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PENTOSE FERMENTATION BY A RECOMBINANT MICROORGANISM

CROSS-REFERENCES TO RELATED APPLICATIONS
{8881} This application claims the benchit of ULS. Provisional Application No. 61/728,39%, filed

November 20, 2012, the content of which is incorporated herein by reference in its entirety and for all

PUIPOSES.

REFERENCE TO A "SEQUENCE LISTING.” A TABLE, OR A COMPUTER PROGRAM
LISTING APPENDIX SUBMITTED AS AN ASCH FILE

{8802} The Sequence Listing written in file CX3-125W01_8T25.TXT, created on November 5,
2013, 70,459 bytes, machine format IBM-PC, MS Windows operating system, 1s hercby incorporated

by reference.

FIELD QF THE INVENTION

1880631 The present mvention provides methods and compositions suitable for use mthe
isomerization of xylose to xylulose, as well as methods and compositions suitable for use in the
conversion of xylose to xylitol and xvhilose, including nucleic acid constructs, recombinant fungal

host cells, and related materials,

BACKGROUND

{8004] Ethanol and cthanol fuel blends are widely used in Brazil and in the United States as a
transportation fuel. Combustion of these fuels is believed to produce fewer of the harmful exhaust
emissions (e.g., hydrocarbons, nifrogen oxide, and volatile organic compounds (VOCs)) that are
generated by the combustion of petroleum. Bioethanol is a particularly favored form of ethanol
ecause the plant biomass from which it is produced utilizes sunlight, an energy source that is
renewable. In the United States, cthano! is used in gasoline blends that are from 5% to 85% cthanol.
Blends of up to 10% cthanol (E10) are approved for use in all gasoline vehicles in the ULS. and blends
of up to 85% cthanol (EH85) can be utilized in specially engineered flexible-fucl vehicles (FFV). The
Brazilian government has mandated the use of ethanoi-gascling blends as a vehicle fuel, and the
mandatory blend has been 25% ethanol (E£25) since 2007.
1880651 Bioethanol is currently produced by the fermentation of hexose sugars that are obtained from
carbon feedstocks. Currently, only the sugar from sugar cane and starch from feedstock such as com
can be economically converted. There is, however, much interest in using lignocellulosic feedstocks
where the celiulose part of a plant is broken down to sugars and subsequently converted to ethanol
Lignocellulosic biemass is made up of cellulose, hemicelinloses, and lignin. Cellulose and

hemicelludose can be hydrolyzed in a saccharification process to sugars that can be subsequently
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converted to ethanol via formentation. The major fermentable sugars from lignocellidoses are glucose
and xylose. For cconomical ethanol vields, a strain that can cffectively convert all the major sugars

present in cellulosic feedstock would be highly desirable.

SUMMARY OF THE INVENTION

{8686] The present mvention provides methods and compositions suitable for use in the
isomerization of xylose to xylulose, as well as methods and compositions suttable for use n the
conversion of xylose to xylitol and xylulose, inchuding nucleic acid constructs, recombinant fungal
host cells, and related materials.

{88071 in some embodiments, the present invention provides recombinant fungal host cells
comprising at least one nucleic acid construct, wherein the nucleic acid construct comprises at least
one polynucleotide encoding a xylose isomerase, and/or at least one polynucleotide encoding a xylitol
dehydrogenase, and/or at least one polymicleotide encoding a xylulokinase.  In some additional
cembodiments, the recombinant fungal host cell comprises at least one nucleic acid construct, wherein
the nucleic acid counstruct comprises at least one pelyosucleotide encoding a xylose isomerase, at least
one polynucleotide encoding a xylitol dehydrogenase, and/or at least one polynucleotide encoding a
xylulokinase. In some additional embodiments, the recombinant fungal host cell comprises at least
one mucleic acid construct, whergin the nucleic acid construct comprises at least one polynucieotide
encoding @ xylose isomerase, at least one polynucleotide encoding a xylitel dehydrogenase, and at
least one polymucleotide enceding a xylulokinase. In some embodiments, the xylose isomerase,
xylitol dehydrogenase, and xyhilokinase are eukaryotic or prokaryotic enzymes. In some additional
cembodiments, the xylose isomerase, xylitol dehydrogenase, and xylulokinase are eukaryotic enzymes.
In some further erbodiments, the xylose isomerase, xylitel debydrogenase, and xylulokinase arc
fimgal enzymes. In some additional embodiments, the nucleic acid construct{s) further comprise(s) at
least one genetic element that facilitates stable integration into a fimgal host genome. In some
embodiments, the genctic element facilitates integration into a fungal host genome by homologous
recombination. In some additional embodiments, the genetic cloment comprises a prokaryotic or
eukaryotic onigin of replication and/or a centromeric mainienance sequence. In some embodiments,
the origin of replication and/or centromeric mainienance sequence is a fungal sequence. In some
additional embodiments, the fungal origin of replication is a yeast origin of replication. In yet some
additional embodiments, at least one of the polynucieotide sequences is operatively linkedto a
promoter sequence that is functional n a fungal cell. In some further embodiments, the promoter
sequence is 8 fungal promoter sequence. In some embodiments, the fingal promoter sequence is a
yeast promoter sequence. In some additional embodiments, the polynucleotide sequence is
operatively inked to & transcription termination sequence that is fimctional in a fungal cell. Tn some
more embodiments, the polynuclectide sequence contains codons optimized for expression in a yeast

