIFLGYCTTYGTKTYTDSRQWRIPLGICFAWAL
FLVAGMLNMPESPRYL VEKSRIDDARKSIARSNKVSEEDPAVYTEVQLIQA
GIDREALAGSATWMELVTGKPKIFRRVIMGVMLQSLQQLTGDNYFFYYGT
TIFKAVGLQDSFQTSIILGIVNFASTFVGIY AIERMGRRLCLLTGSACMFVCFI
IYSLIGTQHLYKNGFSNEPSNTYKPSGNAMIFITCLYIFFFASTWAGGVYCIV
SESYPLRIRSKAMSVATAANWMWGFLISFFTPFITSAIHFY YGFVFTGCLAFS
FFYVYFFVVETKGLSLEEVDILY ASGTLPWKSSGWVP

Amino acid
sequence of HO
Metschnikowia
species

MSAEQEQQVSGTSATIDGLASLKQEKTAEEEDAFKPKPATAYFFISFLCGLV
AFGGY VFGFDTGTISGFVNMDDYLMRFGQQHADGTYYLSNVRTGLIVSIFN
IGCAVGGLALSKVGDIWGRRIGIMVAMITYMVGIIQIASQDKWYQYFIGRLI
TGLGVGTTSVLSPLFISESAPKHLRGTLVCCFQLMVTLGIFLGYCTTYGTKN
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Gxf2p/Gal2p

YTDSRQWRIPLGLCFAWALLLISGMVFMPESPRFLIERQRFDEAKASVAKS
NQVSTEDPAWTEVELIQAGIDP*ALAGSAGWKELITGKPKMLQRVILGM
MLQSIQQLTGNNYFFYYGTTIFKAVGMSDSFQTSIVLGIVNFASTFV GIWAI
ERMGRRSCLLVGSACMSVCFLIYSILGSVNLYIDGY ENTPSNTRKPTGNAMI
FITCLFIFFFASTWAGGVY SIVSETY PLRIRSKGMAVATAANWMWGFLISFF
TPHTSAIHFYYGFVFTGCLIFSFFYVFFFVRETKGLSLEEVDELY ATDLPPW
KTAGWTPPSAEDMAHTTGFAEAAKPTNKHV

5 Amino acid
sequence of HO
Metschnikowia
species
AGxslp/AHgtl2p
(variant of
Gxslp/Hatl2p
with shorter N-
terminus)

MGIFVGWAALGGVLFGYDTGTISGVMAMPWVKEHFPKDRVAFSASESSL |
VSILSAGTFFGAILAPLLTDTLGRRWCIIISSLWFNLGAALQTAATDIPLLIV
GRVIAGLGVGLISSTIPLY QSEALPKWIRGAWSCY QWAITIGIFLAAVINQG
THKINSPASYRIPLGIQMAWGLILGVGMFFLPETPRFY ISKGQNAKAAVSLA
RLRKLPQDHPELLEELEDIQAAYEFETVHGKSSWSQWTNKNKQLKKLATG
VCLQAFQQLTGVNFIFYFGTTFFNSVGLDGFTTSLATNIVNVGSTIPGILGVE
IFGRRKVLLTGAAGMCL SQFIVAIVGVATDSKAANQVLIAFCCIFIAFFAAT
WGPTAWWCGEIFPLRTRAKSIAMCAASNWLLNWAIAYATPYLVDSDKG
NLGTNVFFIWGSCNFFCLVFAY FMIY ETKGLSLEQVDELY EKVASARKSPG
FVPSEHAFREHADVETAMPDNFNLKAEAISVEDASV

6 NOT USED

7 Amino acid
sequence of HO
Metschnikowia
species
Gxslp/Hgtl2

MGLESNKLIPICYINVGEKRAGSSGMGIFVGVFAALGGVLFGYDTGTISGVM
AMPWVKEHFPKDRVAFSASESSLIVSILSAGTFFGAILAPLLTDTLGRRWCII
ISSLWFNLGAALQTAATDIPLLIVGRVIAGLGVGLISSTIPLY QSEALPKWIR
GAWSCY QWAITIGIFLAAVINQGTHKINSPASY RIPLGIQMAWGLILGVGM
FFLPETPRFY ISKGONAKAAVSLARLRKLPQDHPELLEELEDIQAAYEFETV
HGKSSWSQVFTNKNKQLKKLATGVCLQAFQQLTGVNFFYFGTTFFNSVG
LDGFTTSLATNIVNVGSTIPGILGVEIFGRRKVLLTGAAGMCLSQFIVAIVGY
ATDSKAANQVLIAFCCIFIAFFAATWGPTAWVVCGEIFPLRTRAKSIAMCAA
SNWLLNWAIAYATPYLVDSDKGNLGTNVFFIWGSCNFFCLVFAY FMIYET
KGLSLEQVDELY EKVASAPICSPGFWSEHAFP"HADVETAMPDNFNLKAE
AISVEDASV

8 Amino acid
sequence of HO
Metschnikowia
species Hxt5p

MSIFEGKDGKGVSSTESLSNDWY DNMEKVDQDVLRHNFNFDKEFEELEIE
AAQVNDKPSFVDRILSLEY KLHFENKNHMVWLLGAFAAAAGLLSGLDQSII
SGASIGMNKALNLTEREASLVSSLMPLGAMAGSMDVITPLNEWFGRKSSLIIS
CIWYTIGSALCAGAPI*HHMMY AGRFILGVGVGIEGGCVGrYISESVPANVR
GSIVSMY QFNIALGEVLGYAVAAIFY TVHGGWRFMVGSSLVFSTILFAGLFF
LPESPRMVHKGRNGMAY DVWKRLRDINDESAKLEFLEMRQAAY QERER
RSQESLFSSWGELFTIARNRRALTY SVIMITLGQLTGYVNAVMYYMSTLMGA
IGFNEKDSWMSLVGGGSLLIGTIPAILWMDRFGRRVWGYNLVGFFVGLVL
VGVGYRFNPVTQKAASEGVYLTGLIVYFLFFGSY STLTWVIPSESFDLRTRS
LGMTICSTFLY LWSFTVTYNFTKMSAAFTYTGLTLGFY GGIAFLGLrY QVCF
MPETKDKTLEEIDDIFNRSAFSIARENISNLKKGIW

9 Amino acid
sequence of HO
Metschnikowia
species Xytlp
with S75L
mutation.

MGY EEKLVAPALKFKNFLDKTPNIHNWVIAAISCTSGMMFGFDISSMSVF
VDQQPYLKMFDNPSSVIQGH TALMSLGSFFGSLTSTFISEPFGRRASLFICGI
LWVIGAAVQSSSQNRAQLICGRIIAGWGIGFGSSVAPVY GSEMAPRKIRGTI
GGIFQFSVTVGIFIMFLIGY GCSFIQGKASFRIPWGVQMVPGLILLIGLFFIPES
PRWLAKQGYWEDAEIIVANVQAKGNRNDANVQIEMSEIKDQLMLDEHLK
EFTYADLFTKKYRQRTITAIFAQIWQQLTGMNVMMYYIVYIFQMAGY SGN
TNLWSLIQY INMAWWALFCLDLLGRRTILLAGAAFMMAWQFGVAGIL
ATYSEPAYISDTVRITIPDDHKSAAKGVIACCYLFVCSFAFSWGVGIWVY CS
EVWGDSQSRQRGAALATSANWIFNFAIAMFTPSSFKNITWKTYIIYATFCAC
MFIHV FFFFPETK GKRLEEIGQLWDEGVY PAWRSAKWQPTVPLASDAELAH
KMDVAHAEHADLLATHSPSSDEKTGTV
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10

Amino acid
sequence of HO
Metschnikowia
species Hxt2.6p

MSSTTDTLEKRDTEPFTSDAPVTVHDYIAEERPWWKVPHLRVLTWSVFVIT
LTSTNNGYDGSMLNGLQSLDIWQEDLGHPAGQKLGALANGVLFGNLAAV
PFASY FCDRFGRRPVICFGQILTIVGAVLQGLSNSY GFFLGSRIVLGFGAMIA
TIPSPTLISEIAYPTHRETSTFAYNVCWY LGAIIASWVTY GTRDLQSKACWSI
PSYLQAALPFFQVCMIWFVPESPRFLVAKGKIDQARAVLSKYHTGDSTDPR
DVALVDFELHEIESALEQEKLNTRSSY FDFFKKRNFRKRGFLCVMVGVAM
QLSGNGLVSYYLSKVLDSIGITETKJQLEINGCLMIYNFVICVSLMSVYCRMF
KRRVLFLTCFSGMTVCYTIWTILSALNEQRHFEDKGLANGVLAMIFFYYFF
YNVGINGLPFLYITEILPY SHRAKGLNLFQFSQFLTQIYNGYVNPIAMDAISW
KYYIVYCCILFVELVIVFFTFPETSGY TLEEVAQVFGDEAPGLHNRQLDVAK
ESLEHVEHV

11

Amino acid
sequence of HO
Metschnikowia

species Qup2p

MGFRNLKRRLSNVGDSMSVHSVKEEEDFSRVEIPDEIYNYKIVLVALTAAS
AAIIIGYDAGFIGGTVSLTAFKSEFGLDKMSATAASAIEANWSVFQAGAY F
GCLFFYPIGEIWGRKIGLLLSGFLLTFGAAISLISNSSRGLGAIYAGRVLTGLG
IGGCSSLAPIYVSEIAPAAIRGKLYGCWEVSWQVGGIVGYWINYGVLQTLP
SSQQWIIPFAVQLIPSGLFWGL CLLIPESPRFLVSKGKIDKARKNLAYLRGLS
EDHPY SWELENISKAIEENFEQTGRGFFDPLKALFFSKKMLYRLLLSTSMF
MMQNGYGINAVTYY SPTIFKSLGVQGSNAGLLSTGIFGLLKGAASVFWVFF
LVDTFGRRFCLCYLSLPCSICMWY IGAYIKIANPSAKLAAGDTATTPAGTAA
KAMLYIWTIFY GITWNGTTWVICAEIFPQSVRTAAQAVNASSNWFWAFMI
GHFTGQALENIGYGYYFLFAACSAIFPWVWFVYPETKGVPLEAVEYLFEV
RPWKAHSYALEKY QIEY NEGEFHQHKPEVLLQGSENSD

12

Amino acid
sequence of HO
Metschnikowia
species
Apslp/Hgtl9p

MGYEEKLVAPALKFKNFLDKTPNIHNWVIAAISCTSGMMFGFDISSMSVF
VDQQPYLKMFDNPSSVIQGFI TASMSL GSFFGSLTSTFISEPFGRRASLFICGI
LWVIGAAVQSSSONRAQLICGRIIAGWGIGFGSSVAPVY GSEMAPRKIRGTI
GGIFQFSVTVGIFIMFLIGY GCSFIQGKASFRIPWGVQMVPGLILLIGLFFIPES
PRWLAKQGYWEDAEIIVANVQAKGNRNDANVQIEMSEIKDQLMLDEHLK
EFTYADLFTKKYRQRTITAIFAQIWQQLTGMNVMMYYIVYIFQMAGY SGN
TNLWSLIQYIINMAWWALFCLDLLGRRTILLAGAAFMMAWQFGVAGIL
ATYSEPAYISDTVRITIPDDHKSAAKGVIACCYLFVCSFAFSWGVGIWVYCS
EVWGDSQSRQRGAALATSANWIFNFAIAMFTPSSFKNITWKTY IIYATFCAC
MFIHVFFFFPETK GKRLEEIGQLWDEGVPAWRSAKWQPTVPLASDAELAH
KMDVAHAEHADLLATHSPSSDEKTGTV

13

Nucleic acid
sequence of HO
Metschnikowia
species XYT1

ATGGGTTACGAGGAAAAGCTTGTAGCGCCCGCGTTGAAATTCAAAAAC
TTTCTTGACAAAACCCCCAATATTCACAATGTCTATGTCATTGCCGCCAT
CTCCTGTACATCAGGTATGATGTTTGGATTTGATATCTCGTCGATGTCTG
TCTTTGTCGACCAGCAGCCATACTTGAAGATGTTTGACAACCCTAGTTC
CGTGATTCAAGGTTTCATTACCGCGCTGATGAGTTTGGGCTCGTTTTTCG
GCTCGCTCACATCCACGTTCATCTCTGAGCCTTTTGGTCGTCGTGCATCG
TTGTTCATTTGTGGTATTCTTTGGGTAATTGGAGCAGCGGTTCAAAGTTC
GTCGCAGAACAGGGCCCAATTGATTTGTGGGCGTATCATTGCAGGATGG
GGCATTGGCTTTGGGTCATCGGTGGCTCCTGTTTACGGGTCCGAGATGG
CTCCGAGAAAGATCAGAGGCACGATTGGTGGAATCTTCCAGTTCTCCGT
CACCGTGGGTATCTTTATCATGTTCTTGATTGGGTACGGATGCTCTTTCA
TTCAAGGAAAGGCCTCTTTCCGGATCCCCTGGGGTGTGCAAATGGTTCC
CGGCCTTATCCTCTTGATTGGACTTTTCTTTATTCCTGAATCTCCCCGTTG
GTTGGCCAAACAGGGCTACTGGGAAGACGCCGAAATCATTGTGGCCAA
TGTGCAGGCCAAGGGTAACCGTAACGACGCCAACGTGCAGATTGAAAT
GTCGGAGATTAAGGATCAATTGATGCTTGACGAGCACTTGAAGGAGTTT
ACGTACGCTGACCTTTTCACGAAGAAGTACCGCCAGCGCACGATCACGG
CGATCTTTGCCCAGATCTGGCAACAGTTGACCGGTATGAATGTGATGAT
GTACTACATTGTGTACATTTTCCAGATGGCAGGCTACAGCGGCAACACG
AACTTGGTGCCCAGTTTGATCCAGTACATCATCAACATGGCGGTCACGG
TGCCGGCGCTTTTCTGCTTGGATCTCTTGGGCCGTCGTACCATTTTGCTC
GCGGGTGCCGCGTTCATGATGGCGTGGCAATTCGGCGTGGCGGGCATTT
TGGCCACTTACTCAGAACCGGCATATATCTCTGACACTGTGCGTATCAC
GATCCCCGACGACCACAAGTCTGCTGCAAAAGGTGTGATTGCATGCTGC
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TATTTGTTTGTGTGCTCGTTTGCATTCTCGTGGGGTGTCGGTATTTGGGT
GTACTGTTCCGAGGTTTGGGGTGACTCCCAGTCGAGACAAAGAGGCGCC
GCTCTTGCGACGTCGGCCAACTGGATCTTCAACTTCGCCATTGCCATGTT
CACGCCGTCCTCATTCAAGAATATCACGTGGAAGACGTATATCATCTAC
GCCACGTTCTGTGCGTGCATGTTCATACACGTGTITTTTCITTITCCCAGA
AACAAAGGGCAAGCGTTTGGAGGAGATAGGCCAGCTTTGGGACGAAGG
AGTCCCAGCATGGAGGTCAGCCAAGTGGCAGCCAACAGTGCCGCTCGC
GTCCGACGCAGAGCTTGCACACAAGATGGATGTTGCGCACGCGGAGCA
CGCGGACTTATTGGCCACGCACTCGCCATCTTCAGACGAGAAGACGGGC
ACGGTCTAA

14

Nucleic acid
sequence of HO
Metschnikowia
species GXF1

ATGTCTCAAGACGAACTTCATACAAAGTCTGGTGTTGAAACACCAATCA
ACGATTCGCTTCTCGAGGAGAAGCACGATGTCACCCCACTCGCGGCATT
GCCCGAGAAGTCCTTCAAGGACTACATTTCCATTTCCATTTTCTGTTTGT
TTGTGGCATTTGGTGGTTTTGTTTTCGGTTTCGACACCGGTACGATTTCC
GGTTTCGTCAACATGTCCGACTTCAAGACCAGATTTGGTGAGATGAATG
CCCAGGGCGAATACTACTTGTCCAATGTTAGAACTGGTTTGATGGTTTC
TATTTTCAACGTCGGTTGCGCCGTTGGTGGTATCTTCCTTTGTAAGATTG
CCGATGTTTATGGCAGAAGAATTGGTCTTATGTTTTCCATGGTGGTTTAT
GTCGTTGGTATCATTATTCAGATTGCCTCCACCACCAAATGGTACCAAT
ACTTCATTGGCCGTCTTATTGCTGGCTTGGCTGTGGGTACTGTTTCCGTC
ATCTCGCCACTTTTCATTTCCGAGGTTGCTCCTAAACAGCTCAGAGGTAC
GCTTGTGTGCTGCTTCCAGTTGTGTATCACCTTGGGTATCTTTTTGGGTT
ACTGCACGACCTACGGTACAAAGACTTACACTGACTCCAGACAGTGGA
GAATCCCATTGGGTATCTGTTTCGCGTGGGCTTTGTTTTTGGTGGCCGGT
ATGTTGAACATGCCCGAGTCTCCTAGATACTTGGTTGAGAAATCGAGAA
TCGACGATGCCAGAAAGTCCATTGCCAGATCCAACAAGGTTTCCGAGG
AAGACCCCGCCGTGTACACCGAGGTGCAGCTTATCCAGGCTGGTATTGA
CAGAGAGGCCCTTGCCGGCAGCGCCACATGGATGGAGCTTGTGACTGG
TAAGCCCAAAATCTTCAGAAGAGTCATCATGGGTGTCATGCTTCAGTCC
TTGCAACAATTGACTGGTGACAACTACTTTTTCTACTACGGAACCACGA
TTTTCAAGGCTGTTGGCTTGCAGGACTCTTTCCAGACGTCGATTATCTTG
GGTATTGTCAACTTTGCCTCGACTTTTGTCGGTATTTACGCCATTGAGAG
AATGGGCAGAAGATTGTGTTTGTTGACCGGATCTGCGTGCATGTTTGTG
TGTTTCATCATCTACTCGCTCATTGGTACGCAGCACTTGTACAAGAACG
GCTTCTCTAACGAACCTTCCAACACATACAAGCCTTCCGGTAACGCCAT
GATCTTCATCACGTGTCTTTACATTTTCTTCTTTGCCTCGACCTGGGCCG
GTGGTGTTTACTGTATCGTGTCCGAGTCTTACCCATTGAGAATCAGATCC
AAGGCCATGTCTGTCGCCACCGCCGCCAACTGGATGTGGGGTTTCTTGA
TCTCGTTCTTCACGCCTTTCATCACCTCCGCCATCCACTTTTACTACGGTT
TTGTTTTCACTGGCTGCTTGGCGTTCTCCTTCTTCTACGTCTACTTCTTTG
TCGTGGAGACCAAGGGTCTTTCCTTGGAGGAGGTTGACATTTTGTACGC
TTCCGGTACGCTTCCATGGAAGTCCTCTGGCTGGGTGCCTCCTACCGCG
GACGAAATGGCCCACAACGCCTTCGACAACAAGCCAACTGACGAACAA
GTCTAA

15

Nucleic acid
sequence of HO
Metschnikowia
species AGXFI
(variant of GXF1
with shorter N-
terminus)

ATGTCCGACTTCAAGACCAGATTTGGTGAGATGAATGCCCAGGGCGAAT
ACTACTTGTCCAATGTTAGAACTGGTTTGATGGTTTCTATTTTCAACGTC
GGTTGCGCCGTTGGTGGTATCTTCCTTTGTAAGATTGCCGATGTTTATGG
CAGAAGAATTGGTCTTATGTTTTCCATGGTGGTTTATGTCGTTGGTATCA
TTATTCAGATTGCCTCCACCACCAAATGGTACCAATACTTCATTGGCCGT
CTTATTGCTGGCTTGGCTGTGGGTACTGTTTCCGTCATCTCGCCACTTTT
CATTTCCGAGGTTGCTCCTAAACAGCTCAGAGGTACGCTTGTGTGCTGC
TTCCAGTTGTGTATCACCTTGGGTATCTTTTTGGGTTACTGCACGACCTA
CGGTACAAAGACTTACACTGACTCCAGACAGTGGAGAATCCCATTGGGT
ATCTGTTTCGCGTGGGCTTTGTTTTTGGTGGCCGGTATGTTGAACATGCC
CGAGTCTCCTAGATACTTGGTTGAGAAATCGAGAATCGACGATGCCAGA
AAGTCCATTGCCAGATCCAACAAGGTTTCCGAGGAAGACCCCGCCGTGT
ACACCGAGGTGCAGCTTATCCAGGCTGGTATTGACAGAGAGGCCCTTGC
CGGCAGCGCCACATGGATGGAGCTTGTGACTGGTAAGCCCAAAATCTTC
AGAAGAGTCATCATGGGTGTCATGCTTCAGTCCTTGCAACAATTGACTG
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GTGACAACTACTTTTTCTACTACGGAACCACGATTTTCAAGGCTGTTGG
CTTGCAGGACTCTTTCCAGACGTCGATTATCTTGGGTATTGTCAACTTTG
CCTCGACTTTTGTCGGTATTTACGCCATTGAGAGAATGGGCAGAAGATT
GTGTTTGTTGACCGGATCTGCGTGCATGTTTGTGTGTTTCATCATCTACT
CGCTCATTGGTACGCAGCACTTGTACAAGAACGGCTTCTCTAACGAACC
TTCCAACACATACAAGCCTTCCGGTAACGCCATGATCTTCATCACGTGT
CTTTACATTTTCTTCTTTGCCTCGACCTGGGCCGGTGGTGTTTACTGTAT
CGTGTCCGAGTCTTACCCATTGAGAATCAGATCCAAGGCCATGTCTGTC
GCCACCGCCGCCAACTGGATGTGGGGTTTCTTGATCTCGTTCTTCACGCC
TTTCATCACCTCCGCCATCCACTTTTACTACGGTTTTGTTTTCACTGGCTG
CTTGGCGTTCTCCTTCTTCTACGTCTACTTCTTTGTCGTGGAGACCAAGG
GTCTTTCCTTGGAGGAGGTTGACATTTTGTACGCTTCCGGTACGCTTCCA
TGGAAGTCCTCTGGCTGGGTGCCTCCTACCGCGGACGAAATGGCCCACA
ACGCCTTCGACAACAAGCCAACTGACGAACAAGTCTAA

16

Nucleic acid
sequence of HO
Metschnikowia
species
GXF2/GAL2

ATGAGTGCCGAACAGGAACAACAAGTATCGGGCACATCTGCCACGATA
GATGGGCTGGCGTCCTTGAAGCAAGAAAAAACCGCCGAGGAGGAAGAC
GCCTTCAAGCCTAAGCCCGCCACGGCGTACTTTTTCATTTCGTTCCTCTG
TGGCTTGGTCGCCTTTGGCGGCTACGTTTTCGGTTTCGATACCGGTACGA
TTTCCGGGTTTGTTAACATGGACGACTATTTGATGAGATTCGGCCAGCA
GCACGCTGATGGCACGTATTACCTTTCCAACGTGAGAACCGGTTTGATC
GTGTCGATCTTCAACATTGGCTGTGCCGTTGGTGGTCTTGCGCTTTCGAA
AGTCGGTGACATTTGGGGCAGAAGAATTGGTATTATGGTTGCTATGATC
ATCTACATGGTGGGAATCATCATCCAGATCGCTTCACAGGATAAATGGT
ACCAGTACTTCATTGGCCGTTTGATCACCGGATTGGGTGTCGGCACCAC
GTCCGTGCTTAGTCCTCTTTTCATCTCCGAGTCGGCTCCGAAGCATTTGA
GAGGCACCCTTGTGTGTTGTTTCCAGCTCATGGTCACCTTGGGTATCTTT
TTGGGCTACTGCACGACCTACGGTACCAAGAACTACACTGACTCGCGCC
AGTGGCGGATTCCCTTGGGTCTTTGCTTCGCATGGGCTCTTTTGTTGATC
TCGGGAATGGTTTTCATGCCTGAATCCCCACGTTTCTTGATTGAGCGCCA
GAGATTCGACGAGGCCAAGGCTTCCGTGGCCAAATCGAACCAGGTTTC
GACCGAGGACCCCGCCGTGTACACTGAAGTCGAGTTGATCCAGGCCGG
TATTGACCGTGAGGCATTGGCCGGATCCGCTGGCTGGAAAGAGCTTATC
ACGGGTAAGCCCAAGATGTTGCAGCGTGTGATTTTGGGAATGATGCTCC
AGTCGATCCAGCAGCTTACCGGTAACAACTACTTTTTCTACTATGGTAC
CACGATCTTCAAGGCCGTGGGCATGTCGGACTCGTTCCAGACCTCGATT
GTTTTGGGTATTGTCAACTTCGCCTCCACTTTTGTCGGAATCTGGGCCAT
CGAACGCATGGGCCGCAGATCTTGTTTGCTTGTTGGTTCCGCGTGCATG
AGTGTGTGTTTCTTGATCTACTCCATCTTGGGTTCCGTCAACCTTTACAT
CGACGGCTACGAGAACACGCCTTCCAACACGCGTAAGCCTACCGGTAA
CGCCATGATTTTCATCACGTGTTTGTTCATCTTCTTCTTCGCCTCCACCTG
GGCCGGTGGTGTGTACAGTATTGTGTCTGAAACATACCCATTGAGAATC
CGCTCTAAAGGTATGGCCGTGGCCACCGCTGCCAACTGGATGTGGGGTT
TCTTGATTTCGTTCTTCACGCCTTTCATCACCTCGGCCATCCACTTCTACT
ACGGGTTTGTGTTCACAGGGTGTCTTATTTTCTCCTTCTTCTACGTGTTCT
TCTTTGTTAGGGAAACCAAGGGTCTCTCGTTGGAAGAGGTGGATGAGTT
ATATGCCACTGACCTCCCACCATGGAAGACCGCGGGCTGGACGCCTCCT
TCTGCTGAGGATATGGCCCACACCACCGGGTTTGCCGAGGCCGCAAAGC
CTACGAACAAACACGTTTAA

17

Nucleic acid
sequence of HO
Metschnikowia
species AGXSL
/ZIHGT12 (variant
of GXS1 IHGT12
with shorter N-
terminus)

ATGGGCATTTTCGTTGGCGTTTTCGCCGCGCTTGGCGGTGTTCTCTTTGG
CTACGATACCGGTACCATCTCTGGTGTGATGGCCATGCCTTGGGTCAAG
GAACATTTCCCAAAAGACCGTGTTGCATTTAGTGCTTCCGAGTCGTCGT
TGATTGTGTCTATTTTATCTGCAGGAACTTTCTTTGGAGCCATTCTTGCT
CCGCTCTTGACCGATACATTGGGTAGACGCTGGTGTATTATCATCTCTTC
GCTCGTTGTGTTCAATTTGGGTGCTGCTTTGCAGACGGCTGCCACGGAT
ATCCCGCTCTTGATTGTTGGTCGTGTCATTGCCGGTTTAGGGGTTGGTTT
GATTTCGCTGACGATTCCATTGTACCAGTCCGAAGCGCTTCCCAAATGG
ATTAGAGGTGCTGTTGTCTCGTGCTACCAATGGGCCATTACTATTGGTAT
CTTTTTGGCTGCCGTGATCAACCAGGGCACTCACAAGATCAACAGCCCT
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GCGTCGTACAGAATTCCATTGGGTATTCAGATGGCATGGGGTCTTATCT
TGGGTGTCGGCATGTTCTTCTTGCCCGAGACGCCTCGTTTCTACATTTCC
AAGGGCCAGAATGCGAAGGCTGCTGTTTCATTGGCGCGTTTGAGAAAG
CTTCCGCAAGATCACCCGGAGTTGTTGGAGGAATTGGAAGATATCCAGG
CGGCATACGAGTTTGAGACTGTCCATGGCAAGTCTTCATGGCTGCAGGT
TTTCACCAACAAGAACAAACAATTGAAGAAGTTGGCCACGGGCGTGTG
CTTGCAGGCGTTCCAACAATTGACTGGTGTGAACTTCATTTTCTACTTTG
GCACGACTTTCTTCAACAGTGTTGGGCTTGACGGATTCACCACCTCCTTG
GCCACCAACATTGTCAATGTTGGCTCGACGATCCCTGGTATTTTGGGTG
TTGAGATTTTCGGCAGAAGAAAAGTGTTGTTGACCGGCGCTGCTGGTAT
GTGTCTTTCGCAATTCATTGTTGCCATTGTTGGTGTAGCCACCGACTCCA
AGGCTGCGAACCAAGTTCTTATTGCCTTCTGCTGCATTTTCATTGCGTTC
TTTGCAGCCACCTGGGGCCCCACCGCATGGGTTGTTTGTGGCGAGATTT
TCCCCTTGAGAACCAGAGCCAAGTCGATTGCCATGTGCGCTGCTTCGAA
CTGGTTGTTGAACTGGGCAATTGCATACGCCACGCCATACTTGGTTGAC
TCCGATAAGGGTAACTTGGGCACCAATGTGTTTTTCATTTGGGGAAGCT
GTAACTTCTTCTGCCTTGTGTTTGCCTACTTCATGATTTACGAGACCAAG
GGTCTTTCCTTGGAGCAGGTTGATGAGCTTTACGAGAAGGTTGCCAGCG
CCAGAAAGTCGCCTGGCTTCGTGCCAAGCGAGCACGCTTTCAGAGAGC
ACGCCGATGTGGAGACCGCCATGCCAGACAACTTCAACTTGAAGGCGG
AGGCGATTTCTGTCGAGGATGCCTCTGTTTAA

18

NOT USED

19

Nucleic acid
sequence of HO
Metschnikowia
species
GXSI/HGT12

ATGAGCATCTTTGAAGGCAAAGACGGGAAGGGGGTATCCTCCACCGAG
TCGCTTTCCAATGACGTCAGATATGACAACATGGAGAAAGTTGATCAGG
ATGTTCTTAGACACAACTTCAACTTTGACAAAGAATTCGAGGAGCTCGA
AATCGAGGCGGCGCAAGTCAACGACAAACCTTCTTTTGTCGACAGGATT
TTATCCCTCGAATACAAGCTTCATTTCGAAAACAAGAACCACATGGTGT
GGCTCTTGGGCGCTTTCGCAGCCGCCGCAGGCTTATTGTCTGGCTTGGA
TCAGTCCATTATTTCTGGTGCATCCATTGGAATGAACAAAGCATTGAAC
TTGACTGAACGTGAAGCCTCATTGGTGTCTTCGCTTATGCCTTTAGGCGC
CATGGCAGGCTCCATGATTATGACACCTCTTAATGAGTGGTTCGGAAGA
AAATCATCGTTGATTATTTCTTGTATTTGGTATACCATCGGATCCGCTTT
GTGCGCTGGCGCCAGAGATCACCACATGATGTACGCTGGCAGATTTATT
CTTGGTGTCGGTGTGGGTATAGAAGGTGGGTGTGTGGGCATTTACATTT
CCGAGTCTGTCCCAGCCAATGTGCGTGGTAGTATCGTGTCGATGTACCA
GTTCAATATTGCTTTGGGTGAAGTTCTAGGGTATGCTGTTGCTGCCATTT
TCTACACTGTTCATGGTGGATGGAGGTTCATGGTGGGGTCTTCTTTAGTA
TTCTCTACTATATTGTTTGCCGGATTGTTTTTCTTGCCCGAGTCACCTCGT
TGGTTGGTGCACAAAGGCAGAAACGGAATGGCATACGATGTGTGGAAG
AGATTGAGAGACATAAACGATGAAAGCGCAAAGTTGGAATTTTTGGAG
ATGAGACAGGCTGCTTATCAAGAGAGAGAAAGACGCTCGCAAGAGTCT
TTGTTCTCCAGCTGGGGCGAATTATTCACCATCGCTAGAAACAGAAGAG
CACTTACTTACTCTGTCATAATGATCACTTTGGGTCAATTGACTGGTGTC
AATGCCGTCATGTACTACATGTCGACTTTGATGGGTGCAATTGGTTTCA
ACGAGAAAGACTCTGTGTTCATGTCCCTTGTGGGAGGCGGTTCTTTGCT
TATAGGTACCATTCCTGCCATTTTGTGGATGGACCGTTTCGGCAGAAGA
GTTTGGGGTTATAATCTTGTTGGTTTCTTCGTTGGTTTGGTGCTCGTTGG
TGTTGGCTACCGTTTCAATCCCGTCACTCAAAAGGCGGCTTCAGAAGGT
GTGTACTTGACGGGTCTCATTGTCTATTTCTTGTTCTTTGGTTCCTACTCG
ACCTTAACTTGGGTCATTCCATCCGAGTCTTTTGATTTGAGAACAAGATC
TTTGGGTATGACAATCTGTTCCACTTTCCTTTACTTGTGGTCTTTCACCGT
CACCTACAACTTCACCAAGATGTCCGCCGCCTTCACATACACTGGGTTG
ACACTTGGTTTCTACGGTGGCATTGCGTTCCTTGGTTTGATTTACCAGGT
CTGCTTCATGCCCGAGACGAAGGACAAGACTTTGGAAGAAATTGACGA
TATCTTCAATCGTTCTGCGTTCTCTATCGCGCGCGAGAACATCTCCAACT
TGAAGAAGGGTATTTGGTAA
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20

Nucleic acid
sequence of HO
Metschnikowia
species HXTS

ATGAGCATCTTTGAAGGCAAAGACGGGAAGGGGGTATCCTCCACCGAG
TCGCTTTCCAATGACGTCAGATATGACAACATGGAGAAAGTTGATCAGG
ATGTTCTTAGACACAACTTCAACTTTGACAAAGAATTCGAGGAGCTCGA
AATCGAGGCGGCGCAAGTCAACGACAAACCTTCTTTTGTCGACAGGATT
TTATCCCTCGAATACAAGCTTCATTTCGAAAACAAGAACCACATGGTGT
GGCTCTTGGGCGCTTTCGCAGCCGCCGCAGGCTTATTGTCTGGCTTGGA
TCAGTCCATTATTTCTGGTGCATCCATTGGAATGAACAAAGCATTGAAC
TTGACTGAACGTGAAGCCTCATTGGTGTCTTCGCTTATGCCTTTAGGCGC
CATGGCAGGCTCCATGATTATGACACCTCTTAATGAGTGGTTCGGAAGA
AAATCATCGTTGATTATTTCTTGTATTTGGTATACCATCGGATCCGCTTT
GTGCGCTGGCGCCAGAGATCACCACATGATGTACGCTGGCAGATTTATT
CTTGGTGTCGGTGTGGGTATAGAAGGTGGGTGTGTGGGCATTTACATTT
CCGAGTCTGTCCCAGCCAATGTGCGTGGTAGTATCGTGTCGATGTACCA
GTTCAATATTGCTTTGGGTGAAGTTCTAGGGTATGCTGTTGCTGCCATTT
TCTACACTGTTCATGGTGGATGGAGGTTCATGGTGGGGTCTTCTTTAGTA
TTCTCTACTATATTGTTTGCCGGATTGTTTTTCTTGCCCGAGTCACCTCGT
TGGTTGGTGCACAAAGGCAGAAACGGAATGGCATACGATGTGTGGAAG
AGATTGAGAGACATAAACGATGAAAGCGCAAAGTTGGAATTTTTGGAG
ATGAGACAGGCTGCTTATCAAGAGAGAGAAAGACGCTCGCAAGAGTCT
TTGTTCTCCAGCTGGGGCGAATTATTCACCATCGCTAGAAACAGAAGAG
CACTTACTTACTCTGTCATAATGATCACTTTGGGTCAATTGACTGGTGTC
AATGCCGTCATGTACTACATGTCGACTTTGATGGGTGCAATTGGTTTCA
ACGAGAAAGACTCTGTGTTCATGTCCCTTGTGGGAGGCGGTTCTTTGCT
TATAGGTACCATTCCTGCCATTTTGTGGATGGACCGTTTCGGCAGAAGA
GTTTGGGGTTATAATCTTGTTGGTTTCTTCGTTGGTTTGGTGCTCGTTGG
TGTTGGCTACCGTTTCAATCCCGTCACTCAAAAGGCGGCTTCAGAAGGT
GTGTACTTGACGGGTCTCATTGTCTATTTCTTGTTCTTTGGTTCCTACTCG
ACCTTAACTTGGGTCATTCCATCCGAGTCTTTTGATTTGAGAACAAGATC
TTTGGGTATGACAATCTGTTCCACTTTCCTTTACTTGTGGTCTTTCACCGT
CACCTACAACTTCACCAAGATGTCCGCCGCCTTCACATACACTGGGTTG
ACACTTGGTTTCTACGGTGGCATTGCGTTCCTTGGTTTGATTTACCAGGT
CTGCTTCATGCCCGAGACGAAGGACAAGACTTTGGAAGAAATTGACGA
TATCTTCAATCGTTCTGCGTTCTCTATCGCGCGCGAGAACATCTCCAACT
TGAAGAAGGGTATTTGGTAA

21

Nucleic acid
sequence of HO
Metschnikowia
species XYT1
codon optimized
for expressionin
S. cerevisiae

ATGGGATACGAAGAGAAATTAGTGGCCCCCGCTTTGAAATTTAAGAACT
TTTTGGATAAGACCCCAAATATACATAACGTTTACGTAATTGCGGCGAT
CTCGTGTACCTCAGGTATGATGTTCGGTTTCGATATATCGTCGATGTCCG
TGTTCGTGGACCAACAGCCGTATTTAAAAATGTTTGATAACCCTAGCAG
CGTGATACAAGGGTTTATAACTGCGTTGATGTCTTTGGGGAGCTTTTTCG
GATCGCTAACGTCCACTTTTATTTCAGAACCTTTTGGTAGACGTGCCTCT
TTGTTCATATGCGGGATCCTTTGGGTAATTGGGGCGGCAGTTCAAAGTT
CTTCTCAGAACCGTGCGCAGCTTATTTGTGGCCGAATTATTGCAGGGTG
GGGCATCGGATTCGGTTCTAGCGTTGCGCCGGTATACGGTTCAGAAATG
GCCCCACGCAAAATTAGAGGAACAATCGGAGGTATTTTTCAATTTTCTG
TCACGGTCGGAATATTCATAATGTTCCTGATTGGCTACGGCTGCTCATTT
ATACAAGGCAAGGCCAGTTTTAGAATTCCGTGGGGAGTTCAAATGGTAC
CAGGTCTCATTCTGTTGATCGGACTATTCTTCATTCCTGAATCCCCAAGA
TGGTTAGCCAAACAAGGCTACTGGGAAGACGCTGAGATCATCGTAGCA
AACGTTCAAGCTAAGGGTAACAGGAACGATGCTAATGTGCAAATTGAA
ATGTCCGAGATAAAAGATCAGTTAATGCTTGACGAGCATTTAAAGGAGT
TTACTTATGCCGATTTGTTTACCAAAAAATACCGGCAAAGGACGATAAC
AGCTATATTTGCCCAAATATGGCAACAGCTGACAGGTATGAATGTCATG
ATGTACTACATCGTATATATATTTCAAATGGCAGGTTATTCAGGTAATA
CTAATTTAGTTCCTTCACTCATTCAGTATATTATAAATATGGCTGTTACG
GTCCCCGCATTGTTCTGTCTTGATCTGCTTGGCAGGAGGACAATTTTATT
AGCTGGCGCCGCTTTTATGATGGCCTGGCAATTTGGTGTTGCTGGCATTT
TAGCTACTTATTCAGAGCCAGCCTATATTTCAGATACCGTGAGAATTAC
AATTCCAGATGACCATAAAAGTGCCGCTAAGGGTGTCATCGCTTGCTGC
TATTTGTTTGTTTGTTCCTTCGCCTTTTCCTGGGGTGTAGGTATCTGGGTT
TATTGTTCAGAAGTGTGGGGTGATAGTCAATCCAGACAAAGAGGTGCTG
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CATTGGCAACTTCTGCTAATTGGATCTTCAATTTCGCAATTGCAATGTTT
ACACCTTCTTCTTTCAAAAATATCACTTGGAAGACTTATATCATTTATGC
TACATTTTGTGCTTGTATGTTCATTCATGTTTTTTTTTTTTTCCCTGAAAC
AAAGGGTAAGAGACTAGAAGAAATTGGACAGCTATGGGATGAAGGTGT
CCCAGCATGGAGATCTGCAAAATGGCAACCCACTGTCCCACTAGCAAGT
GACGCTGAATTAGCTCACAAAATGGATGTTGCACACGCTGAACACGCA
GACTTATTGGCAACCCATTCTCCAAGTAGTGACGAAAAAACTGGTACCG
TTTAA

22

Nucleic acid

sequence of HO
Metschnikowia
speciesHXT2.6

ATGCTGAGCACTACCGATACCCTCGAAAAAAGGGACACCGAGCCTTTC
ACTTCAGATGCTCCTGTCACAGTCCATGACTATATCGCAGAGGAGCGTC
CGTGGTGGAAAGTGCCGCATTTGCGTGTATTGACTTGGTCTGTTTTCGTG
ATCACCCTCACCTCCACCAACAACGGGTATGATGGCCTGATGTTGAATG
GATTGCAATCCTTGGACATTTGGCAGGAGGATTTGGGTCACCCTGCGGG
CCAGAAATTGGGTGCCTTGGCCAACGGTGTTTTGTTTGGTAACCTTGCT
GCTGTGCCTTTTGCTTCGTATTTCTGCGATCGTTTTGGTAGAAGGCCGGT
CATTTGTTTCGGACAGATCTTGACAATTGTTGGTGCTGTATTACAAGGTT
TGTCCAACAGCTATGGATTTTTTTTGGGTTCGAGAATTGTGTTGGGTTTT
GGTGCTATGATAGCCACTATTCCGCTGCCAACATTGATTTCCGAAATCG
CCTACCCTACGCATAGAGAAACTTCCACTTTCGCCTACAACGTGTGCTG
GTATTTGGGAGCCATTATCGCCTCCTGGGTCACATACGGCACCAGAGAT
TTACAGAGCAAGGCTTGCTGGTCAATTCCTTCTTATCTCCAGGCCGCCTT
ACCTTTCTTTCAAGTGTGCATGATTTGGTTTGTGCCAGAGTCTCCCAGAT
TCCTCGTTGCCAAGGGCAAGATCGACCAAGCAAGGGCTGTTTTGTCTAA
ATACCATACAGGAGACTCGACTGACCCCAGAGACGTTGCGTTGGTTGAC
TTTGAGCTCCATGAGATTGAGAGTGCATTGGAGCAGGAAAAATTGAAC
ACTCGCTCGTCATACTTTGACTTTTTCAAGAAGAGAAACTTTAGAAAGA
GAGGCTTCTTGTGTGTCATGGTCGGTGTTGCAATGCAGCTTTCTGGAAA
CGGCTTAGTGTCCTATTACTTGTCGAAAGTGCTAGACTCGATTGGAATC
ACTGAAACCAAGAGACAGCTCGAGATCAATGGCTGCTTGATGATCTATA
ACTTTGTCATCTGCGTCTCGTTGATGAGTGTTTGCCGTATGTTCAAAAGA
AGAGTATTATTTCTCACGTGTTTCTCAGGAATGACGGTTTGCTACACGAT
ATGGACGATTTTGTCAGCGCTTAATGAACAGAGACACTTTGAGGATAAA
GGCTTGGCCAATGGCGTGTTGGCAATGATCTTCTTCTACTATTTTTTCTA
CAACGTTGGCATCAATGGATTGCCATTCCTATACATCACCGAGATCTTG
CCTTACTCACACAGAGCAAAAGGCTTGAATTTATTCCAATTCTCGCAAT
TTCTCACGCAAATCTACAATGGCTATGTGAACCCAATCGCCATGGACGC
AATCAGCTGGAAGTATTACATTGTGTACTGCTGTATTCTCTTCGTGGAGT
TGGTGATTGTGTTTTTCACGTTCCCAGAAACTTCGGGATACACTTITGGAG
GAGGTCGCCCAGGTATTTGGTGATGAGGCTCCCGGGCTCCACAACAGAC
AATTGGATGTTGCGAAAGAATCACTCGAGCATGTTGAGCATGTTTGA

23

Nucleic acid
sequence of HO
Metschnikowia
speciesHXT2.6
codon optimized
for expressionin
S. cerevisiae

ATGAGCCAGTCTAAAGAAAAGTCCAACGTTATTACCACCGTCTTGTCTG
AAGAATTGCCAGTTAAGTACTCCGAAGAAATCTCCGATTACGTTTACCA
TGATCAACATTGGTGGAAGTACAACCACTTCAGAAAATTGCATTGGTAC
ATCTTCGTTCTGACTTTGACTTCTACCAACAATGGTTACGATGGCTCTAT
GTTGAACGGTCTACAATCTTTGTCTACTTGGAAAGATGCTATGGGTAAT
CCTGAAGGTTACATTTTGGGTGCTTTGGCTAATGGTACTATTTTCGGTGG
TGTTTTGGCTGTTGCTTTTGCTTCTTGGGCTTGTGATAGATTTGGTAGAA
AGTTGACTACCTGCTTCGGTTCTATCGTTACTGTTATTGGTGCTATATTG
CAAGGTGCCTCTACTAATTACGCATTCTTTTTCGTTTCCCGTATGGTTAT
TGGTTTTGGTTTCGGTCTAGCTTCTGTTGCTTCTCCAACTTTGATTGCTGA
ATTGTCTTTCCCAACTTACAGACCAACTTGTACTGCCTTGTACAATGTTT
TTTGGTACTTGGGTGCTGTTATTGCTGCATGGGTTACTTATGGTACTAGA
ACTATCGTTTCTGCCTACTCTTGGAGAATTCCATCTTACTTGCAAGGTTT
GTTGCCATTGGTTCAAGTTTGTTTGGTTTGGTGGGTTCCAGAATCTCCAA
GATTCTTGGTTTCTAAGGGTAAGATTGAAAAGGCCAGGGAATTCTTGAT
TAAGTTCCATACTGGTAACGACACCCAAGAACAAGCTACTAGATTGGTC
GAATTTGAGTTGAAAGAAATTGAAGCCGCCTTGGAGATGGAAAAGATT
AACTCTAATTCTAAGTACACCGACTTCATCACCATCAAGACTTTCAGAA
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AGAGAATCTTCTTGGTTGCTTTCACTGCTTGTATGACTCAATTGTCTGGT
AACGGTTTGGTGTCTTACTACTTGTCCAAGGTTTTGATCTCCATTGGTAT
TACCGGTGAGAAAGAACAATTGCAAATCAACGGTTGCCTGATGATCTAC
AACTTGGTTTTGTCTTTAGCTGTTGCCTTCACCTGTTACTTGTTTAGAAG
AAAGGCCCTGTTCATCTTCTCTTGCTCATTCATGTTGTTGTCCTACGTTA
TTTGGACCATTCTGTCCGCTATCAATCAACAGAGAAACTTCGAACAAAA
AGGTCTAGGTCAAGGTGTCTTGGCTATGATTTTTATCTACTACTTGGCCT
ACAACATCGGTTTGAATGGTTTGCCATACTTGTACGTTACCGAAATCTT
GCCATATACTCATAGAGCTAAGGGCATCAACTTGTATTCCTTGGTTATT
AACATCACCCTGATCTATAACGGTTTCGTTAACGCTATTGCTATGGATG
CTATTTCCTGGAAGTACTACATCGTTTACTGCTGCATTATTGCCGTTGAA
TTGGTTGTTGTTATCTTCACCTACGTTGAAACTTTCGGTTACACCTTGGA
AGAAGTTGCTAGAGTTTTTGAAGGTACTGATTCTTTGGCCATGGACATT
AACTTGAACGGTACAGTTTCCAACGAAAAGATCGATATCGTTCACTCTG
AAAGAGGTTCCTCTGCTTAA

24

Nucleic acid
sequence of HO
Metschnikowia
species QUP2

ATGGGCTTTCGCAACTTAAAGCGCAGGCTCTCAAATGTTGGCGACTCCA
TGTCAGTGCACTCTGTGAAAGAGGAGGAAGACTTCTCCCGCGTGGAAAT
CCCGGATGAAATCTACAACTATAAGATCGTCCTTGTGGCTTTAACAGCG
GCGTCGGCTGCCATCATCATCGGCTACGATGCAGGCTTCATTGGTGGCA
CGGTTTCGTTGACGGCGTTCAAACTGGAATTTGGCTTGGACAAAATGTC
TGCGACGGCGGCTTCTGCTATCGAAGCCAACGTTGTTTCCGTGTTCCAG
GCCGGCGCCTACTTTGGGTGTCTTTTCTTCTATCCGATTGGCGAGATTTG
GGGCCGTAAAATCGGTCTTCTTCTTTCCGGCTTTCTTTTGACGTTTGGTG
CTGCTATTTCTTTGATTTCGAACTCGTCTCGTGGCCTTGGTGCCATATAT
GCTGGAAGAGTACTAACAGGTTTGGGGATTGGCGGATGTCTGAGTTTGG
CCCCAATCTACGTTTCTGAAATCGCGCCTGCAGCAATCAGAGGCAAGCT
TGTGGGCTGCTGGGAAGTGTCATGGCAGGTGGGCGGCATTGTTGGCTAC
TGGATCAATTACGGAGTCTTGCAGACTCTTCCGATTAGCTCACAACAAT
GGATCATCCCGTTTGCTGTACAATTGATCCCATCGGGGCTTTTCTGGGGC
CTTTGTCTTTTGATTCCAGAGCTGCCACGTTTTCTTGTATCGAAGGGAAA
GATCGATAAGGCGCGCAAAAACTTAGCGTACTTGCGTGGACTTAGCGA
GGACCACCCCTATTCTGTTTTTGAGTTGGAGAACATTAGTAAGGCCATT
GAAGAGAACTTCGAGCAAACAGGAAGGGGTTTTTTCGACCCATTGAAA
GCTTTGTTTTTCAGCAAAAAAATGCTTTACCGCCTTCTCTTGTCCACGTC
AATGTTCATGATGCAGAATGGCTATGGAATCAATGCTGTGACATACTAC
TCGCCCACGATCTTCAAATCCTTAGGCGTTCAGGGCTCAAACGCCGGTT
TGCTCTCAACAGGAATTTTCGGTCTTCTTAAAGGTGCCGCTTCGGTGTTC
TGGGTCTTTTTCTTGGTTGACACATTCGGCCGCCGGTTTTGTCTTTGCTA
CCTCTCTCTCCCCTGCTCGATCTGCATGTGGTATATTGGCGCATACATCA
AGATTGCCAACCCTTCAGCGAAGCTTGCTGCAGGAGACACAGCCACCA
CCCCAGCAGGAACTGCAGCGAAAGCGATGCTTTACATATGGACGATTTT
CTACGGCATTACGTGGAATGGTACGACCTGGGTGATCTGCGCGGAGATT
TTCCCCCAGTCGGTGAGAACAGCCGCGCAGGCCGTCAACGCTTCTTCTA
ATTGGTTCTGGGCTTTCATGATCGGCCACTTCACTGGCCAGGCGCTCGA
GAATATTGGGTACGGATACTACTTCTTGTTTGCGGCGTGCTCTGCAATCT
TCCCTGTGGTAGTCTGGTTTGTGTACCCCGAAACAAAGGGTGTGCCTTT
GGAGGCCGTGGAGTATTTGTTCGAGGTGCGTCCTTGGAAAGCGCACTCA
TATGCTTTGGAGAAGTACCAGATTGAGTACAACGAGGGTGAATTCCACC
AACATAAGCCCGAAGTACTCTTACAAGGGTCTGAAAACTCGGACACGA
GCGAGAAAAGCCTCGCCTGA

25

Nucleic acid
sequence of HO
Metschnikowia
species QUP2
codon optimized
for expressionin
S. cerevisiae

ATGGGTTTCAGAAACTTGAAGAGAAGATTGTCTAACGTTGGTGACTCCA
TGTCTGTTCACTCTGTTAAGGAAGAAGAAGACTTCTCCAGAGTTGAAAT
CCCAGATGAAATCTACAACTACAAGATCGTCTTGGTTGCTTTGACTGCT
GCTTCTGCTGCTATCATCATCGGTTACGATGCTGGTTTCATTGGTGGTAC
TGTTTCTTTGACTGCTTTCAAGTCTGAATTCGGTTTGGACAAGATGTCTG
CTACTGCTGCTTCTGCTATCGAAATGGGTTTCAGAAACTTGAAGAGGCG
TTTGTCTAATGTTGGTGATTCCATGTCTGTTCACTCCGTCAAAGAAGAAG
AGGATTTCTCCAGAGTTGAAATCCCAGACGAAATCTACAACTACAAGAT
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CGTTTTGGTTGCTTTGACTGCTGCTTCTGCTGCTATTATCATTGGTTATG
ATGCTGGTTTCATCGGTGGTACTGTTTCTTTGACAGCTTTCAAGTCTGAA
TTCGGTTTGGATAAGATGTCTGCTACAGCTGCTTCAGCTATTGAAGCTA
ATGTTGTCTCTGTTTTTCAAGCTGGTGCTTACTTTGGTTGCCTGTTTTTTIT
ACCCAATTGGTGAAATTTGGGGTCGTAAGATTGGTTTGTTGTTGTCTGGT
TTCTTGTTGACTTTTGGTGCTGCCATTTCCTTGATCTCTAATTCTTCTAGA
GGTTTGGGTGCTATCTATGCTGGTAGAGTTTTGACTGGTTTAGGTATTGG
TGGTTGTTCTTCTTTAGCTCCCATCTACGTTAGTGAAATTGCTCCAGCTG
CAATTAGAGGTAAGTTAGTTGGTTGTTGGGAAGTTTCTTGGCAAGTTGG
TGGTATCGTTGGTTATTGGATTAACTATGGTGTCTTGCAAACCCTGCCAA
TCTCTTCTCAACAATGGATTATTCCATTCGCCGTTCAATTGATTCCATCT
GGTTTGTTTTGGGGTTTGTGCTTGTTGATTCCAGAATCTCCAAGATTCTT
GGTGTCCAAAGGTAAGATTGATAAGGCCAGAAAGAACTTGGCTTACTT
GAGAGGTTTGTCTGAAGATCATCCATACTCCGTTTTTGAGTTGGAGAAC
ATTTCCAAGGCCATCGAAGAAAACTTTGAACAAACAGGTAGAGGTTTCT
TCGACCCATTGAAGGCTTTGTTTTTCAGCAAGAAAATGCTGTACAGGCT
GCTGTTGTCTACTTCTATGTTTATGATGCAAAACGGCTACGGTATTAACG
CTGTTACTTATTACTCTCCCACCATCTTTAAGTCCTTGGGTGTTCAAGGT
TCTAATGCCGGTTTGTTATCTACTGGTATTTTCGGTTTGTTGAAAGGTGC
CGCTTCTGTTTTTTGGGTTTTCTTCTTGGTTGATACCTTCGGTAGAAGATT
CTGTTTGTGCTATTTGTCTTTGCCATGCTCTATCTGCATGTGGTATATTG
GTGCCTACATTAAGATTGCTAACCCATCTGCTAAATTGGCTGCTGGTGA
TACTGCTACTACTCCAGCTGGTACTGCTGCTAAAGCTATGTTGTATATTT
GGACCATCTTCTACGGTATCACTTGGAATGGTACTACCTGGGTTATTTGC
GCTGAAATTTTTCCACAATCTGTTAGAACAGCTGCTCAAGCTGTTAATG
CTTCTTCTAATTGGTTTTGGGCCTTCATGATTGGTCATTTTACTGGTCAA
GCTTTGGAAAACATTGGTTACGGTTACTACTTTTTGTTCGCTGCTTGTTC
CGCTATTTTCCCAGTTGTAGTTTGGTTCGTTTACCCAGAAACAAAAGGT
GTTCCATTGGAAGCTGTTGAATACTTGTTTGAAGTTAGACCATGGAAGG
CTCATTCTTACGCTTTAGAAAAGTACCAGATCGAGTACAACGAAGGTGA
ATTCCATCAACATAAGCCAGAAGTTTTGTTGCAGGGTTCTGAAAACTCT
GATACCTCTGAAAAGTCTTTGGCCTGAAACGAAGGTGAATTCCACCAAC
ATAAGCCAGAAGTTTTGTTGCAAGGTTCTGAAAACTCTGACACTTCTGA
AAAGTCTTTGGCTTAA

26

Nucleic acid
sequence of HO
Metschnikowia
species
APS1/HGT19

ATGTCAGAAAAGCCTGTTGTGTCGCACAGCATCGACACGACGCTGTCTA
CGTCATCGAAACAAGTCTATGACGGTAACTCGCTTCTTAAGACCCTGAA
TGAGCGCGATGGCGAACGCGGCAATATCTTGTCGCAGTACACTGAGGA
ACAGGCCATGCAAATGGGCCGCAACTATGCGTTGAAGCACAATTTAGA
TGCGACACTCTTTGGAAAGGCGGCCGCGGTCGCAAGAAACCCATACGA
GTTCAATTCGATGAGTTTTTTGACCGAAGAGGAAAAAGTCGCGCTTAAC
ACGGAGCAGACCAAGAAATGGCACATCCCAAGAAAGTTGGTGGAGGTG
ATTGCATTGGGGTCCATGGCCGCTGCGGTGCAGGGTATGGATGAGTCGG
TGGTGAATGGTGCAACGCTTTTCTACCCCACGGCAATGGGTATCACAGA
TATCAAGAATGCCGATTTGATTGAAGGTTTGATCAACGGTGCGCCCTAT
CTTTGCTGCGCCATCATGTGCTGGACATCTGATTACTGGAACAGGAAGT
TGGGCCGTAAGTGGACCATTTTCTGGACATGTGCCATTTCTGCAATCAC
ATGTATCTGGCAAGGTCTCGTCAATTTGAAATGGTACCATTTGTTCATTG
CGCGTTTCTGCTTGGGTTTCGGTATCGGTGTCAAGTCTGCCACCGTGCCT
GCGTATGCTGCCGAAACCACCCCGGCCAAAATCAGAGGCTCGTTGGTCA
TGCTTTGGCAGTTCTTCACCGCTGTCGGAATCATGCTTGGTTACGTGGCG
TCTTTGGCATTCTATTACATTGGTGACAATGGCATTTCTGGCGGCTTGAA
CTGGAGATTGATGCTAGGATCTGCATGTCTTCCAGCTATCGTTGTGTTAG
TCCAAGTTCCGTTTGTTCCAGAATCCCCTCGTTGGCTCATGGGTAAGGA
AAGACACGCTGAAGCATATGATTCGCTCCGGCAATTGCGGTTCAGTGAA
ATCGAGGCGGCCCGTGACTGTTTCTACCAGTACGTGTTGTTGAAAGAGG
AGGGCTCTTATGGAACGCAGCCATTCTTCAGCAGAATCAAGGAGATGTT
CACCGTGAGAAGAAACAGAAATGGTGCATTGGGCGCGTGGATCGTCAT
GTTCATGCAGCAGTTCTGTGGAATCAACGTCATTGCTTACTACTCGTCGT
CGATCTTCGTGGAGTCGAATCTTTCTGAGATCAAGGCCATGTTGGCGTC
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TTGGGGGTTCGGTATGATCAATTTCTTGTTTGCAATTCCAGCGTTCTACA
CCATTGACACGTTTGGCCGACGCAACTTGTTGCTCACTACTTTCCCTCTT
ATGGCGGTATTCTTACTCATGGCCGGATTCGGGTTCTGGATCCCGTTCG
AGACAAACCCACACGGCCGTTTGGCGGTGATCACTATTGGTATCTATTT
GTTTGCATGTGTCTACTCTGCGGGCGAGGGACCAGTTCCCTTCACATAC
TCTGCCGAAGCATTCCCGTTGTATATCCGTGACTTGGGTATGGGCTTTGC
CACGGCCACGTGTTGGTTCTTCAACTTCATTTTGGCATTTTCCTGGCCTA
GAATGAAGAATGCATTCAAGCCTCAAGGTGCCTTTGGCTGGTATGCCGC
CTGGAACATTGTTGGCTTCTTCTTAGTGTTATGGTTCTTGCCCGAGACAA
AGGGCTTGACGTTGGAGGAATTGGACGAAGTGTTTGATGTGCCTTTGAG
AAAACACGCGCACTACCGTACCAAAGAATTAGTATACAACTTGCGCAA
ATACTTCTTGAGGCAGAACCCTAAGCCATTGCCGCCACTTTATGCACAC
CAAAGAATGGCTGTTACCAACCCAGAATGGTTGGAAAAGACCGAGGTC
ACGCACGAGGAGAATATCTAG

27

Nucleic acid
sequence of HO
Metschnikowia
species
APSI/HGT19
codon optimized
for expressionin
S. cerevisiae

ATGTCTGAAAAGCCAGTTGTTTCTCACTCTATCGACACCACCTCTTCTAC
CTCTTCTAAGCAAGTCTACGACGGTAACTCTTTGTTGAAGACCTCTAAC
GAAAGAGACGGTGAAAGAGGTAACATCTTGTCTCAATACACTGAAGAA
CAAGCAATGCAAATGGGTAGAAACTACGCTTTGAAGCACAACTTGGAC
GCTACCTTGTTCGGTAAGGCTGCTGCTGTCGCTAGAAACCCATACGAGT
TCAACTCTATGTCTTTCTTGACCGAAGAAGAAAAGGTCGCTTTGAACAC
CGAACAAACCAAGAAGTGGCACATCCCAAGAAAGTTGGTTGAAGTTAT
TGCTTTGGGTTCTATGGCTGCTGCTGTTCAAGGTATGGACGAATCTGTTG
TTAACGGTGCTACCTTGTTCTACCCAACCGCTATGGGTATCACCGACAT
CAAGAACGCTGACTTGATTGAAGGTTTGATTAACGGTGCCCCATACTTG
TGTTGTGCTATTATGTGTTGGACCTCTGACTACTGGAACAGAAAGTTGG
GTAGAAAGTGGACCATTTTCTGGACCTGTGCTATTTCTGCTATCACCTGT
ATCTGGCAAGGTTTGGTCAACTTGAAGTGGTATCACTTGTTCATTGCTA
GATTCTGTTTGGGTTTCGGTATCGGTGTCAAGTCTGCTACCGTTCCAGCC
TACGCTGCTGAAACCACCCCAGCCAAGATTAGAGGTTCTTTGGTTATGT
TGTGGCAATTCTTCACCGCTGTCGGTATTATGTTGGGTTACGTTGCTTCT
TTGGCTTTCTACTACATTGGTGACAACGGTATTTCTGGTGGTTTGAACTG
GAGATTGATGTTGGGTTCTGCTTGTTTGCCAGCCATCGTTGTTTTGGTCC
AAGTTCCATTCGTTCCAGAATCTCCAAGATGGTTGATGGGTAAGGAAAG
ACACGCTGAAGCCTACGACTCTTTGAGACAATTGAGATTCTCTGAAATC
GAAGCCGCTAGAGACTGTTTCTACCAATACGTTTTGTTGAAGGAAGAAG
GTTCTTACGGTACTCAACCATTCTTCTCTAGAATCAAGGAAATGTTCACC
GTTAGAAGAAACAGAAACGGTGCTTTGGGTGCTTGGATTGTTATGTTTA
TGCAACAATTCTGTGGTATCAACGTCATTGCTTACTACTCTTCTTCTATC
TTCGTTGAATCTAACTTGTCTGAAATCAAGGCTATGTTGGCTTCTTGGGG
TTTCGGTATGATTAACTTCTTGTTCGCTATTCCAGCCTTCTACACCATTG
ACACCTTCGGTAGAAGAAACTTGTTGTTGACTACTTTCCCATTGATGGCT
GTTTTCTTGTTGATGGCTGGTTTCGGTTTCTGGATTCCATTCGAAACCAA
CCCACACGGTAGATTGGCTGTTATCACTATTGGTATCTACTTGTTCGCTT
GTGTCTACTCTGCTGGTGAAGGTCCAGTTCCATTCACCTACTCTGCTGAA
GCCTTCCCATTGTACATCAGAGACTTGGGTATGGGTTTCGCTACCGCTA
CCTGTTGGTTCTTCAACTTCATTTTGGCTTTCTCTTGGCCAAGAATGAAG
AACGCTTTCAAGCCTCAAGGTGCTTTCGGTTGGTACGCTGCTTGGAACA
TTGTTGGTTTCTTCTTGGTTTTGTGGTTCTTGCCAGAAACTAAGGGTTTG
ACTTTGGAAGAATTGGACGAAGTTTTCGACGTTCCATTGAGAAAGCACG
CTCACTACAGAACTAAGGAATTGGTTTACAACTTGAGAAAGTACTTCTT
GAGACAAAACCCAAAGCCATTGCCACCATTGTACGCTCACCAAAGAAT
GGCTGTTACCAACCCAGAATGGTTGGAAAAGACCGAAGTCACCCACGA
AGAAAACATCTAA

28

Amino acid
sequence of HO
Metschnikowia
species Xyllp

MATIKLNSGY DMPQVGFGCWKVTNSTCADTIYNAIKVGYRLFDGAEDY G
NEKEVGEGINRAIDEGLVARDELFWSKLWNNFHHPDNVEKALDKTLGDL
NVEYLDLFLIHFPIAFKFVPFEEKY PPGFY CGEGDKFIYEDVPLLDTWRALE
KFVKKGKIRSIGISNFSGALIQDLLRGAEIPPAVLQIEHHPYLQQPRLIEYVQS
KGIAITAY SSFGPQSFVELDHPKVKECVTLFEHEDIVSIAKAHDKSAGQVLL
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RWATQRGLAVIPKSNKTERLLLNLNVNDFDLSEAELEQIAKLDVGLRFNNP
WDWDKIPIFH

29

Amino acid
sequence of HO
Metschnikowia
species Xyl2p

MPANPSLVLNKVNDITFENY EWLLTDPNDVLVQVKKTGICGSDIHYYTHG
PIGDFVLTKPMVLGHESAGVVVEVGKGVTDLKVGDKVAIEPGVPSRTSDE
YKSGHYNLCPHMCFAATPNSNPDEPNPPGTLCKYYKSPADFLVKLPEHVSL
ELGAMVEPLTVGVHASRLGRVTFGDHVVVFGAGPVGILAAAVARKFGAA
SWIVDIFDSKLELAKSIGAATHTFNSMTEGVLSEALPAGVRPDVVLECTGA
EICVQQGVLALKAGGRHVQVGNAGSYLKFPITEFVTKELTLFGSFRY GYND
YKTSVAILDENYKNGKENALVDFEALITHRFPFKNAIEAY DAVRAGDGAV
KCIIDGPE

30

Amino acid
sequence of HO
Metschnikowia
species Xkslp

MTY SSSSGLFLGFDLSTQQLKITVTNENLKALGTYHVEFDAQFKEKYAIKKG
VLSDEKTGEILSPYHMWLEAIDHWGLMKKDNFPFGKVKGISGSGMQHGS
VFWSKSA SSSLKNMAEY SSLTEALADAFACDTSPNWQDHSTGKEIKDFEK
WGGPDKLAEITGSRAHYRFTGLQIRKLAVRSENDVY QKTDRISLVSSFVAS
VLLGRITTIEEADACGMNLYNVTESKLDEDLLAIAAGVHPKLDNKSKRETD
EGVKELKRKIGEIKPVSY QTSGSIAPY FVEKY GFSPDSKIVSFTGDNLATIISL
PLRKNDVLVSLGTSTTVLLVTESYAPSSQYHLFKHPTIKNAYMGMICY SNG
ALAP*RVRDAINEKY GVAGDSWDKFNEILDRSGDFNNKLGVY FPIGEIVPN
APAQTKPIVEMNSHEDVKEIEKWDLENDWSIVESQTV SCRWAGPMLSGS
GDSNEGTPENENRKVKTLIDDLHSKFGEIY TDGKPQSY ESLTSRPRNIYFVG
GASRNKSIIHKMASIMGATEGNFQVEIPNACALGGAY KASWSLECESRQK
WVHFNDYLNEKYDFDDVDEFKVDDKWLNY IPAIGLLSKLESNLDON

31

Amino acid
sequence of HO
Metschnikowia
species Tkllp

MSDIDQLAISTIRLLAVDAVAKANSGHPGAPLGLAPAAHAVWKEMKFNPK
NPDWVNRDRFVLSNGHACALLYAMLHLY GFDMSLDDLKQFRQLNSKTPG
HPEKFEIPGAEVTTGPLGQGISNAVGLAIAQKQFAATFNKDDFAISDSYTYA
FLGDGCLMEGVASEASSLAGHLQLNNLIAFWDDNKISIDGSTEVAFTEDVL
KRYEAYGWDTLTIEKGDTDLEGVAQAIKTAKASKKPTLIRLTTHGYGSLQQ
GTHGVHGAPLKPDDIKQLKEKFGFDPTKSFVWQEVYDYYGTLVKKNQEL
ESEWNKTVESYIQKFPEEGAVLARRLKGELPEDWAKCLPTYTADDKPLAT
RKLSEMALIKILDVVPELIGGSADLTGSNLTRAPDMVDFQPPQTGLGNYAG
RYIRY GVREHGMGAIMNGIAGFGAGFRNY GGTFLNFVSYAAGAVRLSALS
HLPVIWVATHDSIGLGEDGPTHQPIETLAHFRATPNISVWRPADGNEV SAA
YKSAIESTSTPHILALTRONLPQLAGSSVEKASTGGYTVYQTTDKPAVIIVAS
GSEVAISIDAAKKLEGEGIKANVVSLVDFHTFDKQPLDYRLSVLPDGVPIMS
VEVMSSFGWSKY SHEQFGLNRFGASGKAEDLY KFFDFTPEGVADRAAKTV
QFYKGKDLLSPLNRAF

32

Amino acid
sequence of HO
Metschnikowia

MSNSLESLKATGTVIVTDTGEFDSIAKY TPQDATTNPSLILAASKKAEYAKYV
IDVAIKY AEDKGSNPKEKAAIALDRLLVEFGKEILSIVPGRVSTEVDARLSFD
KDATVKKALEIELYKSIGISKDRVLIKIASTWEGIQAAKELEAKHDIHCNLT

species Td | p LLFSFVQAVACAEAKVTLISPFVGRILDWYKASTGKEY DAESDPGWSVRQ
IYNYYKXYGYNTIVMGASFRNTGEIKALAGCDY LTVAPKLLEELMNSSEEV
PKVLDAASASSASEEKV SY IDDESEFRFLLNEDAMATEKLAQGIRGFAKDA
QTLLAELENRFK
33 Nucleic acid ATGGCTACTATCAAATTGAACTCTGGATACGACATGCCCCAAGTGGGTT

sequence of HO
Metschnikowia
species XYL1

TTGGGTGCTGGAAAGTAACTAACAGTACATGTGCTGATACGATCTACAA
CGCGATCAAAGTTGGCTACAGATTATTTGATGGCGCTGAAGATTACGGG
AACGAGAAAGAGGTGGGCGAAGGAATCAACAGGGCCATTGACGAAGG
CTTGGTGGCACGTGACGAGTTGTTCGTGGTGTCCAAGCTCTGGAACAAC
TTCCATCATCCAGACAACGTCGAGAAGGCGTTGGACAAGACTTTGGGCG
ACTTGAATGTCGAGTACTTGGACTTGTTCTTGATCCATTTCCCAATTGCG
TTCAAATTCGTGCCCTTTGAGGAGAAATACCCGCCCGGCTTCTACTGTG
GAGAAGGCGATAAGTTTATCTACGAGGATGTGCCTTTGCTTGACACGTG
GCGGGCATTGGAGAAGTTTGTGAAGAAGGGTAAGATCAGATCCATCGG
AATCTCGAACTTTTCCGGCGCGTTGATCCAGGACTTGCTCAGGGGCGCC
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GAGATCCCCCCTGCCGTGTTGCAGATTGAGCACCACCCATACTTGCAGC
AGCCCAGATTGATTGAGTATGTGCAGTCCAAGGGTATTGCCATCACAGC
CTACTCCTCTTTTGGCCCACAGTCGTTTGTGGAGTTGGACCACCCCAAG
GTCAAGGAGTGTGTCACGCTTTTCGAGCACGAAGACATTGTTTCCATCG
CTAAAGCTCACGACAAGTCCGCGGGCCAGGTATTATTGAGGTGGGCCA
CGCAAAGGGGTCTTGCCGTGATTCCAAAGTCAAACAAAACCGAGCGTTT
GTTGCTGAATTTGAATGTGAACGATTTTGATCTCTCTGAAGCAGAATTG
GAGCAAATCGCAAAGTTGGACGTGGGCTTGCGCTTCAACAACCCTTGGG
ACTGGGACAAGATTCCAATCTTCCATTAA

34

Nucleic acid
sequence of HO
Metschnikowia
species XYL2

ATGCCTGCTAACCCATCCTTGGTTTTGAACAAAGTGAACGACATCACGT
TCGAGAACTACGAGGTTCCGTTACTCACAGACCCCAACGATGTATTGGT
TCAGGTGAAAAAGACTGGAATCTGTGGATCTGACATCCACTACTACACC
CACGGCAGAATTGGCGACTTCGTGTTGACAAAGCCAATGGTTTTGGGCC
ACGAATCCGCCGGTGTGGTCGTGGAGGTCGGCAAAGGTGTCACTGACTT
GAAGGTTGGTGATAAGGTTGCCATTGAGCCCGGAGTGCCTTCTCGCACC
AGTGACGAGTACAAGAGTGGCCACTACAACTTGTGCCCACACATGTGTT
TTGCCGCCACGCCCAACTCTAACCCCGACGAGCCAAACCCGCCAGGGA
CTTTGTGCAAATATTACAAGTCCCCAGCGGACTTCTTGGTGAAATTGCC
TGAGCACGTCTCCCTTGAGTTGGGCGCTATGGTCGAGCCTTTGACTGTC
GGTGTGCACGCCTCGCGTTTGGGCCGTGTCACTTTTGGTGACCACGTTGT
GGTTTTCGGTGCTGGCCCAGTCGGTATCCTTGCGGCTGCCGTGGCCAGA
AAGTTTGGCGCTGCCAGCGTGACTATCGTCGACATCTTCGACAGCAAAT
TGGAATTGGCCAAGTCCATTGGCGCGGCCACTCACACATTCAACTCAAT
GACTGAGGGTGTTCTTTCGGAGGCTTTGCCCGCGGGCGTGAGACCTGAC
GTTGTATTGGAGTGCACTGGAGCAGAGATCTGTGTGCAGCAAGGTGTAC
TTGCGTTGAAGGCTGGTGGCCGCCACGTGCAAGTTGGAAATGCCGGCTC
CTATCTCAAATTCCCCATCACCGAATTTGTTACCAAGGAGTTGACTCTCT
TTGGATCCTTCCGTTACGGTTACAACGACTACAAGACGTCGGTCGCCAT
CTTGGACGAGAATTACAAGAACGGGAAGGAGAATGCGTTGGTGGACTT
TGAAGCCTTGATTACTCACCGTTTCCCCTTCAAGAATGCCATTGAGGCTT
ACGACGCGGTGCGCGCTGGCGACGGAGCTGTCAAGTGTATCATTGACG
GCCCAGAGTAA
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Nucleic acid
sequence of HO
Metschnikowia
species XKSL

ATGACTTATAGTTCCAGCTCTGGCCTCTTTTTGGGCTTCGACTTGTCGAC
GCAGCAGCTTAAAATCATTGTGACAAACGAGAACTTGAAGGCGCTTGG
TACCTACCATGTTGAGTTTGATGCTCAATTCAAAGAGAAATACGCGATC
AAAAAGGGTGTTTTGTCAGATGAAAAAACGGGCGAGATTTTATCACCC
GTGCACATGTGGCTAGAGGCAATTGACCATGTCTTTGGGTTGATGAAAA
AAGACAATTTCCCCTTCGGAAAAGTGAAAGGCATAAGCGGTTCAGGGA
TGCAGCACGGATCGGTCTTTTGGTCGAAGTCTGCTTCTTCATCCTTAAAG
AATATGGCCGAATATTCCTCTTTAACAGAAGCCTTGGCTGATGCCTTTG
CGTGTGATACTTCTCCCAACTGGCAGGACCATTCGACAGGGAAAGAAAT
CAAAGACTTTGAGAAAGTCGTTGGAGGCCCGGACAAATTGGCGGAAAT
TACAGGCTCAAGAGCTCACTACAGGTTCACTGGGTTGCAGATTCGGAAG
TTGGCAGTGAGATCTGAGAATGACGTTTACCAGAAAACCGATAGAATA
TCTTTGGTGTCGAGTTTTGTTGCGTCCGTTCTTTTGGGCAGGATCACCAC
AATTGAGGAGGCGGACGCTTGCGGAATGAATTTATACAATGTGACCGA
GTCTAAGCTTGATGAAGATTTGTTAGCAATCGCTGCAGGGGTGCATCCA
AAGCTCGATAACAAATCCAAAAGGGAAACAGACGAGGGTGTCAAAGA
ACTAAAGCGAAAGATTGGTGAGATCAAACCCGTGAGTTATCAGACTTC
GGGCTCAATCGCACCATATTTTGTCGAGAAATACGGCTTCTCTCCAGAT
TCGAAGATTGTTTCGTTTACGGGTGATAATCTTGCGACCATCATCTCTTT
GCCTTTGAGAAAAAACGACGTCTTGGTGTCACTAGGCACATCCACCACC
GTACTTTTGGTGACCGAGAGCTACGCGCCTTCTTCGCAGTATCATCTTTT
CAAGCATCCTACAATTAAGAATGCTTACATGGGAATGATTTGCTACAGT
AATGGCGCGCTAGCAAGAGAAAGAGTTCGTGACGCCATCAATGAGAAG
TATGGTGTGGCAGGGGATTCTTGGGACAAGTTCAATGAGATCTTGGATC
GCTCAGGCGACTTCAACAATAAGTTGGGTGTTTACTTTCCCATCGGTGA
AATTGTGCCCAATGCTCCGGCCCAGACAAAGAGAATGGAAATGAACTC
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GCATGAGGATGTGAAAGAGATCGAAAAGTGGGATTTGGAAAACGATGT
CACTTCTATTGTTGAGTCACAAACCGTTAGTTGCCGAGTGAGAGCGGGC
CCAATGCTTTCTGGATCGGGTGACTCGAATGAAGGAACGCCCGAAAAT
GAAAATAGGAAAGTCAAAACACTCATCGACGATTTACACTCTAAGTTCG
GCGAAATTTACACAGACGGGAAACCTCAGAGCTACGAGTCTTTGACTTC
GAGGCCGCGGAACATCTACTTTGTCGGAGGGGCTTCAAGAAACAAGAG
TATCATACACAAGATGGCTTCGATCATGGGTGCTACCGAAGGAAACTTT
CAGGTTGAGATTCCGAATGCGTGTGCTCTTGGCGGCGCCTACAAGGCAA
GCTGGAGCCTTGAGTGTGAGAGCAGACAAAAGTGGGTGCACTTCAATG
ATTACCTCAATGAGAAGTACGATTTCGATGATGTGGATGAGTTCAAAGT
GGACGACAAATGGCTCAACTATATTCCGGCGATTGGCTTGTTGTCGAAA
TTGGAAAGCAACCTTGACCAGAACTAA
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Nucleic acid
sequence of HO
Metschnikowia
species TKL1

ATGTCCGACATCGATCAATTGGCTATTTCTACCATCCGTTTGTTGGCGGT
CGACGCCGTGGCCAAGGCCAACTCTGGTCACCCCGGTGCCCCATTGGGT
CTCGCCCCTGCCGCCCACGCCGTTTGGAAGGAGATGAAATTCAACCCAA
AGAACCCCGACTGGGTCAACAGAGACCGTTTTGTGTTGTCGAACGGTCA
CGCTTGCGCTTTGTTATACGCCATGTTGCACCTTTACGGCTTCGACATGT
CGCTTGACGACTTGAAGCAGTTCCGTCAGTTGAACTCGAAAACACCCGG
ACATCCCGAGAAGTTTGAAATCCCAGGTGCCGAGGTCACCACGGGCCC
CTTGGGTCAGGGTATCTCCAACGCCGTGGGTTTGGCCATTGCACAGAAG
CAATTCGCTGCCACGTTCAACAAGGACGATTTCGCCATCTCTGACTCGT
ACACCTACGCCTTCTTGGGTGACGGATGTTTGATGGAGGGTGTCGCCTC
GGAAGCATCTTCTTTGGCTGGCCACCTCCAATTGAACAACTTGATTGCG
TTCTGGGACGACAACAAGATCTCGATCGATGGATCCACTGAAGTGGCCT
TCACCGAGGACGTGTTGAAGCGTTACGAGGCTTACGGTTGGGACACGCT
CACGATTGAGAAGGGTGACACTGACTTGGAGGGCGTCGCTCAGGCGAT
CAAGACTGCCAAGGCGCTGAAGAAGCCTACTTTGATCCGTTTGACCACC
ATCATCGGCTACGGCTCGCTCCAGCAGGGTACCCACGGTGTTCACGGTG
CTCCATTGAAGCCAGATGACATCAAGCAGTTGAAGGAGAAGTTTGGCTT
CGACCCAACCAAGTCGTTTGTCGTGCCTCAGGAAGTTTACGACTACTAC
GGCACACTCGTAAAGAAGAACCAGGAGTTGGAGTCCGAGTGGAACAAG
ACCGTCGAGTCCTACATCCAGAAATTCCCAGAGGAGGGCGCTGTCTTGG
CGCGCAGACTCAAGGGTGAGTTGCCTGAGGACTGGGCCAAGTGCTTGC
CTACTTACACCGCTGATGACAAGCCGTTGGCCACGAGAAAGTTGTCTGA
GATGGCTCTCATCAAGATCTTGGATGTCGTTCCAGAGCTTATTGGTGGC
TCTGCCGACTTGACCGGCTCGAACTTGACCCGTGCCCCTGACATGGTTG
ACTTCCAGCCCCCTCAGACCGGCTTGGGTAACTACGCTGGTAGATACAT
CCGTTACGGTGTGCGTGAGCACGGTATGGGTGCCATCATGAACGGTATC
GCCGGTTTTGGTGCTGGTTTCCGTAACTACGGCGGTACCTTCTTGAACTT
CGTCTCGTACGCCGCCGGTGCTGTGCGTTTGTCGGCTCTTTCTCACTTGC
CTGTGATCTGGGTTGCTACGCATGACTCGATTGGTTTGGGTGAGGACGG
TCCTACCCACCAGCCTATTGAGACCTTGGCCCACTTCAGAGCTACCCCT
AACATCTCTGTGTGGAGACCTGCTGACGGTAACGAGGTGTCAGCTGCTT
ACAAGTCTGCCATTGAGTCTACCTCTACCCCACACATCTTGGCCTTGACC
AGACAGAACTTGCCTCAATTGGCTGGTTCTTCTGTGGAGAAGGCCTCTA
CCGGTGGTTACACCGTGTACCAGACCACTGACAAGCCTGCCGTCATCAT
CGTGGCTTCTGGTTCCGAGGTGGCCATCTCTATTGACGCCGCCAAGAAG
TTGGAGGGTGAGGGCATCAAGGCCAACGTTGTTTCCTTGGTTGACTTCC
ACACTTTCGACAAGCAGCCTTTGGACTACCGTTTATCTGTTTTGCCAGAT
GGCGTGCCAATCATGTCCGTTGAGGTGATGTCCTCGTTCGGCTGGTCCA
AGTATTCTCACGAGCAGTTCGGCTTGAACAGATTCGGTGCCTCCGGCAA
GGCCGAAGACCTTTACAAGTTCTTCGACTTCACGCCAGAAGGCGTTGCT
GACAGAGCCGCCAAGACCGTGCAGTTCTACAAGGGCAAGGACCTCCTT
TCGCCTTTGAACAGAGCCTTCTAA
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Nucleic acid
sequence of HO
Metschnikowia

ATGTCTAACTCTTTGGAATCCTTGAAAGCTACCGGCACCGTGATCGTCA
CCGACACTGGTGAGTTCGACTCGATTGCCAAGTACACCCCACAAGATGC
CACCACCAACCCTTCGTTGATTTTAGCCGCCTCGAAAAAGGCTGAGTAC
GCCAAGGTGATTGATGTTGCTATTAAATACGCCGAGGACAAGGGCAGC
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species TALI

| AACCCTAAGGAGAAGGCCGCCATTGCCTTGGACAGATTGTTGGTGGAGT

TCGGTAAGGAAATCTTGCTGATTGTGCCTGGCAGAGTGTCTACCGAGGT
TGACGCCAGATTGTCGTTTGACAAGGACGCCACCGTCAAGAAGGCGCTT
GAGATCATCGAATTGTACAAGTCCATTGGCATCTCGAAGGACAGAGTGT
TGATCAAGATCGCTTCCACCTGGGAAGGTATCCAGGCCGCCAAGGAGTT
GGAGGCCAAGCACGACATCCACTGTAACTTGACGCTTTTGTTCAGTTTC
GTGCAGGCGGTGGCGTGTGCCGAGGCCAAGGTCACTTTGATCTCGCCTT
TCGTCGGCAGAATCTTGGACTGGTACAAGGCCTCCACCGGCAAGGAGT
ACGATGCCGAGTCCGACCCTGGTGTTGTGTCTGTCAGACAGATCTACAA
CTACTACAAGAAGTACGGCTACAACACGATTGTCATGGGCGCGTCTTTC
AGAAACACTGGCGAGATCAAGGCCTTGGCTGGCTGCGACTACTTGACTG
TGGCCCCTAAGTTGTTGGAGGAGTTGATGAACTCTTCCGAGGAGGTGCC
TAAGGTGTTGGACGCTGCCTCGGCCAGCTCCGCGTCTGAGGAGAAGGTT
TCCTACATTGACGACGAGAGCGAGTTCAGATTCTTGTTGAACGAGGACG
CCATGGCCACCGAGAAGTTGGCCCAGGGTATCAGAGGCTTTGCCAAGG
ACGCCCAGACCTTGTTGGCCGAGTTGGAGAACAGATTCAAGTAG

[0057] In some embodiments, the microbial organisms can have a least one exogenous

nucleic acid encoding axylose transporter that isat least 30% identical to aMetschnikowia

xylose transporter. The xylose transporter encoded by an exogenous nucleic acid can be at
least 35%, at least 40%, at least 45%, a least 50%, at least 55%, at least 60%, at least 65%, a
least 70%, at least 71%, at least 72%, at least 73%, at least 74%, a least 75%, a least 76%, a
least 77%, at least 78%, at least 79%, at least 80%, at least 81%, at least 82%, at least 83%, a
least 84%, at least 85%, at least 86%, at least 87%, at least 88%, at least 89%, at least 90%, a
least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, a
least 98%, at least 99% or 100% identical to a Metschnikowia xylose transporter. The

Metschnikowia xylose transporter can be from H OMetschnikowia species. In some

embodiments, the xylose transporter encoded by an exogenous nucleic acid can be have at
least 30%, at least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at |east 60%, a
least 65%, at least 70%, at least 71%, at least 72%, at least 73%, a least 74%, a least 75%, a
least 76%, at least 77%, at least 78%, a least 79%, at least 80%, at least 81%, at least 82%, a
least 83%, at least 84%, at least 85%, at least 86%, at least 87%, at least 88%, at least 89%, a
least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, a
least 97%, at least 98%, at least 99% or 100% identical to axylose transporter fromH O

Metschnikowia species.

[0058] In some embodiments, the microbial organisms can have a least one exogenous

nucleic acid encoding axylose reductase that is at least 30% identical to a Metschnikowia

xylose reductase. The xylose reductase encoded by an exogenous nucleic acid can be a |east
35%, at least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at least 65%, at least
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70%, at least 71%, at least 72%, at least 73%, a least 74%, a least 75%, a least 76%, a |least
T7%, a least 78%, at least 79%, at least 80%, a least 81%, a least 82%, at least 83%, a least
84%, at least 85%, at least 86%, at least 87%, a least 88%, a least 89%, at least 90%, at least
91%, at least 92%, at least 93%, at least 94%, a least 95%, a least 96%, at least 97%, at |least
98%, at least 99% or 100% identical to aMetschnikowia xylose reductase. The
Metschnikowia xylose reductase can be from H OMetschnikowia species. In some
embodiments, the xylose reductase encoded by an exogenous nucleic acid can be at least
35%, a least 40%, at least 45%, at least 50%, a least 55%, a least 60%, at least 65%, at least
70%, at least 71%, at least 72%, at least 73%, a least 74%, a least 75%, a least 76%, at |least
T7%, a least 78%, at least 79%, at least 80%, a least 81%, a least 82%, at least 83%, at |least
84%, at least 85%, at least 86%, at least 87%, a least 88%, a least 89%, at least 90%, at least
91%, at least 92%, at least 93%, at least 94%, a least 95%, a least 96%, at least 97%, at least
98%, a least 99% or 100% identical to axylose reductase from H OMetschnikowia species.

[0059] In some embodiments, the microbial organisms can have a least one exogenous
nucleic acid encoding axylose dehydrogenase that is at least 30% identical to a
Metschnikowia xylose dehydrogenase. The xylose dehydrogenase encoded by an exogenous
nucleic acid can be at least 35%, at least 40%, at least 45%, a least 50%, &t least 55%, at
least 60%, at least 65%, at least 70%, at least 71%, at least 72%, at least 73%, at least 74%, a
least 75%, at least 76%, at least 77%, a least 78%, at least 79%, at least 80%, at least 81%, a
least 82%, at least 83%, at least 84%, at least 85%, at least 86%, a least 87%, at least 88%, a
least 89%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, a
least 96%, at least 97%, at least 98%, at least 99% or 100% identical to aMetschnikowia
xylose dehydrogenase. The Metschnikowia xylose dehydrogenase can be fromH O
Metschnikowia species.  In some embodiments, the xylose dehydrogenase encoded by an
exogenous nucleic acid can be at least 35%, at least 40%, at least 45%, at least 50%, at |east
55%, at least 60%, at least 65%, at least 70%, a least 71%, a least 72%, at least 73%, at least
74%, a least 75%, at least 76%, at least 77%, a least 78%, a least 79%, a least 80%, at least
81%, at least 82%, at least 83%, at least 84%, a least 85%, a |least 86%, at least 87%, at least
88%, at least 89%, at least 90%, at least 91%, a least 92%, a least 93%, at least 94%, at least
95%, a least 96%, at least 97%, at least 98%, at least 99% or 100% identical to axylose
dehydrogenase from H OMetschnikowia species.
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[0060] In some embodiments, the microbial organisms can have a least one exogenous
nucleic acid encoding axylulokinase that is at least 30% identical to aMetschnikowia
xylulokinase. The xylose transporter encoded by an exogenous nucleic acid can be at |east
35%, at least 40%, at least 45%, at least 50%, a least 55%, a least 60%, at least 65%, at least
70%, at least 71%, at least 72%, at least 73%, a least 74%, a least 75%, a least 76%, at |least
T7%, a least 78%, at least 79%, at least 80%, a least 81%, a least 82%, at least 83%, a least
84%, at least 85%, at least 86%, at least 87%, a least 88%, a least 89%, at least 90%, at least
91%, at least 92%, at least 93%, at least 94%, a least 95%, a least 96%, at least 97%, at least
98%, a least 99% or 100% identical to a Metschnikowia xylulokinase. The Metschnikowia
xylose kinase can be from H OMetschnikowia species. In some embodiments, the xylose
kinase encoded by an exogenous nucleic acid can be at least 35%, at least 40%, at least 45%,
a least 50%, at least 55%, at least 60%, at least 65%, at least 70%, a least 71%, at least 72%,
a least 73%, at least 74%, at least 75%, at least 76%, at least 77%, a least 78%, at least 79%,
a least 80%, at least 81%, at least 82%, at least 83%, at least 84%, a least 85%, at least 86%,
a least 87%, at least 88%, at least 89%, at least 90%, at least 91%, a least 92%, at least 93%,
a least 94%, at least 95%, at least 96%, at least 97%, at least 98%, a least 99% or 100%

identical to axylulokinase from H OMetschnikowia species.

[0061] In some embodiments, the microbial organisms can have at least two exogenous
nucleic acids each encoding two enzymes or proteins that is at least 30% identical to a
Metschnikowia enzyme or protein. The two enzymes or proteins encoded by the at least two
exogenous nucleic acids can each be a least 35%, a least 40%, at least 45%, at least 50%, at
least 55%, at least 60%, at least 65%, a least 70%, at least 71%, a least 72%, at least 73%, a
least 74%, at least 75%, at least 76%, a least 77%, at least 78%, a least 79%, at least 80%, a
least 81%, at least 82%, at least 83%, at least 84%, at least 85%, at least 86%, at least 87%, a
least 88%, at least 89%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, a
least 95%, at least 96%, at least 97%, at least 98%, at least 99% or 100% identical tothe
respective Metschnikowia enzymes or proteins. The Metschnikowia enzymes or proteins can
be from H OMetschnikowia species. In some embodiments, the two Metschnikowia enzymes
or proteins encoded by the at least two exogenous nucleic acids can each be at least 35%, a
least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at least 65%, at least 70%, a
least 71%, at least 72%, at least 73%, a least 74%, at least 75%, a least 76%, at least 77%, a
least 78%, at least 79%, at least 80%, at least 81%, at least 82%, at least 83%, at least 84%, a
least 85%, at least 86%, at least 87%, at least 88%, at least 89%, at least 90%, at least 91%, a
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least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, a
least 99% or 100% identical to the respective enzymes or proteins from H OMetschnikowia
species. In some embodiments, the microbial organisms can have at least two exogenous
nucleic acids encoding axylose transporter and axylose reductase. In some embodiments,
the microbial organisms can have a least two exogenous nucleic acids encoding axylose
transporter and axylose dehydrogenase. In some embodiments, the microbial organisms can
have at least two exogenous nucleic acids encoding axylose transporter and axylulokinase.
In some embodiments, the microbial organisms can have & least two exogenous nucleic acids
encoding axylose reductase and axylose dehydrogenase. In some embodiments, the
microbial organisms can have at least two exogenous nucleic acids encoding axylose
reductase and axylulokinase. In some embodiments, the microbial organisms can have at

least two exogenous nucleic acids encoding axylose dehydrogenase and axylulokinase.