cell. In some further embodiments, at least one polynucleotide is integrated into the host cell genome.



WO 2014/081605 PCT/US2013/070009
3

In yet some additional embodiments, the host cell has had one or more native genes deleted from its
genome. [n some embodiments, the delction of the one or more native gene results in one or more
phenotypes selected from increased transport of xylose into the host cell, increased xvlulokinase
activity, increased xyhitol dehydrogenase activity, mcreased xylose isomerase activity, increased
xylose reductase activity, increased fhix through the pentose phosphate pathway, decreased
sensitivity fo catabolite repression, increased tolerance to ethanol, increased tolerance to acetaie,
increased tolerance to increased osmwolarity, mcreased tolerance to low pH, and reduced production of
by products, wherein comparison is made with respect to the corresponding host cell without the
deletion{s). In some further embodiments, the host cell is altered to overexpress one or more
polynucleotides. In some embodiments, the overexpression resulis in one or more phenotypes
selected from increased transport of xylose into the host cell, increased xylulokinase activity,
mereased xvlitol dehydrogenase activity, increased xylose isomerase activity, increased xylose
recductase activity, increased fhax through the pentose phosphate pathway, decreased sensitivity to
catabolite repression, increased tolerance to ethancl, increased tolerance to acetate, increased
tolerance 1o increased osmolarity, increased tolerance to low pH, and reduced product of by products,
wherein comparison is made to the corresponding unaltered host cell. In some additional
embodiments, the nucleic acid construct(s) comprise(s) at least one polynucleotide sequence encoding
at least one xylose isomerase, and/or at least one xylitol dehydrogenase, and/or at least one
xylulokinase, wherein the polynucleotide is selected from: () a polynucicotide that encodes a
polypeptide comprising an amino actd sequence having at least abowt 70%, at least about 71%, a
feast about 72%, at least about 73%, at least about 74%, at least about 75%, at least about 76%, at
tcast about 77%, at least about 78%, at least about 79%, at least about 8{19%, at least about 81%, at
fecast about 82%, at feast about 83%6, at least about 84%, at Icast about 85%, at lcast about 86%, at
feast about 8796, at feast about 88%6, at feast about 89%, at lcast about 90%, at lcast about 91%, at
feast about 92%, at least about 939, at least about 9496, at least about 95%, at least about 969, at
icast about 97%, at least about 98%, at least about 99%, or at least about100% idontity to SEQ D
NOZ, 8, 10,12, 14, 16, 18, 20, 22, and/or 24; a polypeptide comprising an amino acid sequence
having at least about 70%, at least about 71%, at least about 72%, at least about 73%, at least about
T4%, at lcast aboui 75%, at least about 76%, at least about 77%, at least about 78%, at least about
79%, at least about 80%, at least about 81%, at least about 829%, at least about 83%, at least about
849, at least about 859, at least about 86%, at feast about 879%, at least about BRY%, at least about
494, at least about 909, at least about 9196, at least about 92%, at least about 939%, at least about
94%, at least about 95%, at least about 96%, at least about 97%, at least about 98%, at least about
$9%, or at least about 100% identity to SEQ ID NG:4; and a polypeptide comprising an amino acid
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sequence having at least about 70%, at least about 71%, at least ahout 72%, at least about 73%, at
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icast about 749, at least about 78%, at least about 76%, at least about 77%, at least about 78%, a