[0062] In some embodiments, the microbial organisms can have at least three exogenous
nucleic acids each encoding an enzyme or protein that is at least 30% identical to a
Metschnikowia enzyme or protein. The three enzymes or proteins encoded by the at least
three exogenous nucleic acids can each be at least 35%, at least 40%, at least 45%, at least
50%, at least 55%, at least 60%, at least 65%, a least 70%, a least 71%, at least 72%, &t least
73%, a least 74%, at least 75%, at least 76%, a least 77%, a least 78%, a least 79%, & |least
80%, at least 81%, at least 82%, at least 83%, a least 84%, a |least 85%, at least 86%, at least
87%, a least 88%, a least 89%, at least 90%, a least 91%, a least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, a least 98%, a least 99% or 100% identical to
the respective Metschnikowia enzymes or proteins. The Metschnikowia enzymes or proteins
can be from H OMetschnikowia species. In some embodiments, the three Metschnikowia
enzymes or proteins encoded by the & least three exogenous nucleic acids can each be a least
35%, at least 40%, at least 45%, at least 50%, a least 55%, a least 60%, at least 65%, at least
70%, at least 71%, at least 72%, at least 73%, a least 74%, a least 75%, a least 76%, at least
T7%, a least 78%, at least 79%, at least 80%, a least 81%, a least 82%, at least 83%, &t |least
84%, at least 85%, at least 86%, at least 87%, a least 88%, a least 89%, at least 90%, at least
91%, at least 92%, at least 93%, at least 94%, a least 95%, a least 96%, at least 97%, at least
98%, a least 99% or 100% identical to the respective enzymes or proteins fromH O
Metschnikowia species. In some embodiments, the microbia organisms can have at least
three exogenous nucleic acids encoding xylose transporter, axylose reductase, and axylose

dehydrogenase. In some embodiments, the microbial organisms can have at least two
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exogenous nucleic acids encoding xylose transporter, axylose reductase, and axylulokinase.
In some embodiments, the microbial organisms can have a least two exogenous nucleic acids
encoding xylose transporter, axylose dehydrogenase and axylulokinase. In some
embodiments, the microbial organisms can have at least two exogenous nucleic acids

encoding axylose reductase, axylose dehydrogenase and a xylul okinase.

[0063] In some embodiments, the microbial organisms can have at least four exogenous
nucleic acids each encoding an enzyme or protein that is at least 30% identical to a
Metschnikowia enzyme or protein. The four enzymes or proteins encoded by the at least four
exogenous nucleic acids can each be a least 35%, a least 40%, at least 45%, at least 50%, at
least 55%, at least 60%, at least 65%, a least 70%, at least 71%, a least 72%, at least 73%, a
least 74%, at least 75%, at least 76%, a least 77%, at least 78%, a least 79%, at least 80%, a
least 81%, at least 82%, at least 83%, at least 84%, at least 85%, at least 86%, at least 87%, a
least 88%, at least 89%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, a
least 95%, at least 96%, at least 97%, at least 98%, a least 99% or 100% identical tothe
respective Metschnikowia enzymes or proteins. The Metschnikowia enzymes or proteins can
be from H OMetschnikowia species. In some embodiments, the four Metschnikowia enzymes
or proteins encoded by the at four three exogenous nucleic acids can each be at least 35%, at
least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at least 65%, at least 70%, a
least 71%, at least 72%, at least 73%, a least 74%, at least 75%, a least 76%, at least 77%, a
least 78%, at least 79%, at least 80%, at least 81%, at least 82%, at least 83%, at least 84%, a
least 85%, at least 86%, at least 87%, at least 88%, at least 89%, at least 90%, at least 91%, a
least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, a
least 99% or 100% identical to the respective enzymes or proteins from H OMetschnikowia
species.  In some embodiments, the microbia organisms can have at least four exogenous
nucleic acids encoding xylose transporter, axylose reductase, axylose dehydrogenase and a

xylulokinase.

[0064] In some embodiments, provided herein are non-naturally occurring microbial
organisms having axylose-ethanol pathway and at least one exogenous nucleic acid encoding
an enzyme or protein expressed in sufficient amount to confer or enhance xylose uptake.
Expression of these transporters or their variants in microbial organisms {e.g. S. cerevisiae)
can enhance xylose uptake and increase the production of bioderived products from xylose by

these microbial organisms. Thus, provided herein isan isolated polypeptide that isa
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Metschnikowia xylose transporter or avariant thereof; an isolated nucleic acid that encodes a
Metschnikowia xylose transporter or avariant thereof; avector that has an isolated nucleic
acid that encodes aMetschnikowia xylose transporter or avariant thereof; aswell asanon-
naturally occurring microbia organism having axylose-ethanol pathway and enhanced
xylose uptake by expressing at least one exogenous nucleic acid encoding aMetschnikowia

xylose transporter or avariant thereof.

[0065] Provided herein are non-naturally occurring microbial organisms having a xylose-
ethanol pathway enhanced xylose uptake, which have & least one exogenous nucleic acid
encoding axylose transporter, wherein the xylose transporter has an amino acid sequence that
isat least 30% identical to a Metschnikowia xylose transporter. Provided herein are aso
isolated polypeptides that are at least 30% identical to aMetschnikowia xylose transporter.
Provided herein are also isolated nucleic acids that encode polypeptides that are at least 30%
identical to aMetschnikowia xylose transporter. The Metschnikowia xylose transporters
include, for example, transporters such as Xytlp, Gxflp, AGxflp, Gxf2p/Gal2p,
Gxslp/Hgtl2p, AGxdp/AHgtl2p, Hxt5p, Hxt2.6p, Qup2p, or Apsip/Hgtl9p from a
Metschnikowia species. The Metschnikowia species include, for example, the Metschnikowia
sp. HO, Metschnikowia pulcherrima, Metschnikowia fructicola, Metschnikowia chrysoperlae,
Metschnikowia reukaufii, Metschnikowia andauensis, Metschnikowia sinensis,
Metschnikowia shanxiensis, Metschnikowia zizyphicola, Metschnikowia bicuspidata,
Metschnikowia lunata, Metschnikowia zobellii, Metschnikowia australis, Metschnikowia
agaveae, Metschnikowia gruessii, Metschnikowia hawaiiensis, Metschnikowia krissii,
Metschnikowia sp. strain NS O-85, and Metschnikowia sp. strain NS-O-89. The
Metschnikowia xylose transporter can be axylose transporter from the H OMetschnikowia
species. A number of xylose transporters were cloned from H OMetschnikowia species, a
species of Metschnikowia. 1n some embodiments, the xylose transporter can include, for
example, Xytlp, Gxflp, AGxflp, Gxf2p/Gal2p, Gxdp/Hgtl2p, AGxsp/AHgtl2p, Hxt5p,
Hxt2.6p, Qup2p, or Apsip/Hgtl9p from the H OMetschnikowia species.

[0066] Expression of more than one xylose transporters can further improve xylose
uptake. As such, the non-naturally occurring microbial organisms can have axylose-ethanol
pathway and at least one exogenous nucleic acid, or a least two, a least three, a least four, at
least five, at least six, at least seven, & least eight, at least nine, a least ten, or at least eleven

nucleic acids each encoding axylose transporter. In some embodiments, the microbial
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organisms have at least two exogenous nucleic acids each encoding axylose transporter. In
some embodiments, the microbial organisms have at least three exogenous nucleic acids each
encoding axylose transporter. In some embodiments, the microbia organisms have & least
four exogenous nucleic acids each encoding axylose transporter. In some embodiments, the
microbial organisms have a least five exogenous nucleic acids each encoding axylose
transporter. 1n some embodiments, the microbia organisms have a least six exogenous
nucleic acids each encoding axylose transporter. In some embodiments, the microbial
organisms have at least seven exogenous nucleic acids each encoding axylose transporter. In
some embodiments, the microbial organisms have a least eight exogenous nucleic acids each
encoding axylose transporter. In some embodiments, the microbia organisms have & least
nine exogenous nucleic acids each encoding axylose transporter. 1n some embodiments, the
microbial organisms have at least ten exogenous nucleic acids each encoding axylose
transporter. 1n some embodiments, the microbia organisms have & least eleven exogenous

nucleic acids each encoding axylose transporter.

[0067] The xylose transporters provided herein can be aMetschnikowia xylose
transporter, including such asthose from H OMetschnikowia species having amino acid
sequences as shown in sequence listing, aswell astheir variants that retain their transporter
function. For example, provided herein is Xytlp from H OMetschnikowia species that has an
amino acid sequence of SEQ ID NO: 1, aswell asvariants thereof that retain the transporter
function of Xytlp. The transporter function of Xytlp includes, but isnot limited to, transport
of xylose across cell wall and/or cell membrane, which can be determined, for example, by
subjecting the variant to atransporter assay as described herin or otherwise known in the art.
The xylose transporter function can be determined, for example, by expressing the transporter
in amicrobia organism and measuring the increase in xylose uptake by the microbial
organism. In an exemplary assay, a non-xylose utilizing microbial organism expressing an
exogenous transporter can be cultured in axylose-contaning medium and and the decrease of
xylose in the culture medium can be measured by high performance liquid chromatography
(HPLC) using Rezex RPM-monosaccharide Pb+2 column (Phenomenex), refractive index
detector and water as amobile phase at 0.6 ml/min. In another exemplary assay, starter
cultures for wild type and transgenic microbial organisms expressing various transporters can
be grown in YP base medium with controlled amounts of glucose and xylose (%; w/v).
Uninoculated medium isused areference for agiven sampling time; the medium indicates

100% of the starting xylose or xylose a time O h. At 24 hintervals, samples a volumes of
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300-1000 pL can be removed from the culture aseptically and filtered through a0.2 pm
syringe filter, physically separating medium and yeast. The medium can betransferred to
glass vias and the xylose content can be examined by HPLC. The amount of xylose
remaining in the sampled medium can be determined by comparison with a pre-defined
calibration curve, and the remaining sample isnormalized to the xylose content in the
uninoculated medium, which is counted as containing 100% of the xylose at the initiation of
the culture. The non-naturally ocurring microbial organisms expressing an exogenous xylose
transporter can consume xylose at a higher rate than their wild type counterparts, and the
differences in the decrease rate of xylose in the culture medium between wild type and non-
naturally ocurring microbial organisms expressing an exogenous Xxylose transporter can

indicate the transporter function of the exogenous xylose transporter.

[0068] In some embodiments, provided herein are also isolated polypeptides that are
variants of aMetschnikowia xylose transporter that retains its transporter function. Provided
herein are also isolated nucleic acids that encode polypeptides that are variants to a
Metschnikowia xylose transporter that retains its transporter function. In some embodiments,
provided herein are non-naturally occurring microbial organisms having axylose-ethanol
pathway and an exogenous nucleic acid encoding axylose transporter, wherein the xylose
transporter isavariant of aMetschnikowia xylose transporter that retains its transporter
function. In some embodiments, the xylose transporter isavariant of the xylose transporters

from the H OMetschnikowia species as described herein that retains its transporter function.

[0069] In some embodiments, provided herein are also isolated polypeptides that are
variants of Xytlp, Gxflp, AGxflp, Gxf2p/Gal2p, Gxslp/Hgtl2p, AGxslp/AHgtl2p, Hxtop,
Hxt2.6p, Qup2p, and Apsip/Hgtl9p from aMetschnikowia species that retain the transporter
function. Provided herein are also isolated polypeptides that are variants of Xytlp, Gxflp,
AGxflp, Gxf2p/Gal2p, Gxdp/Hgtl2p, AGxsIp/AHgti2p, Hxt5p, Hxt2.6p, Qup2p, or
Apslp/Hgtl9p from the H OMetschnikowia species that retain the transporter function. In
some embodiments, provided herein are also isolated nucleic acids that encode polypeptides
that are variants of Xytlp, Gxflp, AGxflp, Gxf2p/Gal2p, Gxslp/Hgtl2p, AGxsp/AHgti2p,
Hxt5p, Hxt2.6p, Qup2p, or Apslp/Hgtl9p from aMetschnikowia species that retain the
transporter function. In some embodiments, provided herein are also isolated nucleic acids

that encode polypeptides that are variants of Xytlp, Gxflp, AGxflp, Gxf2p/Gal2p,
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Gxslp/Hgtl2p, AGxslp/AHgt2p, Hxt5p, Hxt2.6p, Qup2p, or Apsip/Hgtl9p from theH O
Metschnikowia species that retain the transporter function.

[0070] In some embodiments, provided herein are non-naturally occurring microbial
organisms having axylose-ethanol pathway and an exogenous nucleic acid encoding axylose
transporter, wherein the xylose transporter isavariant of Xytlp, Gxflp, AGxflp,
Gxf2p/Gal2p, Gxslp/Hgtl2p, AGxslp/AHgtI2p, Hxt5p, Hxt2.6p, Qup2p, or Apsip/Hgtl9p
from aMetschnikowia species that retains the transporter function. In some embodiments,
provided herein are non-naturally occurring microbial organisms having an exogenous
nucleic acid encoding axylose transporter, wherein the xylose transporter isavariant of
Xytlp, Gxflp, AGxflp, Gxf2p/Gal2p, Gxdp/Hgtl2p, AGxslp/AHgt2p, Hxt5p, Hxt2.6p,
Qup2p, or Apsip/Hgtl9p from H OMetschnikowia species that retains the transporter

function.

[0071] The xylose transporters described herein can have amino acid sequence of at |least
30%, at least 35%, at least 40%, at least 45%, a least 50%, a least 55%, at least 60%, at least
65%, a least 70%, at least 71%, at least 72%, a least 73%, a least 74%, a least 75%, &t |least
76%, a least 77%, at least 78%, at least 79%, a least 80%, a least 81%, at least 82%, &t least
83%, at least 84%, at least 85%, at least 86%, a least 87%, a |least 88%, at least 89%, at |least
90%, at least 91%, at least 92%, at least 93%, a least 94%, a least 95%, at least 96%, at least
97%, a least 98%, at least 99% identical, or isidentical, to the amino acid sequences
disclosed herein by SEQ ID NO, GenBank and/or GI number. In some embodiments, the
xylose transporters described herein can have amino acid sequence of 35%, 40%, 45%, 50%,
55%, 60%, 65%, 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%
or 99% sequence identity, or beidentical, to amino acids described herein by SEQ ID NO,
GenBank and/or GI number. In some embodiments, the xylose transporters described herein
can have amino acid sequence of 35%, 40%, 45%, 50%, 55%, 60%, 65%, 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% or 99% sequence identity, or be
identical, to any one of SEQ ID NOs: 1-5 and 7-12.

[0072] In some embodiments, provided herein is an isolated polypeptide that has an
amino acid sequence that is at least 30%, at least 35%, at least 40%, at least 45%,  |east
50%, at least 55%, at least 60%, at least 65%, a least 70%, a least 71%, at least 72%, at least
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73%, a least 74%, at least 75%, at least 76%, a least 77%, a least 78%, a least 79%, at |least
80%, at least 81%, at least 82%, at least 83%, a least 84%, a least 85%, at least 86%, at least
87%, a least 88%, a least 89%, at least 90%, a least 91%, a least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, a least 98%, a least 99%, or 100% identical to
aMetschnikowia xylose transporter such asMetschnikowia Xytlp, Gxflp, AGxflp,
Gxf2p/Gal2p, Gxslp/Hgtl2p, AGxslp/AHgt2p, Hxt5p, Hxt2.6p, Qup2p, or Apsp/Hgtl9p.
In some embodiments, provided herein isan isolated nucleic acid that encodes a polypeptide
that has an amino acid sequence that is at least 30%, at least 35%, at least 40%, at least 45%,
a least 50%, at least 55%, at least 60%, at least 65%, at least 70%, a least 71%, at least 72%,
a least 73%, at least 74%, at least 75%, at least 76%, at least 77%, a least 78%, at least 79%,
a least 80%, at least 81%, at least 82%, at least 83%, at least 84%, a |least 85%, at least 86%,
a least 87%, at least 88%, at least 89%, at least 90%, at least 91%, a least 92%, at least 93%,
a least 94%, at least 95%, at least 96%, at least 97%, at least 98%, a least 99%, or 100%
identical to a Metschnikowia xylose transporter such asMetschnikowia Xytlp, Gxflp,
AGxflp, Gxf2p/Gal2p, Gxdp/Hgtl2p, AGxslp/AHgti2p, Hxt5p, Hxt2.6p, Qup2p, or
Apslp/Hgtl9p.

[0073] In some embodiments, provided herein are non-naturally occurring microbial
organisms having axylose-ethanol pathway and at least one exogenous nucleic acid encoding
axylose transporter, wherein the xylose transporter has an amino acid sequence that is at least
30%, at least 35%, at least 40%, at least 45%, a least 50%, a least 55%, &t least 60%, at least
65%, a least 70%, at least 71%, at least 72%, a least 73%, a least 74%, a least 75%, & |least
76%, a least 77%, at least 78%, at least 79%, a least 80%, a least 81%, at least 82%, at least
83%, at least 84%, at least 85%, at least 86%, a least 87%, a least 88%, at least 89%, &t |least
90%, at least 91%, at least 92%, at least 93%, a least 94%, a least 95%, at least 96%, at least
97%, a least 98%, at least 99%, or 100% identical to a Metschnikowia xylose transporter
such as Metschnikowia Xytlp, Gxflp, Agxflp, GXF2/GAL2p, Gxslp/Hgtl2, HXxt5, Hxt2.6,
Qup2, or Apsl/Hgtl9. In some embodiments, the exogenous nucleic acid encodes a
Metschnikowia xylose transporter such asMetschnikowia Xytlp, Gxflp, Agxflp,
GXF2/GAL2p, Gxdp/Hgtl2, Hxt5, Hxt2.6, Qup2, or Apsl/Hgtl9.

[0074] Sequence identity (also known as homology or similarity) refers to sequence
similarity between two nucleic acid molecules or between two polypeptides. Identity can be

determined by comparing a position in each sequence, which may be aligned for purposes of
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comparison. When a position in the compared sequence is occupied by the same base or
amino acid, then the molecules are identical at that position. A degree of identity between
sequences isafunction of the number of matching or homologous positions shared by the
sequences. The alignment of two sequences to determine their percent sequence identity can
be done using software programs known in the art, such as, for example, those described in
Ausubel e al., Current Protocolsin Molecular Biology, John Wiley and Sons, Baltimore,
MD (1999). Preferably, default parameters are used for the alignment. One alignment
program well known in the art that can beused isBLAST set to default parameters. In
particular, programs are BLASTN and BLASTP, using the following default parameters:
Genetic code = standard; filter = none; strand = both; cutoff = 60; expect = 10; Matrix =
BLOSUMG2; Descriptions = 50 sequences; sort by = HIGH SCORE; Databases = non-
redundant, GenBank + EMBL + DDBJ + PDB + GenBank CDS tranglations + SwissProtein
+ SPupdate + PIR. Details of these programs can be found at the National Center for

Biotechnology Information.

[0075] Variants of a specific xylose transporter can also include, for example, amino acid
substitutions, deletions, fusions, or truncations when compared to the reference xylose
transporter. Variants of the Metschnikowia xylose transporters described herein can also
contain conservatively amino acids substitution, meaning that one or more amino acid can be
replaced by an amino acid that does not alter the secondary and/or tertiary stricture of the
xylose transporter. Such substitutions can include the replacement of an amino acid, by a
residue having similar physicochemical properties, such as substituting one aliphatic residue
(Ile, Vdl, Leu, or Ala) for another, or substitutions between basic residues Lys and Arg, acidic
residues Glu and Asp, amide residues Gin and Asn, hydroxyl residues Ser and Tyr, or
aromatic residues Phe and Tyr. Phenotypically silent amino acid exchanges are described
more fully in Bowie et a/., Science 247: 1306-10 (1990). In addition, variants of
Metschnikowia xylose transporters include those having amino acid substitutions, deletions,
or additions to the amino acid sequence outside functional regions of the protein so long as
the substitution, deletion, or addition does not affect xylose transport function of the resulting
polypeptide. Techniques for making these substitutions and deletions are well known in the

art and include, for example, site-directed mutagenesis.

[0076] In some embodiments, provided herein are non-naturally occurring microbial

organisms having axylose-ethanol pathway and an exogenous nucleic acid encoding axylose
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transporter, wherein the xylose transporter has 1to 50, 1to 45, 1t040, 1to 35, 1t0 30, 1to
25, 1t0 20, 1to 15, 1to 10, or 1to 5, amino acid substitutions, deletions or insertions of
Xytlp, Gxflp, AGxflp, Gxf2p/Gal2p, Gxdp/Hgtl2p, AGxslp/AHgti2p, Hxt5p, Hxt2.6p,
Qup2p, or Apsip/Hgtl9p from a Metschnikowia species and retains the transporter function.
The Metschnikowia species can be the H OMetschnikowia species. In some embodiments, the
xylose transporter has 1to 10 amino acid substitutions, deletions or insertions of Xytlp,
Gxflp, AGxflp, Gxf2p/Gal2p, Gxdp/Hgtl2p, AGxslp/AHgti2p, Hxt5p, Hxt2.6p, Qup2p, or
Apsip/Hgtl9p from a Metschnikowia species and retains the transporter function. The
Metschnikowia species can be the H OMetschnikowia species. In some embodiments, the
xylose transporter has 1to 5 amino acid substitutions, deletions or insertions of Xytlp,

Gxflp, AGxflp, Gxf2p/Gal2p, Gxdp/Hgtl2p, AGxslp/AHgti2p, Hxt5p, Hxt2.6p, Qup2p, or
Apsip/Hgtl9p from a Metschnikowia species and retains the transporter function. The

Metschnikowia species can be the H OMetschnikowia species.

[0077] The xylose transporters provided herein also include functional fragments of
specific Metschnikowia xylose transporters that retain their transporter function. In some
embodiments, provided herein isanisolated polypeptide that isafunctional fragment of a
specific Metschnikowia xylose transporter. In some embodiments, provided herein isan
isolated nucleic acid that encodes a polypeptide that isfunctional fragment of a specific
Metschnikowia xylose transporter. In some embodiments, the xylose transporter can be
fragments of axylose transporter such asMetschnikowia Xytlp, Gxflp, AGxflp,
Gxf2p/Gal2p, Gxslp/Hgtl2p, AGxslp/AHgt2p, Hxt5p, Hxt2.6p, Qup2p, or Apsip/Hgtl9p
retains the transporter function. In some embodiments, the xylose transporter can be
fragments of axylose transporter such as Xytlp, Gxflp, AGxflp, Gxf2p/Gal2p,
Gxslp/Hgtl2p, AGxslp/AHgti2p, Hxt5p, Hxt2.6p, Qup2p, or Apsip/Hgtl9p from theH O

Metschnikowia species retains the transporter function.

[0078] In some embodiments, provided herein is an isolated polypeptide that has an
amino acid sequence that is at least 30%, at least 35%, at least 40%, at least 45%, a |east
50%, at least 55%, at least 60%, at least 65%, a least 70%, a least 71%, at least 72%, &t least
73%, a least 74%, at least 75%, at least 76%, a least 77%, a least 78%, a least 79%, &t |least
80%, at least 81%, at least 82%, at least 83%, a least 84%, a least 85%, at least 86%, at least
87%, a least 88%, at least 89%, at least 90%, a least 91%, a least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, a least 98%, a least 99%, or 100% identical to
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afunction fragment of aMetschnikowia xylose transporter including such asMetschnikowia
Xytlp, Gxflp, AGxflp, Gxf2p/Gal2p, Gxdp/Hgtl2p, AGxslp/AHgt2p, Hxt5p, Hxt2.6p,
Qup2p, or Apsip/Hgtl9p.  In some embodiments, provided herein is an isolated nucleic acid
that encodes a polypeptide that has an amino acid sequence that is at least 30%, at least 35%,
a least 40%, at least 45%, at least 50%, at least 55%, at least 60%, a least 65%, at least 70%,
a least 71%, at least 72%, at least 73%, at least 74%, at least 75%, a least 76%, at least 77%,
a least 78%, at least 79%, at least 80%, at least 81%, at least 82%, a |least 83%, at least 84%,
a least 85%, at least 86%, at least 87%, at least 88%, at least 89%, a least 90%, at least 91%,
a least 92%, at least 93%, at least 94%, at least 95%, at least 96%, a least 97%, at least 98%,
a least 99% or 100% identical to afunction fragment of aMetschnikowia xylose transporter
including such asMetschnikowia Xytlp, Gxflp, AGxflp, Gxf2p/Gal2p, Gxslp/Hgtl2p,
AGxslp/AHgti2p, Hxt5p, Hxt2.6p, Qup2p, or Apslp/Hgtl9p.

[0079] In some embodiments, provided herein is an isolated polypeptide that has an
amino acid sequence that is at least 30%, at least 35%, at least 40%, at least 45%, a |east
50%, at least 55%, at least 60%, at least 65%, a least 70%, a least 71%, at least 72%, &t least
73%, a least 74%, at least 75%, at least 76%, a least 77%, a least 78%, at least 79%, at |least
80%, at least 81%, at least 82%, at least 83%, a least 84%, a least 85%, at least 86%, at least
87%, a least 88%, at least 89%, at least 90%, a least 91%, a least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, a least 98%, a least 99% or 100% identical to
afunction fragment of axylose transporter of H OMetschnikowia species including such as
Metschnikowia Xytlp, Gxflp, AGxflp, Gxf2p/Gal2p, Gxslp/Hgtl2p, AGxslp/AHgtl2p,
Hxt5p, Hxt2.6p, Qup2p, or Apsip/Hgtl9p.  In some embodiments, provided herein isan
isolated nucleic acid that encodes a polypeptide that has an amino acid sequence that is at
least 30%, at least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at |east 60%, a
least 65%, at least 70%, at least 71%, at least 72%, at least 73%, a least 74%, a least 75%, a
least 76%, at least 77%, at least 78%, a least 79%, at least 80%, at least 81%, at least 82%, a
least 83%, at least 84%, at least 85%, at least 86%, at least 87%, at least 88%, at least 89%, a
least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, a
least 97%, at least 98%, at least 99% or 100% identical to afunction fragment of axylose
transporter of H OMetschnikowia species including such asMetschnikowia Xytlp, Gxflp,
AGxflp, Gxf2p/Gal2p, Gxslp/Hgtl2p, AGxslp/AHgti2p, Hxt5p, Hxt2.6p, Qup2p, or
Apslp/Hgtl9p.
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[0080] In some embodiments, provided herein are non-naturally occurring microbial
organisms having axylose-ethanol pathway and an exogenous nucleic acid encoding a
functional fragment of aMetschnikowia xylose transporter that retains its transporter

function. In some embodiments, the non-naturally occurring microbial organisms provided
herein have at least one exogenous nucleic acid encoding axylose transporter that is at least
30%, at least 35%, at least 40%, at least 45%, a least 50%, a least 55%, &t least 60%, at least
65%, a least 70%, at least 71%, at least 72%, a least 73%, a least 74%, a least 75%, a |least
76%, a least 77%, at least 78%, at least 79%, a least 80%, a least 81%, at least 82%, at least
83%, at least 84%, at least 85%, at least 86%, a least 87%, a least 88%, at least 89%, at least
90%, at least 91%, at least 92%, at least 93%, a least 94%, a least 95%, at least 96%, at |least
97%, a least 98%, at least 99% or 100% identical to afunction fragment of a Metschnikowia
xylose transporter including such asMetschnikowia Xytlp, Gxflp, AGxflp, Gxf2p/Gal2p,
Gxdlp/Hgtl2p, AGxslp/AHgt2p, Hxt5p, Hxt2.6p, Qup2p, or Apsip/Hgti9p. In some
embodiments, the non-naturally occurring microbia organisms provided herein can have a
xylose-ethanol pathway and at least one exogenous nucleic acid encoding axylose transporter
that isat least 30%, at least 35%, a least 40%, at least 45%, at least 50%, at least 55%, at
least 60%, at least 65%, at least 70%, at least 71%, at least 72%, at least 73%, at least 74%, a
least 75%, at least 76%, at least 77%, a least 78%, at least 79%, a least 80%, at least 81%, a
least 82%, at least 83%, at least 84%, at least 85%, at least 86%, at least 87%, at least 88%, a
least 89%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, a
least 96%, at least 97%, at least 98%, at least 99% or 100% identical to afunction fragment
of axylose transporter of H OMetschnikowia species such as Xytlp, Gxflp, AGxflp,
Gxf2p/Gal2p, Gxslp/Hgtl2p, AGxslp/AHgt2p, Hxt5p, Hxt2.6p, Qup2p, or Apslp/Hgtl9p.

[0081] In some embodiments, provided herein is an isolated polypeptide that has an
amino acid sequence that is at least 30%, at least 35%, at least 40%, at least 45%, a |east
50%, at least 55%, at least 60%, at least 65%, a least 70%, a least 71%, at least 72%, &t least
73%, a least 74%, at least 75%, at least 76%, a least 77%, a least 78%, a least 79%, &t |least
80%, at least 81%, at least 82%, at least 83%, a least 84%, a least 85%, at least 86%, at least
87%, a least 88%, a least 89%, at least 90%, a least 91%, a least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, a least 98%, a least 99% or 100% identical to
aMetschnikowia Xytlp. In some embodiments, provided herein is an isolated nucleic acid
that encodes a polypeptide that has an amino acid sequence that is at least 30%, at least 35%,
a least 40%, at least 45%, at least 50%, at least 55%, at least 60%, & least 65%, at least 70%,
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at least 71%, at least 72%, at least 73%, at least 74%, at least 75%, at least 76%, at least 77%,
a least 78%, at least 79%, at least 80%, at least 81%, at least 82%, at least 83%, at least 84%,
at least 85%, at least 86%, at least 87%, at least 88%, at least 89%, at least 90%, at least 91%,
a least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%,
at least 99%, or 100%> identical to a Metschnikowia Xytlp. In some embodiments, provided
herein are non-naturally occurring microbial organisms having axylose-ethanol pathway and
a least one exogenous nucleic acid encoding axylose transporter, wherein the xylose
transporter has an amino acid sequence that isat least 30%, at least 35%, at least 40%, at least
45%0, at least 50%, at least 55%, at least 60%, at least 65%, at least 70%, at least 71%, at least
72%, at least 73%, at least 74%, at least 75%, at least 76%, at least 77%, at least 78%, at least
79%, at least 80%, at least 81%, at least 82%, at least 83%, at least 84%, at least 85%, at least
86%, at least 87%, at least 88%, at least 89%, at least 90%, at least 91%, at least 92%, at least
93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or
100% identical to aMetschnikowia Xytlp. In some embodiments, the xylose transporter can
be aMetschnikowia Xytlp.  In some embodiments, the xylose transporter can be avariant of
aMetschnikowia Xytlp that retains its transporter function. The xylose transporter can be a
functional fragment of aMetschnikowia Xytlp. In some embodiments, the xylose transporter
can have 1to 50, 1to 45, 1to 40, 1to 35, 1to 30, 1to 25, 1to 20, 1to 15, 1to 10, or 1to 5,
amino acid substitutions, deletions or insertions of Xytlp from a Metschnikowia species. In
some embodiments, the xylose transporter has 1to 10 amino acid substitutions, deletions or
insertions of Xytlp from a Metschnikowia species. In some embodiments, the xylose
transporter has 1to 5 amino acid substitutions, deletions or insertions of Xytlp from a

Metschnikowia species.

[0082] The Metschnikowia species can be the H OMetschnikowia species. In some
embodiments, provided herein isan isolated polypeptide that has an amino acid sequence that
isat least 30%, at least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at least
60%, at least 65%, at least 70%, at least 71%, at least 72%, at least 73%, at least 74%, at least
75%, ot least 76%, at least 77%, at least 78%, at least 79%, at least 80%, at least 81%, at least
82%, at least 83%, at least 84%, at least 85%, at least 86%, at least 87%, at least 88%, at least
89%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least
96%, at least 97%, at least 98%, at least 99%, or 100% identical to Xytlp of HO
Metschnikowia species. In some embodiments, provided herein isan isolated nucleic acid

that encodes a polypeptide that has an amino acid sequence that isat least 30%, at least 35%,
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a least 40%, at least 45%, at least 50%, at least 55%, at least 60%, a least 65%, at least 70%,
a least 71%, at least 72%, at least 73%, at least 74%, at least 75%, a least 76%, at least 77%,
a least 78%, at least 79%, at least 80%, at least 81%, at least 82%, a |least 83%, at least 84%,
a least 85%, at least 86%, at least 87%, at least 88%, at least 89%, a least 90%, at least 91%,
a least 92%, at least 93%, at least 94%, at least 95%, at least 96%, a least 97%, at least 98%,
at least 99%, or 100% identical to aXytlp of H OMetschnikowia species. In some
embodiments, the non-naturally occurring microbial organisms have axylose-ethanol
pathway and at least one exogenous nucleic acid encoding axylose transporter that is at least
30%, at least 35%, at least 40%, at least 45%, a least 50%, a least 55%, at least 60%, at least
65%, a least 70%, at least 71%, at least 72%, a least 73%, a least 74%, a least 75%, &t |least
76%, a least 77%, at least 78%, at least 79%, a least 80%, a least 81%, at least 82%, &t |least
83%, at least 84%, at least 85%, at least 86%, a least 87%, a |least 88%, at least 89%, at least
90%, at least 91%, at least 92%, at least 93%, a least 94%, a least 95%, at least 96%, at least
97%, a least 98%, at least 99% or 100% identical to Xytlp of H OMetschnikowia species. In
some embodiments, the xylose transporter is Xytlp of HOMetschnikowia species. In some
embodiments, the xylose transporter can be avariant of Xytlp of H OMetschnikowia species
that retains its transporter function. In some embodiments, the xylose transporter isa
functional fragment of Xytlp of H OMetschnikowia species. In some embodiments, the
xylose transporter can have 1to 50, 1to 45, 1t040, 1to 35, 1t0 30, 1to 25, 1t0 20, 1to 15,
1to 10, or 1to 5, amino acid substitutions, deletions or insertions of Xytlp fromH O
Metschnikowia species. In some embodiments, the xylose transporter has 1to 10 amino acid
substitutions, deletions or insertions of Xytlp from H OMetschnikowia species. In some
embodiments, the xylose transporter has 1to 5 amino acid substitutions, deletions or
insertions of Xytlp from H OMetschnikowia species. In some embodiments, the xylose
transporter has the amino acid sequence of SEQ ID NO: 1. In some embodiments, the amino
acid sequence of the xylose transporter is SEQ ID NO: 1. In some embodiments, the nucleic
acid has the sequence of SEQ ID NO: 13. In some embodiments, the sequence of the nucleic
acid is SEQ ID NO: 13. The nucleic acid encoding Xytlp from a Metschnikowia species can
be codon optimized for heterologous expression. In some embodiments, the nucleic acid
encoding Metschnikowia Xytlp is codon optimized for expression in ayeast host strain. The
yeast host strain can be any yeast host strain described herein, such asS. cerevisiae. In some
embodiments, the nucleic acid encoding Metschnikowia Xytlp iscodon optimized for
expression in abacterial host strain. The bacterial host strain can be any bacterial host strain

described herein, such asE. coli. 1n some embodiments, the nucleic acid encoding Xytlp
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from H OMetschnikowia species is codon optimized for expression in 5. cerevisiae. For
example, in some embodiments, the nucleic acid encoding Xytlp of HOMetschnikowia
species is codon optimized for expression in5. cerevisiae. The nucleic acid can have the

sequence of SEQ ID NO: 21.

[0083] In some embodiments, provided herein isan isolated polypeptide that has an
amino acid sequence that isat least 30%, at least 35%, at least 40%, at least 45%, &t least
50%, at least 55%, at least 60%, at least 65%, at least 70%, at least 71%, at least 72%, at least
73%, a least 74%, at least 75%, at least 76%, at least 77%, at least 78%, at least 79%, at least
80%, at least 81%, at least 82%, at least 83%, at least 84%, at least 85%, at least 86%, at least
87%, at least 88%, at least 89%, at least 90%, at least 91%, at least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% identical to
aMetschnikowia Gxflp. In some embodiments, provided herein isan isolated nucleic acid
that encodes a polypeptide that has an amino acid sequence that isat least 30%, at least 35%,
a least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at least 65%, at least 70%,
a least 71%, at least 72%, at least 73%, at least 74%, at least 75%, at least 76%, at least 77%,
at least 78%, at least 79%, at least 80%, at least 81%, at least 82%, at least 83%, at least 84%,
at least 85%, at least 86%, a least 87%, at least 88%, at least 89%, at least 90%, at least 91%,
at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%,
at least 99%, or 100% identical to aMetschnikowia Gxflp. In some embodiments, provided
herein are non-naturally occurring microbial organisms having axylose-ethanol pathway and
at least one exogenous nucleic acid encoding axylose transporter, wherein the xylose
transporter has an amino acid sequence that isat least 30%, at least 35%, at least 40%, at least
45%, at least 50%, at least 55%, at least 60%, at least 65%, at least 70%, at least 71%, at least
72%, a least 73%, at least 74%, at least 75%, at least 76%, at least 77%, at least 78%, at least
79%, at least 80%, at least 81%, at least 82%, at least 83%, at least 84%, at least 85%, at least
86%, at least 87%, at least 88%, at least 89%, at least 90%, at least 91%, at least 92%, at least
93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or
100% identical to aMetschnikowia Gxflp. In some embodiments, the xylose transporter isa
Metschnikowia Gxflp. In some embodiments, the xylose transporter isavariant of a
Metschnikowia Gxflpthat retains its transporter function. The xylose transporter can be a
functional fragment of aMetschnikowia Gxflp. In some embodiments, the nucleic acid
encodes axylose transporter having 1to 50, 1to 45, 1to 40, 1to 35, 1to 30, 1to 25, 1to 20,

1to 15, 1to 10, or 1to 5, amino acid substitutions, deletions or insertions of Gxflp from a
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Metschnikowia species. In some embodiments, the xylose transporter has 1to 10 amino acid
substitutions, deletions or insertions of Gxflp from aMetschnikowia species. In some
embodiments, the xylose transporter has 1to 5 amino acid substitutions, deletions or

insertions of Gxflp from aMetschnikowia species.

[0084] The Metschnikowia species can be the H OMetschnikowia species. In some
embodiments, provided herein is an isolated polypeptide that has an amino acid sequence that
isat least 30%, at least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at |east
60%, at least 65%, at least 70%, at least 71%, a least 72%, a least 73%, a least 74%, & |least
75%, a least 76%, at least 77%, at least 78%, a least 79%, a least 80%, at least 81%, & least
82%, at least 83%, at least 84%, at least 85%, a least 86%, a least 87%, at least 88%, at least
89%, at least 90%, at least 91%, at least 92%, a least 93%, a least 94%, at least 95%, at least
96%, a least 97%, at least 98%, at least 99%, or 100% identical to Gxflp of HO
Metschnikowia species. In some embodiments, provided herein is an isolated nucleic acid
that encodes a polypeptide that has an amino acid sequence that is at least 30%, at least 35%,
a least 40%, at least 45%, at least 50%, at least 55%, at least 60%, & least 65%, at least 70%,
a least 71%, at least 72%, at least 73%, at least 74%, at least 75%, a least 76%, at least 77%,
a least 78%, at least 79%, at least 80%, at least 81%, at least 82%, a least 83%, at least 84%,
a least 85%, at least 86%, at least 87%, at least 88%, at least 89%, a least 90%, at least 91%,
a least 92%, at least 93%, at least 94%, at least 95%, at least 96%, a least 97%, at least 98%,
at least 99%, or 100% identical to a Gxflpof H OMetschnikowia species. In some
embodiments, the non-naturally occurring microbia organisms have axylose-ethanol
pathway and at least one exogenous nucleic acid encoding axylose transporter that is at least
30%, at least 35%, at least 40%, at least 45%, a least 50%, a least 55%, at least 60%, at least
65%, a least 70%, at least 71%, at least 72%, a least 73%, a least 74%, a least 75%, & |least
76%, a least 77%, at least 78%, at least 79%, a least 80%, a least 81%, at least 82%, &t least
83%, a least 84%, at least 85%, at least 86%, a least 87%, a least 88%, at least 89%, at least
90%, at least 91%, at least 92%, at least 93%, a least 94%, a least 95%, at least 96%, at least
97%, a least 98%, at least 99%, or 100% identical to Gxflp of H OMetschnikowia species.

In some embodiments, the xylose transporter is Gxflp of H OMetschnikowia species. In
some embodiments, the xylose transporter can be avariant of Gxflp of H OMetschnikowia
species that retains its transporter function. 1n some embodiments, the xylose transporter isa
functional fragment of Gxflp of H OMetschnikowia species. In some embodiments, the
xylose transporter can have 1to 50, 1to 45, 1t040, 1to 35, 1t0 30, 1to 25, 1t0 20, 1to 15,
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1to 10, or 1to 5, amino acid substitutions, deletions or insertions of Gxflp fromH O
Metschnikowia species. In some embodiments, the xylose transporter has 1to 10 amino acid
substitutions, deletions or insertions of Gxflp from H OMetschnikowia species. In some
embodiments, the xylose transporter has 1to 5 amino acid substitutions, deletions or
insertions of Gxflp from H OMetschnikowia species. In some embodiments, the xylose
transporter has the amino acid sequence of SEQ ID NO: 2. In some embodiments, the amino
acid sequence of the xylose transporter is SEQ ID NO: 2. In some embodiments, the nucleic
acid has the sequence of SEQ ID NO: 14. In some embodiments, the sequence of the nucleic
acid is SEQ ID NO: 14. In some embodiments, the nucleic acid encodes a functional
fragment of Gxflp of HOMetschnikowia species. For example, the fragment of Gxflp can be
avariant of Gxflp that has a shorter N-terminus, and referred to as AGxflp. In some
embodiments, the amino acid sequence of the xylose transporter is SEQ ID NO: 3. In some
embodiments, the nucleic acid has the sequence of SEQ ID NO: 15. The nucleic acid
encoding Gxflp from a Metschnikowia species can be codon optimized for heterologous
expression. In some embodiments, the nucleic acid encoding Metschnikowia Gxflp iscodon
optimized for expression in ayeast host strain. The yeast host strain can be any yeast host
strain described herein, such as5. cerevisiae. In some embodiments, the nucleic acid
encoding Metschnikowia Gxflp iscodon optimized for expression in abacterial host strain.
The bacterial host strain can be any bacterial host strain described herein, such asE. coli. In
some embodiments, the nucleic acid encoding Gxflp from H OMetschnikowia species is

codon optimized for expression in 5. cerevisiae.

[0085] In some embodiments, provided herein is an isolated polypeptide that has an
amino acid sequence that is at least 30%, at least 35%, at least 40%, at least 45%, a |east
50%, at least 55%, at least 60%, at least 65%, a least 70%, a least 71%, at least 72%, &t least
73%, a least 74%, at least 75%, at least 76%, a least 77%, a least 78%, at least 79%, at |least
80%, at least 81%, at least 82%, at least 83%, a least 84%, a least 85%, at least 86%, at least
87%, at least 88%, at least 89%, at least 90%, a least 91%, a least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, a least 98%, a least 99%, or 100% identical to
aMetschnikowia Gxf2p/Gal2p. In some embodiments, provided herein isan isolated nucleic
acid that encodes a polypeptide that has an amino acid sequence that is at least 30%, at |east
35%, at least 40%, at least 45%, at least 50%, a least 55%, a least 60%, at least 65%, at least
70%, at least 71%, at least 72%, at least 73%, a least 74%, a least 75%, a least 76%, at least
T7%, a least 78%, at least 79%, at least 80%, a least 81%, a least 82%, at least 83%, at least
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84%, at least 85%, at least 86%, at least 87%, a |least 88%, a least 89%, at least 90%, at least
91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, a least 97%, a least
98%, a least 99%, or 100% identical to aMetschnikowia Gxf2p/Gal2p. In some
embodiments, provided herein are non-naturally occurring microbial organisms having a
xylose-ethanol pathway and at least one exogenous nucleic acid encoding axylose
transporter, wherein the xylose transporter has an amino acid sequence that is at least 30%, at
least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at least 65%, a
least 70%, at least 71%, at least 72%, at least 73%, at least 74%, a least 75%, at least 76%, a
least 77%, at least 78%, at least 79%, at least 80%, at least 81%, at least 82%, at least 83%, a
least 84%, at least 85%, at least 86%, at least 87%, at least 88%, at least 89%, at least 90%, a
least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, a
least 98%, at least 99%, or 100% identical to a Metschnikowia Gxf2p/Gal2p. In some
embodiments, the xylose transporter isa Metschnikowia Gxf2p/Gal2p. In some
embodiments, the xylose transporter isavariant of a Metschnikowia Gxf2p/Gal2p that retains
its transporter function. The xylose transporter can be afunctional fragment of a
Metschnikowia Gxf2p/Gal2p. 1n some embodiments, the xylose transporter can have 1to 50,
1to 45, 1to 40, 1to 35, 1to 30, 1to 25, 1to 20, 1to 15, 1to 10, or 1to 5, amino acid
substitutions, deletions or insertions of Gxf2p/Gal2p from a Metschnikowia species. In some
embodiments, the xylose transporter has 1to 10 amino acid substitutions, deletions or
insertions of Gxf2p/Gal2p from a Metschnikowia species. 1n some embodiments, the xylose
transporter has 1to 5 amino acid substitutions, deletions or insertions of Gxf2p/Gal2p from a

Metschnikowia species.

[0086] The Metschnikowia species can be the H OMetschnikowia species. In some
embodiments, provided herein isan isolated polypeptide that has an amino acid sequence that
isat least 30%, at least 35%, at least 40%, at least 45%, a least 50%, a least 55%, at |east
60%, at least 65%, a least 70%, at least 71%, at least 72%, at least 73%, a least 74%, a least
75%, at least 76%, at least 77%, at least 78%, at least 79%, at least 80%, a least 81%, a least
82%, at least 83%, at least 84%, at least 85%, a |least 86%, a least 87%, at least 88%, at |least
89%, at least 90%, at least 91%, at least 92%, a least 93%, a least 94%, at least 95%, at least
96%, a least 97%, at least 98%, at least 99%, or 100% identical to Gxf2p/Gal2p of HO
Metschnikowia species. In some embodiments, provided herein is an isolated nucleic acid
that encodes a polypeptide that has an amino acid sequence that is a least 30%, at least 35%,
a least 40%, at least 45%, at least 50%, at least 55%, at least 60%, a least 65%, at least 70%,
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a least 71%, at least 72%, at least 73%, at least 74%, at least 75%, a least 76%, at least 77%,
a least 78%, at least 79%, at least 80%, at least 81%, at least 82%, a |least 83%, at least 84%,
a least 85%, at least 86%, at least 87%, at least 88%, at least 89%, a least 90%, at least 91%,
a least 92%, at least 93%, at least 94%, at least 95%, at least 96%, a least 97%, at least 98%,
at least 99%, or 100% identical to a Gxf2p/Gal2p of H OMetschnikowia species. In some
embodiments, the non-naturally occurring microbial organisms have axylose-ethanol
pathway and a least one exogenous nucleic acid encoding axylose transporter that isat least
30%, at least 35%, at least 40%, at least 45%, at least 50%, at least 55%, a least 60%, a |least
65%, at least 70%, at least 71%, at least 72%, at least 73%, at least 74%, a least 75%, a |least
76%, at least 77%, a least 78%, at least 79%, at least 80%, at least 81%, a least 82%, a |least
83%, at least 84%, at least 85%, at least 86%, a least 87%, a |least 88%, at least 89%, at |least
90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, a least 96%, a least
97%, a least 98%, at least 99%, or 100% identical to Gxf2p/Gal2p of H OMetschnikowia
species. In some embodiments, the xylose transporter is Gxf2p/Gal2p of H OMetschnikowia
species. In some embodiments, the xylose transporter can be avariant of Gxf2p/Gal2p of HO
Metschnikowia species that retains its transporter function. In some embodiments, the xylose
transporter isafunctiona fragment of Gxf2p/Gal2p of H OMetschnikowia species. In some
embodiments, the xylose transporter can have 1to 50, 1to 45, 1to 40, 1to 35, 1to 30, 1to
25, 1t0 20, 1to 15, 1to 10, or 1to 5, amino acid substitutions, deletions or insertions of
Gxf2p/Gal2p from H OMetschnikowia species. In some embodiments, the xylose transporter
has 1to 10 amino acid substitutions, deletions or insertions of Gxf2p/Gal2p fromH O
Metschnikowia species. In some embodiments, the xylose transporter has 1to 5 amino acid
substitutions, deletions or insertions of Gxf2p/Gal2p from H OMetschnikowia species. In
some embodiments, the xylose transporter has the amino acid sequence of SEQ ID NO: 4. In
some embodiments, the amino acid sequence of the xylose transporter is SEQ ID NO: 4. In
some embodiments, the nucleic acid has the sequence of SEQ ID NO: 16. In some
embodiments, the sequence of the nucleic acid is SEQ ID NO: 16. The nucleic acid encoding
Gxf2p/Gal2p from a Metschnikowia species can be codon optimized for heterologous
expression. In some embodiments, the nucleic acid encoding Metschnikowia Gxf2p/Gal2p is
codon optimized for expression in ayeast host strain. The yeast host strain can be any yeast
host strain described herein, such as5. cerevisiae. In some embodiments, the nucleic acid
encoding Metschnikowia Gxf2p/Gal2p is codon optimized for expression in abacterial host
strain. The bacterial host strain can be any bacterial host strain described herein, such asE.

54



10

15

20

25

30

WO 2018/112638 PCT/CA2017/051561

coli. In some embodiments, the nucleic acid encoding Gxf2p/Gal2p from H OMetschnikowia

species is codon optimized for expression in 5. cerevisiae.

[0087] In some embodiments, provided herein isan isolated polypeptide that has an
amino acid sequence that is at least 30%, at least 35%, at least 40%, at least 45%, a |east
50%, at least 55%, at least 60%, at least 65%, a least 70%, a least 71%, at least 72%, &t least
73%, a least 74%, at least 75%, at least 76%, a least 77%, a least 78%, a least 79%, & least
80%, at least 81%, at least 82%, at least 83%, a least 84%, a least 85%, at least 86%, at least
87%, a least 88%, a least 89%, at least 90%, a least 91%, a least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, a least 98%, a least 99%, or 100% identical to
aMetschnikowia Gxslp/Hgtl2p. In some embodiments, provided herein is an isolated
nucleic acid that encodes a polypeptide that has an amino acid sequencethat is a least 30%,
a least 35%, at least 40%, at least 45%, at least 50%, at least 55%, a least 60%, at least 65%,
a least 70%, at least 71%, at least 72%, at least 73%, at least 74%, a least 75%, at least 76%,
a least 77%, at least 78%, at least 79%, at least 80%, at least 81%, a least 82%, at least 83%,
a least 84%, at least 85%, at least 86%, at least 87%, at least 88%, a least 89%, at least 90%,
a least 91%, at least 92%, at least 93%, at least 94%, at least 95%, a least 96%, at least 97%,
a least 98%, at least 99%, or 100% identical to a Metschnikowia Gxslp/Hgtl2p.  In some
embodiments, provided herein are non-naturally occurring microbial organisms having a
xylose-ethanol pathway and at least one exogenous nucleic acid encoding axylose
transporter, wherein the xylose transporter has an amino acid sequence that is a least 30%, a
least 35%, at least 40%, at least 45%, a least 50%, at least 55%, at least 60%, at least 65%, a
least 70%, at least 71%, at least 72%, at least 73%, at least 74%, a least 75%, a least 76%, a
least 77%, at least 78%, at least 79%, at least 80%, at least 81%, at least 82%, at least 83%, a
least 84%, at least 85%, at least 86%, at least 87%, at least 88%, at least 89%, at least 90%, a
least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, a
least 98%, at least 99%, or 100% identical to a Metschnikowia Gxslp/Hgtl2p.  In some
embodiments, the xylose transporter isa Metschnikowia Gxslp/Hgtl2p. In some
embodiments, the xylose transporter isavariant of a Metschnikowia Gxslp/Hgtl2p that
retains its transporter function. The xylose transporter can be afunctional fragment of a
Metschnikowia Gxslp/Hgtl2p.  In some embodiments, the xylose transporter can have 1to
50, 1to 45, 1t040, 1to 35, 1to 30, 1to 25, 1to 20, 1to 15, 1to 10, or 1to 5, amino acid
substitutions, deletions or insertions of Gxslp/Hgtl2p from a Metschnikowia species. In
some embodiments, the xylose transporter has 1to 10 amino acid substitutions, deletions or

55



10

15

20

25

30

WO 2018/112638 PCT/CA2017/051561

insertions of Gxslp/Hgtl2p from a Metschnikowia species. In some embodiments, the xylose
transporter has 1to 5 amino acid substitutions, deletions or insertions of Gxslp/Hgtl2p from

aMetschnikowia species.

[0088] The Metschnikowia species can be the H OMetschnikowia species. In some
embodiments, provided herein is an isolated polypeptide that has an amino acid sequence that
isat least 30%, at least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at |east
60%, at least 65%, at least 70%, at least 71%, a least 72%, a least 73%, a least 74%, & |least
75%, a least 76%, at least 77%, at least 78%, a least 79%, a least 80%, at least 81%, & least
82%, at least 83%, at least 84%, at least 85%, a least 86%, a least 87%, at least 88%, at least
89%, at least 90%, at least 91%, at least 92%, a least 93%, a least 94%, at least 95%, at least
96%, a least 97%, at least 98%, at least 99%, or 100% identical to Gxs1p/Hgt 12pof H O
Metschnikowia species. In some embodiments, provided herein is an isolated nucleic acid
that encodes a polypeptide that has an amino acid sequence that is at least 30%, at least 35%,
a least 40%, at least 45%, at least 50%, at least 55%, at least 60%, & least 65%, at least 70%,
a least 71%, at least 72%, at least 73%, at least 74%, at least 75%, a least 76%, at least 77%,
a least 78%, at least 79%, at least 80%, at least 81%, at least 82%, a |least 83%, at least 84%,
a least 85%, at least 86%, at least 87%, at least 88%, at least 89%, a least 90%, at least 91%,
a least 92%, at least 93%, at least 94%, at least 95%, at least 96%, a least 97%, at least 98%,
at least 99%, or 100% identical to a Gxs1p/Hgt 12pof H OMetschnikowia species. In some
embodiments, the non-naturally occurring microbia organisms have axylose-ethanol
pathway and at least one exogenous nucleic acid encoding axylose transporter that is at least
30%, at least 35%, at least 40%, at least 45%, a least 50%, a least 55%, at least 60%, at least
65%, a least 70%, at least 71%, at least 72%, a least 73%, a least 74%, a least 75%, & |least
76%, a least 77%, at least 78%, at least 79%, a least 80%, a least 81%, at least 82%, &t least
83%, at least 84%, at least 85%, at least 86%, a least 87%, a |least 88%, at least 89%, at |least
90%, at least 91%, at least 92%, at least 93%, a least 94%, a least 95%, at least 96%, at least
97%, a least 98%, at least 99%, or 100% identical to Gxslp/Hgtl2p of H OMetschnikowia
species. In some embodiments, the xylose transporter is Gxslp/Hgtl2p of H OMetschnikowia
species. In some embodiments, the xylose transporter can be avariant of Gxslp/Hgtl2p of
H OMetschnikowia species that retains its transporter function. In some embodiments, the
xylose transporter can have 1to 50, 1to 45, 1t040, 1to 35, 1t0 30, 1to 25, 1t0 20, 1to 15,
1to 10, or 1to 5, amino acid substitutions, deletions or insertions of Gxslp/Hgtl2p fromH O
Metschnikowia species. In some embodiments, the xylose transporter has 1to 10 amino acid
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substitutions, deletions or insertions of Gxslp/Hgtl2p from H OMetschnikowia species. In
some embodiments, the xylose transporter has 1to 5 amino acid substitutions, deletions or
insertions of Gxslp/Hgtl2p from H OMetschnikowia species. In some embodiments, the
xylose transporter has the amino acid sequence of SEQ ID NO: 7. In some embodiments, the
amino acid sequence of the xylose transporter is SEQ ID NO: 7. In some embodiments, the
nucleic acid has the sequence of SEQ ID NO: 19. In some embodiments, the sequence of the
nucleic acid is SEQ ID NO: 19. In some embodiments, the xylose transporter is afunctional
fragment of Gxslp/Hgtl2p of H OMetschnikowia species. For example, the fragment of
Gxdlp/Hgtl2p can be avariant of Gxslp/Hgtl2p that has a shorter N-terminus, and referred
to as AGxslp/AHgtl2p. 1n some embodiments, the amino acid sequence of the xylose
transporter is SEQ ID NO: 5. In some embodiments, the nucleic acid has the sequence of
SEQ ID NO: 17. The nucleic acid encoding Gxslp/Hgtl2p from aMetschnikowia species
can be codon optimized for heterologous expression. In some embodiments, the nucleic acid
encoding Metschnikowia Gxslp/Hgtl2p iscodon optimized for expression in ayeast host
strain. The yeast host strain can be any yeast host strain described herein, such as5.
cerevisiae. In some embodiments, the nucleic acid encoding Metschnikowia Gxslp/Hgtl2p
is codon optimized for expression in abacterial host strain. The bacterial host strain can be
any bacterial host strain described herein, such ask. coli. In some embodiments, the nucleic
acid encoding Gxslp/Hgtl2p from H OMetschnikowia species is codon optimized for

expression in 5. cerevisiae.

[0089] In some embodiments, provided herein isan isolated polypeptide that has an
amino acid sequence that is at least 30%, at least 35%, at least 40%, at least 45%, a |east
50%, at least 55%, at least 60%, at least 65%, a least 70%, a least 71%, at least 72%, &t least
73%, a least 74%, at least 75%, at least 76%, a least 77%, a least 78%, a least 79%, a least
80%, at least 81%, at least 82%, at least 83%, a least 84%, a least 85%, at least 86%, at least
87%, a least 88%, at least 89%, at least 90%, a least 91%, a least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, a least 98%, a least 99%, or 100% identical to
aMetschnikowia Hxt5p. In some embodiments, provided herein isan isolated nucleic acid
that encodes a polypeptide that has an amino acid sequence that is at least 30%, at least 35%,
a least 40%, at least 45%, at least 50%, at least 55%, at least 60%, & least 65%, at least 70%,
a least 71%, at least 72%, at least 73%, at least 74%, at least 75%, a least 76%, at least 77%,
a least 78%, at least 79%, at least 80%, at least 81%, at least 82%, a |least 83%, at least 84%,
a least 85%, at least 86%, at least 87%, at least 88%, at least 89%, a least 90%, at least 91%,
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a least 92%, at least 93%, at least 94%, at least 95%, at least 96%, a least 97%, at least 98%,
a least 99%, or 100% identical to a Metschnikowia Hxt5p. In some embodiments, provided
herein are non-naturally occurring microbial organisms having axylose-ethanol pathway and
a least one exogenous nucleic acid encoding axylose transporter, wherein the xylose
transporter has an amino acid sequence that isat least 30%, a least 35%, at least 40%, &t least
45%, a least 50%, at least 55%, at least 60%, at least 65%, at least 70%, at least 71%, at least
72%, at least 73%, at least 74%, at least 75%, a least 76%, a least 77%, a least 78%, & least
79%, at least 80%, at least 81%, at least 82%, a least 83%, a least 84%, a least 85%, at least
86%, at least 87%, at least 88%, at least 89%, a least 90%, a least 91%, at least 92%, at least
93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, a least 99%, or
100% identical to aMetschnikowia Hxt5p. In some embodiments, the xylose transporter isa
Metschnikowia Hxt5p. In some embodiments, the xylose transporter isavariant of a
Metschnikowia Hxt5p that retains its transporter function. The xylose transporter can be a
functional fragment of aMetschnikowia Hxt5p. 1n some embodiments, the xylose transporter
can have 1to 50, 1to 45, 1t0 40, 1to 35, 1to 30, 1t0 25, 1t0 20, 1to 15, 1to 10, or 1to 5,
amino acid substitutions, deletions or insertions of Hxt5p from a Metschnikowia species. In
some embodiments, the xylose transporter has 1to 10 amino acid substitutions, deletions or
insertions of Hxt5p from a Metschnikowia species. In some embodiments, the xylose
transporter has 1to 5 amino acid substitutions, deletions or insertions of Hxt5p from a

Metschnikowia species.

[0090] The Metschnikowia species can be the H OMetschnikowia species. In some
embodiments, provided herein isan isolated polypeptide that has an amino acid sequence that
isat least 30%, at least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at |east
60%, at least 65%, at least 70%, at least 71%, a least 72%, a least 73%, a least 74%, & |least
75%, a least 76%, at least 77%, at least 78%, a least 79%, a least 80%, at least 81%, &t least
82%, at least 83%, at least 84%, at least 85%, a least 86%, a least 87%, at least 88%, at least
89%, at least 90%, at least 91%, at least 92%, a least 93%, a least 94%, at least 95%, at least
96%, a least 97%, at least 98%, at least 99%, or 100% identical to Hxt5p of HO
Metschnikowia species. In some embodiments, provided herein is an isolated nucleic acid
that encodes a polypeptide that has an amino acid sequence that is at least 30%, at least 35%,
a least 40%, at least 45%, at least 50%, at least 55%, at least 60%, a least 65%, at least 70%,
a least 71%, at least 72%, at least 73%, at least 74%, at least 75%, a least 76%, at least 77%,
a least 78%, at least 79%, at least 80%, at least 81%, at least 82%, a least 83%, at least 84%,
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a least 85%, at least 86%, at least 87%, at least 88%, at least 89%, a least 90%, at least 91%,
a least 92%, at least 93%, at least 94%, at least 95%, at least 96%, a least 97%, at least 98%,
at least 99%, or 100% identical to aHxt5p of H OMetschnikowia species. In some
embodiments, the non-naturally occurring microbial organisms have axylose-ethanol
pathway and at least one exogenous nucleic acid encoding axylose transporter that is at least
30%, at least 35%, a least 40%, at least 45%, at least 50%, at least 55%, a least 60%, a |least
65%, at least 70%, at least 71%, at least 72%, at least 73%, at least 74%, a least 75%, a |least
76%, at least 77%, a least 78%, at least 79%, at least 80%, at least 81%, a least 82%, a least
83%, at least 84%, at least 85%, at least 86%, a least 87%, a |least 88%, at least 89%, at |least
90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, a least 96%, a least
97%, a least 98%, at least 99%, or 100% identical to Hxt5p of H OMetschnikowia species. In
some embodiments, the xylose transporter isHxt5p of H OMetschnikowia species. In some
embodiments, the xylose transporter can be avariant of Hxt5p of H OMetschnikowia species
that retains its transporter function. In some embodiments, the xylose transporter isa
functional fragment of Hxt5p of H OMetschnikowia species. In some embodiments, the
xylose transporter can have 1to 50, 1to 45, 1to 40, 1to 35, 1t0 30, 1to 25, 1t0 20, 1to 15,
1to 10, or 1to 5, amino acid substitutions, deletions or insertions of Hxt5p from H O
Metschnikowia species. In some embodiments, the xylose transporter has 1to 10 amino acid
substitutions, deletions or insertions of Hxt5p from H OMetschnikowia species. In some
embodiments, the xylose transporter has 1to 5 amino acid substitutions, deletions or
insertions of Hxt5p from H OMetschnikowia species. In some embodiments, the xylose
transporter has the amino acid sequence of SEQ ID NO: 8. In some embodiments, the amino
acid sequence of the xylose transporter is SEQ ID NO: 8. In some embodiments, the nucleic
acid has the sequence of SEQ ID NO: 20. In some embodiments, the sequence of the nucleic
acid is SEQ ID NO: 20. The nucleic acid encoding Hxt5p from aMetschnikowia species can
be codon optimized for heterologous expression. In some embodiments, the nucleic acid
encoding Metschnikowia Hxt5p is codon optimized for expression in ayeast host strain. The
yeast host strain can be any yeast host strain described herein, such as5. cerevisiae. In some
embodiments, the nucleic acid encoding Metschnikowia Hxt5p is codon optimized for
expression in abacterial host strain. The bacterial host strain can be any bacterial host strain
described herein, such asE. coli. 1n some embodiments, the nucleic acid encoding Hxt5p

from H OMetschnikowia species is codon optimized for expression in 5. cerevisiae.
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[0091] In some embodiments, provided herein isan isolated polypeptide that has an
amino acid sequence that isat least 30%, at least 35%, at least 40%, at least 45%, at |least
50%, at least 55%, at least 60%, at least 65%, at least 70%, at least 71%, at least 72%, a least
73%, at least 74%, at least 75%, at least 76%, at least 77%, a least 78%, at least 79%, at least
80%, at least 81%, at least 82%, at least 83%, at least 84%, at least 85%, at least 86%, at |east
87%, at least 88%, at least 89%, at least 90%, at least 91%, at least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% identica to
aMetschnikowia Hxt2.6p. In some embodiments, provided herein isan isolated nucleic acid
that encodes a polypeptide that has an amino acid sequence that isat least 30%, at least 35%,
at least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at least 65%, at least 70%,
a least 71%, at least 72%, at least 73%, at least 74%, at least 75%, at least 76%, at least 77%,
a least 78%, at least 79%, at least 80%, at least 81%, at least 82%, at least 83%, at least 84%,
a least 85%, at least 86%, at least 87%, at least 88%, at least 89%, at least 90%, at least 91%,
a least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%,
at least 99%, or 100% identical to a Metschnikowia Hxt2.6p. In some embodiments,

provided herein are non-naturally occurring microbial organisms having a xylose-ethanol
pathway and at least one exogenous nucleic acid encoding axylose transporter, wherein the
xylose transporter has an amino acid sequence that isat least 30%, at least 35%, at least 40%,
at least 45%, at least 50%, at least 55%, at least 60%, at least 65%, at least 70%, at least 71%,
a least 72%, at least 73%, at least 74%, at least 75%, at least 76%, at least 77%, at least 78%,
a least 79%, at least 80%, at least 81%, at least 82%, at least 83%, at least 84%, at least 85%,
a least 86%, at least 87%, at least 88%, at least 89%, at least 90%, at least 91%, at least 92%,
a least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%,
or 100% identical to a Metschnikowia Hxt2.6p. In some embodiments, the xylose transporter
isaMetschnikowia Hxt2.6p. In some embodiments, the xylose transporter isavariant of a
Metschnikowia Hxt2.6p that retains its transporter function. The xylose transporter can be a
functional fragment of aMetschnikowia Hxt2.6p. In some embodiments, the xylose
transporter can have 1to 50, 1to 45, 1to 40, 1to 35, 1to 30, 1to 25, 1to 20, 1to 15, 1to 10,
or 1to 5, amino acid substitutions, deletions or insertions of Hxt2.6p from a Metschnikowia
species. In some embodiments, the xylose transporter has 1to 10 amino acid substitutions,
deletions or insertions of Hxt2.6p from a Metschnikowia species. In some embodiments, the
xylose transporter has 1to 5 amino acid substitutions, deletions or insertions of Hxt2.6p from

aMetschnikowia species.
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[0092] The Metschnikowia species can be the H OMetschnikowia species. In some
embodiments, provided herein is an isolated polypeptide that has an amino acid sequence that
isat least 30%, at least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at |east
60%, at least 65%, at least 70%, at least 71%, a least 72%, a least 73%, a least 74%, & |least
75%, a least 76%, at least 77%, at least 78%, a least 79%, a least 80%, at least 81%, &t least
82%, at least 83%, at least 84%, at least 85%, a least 86%, a least 87%, at least 88%, at least
89%, at least 90%, at least 91%, at least 92%, a least 93%, a least 94%, at least 95%, at least
96%, a least 97%, at least 98%, at least 99%, or 100% identical to Hxt2.6p of HO
Metschnikowia species. In some embodiments, provided herein is an isolated nucleic acid
that encodes a polypeptide that has an amino acid sequence that is at least 30%, at least 35%,
a least 40%, at least 45%, at least 50%, at least 55%, at least 60%, a least 65%, at least 70%,
a least 71%, at least 72%, at least 73%, at least 74%, at least 75%,  least 76%, at least 77%,
a least 78%, at least 79%, at least 80%, at least 81%, at least 82%, a |least 83%, at least 84%,
a least 85%, at least 86%, at least 87%, at least 88%, at least 89%, a least 90%, at least 91%,
a least 92%, at least 93%, at least 94%, at least 95%, at least 96%, a least 97%, at least 98%,
at least 99%, or 100% identical to aHxt2.6p of H OMetschnikowia species. In some
embodiments, the non-naturally occurring microbial organisms have axylose-ethanol
pathway and at least one exogenous nucleic acid encoding axylose transporter that is at least
30%, at least 35%, at least 40%, at least 45%, a least 50%, a least 55%, at least 60%, at least
65%, a least 70%, at least 71%, at least 72%, a least 73%, a least 74%, a least 75%, & |least
76%, a least 77%, at least 78%, at least 79%, a least 80%, a least 81%, at least 82%, at |least
83%, a least 84%, at least 85%, at least 86%, a least 87%, a |least 88%, at least 89%, at least
90%, at least 91%, at least 92%, at least 93%, a least 94%, a least 95%, at least 96%, at |least
97%, a least 98%, at least 99%, or 100% identical to Hxt2.6p of H OMetschnikowia species.
In some embodiments, the xylose transporter isHxt2.6p of H OMetschnikowia species. In
some embodiments, the xylose transporter can be avariant of Hxt2.6p of H OMetschnikowia
species that retains its transporter function. 1n some embodiments, the xylose transporter isa
functional fragment of Hxt2.6p of H OMetschnikowia species. In some embodiments, the
xylose transporter can have 1to 50, 1to 45, 1t040, 1to 35, 1t0 30, 1to 25, 1t0 20, 1to 15,
1to 10, or 1to 5, amino acid substitutions, deletions or insertions of Hxt2.6p fromH O
Metschnikowia species. In some embodiments, the xylose transporter has 1to 10 amino acid
substitutions, deletions or insertions of Hxt2.6p from H OMetschnikowia species. In some
embodiments, the xylose transporter has 1to 5 amino acid substitutions, deletions or

insertions of Hxt2.6p from H OMetschnikowia species. In some embodiments, the xylose
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transporter has the amino acid sequence of SEQ ID NO: 10. In some embodiments, the
amino acid sequence of the xylose transporter is SEQ ID NO: 10. In some embodiments, the
nucleic acid has the sequence of SEQ ID NO: 22. In some embodiments, the sequence of the
nucleic acid is SEQ ID NO: 22. The Hxt2.6p from aMetschnikowia species can be codon
optimized for heterologous expression. In some embodiments, the nucleic acid encoding
Metschnikowia Hxt2.6p is codon optimized for expression in ayeast host strain. The nucleic
acid encoding yeast host strain can be any yeast host strain described herein, such as5.
cerevisiae. In some embodiments, the nucleic acid encoding Metschnikowia Hxt2.6p is
codon optimized for expression in abacterial host strain. The bacterial host strain can be any
bacterial host strain described herein, such asE. coli. In some embodiments, the nucleic acid
encoding Hxt2.6p from H OMetschnikowia species is codon optimized for expression in 5.
cerevisiae. For example, in some embodiments, the nucleic acid encodes Hxt2.6p of HO
Metschnikowia species that is codon optimized for expression in 5. cerevisiae. The nucleic

acid can have the sequence of SEQ ID NO: 23.

[0093] In some embodiments, provided herein isan isolated polypeptide that has an
amino acid sequence that is at least 30%, at least 35%, at least 40%, at least 45%, at least
50%, at least 55%, at least 60%, at least 65%, a least 70%, a least 71%, at least 72%, &t |east
73%, a least 74%, at least 75%, at least 76%, a least 77%, a least 78%, at least 79%, at |least
80%, at least 81%, at least 82%, at least 83%, a least 84%, a least 85%, at least 86%, at least
87%, a least 88%, a least 89%, at least 90%, a least 91%, a least 92%, at least 93%, at |least
94%, at least 95%, at least 96%, at least 97%, a least 98%, a least 99%, or 100% identical to
aMetschnikowia Qup2p. In some embodiments, provided herein isan isolated nucleic acid
that encodes a polypeptide that has an amino acid sequence that is at least 30%, at least 35%,
a least 40%, at least 45%, at least 50%, at least 55%, at least 60%, a least 65%, at least 70%,
a least 71%, at least 72%, at least 73%, at least 74%, at least 75%, a least 76%, at least 77%,
a least 78%, at least 79%, at least 80%, at least 81%, at least 82%, a |least 83%, at least 84%,
a least 85%, at least 86%, at least 87%, at least 88%, at least 89%, a least 90%, at least 91%,
a least 92%, at least 93%, at least 94%, at least 95%, at least 96%, a least 97%, at least 98%,
a least 99%, or 100% identical to a Metschnikowia Qup2p. In some embodiments, provided
herein are non-naturally occurring microbial organisms having axylose-ethanol pathway and
a least one exogenous nucleic acid encoding axylose transporter, wherein the xylose
transporter has an amino acid sequence that isat least 30%, a least 35%, at least 40%, at least
45%, a least 50%, at least 55%, at |least 60%, at least 65%, at least 70%, a least 71%, at least
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72%, at least 73%, at least 74%, at least 75%, at least 76%, at least 77%, a least 78%, at least
79%, at least 80%, at least 81%, at least 82%, at least 83%, at least 84%, at least 85%, at |east
86%, at least 87%, at least 88%, at least 89%, at least 90%, at least 91%, at least 92%, at |east
93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or
100% identical to aMetschnikowia Qup2p. In some embodiments, the xylose transporter isa
Metschnikowia Qup2p. In some embodiments, the xylose transporter isavariant of a
Metschnikowia Qup2p that retains its transporter function. The xylose transporter can be a
functional fragment of aMetschnikowia Qup2p. In some embodiments, the xylose

transporter can have 1to 50, 1to 45, 1to 40, 1to 35, 1to 30, 1to 25, 1to 20, 1to 15, 1to 10,
or 1to 5, amino acid substitutions, deletions or insertions of Qup2p from aMetschnikowia
species. In some embodiments, the xylose transporter has 1to 10 amino acid substitutions,
deletions or insertions of Qup2p from aMetschnikowia species. In some embodiments, the
xylose transporter has 1to 5 amino acid substitutions, deletions or insertions of Qup2p from a

Metschnikowia species.

[0094] The Metschnikowia species can be the H OMetschnikowia species. In some
embodiments, provided herein isan isolated polypeptide that has an amino acid sequence that
isat least 30%, at least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at least
60%, at least 65%, at least 70%, at least 71%, at least 72%, at least 73%, a least 74%, at least
75%, at least 76%, at least 77%, at least 78%, at least 79%, at least 80%, at least 81%, at least
82%, at least 83%, at least 84%, at least 85%, at least 86%, at least 87%, at least 88%, at |east
89%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at |east
96%, at least 97%, at least 98%, at least 99%, or 100% identical to Qup2p of HO
Metschnikowia species. In some embodiments, provided herein isan isolated nucleic acid
that encodes a polypeptide that has an amino acid sequence that isat least 30%, at least 35%,
at least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at least 65%, at least 70%,
a least 71%, at least 72%, at least 73%, at least 74%, at least 75%, at least 76%, at least 77%,
a least 78%, at least 79%, at least 80%, at least 81%, at least 82%, at least 83%, at least 84%,
a least 85%, at least 86%, at least 87%, at least 88%, at least 89%, at least 90%, at least 91%,
a least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%,
at least 99%, or 100% identical to a Qup2p of H OMetschnikowia species. In some
embodiments, the non-naturally occurring microbial organisms have a xylose-ethanol
pathway and at least one exogenous nucleic acid encoding axylose transporter that isat least
30%, at least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at |east

63



10

15

20

25

30

WO 2018/112638 PCT/CA2017/051561

65%, at least 70%, at least 71%, at least 72%, at least 73%, at least 74%, a least 75%, a |least
76%, at least 77%, a least 78%, at least 79%, at least 80%, at least 81%, a least 82%, a |least
83%, at least 84%, at least 85%, at least 86%, a least 87%, a |least 88%, at least 89%, at |least
90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, a least 96%, a least
97%, a least 98%, at least 99%, or 100% identical to Qup2p of H OMetschnikowia species.
In some embodiments, the xylose transporter can be Qup2p of H OMetschnikowia species. In
some embodiments, the xylose transporter can be avariant of Qup2p of H OMetschnikowia
species that retains its transporter function. In some embodiments, the xylose transporter can
be afunctional fragment of Qup2p of H OMetschnikowia species. In some embodiments, the
xylose transporter can have 1to 50, 1to 45, 1to 40, 1to 35, 1t0 30, 1to 25, 1t0 20, 1to 15,
1to 10, or 1to 5, amino acid substitutions, deletions or insertions of Qup2p fromH O
Metschnikowia species. In some embodiments, the xylose transporter has 1to 10 amino acid
substitutions, deletions or insertions of Qup2p from H OMetschnikowia species. In some
embodiments, the xylose transporter has 1to 5 amino acid substitutions, deletions or
insertions of Qup2p from H OMetschnikowia species. In some embodiments, the xylose
transporter has the amino acid sequence of SEQ ID NO: 11. In some embodiments, the
amino acid sequence of the xylose transporter is SEQ ID NO: 11. In some embodiments, the
nucleic acid has the sequence of SEQ ID NO: 24. In some embodiments, the sequence of the
nucleic acid is SEQ ID NO: 24. The Qup2p from a Metschnikowia species can be codon
optimized for heterologous expression. In some embodiments, the nucleic acid encoding
Metschnikowia Qup2p is codon optimized for expression in ayeast host strain. The yeast
host strain can be any yeast host strain described herein, such as5. cerevisiae. In some
embodiments, the nucleic acid encoding Metschnikowia Qup2p is codon optimized for
expression in abacterial host strain. The bacterial host strain can be any bacterial host strain
described herein, such asE. coli. 1n some embodiments, the nucleic acid encoding Qup2p
from H OMetschnikowia species is codon optimized for expression in S. cerevisiae. For
example, in some embodiments, the nucleic acid encoding Qup2p of H OMetschnikowia
species that is codon optimized for expression in S. cerevisiae. The nucleic acid can have the
sequence of SEQ ID NO: 25.

[0095] In some embodiments, provided herein isan isolated polypeptide that has an
amino acid sequence that isat least 30%, at least 35%, at |east 40%, at least 45%, at least
50%, at least 55%, at least 60%, at least 65%, a least 70%, a least 71%, at least 72%, at |least
73%, a least 74%, a least 75%, at least 76%, at least 77%, at least 78%, a least 79%, a least
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80%, at least 81%, at least 82%, at least 83%, a least 84%, a |least 85%, at least 86%, at least
87%, a least 88%, at least 89%, at least 90%, a least 91%, a least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, a least 98%, a least 99%, or 100% identical to
a Metschnikowia Apsip/Hgtl9p.  In some embodiments, provided herein is an isolated
nucleic acid that encodes a polypeptide that has an amino acid sequencethat is a least 30%,
a least 35%, at least 40%, at least 45%, at least 50%, at least 55%, a least 60%, at least 65%,
a least 70%, at least 71%, at least 72%, at least 73%, at least 74%, a least 75%, at least 76%,
a least 77%, at least 78%, at least 79%, at least 80%, at least 81%, a least 82%, at least 83%,
a least 84%, at least 85%, at least 86%, at least 87%, at least 88%, a least 89%, at least 90%,
a least 91%, at least 92%, at least 93%, at least 94%, at least 95%, a least 96%, at least 97%,
a least 98%, at least 99%, or 100% identical to aMetschnikowia Apsip/Hgtl9p. In some
embodiments, provided herein are non-naturally occurring microbial organisms having a
xylose-ethanol pathway and at least one exogenous nucleic acid encoding axylose
transporter, wherein the xylose transporter has an amino acid sequence that is a least 30%, a
least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at |east 65%, a
least 70%, at least 71%, at least 72%, at least 73%, at least 74%, a least 75%, a least 76%, a
least 77%, at least 78%, at least 79%, at least 80%, at least 81%, at least 82%, at |east 83%, a
least 84%, at least 85%, at least 86%, at least 87%, at least 88%, at least 89%, at least 90%, a
least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, a
least 98%, at least 99%, or 100% identical to aMetschnikowia Apslp/Hgtl9p. In some
embodiments, the xylose transporter is aMetschnikowia Apsip/Hgtl9p. In some
embodiments, the xylose transporter isavariant of aMetschnikowia Apsip/Hgtl9p that
retains its transporter function. The xylose transporter can be afunctional fragment of a
Metschnikowia Apsip/Hgtl9p.  In some embodiments, the xylose transporter can have 1to
50, 1to 45, 1t040, 1to 35, 1to 30, 1to 25, 1to 20, 1to 15, 1to 10, or 1to 5, amino acid
substitutions, deletions or insertions of Apsip/Hgtl9p from aMetschnikowia species. In
some embodiments, the xylose transporter has 1to 10 amino acid substitutions, deletions or
insertions of Apsip/Hgtl9p from aMetschnikowia species. In some embodiments, the xylose
transporter has 1to 5 amino acid substitutions, deletions or insertions of Apsip/Hgtl9p from

aMetschnikowia species.

[0096] The Metschnikowia species can be the Metschnikowia H OMetschnikowia species.
In some embodiments, provided herein isan isolated polypeptide that has an amino acid
sequence that isat least 30%, at least 35%, at least 40%, at least 45%, at least 50%, at |east
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55%, at least 60%, at least 65%, at least 70%, a least 71%, a least 72%, at least 73%, &t |least
74%, at least 75%, at least 76%, at least 77%, a least 78%, a least 79%, at least 80%, at least
81%, at least 82%, at least 83%, at least 84%, a least 85%, a |least 86%, at least 87%, at least
88%, at least 89%, at least 90%, at least 91%, a least 92%, a least 93%, at least 94%, at least
95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% identical to
Apslp/Hgtl9p of H OMetschnikowia species. In some embodiments, provided hereinisan
isolated nucleic acid that encodes a polypeptide that has an amino acid sequence that is at
least 30%, at least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at |east 60%, a
least 65%, at least 70%, at least 71%, a least 72%, at least 73%, a least 74%, a least 75%, a
least 76%, at least 77%, at least 78%, a least 79%, at least 80%, at least 81%, at least 82%, a
least 83%, at least 84%, at least 85%, at least 86%, at least 87%, at least 88%, at |east 89%, a
least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at |east 96%, a
least 97%, at least 98%, at least 99%, or 100% identical to a Apsip/Hgtl9p of HO
Metschnikowia species. In some embodiments, the non-naturally occurring microbial
organisms have axylose-ethanol pathway and & least one exogenous nucleic acid encoding a
xylose transporter that is at least 30%, at least 35%, at least 40%, & least 45%, at least 50%,
a least 55%, at least 60%, at least 65%, at least 70%, at least 71%, a least 72%, at least 73%,
a least 74%, at least 75%, at least 76%, at least 77%, at least 78%, a least 79%, at least 80%,
a least 81%, at least 82%, at least 83%, at least 84%, at least 85%, a |least 86%, at least 87%,
a least 88%, at least 89%, at least 90%, at least 91%, at least 92%, a least 93%, at least 94%,
a least 95%, at least 96%, at least 97%, a least 98%, at least 99%, or 100% identical to
Apslip/Hgtl9p of H OMetschnikowia species. In some embodiments, the xylose transporter is
Apslp/Hgtl9p of H OMetschnikowia species. In some embodiments, the xylose transporter
can be avariant of Apslp/Hgtl9p of H OMetschnikowia species that retains its transporter
function. In some embodiments, the xylose transporter isafunctional fragment of
Apslp/Hgtl9p of H OMetschnikowia species. In some embodiments, the xylose transporter
can have 1to 50, 1to 45, 1t0 40, 1to 35, 1to 30, 1t0 25, 1t0 20, 1to 15, 1to 10, or 1to 5,
amino acid substitutions, deletions or insertions of Apsip/Hgtl9p from H OMetschnikowia
species. In some embodiments, the xylose transporter has 1to 10 amino acid substitutions,
deletions or insertions of Apsip/Hgtl9p from H OMetschnikowia species. In some
embodiments, the xylose transporter has 1to 5 amino acid substitutions, deletions or
insertions of Apsip/Hgtl9p from H OMetschnikowia species. 1n some embodiments, the
xylose transporter has the amino acid sequence of SEQ ID NO: 12. In some embodiments,
the amino acid sequence of the xylose transporter is SEQ ID NO: 12. In some embodiments,
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the nucleic acid has the sequence of SEQ ID NO: 26. In some embodiments, the sequence of
the nucleic acid is SEQ ID NO: 26. The Apslp/Hgtl9p from aMetschnikowia species can be
codon optimized for heterologous expression. In some embodiments, the nucleic acid
encoding Metschnikowia Apsip/Hgtl9p iscodon optimized for expression in ayeast host
strain. The yeast host strain can be any yeast host strain described herein, such as5.
cerevisiae. In some embodiments, the nucleic acid encoding Metschnikowia Apslp/Hgtl9p

is codon optimized for expression in abacterial host strain. The bacterial host strain can be
any bacterial host strain described herein, such ask. coli. In some embodiments, the nucleic
acid encoding Apsip/Hgtl9p from H OMetschnikowia species is codon optimized for
expression in 5. cerevisiae. For example, in some embodiments, the nucleic acid encodes
Apslp/Hgtl9p of H OMetschnikowia species that is codon optimized for expression in 5.
cerevisiae. The nucleic acid can have the sequence of SEQ ID NO: 27.

[0097] Asprovided above, the non-naturally occurring microbial organisms can have a
xylose-ethanol pathway and at least one exogenous nucleic acid, or at least two, at least three,
a least four, at least five, a least six, at least seven, a least eight, or a least nine nucleic
acids encoding a combination of xylose transporters described herein. In some embodiments,
the non-naturally occurring microbial organisms express two xylose transporters described
herein. In some embodiments, the non-naturally occurring microbial organisms express three
xylose transporters described herein. In some embodiments, the non-naturally occurring
microbial organisms express four xylose transporters described herein. In some
embodiments, the non-naturally occurring microbial organisms express five xylose
transporters described herein. In some embodiments, the non-naturally occurring microbial
organisms express six xylose transporters described herein. In some embodiments, the non-
naturally occurring microbial organisms express seven xylose transporters described herein.
In some embodiments, the non-naturally occurring microbial organisms express eight xylose
transporters described herein. In some embodiments, the non-naturally occurring microbial
organisms express nine xylose transporters described herein. In some embodiments, the non-
naturally occurring microbial organisms express ten xylose transporters described herein. In
some embodiments, the non-naturally occurring microbial organisms express eleven xylose
transporters described herein. In some embodiments, the combination of xylose transporters
include two, three, four, five, six, seven, eight, nine, or ten xylose transporters of Xytlp,
Gxflp, AGxflp, Gxf2p/Gal2p, Gxslp/Hgtl2p, AGxsIp/AHgti2p, Hxt5p, Hxt2.6p, Qup2p,

and Apslp/Hgtl9p from aMetschnikowia species aswell asvariants thereof. In some
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embodiments, the combination of xylose transporters include two, three, four, five, six,
seven, eight, nine, or ten xylose transporters of Xytlp, Gxflp, AGxflp, Gxf2p/Gal2p,
Gxslp/Hgtl2p, AGxslp/AHgti2p, Hxt5p, Hxt2.6p, Qup2p, and Apsp/Hgtl9p from HO

Metschnikowia species aswell asvariants thereof.

[0098] In some embodiments, provided herein are non-naturally occurring microbial
organisms having axylose-ethanol pathway and at least one exogenous nucleic acid encoding
an enzyme or protein of the xylose metabolic pathway expressed in sufficient amount to
confer or enhance xylose metabolism. Expression of these enzymes or their variants in
microbial organisms {e.g. S. cerevisiae) can enhance xylose metabolism and increase the
production of bioderived products from xylose by these microbial organisms. Thus, provided
herein is an isolated polypeptide that isan enzyme or protein of Metschnikowia xylose
metabolic pathway or avariant thereof; an isolated nucleic acid that encodes an enzyme or
protein of Metschnikowia xylose metabolic pathway or avariant thereof; avector that has an
isolated nucleic acid that encodes an enzyme or protein of Metschnikowia xylose metabolic
pathway or avariant thereof; aswell asanon-naturally occurring microbial organism having
axylose-ethanol pathway and enhanced xylose metabolism by expressing at |least one
exogenous nucleic acid encoding an enzyme or protein of Metschnikowia xylose metabolic

pathway.

[0099] Enzymes or proteins of the xylose metabolic pathway include axylose reductase,
axylose dehydrogenase, axylulokinase, atransketolase, atransaldolase, or a combination
thereof. provided herein are non-naturally occurring microbial organisms having axylose-
ethanol pathway and at least one exogenous nucleic acid encoding an enzyme or protein
expressed in sufficient amount to confer or enhance xylose metabolism, wherein enzyme or
protein has an amino acid sequence that is at least 30% identical to aMetschnikowia enzyme
or protein such as Xyllp, Xyl2p, Xkslp, Tkllp, or Tallp. The Metschnikowia species can be
selected from the group consisting of Metschnikowia sp. HO, Metschnikowia pulcherrima,
Metschnikowia fructicola, Metschnikowia chrysoperlae, Metschnikowia reukaufii,
Metschnikowia andauensis, Metschnikowia sinensis, Metschnikowia shanxiensis,
Metschnikowia zzyphicola, Metschnikowia bicuspidata, Metschnikowia lunata,
Metschnikowia zobellii, Metschnikowia australis, Metschnikowia agaveae, Metschnikowia
gruessii, Metschnikowia hawaiiensis, Metschnikowia krissii, Metschnikowia sp. strain NS-O-
85,and Metschnikowia sp. strain NS O-89. The Metschnikowia enzyme or protein can be
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from the H OMetschnikowia species. A number of enzymes or proteins of the xylose
metabolic pathway were cloned from H OMetschnikowia species including XYL1, XYL2,
XKS, TKLI and TALI. In some embodiments, the enzyme or protein can be Xyllp, Xyl2p,
Xkslp, Tkllp, or Talp from the H OMetschnikowia species.

[00100]  In some embodiments, the non-naturally occurring microbial organisms provided
herein are generated from host organisms having a complete xylose metabolic pathway
including axylose reductase, axylose dehydrogenase, axylulokinase, atransketolase, and a
transaldolase. These microbial organisms can be engineered to have enhanced xylose
metabolism by increasing either the activity and/or level of the enzymes or proteins of the
xylose metablic pathways. These microbial organisms can also be engineered to have
enhanced xylose metabolism by increasing either the activity and/or level of the enzymes or
proteins of the endogenous xylose metabolic pathway. In some embodiments, additional
copies of genes encoding the endogenous enzymes or proteins can be expressed in the
microbial organisms. In some embodiments, one or more heterologous genes encoding an
enzyme or protein having similar or same activity asthe enzyme(s) of the endogenous
pathway can be expressed. The microbial organisms can also be engineered to have an
enhanced xylose metablic pathway by heterologously expressing enzymes or proteins of the
xylose metablic pathway.

[00101] In some embodiments, the non-naturally occurring microbial organisms provided
herein are generated from host organisms that lack one or more enzymes or proteins required
for the xylose metablic pathway and do not naturally metabolize xylose. These microbial
organisms can be engineered to have axylose metablic pathway by heterologously expressing
any missing enzymes or proteins from the endogenous xylose metablic pathway. These
microbial organisms can be engineered to have enhanced xylose metabolsim by increasing
either the activity or level of enzymes or proteins of the xylose metablic pathway. Itis
understood that in addition to heterologously expressing the missing enzymes or proteins, the
microbial organisms can also be engineered to have increased activity and/or level of its
endogenous enzymes or proteins to further enhance the activity of its xylose metabolic

pathways.

[00102] Assuch, provided herein are non-naturally occurring microbial organisms having
axylose-ethanol pathway and & least one exogenous nucleic acid, or at least two, a |east

three, a least four, or at least five nucleic acids each encoding an enzyme or protein of the
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xylose metablic pathway. Enzymes or proteins of the xylose metabolic pathway include a
xylose reductase, axylose dehydrogenase, axylulokinase, atransketolase, and a
transaldolase. In some embodiments, the microbial organisms have at least two exogenous
nucleic acids each encoding an enzyme or protein of the xylose metablic pathway. In some
embodiments, the microbial organisms have at least three exogenous nucleic acids each
encoding an enzyme or protein of the xylose metablic pathway. In some embodiments, the
microbial organisms have a least four exogenous nucleic acids each encoding an enzyme or
protein of the xylose metablic pathway. In some embodiments, the microbial organisms have
a least five exogenous nucleic acids each encoding an enzyme or protein of the xylose

metablic pathway.

[00103]  The enzymes or proteins of the xylose metablic pathway provided herein can be a
Metschnikowia enzyme or protein, including such asthose from H OMetschnikowia species
having amino acid sequences as shown in sequence listing, aswell astheir variants that retain
thelr respective enzymatic function. For example, provided herein isXyllp fromHO
Metschnikowia species that has an amino acid sequence of SEQ ID NO:28, aswell asvariants
thereof that retain the xylose reductase function of Xyllp. The xylose reductase function of
Xyllp includes, but isnot limited to, the reduction of xylose to xylitol, which can be
determined, for example, by subjecting the variant to an in vitro assay as described herin or

otherwise known in the art.

[00104] In some embodiments, provided herein are aso isolated polypeptides that are
variants of aMetschnikowia enzymes or proteins of the xylose metablic pathway that retains
its enzymatic function. Provided herein are also isolated nucleic acids that encode
polypeptides that are variants of Metschnikowia enzymes or proteins of the xylose metablic
pathway that retains its enzymatic function. In some embodiments, provided herein are non-
naturally occurring microbial organisms having axylose-ethanol pathway and an exogenous
nucleic acid encoding an enzyme or protein of the xylose metablic pathway, wherein the
enzyme or protein isavariant of aMetschnikowia enzyme or protein of the xylose metablic
pathway that retains its enzymatic function. In some embodiments, the enzyme or protein is
avariant of an enzyme or protein of the xylose metablic pathway from the H OMetschnikowia
species that retains its enzymatic function. Various methods totest and confirm the
enzymatic activities of xylose reductase, xylose dehydrogenase, xylulokinase, transketolase,
and transaldolase are well known inthe art. See e.g. Walfridsson, M., et ah, Applied
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microbiology and biotechnology 48.2: 218-224 (1997); Richard. P. et al, FEBS letters 457.1:
135-138(1999). Richard. P.et al, FEMS microbiology letters 190.1: 39-43 (2000);
Bruinenberg, P. et al, Microbiology 129A: 965-971 (1983).

[00105] In some embodiments, provided herein are also isolated polypeptides that are
variants of Xyllp, Xyl2p, Xkdlp, Tkllp, or Tallp from aMetschnikowia species that retain
the respective enzymatic function. Provided herein are also isolated polypeptides that are
variants of Xyllp, Xyl2p, Xkslp, Tkllp, or Tallp from the H OMetschnikowia species that
retain the respective enzymatic function. In some embodiments, provided herein are aso
isolated nucleic acids that encode polypeptides that are variants of Xyllp, Xyl2p, Xksp,
Tkllp, or Tallp from aMetschnikowia species that retain the respective enzymatic function.
In some embodiments, provided herein are also isolated nucleic acids that encode
polypeptides that are variants of Xyllp, Xyl2p, Xkslp, Tkllp, or Talp fromtheHO
Metschnikowia species that retain the respective enzymatic function.

[00106] In some embodiments, provided herein are non-naturally occurring microbial
organisms having axylose-ethanol pathway and an exogenous nucleic acid encoding
enzymes or proteins of the xylose metabolic pathway, wherein the enzymes or proteins of the
xylose metabolic pathway isavariant of Xyllp, Xyl2p, Xkslp, Tkllp, or Talp from a
Metschnikowia species that retains its enzymatic function. In some embodiments, provided
herein are non-naturally occurring microbial organisms having an exogenous nucleic acid
encoding an enzyme or protein of the xylose metabolic pathway, wherein the enzymes or
proteins of the xylose metabolic pathway isavariant of Xyllp, Xyl2p, Xkslp, Tkllp, or
Talp from H OMetschnikowia species that retains its enzymatic function.