icast about 799%, at least about B(%, at least about &1%, at least aboui 82%, at feast about 83%, at
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feast about 84%, at lcast about €5%, at least about 86%, at least about 8§7%, at least about 88%, at
icast about ¥9%, at lcast about 90%0, at lcast about 9196, at least about 929, at lcast about 93%, at
ieast about 94%, at least about 95%, at least about 96%, at least about 97%, at least about 98%, at
least about 99%, or at least about 100% identity to 3EQ ID NO:6; and (b) 2 polymucleotide that
hybridizes under stringent hybridization conditions to the complement of a polynuciootide that
encodes a polypeptide having the amino acid sequence of SEQ ID NO:Z, 4, 6, 8, 10, 12, 14, 16, 18,
20, 22, and/or 24. In some additional embodiments, the nucleic acid construct{s) comprisc(s) at least
one polynucleotide sequence encoding at least one xylose isomerase, at least one xylitol
debhydrogenase, and/or at least one xyhilokinase, wherein the polynucleotide is selected from: (a) a
polynucleotide that encodes a polypeptide comprising an anmino acid sequence having at least about
70%, at least about 719%, at least about 72%, at least about 73%, at least about 74%, at least about
75%, at least about 76%, at least about 77%, at least about 78%, at least about 79%, at least about
&%, at least about 81%, at least about 82%, at least about €3%, at least about 84%, at feast about
859, at least about 6%, at least about 7%, at least about 88%, at lcast about 89%, at least about
0%, at least about 91%, at least about 92%,, at least about 93%, at least about 2494, at least about
095946, at least about 96%, at least about 97%, at least about 98%;, at least about 9%, or at least
about100% identity to SEQ D NO:2, 8, 10, 12, 14, 16, 18, 20, 22, and/or 24; a polypeptide
comprising an amino acid sequence having at least about 70%, at least about 71%, at least about
72%, at lcast about 73%, at least about 74%, at loast about 75%, at least about 76%, at least about
7%, at least about 78%, at least about 79%, at least about 80%, at least about 81%, at least about
82%, at lcast about 83%, at least about 84%, at least about 85%, at least about 86%, at least about
87%, at least about 88%, at feast about §9Y%, at least about 90%, at least about 919, at least about
02945, at least about 93%, at least about 94%,, at least about 95%, at least about 2694, at least about
97%, at least about 98%, at least about 99%, or at least about 100% identity to SEQ 1D NO:4; and a
polypeptide comprising an amino acid sequence having at least about 70%, at least about 71%, at
icast about 72%, at lcast about 73%, af lcast about 74%, at lcast about 75%, at feast about 76%, at
icast about 77%, at lcast about 78%, at lcast about 79%, at least about 80%, at least about 81%, at
fcast about 829, at feast abowut 83%, at least about 84%, at least about 85%, at least abowut 8%, at
icast about 87%, at least about 88%, at least about 89%, at least about 90%, at least about $1%, at
fcast about 92%, at least about 93%, at least about 94%, at lcast about 95%, at least about 96%, at
least about 97%, at least about 98%, at least about 99%, or af least about 100% identity 1o SEQ 1D
NO:6; and (b) a polynuclectide that hybridizes under stringent hybridization conditions to the
complement of a polymiclectide that encodes a polypeptide having the amino acid sequence of SEQ
1B NG:2, 4, 6,8, 10, 12, 14, 16, 18, 20, 22, and/or 24, In some additional embodiments, the nucleic
acid construct(s) comprise(s) at least one poelynucleotide sequence encoding 4t least one xylose
isomerase, and at least one xyhitol dehydrogenase, and at least one xyhilokinase, wherein the