[00107] Enzymes or proteins of the xylose metabolic pathway described herein can have
amino acid sequence of at least 30%, & least 35%, at least 40%, at least 45%, at least 50%, at
least 55%, at least 60%, at least 65%, at least 70%, at least 71%, at least 72%, at least 73%, a
least 74%, at least 75%, at least 76%, at least 77%, at least 78%, a least 79%, at least 80%, at
least 81%, at least 82%, at least 83%, at least 84%, at least 85%, a least 86%, at least 87%, a
least 88%, at least 89%, at least 90%, at least 91%, at least 92%, at |least 93%, at least 94%, a
least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% identical, to the
amino acid sequences disclosed herein by SEQ ID NO, GenBank and/or GI number. In some
embodiments, the enzymes or proteins of the xylose metabolic pathway described herein can
have amino acid sequence of 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 71%, 72%, 73%,
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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% or 99% sequence identity, or be identical,
to amino acids described herein by SEQ ID NO, GenBank and/or Gl number. In some
embodiments, the enzymes or proteins of the xylose metabolic pathway described herein can
have amino acid sequence of 35%, 40%, 45%, 50%, 55%, 60%, 65%, 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% or 99% sequence identity, or be identical,
to any one of SEQ ID NOs: 28-32.

[00108] In some embodiments, provided herein isan isolated polypeptide that has an
amino acid sequence that isat least 30%, at least 35%, at least 40%, at least 45%, &t least
50%, at least 55%, at least 60%, at least 65%, at least 70%, at least 71%, at least 72%, at least
73%, a least 74%, at least 75%, at least 76%, at least 77%, at least 78%, at least 79%, at least
80%, at least 81%, at least 82%, at least 83%, at least 84%, at least 85%, at least 86%, at least
87%, at least 88%, at least 89%, at least 90%, at least 91%, at least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% identical to
aMetschnikowia enzyme or protein such asMetschnikowia Xyllp, Xyl2p, Xkslp, Tkllp, or
Talp. In some embodiments, provided herein isan isolated nucleic acid that encodes a
polypeptide that has an amino acid sequence that isat least 30%, at least 35%, at least 40%,
a least 45%, at least 50%, at least 55%, at least 60%, at least 65%, at least 70%, at least 71%,
a least 72%, at least 73%, at least 74%, at least 75%, at least 76%, at least 77%, at least 78%,
a least 79%, at least 80%, at least 81%, at least 82%, at least 83%, at least 84%, at least 85%,
a least 86%, at least 87%, at least 88%, at least 89%, at least 90%, &t least 91%, at least 92%,
a least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%,
or 100% identical to a Metschnikowia enzyme or protein such as Metschnikowia XylIp,
Xyl2p, Xkslp, Tkllp, or Talp.

[00109] In some embodiments, provided herein are non-naturally occurring microbial
organisms having axylose-ethanol pathway and at least one exogenous nucleic acid encoding
an enzymes or proteins of the xylose metabolic pathway, wherein the enzymes or proteins of
the xylose metabolic pathway has an amino acid sequence that isat least 30%, at least 35%,
at least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at least 65%, at least 70%,
a least 71%, at least 72%, at least 73%, at least 74%, at least 75%, at least 76%, at least 77%,
a least 78%, at least 79%, at least 80%, at least 81%, at least 82%, at least 83%, at least 84%,
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a least 85%, a least 86%, at least 87%, at least 88%, at least 89%, at least 90%, at least 91%,
a least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%,
at least 99%, or 100% identical to a Metschnikowia enzyme or protein such asMetschnikowia
Xyllp, Xyl2p, Xkslp, Tkllp, or Talp. In some embodiments, the exogenous nucleic acid
encodes aMetschnikowia enzyme or protein such asMetschnikowia Xyl Ip, Xyl2p, Xkslp,
Tkllp, or Tallp.

[00110]  Sequence identity (also known ashomology or similarity) refers to sequence
similarity between two nucleic acid molecules or between two polypeptides. Identity can be
determined by comparing a position in each sequence, which may be aligned for purposes of
comparison. When a position in the compared sequence is occupied by the same base or
amino acid, then the molecules are identical at that position. A degree of identity between
sequences is afunction of the number of matching or homologous positions shared by the
sequences. The alignment of two sequences to determine their percent sequence identity can
be done using software programs known in the art, such as, for example, those described in
Ausubel e al., Current Protocolsin Molecular Biology, John Wiley and Sons, Baltimore,
MD (1999). Preferably, default parameters are used for the alignment. One alignment
program well known inthe art that can beused isBLAST set to default parameters. In
particular, programs are BLASTN and BLASTP, using the following default parameters:
Genetic code = standard; filter = none; strand = both; cutoff = 60; expect = 10; Matrix =
BLOSUM®62; Descriptions = 50 sequences; sort by = HIGH SCORE; Databases = non-
redundant, GenBank + EMBL + DDBJ + PDB + GenBank CDS translations + SwissProtein
+ SPupdate + PIR. Details of these programs can be found at the National Center for

Biotechnology Information.

[00111] Variants of a specific enzyme or protein of the xylose metabolic pathway can also
include, for example, amino acid substitutions, deletions, fusions, or truncations when
compared to the reference enzyme or protein. Variants of the Metschnikowia enzymes or
proteins of the xylose metabolic pathway described herein can also contain conservatively
amino acids substitution, meaning that one or more amino acid can be replaced by an amino
acid that does not alter the secondary and/or tertiary stricture of the enzyme or protein. Such
substitutions can include the replacement of an amino acid, by aresidue having similar
physicochemical properties, such as substituting one aliphatic residue (Ile, Val, Leu, or Ala)

for another, or substitutions between basic residues Lys and Arg, acidic residues Glu and
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Asp, amide residues Gin and Asn, hydroxyl residues Ser and Tyr, or aromatic residues Phe
and Tyr. Phenotypically silent amino acid exchanges are described more fully in Bowie et
ah, Science 247: 1306-10 (1990). In addition, variants of Metschnikowia enzymes or proteins
of the xylose metabolic pathway include those having amino acid substitutions, deletions, or
additions to the amino acid sequence outside functional regions of the protein so long asthe
substitution, deletion, or addition does not affect enzymatic function of the resulting
polypeptide. Techniques for making these substitutions and deletions are well known in the

art and include, for example, site-directed mutagenesis.

[00112]  In some embodiments, provided herein are non-naturally occurring microbial
organisms having axylose-ethanol pathway and an exogenous nucleic acid encoding an
enzyme or protein of the xylose metabolic pathway, wherein the enzyme or protein has 1to
50, 1to 45, 1t040, 1to 35, 1to 30, 1to 25, 1to 20, 1to 15, 1to 10, or 1to 5, amino acid
substitutions, deletions or insertions of Xyllp, Xyl2p, Xkslp, Tkllp, or Talp from a
Metschnikowia species and retains its enzymatic function. The Metschnikowia species can be
the H OMetschnikowia species. In some embodiments, the enzyme or protein of the xylose
metabolic pathway has 1to 10 amino acid substitutions, deletions or insertions of Xyllp,
Xyl2p, Xkslp, Tkllp, or Tallp from a Metschnikowia species and retains the enzymatic
function. The Metschnikowia species can be the H OMetschnikowia species. In some
embodiments, the enzyme or protein of the xylose metabolic pathway has 1to 5 amino acid
substitutions, deletions or insertions of Xyllp, Xyl2p, Xkslp, Tkllp, or Talp from a
Metschnikowia species and retains the enzymatic function. The Metschnikowia species can

be the H OMetschnikowia species.

[00113] Enzyme or protein of the xylose metabolic pathway provided herein also include
functional fragments of specific Metschnikowia enzymes or proteins of the xylose metabolic
pathway that retain their enzymatic function. In some embodiments, provided herein isan
isolated polypeptide that isafunctional fragment of a specific Metschnikowia enzyme or
protein of the xylose metabolic pathway. In some embodiments, provided herein isan
isolated nucleic acid that encodes a polypeptide that isfunctional fragment of a specific
Metschnikowia enzyme or protein of the xylose metabolic pathway. 1n some embodiments,
the enzyme or protein can be fragments of an enzyme or protein of the xylose metabolic
pathway such asMetschnikowia Xyllp, Xyl2p, Xkslp, Tkllp, or Tallp that retainsits

enzymatic function. In some embodiments, the enzyme or protein can be fragments of an
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enzyme or protein of the xylose metabolic pathway such as Xyllp, Xyl2p, Xkslp, Tkllp, or

Tallp from the H OMetschnikowia species retains its enzymatic function.

[00114] In some embodiments, provided herein isan isolated polypeptide that has an
amino acid sequence that is at least 30%, at least 35%, at least 40%, at least 45%, at |east
50%, at least 55%, at least 60%, at least 65%, at least 70%, a least 71%, at least 72%, at least
73%, a least 74%, at least 75%, at least 76%, at least 77%, at least 78%, at least 79%, at least
80%, at least 81%, at least 82%, at least 83%, at least 84%, a least 85%, at least 86%, at least
87%, a least 88%, at least 89%, at least 90%, at least 91%, a least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, at least 98%, a least 99%, or 100% identical to
afunction fragment of aMetschnikowia enzyme or protein of the xylose metabolic pathway
including such asMetschnikowia Xyllp, Xyl2p, Xksdp, Tkllp, or Talp. In some
embodiments, provided herein is an isolated nucleic acid that encodes a polypeptide that has
an amino acid sequence that is a least 30%, at least 35%, at least 40%, at least 45%, at least
50%, et least 55%, at least 60%, a least 65%, a least 70%, a least 71%, & least 72%, a |least
73%, a least 74%, at least 75%, at least 76%, at least 77%, a least 78%, at least 79%, at |least
80%, at least 81%, at least 82%, at least 83%, at least 84%, a least 85%, at least 86%, at least
87%, a least 88%, at least 89%, a least 90%, at least 91%, a least 92%, at least 93%, a |least
94%, at least 95%, at least 96%, at least 97%, at least 98%, a least 99%, or 100% identical to
afunction fragment of aMetschnikowia enzyme or protein of the xylose metabolic pathway

including such asMetschnikowia Xyllp, Xyl2p, Xksdlp, Tkllp, or Tallp.

[00115] In some embodiments, provided herein isan isolated polypeptide that has an
amino acid sequence that is at least 30%, at least 35%, at least 40%, at least 45%, at |east
50%, at least 55%, at least 60%, at least 65%, at least 70%, a least 71%, at least 72%, at |east
73%, at least 74%, at least 75%, at least 76%, at least 77%, at least 78%, at least 79%, at least
80%, at least 81%, at least 82%, at least 83%, at least 84%, a least 85%, at least 86%, at least
87%, a least 88%, at least 89%, a least 90%, &t least 91%, a least 92%, &t least 93%, at |least
94%, a least 95%, at least 96%, at least 97%, at least 98%, a least 99%, or 100% identical to
afunction fragment of an enzyme or protein of the xylose metabolic pathway of HO
Metschnikowia species including such as Xyllp, Xyl2p, Xkslp, Tkllp, or Talp of HO
Metschnikowia species. In some embodiments, provided herein is an isolated nucleic acid
that encodes a polypeptide that has an amino acid sequence that is at least 30%, at least 35%,
at least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at least 65%, at least 70%,
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a least 71%, at least 72%, at least 73%, at least 74%, at least 75%, at least 76%, at least 77%,
at least 78%, at least 79%, at least 80%, at least 81%, at least 82%, at least 83%, at least 84%,
at least 85%, at least 86%, a least 87%, at least 88%, at least 89%, at least 90%, at least 91%,
at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%,
at least 99%, or 100% identical to afunction fragment of an enzyme or protein of the xylose
metabolic pathway of H OMetschnikowia species including such asMetschnikowia Xyllp,
Xyl2p, Xkslp, Tkllp, or Talp of HOMetschnikowia species.

[00116] In some embodiments, provided herein are non-naturally occurring microbial
organisms having axylose-ethanol pathway and an exogenous nucleic acid encoding a
functional fragment of aMetschnikowia enzyme or protein of the xylose metabolic pathway
that retains its enzymatic function. In some embodiments, the non-naturally occurring
microbial organisms provided herein have at least one exogenous nucleic acid encoding an
enzyme or protein of the xylose metabolic pathway that isat least 30%, at least 35%, &t least
40%, at least 45%, at least 50%, at least 55%, at least 60%, at least 65%, at least 70%, at least
71%, at least 72%, at least 73%, at least 74%, at least 75%, at least 76%, at least 77%, at least
78%, at least 79%, at least 80%, at least 81%, at least 82%, at least 83%, at least 84%, at least
85%, at least 86%, at least 87%, at least 88%, at least 89%, at least 90%, at least 91%, at least
92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least
99%, or 100% identical to afunction fragment of a Metschnikowia enzyme or protein of the
xylose metabolic pathway including such asMetschnikowia Xyllp, Xyl2p, Xkslp, Tkllp, or
Talp. In some embodiments, the non-naturally occurring microbial organisms provided
herein can have axylose-ethanol pathway and at least one exogenous nucleic acid encoding
an enzyme or protein of the xylose metabolic pathway that isat least 30%, at least 35%, at
least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at least 65%, at least 70%, at
least 71%, at least 72%, at least 73%, at least 74%, at least 75%, at least 76%, at least 77%, at
least 78%, at least 79%, at least 80%, at least 81%, at least 82%, at least 83%, at least 84%, at
least 85%, at least 86%, at least 87%, at least 88%, at least 89%, at least 90%, at least 91%, at
least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at
least 99%, or 100% identical to afunction fragment of an enzyme or protein of the xylose
metabolic pathway of H OMetschnikowia species such as Xyllp, Xyl2p, Xkdp, Tkllp, or
Talp of HO Metschnikowia species.
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[00117]  In some embodiments, provided herein isan isolated polypeptide that has an
amino acid sequence that isat least 30%, at least 35%, at least 40%, at least 45%, &t least
50%, at least 55%, at least 60%, at least 65%, at least 70%, at least 71%, at least 72%, at least
73%, a least 74%, at least 75%, at least 76%, at least 77%, at least 78%, at least 79%, at least
80%, at least 81%, at least 82%, at least 83%, at least 84%, at least 85%, at least 86%, at least
87%, at least 88%, at least 89%, at least 90%, at least 91%, at least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% identical to
aMetschnikowia Xyllp. In some embodiments, provided herein isan isolated nucleic acid
that encodes a polypeptide that has an amino acid sequence that isat least 30%, at least 35%,
a least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at least 65%, at least 70%,
a least 71%, at least 72%, at least 73%, at least 74%, at least 75%, at least 76%, at least 77%,
at least 78%, at least 79%, at least 80%, at least 81%, at least 82%, at least 83%, at least 84%,
at least 85%, at least 86%, a least 87%, at least 88%, at least 89%, at least 90%, at least 91%,
at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%,
at least 99%, or 100% identical to a Metschnikowia Xyllp. In some embodiments, provided
herein are non-naturally occurring microbial organisms having axylose-ethanol pathway and
at least one exogenous nucleic acid encoding axylose reductase, wherein the xylose
reductase has an amino acid sequence that isat least 30%, at least 35%, at least 40%, at least
45%, a least 50%, at least 55%, at least 60%, at least 65%, at least 70%, at least 71%, at least
72%, a least 73%, at least 74%, at least 75%, at least 76%, at least 77%, at least 78%, at least
79%, at least 80%, at least 81%, at least 82%, at least 83%, at least 84%, at least 85%, at least
86%, at least 87%, at least 88%, at least 89%, at least 90%, at least 91%, at least 92%, at least
93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or
100% identical to aMetschnikowia Xyllp. In some embodiments, the xylose reductase can
be a Metschnikowia Xyllp.  In some embodiments, the xylose reductase can be avariant of a
Metschnikowia Xyllp that retains its reductase function. The xylose reductase can be a
functional fragment of aMetschnikowia Xyllp. In some embodiments, the xylose reductase
can have 1to 50, 1to 45, 1to 40, 1to 35, 1t0 30, 1to 25, 1to 20, 1to 15, 1to 10, or 1to 5,
amino acid substitutions, deletions or insertions of Xyllp from a Metschnikowia species. In
some embodiments, the xylose reductase has 1to 10 amino acid substitutions, deletions or
insertions of Xyllp from a Metschnikowia species. In some embodiments, the xylose
reductase has 1to 5amino acid substitutions, deletions or insertions of Xyllp from a

Metschnikowia species.
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[00118] TheMetschnikowia species can bethe H OMetschnikowia species. In some
embodiments, provided herein is an isolated polypeptide that has an amino acid sequence that
isat least 30%, at least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at |east
60%, at least 65%, at least 70%, at least 71%, a least 72%, a least 73%, a least 74%, & |least
75%, a least 76%, at least 77%, at least 78%, a least 79%, a least 80%, at least 81%, &t |least
82%, at least 83%, at least 84%, at least 85%, a least 86%, a least 87%, at least 88%, at least
89%, at least 90%, at least 91%, at least 92%, a least 93%, a least 94%, at least 95%, at least
96%, a least 97%, at least 98%, at least 99%, or 100% identical to Xyllp of HO
Metschnikowia species. In some embodiments, provided herein is an isolated nucleic acid
that encodes a polypeptide that has an amino acid sequence that is at least 30%, at least 35%,
a least 40%, at least 45%, at least 50%, at least 55%, at least 60%, & least 65%, at least 70%,
a least 71%, at least 72%, at least 73%, at least 74%, at least 75%, a least 76%, at least 77%,
a least 78%, at least 79%, at least 80%, at least 81%, at least 82%, a |least 83%, at least 84%,
a least 85%, at least 86%, at least 87%, at least 88%, at least 89%, a least 90%, at least 91%,
a least 92%, at least 93%, at least 94%, at least 95%, at least 96%, a least 97%, at least 98%,
at least 99%, or 100% identical to aXyllp of H OMetschnikowia species. In some
embodiments, the non-naturally occurring microbia organisms have axylose-ethanol
pathway and & least one exogenous nucleic acid encoding axylose reductase that is at least
30%, at least 35%, at least 40%, at least 45%, a least 50%, a least 55%, at least 60%, at least
65%, a least 70%, at least 71%, at least 72%, a least 73%, a least 74%, a least 75%, a |least
76%, a least 77%, at least 78%, at least 79%, a least 80%, a least 81%, at least 82%, &t |least
83%, at least 84%, at least 85%, at least 86%, a least 87%, a |least 88%, at least 89%, at |least
90%, at least 91%, at least 92%, at least 93%, a least 94%, a least 95%, at least 96%, at least
97%, a least 98%, at least 99%, or 100% identical to Xyllp of H OMetschnikowia species. In
some embodiments, the xylose reductase is Xyllp of HOMetschnikowia species. In some
embodiments, the xylose reductase can be avariant of Xyllp of H OMetschnikowia species
that retains its reductase function. In some embodiments, the xylose reductase is afunctional
fragment of Xyllp of HOMetschnikowia species. In some embodiments, the xylose
reductase can have 1to 50, 1t045, 1t040, 1to 35, 1to 30, 1to 25, 1to 20, 1to 15, 1to 10,
or 1to 5, amino acid substitutions, deletions or insertions of Xyllp from H OMetschnikowia
species. In some embodiments, the xylose reductase has 1to 10 amino acid substitutions,
deletions or insertions of Xyllp from H OMetschnikowia species. In some embodiments, the
xylose reductase has 1to 5 amino acid substitutions, deletions or insertions of Xyllp fromH O

Metschnikowia species. In some embodiments, the xylose reductase has the amino acid
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sequence of SEQ ID NO: 28. In some embodiments, the amino acid sequence of the xylose
reductase is SEQ ID NO: 28. In some embodiments, the nucleic acid has the sequence of
SEQ ID NO: 33. In some embodiments, the sequence of the nucleic acid is SEQ ID NO: 33.
The nucleic acid encoding Xyllp from aMetschnikowia species can be codon optimized for
heterologous expression. In some embodiments, the nucleic acid encoding Metschnikowia
Xyllp iscodon optimized for expression in ayeast host strain. The yeast host strain can be
any yeast host strain described herein, such as5. cerevisiae. In some embodiments, the
nucleic acid encoding Metschnikowia Xyllp iscodon optimized for expression in abacterial
host strain. The bacterial host strain can be any bacterial host strain described herein, such as
E. coli. In some embodiments, the nucleic acid encoding Xyllp from H OMetschnikowia
species is codon optimized for expression in 5. cerevisiae. For example, in some
embodiments, the nucleic acid encoding Xyllp of H OMetschnikowia species is codon

optimized for expression in 5. cerevisiae.

[00119] In some embodiments, provided herein isan isolated polypeptide that has an
amino acid sequence that is at least 30%, at least 35%, at least 40%, at least 45%,  |east
50%, at least 55%, at least 60%, at least 65%, a least 70%, a least 71%, at least 72%, &t least
73%, a least 74%, at least 75%, at least 76%, a least 77%, a least 78%, at least 79%, at least
80%, at least 81%, at least 82%, at least 83%, a least 84%, a least 85%, at least 86%, at least
87%, a least 88%, at least 89%, at least 90%, a least 91%, a least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, a least 98%, a least 99%, or 100% identical to
aMetschnikowia Xyl2p. In some embodiments, provided herein isan isolated nucleic acid
that encodes a polypeptide that has an amino acid sequence that is at least 30%, at least 35%,
a least 40%, at least 45%, at least 50%, at least 55%, at least 60%, a least 65%, at least 70%,
a least 71%, at least 72%, at least 73%, at least 74%, at least 75%, a least 76%, at least 77%,
a least 78%, at least 79%, at least 80%, at least 81%, at least 82%, a |least 83%, at least 84%,
a least 85%, at least 86%, at least 87%, at least 88%, at least 89%, a least 90%, at least 91%,
a least 92%, at least 93%, at least 94%, at least 95%, at least 96%, a least 97%, at least 98%,
a least 99%, or 100% identical to aMetschnikowia Xyl2p. In some embodiments, provided
herein are non-naturally occurring microbial organisms having axylose-ethanol pathway and
a least one exogenous nucleic acid encoding axylose dehydrogenase, wherein the xylose
dehydrogenase has an amino acid sequence that is a least 30%, at least 35%, at least 40%, at
least 45%, at least 50%, at least 55%, a least 60%, at least 65%, at least 70%, at least 71%, a
least 72%, at least 73%, at least 74%, a least 75%, at least 76%, a least 77%, a least 78%, a
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least 79%, at least 80%, at least 81%, at least 82%, at least 83%, at least 84%, at least 85%, at
least 86%, at least 87%, at least 88%, at least 89%, at least 90%, at least 91%, at least 92%, at
least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or
100% identical to aMetschnikowia Xyl2p. In some embodiments, the xylose dehydrogenase
can be aMetschnikowia Xyl2p. In some embodiments, the xylose dehydrogenase can be a
variant of aMetschnikowia Xyl2p that retains its dehydrogenase function. The xylose
dehydrogenase can be afunctional fragment of a Metschnikowia Xyl2p. In some
embodiments, the xylose dehydrogenase can have 1to 50, 1to 45, 1to 40, 1to 35, 1t0 30, 1
to25, 1t020, 1to 15, 1to 10, or 1to 5, amino acid substitutions, deletions or insertions of
Xyl2p from a Metschnikowia species. In some embodiments, the xylose dehydrogenase has 1
to 10 amino acid substitutions, deletions or insertions of Xyl2p from a Metschnikowia
species. In some embodiments, the xylose dehydrogenase has 1to 5amino acid

substitutions, deletions or insertions of Xyl2p from a Metschnikowia species.

[00120] The Metschnikowia species can be the H OMetschnikowia species. In some
embodiments, provided herein isan isolated polypeptide that has an amino acid sequence that
isat least 30%, at least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at least
60%, at least 65%, at least 70%, at least 71%, at least 72%, at least 73%, a least 74%, at least
75%, at least 76%, at least 77%, at least 78%, at least 79%, at least 80%, at least 81%, at least
82%, at least 83%, at least 84%, at least 85%, at least 86%, at least 87%, at least 88%, at |east
89%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at |east
96%, at least 97%, at least 98%, at least 99%, or 100% identical to Xyl2p of HO
Metschnikowia species. In some embodiments, provided herein isan isolated nucleic acid
that encodes a polypeptide that has an amino acid sequence that is at least 30%, at least 35%,
at least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at least 65%, at least 70%,
a least 71%, at least 72%, at least 73%, at least 74%, at least 75%, at least 76%, at least 77%,
a least 78%, at least 79%, at least 80%, at least 81%, at least 82%, at least 83%, at least 84%,
a least 85%, at least 86%, at least 87%, at least 88%, at least 89%, at least 90%, at least 91%,
a least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%,
at least 99%, or 100% identical to a Xyl2p of H OMetschnikowia species. In some
embodiments, the non-naturally occurring microbial organisms have axylose-ethanol

pathway and at least one exogenous nucleic acid encoding axylose dehydrogenase that isat
least 30%, at least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at
least 65%, at least 70%, at least 71%, at least 72%, at least 73%, at least 74%, at least 75%, at
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least 76%, at least 77%, at least 78%, a least 79%, at least 80%, at least 81%, at least 82%, a
least 83%, at least 84%, at least 85%, at least 86%, at least 87%, at least 88%, at least 89%, a
least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, a
least 97%, at least 98%, at least 99%, or 100% identical to Xyl2p of H OMetschnikowia
species. In some embodiments, the xylose dehydrogenase is Xyl2p of H OMetschnikowia
species. In some embodiments, the xylose dehydrogenase can be avariant of Xyl2p of HO
Metschnikowia species that retains its dehydrogenase function. In some embodiments, the
xylose dehydrogenase is afunctional fragment of Xyl2p of H OMetschnikowia species. In
some embodiments, the xylose dehydrogenase can have 1to 50, 1to 45, 1t0 40, 1to 35, 1to
30, 1to 25, 1t0 20, 1to 15, 1to 10, or 1to 5, amino acid substitutions, deletions or insertions
of Xyl2p from H OMetschnikowia species. In some embodiments, the xylose dehydrogenase
has 1to 10 amino acid substitutions, deletions or insertions of Xyl2p from H OMetschnikowia
species. In some embodiments, the xylose dehydrogenase has 1to 5 amino acid
substitutions, deletions or insertions of Xyl2p from H OMetschnikowia species. In some
embodiments, the xylose dehydrogenase has the amino acid sequence of SEQ ID NO: 29. In
some embodiments, the amino acid sequence of the xylose dehydrogenase is SEQ ID NO: 29.
In some embodiments, the nucleic acid has the sequence of SEQ ID NO: 34. In some
embodiments, the sequence of the nucleic acidis SEQ ID NO: 34. The nucleic acid encoding
Xyl2p from aMetschnikowia species can be codon optimized for heterologous expression. In
some embodiments, the nucleic acid encoding Metschnikowia Xyl2p is codon optimized for
expression in ayeast host strain. The yeast host strain can be any yeast host strain described
herein, such as5. cerevisiae. In some embodiments, the nucleic acid encoding
Metschnikowia Xyl2p is codon optimized for expression in abacterial host strain. The
bacterial host strain can be any bacterial host strain described herein, such asE. coli. In
some embodiments, the nucleic acid encoding Xyl2p from H OMetschnikowia species is
codon optimized for expression in 5. cerevisiae. For example, in some embodiments, the
nucleic acid encoding Xyl2p of H OMetschnikowia species is codon optimized for expression

in5. cerevisiae.

[00121] In some embodiments, provided herein isan isolated polypeptide that has an
amino acid sequence that isat least 30%, at least 35%, at |east 40%, at least 45%, at least
50%, at least 55%, at least 60%, at least 65%, a least 70%, a least 71%, at least 72%, at |least
73%, a least 74%, a least 75%, at least 76%, at least 77%, a least 78%, a least 79%, a |least
80%, at least 81%, at least 82%, at least 83%, a least 84%, a least 85%, at least 86%, at |least

81



10

15

20

25

30

WO 2018/112638 PCT/CA2017/051561

87%, a least 88%, at least 89%, at least 90%, a least 91%, a least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, a least 98%, a least 99%, or 100% identical to
aMetschnikowia Xkslp.  In some embodiments, provided herein is an isolated nucleic acid
that encodes a polypeptide that has an amino acid sequence that is at least 30%, at least 35%,
a least 40%, at least 45%, at least 50%, at least 55%, at least 60%, a |least 65%, at least 70%,
a least 71%, at least 72%, at least 73%, at least 74%, at least 75%, a least 76%, at least 77%,
a least 78%, at least 79%, at least 80%, at least 81%, at least 82%, a |least 83%, at least 84%,
a least 85%, at least 86%, at least 87%, at least 88%, at least 89%, a least 90%, at least 91%,
a least 92%, at least 93%, at least 94%, at least 95%, at least 96%, a least 97%, at least 98%,
a least 99%, or 100% identical to a Metschnikowia Xkslp. In some embodiments, provided
herein are non-naturally occurring microbial organisms having axylose-ethanol pathway and
a least one exogenous nucleic acid encoding axylulokinase, wherein the xylulokinase has an
amino acid sequence that is at least 30%, at least 35%, at least 40%, at least 45%, a |east
50%, at least 55%, at least 60%, at least 65%, a least 70%, a least 71%, at least 72%, &t least
73%, a least 74%, at least 75%, at least 76%, a least 77%, a least 78%, a least 79%, at least
80%, at least 81%, at least 82%, at least 83%, a least 84%, a least 85%, at least 86%, at least
87%, a least 88%, a least 89%, at least 90%, a least 91%, a least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, a least 98%, a least 99%, or 100% identical to
aMetschnikowia Xkslp. In some embodiments, the xylulokinase can be aMetschnikowia
Xkslp.  In some embodiments, the xylulokinase can be avariant of aMetschnikowia Xkslp
that retains its xylulokinase function. The xylulokinase can be afunctional fragment of a
Metschnikowia Xkslp. In some embodiments, the xylulokinase can have 1to 50, 1to 45, 1
to 40, 1to 35, 1t030, 1t0 25, 1t0 20, 1to 15, 1to 10, or 1to 5, amino acid substitutions,
deletions or insertions of Xkslp from a Metschnikowia species. 1n some embodiments, the
xylulokinase has 1to 10 amino acid substitutions, deletions or insertions of Xkslp from a
Metschnikowia species. In some embodiments, the xylulokinase has 1to 5 amino acid

substitutions, deletions or insertions of Xkslp from a Metschnikowia species.

[00122] TheMetschnikowia species can bethe H OMetschnikowia species. In some
embodiments, provided herein is an isolated polypeptide that has an amino acid sequence that
isat least 30%, at least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at |east
60%, at least 65%, at least 70%, at least 71%, a least 72%, a least 73%, a least 74%, & |least
75%, a least 76%, at least 77%, at least 78%, a least 79%, a least 80%, at least 81%, &t least
82%, at least 83%, at least 84%, at least 85%, a least 86%, a least 87%, at least 88%, at least
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89%, at least 90%, at least 91%, at least 92%, a least 93%, a least 94%, at least 95%, at |least
96%, a least 97%, at least 98%, at least 99%, or 100% identical to Xkslp of HO
Metschnikowia species. In some embodiments, provided herein is an isolated nucleic acid
that encodes a polypeptide that has an amino acid sequence that is at least 30%, at least 35%,
a least 40%, at least 45%, at least 50%, at least 55%, at least 60%, a least 65%, at least 70%,
a least 71%, at least 72%, at least 73%, at least 74%, at least 75%, a least 76%, at least 77%,
a least 78%, at least 79%, at least 80%, at least 81%, at least 82%, a least 83%, at least 84%,
a least 85%, at least 86%, at least 87%, at least 88%, at least 89%, a least 90%, at least 91%,
a least 92%, at least 93%, at least 94%, at least 95%, at least 96%, a least 97%, at least 98%,
at least 99%, or 100% identical to aXkslp of HOMetschnikowia species. In some
embodiments, the non-naturally occurring microbial organisms have axylose-ethanol
pathway and a least one exogenous nucleic acid encoding axylulokinase that is at least 30%,
a least 35%, at least 40%, at least 45%, at least 50%, at least 55%, a |least 60%, at least 65%,
a least 70%, at least 71%, at least 72%, at least 73%, at least 74%, a least 75%, at least 76%,
a least 77%, at least 78%, at least 79%, at least 80%, at least 81%, a least 82%, at least 83%,
a least 84%, at least 85%, at least 86%, at least 87%, at |east 88%, a least 89%, at least 90%,
a least 91%, at least 92%, at least 93%, at least 94%, at least 95%, a least 96%, at least 97%,
at least 98%, at least 99%, or 100% identical to Xkslp of H OMetschnikowia species. In
some embodiments, the xylulokinase is Xkslp of H OMetschnikowia species. In some
embodiments, the xylulokinase can be avariant of Xkslp of H OMetschnikowia species that
retains its xylulokinase function. In some embodiments, the xylulokinase is a functional
fragment of Xkslp of H OMetschnikowia species. In some embodiments, the xylulokinase
can have 1to 50, 1to 45, 1to 40, 1to 35, 1to 30, 1t0 25, 1t0 20, 1to 15, 1to 10, or 1to 5,
amino acid substitutions, deletions or insertions of Xkslp from H OMetschnikowia species.

In some embodiments, the xylulokinase has 1to 10 amino acid substitutions, deletions or
insertions of Xkdp from H OMetschnikowia species. In some embodiments, the xylulokinase
has 1to 5 amino acid substitutions, deletions or insertions of Xkslp from H OMetschnikowia
species. In some embodiments, the xylulokinase has the amino acid sequence of SEQ ID
NO: 30. In some embodiments, the amino acid sequence of the xylulokinase is SEQ ID NO:
30. In some embodiments, the nucleic acid has the sequence of SEQ ID NO: 35. In some
embodiments, the sequence of the nucleic acid is SEQ ID NO: 35. The nucleic acid encoding
Xkslp from a Metschnikowia species can be codon optimized for heterologous expression.
In some embodiments, the nucleic acid encoding Metschnikowia Xkslp is codon optimized
for expression in ayeast host strain. The yeast host strain can be any yeast host strain
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described herein, such as5. cerevisiae. In some embodiments, the nucleic acid encoding
Metschnikowia Xkslp iscodon optimized for expression in abacterial host strain. The
bacterial host strain can be any bacterial host strain described herein, such asE. coli. In
some embodiments, the nucleic acid encoding Xkslp from H OMetschnikowia speciesis
codon optimized for expression in 5. cerevisiae. For example, in some embodiments, the
nucleic acid encoding Xkslp of H OMetschnikowia species is codon optimized for expression

in5. cerevisiae.

[00123] In some embodiments, provided herein isan isolated polypeptide that has an
amino acid sequence that is at least 30%, at least 35%, at least 40%, at least 45%,  |east
50%, at least 55%, at least 60%, at least 65%, a least 70%, a least 71%, at least 72%, &t least
73%, a least 74%, at least 75%, at least 76%, a least 77%, a least 78%, a least 79%, & |least
80%, at least 81%, at least 82%, at least 83%, a least 84%, a least 85%, at least 86%, at least
87%, a least 88%, at least 89%, at least 90%, a least 91%, a least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, a least 98%, a least 99%, or 100% identical to
aMetschnikowia Tkllp. In some embodiments, provided herein is an isolated nucleic acid
that encodes a polypeptide that has an amino acid sequence that is at least 30%, at least 35%,
a least 40%, at least 45%, at least 50%, at least 55%, at least 60%, a least 65%, at least 70%,
a least 71%, at least 72%, at least 73%, at least 74%, at least 75%, a least 76%, at least 77%,
a least 78%, at least 79%, at least 80%, at least 81%, at least 82%, a |least 83%, at least 84%,
a least 85%, at least 86%, at least 87%, at least 88%, at least 89%, a least 90%, at least 91%,
a least 92%, at least 93%, at least 94%, at least 95%, at least 96%, a least 97%, at least 98%,
a least 99%, or 100% identical to a Metschnikowia Tkllp. In some embodiments, provided
herein are non-naturally occurring microbial organisms having axylose-ethanol pathway and
a least one exogenous nucleic acid encoding atransketolase, wherein the transketolase has an
amino acid sequence that is at least 30%, at least 35%, at least 40%, at least 45%, a |east
50%, at least 55%, at least 60%, at least 65%, a least 70%, a least 71%, at least 72%, &t least
73%, a least 74%, at least 75%, at least 76%, a least 77%, a least 78%, a least 79%, &t |least
80%, at least 81%, at least 82%, at least 83%, a least 84%, a least 85%, at least 86%, at least
87%, a least 88%, at least 89%, at least 90%, a least 91%, a least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, a least 98%, a least 99%, or 100% identical to
aMetschnikowia Tkllp. In some embodiments, the transketolase can be aMetschnikowia
Tkllp. In some embodiments, the transketolase can be avariant of a Metschnikowia Tkllp
that retains its transketolase function. The transketolase can be afunctional fragment of a
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Metschnikowia Tkllp. 1n some embodiments, the transketolase can have 1to 50, 1to 45, 1to
40, 1to 35, 1t0 30, 1to 25, 1t0 20, 1to 15, 1to 10, or 1to 5, amino acid substitutions,
deletions or insertions of Tkllp from a Metschnikowia species. In some embodiments, the
transketolase has 1to 10 amino acid substitutions, deletions or insertions of Tkllp from a
Metschnikowia species. In some embodiments, the transketolase has 1to 5 amino acid

substitutions, deletions or insertions of Tkllp from a Metschnikowia species.

[00124] TheMetschnikowia species can bethe H OMetschnikowia species. In some
embodiments, provided herein is an isolated polypeptide that has an amino acid sequence that
isat least 30%, at least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at |east
60%, at least 65%, at least 70%, at least 71%, a least 72%, a least 73%, at least 74%, & |least
75%, a least 76%, at least 77%, at least 78%, a least 79%, a least 80%, at least 81%, & least
82%, at least 83%, at least 84%, at least 85%, a least 86%, a least 87%, at least 88%, at least
89%, at least 90%, at least 91%, at least 92%, a least 93%, a least 94%, at least 95%, at least
96%, a least 97%, at least 98%, at least 99%, or 100% identical to Tkllp of HO
Metschnikowia species. In some embodiments, provided herein is an isolated nucleic acid
that encodes a polypeptide that has an amino acid sequence that is at least 30%, at least 35%,
a least 40%, at least 45%, at least 50%, at least 55%, at least 60%, a least 65%, at least 70%,
a least 71%, at least 72%, at least 73%, at least 74%, at least 75%, a least 76%, at least 77%,
a least 78%, at least 79%, at least 80%, at least 81%, at least 82%, a |least 83%, at least 84%,
a least 85%, at least 86%, at least 87%, at least 88%, at least 89%, a least 90%, at least 91%,
a least 92%, at least 93%, at least 94%, at least 95%, at least 96%, a least 97%, at least 98%,
at least 99%, or 100% identical to a Tkllp of H OMetschnikowia species. In some
embodiments, the non-naturally occurring microbia organisms have axylose-ethanol
pathway and a least one exogenous nucleic acid encoding atransketolase that is at least 30%,
a least 35%, at least 40%, at least 45%, at least 50%, at least 55%, a least 60%, at least 65%,
a least 70%, at least 71%, at least 72%, at least 73%, at least 74%, a least 75%, at least 76%,
a least 77%, at least 78%, at least 79%, at least 80%, at least 81%, a least 82%, at least 83%,
a least 84%, at least 85%, at least 86%, at least 87%, at |east 88%, a least 89%, at least 90%,
a least 91%, at least 92%, at least 93%, at least 94%, at least 95%, a least 96%, at least 97%,
at least 98%, at least 99%, or 100% identical to Tkllp of H OMetschnikowia species. In some
embodiments, the transketolase is Tkllp of H OMetschnikowia species. In some
embodiments, the transketolase can be avariant of Tkllp of H OMetschnikowia species that
retains its transketolase function. In some embodiments, the transketolase is afunctional
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fragment of Tkl | p of H OMetschnikowia species. In some embodiments, the transketolase
can have 1to 50, 1to 45, 1t0 40, 1to 35, 1to 30, 1t0 25, 1t0 20, 1to 15, 1to 10, or 1to 5,
amino acid substitutions, deletions or insertions of Tkllp from H OMetschnikowia species. In
some embodiments, the transketolase has 1to 10 amino acid substitutions, deletions or
insertions of Tkl I p from H OMetschnikowia species. 1n some embodiments, the transketolase
has 1to 5 amino acid substitutions, deletions or insertions of Tkllp from H OMetschnikowia
species. In some embodiments, the transketolase has the amino acid sequence of SEQ ID
NO: 31. In some embodiments, the amino acid sequence of the transketolase is SEQ ID NO:
31. In some embodiments, the nucleic acid has the sequence of SEQ ID NO: 36. In some
embodiments, the sequence of the nucleic acid is SEQ ID NO: 36. The nucleic acid encoding
Tkllp from a Metschnikowia species can be codon optimized for heterologous expression. In
some embodiments, the nucleic acid encoding Metschnikowia Tkllp iscodon optimized for
expression in ayeast host strain. The yeast host strain can be any yeast host strain described
herein, such as5. cerevisiae. In some embodiments, the nucleic acid encoding
Metschnikowia Tkllp iscodon optimized for expression in abacterial host strain. The
bacterial host strain can be any bacterial host strain described herein, such asE. coli. In
some embodiments, the nucleic acid encoding Tkllp from H OMetschnikowia species is
codon optimized for expression in 5. cerevisiae. For example, in some embodiments, the
nucleic acid encoding Tkllp of HOMetschnikowia species is codon optimized for expression

in5. cerevisiae.

[00125] In some embodiments, provided herein isan isolated polypeptide that has an
amino acid sequence that is at least 30%, at least 35%, at least 40%, at least 45%, a |east
50%, at least 55%, at least 60%, at least 65%, a least 70%, a least 71%, at least 72%, &t least
73%, a least 74%, at least 75%, at least 76%, a least 77%, a least 78%, at least 79%, a least
80%, at least 81%, at least 82%, at least 83%, a least 84%, a |least 85%, at least 86%, at least
87%, at least 88%, at least 89%, at least 90%, a least 91%, a least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, a least 98%, a least 99%, or 100% identical to
aMetschnikowia Tallp. In some embodiments, provided herein isan isolated nucleic acid
that encodes a polypeptide that has an amino acid sequence that is at least 30%, at least 35%,
a least 40%, at least 45%, at least 50%, at least 55%, at least 60%, a least 65%, at least 70%,
a least 71%, at least 72%, at least 73%, at least 74%, at least 75%, a least 76%, at least 77%,
a least 78%, at least 79%, at least 80%, at least 81%, at least 82%, a least 83%, at least 84%,
a least 85%, at least 86%, at least 87%, at least 88%, at least 89%, a least 90%, at least 91%,
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a least 92%, at least 93%, at least 94%, at least 95%, at least 96%, a least 97%, at least 98%,
a least 99%, or 100% identical to a Metschnikowia Tallp. In some embodiments, provided
herein are non-naturally occurring microbial organisms having axylose-ethanol pathway and
a least one exogenous nucleic acid encoding atransaldolase, wherein the transaldolase has an
amino acid sequence that is at least 30%, at least 35%, at least 40%, at least 45%,  |east
50%, at least 55%, at least 60%, at least 65%, a least 70%, a least 71%, at least 72%, &t least
73%, a least 74%, at least 75%, at least 76%, a least 77%, a least 78%, a least 79%, &t |least
80%, at least 81%, at least 82%, at least 83%, a least 84%, a least 85%, at least 86%, at least
87%, a least 88%, at least 89%, at least 90%, a least 91%, a least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, a least 98%, a least 99%, or 100% identical to
aMetschnikowia Tallp. In some embodiments, the transaldolase can be aMetschnikowia
Talp. In some embodiments, the transaldolase can be avariant of a Metschnikowia Tallp
that retains its transaldolase function. The transaldolase can be afunctional fragment of a
Metschnikowia Tallp. In some embodiments, the transaldolase can have 1to 50, 1to 45, 1to
40, 1to 35, 1t0 30, 1to 25, 1t0 20, 1to 15, 1to 10, or 1to 5, amino acid substitutions,
deletions or insertions of Tallp from a Metschnikowia species. In some embodiments, the
transaldolase has 1to 10 amino acid substitutions, deletions or insertions of Tallp from a
Metschnikowia species. In some embodiments, the transaldolase has 1to 5amino acid

substitutions, deletions or insertions of Tallp from a Metschnikowia species.

[00126] TheMetschnikowia species can bethe H OMetschnikowia species. In some
embodiments, provided herein is an isolated polypeptide that has an amino acid sequence that
isat least 30%, at least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at |east
60%, at least 65%, at least 70%, at least 71%, a least 72%, a least 73%, a least 74%, & |least
75%, a least 76%, at least 77%, at least 78%, a least 79%, a least 80%, at least 81%, &t least
82%, at least 83%, at least 84%, at least 85%, a least 86%, a least 87%, at least 88%, at least
89%, at least 90%, at least 91%, at least 92%, a least 93%, a least 94%, at least 95%, at least
96%, a least 97%, at least 98%, at least 99%, or 100% identical to Tallp of HO
Metschnikowia species. In some embodiments, provided herein is an isolated nucleic acid
that encodes a polypeptide that has an amino acid sequence that is at least 30%, at least 35%,
a least 40%, at least 45%, at least 50%, at least 55%, at least 60%, a least 65%, at least 70%,
a least 71%, at least 72%, at least 73%, at least 74%, at least 75%, a least 76%, at least 77%,
a least 78%, at least 79%, at least 80%, at least 81%, at least 82%, a |least 83%, at least 84%,
a least 85%, at least 86%, at least 87%, at least 88%, at least 89%, a least 90%, at least 91%,
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a least 92%, at least 93%, at least 94%, at least 95%, at least 96%, a least 97%, at least 98%,
at least 99%, or 100% identical to aTallp of HOMetschnikowia species. In some
embodiments, the non-naturally occurring microbia organisms have axylose-ethanol
pathway and a least one exogenous nucleic acid encoding atransaldolase that is at least 30%,
a least 35%, at least 40%, at least 45%, at least 50%, at least 55%, a |least 60%, at least 65%,
a least 70%, at least 71%, at least 72%, at least 73%, at least 74%, a least 75%, at least 76%,
a least 77%, at least 78%, at least 79%, at least 80%, at least 81%, a least 82%, at least 83%,
a least 84%, at least 85%, at least 86%, at least 87%, at least 88%, a least 89%, at least 90%,
a least 91%, at least 92%, at least 93%, at least 94%, at least 95%, a least 96%, at least 97%,
at least 98%, at least 99%, or 100% identical to Tallp of H OMetschnikowia species. In some
embodiments, the transaldolase is Talp of H OMetschnikowia species. In some
embodiments, the transaldolase can be avariant of Talp of H OMetschnikowia species that
retains its transaldolase function. In some embodiments, the transaldolase is afunctional
fragment of Tal | p of H OMetschnikowia species. In some embodiments, the transaldolase
can have 1to 50, 1to 45, 1t0 40, 1to 35, 1to 30, 1t0 25, 1t0 20, 1to 15, 1to 10, or 1to 5,
amino acid substitutions, deletions or insertions of Tal | p from H OMetschnikowia species. In
some embodiments, the transaldolase has 1to 10 amino acid substitutions, deletions or
insertions of Tall p from H OMetschnikowia species. In some embodiments, the transaldolase
has 1to 5 amino acid substitutions, deletions or insertions of Tallp from H OMetschnikowia
species. In some embodiments, the transaldolase has the amino acid sequence of SEQ ID
NO: 32. In some embodiments, the amino acid sequence of the transaldolase is SEQ ID NO:
32. In some embodiments, the nucleic acid has the sequence of SEQ ID NO: 37. In some
embodiments, the sequence of the nucleic acid is SEQ ID NO: 37. The nucleic acid encoding
Talp from a Metschnikowia species can be codon optimized for heterologous expression. In
some embodiments, the nucleic acid encoding Metschnikowia Tallp iscodon optimized for
expression in ayeast host strain. The yeast host strain can be any yeast host strain described
herein, such as5. cerevisiae. In some embodiments, the nucleic acid encoding
Metschnikowia Tallp iscodon optimized for expression in abacterial host strain. The
bacterial host strain can be any bacterial host strain described herein, such asE. coli. In
some embodiments, the nucleic acid encoding Talp from H OMetschnikowia species is
codon optimized for expression in S. cerevisiae. For example, in some embodiments, the
nucleic acid encoding Tallp of H OMetschnikowia species is codon optimized for expression

inS. cerevisiae.
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[00127] Expression of one or more of xylose transporters can improve xylose uptake.
Expression of one or more of enzymes or proteins of the xylose metabolic pathway can
improve xylose metabolism. Provided herein are non-naturally occurring microbial
organisms having axylose-ethanol pathway and at least one exogenous nucleic acid encoding
an enzyme or protein expressed in a sufficient amount to confer or enhance xylose uptake or
metabolism. In some embodiments, the non-naturally occurring microbial organisms can
have a least one exogenous nucleic acid encoding axylose transporter expressed in a
sufficient amount to confer or enhance xylose uptake and at least one exogenous nucleic acid
encoding an enzyme or protein of the xylose metabolic pathway in a sufficient amount to
confer or enhance xylose metabolism. The enzymes or proteins of the xylose metabolic
pathway can include one or more of xylose reductase, axylose dehydrogenase, a
xylulokinase, atransketolase, and atransaldolase. In some embodiments, the non-naturally
occurring microbia organisms can have at least two exogenous nucleic acids encoding a
xylose transporter and axylose reductase. 1n some embodiments, the non-naturally
occurring microbial organisms can have at least two exogenous nucleic acid encoding a
xylose transporter and axylose dehydrogenase. In some embodiments, the non-naturally
occurring microbial organisms can have at least two exogenous nucleic acids encoding a
xylose transporter and axylulokinase. In some embodiments, the non-naturally occurring
microbial organisms can have a least three exogenous nucleic acids encoding axylose
transporter, axylose reductase and axylose dehydrogenase. In some embodiments, the non-
naturally occurring microbial organisms can have a least three exogenous nucleic acids
encoding axylose transporter, axylose reductase and axylulokinase. In some embodiments,
the non-naturally occurring microbial organisms can have at least three exogenous nucleic
acids encoding a xylose transporter, axylulokinase and axylose dehydrogenase. In some
embodiments, the non-naturally occurring microbia organisms can have at least four
exogenous nucleic acids encoding a xylose transporter, axylose reductase, axylose
dehydrogenase, and axylulokinase. In some embodiments, the non-naturally occurring
microbial organisms can further have at least one exogenous nucleic acid encoding a
transketolase. In some embodiments, the non-naturally occurring microbial organisms can
further have a least one exogenous nucleic acid encoding atransaldolase. In some
embodiments, the non-naturally occurring microbial organisms can further have at least two

exogenous nucleic acids encoding atransketolase and atransaldolase.
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[00128] In some embodiments, the non-naturally occurring microbial organisms can
include at least seven exogenous nucleic acids each encoding aMetschnikowia enzyme or
protein, including Xytlp, Gxflp, Gxf2p/Ga?2p, Xyllp, Xyl2p, Xkslp and Tallp. The non-
naturally occurring microbial organisms can further include at least an exogenous nucleic

acids encoding Metschnikowia Tkl Ip.

[00129]  The non-naturally occurring microbial organisms can have at |least one exogenous
nucleic acid, or at least two, at least three, at least four, at least five, a least six, at least
seven, a least eight, a least nine, & least ten, or a least eleven nucleic acids each encoding
one, two, three, four, five, six, seven, eight, nine, or ten xylose transporters. The xylose
transporter can be any xylose transporter as described herein or their variants that retain their
transporter function. The xylose transporters can be Xytlp, Gxflp, AGxflp, Gxf2p/Gal2p,
Gxslp/Hgtl2p, AGxdp/AHgtl2p, Hxt5p, Hxt2.6p, Qup2p, or Apsip/Hgtl9p from a
Metschnikowia species, or their variants that retain their transporter function. In some
embodiments, the xylose transporter can include Xytlp, Gxflp, AGxflp, Gxf2p/Gal2p,
Gxslp/Hgtl2p, AGxdp/AHgtl2p, Hxt5p, Hxt2.6p, Qup2p, or Apsip/Hgtl9p from theHO
Metschnikowia species, and their variants that retain their transporter function. The non-
naturally occurring microbial organisms can have at least one exogenous nucleic acid, or a
least two, at least three, at least four, or at least five nucleic acids each encoding one, two,
three, four, or five enzymes or proteins of the xylose metabolic pathway. The enzyme or
protein of the xylose metabolic pathway can be any enzyme or protein as described herein or
thelr variants that retain their respective enzymatic function. The enzyme or protein of the
xylose metabolic pathway can include xylose reductase, axylose dehydrogenase, a
xylulokinase, atransketolase, and atransaldolase. In some embodiments, the enzyme or
protein of the xylose metabolic pathway can include Xyllp, Xyl2p, Xkslp, Tkllp, or Talp
from aMetschnikowia species, and their variants that retain their respective enzymatic
function. In some embodiments, the xylose transporter can include Xyllp, Xyl2p, Xkslp,
Tkllp, or Tallp from the H OMetschnikowia species, and their variants that retain their
respective enzymatic function. The non-naturally occurring microbial organisms provided
herein can include exogenous nucleic acids encoding any combination or permutations of
xylose transporters and enzymes or proteins of the xylose metabolic pathway as described

herein.
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[00130] The xylose transporters provided herein include Metschnikowia xylose
transporters, including such asthose from H OMetschnikowia species having amino acid
sequences as shown in sequence listing, aswell astheir variants, derivatives, fragments that
retain their transporter function. For example, provided herein is Xytlp fromHO
Metschnikowia species that has an amino acid sequence of SEQ ID NO: 1, aswell asvariants,
derivatives, and fragments thereof that retain the transporter function of Xytlp. The
transporter function of Xytlp includes but isnot limited to transport of xylose across cell
membrane, which can be determined, for example, by subjecting the variant, derivative, or
fragment to the transporter assay as described herein or otherwise known in the art. The
enzymes or proteins of xylose metabolic pathways can bethe enzymes or proteins from a
Metschnikowia species including such asthose from H OMetschnikowia species having amino
acid sequences as shown in sequence listing, aswell astheir variants, derivatives, fragments
that retain their respective enzymatic function. For example, provided herein isXyllp from
H OMetschnikowia species that has an amino acid sequence of SEQ ID NO:28, aswell as
variants, derivatives, and fragments thereof that retain the xylose reductase function of

Xyllp. The xylose reductase activity of Xyllp can be determined, for example, by subjecting
the variant, derivative, or fragment to the xylose reductase assay as described herein or
otherwise known inthe art. Various methods to test and confirm the enzymatic activities of
xylose reductase, axylose dehydrogenase, axylulokinase, atransketolase, and atransaldolase
are well known inthe art. See e.g Walfridsson, M., et al, Applied microbiology and
biotechnology 48.2: 218-224 (1997); Richard. P.et al, FEBS letters 457.1: 135-138(1999).
Richard. P.etal, FEMS microbiology letters 190. 1: 39-43 (2000); Bruinenberg, P.et al,
Microbiology 129.4: 965-971 (1983).

[00131] In some embodiments, provided herein are non-naturally occurring microbial
organisms having axylose-ethanol pathway and an exogenous nucleic acid encoding an
enzyme or protein expressed in a sufficient amount to confer or enhance xylose uptake or
metabolism, wherein said enzyme or protein is selected from the group consisting of axylose
transporter, axylose reductase, axylose dehydrogenase and axylulokinase, and wherein the
enzyme or protein isavariant of aMetschnikowia enzyme or protein. In some embodiments,
the enzyme or protein isavariant of the enzyme or protein from the H OMetschnikowia
species as described herein. Variants of a specific enzyme or protein can include amino acid
substitutions, deletions, fusions, or truncations when compared to the reference enzyme or

protein. In some embodiments, provided herein are non-naturally occurring microbial
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organisms having an exogenous nucleic acid encoding an enzyme or protein that isavariant
of Xytlp, Gxflp, AGxflp, Gxf2p/Gal2p, Gxsp/Hgtl2p, AGxslp/AHgtI2p, Hxt5p, Hxt2.6p,
Qup2p, Apsip/Hgtl9p, Xyllp, Xyl2p, Xkdp, Tkllp, or Tallp from a Metschnikowia species.
In some embodiments, provided herein are non-naturally occurring microbial organisms
having an exogenous nucleic acid encoding an enzyme or protein that isavariant of Xytlp,
Gxflp, AGxflp, Gxf2p/Gal2p, Gxslp/Hgtl2p, AGxsp/AHgtl2p, Hxt5p, Hxt2.6p, Qup2p,
Apslp/Hgtl9p, Xyllp, Xyl2p, Xkslp, Tkllp, or Talp from H OMetschnikowia species.

[00132] In some embodiments, variants of Metschnikowia xylose transporters and
enzymes or proteins of xylose metabolic pathways described herein include covalent
modification or aggregative conjugation with other chemical moieties, such as glycosyl
groups, polyethylene glycol (PEG) groups, lipids, phosphate, acetyl groups, and the like. In
some embodiments, variants of Metschnikowia xylose transporters and enzymes or proteins
of xylose metabolic pathways described herein further include, for example, fusion proteins
formed of the Metschnikowia enzymes or proteins and another polypeptide. The added
polypeptides for constructing the fusion protein include those that facilitate purification or
oligomerization of the Metschnikowia enzymes, or those that enhance stability and/or activity

of the Metschnikowia enzymes.

[00133] The Metschnikowia enzymes or proteins described herein can be fused to
heterologous polypeptides to facilitate purification. Many available heterologous peptides
(peptide tags) allow selective binding of the fusion protein to abinding partner. Non-limiting
examples of peptide tags include 6-His, thioredoxin, hemaglutinin, GST, and the OmpA
signal sequence tag. A binding partner that recognizes and binds to the heterologous peptide
tags can be any molecule or compound, including metal ions (for example, metal affinity
columns), antibodies, antibody fragments, or any protein or peptide that selectively or

specifically binds the heterologous peptide to permit purification of the fusion protein.

[00134] The Metschnikowia enzymes or proteins can also be modified to facilitate
formation of oligomers. For example, the Xytlp polypeptides can be fused to peptide
moieties that promote oligomerization, such asleucine zippers and certain antibody fragment
polypeptides, such asFc polypeptides. Techniques for preparing these fusion proteins are
known, and are described, for example, in WO 99/3 1241 and in Cosman et ah, Immunity
14:123-133 (2001). Fusion to an Fc polypeptide offers the additional advantage of
facilitating purification by affinity chromatography over Protein A or Protein G columns.
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Fusion to aleucine-zipper (LZ), for example, arepetitive heptad repeat, often with four or
five leucine residues interspersed with other amino acids, is described in Landschulz et al,
Science 240:1759-64 (1988).

[00135] The xylose transporters and enzymes or proteins of xylose metabolic pathways
described herein can be provided in an isolated form, or in a substantially purified form. The
polypeptides can be recovered and purified from recombinant cell cultures by known
methods, including, for example, ammonium sulfate or ethanol precipitation, anion or cation
exchange chromatography, phosphocellulose chromatography, hydrophobic interaction
chromatography, affinity chromatography, hydroxylapatite chromatography, and lectin
chromatography. In some embodiments, protein chromatography is employed for

purification.

[00136] TheMetschnikowia xylose transporters and enzymes or proteins of xylose
metabolic pathways described herein can be recombinantly expressed by suitable hosts.
When heterologous expression is desired, the coding sequences of specific Metschnikowia
xylose transporters or enzymes or proteins of xylose metabolic pathways can be modified in
accordance with the codon usage of the host. The standard genetic code iswell known in the
art, asreviewed in, for example, Osawa et al, Microbiol Rev. 56(1):229-64 (1992). Yeast
species, including but not limited to Saccharomyces cerevisiae, Candida azyma, Candida
diversa, Candida magnoliae, Candida rugopelliculosa, Yarrowia lipolytica, and Zygoascus
hellenicus, use the standard code. Certain yeast species use aternative codes. For example,
"CUG," standard codon for "Leu," encodes "Ser" in species such as Candida albicans,
Candida cylindracea, Candida melibiosica, Candida parapsilosis, Candida rugose, Pichia
stipitis, and Metschnikowia species. The codon table for the H OMetschnikowia speciesis
provided below. The DNA codon CTG in aforeign gene from anon "CUG" clade species
needs to be changed to TTG, CTT, CTC, TTA, or CTA for afunctional expression of a
protein in the Metschnikowia species. Other codon optimization can result in increase of
protein expression of aforeign gene in the Metschnikowia species. The codon table for the
H OMetschnikowia species is provided below. Codon optimization can result in increase
protein expression of aforeign gene in the host. Methods of Codon optimization are well
known in the art (e.g. Chung et al, BMC Syst Biol. 6:134 (2012); Chin et al, Bioinformatics
30(15):2210-12 (2014)), and various tools are available (e.g. DNA2.0 a
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https.//www.dna20.com/services/genegps ; and OPTIMIZER at
http://genomes.urv.eOPTIMIZER ).

Table: Codon for H OMetschnikowia species

Amino Acid SLC DNA codons

I soleucine I ATT ATC ATA

Leucine L CTT CTC CTA TTA TTG
Valine \% GTT GTC GTA GTG

Phenylalanine F TTT TTC

Methionine M ATG

Cysteine C TGT TGC

Alanine A GCT GCC GCA GCG

Glycine G GGT GGC GGA GGG

Proline P CCT CCC CCA CCG

Threonine T ACT ACC ACA ACG

Serine S TCT TCC TCA TCG AGT AGC CTG
Tyrosine Y TAT TAC

Tryptophan w TGG

Glutamine 0 CAA CAG

Asparagine N AAT AAC

Histidine H CAT CAC

Glutamic acid E GAA GAG

Aspartic acid D GAT GAC

Lysine K AAA AAG

Arginine R CGT CGC CGA CGG AGA AGG
Stop codons Stop | TAA TAG TGA

5 [00137] Furthermore, the hosts can simultaneously produce other transporters such that
multiple transporters are expressed in the same cell, wherein the different transporters can
form oligomers to transport the same sugar. Alternatively, the different transporters can

function independently to transport different sugars.

[00138]  In some embodiments, provided herein are non-naturally occurring microbial

10 organisms having axylose-ethanol pathway and an exogenous nucleic acid encoding an
enzyme or protein selected from agroup consisting of axylose transporter, axylose
reductase, axylose dehydrogenase, axylulokinase, atransketolase, and atransaldolase,
wherein the enzyme or protein has 1to 50, 1to 45, 1t040, 1to 35, 1to 30, 1to 25, 1t0 20, 1
to 15, 1to 10, or 1to 5, amino acid substitutions, deletions or insertions of Xytlp, Gxflp,

15  AGxflp, Gxf2p/Gal2p, Gxslp/Hgtl2p, AGxsIp/AHgt2p, Hxt5p, Hxt2.6p, Qup2p,
Apslp/Hgtl9p, Xyllp, Xyl2p, Xkslp, Tkllp, or Talp from a Metschnikowia species. In
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some embodiments, the enzyme or protein has 1to 10 amino acid substitutions, deletions or
insertions of Xytlp, Gxflp, AGxflp, Gxf2p/Gal2p, Gxdp/Hgtl2p, AGxsp/AHgtl2p, Hxt5p,
Hxt2.6p, Qup2p, Apsip/Hgtl9p, Xyllp, Xyl2p, Xkslp, Tkllp, or Talp from a
Metschnikowia species. In some embodiments, the xylose transporter has 1to 5 amino acid
substitutions, deletions or insertions of Xytlp, Gxflp, AGxflp, Gxf2p/Gal2p, Gxslp/Hgtl2p,
AGxslp/AHgtl2p, HxtSp, Hxt2.6p, Qup2p, Apslp/Hatl9p, Xyllp, Xyl2p, Xkslp, Tkllp, or
Tall p from aMetschnikowia species. The Metschnikowia species can bethe HO
Metschnikowia species.

[00139] Variants of Metschnikowia xylose transporters and enzymes or proteins of xylose
metabolic pathways can be generated by conventional methods known in the art, such asby
introducing mutations at particular locations by oligonucleotide-directed site-directed
mutagenesis. Site-directed-mutagenesis is considered an informational approach to protein
engineering and can rely on high-resolution crystallographic structures of target proteins for
specific amino acid changes (Van Den Burg et al, PNAS 95:2056-60 (1998)). Computational
methods for identifying site-specific changes for avariety of protein engineering objectives
are also known in the art (Hellinga, Nature Structural Biology 5:525-27 (1998)).

[00140]  Other techniques known in the art include, but are not limited to, non-
informational mutagenesis techniques (referred to genetically as"directed evolution™).
Directed evolution, in conjunction with high-throughput screening, allows testing of
statistically meaningful variations in protein conformation (Arnold, 1998). Directed evolution
technology can include diversification methods similar to that described by Crameri et al.,
Nature 391:288-91 (1998), site-saturation mutagenesis, staggered extension process (StEP)
(Zhao et al., Nature Biotechnology 16:258-61 (1998)), and DNA synthesis/reassembly (U.S.
Pat. No. 5,965,408).

[00141] Asdisclosed herein, anucleic acid encoding axylose transporter and/or an
enzyme or protein of the xylose metabolic pathway can be introduced into ahost organism.
In some cases, it can also be desirable to modify an activity of abiosynthesis pathway
enzyme or protein to increase production of adesired product. For example, known
mutations that increase the activity of aprotein or enzyme can be introduced into an encoding
nucleic acid molecule. Additionally, optimization methods can be applied to increase the
activity of an enzyme or protein and/or decrease an inhibitory activity, for example, decrease

the activity of anegative regulator.
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[00142] One such optimization method isdirected evolution. Directed evolution isa
powerful approach that involves the introduction of mutations targeted to a specific genein
order to improve and/or ater the properties of an enzyme or protein. Improved and/or altered
enzymes or proteins can beidentified through the development and implementation of
sensitive high-throughput screening assays that allow the automated screening of many
enzyme or protein variants (for example, >104. Iterative rounds of mutagenesis and
screening typically are performed to afford an enzyme or protein with optimized properties.
Computational algorithms that can help to identify areas of the gene for mutagenesis aso
have been developed and can significantly reduce the number of enzyme or protein variants
that need to be generated and screened. Numerous directed evolution technologies have been
developed (for reviews, see Hibbert et al., Biomol.Eng 22:1 1-19 (2005); Huisman and
Lalonde, in Biocatalysis in the pharmaceutical and biotechnology industries pgs. 717-742
(2007), Patel (ed.), CRC Press; Often and Quax. Biomol.Eng 22:1-9 (2005).; and Sen et al.,
Appl Biochem.Biotechnol 143:212-223 (2007)) to be effective at creating diverse variant
libraries, and these methods have been successfully applied to the improvement of awide
range of properties across many enzyme or protein classes. Enzyme or protein characteristics
that have been improved and/or altered by directed evolution technologies include, for
example: selectivity/specificity, for conversion of non-natural substrates, temperature
stability, for robust high temperature processing; pH stability, for bioprocessing under lower
or higher pH conditions; substrate or product tolerance, so that high product titers can be
achieved; binding (Km), including broadening substrate binding to include non-natural
substrates; inhibition (Ki), to remove inhibition by products, substrates, or key intermediates,
activity (kcat), to increases enzymatic reaction rates to achieve desired flux; expression
levels, toincrease protein yields and overall pathway flux; oxygen stability, for operation of
air sensitive enzymes under aerobic conditions; and anaerobic activity, for operation of an

aerobic enzyme or protein in the absence of oxygen.

[00143] A number of exemplary methods have been developed for the mutagenesis and
diversification of genesto target desired properties of specific enzymes or proteins. Such
methods are well known to those skilled in the art. Any of these can be used to alter and/or
optimize the activity of axylose transporter and/or an enzyme or protein of the xylose
metabolic pathway. Such methods include, but are not limited to EpPCR, which introduces
random point mutations by reducing the fidelity of DNA polymerase in PCR reactions
(Pritchard et a., J Theor.Biol. 234:497-509 (2005)); Error-prone Rolling Circle Amplification
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(epRCA), which is similar to epPCR except awhole circular plasmid isused asthe template
and random 6-mers with exonuclease resistant thiophosphate linkages on the last 2
nucleotides are used to amplify the plasmid followed by transformation into cells in which
the plasmid isre-circularized a tandem repeats (Fujii et al., Nucleic Acids Res. 32:€l45
(2004); and Fujii et al., Nat. Protoc. 1:2493-2497 (2006)); DNA or Family Shuffling, which
typically involves digestion of two or more variant genes with nucleases such asDnase | or
EndoV to generate apool of random fragments that are reassembled by cycles of annealing
and extension in the presence of DNA polymerase to create alibrary of chimeric genes
(Stemmer, Proc Natl Acad Sci USA 91:10747-10751 (1994); and Stemmer, Nature 370:389-
391 (1994)); Staggered Extension (StEP), which entails template priming followed by
repeated cycles of 2 step PCR with denaturation and very short duration of
annealing/extension (as short as 5 sec) (Zhao et a., Nat. Biotechnol. 16:258-261 (1998));
Random Priming Recombination (RPR), in which random sequence primers are used to
generate many short DNA fragments complementary to different segments of the template
(Shao et a., Nucleic Acids Res 26:681-683 (1998)).

[00144] Additional methods include Heteroduplex Recombination, inwhich linearized
plasmid DNA isused to form heteroduplexes that are repaired by mismatch repair (Volkov et
al, Nucleic Acids Res. 27:el8 (1999); and Volkov et a., Methods Enzymol. 328:456-463
(2000)); Random Chimeragenesis on Transient Templates (RACHITT), which employs
Dnase | fragmentation and size fractionation of single stranded DNA (ssDNA) (Coco t dl.,
Nat. Biotechnol. 19:354-359 (2001)); Recombined Extension on Truncated templates
(RETT), which entails template switching of unidirectionally growing strands from primers
in the presence of unidirectional ssDNA fragments used as a pool of templates (Lee et a., J.
Molec. Catalysis 26:1 19-129 (2003)); Degenerate Oligonucleotide Gene Shuffling (DOGS),
in which degenerate primers are used to control recombination between molecules;
(Bergquist and Gibbs, Methods Mol.Biol 352: 191-204 (2007); Bergquist et al., Biomol.Eng
22:63-72 (2005); Gibbs et al., Gene 271:13-20 (2001)); Incremental Truncation for the
Creation of Hybrid Enzymes (ITCHY), which creates a combinatorial library with 1base pair
deletions of a gene or gene fragment of interest (Ostermeier et a., Proc. Natl. Acad. Sci. USA
96:3562-3567 (1999); and Ostermeier et al., Nat. Biotechnol. 17:1205-1209 (1999)); Thio-
Incremental Truncation for the Creation of Hybrid Enzymes (THIO-ITCHY), which is
similar to ITCHY except that phosphothioate dNTPs are used to generate truncations (Lutz et
al., Nucleic Acids Res 29:E16 (2001)); SCRATCHY, which combines two methods for
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recombining genes, ITCHY and DNA shuffling (Lutz et a., Proc. Natl. Acad. Set USA

98: 11248-1 1253 (2001)); Random Drift Mutagenesis (RNDM), in which mutations made via
epPCR are followed by screening/selection for those retaining usable activity (Bergquist et
al., Biomol. Eng. 22:63-72 (2005)); Sequence Saturation Mutagenesis (SeSaM), arandom
mutagenesis method that generates a pool of random length fragments using random
incorporation of a phosphothioate nucleotide and cleavage, which isused as atemplate to
extend in the presence of "universal" bases such asinosine, and replication of an inosine-
containing complement gives random base incorporation and, consequently, mutagenesis
(Wong et al., Biotechnol. J. 3:74-82 (2008); Wong et a., Nucleic Acids Res. 32:€26 (2004);
and Wong et a., Anal. Biochem. 341:187-189 (2005)); Synthetic Shuffling, which uses
overlapping oligonucleotides designed to encode "all genetic diversity in targets’ and allows
avery high diversity for the shuffled progeny (Ness et al., Nat. Biotechnol. 20: 125 1-1255
(2002)); Nucleotide Exchange and Excision Technology NexT, which exploits a combination
of dUTP incorporation followed by treatment with uracil DNA glycosylase and then
piperidine to perform endpoint DNA fragmentation (Muller et al., Nucleic Acids Res. 33:el 17
(2005)).

[00145]  Further methods include Sequence Homology-Independent Protein
Recombination (SHTPREC), inwhich alinker isused to facilitate fusion between two
distantly related or unrelated genes, and arange of chimeras is generated between the two
genes, resulting in libraries of single-crossover hybrids (Sieber et a., Nat. Biotechnol.
19:456-460 (2001)); Gene Site Saturation Mutagenesis™ (GSSM ™), in which the starting
materials include a supercoiled double stranded DNA (dsDNA) plasmid containing an insert
and two primers which are degenerate at the desired site of mutations (Kretz et a., Methods
Enzymol. 388:3-1 1(2004)); Combinatorial Cassette Mutagenesis (CCM), which involves the
use of short oligonucleotide cassettes to replace limited regions with alarge number of
possible amino acid sequence aterations (Reidhaar-Olson et al. Methods Enzymol. 208:564-
586 (1991); and Reidhaar-Olson et al. Science 241:53-57 (1988)); Combinatorial Multiple
Cassette Mutagenesis (CMCM), which isessentially similar to CCM and uses epPCR &t high
mutation rate to identify hot spots and hot regions and then extension by CMCM to cover a
defined region of protein sequence space (Reetz et a., Angew. Chem. Int. Ed Engl. 40:3589-
3591 (2001)); the Mutator Strains technique, inwhich conditional ts mutator plasmids,
utilizing the mutD5 gene, which encodes a mutant subunit of DNA polymerase 111, to allow

increases of 20to 4000-X in random and natural mutation frequency during selection and
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block accumulation of deleterious mutations when selection isnot required (Selifonova et a.,
Appl. Environ. Microbiol. 67:3645-3649 (2001)); Low et a., J. Mol. Biol. 260:359-3680
(1996)).

[00146] Additional exemplary methods include Look- Through Mutagenesis (LTM), which
isamultidimensional mutagenesis method that assesses and optimizes combinatorial
mutations of selected amino acids (Rajpal et a., Proc. Natl. Acad. Sci. USA 102:8466-8471
(2005) ); Gene Reassembly, which isaDNA shuffling method that can be applied to multiple
genes at one time or to create alarge library of chimeras (multiple mutations) of a single gene
(Tunable GeneReassembly™ (TGR™) Technology supplied by Verenium Corporation), in
Slico Protein Design Automation (PDA), which isan optimization algorithm that anchors the
structurally defined protein backbone possessing aparticular fold, and searches sequence
space for amino acid substitutions that can stabilize the fold and overall protein energetics,
and generally works most effectively on proteins with known three-dimensional  structures
(Hayes et a., Proc. Natl. Acad. Sci. USA 99:15926-15931 (2002)); and Iterative Saturation
Mutagenesis (ISM), which involves using knowledge of structure/function to choose alikely
site for enzyme or protein improvement, performing saturation mutagenesis at chosen site
using a mutagenesis method such as Stratagene QuikChange (Stratagene; San Diego CA),
screening/selecting for desired properties, and, using improved clone(s), starting over at
another site and continue repeating until adesired activity isachieved (Reetz et al., Nat.
Protoc. 2:891-903 (2007); and Reetz et a., Angew. Chem. Int. Ed Engl. 45:7745-7751
(2006)).

[00147] Any of the aforementioned methods for mutagenesis can be used alone or in any
combination. Additionally, any one or combination of the directed evolution methods can be
used in conjunction with adaptive evolution techniques, asdescribed herein or otherwise

known in the art.

[00148] Provided herein are aso isolated nucleic acids encoding the Metschnikowia xylose
transporters or enzyme or protein of xylose metabolic pathway described herein, aswell as
the variants thereof. Nucleic acids provided herein include those having the nucleic acid
sequence provided in the sequence listing; those that hybridize to the nucleic acid sequences
provided in the sequence listing, under high stringency hybridization conditions (for example,
42°, 2.5 hr., 6><SCC, 0.1% SDS); and those having substantial nucleic acid sequence identity

with the nucleic acid sequence provided inthe sequence listing. The nucleic acids provided
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herein also encompass equivalent substitutions of codons that can be translated to produce the
same amino acid sequences. Provided herein are also vectors including the nucleic acids
described herein. The vector can be an expression vector suitable for expression in ahost

microbial organism. The vector can bea?2 p vector. Thevector can be an ARS vector.

[00149] Thenucleic acids provided herein include those encoding xylose transporters or
enzymes or proteins of xylose metabolic pathway having an amino acid sequence as
described herein, aswell astheir variants that retain transporter or respective enzymatic
activity. The nucleic acids provided herein can be cDNA, chemically synthesized DNA,
DNA amplified by PCR, RNA, or combinations thereof. Due to the degeneracy of the

genetic code, two DNA sequences can differ and yet encode identical amino acid sequences.

[00150] Provided herein are also functional fragments of nucleic acids encoding the
Metschnikowia xylose transporters or enzyme or protein of xylose metabolic pathway
described herein, include probes and primers. Such probes and primers can be used, for
example, in PCR methods to amplify or detect the presence of nucleic acids encoding the
Metschnikowia xylose transporters or enzyme or protein of xylose metabolic pathway in
vitro, aswell asin Southern and Northern blots for analysis. Cells expressing the
Metschnikowia xylose transporters or enzyme or protein of xylose metabolic pathway an also
be identified by the use of such probes. Methods for the production and use of such primers

and probes are known.

[00151] Provided herein are also fragments of nucleic acids encoding the Metschnikowia
xylose transporters or enzymes or proteins of xylose metabolic pathway that are antisense or
sense oligonucleotides having a single-stranded nucleic acid capable of binding to atarget
mRNA or DNA sequence of aMetschnikowia xylose transporter or enzyme or protein of

xylose metabolic pathway.

[00152] A nucleic acid encoding axylose transporter or an enzyme or protein of xylose
metabolic pathway described herein can include nucleic acids that hybridize to anucleic acid
disclosed herein by SEQ ID NO, GenBank and/or GI number or anucleic acid molecule that
hybridizes to anucleic acid molecule that encodes an amino acid sequence disclosed herein
by SEQ ID NO, GenBank and/or GI number. Hybridization conditions can include highly
stringent, moderately stringent, or low stringency hybridization conditions that are well

known to one of skill inthe art such asthose described herein.
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[00153]  Stringent hybridization refers to conditions under which hybridized
polynucleotides are stable. Asknown to those of skill inthe art, the stability of hybridized
polynucleotides isreflected in the melting temperature (T,) of the hybrids. In general, the
stability of hybridized polynucleotides isafunction of the salt concentration, for example, the
sodium ion concentration and temperature. A hybridization reaction can be performed under
conditions of lower stringency, followed by washes of varying, but higher, stringency.
Reference to hybridization stringency relates to such washing conditions. Highly stringent
hybridization includes conditions that permit hybridization of only those nucleic acid
sequences that form stable hybridized polynucleotides in 0.018M NaCl a 65°C, for example,
if ahybrid isnot stablein 0.018M NaCl at 65°C, it will not be stable under high stringency
conditions, as contemplated herein. High stringency conditions can be provided, for
example, by hybridization in 50% formamide, 5X Denhart's solution, 5X SSPE, 0.2% SDS at
42°C, followed by washing in 0.1 X SSPE, and 0.1% SDS at 65°C. Hybridization conditions
other than highly stringent hybridization conditions can also be used to describe the nucleic
acid sequences disclosed herein. For example, the phrase moderately stringent hybridization
refers to conditions equivalent to hybridization in 50% formamide, 5X Denhart's solution, 5X
SSPE, 0.2% SDS at 42°C, followed by washing in 0.2X SSPE, 0.2% SDS, a 42°C. The
phrase low stringency hybridization refers to conditions equivalent to hybridization in 10%
formamide, 5X Denhart's solution, 6X SSPE, 0.2% SDS at 22°C, followed by washing in I X
SSPE, 0.2% SDS, a 37°C. Denhart's solution contains 1% Ficoll, 1% polyvinylpyrolidone,
and 1%, bovine serum albumin (BSA). 20X SSPE (sodium chloride, sodium phosphate,
ethylene diamide tetraacetic acid (EDTA)) contains 3M sodium chloride, 0.2M sodium
phosphate, and 0.025M (EDTA). Other suitable low, moderate and high stringency
hybridization buffers and conditions are well known to those of skill inthe art and are
described, for example, in Sambrook et al., Molecular Cloning: A Laboratory Manual, Third
Ed., Cold Spring Harbor Laboratory, New York (2001); and Ausubel et al., Current
Protocols in Molecular Biology, John Wiley and Sons, Baltimore, MD (1999).

[00154] Nucleic acids encoding axylose transporter or an enzyme or protein of xylose
metabolic pathway provided herein include those having acertain percent sequence identity
to anucleic acid disclosed herein by SEQ ID NO, GenBank and/or Gl number. For example,
the nucleic acids encoding axylose transporter can have at least 30%, at least 35%, at least
40%, at least 45%, at least 50%, at least 55%, at least 60%, at least 65%, at least 70%, & |east
71%, at least 72%, at least 73%, at least 74%, at least 75%, at least 76%, at least 77%, at least
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78%, at least 79%, at least 80%, at least 81%, at least 82%, at least 83%, at least 84%, at least
85%, a least 86%, a least 87%, at least 88%, a least 89%, at least 90%, a least 91%, at least
92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least
99% sequence identity, or beidentical, to anucleic acid described herein by SEQ ID NO,
GenBank and/or GI number. In some embodiments, the nucleic acid molecule can have 35%,
40%, 45%, 50%, 55%, 60%, 65%, 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% or 99% sequence identity, or be identical, to a sequence selected from SEQ
ID NOs. 10-17, 19-27 and 33-37.

[00155] The xylose transporter or enzyme or protein of xylose metabolic pathway
provided herein can beisolated by avariety of methods well-known in the art, for example,
recombinant expression systems, precipitation, gel filtration, ion-exchange, reverse-phase and
affinity chromatography, and the like. Other well-known methods are described in Deutscher
et a., Guideto Protein Purification: Methods in Enzymology, Vol. 182 (Academic Press,
(1990)). Alternatively, the isolated xylose transporter or enzyme or protein of xylose
metabolic pathway provided herein can be obtained using well-known recombinant methods
(see, for example, Sambrook et al., supra, 1989; Ausubel et a., supra, 1999). The methods
and conditions for biochemical purification of the isolated xylose transporter or enzyme or
protein of xylose metabolic pathway provided herein can be chosen by those skilled in the art,

and purification monitored, for example, by afunctional assay.

[00156]  One non-limiting example of amethod for preparing the xylose transporter or
enzyme or protein of xylose metabolic pathway isto express nucleic acids encoding the
xylose transporter or enzyme or protein of xylose metabolic pathway in a suitable host cell,
such as abacterial cell, ayeast cell, or other suitable cell, using methods well known in the
art, and recovering the expressed xylose transporter or enzyme or protein of xylose metabolic
pathway, again using well-known purification methods, as described herein. The xylose
transporter or enzyme or protein of xylose metabolic pathway provided herein can be isolated
directly from cells that have been transformed with expression vectors as described herein.
Recombinantly expressed xylose transporters or enzymes or proteins of xylose metabolic
pathway can also be expressed asfusion proteins with appropriate affinity tags, such as
glutathione Stransferase (GST), poly His, streptavidin, and the like, and affinity purified, if

desired. The polypeptide of the xylose transporters or enzymes or proteins of xylose
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metabolic pathway described herein can retain the affinity tag, if desired, or optionally the
affinity tag can be removed from the polypeptide using well known methods to remove an
affinity tag, for example, using appropriate enzymatic or chemical cleavage. Thus, provided
herein are polypeptide of xylose transporters or enzymes or proteins of xylose metabolic
pathway without or optionally with an affinity tag. Accordingly, in some embodiments,
provided herein isahost cell expressing a polypeptide of the xylose transporters or enzymes
or proteins of xylose metabolic pathway herein. A polypeptide of the xylose transporter or
enzyme or protein of xylose metabolic pathway described herein can also be produced by
chemical synthesis using a method of polypeptide synthesis well know to one of skill inthe

art.

[00157]  In some embodiments, provided herein are methods of constructing ahost strain
that can include, among other steps, introducing avector disclosed herein into ahost cell that
is capable of fermentation. Vectors of the invention can be introduced stably or transiently
into ahost cell using techniques well known in the art including, but not limited to,
conjugation, electroporation, chemical transformation, transduction, transfection, and
ultrasound transformation. Additional methods are disclosed herein, any one of which can be

used in the method of the invention.

[00158]  Provided herein are also vectors containing the nucleic acid molecules encoding
xylose transporters and/or enzymes or proteins of xylose metabolic pathway, aswell ashost
cells transformed with such vectors. Any of the polynucleotide molecules of the disclosure
can be contained in avector, which generally includes a selectable marker and an origin of
replication, for propagation in ahost. The vectors can further include suitable transcriptional
or tranglational regulatory sequences, such asthose derived from a mammalian, fungal,
bacterial, viral, or insect genes, operably linked to the polynucleotide molecule that encode
xylose transporter or enzyme or protein of xylose metabolic pathway. Examples of such
regulatory sequences include transcriptional promoters, operators, or enhancers, mRNA
ribosomal binding sites, and appropriate sequences which control transcription and
trandation. Nucleotide sequences are operably linked when the regulatory sequence
functionally relates to the DNA encoding the target protein. Thus, a promoter nucleotide
sequence is operably linked to axylose transporter or enzyme or protein of xylose metabolic
pathway if the promoter nucleotide sequence directs the transcription of sequence of the

transporter or enzyme or protein.
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[00159]  Selection of suitable vectors for the cloning of nucleic acid molecules of this
disclosure depends upon the host cell in which the vector will be transformed, and, where
applicable, the host cell from which the enzyme or protein isto be expressed. Suitable host
cells for expression of xylose transporter and/or enzyme or protein of xylose metabolic
pathway include prokaryotes and yeasts, which are discussed below. Selection of suitable

combinations of vectors and host organisms is aroutine matter from a perspective of skill.

[00160] The xylose transporter and/or enzyme or protein of xylose metabolic pathway to
be expressed in such host cells can also be fusion proteins that include sequences from other
proteins. Asdiscussed above, such regions can beincluded to allow, for example, enhanced
functionality, improved stability, or facilitated purification. For example, anucleic acid
sequence encoding a peptide that binds strongly to xylose can be fused in-frame to the
transmembrane sequence of axylose transporter so that the resulting fusion protein binds
xylose and transports the sugar across the cell membrane a ahigher rate than the wild type

transporter.

[00161] While generally described herein asamicrobial organism that contains axylose-
ethanol pathway and at least one exogenous nucleic acid encoding enzyme or protein
expressed in a sufficient amount to confer or enhance xylose uptake or metabolism for
ethanol production, it isunderstood that the disclosure additionally provides anon-naturally
occurring microbial organism having a least one exogenous nucleic acid encoding enzyme or
protein expressed in a sufficient amount to confer or enhance xylose uptake or metabolism
for the production of an intermediate of axylose-ethanol pathway. For example, as disclosed
herein, ethanol can be produced through either PPP or the glycolysis pathway with either
glyceraldehyde-3 -phosphate or pyruvate as an intermediate. Therefore, the microbial
organisms provided herein can aso have at least one exogenous nucleic acid encoding
enzyme or protein expressed in a sufficient amount to confer or enhance xylose uptake or
metabolism, where the microbial organism produces a xylose-ethanol pathway intermediate,
for example, xylitol, xylulose, glycerol, succinate, pyruvate, sedoheptul ose-7-phosphate,
glyceraldehyde-3 -phosphate, acetyl-CoA, or acetate from xylose.

[00162]  The ethanol production by the non-naturally occurring microbial organism
provided herein can be further improved by additional genetic modifications to enhance the
xylose metabolism or reduce the ethanol metabolism. Asprovided in FIG. 2, increased

xylose metabolism can increase the PPP activity and glycolysis activity, both can lead to
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increased production of ethanol. Asprovided in FIG. 3, reduced ethanol metabolism can
reduce the conversion of ethanol to other metabolites, resulting in the increased production of
ethanol. Thus, it isunderstood by those skilled in the art that microbia organisms provided
herein can include additional genetic modifications as described herein or otherwise known in
the art to further enhance xylose metabolism or reduce ethanol metabolism.

[00163] For example, the non-naturally occurring microbial organism provided herein can
have attenuated phosphatase Phol3p. (US Patent No. 7,285,403; Xu et al, Metabolic
engineering 34: 88-96 (2016).) In some embodiments, the microbial organism can have a
disruption in the gene encoding Phol3p. Phol3p isan akaline phosphatase, has shown
significant hydrolytic activity against abroad spectrum of substrates including p-
nitrophenylphosphate, phosphorylated histone 11-A and casein. (Tulevaet al, FEMS
Microbiol Lett. 161:139-44 (1998).) The deletion G PHO013 (phol3A) in S. cerevisiae
induced TALI upregulation. (Xuetal., 2016.) AsshowninFIG. 2, limited transaldolase
activity leads to sedoheptulose accumulation, and the TALI upregulation can improve xylose

metabolism.

[00164] A BLAST analysis of Phol3p identified 13 closely related proteins produced by
Debaryomyces hansenii, Gibberella zeae, Ustilago maydis, Schizosaccharomyces pombe,
Neurospora crassa, Candida albicans, Yarrowia lipolytica, Ashbya gossypii, Kluyveromyces
lactis, Candida glabrata, and Saccharomyces cerevisiae. More than 100 similar proteins are
known from other organisms. The non-naturally occurring microbial organisms provided
herein having attenuated or disrupted PHO13 can have improved xylose fermentation. With
any given host microbial organism, the gene sequence encoding Phol3p ortholog can be
disrupted using homologous recombination for those species for which a homologous
putative trandation product isknown. Alternatively, the Phol3p ortholog p-
nitrophenylphosphatase can be identified from a genomic library using degenerative
oligonucleotide probes and sequenced or partially sequence to permit design of a disruption
cassette to disrupt the in vivo coding sequence.

[00165] The non-naturally occurring microbial organism provided herein can also have
attenuated ethanol metabolism. For example, the microbial organisms provided herein can
also have attenuated ethanol dehydrogenase, attenuated acetaldehyde dehydrogenase,
attenuated acetate coA-transferase, or any combination thereof. {See FIG. 3.) In some

embodiments, the microbia organisms provided herein can have attenuated ethanol
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dehydrogenase. Adh2p isan acohol dehydrogenase that targets ethanol. In some
embodiments, the microbia organisms provided herein can have attenuated acetaldehyde
dehydrogenase. Ald2p isadehydrogenase that targets acetaldehyde. In some embodiments,
the microbial organisms provided herein can have attenuated acetate coA-transferase. In
some embodiments, the microbial organisms provided herein can have attenuated ethanol
dehydrogenase and attenuated acetaldehyde dehydrogenase. In some embodiments, the
microbial organisms provided herein can have attenuated ethanol dehydrogenase and
attenuated acetate coA-transferase. In some embodiments, the microbial organisms provided
herein can have attenuated acetaldehyde dehydrogenase and attenuated acetate coA-
transferase. In some embodiments, the microbial organisms provided herein can have
attenuated ethanol dehydrogenase, attenuated acetaldehyde dehydrogenase and attenuated
acetate coA-transferase. The ethanol dehydrogenase can be Adh2p. The acetaldehyde
dehydrogenase can be Ald2p. The acetate coA-transferase can be Acdlp.

[00166]  In some embodiments, the microbial organisms provided herein can have a
disruption in the gene encoding ethanol dehydrogenase. In some embodiments, the microbial
organisms provided herein can have adisruption in the gene encoding acetaldehyde
dehydrogenase. In some embodiments, the microbial organisms provided herein can have a
disruption in the gene encoding acetate coA-transferase. In some embodiments, the microbial
organisms provided herein can have adisruption in the genes encoding ethanol
dehydrogenase and acetaldehyde dehydrogenase. I1n some embodiments, the microbial
organisms provided herein can have adisruption in the genes encoding ethanol
dehydrogenase and acetate coA-transferase. In some embodiments, the microbial organisms
provided herein can have a disruption in the genes encoding acetaldehyde dehydrogenase and
acetate coA-transferase. In some embodiments, the microbial organisms provided herein can
have a disruption in the genes encoding ethanol dehydrogenase, acetaldehyde dehydrogenase
and acetate coA-transferase. The ethanol dehydrogenase can be Adh2p, The acetaldehyde
dehydrogenase can be Ald2p. The acetate coA-transferase can be Acdlp.

[00167] Itisunderstood that, if agenetic modification isto beintroduced into a host
organism to disrupt agene, such as one encoding ethanol dehydrogenase (e.g. Adh2p),
acetaldehyde dehydrogenase (e.g. Ald2p) or acetate coA-transferase (e.g. Acsdp), any
homologs, orthologs or paralogs that catalyze similar, yet non-identical metabolic reactions

can similarly be disrupted to ensure that a desired metabolic reaction is sufficiently disrupted.
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Because certain differences exist among metabolic networks between different organisms,
those skilled in the art will understand that the actual genes disrupted in agiven organism
may differ between organisms. However, given the teachings and guidance provided herein,
aswell asthe genetic information known in the art, those skilled in the art also will
understand that the methods provided herein can be applied to any suitable host
microorganism to identify the cognate metabolic alterations needed to construct an organism
in a species of interest that will increase ethanol biosynthesis. In aparticular embodiment,
the increased production couples biosynthesis of ethanol to growth of the organism, and can
obligatorily couple production of ethanol to growth of the organism if desired and as

disclosed herein.

[00168] Theinvention provides non naturally occurring microbial organisms having
genetic alterations such as gene disruptions that increase production of ethanol, for example,
growth-coupled production of ethanol. Product production can be, for example, obligatorily
linked to the exponential growth phase of the microorganism by genetically atering the
metabolic pathways of the cell, as disclosed herein. The genetic alterations can increase the
production of ethanol or even make the ethanol an obligatory product during the growth

phase.

[00169] Given the teachings and guidance provided herein, those skilled in the art will
understand that to introduce a metabolic alteration such as attenuation of an enzyme or
protein, it can be necessary to disrupt the catalytic activity of the one or more enzymes
involved inthe reaction. Alternatively, ametabolic alteration can include disrupting
expression of aregulatory protein or cofactor necessary for enzyme activity or maximal
activity. Furthermore, genetic loss of a cofactor necessary for an enzymatic reaction can also
have the same effect as a disruption of the gene encoding the enzyme or protein. Disruption
can occur by avariety of methods including, for example, deletion of an encoding gene or
incorporation of agenetic ateration in one or more of the encoding gene sequences. The
encoding genes targeted for disruption can be one, some, or al of the genes encoding
enzymes involved in the catalytic activity. For example, where a single enzyme isinvolved
in atargeted catalytic activity, disruption can occur by agenetic ateration that reduces or
eliminates the catalytic activity of the encoded gene product. Similarly, where the single
enzyme is multimeric, including heteromeric, disruption can occur by agenetic ateration that

reduces or destroys the function of one or al subunits of the encoded gene products.
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Destruction of activity can be accomplished by loss of the binding activity of one or more
subunits required to form an active complex, by destruction of the catalytic subunit of the
multimeric complex or by both. Other functions of multimeric protein association and
activity also can betargeted in order to disrupt a metabolic reaction of the invention. Such
other functions are well known to those skilled inthe art. Similarly, atarget enzyme or
protein activity can bereduced or eliminated by disrupting expression of aprotein or enzyme
that modifies and/or activates the target enzyme, for example, a molecule required to convert
an apoenzyme to aholoenzyme. Further, some or all of the functions of a single polypeptide
or multimeric complex can be disrupted according to the invention in order to reduce or
abolish the catalytic activity of one or more enzymes or proteins involved in areaction or
metabolic modification of the invention. Similarly, some or all of enzymes or proteins
involved in areaction or metabolic modification of the invention can be disrupted so long as

the targeted reaction isreduced or eliminated.