polynucleotide 1s selected from: {(a) a polynucieotide that encodes a polypeptide comprising an amino
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acid sequence having at least about 70%, at least about 71%, at least about 72%, at least about 73%,
at cast about 74%, at least about 75%, at least about 76%, at least about 77%, at least about 78%, at
icast about 79%, at lcast about 80%%, at least about 81%, at least about 82%;, at least about 83%, at
icast about 8494, at feast abowut 839%4, at feast about 86%6, at feast about 87%, at feast about 88%, at
icast about 89%, at least about 90%, at least about 91%, at least about 92%, at least about 93%, at
icast about 94%, at lcast about 95%, at least about 96%, at least about 97%, at least about 98%, at
least about 99%, or at least about100% identity to SEQ 1D NO:2, 8, 10, 12, 14, 16, 18, 20, 22, and/or
24; a polypeptide comprising an anino acid sequence having at least about 709, at least about 71%,
at least about 72%, at least about 73%, at feast about 74%, at least about 75%, at least about 76%, at
feast about 77%, at lcast about 78%, at least about 79Y%, at least about 80%, at least about 81%, at
icast about ¥29%, at least about 83%, at feast about 84%, at least about 85%, at least about 86%, at
icast about 879, at least about KR8%, at least about 89%, at least about 90%, at least about $1%, a
least about 92%, at least about 93%, at least about 94%, at least about 95%, at least about 96%, at
lcast about 97%, at least about 98%, at lcast about 99%, or at least about 100% identity 1o SEQ ID
NO:4; and a polypeptide comprising an amino acid sequence having at least about 70%, at least about
719, at teast abowut 729, at least about 73%, at least about 74%, at least about 75%, at least about
76%, at least about 77%, at least about 78%, at least about 79%, at least about 80%6, at least abowt
819%, at fcast about 82%, at lcast about 83%, at least about 8495, at least about 85%, at least about
R6%, at lcast about 879, at least about 88%, af least about §99%%, at least about 0%, at least about
1%, at least about 92%, at least about 93%, at lcast about 94%, at least about 95%, at least about
96%, at least about 97%, at least about 98%, at least about 99%, or at least about 100% identity to
SEQ ID NO:6; and (b} a polynucleotide that hybridizes under stringent hybridization conditions to the
complement of a polynucheotide that encodes a polypeptide having the amino acid sequence of SEQ
IDNG2,4,6,%, 10,12, 14, 16, 18, 20, 22, and/or 24. In some additional embodiments, the
recombinant fungal host cell comprises at least one nucleie acid construct, wherein the nucleic acid
construct comprises at least one polynucleotide encoding a xylosc isomerase, at least one
polyrucleotide encoding a xylitol dehydrogenase, and/or at least one polynucleotide encoding a
xylulokinase.  In some additional embodiments, the recombinant fimgal host cell comprises at least
one micleic acid construct, wherein the nucleic acid construct comprises at least one polynucleotids
encoding a xylosc isomerase, at least one polynucieotide encoding a xylitol dehydrogenase, and at
least one polyoucleotide encoding a xylulokinase.,  In some embodiments, the nucleic acid
construct{s) comprise(s) at least one polymicicotide sequence encoding at least one xylose isomerase,
and/or at least one xylitol dehydrogenase, and/or at least one xylulokinase, wherein the polynucleotide
is selected from: {a) a polyaucicotide that encodes a polypeptide comprising an amine acid sequence

o~

having at least 70%, lcast 71%, at least 72%, at least 73%, at least 74%, at least 75%, at least 76%, at

ieast 77%, at least 78%, at least 7996, at least 80%, at least §1%, at least §2%, at least R3%, at least

84%, at lcast 85%, at least 86%, at least 87%, at least 88%, at least 89%, at least 90%, at lcast 91%, at
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feast 92%, at least 93%, at least 94%, at least 85%, at loast 96%, at least 9796, at least 98%, at least
99%, or at least 100% identity 1o SEQ 1D NO:Z, 8, 10, 12, 14, 16, 18, 20, 22, and/or 24; a polypeptide
comprising an amino acid sequence baving at least 70%, at least 71%, at least 72%, at least 73%, at
feast 74%, at least 75%, at least 769, at least 77%, at east 78%, at least 79%, at least 80%, at least
81%, at lcast 82%, at least 83%, at least 84%, at least 85%, at lcast 86%, at least €7%, at lcast &&%, at
Icast 9%, at least 90%, at least 91%, at lcast 92%, at feast 93%, at least 94%, at least 959, at lcast
06%, at least 97%, at least 98%, at least 99%, or at least 100% identity to SEQ (D NO:4; a
polypeptide comprising an amino acid sequence having at least 70%, at least 719, at least 72%, at
feast 73%, at least 74%, at lcast 75%, at least 76%, at least 77%, at least 78%, at least 79%, at least
80%, at lcast 81%, at lcast 82%, at lcast 3%, at least 84%, at least §5%, at least 869, at least 87%, at
icast 88%, at loast B9, at least 90%, at least 91%, at least 92%, at least 93%, at lcast 94%, at least
05%, at least 96%, at least 97%, at least 98%, at least 99%, or at least 100% identity to 3EQ I3
NO:6; and (b) a polynucleotide that hybridizes under stringent hybridization conditions to the
complement of a polynucleotide that encodes a polypeptide having the amino acid sequence of SE(Q
IDNOG:2,4,6,8, 10,12, 14, 16, 18, 20, 22, and/or 24, In some embodiments, the nucleic acid
construct{s) comprise(s) at least one polymicicotide sequence encoding at least one xylose isomerase
at least one xylitol dehydrogenase, and/or at least one xylolokinase, wherein the polynuciectide is
selected from: (a) a polynucleotide that encodes a polypeptide comprising an amine acid sequence
having at least 70%, loast 71%, at least 72%, at least 73%, at least 74%, at loast 75%, at least 76%, at
ieast 77%, at least 78%, at least 79%, at least 8094, at least 81%, at least §2%, at lcast 83%, at least
84%, at fcast 85%, at least 86%, at least 87%, at least 88%, at feast 89%, at least 90%, at lcast 91%, at
Icast 92%, at lcast 939, at least 94%, at least 95%, at feast 96%, at least 97%, at lcast 98%, at least
G9%, or at least 100% identity to SEQ 1D NO:2, 8, 10, 12, 14, 14, 18, 20, 22, and/or 24; a pelypeptide
comprising an aminoe acid sequence having at least 70%, at least 71%, at least 72%, at least 73%, at
feast 74%, at least 75%, at least 76%, at least 77%, at lcast 78%, at least 79%¢, at least 30%, at least
81%, at lcast 82%, at lcast 83%, at lcast 4%, at least §5%, at lcast 86%, at least 87%, at least 88%, at
ieast 89%, at least 90%, at least 9196, at least 9294, at least 93%, at least 94%%, at least 95%, at least
06%, at least 7%, at least 98%, at least 99%, or at least 100% identity to SEQ ID NG:4; a
polypeptide comprising an amino acid sequence having at least 70%, at least 71%, at least 72%, at
Icast 73%, at lcast 749, at least 75%, at least 76%, at feast 77%, at least 78%, at lcast 79%, at lcast
80%, at least 8196, at lcast 82%, at lcast 83%, at icast 84%, at lcast 85%, af least 8694, at least 879, at
feast 88%, at least 89%, at least 90%, at least 91%, at loast 92%, at least 939, at least 949, at least
05%, at least 96%, at least 97%, at least 98%, at least 89%, or at least 100% identity o SEQ ID
NO:6; and (b} a polynucieotide that hybridizes under stringent hybridization conditions o the
complement of a polyrucleotide that encodes a polypeptide having the amino acid sequence of SEQ
IBNG:2, 4,6, 8, 10,12, 14, 16, 18, 20, 22, and/or 24. In some embodiments, the nucleic acid