[00170] Given the teachings and guidance provided herein, those skilled in the art also will
understand that an enzymatic reaction can be disrupted by reducing or eliminating reactions
encoded by acommon gene and/or by one or more orthologs of that gene exhibiting similar
or substantially the same activity. Reduction of both the common gene and all orthologs can
lead to complete abolishment of any catalytic activity of atargeted reaction. However,
disruption of either the common gene or one or more orthologs can lead to areduction in the
catalytic activity of the targeted reaction sufficient to promote coupling of growth to product
biosynthesis. Exemplified herein are both the common genes encoding catalytic activities for
avariety of metabolic modifications aswell astheir orthologs. Those skilled in the art will
understand that disruption of some or all of the genes encoding an enzyme or protein of a
targeted metabolic reaction can be practiced in the methods of the invention and incorporated
into the non-naturally occurring microbial organisms of the invention in order to achieve the

increased production of ethanol or growth-coupled product production.

[00171] Given the teachings and guidance provided herein, those skilled in the art also will
understand that enzymatic activity or expression can be attenuated using well known
methods. Reduction of the activity or amount of an enzyme or protein can mimic complete
disruption of agene if the reduction causes activity of the enzyme or protein to fall below a
critical level that isnormally required for a pathway to function. Reduction of enzymatic

activity by various techniques rather than use of a gene disruption can be important for an
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organism's viability. Methods of reducing enzymatic activity that result in similar or
identical effects of agene disruption include, but are not limited to: reducing gene
transcription  or trandlation; destabilizing mMRNA, protein or catalytic RNA; and mutating a
gene that affects enzyme or protein activity or kinetics {See, Sambrook et al., Molecular
Cloning: A Laboratory Manual, Third Ed., Cold Spring Harbor Laboratory, New York
(2001); and Ausubel et d., Current Protocols in Molecular Biology, John Wiley and Sons,
Baltimore, MD (1999). Natural or imposed regulatory controls can aso accomplish enzyme
or protein attenuation including: promoter replacement {See, Wang et a., Mol. Biotechnol.
52(2):300-308 (2012)); loss or dteration of transcription factors (Dietrick et a., Annu. Rev.
Biochem. 79:563-590 (2010); and Simicevic et a., Mol. Biosyst. 6(3):462-468 (2010));
introduction  of inhibitory RNAs or peptides such as siRNA, antisense RNA, RNA or
peptide/small-molecule  binding aptamers, ribozymes, aptazymes and riboswitches (Wi eland
et a., Methods 56(3):35 1-357 (2012); O'Sullivan, Anal. Bioanal. Chem. 372(1):44-48  (2002);
and Lee et a., Curr. Opin. Biotechnol. 14(5):505-51 1 (2003)); and addition of drugs or other
chemicals that reduce or disrupt enzymatic activity such asan enzyme or protein inhibitor, an

antibiotic or atarget-specific drug.

[00172] One skilled inthe art will also understand and recognize that attenuation of an
enzyme or protein can be done at various levels. For example, at the gene level, amutation
causing apartial or complete null phenotype, such asagene disruption, or amutation causing
epistatic genetic effects that mask the activity of agene product (Miko, Nature Education
1(1) (2008)), can beused to attenuate an enzyme or protein. At the gene expression level,
methods for attenuation include: coupling transcription to an endogenous or exogenous
inducer, such asisopropylthio -P-galactoside (IPTG), then adding low amounts of inducer or
no inducer during the production phase (Donovan et d., J.Ind. Microbiol. 16(3): 145-154
(1996); and Hansen et a., Curr. Microbiol. 36(6):341-347 (1998)); introducing or modifying
apositive or anegative regulator of agene; modify histone acetyl ation/deacetylati onin a
eukaryotic chromosomal region where agene isintegrated (Yang et a., Curr. Opin. Genet.
Dev. 13(2): 143-153 (2003) and Kurdistani et al., Nat. Rev. Mol. Cell Biol. 4(4):276-284
(2003)); introducing atransposition to disrupt apromoter or aregulatory gene (Bleykasten-
Brosshans et al., C. R. Biol. 33(8-9):679-686 (201 1); and McCue et a., PLOS Genet.
8(2):€l002474  (2012)); flipping the orientation of atransposable element or promoter region
so asto modulate gene expression of an adjacent gene (Wang et al., Genetics 120(4):875-885
(1988); Hayes, Annu. Rev. Genet. 37:3-29 (2003); in adiploid organism, deleting one allele

109



10

15

20

25

30

WO 2018/112638 PCT/CA2017/051561

resulting in loss of heterozygosity (Daigaku et a., Mutation Research/Fundamental and
Molecular Mechanisms d Mutagenesis 600(1-2)177-183 (2006)); introducing nucleic acids
that increase RNA degradation (Houseley et a., Cell, 136(4):763-776 (2009); or in bacteria,
for example, introduction of atransfer-messenger RNA (tmRNA) tag, which can lead to
RNA degradation and ribosomal stalling (Sunohara et a., RNA 10(3):378-386 (2004); and
Sunohara et al., J. Biol. Chem. 279:15368-15375 (2004)). At the trandlational level,
attenuation can include: introducing rare codons to limit translation (Angov, Biotechnol. J.
6(6):650-659 (201 1)); introducing RNA interference molecules that block trandation (Castel
et a., Nat. Rev. Genet. 14(2): 100-1 12 (2013); and Kawasaki et a., Curr. Opin. Mol. Ther.
7(2): 125-13 1 (2005); modifying regions outside the coding sequence, such asintroducing
secondary structure into an untranslated region (UTR) to block trandation or reduce
efficiency of trandation (Ringner et a., PLoS Comput. Biol. 1(7):e€72 (2005)); adding
RNAase sites for rapid transcript degradation (Pasquinelli, Nat. Rev. Genet. 13(4):271-282
(2012); and Arraiano et al., FEMS Microbiol. Rev. 34(5):883-932 (2010); introducing
antisense RNA oligomers or antisense transcripts (Nashizawa et al., Front. Biosci. 17:938-
958 (2012)); introducing RNA or peptide aptamers, ribozymes, aptazymes, riboswitches
(Wieland et a., Methods 56(3):351-357 (2012); O' Sullivan, Anal. Bioanal. Chem. 372(1):44-
48 (2002); and Lee et a., Curr. Opin. Biotechnol. 14(5):505-51 1 (2003)); or introducing
trandational regulatory elements involving RNA structure that can prevent or reduce
trandation that can be controlled by the presence or absence of small molecules (Araujo et
al., Comparative and Functional Genomics, Article ID 47573 1, 8 pages (2012)). At the level
of enzyme localization and/or longevity, enzyme or protein attenuation can include: adding a
degradation tag for faster protein turnover (Hochstrasser, Annual Rev. Genet. 30:405-439
(1996); and Yuan et al., PLoS One 8(4):62529 (2013)); or adding alocalization tag that
results in the enzyme or protein being secreted or localized to a subcellular compartment in a
eukaryotic cell, where the enzyme or protein would not be able to react with its normal
substrate (Nakai et a. Genomics 14(4):897-91 1 (1992); and Russell et al., J. Bact.
189(21)7581-7585 (2007)). Atthe level of post-trandational regulation, enzyme attenuation
can include: increasing intracellular concentration of known inhibitors; or modifying post-
trandational modified sites (Mann et al., Nature Biotech. 21:255-261 (2003)). At the level of
enzyme or protein activity, enzyme or protein attenuation can include: adding an endogenous
or an exogenous inhibitor, such asan enzyme or protein inhibitor, an antibiotic or atarget-
specific drug, to reduce enzyme or protein activity; limiting availability of essential cofactors,

such asvitamin B12, for an enzyme or protein that requires the cofactor; chelating a metal
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ion that isrequired for enzyme or protein activity; or introducing a dominant negative
mutation. The applicability of atechnique for attenuation described above can depend upon
whether agiven host microbial organism is prokaryotic or eukaryotic, and it isunderstood
that a determination of what isthe appropriate technique for agiven host can be readily made
by one skilled in the art.

[00173]  In some embodiments, a candidate gene is silenced using Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR)/CAS9 system described, for example, in
Wiedenheft et al., Nature 482 (7385): 331-8 (2012). An engineered, programmable, non-
naturally occurring CRISPR-Cas system including a Cas9 protein and one or more guide
RNAs that target the genomic loci of DNA molecules encoding one or more gene products in
aeukaryotic cell isprovided, and the Cas9 protein cleaves the genomic loci of the DNA
molecules encoding the one or more gene products, altering expression of the one or more
gene products. (Seee.g. USPatent 8,697,359).

[00174]  In some embodiments, microaerobic designs can be used based on the growth-
coupled formation of the desired product. To examine this, production cones can be
constructed for each strategy by first maximizing and, subsequently minimizing the product
yields at different rates of biomass formation feasible in the network. If the rightmost
boundary of all possible phenotypes of the mutant network isa single point, it implies that
there isaunique optimum yield of the product a the maximum biomass formation rate
possible in the network. In other cases, the rightmost boundary of the feasible phenotypes is
avertical line, indicating that at the point of maximum biomass the network can make any
amount of the product in the calculated range, including the lowest amount at the bottommost

point of the vertical line. Such designs are given alow priority.

[00175]  The ethanol -production strategies identified by the methods disclosed herein such
asthe OptKnock framework are generally ranked on the basis of their (i) theoretical yields,
and (ii) growth-coupled ethanol formation characteristics. Accordingly, the invention aso
provides anon-naturally occurring microbial organism having a set of metabolic

modifications coupling ethanol production to growth of the organism.

[00176] Each of the strains can be supplemented with additional deletions ifitis
determined that the strain designs do not sufficiently increase the production of ethanol

and/or couple the formation of the product with biomass formation. Alternatively, some
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other enzymes or proteins not known to possess significant activity under the growth
conditions can become active due to adaptive evolution or random mutagenesis. Such
activities can also be knocked out. However, the list of gene deletion sets disclosed herein
allows the construction of strains exhibiting high-yield production of ethanol, including

growth-coupled production of ethanol.

[00177]  The non-naturally occurring microbial organisms provided herein can be produced
by introducing expressible nucleic acids encoding one or more of xylose transporters,
enzymes or proteins of the xylose metabolic pathway, and/or enzymes or proteins of in one or
more ethanol biosynthetic pathways. Depending on the host microbial organism chosen for
biosynthesis, nucleic acids for some or all of a particular xylose-ethano; biosynthetic pathway
can be expressed. For example, if achosen host isdeficient in one or more enzymes or
proteins for adesired biosynthetic pathway, then expressible nucleic acids for the deficient
enzyme(s) or protein(s) are introduced into the host for subsequent exogenous expression.
Alternatively, if the chosen host exhibits endogenous expression of some pathway genes, but
is deficient in others, then an encoding nucleic acid isneeded for the deficient enzyme(s) or
protein(s) to achieve ethanol biosynthesis. Thus, anon-naturally occurring microbial
organism provided herein can be produced by introducing exogenous enzyme or protein
activities to obtain a desired biosynthetic pathway or a desired biosynthetic pathway can be
obtained by introducing one or more exogenous enzyme or protein activities that, together

with one or more endogenous enzymes or proteins, produces ethanol from xylose.

[00178] A relatively small number of wild type microorganisms can ferment D-xylose.
These microorganisms are generally not suitable for large-scale fermentation. This
unfavorability can arise, for example, asaresult of unfamiliarity with the microorganisms,
difficulty obtaining the microorganisms, poor productivity and/or growth on pretreated
lignocellulosics or unsatisfactory yield when grown on mixed sugars derived from biomass.
(C. Abbas, "Lignocellulosics to ethanol: meeting ethanol demand in the future,” The Alcohol
Textbook, 4thEdition. (K. A. Jacques, T.P.Lyons and D.R.Kelsal, eds). Nottingham
University Press, Nottingham, UK, 2003, pp. 41-57.; C. Abbas, "Emerging biorefineries and
biotechnological applications of nonconventional yeast: now and in the future,” The Alcohol
Textbook, 4thEdition. (K. A. Jacques, T.P.Lyons and D.R.Kelsal, eds). Nottingham
University Press, Nottingham, United Kingdom, 2003, pp. 171-191).
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[00179] Host microbial organisms can be selected from, and the non-naturally occurring
microbial organisms generated in, for example, bacteria, yeast, fungus or any of avariety of
other microorganisms applicable or suitable to fermentation processes. Similarly, exemplary
species of yeast or fungi species include any species selected from the order
Saccharomycetales, family Saccaromycetaceae, including the genera Saccharomyces,
Debaryomyces, Candida, Kluyveromyces and Pichia; the order Saccharomycetales, family
Dipodascaceae, including the genus Yarrowia; the order Schizosaccharomycetales, family
Schizosaccaromycetaceae, including the genus Schizosaccharomyces; the order Eurotiales,
family Trichocomaceae, including the genus Aspergillus; and the order Mucorales, family
Mucoraceae, including the genus Rhizopus. Non-limiting species of host yeast or fungi
include 5. cerevisiae, C. albicans, C. tropicalis, D. hansenii, S. pombe, K. lactis, K.
marxianus, A. terreus, A. niger, C. reinhardtii, P.pastoris, R. arrhizus, R. oryzae, T. reesei,

Y. lipolytica, and the like.

[00180] The xylose transporters described herein can also be expressed in yeast host cells
from genera including Saccharomyces, Pichia, and Kluveromyces. In one embodiment, the
yeast host isS. cerevisiae. Yeast vectors can contain an origin of replication sequence from a
2uyeast plasmid for high copy vectors and a CEN sequence for alow copy number vector.
Other sequences on ayeast vector can include an autonomously replicating sequence (ARS),
apromoter region, sequences for polyadenylation, sequences for transcription termination,
and a selectable marker gene. In some embodiments, vectors are replicable in both yeast and
bacteria such asE. coli (termed shuttle vectors). In addition to the above-mentioned features
of yeast vectors, a shuttle vector also includes sequences for replication and selection in

bacteria such asE. coli.

[00181] Exemplary bacteria include any species selected from the order Enter obacteriales,
family Enterobacteriaceae, including the genera Escherichia and Klebsiella; the order
Aeromonadales, family Succinivibrionaceae, including the genus Anaerobiospirillum; the
order Pasteurellales, family Pasteur ellaceae, including the genera Actinobacillus and
Mannheimia; the order Rhizobiales, family Bradyrhizobiaceae, including the genus
Rhizobium; the order Bacillales, family Bacillaceae, including the genus Bacillus; the order
Actinomycetales, families Corynebacteriaceae and Streptomycetaceae, including the genus
Corynebacterium and the genus Streptomyces, respectively; order Rhodospirillales, family

Acetobacteraceae, including the genus Gluconobacter; the order Sphingomonadales, family
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Sphingomonadaceae, including the genus Zymomonas; the order Lactobacillales, families
Lactobacillaceae and Streptococcaceae, including the genus Lactobacillus and the genus
Lactococcus, respectively; the order Clostridials, family Clostridiaceae, genus Clostridium;
and the order Pseudomonadales, family Pseudomonadaceae, including the genus
Pseudomonas . Non-limiting species of host bacteria include E. coli, K. oxytoca, A.
succiniciproducens, A. succinogenes, M. succiniciproducens, R. etli, B. subtilis, C.
glutamicum, G. oxydans, Z. mobilis, L. lactis, L. plantarum, S. coelicolor, C. acetobutylicum,

P.fluorescens, and P. putida.

[00182] Expression vectors for use in prokaryotic hosts generally comprise one or more
phenotypic selectable marker genes. Such genes encode, for example, aprotein that confers
antibiotic resistance or that supplies an auxotrophic requirement. A wide variety of such
vectors are readily available from commercia sources. Examples include pSPORT vectors,
pGEM vectors (Promega, Madison, Wis.), pPROEX vectors (LTI, Bethesda, Md.), Bluescript
vectors (Stratagene), and pQE vectors (Qiagen).

[00183] Insect host cell culture systems can also be used for the expression of the xylose
transporters described herein. The target xylose transporters can be expressed using a
baculovirus expression system, as described, for example, in the review by Luckow and
Summers, 1988.

[00184] 5. cerevisiae isaparticularly useful host organism since it isawell characterized
microbial organism suitable for genetic engineering. Other particularly useful host organisms

include bacteria such asE. coli.

[00185] Depending on the xylose-ethanol biosynthetic pathway constituents of a selected
host microbial organism, the non-naturally occurring microbial organisms provided herein
can include at least one exogenously expressed xylose-ethanol pathway-encoding nucleic
acid and up to al encoding nucleic acids for one or more xylose-ethanol biosynthetic
pathways. For example, ethanol biosynthesis can be established in ahost deficient in a
pathway enzyme or protein through exogenous expression of the corresponding encoding
nucleic acid. In ahost deficient in al enzymes or proteins of axylose-ethanol pathway,
exogenous expression of al enzyme or proteins in the pathway can beincluded, athough itis
understood that all enzymes or proteins of a pathway can be expressed even if the host

contains at least one of the pathway enzymes or proteins. For example, exogenous
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expression of all enzymes or proteins in apathway for production of ethanol from xylose can

be included in ahost microbia organism.

[00186] Given the teachings and guidance provided herein, those skilled in the art will
understand that the number of encoding nucleic acidsto introduce in an expressible form
will, at least, parallel the xylose-ethanol pathway deficiencies of the selected host microbial
organism. Therefore, anon-naturally occurring microbial organism of the invention can have
one, two, three, four, five, six, seven, eight, nine, ten, to all nucleic acids encoding the
enzymes or proteins constituting axylose-ethanol biosynthetic pathway disclosed herein. In
some embodiments, the non-naturally occurring microbial organisms also can include other
genetic modifications that facilitate or optimize ethanol biosynthesis or that confer other

useful functions onto the host microbial organism.

[00187] Generally, ahost microbial organism is selected such that it produces the
precursor of axylose-ethanol pathway, either as a naturally produced molecule or asan
engineered product that either provides de novo production of a desired precursor or
increased production of aprecursor naturally produced by the host microbial organism. For

example, ethanol isproduced naturally in ahost organism such asP. stipitis.

[00188] In some embodiments, anon-naturally occurring microbial organism provided
herein is generated from a host that contains the enzymatic capability to synthesize ethanol.
Inthis specific embodiment, it can be useful to increase the xylose update or xyloe
metabolism to drive xylose-ethanol pathway reactions toward ethanol production. Increased
synthesis or accumulation can be accomplished by, for example, overexpression of nucleic
acids encoding one or more of the above-described xylose transporters or xylose-ethanol
pathway enzymes or proteins. Overexpression of the transporter(s), enzyme(s) or protein(s)
can occur, for example, through exogenous expression of the endogenous gene or genes, or
through exogenous expression of the heterologous gene or genes. Therefore, naturally
occurring organisms can be readily generated to be non-naturally occurring microbial
organisms provided herein, for example, producing ethanol, through overexpression of one,
two, three, four, five, or up to al nucleic acids encoding the xylose-ethanol biosynthetic
pathway enzymes or proteins. In addition, a non-naturally occurring organism can be
generated by mutagenesis of an endogenous gene that results in an increase in activity of an

enzyme or protein in the xylose-ethanol biosynthetic pathway.
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[00189] Inparticularly useful embodiments, exogenous expression of the encoding nucleic
acids isemployed. Exogenous expression confers the ability to custom tailor the expression
and/or regulatory elements to the host and application to achieve a desired expression level
that is controlled by the user. However, endogenous expression also can beutilized in other
embodiments such as by removing a negative regulatory effector or induction of the gene's
promoter when linked to an inducible promoter or other regulatory element. Thus, an
endogenous gene having anaturally occurring inducible promoter can be up-regulated by
providing the appropriate inducing agent, or the regulatory region of an endogenous gene can
be engineered to incorporate an inducible regulatory element, thereby allowing the regulation
of increased expression of an endogenous gene a adesired time. Similarly, an inducible
promoter can beincluded as aregulatory element for an exogenous gene introduced into a

non-naturally occurring microbial organism.

[00190] Itisunderstood that, in methods provided herein, any of the one or more
exogenous nucleic acids can be introduced into amicrobial organism to produce anon-
naturally occurring microbial organism as described herein. The nucleic acids can be
introduced so asto confer, for example, axylose-ethanol biosynthetic pathway into the
microbial organism. Alternatively, encoding nucleic acids can be introduced to produce an
intermediate microbial organism having the biosynthetic capability to catalyze some of the
required reactions to confer biosynthetic capability. For example, anon-naturally occurring
microbial organism having axylose-ethanol biosynthetic pathway can comprise at least two
exogenous nucleic acids encoding desired enzymes or proteins, such asthe combination of a
xylose transporter and axylose reductase, and the like. Thus, it isunderstood that any
combination of two or more enzymes or proteins of abiosynthetic pathway can be included
in anon-naturally occurring microbial organism provided herein. Similarly, it isunderstood
that any combination of three or more enzymes or proteins of abiosynthetic pathway can be
included in anon-naturally occurring microbial organism of the invention, for example, a
xylose transporter, axylose reductase, and axylose dehydrogenase and so forth, as desired,
so long asthe combination of enzymes and/or proteins of the desired biosynthetic pathway
results in production of the corresponding desired product. Similarly, any combination of
four, five, six or more enzymes or proteins of abiosynthetic pathway as disclosed herein can
be included in anon-naturally occurring microbial organism provided herein, as desired, so
long asthe combination of enzymes and/or proteins of the desired biosynthetic pathway
results in production of the corresponding desired product.
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[00191] Similarly, it isunderstood by those skilled in the art that ahost organism can be
selected based on desired characteristics for introduction of one or more gene disruptions to
increase production of ethanol. Thus, it isunderstood that, if agenetic modification isto be
introduced into ahost organism to disrupt agene, any homologs, orthologs or paralogs that
catalyze similar, yet non-identical metabolic reactions can similarly be disrupted to ensure
that adesired metabolic reaction is sufficiently disrupted. Because certain differences exist
among metabolic networks between different organisms, those skilled in the art will
understand that the actual genes disrupted in agiven organism may differ between organisms.
However, given the teachings and guidance provided herein, those skilled in the art also will
understand that the methods of the invention can be applied to any suitable host
microorganism to identify the cognate metabolic alterations needed to construct an organism
in a species of interest that will increase ethanol biosynthesis. In aparticular embodiment,
the increased production couples biosynthesis of ethanol to growth of the organism, and can
obligatorily couple production of ethanol to growth of the organism if desired and as

disclosed herein.

[00192] Modification of nucleic acids encoding xylose transporters and enzymes or
proteins of the xylose metabolic pathway described herein to facilitate insertion into a
particular vector (for example, by modifying restriction sites), ease of use in aparticular
expression system or host (for example, using preferred host codons), and the like, are known
and are contemplated for use. Genetic engineering methods for the production of xylose
transporters and enzymes or proteins of the xylose metabolic pathway include the expression
of the polynucleotide molecules in cell free expression systems, in host cells, in tissues, and

in anima models, according to known methods.

[00193] Methods for constructing and testing the expression of a desired enzyme and/or
protein in anon-naturally occurring host can be performed, for example, by recombinant and
detection methods well known inthe art. Such methods can be found described in, for
example, Sambrook et a., Molecular Cloning: A Laboratory Manual, Third Ed., Cold Spring
Harbor Laboratory, New York (2001); and Ausubel et a., Current Protocols in Molecular
Biology, John Wiley and Sons, Baltimore, MD (1999).

[00194] Exogenous nucleic acid can beintroduced stably or transiently into a host cell
using techniques well known in the art including, but not limited to, conjugation,

electroporation, chemical transformation, transduction, transfection, and ultrasound
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transformation. For exogenous expression in E. co\i or other prokaryotic cells, some nucleic
acid sequences in the genes or cODNAS of eukaryotic nucleic acids can encode targeting
signals such as an N-terminal mitochondrial or other targeting signal, which can be removed
before transformation into prokaryotic host cells, if desired. For example, removal of a
mitochondrial leader sequence led to increased expression in E. coli (Hoffmeister et al., J.
Biol. Chem. 280:4329-4338 (2005)). For exogenous expression inyeast or other eukaryotic
cells, genes can be expressed in the cytosol without the addition of leader sequence, or can be
targeted to mitochondrion or other organelles, or targeted for secretion, by the addition of a
suitable targeting sequence such as amitochondrial targeting or secretion signal suitable for
the host cells. Thus, it isunderstood that appropriate modifications to anucleic acid
sequence to remove or include atargeting sequence can be incorporated into an exogenous
nucleic acid sequence to impart desirable properties. Furthermore, genes can be subjected to
codon optimization with techniques well known in the art to achieve optimized expression of
the proteins. Available tools for codon optimization include "UpGene," described in Gao et
al., Biotechnology progress 20.2 (2004): 443-448; "Codon optimizer," described in Fuglsang,
Protein expression andpurification 312 (2003): 247-249. Asaperson of ordinary skill
would understand, it would have been aroutine practice to use these or any other available
tools in the art to codon optimize the specific nucleic acid sequences described herein to

express the corresponding gene in a specific host strain.

[00195] An expression vector or vectors can be constructed to include one or more nucleic
acids encoding xylose transporters and/or and enzymes or proteins of the xylose metabolic
pathway operably linked to expression control sequences functional in the host organism.
Expression vectors applicable for use in the microbial host organisms of the invention
include, for example, plasmids, phage vectors, vira vectors, episomes and artificial
chromosomes, including vectors and selection sequences or markers operable for stable
integration into a host chromosome. Additionally, the expression vectors can include one or
more selectable marker genes and appropriate expression control sequences. Selectable
marker genes also can be included that, for example, provide resistance to antibiotics or
toxins, complement auxotrophic deficiencies, or supply critical nutrients not in the culture
media. Expression control sequences can include constitutive and inducible promoters,
transcription enhancers, transcription terminators, and the like which are well known in the
art. When two or more exogenous encoding nucleic acids are to be co-expressed, both

nucleic acids can beinserted, for example, into a single expression vector or in separate
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expression vectors. For single vector expression, the encoding nucleic acids can be
operationally linked to one common expression control sequence or linked to different
expression control sequences, such as one inducible promoter and one constitutive promoter.
The transformation of exogenous nucleic acid sequences involved in ametabolic or synthetic
pathway can be confirmed using methods well known in the art.  Such methods include, for
example, nucleic acid analysis such asNorthern blots or polymerase chain reaction (PCR)
amplification of mRNA, or immunoblotting for expression of gene products, or other suitable
analytical methods to test the expression of an introduced nucleic acid sequence or its
corresponding gene product. It isunderstood by those skilled in the art that the exogenous
nucleic acid is expressed in a sufficient amount to confer or enhance xylose uptake or
metabolism, and it isfurther understood that expression levels can be optimized to obtain

sufficient expression using methods well known in the art and as disclosed herein.

[00196] Provided herein are also reagents, compositions, and methods that are useful for
analysis of xylose transporter activity and for assessing the amount and rate of xylose

transport. Provided herein are also reagents, compositions, and methods that are useful for
analysis of the activity of enzyme(s) of xylose metabolic pathway and for assessing activity

of xylose metabolism.

[00197] The polypeptide of xylose transporters or enzymes or proteins of the xylose
metabolic pathways of the present disclosure, inwhole or in part, can be used to raise
polyclonal and monoclonal antibodies that are useful in purifying the desired enzyme or
protein, or detecting their expression, aswell as areagent tool for characterizing their
molecular actions. Preferably, a peptide containing aunique epitope of the target protein is
used in preparation of antibodies, using conventional techniques. Methods for the selection of
peptide epitopes and production of antibodies are known. See, for example, Antibodies: A
Laboratory Manual, Harlow and Land (eds.), 1988 Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, N.Y.; Monoclonal Antibodies, Hybridomas: A New Dimension in
Biologica Analyses, Kennet et al. (eds.), 1980 Plenum Press, New Y ork.

[00198]  The non-naturally occurring microbia organisms provided herein have axylose-
ethanol pathway and enhanced xylose uptake or metabolism by expressing xylose transporter

or enzymes or proteins of the xylose metabolic pathways described herein.
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[00199] Given the teachings and guidance provided herein, those skilled in the art will
understand that awide variety of combinations and permutations exist for the non-naturally
occurring microbial organisms and methods provided herein, together with other microbial
organisms, with the co-culture of other non-naturally occurring microbial organisms having
subpathways and with combinations of other chemical and/or biochemical procedures well

known in the art to produce a desired product.

[00200] Provided herein are aso methods to produce ethanol using the non-naturally
occurring microbial organisms described herein. Suitable purification and/or assays to test
for the production of ethanol can be performed using well known methods. Suitable
replicates such astriplicate cultures can be grown for each engineered strain to betested. For
example, product and byproduct formation in the engineered production host can be
monitored. The final product and intermediates, and other organic compounds, can be
analyzed by methods such as FIPLC (High Performance Liquid Chromatography), GC-MS
(Gas Chromatography-Mass Spectroscopy) and LC-MS (Liquid Chromatography-Mass
Spectroscopy) or other suitable analytical methods using routine procedures well known in
the art. The release of product in the fermentation broth can also betested with the culture
supernatant. Byproducts and residual glucose can be quantified by FIPLC using, for example,
arefractive index detector for glucose and alcohols, and aUV detector for organic acids (Lin
et a., Biotechnol. Bioeng. 90:775-779 (2005)), or other suitable assay and detection methods
well known inthe art. Theindividual enzyme or protein activities from the exogenous DNA

sequences can also be assayed using methods well known in the art.

[00201] The ethanol can be separated from other components in the culture using avariety
of methods well known in the art. Such separation methods include, for example, extraction
procedures aswell as methods that include continuous liquid-liquid extraction, pervaporation,
membrane filtration, membrane separation, reverse osmosis, electrodialysis, distillation,
crystallization, centrifugation, extractive filtration, ion exchange chromatography, size
exclusion chromatography, adsorption chromatography, ultrafiltration, activated charcoal
adsorption, pH adjustment and precipitation, or a combination of one or more methods

enumerated above. All of the above methods are well known in the art.

[00202] Provided herein are non-naturally occurring microbial organism having axylose-
ethanol pathway and at least one exogenous nucleic acid encoding an enzyme or protein

expressed in a sufficient amount to enhance xylose uptake or metabolism, which produces
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ethanol from xylose when cultured in medium having xylose. Accordingly, in some
embodiments, provided herein anon-naturally occurring microbial organism that produces at
least 0.1g/L/h of ethanol from xylose when cultured. Also provided herein isanon-naturally
occurring microbial organism that converts at least 0.1% (w/v) xylose to ethanol when
cultured.

[00203] Ascan beunderstood by aperson skilled in the art, the amount of ethanol from
xylose produced by the non-naturally occurring microbial organism provided herein can vary
depending on the culturing conditions. Accordingly, in some embodiments, the rate of
ethanol production by the non-naturally occurring microbial organism provided herein is at
least 0.2 g/L/h of ethanol from xylose. The rate of ethanol production can be at least 0.25
g/L/h of ethanol from xylose. The rate of ethanol production can be at least 0.3 g/L/h of
ethanol from xylose. The rate of ethanol production can be at least 0.35 g/L/h of ethanol
from xylose. The rate of ethanol production can be at least 0.4 g/L/h of ethanol from xylose.
The rate of ethanol production can be at least 0.45 g/L/h of ethanol from xylose. The rate of
ethanol production can be at least 0.50 g/L/h of ethanol from xylose. The rate of ethanol
production can be at least 0.55 g/L/h of ethanol from xylose. The rate of ethanol production
can be at least 0.60 g/L/h of ethanol from xylose. The rate of ethanol production can be at
least 0.65 g/L/h of ethanol from xylose. The rate of ethanol production can be at least 0.70
g/L/h of ethanol from xylose. The rate of ethanol production can be at least 0.75 g/L/h of
ethanol from xylose. The rate of ethanol production can be at least 0.80 g/L/h of ethanol
from xylose. The rate of ethanol production can be at least 0.85 g/L/h of ethanol from xylose.
The rate of ethanol production can be at least 0.90 g/L/h of ethanol from xylose. The rate of
ethanol production can be at least 0.95 g/L/h of ethanol from xylose. The rate of ethanol
production can be at least 1.00 g/L/h of ethanol from xylose. The rate of ethanol production
can be at least 1.10 g/L/h of ethanol from xylose. The rate of ethanol production can be at
least 1.20 g/L/h of ethanol from xylose. The rate of ethanol production can be at least 1.30
g/L/h of ethanol from xylose. The rate of ethanol production can be at least 1.40 g/L/h of
ethanol from xylose. The rate of ethanol production can be at least 1.50 g/L/h of ethanol
from xylose. The rate of ethanol production can beat least 1.60 g/L/h of ethanol from xylose.
The rate of ethanol production can beat least 1.70 g/L/h of ethanol from xylose. The rate of
ethanol production can be at least 1.80 g/L/h of ethanol from xylose. The rate of ethanol
production can be at least 1.90 g/L/h of ethanol from xylose. The rate of ethanol production
can be at least 2.00 g/L/h of ethanol from xylose. The rate of ethanol production can be at

121



10

15

20

25

30

WO 2018/112638 PCT/CA2017/051561

least 2.50 g/L/h of ethanol from xylose. The rate of ethanol production can be at least 3.00
g/L/h of ethanol from xylose. The rate of ethanol production can be at least 3.50 g/L/h of
ethanol from xylose. The rate of ethanol production can be at least 4.00 g/L/h of ethanol
from xylose. The rate of ethanol production can be at least 5.00 g/L/h of ethanol from xylose.
The rate of ethanol production can be at least 6.00 g/L/h of ethanol from xylose. The rate of
ethanol production can be at least 7.00 g/L/h of ethanol from xylose. The rate of ethanol
production can be at least 8.00 g/L/h of ethanol from xylose. The rate of ethanol production
can be at least 9.00 g/L/h of ethanol from xylose. The rate of ethanol production can be or at
least 10.00 g/L/h of ethanol from xylose.

[00204]  In some embodiments, the conversion efficiency of the non-naturally occurring
microbial organism provided herein to convert xylose to ethanol isat least O.Olg ethanol/g
xylose. The conversion efficiency can be at least 0.02g ethanol/g xylose. The conversion
efficiency can be a least 0.03g ethanol/g xylose. The conversion efficiency can be at least
0.04g ethanol/g xylose. The conversion efficiency can be at least 0.05g ethanol/g xylose.
The conversion efficiency can be at least 0.06g ethanol/g xylose. The conversion efficiency
can be at least 0.07g ethanol/g xylose. The conversion efficiency can be at least 0.08g
ethanol/g xylose. The conversion efficiency can be at least 0.099g ethanol/g xylose. The
conversion efficiency can be at least O.Ig ethanol/g xylose. The conversion efficiency can be
a least 0.15g ethanol/g xylose. The conversion efficiency can be at least 0.2g ethanol/g
xylose. The conversion efficiency can be at least 0.25g ethanol/g xylose. The conversion
efficiency can be a least 0.3g ethanol/g xylose. The conversion efficiency can be at least
0.35g ethanol/g xylose. The conversion efficiency can be at least 0.4g ethanol/g xylose. The
conversion efficiency can be at least 0.45g ethanol/g xylose. The conversion efficiency can

be at least 0.5g ethanol/g xylose. The conversion efficiency can be 0.51g ethanol/g xylose.

[00205]  In some embodiments, the yield of the non-naturally occurring microbial

organism provided herein produce ethanol from xylose isat least 0.1% (w/v). Theyield can
be at least 0.29%> (w/v). Theyield can be at least 0.3%> (w/v). Theyield can be at least 0.4%>
(w/v). Theyield can be at least 0.5% (w/v). Theyield can be at least 0.6%> (w/v). Theyield
can be at least 0.7%> (w/v). Theyield can be at least 0.8%> (w/v). Theyield can be at least 0.9%>
(w/v). Theyield can beat least 1.0% (w/v). Theyield can be at least 15%> (w/v). Theyield
can be at least 2.0%> (w/v). Theyield can be at least 2.5%> (w/v). Theyield can be at least 3.5%>
(w/v). Theyield can be at least 4.0%> (w/v). Theyield can be a least 45%> (w/v). Theyield
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can be at least 5.0% (w/v). Theyield can be at least 6.0%> (w/v). The yield can be at least 7.0%
(w/v). Theyield can be at least 8.0% (w/v). Theyield can be at least 9.0% (w/v). The yield
can be at least 10.0%> (w/v). The yield can be at least 11.0% (w/v). The yield can be at least
12.0% (w/v). The yield can be at least 13.0% (w/v). The yield can be at least 14.0% (w/v).
The yield can be at least 15.0% (w/v).

[00206]  Culturing conditions that can yield the rate of ethanol from xylose described

herein include conditions that vary the amount of aeration of the medium, the temperature of
the medium, the amount of time the culture isgrown for and the composition of the medium.
In some embodiments, the culturing of the non-naturally occurring microbial organism
provided herein occurs under aerobic conditions. In some embodiments, the culturing of the
non-naturally occurring microbial organism provided herein occures under substantially
anaerobic conditions. In some embodiments, the temperature of the medium ranges from
20°C to 38°C, or dternatively 26°C to 35°C, or dternatively 28°C to 32°C, or dternatively at
about 30°C. In some embodiments, the culture isgrown for 1day. In some embodiment, the
culture isgrown for 2 days. In some embodiments, the culture isgrown for 3 days. In some
embodiments, the culture isgrown for 4 days. In some embodiments, the culture isgrown for
5 days. In some embodiments, the culture isgrown for 6 days. In some embodiments, the
culture isgrown for 7 or more days. The composition of the medium can be any medium
well known in the art for culturing the non-naturally occurring microbial organism provided
herein. Exemplary medium includes, but isnot limited to, yeast extract peptone (YEP)
medium or yeast nitrogen base (YNB) medium. Additionaly, the carbon source inthe
medium used by the isolated Metschnikowia species can include xylose asthe only carbon
source, aswell asxylose in combination with other carbon sources described herein. The
amount of the carbon source in the medium can range from 1% to 20% (e.g., 1% to 20%
xylose), or aternatively 2% to 14% (e.g., 2% to 14% xylose), or aternatively 4% to 10%
(e.g., 4% to 10% xylose). In some embodiments, the amount of the carbon sourse is4% (e.g.,

4% xylose).

[00207]  Any of the non-naturally occurring microbial organisms described herein can be
cultured to produce and/or secrete ethanol. For example, the microbial organisms provided
herein can be cultured for the biosynthetic production ethanol. Accordingly, in some
embodiments, provided herein are culture media containing ethanol or an intermediate of the

xylose-ethanol pathway, such asaxylitol. In some aspects, the culture medium can aso be
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separated from the non-naturally occurring microbial organisms that produced ethanol or an
intermediate of the xylose-ethanol pathway. Methods for separating amicrobia organism
from culture medium are well known in the art. Exemplary methods include filtration,

flocculation, precipitation, centrifugation, sedimentation, and the like.

[00208]  For the production of ethanol, the microbial organisms provided herein are
cultured in amedium with carbon source and other essential nutrients. In some
embodiments, the microbial organisms provided herein are cultured in an aerobic culture
medium. In some embodiments, the microbial organisms provided herein are cultured in a
substantially anaerobic culture medium. Asdescribed herein, one exemplary growth
condition for achieving biosynthesis of ethanol includes anaerobic culture or fermentation
conditions. In certain embodiments, the non-naturally occurring microbial organisms
provided herein can be sustained, cultured or fermented under anaerobic or substantially
anaerobic conditions. Briefly, an anaerobic condition refers to an environment devoid of
oxygen. Substantially anaerobic conditions include, for example, a culture, batch
fermentation or continuous fermentation such that the dissolved oxygen concentration in the
medium remains between 0 and 10% of saturation. Substantially anaerobic conditions also
includes growing or resting cellsin liquid medium or on solid agar inside a sealed chamber
maintained with an atmosphere of less than 1% oxygen. The percent of oxygen can be
maintained by, for example, sparging the culture with an N2/CO2 mixture or other suitable

NoON-0Xygen gas or gases.

[00209] It issometimes desirable and can be highly desirable to maintain anaerobic
conditions in the fermenter to reduce the cost of the overall process. Such conditions can be
obtained, for example, by first sparging the medium with nitrogen and then sealing the flasks
with a septum and crimp-cap. For strains where growth is not observed anaerobically,
microaerobic or substantially anaerobic conditions can be applied by perforating the septum
with asmall hole for limited aeration. Exemplary anaerobic conditions have been described
previously and are well-known in the art. Exemplary aerobic and anaerobic conditions are
described, for example, in United States publication 2009/0047719, filed August 10, 2007.
Fermentations can be performed in abatch, fed-batch or continuous manner, as disclosed
herein. Fermentations can also be conducted in two phases, if desired. The first phase can be
aerobic to allow for high growth and therefore high productivity, followed by an anaerobic

phase of high yields.
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[00210]  If desired, the pH of the medium can be maintained a a desired pH, in particular
neutral pH, such asapH of around 7 by addition of abase, such asNaOH or other bases, or
acid, asneeded to maintain the culture medium at a desirable pH. The growth rate can be
determined by measuring optical density using a spectrophotometer (600 nm), and the

glucose uptake rate by monitoring carbon source depletion over time.

[00211]  The culture medium for the microbial organisms provided herein can include
xylose, either asthe sole source of carbon or in combination with one or more co-substrates
described herein or known in the art. The culture medium can further include other
supplements, such asyeast extract, and/or peptone. The culture medium can further include,
for example, any other carbohydrate source which can supply a source of carbon to the non-
naturally occurring microorganism. Such sources include, for example: other sugars such as
cellobiose, hemicelluloses, glucose, arabinose, galactose, mannose, fructose, sucrose and
starch; or glycerol. Thus, the culture medium can include xylose and the co-substrate
glucose. The culture medium can include xylose and the co-substrate cellobiose. The culture
medium can include xylose and the co-substrate hemicellulose. The culture medium can
include xylose and the co-substrate galactose. The culture medium can include xylose and

the co-substrate glycerol.

[00212]  The culture medium can have 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%, 11%,
12%, 13%, 14%, 15%, 16%, 17%, 18%, 19%, 20%, or higher amount of sugar (w/v). In
some embodiments, the culture medium can have 2% sugar. In some embodiments, the
culture medium can have 4% sugar. In some embodiments, the culture medium can have
10% sugar. In some embodiments, the culture medium can have 1%, 2%, 3%, 4%, 5%, 6%,
7%, 8%, 9%, 10%, 11%, 12%, 13%, 14%, 15%, 16%, 17%, 18%, 19%, 20%, or higher
amount of xylose (w/v). The culture medium can have 1% xylose. The culture medium can
have 2% xylose. The culture medium can have 3% xylose. The culture medium can have
4% xylose. The culture medium can have 5% xylose. The culture medium can have 6%
xylose. The culture medium can have 7% xylose. The culture medium can have 8% xylose.
The culture medium can have 9% xylose. The culture medium can have 10% xylose. The
culture medium can have 11% xylose. The culture medium can have 12% xylose. The culture
medium can have 12% xylose. The culture medium can have 13% xylose. The culture
medium can have 14% xylose. The culture medium can have 15% xylose. The culture

medium can have 16% xylose. The culture medium can have 17% xylose. The culture
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medium can have 18% xylose. The culture medium can have 19% xylose. The culture

medium can have 20% xylose.

[00213] In some embodiments, xylose isnot the only carbon source. For example, in
some embodiments, the medium includes xylose and a C3 carbon source, a C4 carbon source,
a C5 carbon source, a C6 carbon source, or acombination thereof. Accordingly, in some
embodiments, the medium includes xylose and a C3 carbon source (e.g., glycerol). In some
embodiments, the medium includes xylose and a C4 carbon source (e.g., erythrose or threose).
In some embodiments, the medium includes xylose and a C5 carbon source (e.g., arabinose,
arabitol, ribose or lyxose). In some embodiments, the medium includes xylose and a C6
carbon source (e.g., glucose, galactose, mannose, allose, altrose, gulose, and idose).
Alternatively or additionally, in some embodiments, the medium includes xylose, cellobiose,
galactose, glucose, arabitol, sorbitol, glycerol, or acombination thereof. In a specific
embodiment, the medium includes xylose and glucose. The amount of the two or more
carbon sources in the medium can range independently from 1% to 20% (e.g., 1% to 20%
xylose and 1% to 20% glucose), or aternatively 2% to 14% (e.g., 2% to 14% xylose and 2%
to 14% glucose), or alternatively 4% to 10% (e.g., 4% to 10% xylose and 4% to 10%). Ina

specific embodiment, the amount of each of the carbon sourses is 2% (e.g., 2% xylose and 2%

glucose)

[00214] The culture medium can be a C5-rich medium, with afive carbon sugar (such as
xylose) asthe primary carbon source. The culture medium can also have a C6 sugar (Six-
carbon sugar). In some embodiments, the culture medium can have a C6 sugar asthe primary
carbon source. In some embodiments, the C6 sugar isglucose. The culture can have both a
C6 sugar and a C5 sugar asthe carbon source can have the C6 sugar and the C5 sugar present
a different ratios. In some embodiment, the ratio of the amount of C6 sugar to that of the C5
sugar (the C6: C5 ratio) inthe culture medium isbetween about 10:1 and about 1:10. For
example, the C6: C5ratio in the culture medium can be about 10:1, 9:1, 8.1, 7:1, 6:1, 5:1, 31,
21, 1:1, 1:2, 1:3, 1:4, 1.5, 1:6, 1:7, 1:8, 1:9 or 1:10. In some embodiments, the C6: C5 ratio
in the culture medium is about 3:1. In some embodiments, the C6: C5ratio in the culture
medium isabout 1:1. In some embodiments, the C6: C5ratio in the culture medium is about
1:5. In some embodiments, the C6: C5 ratio in the culture medium isabout 1:10. The C5
sugar can be xylose, and the C6 sugar can be glucose. In some embodiment, the ratio of the

amount of glucose to that of xylose (the glucose: xylose ratio) in the culture medium is
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between about 10:1 and about 1:10. For example, the glucose: xylose ratio in the culture
medium can be about 10:1, 9:1, 81, 7:1, 6:1, 5:1, 3:1, 2:1, 1.1, 1:2, 1:3, 1:4, 1.5, 1.6, 1:7, 1.8,
1:9 or 1:10. In some embodiments, the glucose: xylose ratio in the culture medium is about
3:1. In some embodiments, the glucose: xylose ratio in the culture medium isabout 1:1. In
some embodiments, the glucose: xylose ratio in the culture medium isabout 1:5. In some

embodiments, the glucose: xylose ratio in the culture medium isabout 1:10.

[00215]  Other sources of carbohydrate include, for example, renewable feedstocks and
biomass. Exemplary types of biomasses that can be used asfeedstocks in the methods of the
invention include cellulosic biomass, hemicellulosic biomass and lignin feedstocks or
portions of feedstocks. Such biomass feedstocks contain, for example, carbohydrate
substrates useful as carbon sources such asxylose, glucose, arabinose, galactose, mannose,
fructose and starch. Given the teachings and guidance provided herein, those skilled in the
art will understand that renewable feedstocks and biomass other than those exemplified above
also can beused for culturing the microbial organisms of the invention for the production of
ethanol.