construct{s) comprise(s) at least one polynucleotide sequence encoding at least one xylose isomerase,
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at least one xylitol dehydrogenase, and at least one xyhilokinase, wherein the polynucleotide is
selected from: (a) a polynucleotide that encodes a polypeptide comprising an amine acid sequence

"“L’

having at least 70%, lcast 71%, at least 72%, at least 73%, at least 74%, at loast 75%, at least 76%, at

ieast 77%, at least 78%, at least 79%, at least 8094, at least 81%, at least §2%, at lcast 83%, at least
84%, at lcast 85%, at least 86%, at least 87%, at least 88%, at least 89%, at least 90%, at least 91%, at
lcast 92%, at least 939, at least 94%, at least 95%, at feast 96%, at least 97%, at lcast 98%%, at least
G9%, or at least 100% identity to SEQ 1D NO:2, 8, 10, 12, 14, 14, 18, 20, 22, and/or 24; a pelypeptide
comprising an amino acid sequence having at least 70%, at least 71%, at least 72%, at least 73%, at
feast 74%, at least 75%, at least 76%, at least 77%, at least 7896, at least 79%, at least 8%, at least
81%, at lcast 82%, at lcast 83%, at least 84%, at least §5%, at lcast 86%, at least 87%, at least 88%,
icast 89%, at loast 90%, at least 9194, at lcast 92%, at least 93%, at least 94%, at least 95%, at least
06%, at least 7%, at least 98%, at least 99%, or at least 100% identity to SEQ ID NG:4; a
polypeptide comprising an aming acid sequence having at least 70%, at least 71%, at least 72%, at
tcast 73%, at least 749, at loast 75%, at least 76%, at least 77%, at least 78%, at lcast 79%, at lcast
80%, at least 81%, at least 829, at least 83%, at lcast 84%, at least 85%, at east 8694, at least 87%, at
feast 88%, at least 89%, at least 90%, at lcast 91%, at loast 929, at loast 939, at least 949, at least
§5%, at least 96%, at least 97%, at least 98%, at least 99%, or at least 100% identity to SEQ ID
NO:6; and (b} a polynucieotide that hybridizes under stringent hybridization conditions to the
complement of a polyrucleotide that encodes a polypeptide having the amino acid sequence of SEQ
IDNG:2, 4, 6,8, 10,12, 14, 16, 18, 20, 22, and/or 24. In some embodiments, the nucleic acid
construct{s) comprise(s}) at least one polynucleotide sequence comprising at least one sequence
selected from SEQ FDNOS:1, 7,9, 11, 13, 15, 17, 19, 21, and 23; SEQ 1D NO:3; and SEQ ID NG5
In some additional embodiments, the host cell is a veast cell. In some further embodiments, the host
cell is Saccharomyces cerevisiae.

{88081 The present invention alse provides recombinant fimgal host cells comprising at least one
mucleic acid construct, wherein the nucleic acid construct comprises at least one polynucleotide
encoding @ xylose isomerase. I some embodiments, the xylose isomerase is a cukaryotic or
prokarvotic enzyme, while in some alternative embodiments, the xylose isomerase 1s a sukaryotic
enzyme. In some embodiments, the xylose isomerase is a G, frabeum xylose isomerase, an
Orpinomyces xylose isomerase, a Xylose isomerase obtained from a bovine rumen, a xylose isomerase
obtained from a human gut, & C. hoidinii xylose isomerase, P. infestans xylose isomerase, or 8.
hominis xylose isomerase. In some additional embodiments, at least one mucleic acid construct
further comprises at least one genetic element that facilitates stable integration into a fungal host
genome. [n some embodiments, the genctic cloment facilitates integration into a fungal host genome
by homologous recombination. In some addutional embodiments, the genetic clement comprises a
prokaryotic or eukaryotic origin of replication and/or a centromeric plasmid maintenance sequence.

In some embodiments, the origin of replication and/or centromeric plasmid maintenance sequence is a
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fungal sequence. In some additional embodiments, the fungal origin of replication 18 a yeast origin of
replication. In vot some additional embodiments, at least one of the polynuclectide sequences is
operatively inked to 2 promoter sequence that is functional in & fungal cell. In some further
embodiments, the promoter sequence is a fungal promoter sequence. In some embodiments, the
fungal promoter sequence is a yeast promoter sequence. In some additional embodiments, the
polynucleotide sequence is operatively linked to a transcription termination sequence that is
functional in a fungal cell.  In some more embodiments, the polyoucleotide sequence contains codons
optimized for expression in a yeast cell. In some further embodiments, at least one polynucieotide is
ntegrated into the host cell genome. I vet some additional embodiments, the host cel has had one or
more native genes deleted from its genome. In some cmbodiments, the deletion of one or more native
gene results in one or more phenotypes selected from increased fransport of xylose inte the host cell,
mereased xylulokinase activity, increased xylitol dehydrogenase activity, increased xylose isomerase
activity, increased xviose reductase activity, increased flux through the pentose phosphate pathway,
decreased sensitivity to catabolite repression, increased tolerance to ethanol, increased tolerance to
acctate, increased tolerance to increased osmolarity, increased tolerance to low pH, and reduced
production of by products, wherein comparison is made with respect to the corresponding host cell
without the deletion(s). In some further embodiments, the host cell is altered to overexpress one or
more polyoucleotides. In some embodiments, the overcxprassion results in one or more phenotypes
selected from increased transport of xylose into the host cell, increased xylulokinase activity,
mereased xvlitol dehydrogenase activity, increased xylose isomerase activity, increased xylose
recductase activity, increased fhux through the pentose phosphate pathway, decreased sensitivity to
catabolite repression, increased tolerance to ethancl, increased tolerance to acetate, increased
tolerance to increased osmolarity, increased tolerance to low pH, and reduced product of by products,
wherein comparison is made to the corresponding unaliered host cell. In some embodiments, the
nucleic acid construct(s) comprise(s) at least one polynucleotide sequence comprising af least one
sequence selected from SEQ D NOS:1, 7, 9, 11, 13, 15,17, 19, 21, and 23; SEQ 1D NO:3; and SEQ
W NO:A, o some additional embodiments, the host cell is a yeast cell. To some further
embodiments, the host cell is Saccharomyees cerevisice. In some embodiments, the nucleic acid
construct comprises at least one polynucleotide sequence encoding at least one xylose isomerase,
whergin the polynucleotide is selected from: {a) a polynuclectide that encodes a polypeptide
comprising an amine acid sequence having at least about 70%, at least about 71%, at least about
725, at least about 739, at least about 74%, at least about 75%, at least about 76%, at least about
77%, at feast about 78%, at least about 79%, at least about 80%, at least about 81%, at least about
82%, at lcast about 83%, at lcast about 8495, at least about 85%, at least about 86%, at least about
R7%, at lcast about R8%, at lcast about 8996, at least about 909, at least about 9196, at least about
82%, at least about 93%, at least about 94%, at least about 95%, at least about 86%, at least about