[00216]  Accordingly, given the teachings and guidance provided herein, those skilled in
the art will understand that anon-naturally occurring microbial organism can be produced
that secretes ethanol or an intermediate of the xylose-ethanol pathway when grown on xylose
asacarbon source. All that isrequired isto engineer in one or more of the required enzyme
or protein activities to achieve biosynthesis of ethanol or an intermediate of the xylose-
ethanol pathway. Accordingly, provided herein isanon-naturally occurring microbial
organism that produces and/or secretes ethanol or an intermediate of the xylose-ethanol
pathway when grown on xylose alone or together with another carbohydrate or other carbon
source and produces and/or secretes ethanol or an intermediate of the xylose-ethanol

pathway.

[00217]  The non-naturally occurring microbial organisms provided herein are constructed
using methods well known in the art as exemplified herein to exogenously express at least
one nucleic acid encoding an enzyme or protein expressed in a sufficient amount to confer or
enhance xylose uptake or metabolism and increase the production of ethanol from xylose. It
isunderstood that the microbial organisms provided herein are cultured under conditions
sufficient to produce ethanol. Following the teachings and guidance provided herein, the

non-naturally occurring microbial organisms provided herein can achieve biosynthesis of
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ethanol resulting in intracellular concentrations between about 0.1-200 mM or more.
Generally, the intracellular concentration of ethanol between about 3-150 mM, particularly
between about 5-125 mM and more particularly between about 8-100 mM, including about
10 mM, 20 mM, 50 mM, 80 mM, or more. Intracellular concentrations between and above
each of these exemplary ranges also can be achieved from the non-naturally occurring

microbial organisms provided herein.

[00218]  In some embodiments, culture conditions include anaerobic or substantially
anaerobic growth or maintenance conditions. Exemplary anaerobic conditions have been
described previoudy and are well known in the art. Exemplary anaerobic conditions for
fermentation processes are described herein and are described, for example, in U.S.
publication 2009/0047719. Any of these conditions can be employed with the non-naturally
occurring microbial organisms aswell as other anaerobic conditions well known in the art.
Under such anaerobic or substantially anaerobic conditions, the producer strains can
synthesize the desired product at intracellular concentrations of 5-10 mM or more aswell as
al other concentrations exemplified herein. It isunderstood that, even though the above
description refers to intracellular concentrations, the producing microbial organisms can
produce the desired product intracellularly and/or secrete the product into the culture

medium.

[00219] Exemplary fermentation processes include, but are not limited to, fed-batch
fermentation and batch separation; fed-batch fermentation and continuous separation; and
continuous fermentation and continuous separation. In an exemplary fed-batch fermentation
protocol, the production organism isgrown in a suitably sized bioreactor sparged with an
appropriate gas. Under anaerobic conditions, the culture is sparged with an inert gas or
combination of gases, for example, nitrogen, N2/CO2 mixture, argon, helium, and the like.
Asthe cells grow and utilize the carbon source, additional carbon source(s) and/or other
nutrients are fed into the bioreactor a arate approximately balancing consumption of the
carbon source and/or nutrients. The temperature of the bioreactor ismaintained at a desired
temperature, generally in the range of 22-37 degrees C, but the temperature can be
maintained at a higher or lower temperature depending on the growth characteristics of the
production organism and/or desired conditions for the fermentation process. Growth
continues for adesired period of time to achieve desired characteristics of the culture in the

fermenter, for example, cell density, product concentration, and the like. In afed-batch
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fermentation process, the time period for the fermentation isgenerally in the range of several
hours to several days, for example, 8to 24 hours, or 1, 2, 3, 4 or 5 days, or up to aweek,
depending on the desired culture conditions. The pH can be controlled or not, as desired, in
which case a culture in which pH isnot controlled will typically decrease to pH 3-6 by the
end of the run. In some embodiment, the initial pH can first decrease and then increase
during the cultivation period. In one embodiment, the initial pH of the medium isaround 6,
and during the cultivation period, the pH decreased first to 5.5 and later increased to around
6.5. Upon completion of the cultivation period, the fermenter contents can be passed through
acell separation unit, for example, a centrifuge, filtration unit, and the like, to remove cells
and cell debris. Inthe case where the desired product is expressed intracellularly, the cells
can belysed or disrupted enzymatically or chemically prior to or after separation of cells
from the fermentation broth, as desired, in order to release additional product. The
fermentation broth can betransferred to a product separations unit. Isolation of product
occurs by standard separations procedures employed in the art to separate a desired product
from dilute aqueous solutions. Such methods include, but are not limited to, liquid-liquid
extraction using awater immiscible organic solvent (e.g., toluene or other suitable solvents,
including but not limited to diethyl ether, ethyl acetate, tetrahydrofuran (THF), methylene
chloride, chloroform, benzene, pentane, hexane, heptane, petroleum ether, methyl tertiary
butyl ether (MTBE), dioxane, dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and
the like) to provide an organic solution of the product, if appropriate, standard distillation
methods, and the like, depending on the chemical characteristics of the product of the

fermentation process.

[00220]  Inan exemplary fully continuous fermentation protocol, the production organism
isgenerally first grown up in batch mode in order to achieve adesired cell density. When the
carbon source and/or other nutrients are exhausted, feed medium of the same composition is
supplied continuously a adesired rate, usually with relatively high sugar concentration, and
fermentation liquid iswithdrawn & the same rate. Under such conditions, the product
concentration in the bioreactor generally remains constant, aswell asthe cell density. The
temperature of the fermenter ismaintained a a desired temperature, asdiscussed above.
During the continuous fermentation phase, it isgenerally desirable to maintain a suitable pH
range for optimized production. The pH can be monitored and maintained using routine
methods, including the addition of suitable acids or bases to maintain a desired pH range.

The bioreactor isoperated continuously for extended periods of time, generally a least one

129



10

15

20

25

30

WO 2018/112638 PCT/CA2017/051561

week to several weeks and up to one month, or longer, as appropriate and desired. The
fermentation liquid and/or culture ismonitored periodically, including sampling up to every
day, as desired, to assure consistency of product concentration and/or cell density. In
continuous mode, fermenter contents are constantly removed as new feed medium is
supplied. The exit stream, containing cells, medium, and product, are generally subjected to
a continuous product separations procedure, with or without removing cells and cell debris,
asdesired. Continuous separations methods employed in the art can be used to separate the
product from dilute aqueous solutions, including but not limited to continuous liquid-liquid
extraction using awater immiscible organic solvent (e.g., toluene or other suitable solvents,
including but not limited to diethyl ether, ethyl acetate, tetrahydrofuran (THF), methylene
chloride, chloroform, benzene, pentane, hexane, heptane, petroleum ether, methyl tertiary
butyl ether (MTBE), dioxane, dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and
the like), standard continuous distillation methods, and the like, or other methods well known

in the art.

[00221] In addition to the culturing and fermentation conditions disclosed herein, growth
condition for achieving biosynthesis of ethanol can include the addition of an osmoprotectant
to the culturing conditions. In certain embodiments, the non-naturally occurring microbial
organisms provided herein can be sustained, cultured or fermented as described herein in the
presence of an osmoprotectant. Briefly, an osmoprotectant refers to a compound that acts as
an osmolyte and helps amicrobial organism as described herein survive osmotic stress.
Osmoprotectants include, but are not limited to, betaines, amino acids, and the sugar
trehalose. Non-limiting examples of such are glycine betaine, praline betaine, dimethylthetin,
dimethyldfonioproprionate, 3-dimethylsulfonio-2-methylproprionate, pipecolic acid,
dimethylsulfonioacetate, choline, L-carnitine and ectoine. In one aspect, the osmoprotectant
isglycine betaine. It isunderstood to one of ordinary skill inthe art that the amount and type
of osmoprotectant suitable for protecting amicrobial organism described herein from osmotic
stress will depend on the microbial organism used. The amount of osmoprotectant in the
culturing conditions can be, for example, no more than about 0.1 mM, no more than about
0.5mM, no more than about |.OmM, no more than about 1.5mM, no more than about 2.0mM,
no more than about 2.5mM, no more than about 3.0mM, no more than about 5.0mM, no more
than about 7.0mM, no more than about |OmM, no more than about 50mM, no more than
about 100OmM or no more than about 500mM.
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[00222]  The culture conditions can include, for example, liquid culture procedures aswell
asfermentation and other large scale culture procedures. Asdescribed herein, particularly
useful yields of the biosynthetic ethanol can be obtained under anaerobic or substantially

anaerobic culture conditions.

[00223] The culture conditions described herein can be scaled up and grown continuously
for manufacturing of adesired product. Exemplary growth procedures include, for example,
fed-batch fermentation and batch separation; fed-batch fermentation and continuous
separation, or continuous fermentation and continuous separation. All of these processes are
well known in the art. Fermentation procedures are particularly useful for the biosynthetic
production of commercial quantities of ethanol. Generally, and aswith non-continuous
culture procedures, the continuous and/or near-continuous production includes culturing the
microbial organisms provided herein in sufficient nutrients and medium to sustain and/or
nearly sustain growth in an exponential phase. Continuous culture under such conditions can
include, for example, growth or culturing for 1day, 2, 3, 4, 5, 6 or 7 days or more.
Additionally, continuous culture can include longer time periods of 1week, 2, 3,4 or 5or
more weeks and up to several months. Alternatively, organisms of the invention can be
cultured for hours, if suitable for a particular application. It isto be understood that the
continuous and/or near-continuous culture conditions also can include all time intervals in
between these exemplary periods. It isfurther understood that the time of culturing the
microbial organism provided herein isfor a sufficient period of time to produce a sufficient

amount of product for adesired purpose.

[00224] Fermentation procedures are well known in the art. Briefly, fermentation for the
biosynthetic production of adesired product can be utilized in, for example, fed-batch
fermentation and batch separation; fed-batch fermentation and continuous separation, or
continuous fermentation and continuous separation. Examples of batch and continuous

fermentation procedures are well known in the art.

[00225] In addition to the above fermentation procedures using producer strains provided
herein using continuous production of substantial quantities of ethanol, the bioderived ethanol
also can be, for example, ssimultaneously subjected to chemical synthesis and/or enzymatic
procedures to convert the ethanol to other compounds, or the bioderived ethanol can be
separated from the fermentation culture and sequentially subjected to chemical and/or

enzymatic conversion to convert ethanol to other compounds, if desired.
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[00226] To generate better producers, metabolic modeling can be utilized to optimize
growth conditions. Modeling can also be used to design gene knockouts that additionally
optimize utilization of the pathway (see, for example, U.S. patent publications US
2002/0012939, U S2003/0224363, U S 2004/0029149, U S2004/0072723, U S 2003/0059792,
U S2002/0168654 and U S 2004/0009466, and U.S. Patent No. 7,127,379). Modeling
analysis allows reliable predictions of the effects on cell growth of shifting the metabolism

towards more efficient production of a desired product.

[00227] Provided herein isaso bioderived ethanol produced using the non-naturally
occurring microbial organisms described herein. In some embodiments, the carbon feedstock
and other cellular uptake sources such as phosphate, anmonia, sulfate, chloride and other
halogens can be chosen to alter the isotopic distribution of the atoms present in ethanol or any
xylose-ethanol pathway intermediate product, such asxylitol. The various carbon feedstock
and other uptake sources enumerated above will be referred to herein, collectively, as"uptake
sources." Uptake sources can provide isotopic enrichment for any atom present in the
product ethanol or any xylose-ethanol pathway intermediate product, or for side products
generated in reactions diverging away from axylose-ethanol pathway. Isotopic enrichment
can be achieved for any target atom including, for example, carbon, hydrogen, oxygen,

nitrogen, sulfur, phosphorus, chloride or other halogens.

[00228] In some embodiments, the uptake sources can be selected to alter the carbon- 12,
carbon-13, and carbon-14 ratios. In some embodiments, the uptake sources can be selected to
alter the oxygen-16, oxygen-17, and oxygen-18 ratios. In some embodiments, the uptake
sources can be selected to ater the hydrogen, deuterium, and tritium ratios. In some
embodiments, the uptake sources can be selected to ater the nitrogen- 14 and nitrogen- 15
ratios. In some embodiments, the uptake sources can be selected to ater the sulfur-32, sulfur-
33, sulfur-34, and sulfur-35 ratios. In some embodiments, the uptake sources can be selected
to alter the phosphorus-3 1, phosphorus-32, and phosphorus-33 ratios. 1n some embodiments,
the uptake sources can be selected to alter the chlorine-35, chlorine-36, and chlorine-37

ratios.

[00229] In some embodiments, the isotopic ratio of atarget atom can be varied to a desired
ratio by selecting one or more uptake sources. An uptake source can be derived from a
natural source, asfound in nature, or from aman-made source, and one skilled in the art can

select anatural source, a man-made source, or a combination thereof, to achieve a desired
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isotopic ratio of atarget atom. An example of a man-made uptake source includes, for
example, an uptake source that isat least partialy derived from achemical, synthetic
reaction. Such isotopically enriched uptake sources can be purchased commercially or
prepared in the laboratory and/or optionally mixed with anatural source of the uptake source
to achieve adesired isotopic ratio. In some embodiments, atarget atom isotopic ratio of an
uptake source can be achieved by selecting adesired origin of the uptake source asfound in
nature. For example, as discussed herein, anatural source can be abiobased derived from or
synthesized by abiological organism or a source such as petroleum-based products or the
atmosphere. In some such embodiments, a source of carbon, for example, can be selected
from afossil fuel-derived carbon source, which can berelatively depleted of carbon- 14, or an
environmental or atmospheric carbon source, such as CO2, which can possess alarger amount

of carbon- 14 than its petroleum-derived counterpart.

[00230] Theunstable carbon isotope carbon-14 or radiocarbon makes up for roughly 1in
1012 carbon atoms in the earth's atmosphere and has a half-life of about 5700 years. The
stock of carbon isreplenished in the upper atmosphere by a nuclear reaction involving cosmic
rays and ordinary nitrogen (**N). Fossil fuels contain no carbon-14, asit decayed long ago.
Burning of fossil fuels lowers the atmospheric carbon-14 fraction, the so-called "Suess
effect”.

[00231] Methods of determining the isotopic ratios of atoms in a compound are well
known to those skilled in the art. Isotopic enrichment isreadily assessed by mass
spectrometry using techniques known in the art such as accelerated mass spectrometry
(AMS), Stable Isotope Ratio Mass Spectrometry (SIRMS) and Site-Specific Natural 1sotopic
Fractionation by Nuclear Magnetic Resonance (SNIF-NMR). Such mass spectral techniques
can be integrated with separation techniques such asliquid chromatography (LC), high
performance liquid chromatography (UPLC) and/or gas chromatography, and the like.

[00232] Inthe case of carbon, ASTM D6866 was developed in the United States asa
standardized analytical method for determining the biobased content of solid, liquid, and
gaseous samples using radiocarbon dating by the American Society for Testing and Materias
(ASTM) International. The standard isbased on the use of radiocarbon dating for the
determination of a product's biobased content. ASTM D6866 was first published in 2004, and
the current active version of the standard isASTM D6866-1 1 (effective April 1, 201 1).
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Radiocarbon dating techniques are well known to those skilled in the art, including those

described herein.

[00233] The biobased content of a compound isestimated by the ratio of carbon-14 (#“C)
to carbon-12 (*C). Specifically, the Fraction Modern (Fm) is computed from the expression:
Fm = (S-B)/(M-B), where B, Sand M represent the 4C/22C ratios of the blank, the sample
and the modern reference, respectively. Fraction Modern isameasurement of the deviation
of the “¥C/22C ratio of a sample from "Modern." Modern is defined as 95% of the radiocarbon
concentration (in AD 1950) of National Bureau of Standards (NBS) Oxalic Acid | (i.e.,
standard reference materials (SRM) 4990b) normalized to §*Cvepe=-19 per mil (Olsson, The
used Oxalic acid as a Standard. in, Radiocarbon Variations and Absolute Chronology ,
Nobel Symposium, 12th Proc, John Wiley & Sons, New York (1970)). Mass spectrometry

results, for example, measured by ASM, are calculated using the internationally agreed upon
definition of 0.95 times the specific activity of NBS Oxalic Acid | (SRM 4990b) normalized
t0 8'3Cvrpp=-19 per mil. Thisisequivalent to an absolute (AD 1950) 4C/2C ratio of 1.176 +
0.010 x 1022 (Karlen et a., Arkiv Geofysik, 4:465-471 (1968)). The standard calculations
take into account the differential uptake of one isotope with respect to another, for example,
the preferential uptake inbiological systems of *C over C over 14C, and these corrections

are reflected as aFm corrected for 3.

[00234] An oxalic acid standard (SRM 4990b or HOx 1) was made from a crop of 1955
sugar beet. Although there were 1000 Ibs made, this oxalic acid standard isno longer
commercialy available. The Oxalic Acid Il standard (HOx 2; N.I.S.T designation SRM 4990
C) was made from acrop of 1977 French beet molasses. In the early 1980's, agroup of 12
laboratories measured the ratios of the two standards. The ratio of the activity of Oxalic acid
I1to 1is 1.2933+0.001 (the weighted mean). The isotopic ratio of HOx 11 is-17.8 per mil.
ASTM D6866- 11 suggests use of the available Oxalic Acid Il standard SRM 4990 C (Hox2)
for the modern standard (see discussion of original vs. currently available oxalic acid
standards in Mann, Radiocarbon, 25(2):5 19-527 (1983)). A Fm = 0% represents the entire
lack of carbon-14 atoms in amaterial, thus indicating afossil (for example, petroleum based)
carbon source. A Fm = 100%, after correction for the post-1950 injection of carbon-14 into
the atmosphere from nuclear bomb testing, indicates an entirely modern carbon source. As

described herein, such a"modern" source includes biobased sources.
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[00235] Asdescribed in ASTM D6866, the percent modern carbon (pMC) can be greater
than 100% because of the continuing but diminishing effects of the 1950s nuclear testing
programs, which resulted in a considerable enrichment of carbon-14 in the atmosphere as
described in ASTM D6866-1 1. Because al sample carbon-14 activities are referenced to a
"pre-bomb" standard, and because nearly all new biobased products are produced in a post-
bomb environment, al pMC values (after correction for isotopic fraction) must be multiplied
by 0.95 (as of 2010) to better reflect the true biobased content of the sample. A biobased
content that isgreater than 103% suggests that either an analytical error has occurred, or that

the source of biobased carbon ismore than several years old.

[00236] ASTM D6866 quantifies the biobased content relative to the material's total
organic content and does not consider the inorganic carbon and other non-carbon containing
substances present. For example, aproduct that is 50% starch-based material and 50% water
would be considered to have a Biobased Content = 100% (50% organic content that is 100%
biobased) based on ASTM D6866. In another example, aproduct that is 50% starch-based
material, 25% petroleum-based, and 25% water would have a Biobased Content = 66.7%
(75% organic content but only 50% of the product isbiobased). In another example, a
product that is50% organic carbon and isa petroleum-based product would be considered to
have aBiobased Content = 0% (50% organic carbon but from fossil sources). Thus, based on
the well-known methods and standards for determining the biobased content of a compound
or material, one skilled in the art can readily determine the biobased content and/or prepared

downstream products that utilize of the invention having a desired biobased content.

[00237] Applications of carbon-14 dating techniques to quantify bio-based content of
materials are known in the art (Currie et a., Nuclear Instruments and Methods in Physics
Research B, 172:281-287 (2000)). For example, carbon-14 dating has been used to quantify
bio-based content in terephthalate-containing materials (Colonna et a., Green Chemistry,
13:2543-2548 (201 1)). Notably, polypropylene terephthalate (PPT) polymers derived from
renewable 1,3-propanediol and petroleum-derived terephthalic acid resulted in Fm values
near 30% (i.e., since 3/1 1 of the polymeric carbon derives from renewable 1,3-propanediol
and 8/1 1from the fossil end member terephthalic acid) (Currie et d., supra, 2000). In
contrast, polybutylene terephthalate polymer derived from both renewable 1,4-butanediol and
renewable terephthalic acid resulted in bio-based content exceeding 90% (Colonna et al.,
supra, 201 1).
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[00238]  Accordingly, in some embodiments, the present invention provides bioderived
ethanol or any xylose-ethanol pathway intermediate product that has a carbon- 12, carbon- 13,
and carbon-14 ratio that reflects an atmospheric carbon, aso referred to as environmental
carbon, uptake source. For example, in some aspects the bioderived ethanol or any xylose-
ethanol pathway intermediate product can have an Fm value of at least 10%, at least 15%, a
least 20%, at least 25%, at least 30%, at least 35%, at least 40%, at least 45%, at least 50%, at
least 55%, at least 60%, at least 65%, at least 70%, at least 75%, a |least 80%, at least 85%, at
least 90%, at least 95%, at least 98% or as much as 100%. In some such embodiments, the
uptake sourceisCO2. In some embodiments, the present invention provides bioderived
ethanol or any xylose-ethanol pathway intermediate product that has a carbon- 12, carbon- 13,
and carbon-14 ratio that reflects petroleum-based carbon uptake source. In this aspect, the
bioderived ethanol or any xylose-ethanol pathway intermediate product can have an Fm value
of less than 95%, less than 90%, less than 85%, less than 80%, less than 75%, less than 70%,
less than 65%, less than 60%, less than 55%, less than 50%, less than 45%, less than 40%,
less than 35%, less than 30%, less than 25%, less than 20%, less than 15%, less than 10%,
less than 5%, less than 2% or less than 1%. In some embodiments, the present invention
provides bioderived ethanol or any xylose-ethanol pathway intermediate product that has a
carbon-12, carbon-13, and carbon-14 ratio that is obtained by a combination of an
atmospheric carbon uptake source with a petroleum-based uptake source. Using such a
combination of uptake sources isone way by which the carbon-12, carbon-13, and carbon-14
ratio can be varied, and the respective ratios would reflect the proportions of the uptake

SOurces.

[00239]  Further, the present invention relates to the bioderived ethanol or any xylose-
ethanol pathway intermediate product as disclosed herein, and to the products derived
therefrom, wherein the ethanol or any xylose-ethanol pathway intermediate product has a
carbon-12, carbon-13, and carbon-14 isotope ratio of about the same value asthe CO2 that
occurs in the environment. For example, in some aspects the invention provides bioderived
ethanol or any xylose-ethanol pathway intermediate product having a carbon-12 versus
carbon-13 versus carbon-14 isotope ratio of about the same value asthe CO2 that occurs in
the environment, or any of the other ratios disclosed herein. It isunderstood, as disclosed
herein, that a product can have a carbon-12 versus carbon-13 versus carbon-14 isotope ratio
of about the same value asthe CO2 that occurs in the environment, or any of the ratios

disclosed herein, wherein the product is generated from bioderived ethanol or any xylose-
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ethanol pathway intermediate product as disclosed herein, wherein the bioderived product is
chemically modified to generate afinal product. Methods of chemically modifying a
bioderived product of ethanol or an intermediate product of the xylose-ethanol pathway, to
generate adesired product are well known to those skilled in the art, as described herein. The
invention further provides biobased products having a carbon- 12 versus carbon- 13 versus
carbon-14 isotope ratio of about the same value asthe CO , that occurs in the environment,
wherein the biobased products are generated directly from or in combination with bioderived

ethanol or any xylose-ethanol pathway intermediate product as disclosed herein.

[00240] Provided herein are also compositions having the bioderived ethanol or an
intermediate of the xylose-ethanol pathway produced by the microbial organisms described
herein, and an additional component. The additional component can be a cellular portion, for
example, atrace amount of acellular portion of the culture medium, or can be fermentation
broth or culture medium or apurified or partialy purified fraction thereof produced in the
presence of, anon-naturally occurring microbial organism provided herein. The additional
component can bethe microbial organisms described herein used to produce ethanol or an
intermediate of the xylose-ethanol pathway. The additional component can bethe cell lysate
of the microbial organism provided herein. The composition can have, for example, a
reduced level of abyproduct when produced by the microbial organism disclosed herein.

The additional component can be abyproduct, or an impurity, such as glycerol, acetate,
glyceraldehyde, acetaldehyde, or a combination thereof. The byproduct can be glycerol. The
byproduct can be acetaldehyde. The byproduct can be glyceraldehyde. The byproduct can be
acetaldehyde. The impurity can be glycerol. The impurity can be acetate. The impurity can
be glyceraldehyde. The impurity can be acetaldehyde.

[00241]  Provided herein are also biobased products having bioderived ethanol or an
intermediate of the xylose-ethanol pathway produced by anon-naturally occurring
microorganism described herein or produced using amethod described herein. Such
manufacturing can include chemically reacting the bioderived compound (e.g. chemical
conversion, chemical functionalization, chemical coupling, oxidation, reduction,
polymerization, copolymerization and the like) into the final product. In some embodiments,
provided herein are biobased products having at least 2%, at least 3%, at least 5%, at least
10%, at least 15%, at least 20%, at least 25%, at least 30%, at least 35%, at least 40%, at |east
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50%, at least 60%, at least 70%, at least 80%, at least 90%, at least 95%, at least 98% or

100% bioderived ethanol asdisclosed herein.

[00242] Itisunderstood that modifications which do not substantially affect the activity of
the various embodiments of this invention are also provided within the definition of the
invention provided herein. Accordingly, the following examples are intended to illustrate but
not limit the present invention. Throughout this application various publications have been
referenced. The disclosures of these publications in their entireties, including GenBank and
Gl number publications, are hereby incorporated by reference in this application in order to

more fully describe the state of the art to which this invention pertains.

EXAMPLE |

Engineering S. cerevisaewith Enhanced Xylose Uptake

[00243] 5. cerevisiae does not have the functional machinery to efficiently utilize xylose
asthe carbon source. 5. cerevisiae has afully annotated genome, complete transcriptomic
data and hundreds of tools developed for genetic and biochemical manipulation. The xylose
transporters from the H OMetschnikowia species were introduced to 5. cerevisiaeto increase
xylose uptake and to synthesize bioderived product from renewable biomass. 5. cerevisiae
BY 4742 was used asthe genetic platform to heterologously over-express xylose transporter

from the H OMetschnikowia species.

[00244] The following xylose transporters from the H OMetschnikowia species were
cloned XYT1, GXFI, AGXF1 (encoding variant of GXF| with shorter N-terminus),
GXSVHGT12, AGXSI/HGT12 (encoding variant 0iGXS/HGT12 with shorter N-terminus),
and HXT5, and codon optimized for expression in5. cerevisiae. Asshown inFIG.3, the
expression of XYT1 in Saccharomyces, the xylose transferred in 48 hours from the medium
increased from about 10% in BY 4742 to about 74% in BY 4742 expressing Xytlp.

[00245] GXFl, 4GXFl, GXSUHGT12, AGXSI/HGT12 and HXT5 from H OMetschnikowia
species were synthesized and transformed into BY 4742 for xylose transport testing by HPLC.
Following the design iotXYTI, each of GXFI, AGXF1, GXSI/HGT12, AGXSI/HGT12 and
HXT5 was expressed from the TEF promoter and TEF terminator derived from the plasmid
pUG6. All open reading frames (ORFs) were selected for with nourseothricin.
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[00246] DuetoH o CTG codon usage, al ORFs corresponding to H O transporters were
synthesized by ThermoFisher as double stranded "gene strings." H otransporter ORFs were
trandated with codon trandation table provided above. The resulting amino acid sequence
was converted back to DNA. The resulting DNA was entered into the ThermoFisher
genestrings web interface. The web interface modified the nucleotide sequence such that the
amino acid remained as desired but the nucleotides would be atered such to achieve nearly
balanced ratio of adenine-thymidine to guanine-cytosine. The synthetic XYT1 ORF
contained approximately 25 bp of homology with the TEF promoter at the 5' terminus and
TEF terminator at the 3' terminus on pUGH6 in order to facilitate Gibson assembly,
respectively. The ORF was Gibson assembled into the pUGB, linearized with Y10, Y10R
primers, deleting the G418 resistance ORF. Using primers Y15 and Y 15R, HOADH1
promoter-NAT- H oOPGKI terminator was amplified from pZL29 and assembled into the TEF
promoter-XYT1-TEF terminator plasmid. The complete plasmid containing XYTI is
designated DeBONO_E35.3. E35.3 was used as base vector clone al of GXFI, AGXF1,
GXSI/HGT12, AGXSI/HGT12, HXTS, HGT19. The DeBONO E35.3 vector was amplified
with Y53 and Y53R primers to linearize the vector and simultaneously, omitting XYTI,
creating fragment Y53. Each of the synthesized, codon optimized transporters were
assembled listed was cloned into fY53 by Gibson assembly. The cassettes expressing
transporters and NAT resistance were linearized by PCR with primers Y16, Y 16R or Y 96i
and Y95Ri for integration into dubious ORFs at loci YIL100W and YLR123C. The
linearized transporters were integrated into said dubious loci using standard Saccharomyces
electroporation or chemical transformation methods.

[00247)  Transgenic yeasts were recovered with 100 ug/mL NAT in solid YPD medium.
GXF2/GAL2 was synthesized as described above. GXF2/GAL2 was cloned into a G418
resistance vector with general structure: CCW12 promoter - GXF2/GAL2 - HOoDIT1
terminator. The promoter-terminator sequences were amplified from vector DeBONO_E54.
This vector was linearized with primers Y83 and Y83R toyield fY83. The GXF2/GAL2
genestring was Gibson assembled into fY83. The transporter cassette was linearized by PCR
with primers Y91+Y 93R for integration into the dubious ORF at locus YLR122C. The
linearized cassette was transformed as described above and GXF2/GAL?2 transgenics were
selected with 200 ug/mL of G418.

[00248] Relevant primer sequences used in this example are provided below.
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SEQ ID NO: Primer Sequences

38 Primer GAAAAAACTGGTACCGTTTAATCAGTACTGACA
Y10 ATAAAAAGATTCTTGT

39 Primer | TAATTTCTCTTCGTATCCCATGGTTGTTTATGTTC
Y10R GGATGTGATGTGAG

40 Primer | ACGCCGCCATCCAGTGTCGAAAACGAGCTTTGT
Y15 CTTGTAAAGAGTCTTCGGTCATTTTTA

41 Primer GCGGCCGCATAGGCCACTAGTGGATCTGATCAA
Y 15R TACATACAAGCATCTCACAATCACAAG

42 Primer | TTTTTCACCCACAACAAATAATATCAAAAGATG
Y33 GGTTACGAGGAAAAGCTTGTAGCGCCC

43 Primer [ ACGAGAACACCCAGCTAAACGCGGTGCGCGTTA
Y33R GACCGTGCCCGTCTTCTCGTCTGAAGA

44 Primer CAGAGCAGATTGTACTGAGAGTGCACCAGGCGC
Y41 GCCCCATCCAGTGTCGAACCATCATTAAAAGAT

45 Primer CTCCTTACGCATCTGTGCGGTATTTCACACCGCA
Y41R CTAGACAATACATACAAGCATCTCACAATCACA

A

46 Primer | TCAGTACTGACAATAAAAAGATTCTTGTTTTCAA
Y53 GAAC

47 Primer CTCACATCACATCCGAACATAAACAACC
Y53R

48 Primer | TATCCCGTCACTTCCACATTCG
Y83

49 Primer | TATTGATATAGTGTTTAAGCGAATGACAGAAG
Y83R

50 Primer | ATAGAAAGCAAATAGTTATATAATTTTTCATGG
Y 96i ACGTAGGTCTAGAGATCTGTTTAGCTTGC

51 Primer | AATGCAAAAGCGGCTCCTAAACAGAAATTCTTC
Y 95RIi AGTCAATACATACAAGCATCTCACAATCACAAG

52 Primer | TCGTCTATATCAAAACTGCATGTTTCTCTACGTC
Y93Ri TAATTAAGGGTTCTCGAGAGCTCG

53 Primer | ACTTCAATAGACTTCAATAGAAAGCAAATAGTT

ATATGCCCTGAGGATGTATCTGG
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YOli

EXAMPLE Il

Engineering S. cerevisiae with Enhanced Xylose M etabolism

[00249] A showninFIG. 2, The xylose metabolism pathway including Xyllp, Xyl2p and
Xkslp converts xylose for use by the pentose metabolism pathway. Briefly, Xyllp converts
xylose to xylitol; Xyl2p converts the latter to xylulose; and Xkslp converts xylulose to
xylulose-5-phosphate. This process allows xylose direct entry into the pentose phosphate
pathway and eventually the tricarboxylic acid cycle. Each of the H 0 gene products

synthesized for 5. cerevisiae: Xyllp, Xyl2p, Xkslp.

[00250] Each of the xylose metabolism genes were cloned from the H OMetschnikowia
species. Similar to the transporters described above, each gene was synthesized with 5.
cerevisiae codon optimization. TheH oXYL1, XYL2 and XKS1 ORFs were expressed in 5.
cerevisiae from the promoters of SCTDH3, ScCCPS, and AQTEF2, respectively.

EXAMPLE 111

Engineering S. cerevisiaewith Further Enhanced Xylose M etabolism

[00251] The5. cerevisiae pentose metabolism primarily functions to supply reducing
energy and riboses for nucleotide synthesis. Deletion of phosphatase gene PHO13 can
induce upregulation of xylose metabolism genes derepression of transaldolase (TALI).
CRISPR-Cas9 was used to delete the PHO13 gene (Xu et a., 2016). CCW12 promoter was
also introduced to express SCTALI to further enhance the xylose metabolism in the phol 3
deletion mutant.

EXAMPLE IV
Engineering S. cerevisiae with Reduced Ethanol M etabolism

[00252] Additional metabolic modulations can further improve ethanol production in 5.
cerevisiae. For example, as shownin FIG. 3, genes encoding enzymes or proteins of the
ethanol metabolism pathway that catalyze the conversion of ethanol to other products can be
attenuated or deleted, such as genes encoding Adh2p, Ald2p, or Acslp. Briefly, Adh2p
converts ethanol to acetaldehyde, Ald2p converts acetaldehyde to acetate, and Acslp
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converts acetate to acetyl-CoA. The attenuation or deletion of one or more of these genes can
increase the yield of ethanol.
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CLAIMS
We clam:

1. A non-naturally occurring microbial organism comprising axylose-ethanol pathway
and at least one exogenous nucleic acid encoding an enzyme or protein expressed in a
sufficient amount to confer or enhance xylose uptake or metabolism, wherein said enzyme or
protein has an amino acid sequence that is at least 89% identical to aMetschnikowia enzyme
or protein selected from the group consisting of axylose transporter, axylose reductase, a
xylose dehydrogenase and a xylulokinase.

2. The non-naturally occurring microbial organism of claim 1, comprising & least two
exogenous nucleic acids encoding two enzymes or proteins selected from the group
consisting of axylose transporter, axylose reductase, axylose dehydrogenase and a
xylulokinase.

3. The non-naturally occurring microbial organism of claim 1, comprising at least three
exogenous nucleic acids encoding three enzymes or proteins selected from the group
consisting of axylose transporter, axylose reductase, axylose dehydrogenase and a
xylulokinase.

4. The non-naturally occurring microbial organism of claim 1, comprising four
exogenous nucleic acids encoding a xylose transporter, axylose reductase, axylose

dehydrogenase and axylulokinase.

5. The non-naturally occurring microbial organism of any one of claim 1to 4, wherein
said enzyme or protein has an amino acid sequence that is at least 89% identical with a
Metschnikowia xylose transporter selected from the group consisting of Xytlp, Gxflp,
AGxflp, Gxf2p/Gal2p, Gxsp/Hgtl2p, AGxslp/AHgti2p, Hxt5p, Hxt2.6p, Qup2p, and
Apslp/Hgtl9p.

6. The non-naturally occurring microbial organism of claim 5, wherein said enzyme or
protein isa Metschnikowia xylose transporter selected from the group consisting of Xytlp,
Gxflp, AGxflp, Gxf2p/Gal2p, Gxslp/Hgtl2p, AGxslp/AHgt2p, Hxt5p, Hxt2.6p, Qup2p,
and Apslp/Hgtl9p.

7. The non-naturally occurring microbial organism of claim 6, wherein said xylose

transporter is Xyt 1p.
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8. The non-naturally occurring microbial organism of claim 6, wherein said xylose

transporter is Gxflp.

9. The non-naturally occurring microbial organism of claim 6, wherein said xylose

transporter is Apslp/Hgtl9p.

10. The non-naturally occurring microbial organism of any one of claims 1to 9, wherein
said xylose reductase is Xyllp, said xylose dehydrogenase isXyl2p, and said xylulokinase is
Xkslp.

11. The non-naturally occurring microbial organism of any one of claims 1to 10, wherein

said Metschnikowia species isH OMetschnikowia species.

12. The non-naturally occurring microbial organism of any one of claims 1to 11, wherein
said exogenous nucleic acid is codon-optimized to produce said enzyme or protein in said

microbial organism.

13. The non-naturally occurring microbial organism of any one of claims 1to 12, further
comprising a least one exogenous nucleic acid encoding atransketolase, atransaldolase, or
both.

14. The non-naturally occurring microbial organism of clam 13, wherein said

transketolase is Tkllp and said transaldolase is Tallp.

15. The non-naturally occurring microbial organism of any one of claims 1to 14, wherein

said at least one exogenous nucleic acid is a heterologous nucleic acid.

16. The non-naturally occurring microbial organism of any one of claims 1to 15,

comprising an expression vector having said at least one exogenous nucleic acid.

17. The non-naturally occurring microbial organism of any one of claims 1to 15, wherein
said at least one exogenous nucleic acid isintegrated into the genome of said microbial

organism.

18. The non-naturally occurring microbial organism of any one of claims 1to 17, further
comprising one or more gene disruptions occurring in genes encoding an enzyme or protein

that reduces xylose metabolism or enhances ethanol metabolism.
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19. The non-naturally occurring microbial organism of claim 18, comprising a disruption

in the gene encoding phosphatase Phol 3p.

20. The non-naturally occurring microbial organism of claim 18, comprising one or more
gene disruptions occurring in genes encoding an enzyme or protein selected from the group
consisting of an ethanol dehydrogenase, an acetaldehyde dehydrogenase, and an acetate coA-

transferase.

21. The non-naturally occurring microbial organism of claim 20, comprising agene

disruption occurring in genes encoding an acetaldehyde dehydrogenase.

22. The non-naturally occurring microbial organism of claim 20 or 21, wherein said
ethanol dehydrogenase isAdh2p, said acetaldehyde dehydrogenase is Ald2p, and said acetate
coA-transferase isAcdlp.

23. The non-naturally occurring microbial organism of any one of claims 1to 22, wherein

said microbial organism isin a substantially anaerobic culture medium.

24. The non-naturally occurring microbial organism of any one of claims 1to 23, wherein

the microbial organism is a species of bacteria or yeast.

25. The non-naturally occurring microbial organism of claim 24, wherein the microbial
organism is a species of ayeast selected from the group consisting of Saccharomyces
cerevisiae, Schizosaccharomyces pombe, Candida albicans, Candida tropicalis,
Debaryomyces hansenii, Kluyveromyces lactis, Kluyveromyces marxianus, Aspergillus
terreus, Aspergillus niger, Chlamydomonas reinhardtii, Pichia pastoris, Rhizopus arrhizus,

Rhizobus oryzae, Trichoderma reesei, and Yarrowia lipolytica.

26. The non-naturally occurring microbial organism of claim 25, wherein the yeast is

Saccharomyces cerevisiae.

27. The non-naturally occurring microbial organism of claim 24, wherein the microbial
organism is a species of abacteria selected from the group consisting of Escherichia coli,
Klebsiella oxytoca, Anaerobiospirillum succiniciproducens, Actinobacillus succinogenes,
Mannheimia succiniciproducens, Rhizobium etli, Bacillus subtilis, Corynebacterium

glutamicum, Gluconobacter oxydans, Zymomonas mobilis, Lactococcus lactis, Lactobacillus
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plantarum, Streptomyces coelicolor, Clostridium acetobutylicum, Pseudomonasfluorescens,

and Pseudomonas putida.

28. A method for producing ethanol comprising culturing the microbial organism of any

one of claims 1to 27 under conditions and for a sufficient period of time to produce ethanol.

29. The method of claim 28, wherein the conditions comprise culturing the microbial
organism in medium comprising xylose and a co-substrate selected from the group consisting

of cellobiose, hemicellulose, glycerol, galactose, and glucose, or a combination thereof.
30. The method of claim 29, wherein the co-substrate isglucose.

31 Themethod of any one of claims 28 to 30, wherein the culturing comprises

substantially anaerobic culturing conditions.

32. The method of any one of claims 28 to 31, wherein the culturing comprises batch

cultivation, fed-batch cultivation or continuous cultivation.

33. The method of any one of claims 28 to 32, wherein the method further comprises

separating ethanol from other components in the culture.

34. The method of claim 33, wherein the separating comprises extraction, continuous
liquid-liquid extraction, pervaporation, membrane filtration, membrane separation, reverse
osmosis, electrodialysis, distillation, crystallization, centrifugation, extractive filtration, ion

exchange chromatography, absorption chromatography, or ultrafiltration.

35. The method of any one of claims 28 to 34 wherein the conversion efficiency of

ethanol from xylose is at least 0.25 g ethanol/g xylose.

36. The method of any one of claims 28 to 34 wherein ethanol isproduced at arate of at
least 0.5 g/L/h.

37. A bioderived ethanol produced by the method of any one of claims 28to 36.

38. The bioderived ethanol of claim 37 comprising glycerol, acetate, glyceraldehyde,

acetaldehyde or a combination thereof asimpurities.

39. A composition comprising the bioderived ethanol of claim 37 or 38.
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40. The composition of claim 39, wherein the composition is culture medium.

41.  The composition of claim 40, wherein the composition is culture medium from which

the microbia organism has been removed.
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Group 1- Claims 1, 12, 13, and 15-41 (al, partially) are directed to subject matter related to anon-naturally occurring microbial
organism comprising axylose-ethanol pathway and &t least one exogenous nucleic acid encoding an enzyme or protein selected from
the group consisting of a xylose transporter, axylose reductase, axylose dehydrogenase and a xylulokinase;

Group 2 - Claims 1, 2, 12, 13, and 15-41 (al, partialy) are directed to subject matter related to anon-naturally occurring microbial
organism comprising axylose-ethanol pathway and et least two enzymes or proteins selected from the group consisting of axylose
transporter, axylose reductase, axylose dehydrogenase and a xylulokinase;

Group 3 - Claims 1, 3, 12, 13, and 15-41 (al, partially) are directed to subject matter related to anon-naturally occurring microbial
organism comprising axylose-ethanol pathway and at least three exogenous nucleic acids encoding three enzymes or proteins selected
from the group consisting of axylose transporter, a xylose reductase, axylose dehydrogenase and a xylulokinase;

Group 4 - Claims 1, 4, 12, 13, and 15-41 (al, partially) are directed to subject matter related to anon-naturally occurring microbial
organism comprising axylose-ethanol pathway at from exogenous nucleic acids encoding a xylose transporter, axylose reductase, a
xylose dehydrogenase and a xylulokinase;

Group 5-Claims 1, 5, 6, and 11-41 (all, partially) and 7 (completely) are directed to subject matter related to anon-naturaly occurring
microbial organism comprising axylose-ethanol pathway and at least one exogenous nucleic acid encoding an enzyme or protein
selected from the group consisting of axylose transporter, axylose reductase, axylose dehydrogenase and axylulokinase, wherein said
enzyme or protein isxylose transporter Xytlp having the amino acid sequence in SEQ ID NO: 1;

Group 6- Clams 1, 5, 6, 11-41 (al, partialy) and 8 (completely) are directed to subject matter related to anon-naturally occurring
microbial organism comprising axylose-ethanol pathway and at least one exogenous nucleic acid encoding an enzyme or protein
selected from the group consisting of axylose transporter, axylose reductase, axylose dehydrogenase and axylulokinase, wherein said
enzyme or protein isaxylose transporter Gxflp having the amino acid sequence in SEQ ID NO: 2;

Group 7- Claims 1, 5, 6, and 11-41 (all, partialy) and 9 (completely) are directed to subject matter related to anon-naturally occurring
microbial organism comprising axylose-ethanol pathway and at least one exogenous nucleic acid encoding an enzyme or protein
selected from the group consisting of axylose transporter, axylose reductase, axylose dehydrogenase and axylulokinase, wherein said
enzyme or protein isaxylose transporter Apslp/Hgtl9p having the amino acid sequence in SEQ ID NO: 12;

Groups 8-14- Claims 1, 5, 6, and 11-41 (all, partially) are directed to subject matter related to anon-naturally occurring microbial
organism comprising axylose-ethanol pathway and &t least one exogenous nucleic acid encoding an enzyme or protein selected from
the group consisting of a xylose transporter, axylose reductase, axylose dehydrogenase and axylulokinase, wherein said enzyme or
protein isone xylose transporter selected from the group consisting of AGxflp having the amino acid sequence in SEQ ID NO: 3;
Gxf20/Gal2p having the amino acid sequence in SEQ ID NO: 4; Gxslp/Hgtl2p having the amino acid sequence in SEQ ID NO: 7;
AGxdp/AHgtl2p having the amino acid sequence in SEQ ID NO: 5; Hxt5p having the amino acid sequence in SEQ ID NO: 8; Hxt2.6p
having the amino acid sequence in SEQ ID NO: 10; and Qup2p having the amino acid sequence in SEQ ID NO: 11; and

Group 15- Claims 1-3 and 11-41 (all, partially) and 10 (completely) are directed to subject matter related to anon-naturally occurring
microbial organism comprising axylose-ethanol pathway and at least three exogenous nucleic acids encoding an enzyme or protein
selected from the group consisting of axylose reductase Xyllp having the amino acid sequence in SEQ ID NO: 28, axylose
dehydrogenase Xyl2p having the amino acid sequence in SEQ ID NO: 29 and axylulokinase having the amino acid sequence in SEQ
ID NO: 30.

Each enzyme or protein has adistinct chemical structure and therefore, isnot limited by the source "Metschnikowia". Further, xylose
transporter, xylose reductase, xylose dehydrogenase and xylulokinase are different enzymes or proteins having distinct biological
activities and chemical structures and therefore, which lack aunifying feature. Additionally, a non-naturally occurring microbial
organism comprising axylose-ethanol pathway and &t least one exogenous nucleic acid encoding an enzyme or protein selected from
the group consisting of a xylose transporter, axylose reductase, axylose dehydrogenase and axylulokinase isknown [see
GONCALVES, D.L., "Xylose and xylose/glucose co-fermentation by recombinant Saccharomyces cerevisiae strains expressing
individual hexose transporters’, Enzyme Microb. TechnoL, Vol. 63, Pages 13-20, 2014, ISSN: 0141-0229, which discloses a
recombinant Saccharomyces cerevisiae comprising axylose-ethanol pathway and expressing exogenous nucleic acids encoding xylose
reductase (XR), xylose dehydrogenase (XDH), xylulokinase (XKS), and one xylose transporter selected from the group consisting of
HXT1, HXT2, HXT5, and HXT7, or LEANDRO, M.J,, "Two glucose/xylose transporter genes from the yeast Candida intermedia:
first molecular characterization of ayeast xylose-H+* symporter”, Biochem. J., Vol. 395, Pages 543-549, 2006, ISSN: 0264-6021, which
discloses arecombinant Saccharomyces cerevisiae comprising a xylose-ethanol pathway and expressing exogenous nucleic acids
encoding xylose reductase (XR), xylose dehydrogenase (XDH), xylulokinase (XKS), and two xylose transporters derived from
Candida intermedia: Gxfl, aglucose/xylose facilitator, and Gxdl, ahigh affinity xylose-H+ symporter]. The groups of subject matter
have been established based on the non-naturally occurring microbial organism comprising the broadly claimed xylose transporter, XR,
XDH, and XKS and the non-naturally occurring microbial organism comprising specific embodiments of the xylose transporter, XR,
XDH, and XKS from "HO Metschnikowia species’, identified by SEQ ID NOs. in the present application.

The claims must be limited to one inventive concept as set out in PCT Rule 13.
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