97%, at least about 98%, at least about 99%, or at least about100% identity to SEQ ID NGO:8, 10, 12,
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14, 16, 18, 20, 22, and/or 24; and (b} a polynucleotide that hybridizes under stringent hybridization
conditions to the complement of a polynucicotide that encodes a polypeptide having the amino acid
sequence of REQ 1D NO:K, 10, 12, 14, 16, 18, 20, 22, and/or 24, In some additional embodiments, the
nucleic acid constract comprises at feast one polynucleotide sequence encoding at least one xylose
isomerase, wherein the polynucieotide is selected from: (a) a polymucleotide that encodes a
polypeptide comprising an aming acid sequence having at least 70%, least 71%, at feast 72%, at least
739%, at least 74%, at Ieast 759, at least 76%, at least 77%, at least 78%, at loast 79%, at least R(3%, at
feast 81%, at least 82%, at least 83%, at least 84%, at least 85%, at least 86%, at least 879, at least
88%, at fcast 89%, at least 90%, at lcast 91%, at least 92%, at least 939, at least 949, at least 95%, at
icast 96%, at least 97%, at least 9¥%, at least 99%, or at least 100% identity to SEQ 1D NO:¥, 10, 12,
14, 16, 18, 20, 22, and/or 24; and (b) a polymucleotide that hybridizes under stringent hybridization
conditions to the complement of a polynucleotide that encodes a polypeptide having the amino acid
sequence of SEQ ID NQO:K, 10, 12, 14, 16, 18, 20, 22, and/or 24. In some embodiments, the nucleic
acid construct({s) comprise at least one polymucieotide sequence comprising at least one sequence
selected from SEQ D NOS:7,9, 11, 13, 15, 17, 19, 21, and/or 23. In some additional embodiments,
the nucleic acid construct(s} comprise(s) at least one polynuclectide sequence encoding at least one
xylose isomerase, and/or at least one xylitol dehydrogenase, and/or at least one xylulokinase, wherein
the polynucleotide is sciected from: (a) a polynucieotide that encodes a polypeptide comprising an
amino acid scquence having at least about 70%, at least about 71%, at lcast about 72%, at least about
73%, at least asbout 74%, at least about 75%, at least about 76%, at least about 77%, at least about
78%, at least about 79%, at least about 8%, at least about 81%, at least about 82%, at least about
83%%, at least about 84%, at lcast about 85%, at lcast about 86%, at lcast about 87%, at lcast about
85%%, at least about R9%, at lcast about 90%, at lcast about 91%, at lcast about 92%, at fcast about
939, at teast about 94%, at least about 959%, at least about 96%, at least about 979, at least abowut
98%, at least about 9%, or at least aboutl006% identity to SEQ IDNO:2 8, 10, 12, 14, 16, 18, 24,
22, and/or 24; a polypeptide comprising an aming acid sequence having at least about 70%, at least

G/

5, at least about 73%, at least about 74%, at least about 75%, at least

’7
I

about 719, at feast about

~J

about 76%, at feast about 77%, at least about 789, at least about 79%, at Jeast about R3%, at Jeast
about 819%, at least about 82%, at lcast about 83%, at least about 84%, at least about 85%, at least
about 869, at least about 879, at lcast about 88%, at least about 8994, at least about 90%, at least
about 91%, at least about 929, at least about 93%, at least about 9494, at least about 93%, at least
about 96%, at least about 9796, at least about 98%, at least about 9995, or at Jeast about 100% idamiiy
to SEQ I NO4; and a polypeptide comprising an aming acid sequence having at least about 70%, a
icast about 71%, at lcast about 72%, at least about 73%, at feast about 74%, at least about 75%, at
icast about 76%, at lcast about 77%, at lcast about 78%, at least about 79%, at least about 80%, at
fcast about 8196, at feast abowut 82%, at least about 83%, at least about 84%, at least about 85%, a

icast about 86%, at least about 87%, at least about 88%, at least about 89%, at least about 0%, a
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feast about 91%, at least about 92%, at least about 9396, at least about 949, at icast about 95%, at
feast about 96%, at least about 97%, at least about 98%, at least about 999%, or at least about 100%
identity 1o SEQ 1D NO:6; and (b) a pelyoucieotide that hybridizes under stringent hybridization
conditions to the complement of a polynucleotide that encodes a polypeptide having the amino acid
sequence of SEQ IDNG:2, 4,6, 8, 10, 12, 14, 16, 18,28, 22, and/or 24, In some additional
embodiments, the nucleic acid constructs) comprise(s) at least one polynucleotide sequence encoding
at least one xylose isomerase, at least one xylitol dehydrogenase, and/or at least one xyluiokinase,
wherein the polynucleotide s selected from: () a polynucieotide that encodes a polypeptide
comprising an amino acid sequence having at least about 70%, at least about 71%, at least about
72%, at loast about 73%, at lcast about 74%, at least about 75%, at least about 76%, at least about
77%, at feast about 78%, at lcast about 799%, at least about 80%, at least about 81%, at least about
R2%, at least about 83%, at least about 84%, at least about 85%, at least about §6%, at least about
&7%, at least about 88%, at least about 89%, at least about 0%, at lcast about 91%, at Icast about
02%, at least about 93%, at least about 94%, at least about 95%, at least about 96%, at least about
07%, at lcast about 98%, at least about 99%, or at least about100% identity to SEQ 1D NO:2, 8, 10,
12, 14, 16, 18§, 20, 22, and/or 24; a polypeptide comprising an amino acid sequence having at least
about 70%, at least about 71%, at icast about 72%, at least about 73%, at feast about 74%, at least
about 75%, at least about 76%, at lcast about 77%, at least about 78%, at least about 79%, at least
about 80°%, at least about 81%, at least about R2%, at least about 83%, at least about R4%, at least
about 85%, at least about 86%, at least about 7%, at least about 88%, at least about 89%, at least
about 90%, at least abowt 91%, at least about 92%, at least abowt 93%, at least about 94%, at least
about 95%, at least about 96%, at least about 97%;, at least about 98%, at least about 99%, or at least
about 100% identity 1o SEQ 1D NO:4; and a polypeptide comprising an amino acid sequence having
at least about 70%, at least about 719, at feast about 729, at least about 73%, at least about 74%, at
feast about 75%, at least about 76%, at least about 779%, at least about 78%, at least about 79%, at
feast about 8(%, at least about ¥1%, at least about 82%, at least about 83%, at least about 84%, at
icast about 85%, at icast about 86%, at least about 7%, at icast about 88%, at least about 89%, at
icast about 90%, at lcast about 91%, at lcast about 92%, at lcast about 93%, at lcast about 94%, at
feast about 95%, at least about 96%, at least about 97%, at least about 98%, at icast about 99%, or at
least about 100% identity to SEQ 1D NO:6; and {b) a polynuclectide that hybridizes under stringent
hybridization conditions to the complement of a polynucleotide that encodes a polypeptide having the
amino acid sequence of SEQ IDNG:2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, and/or 24, In some
additional embodiments, the nucleic acid construct{s) comprise(s) at least one polynucleotide
sequonce cncoding at least one xvlose isomerase, and at least one xylito! dehydrogenase, and at least
one xyhilokinase, wherein the pelynucieotide is selected from: (a) a polynucleotide that encodes a
polypeptide comprising an aminoe acid sequence having at least abowt 70%, at least about 71%, at

feast about 72%, at least about 73%, at least about 74%, at least about 75%, at least about 76%, at
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feast about 7796, at least about 78%, at least about 79%%, ai lcast aboui 0%, at least aboui 1%, at
feast about 82%, at least about 83%, at least about ¥4%, at lcast about 85%, at least about 86%, a
icast about 87%, at icast about 8894, at icast about 8994, at lcast about 90%, at lcast about 91%, at
icast about 92%, at lcast about 93%, at lcast about 94%, at lcast about 95%, at lcast about 96%, at
least about 97%, at least about 98%, at least about 99%, or at least about100% identity to SEQ ID
NO:2,8, 10,12, 14, 16, 18,20, 22, and/or 24; a polypeptide cmnprising an amino acid sequence

’7
I

having at least about 70%, at least about 719, at least about at least about 73%, at least about
749, at east abowut 7594, at least about 76%, at least about 77%, at least about 78%, at least about
79%, at least about 8(%, at least about 1%, at least about 82%, at least about 83%%, at least abowt
84%, at lcast about 85%, at lcast about 86Y%, at least about 87%, at least about §89%, at least about
R9%, at lcast about 90%, at lcast about 91%, at lcast about 92%, at lcast about 93%, at lcast about
4%, at least about 95%, at least about 96%, at lcast about 97%, at least about 98%, at least about
99%, or at least about 100% identity to SEQ 1D NO:4; and a polypeptide comprising an amino acid
sequence having at least about 70%, at least about 71%, at least about 72%, at Icast about 73%, at
least about 74%, at least about 75%, at least about 76%, at least about 77%, at least about 78%, at
feast about 79%%, at lcast about 80%, at least about 81%, at least about 82%, at least about 83%, at
feast about 84%, at lcast about €5%, at least about 86%, at least about 8§7%, at least about 88%, at
fcast about ¥9Y%, at icast about 90%, at least about 91%, at least about 92%, at least about 93%, at
ieast about 94%, at least about 95%, at least about 96%, at least about 97%, at least about 98%, at
least about 99%, or at least about 100% identity to 3EQ ID NO:6; and (b} a polymucleotide that
hybridizes under stringent hybridization conditions to the complement of a polynucleotide that
encodes a polypeptide having the amino acid sequence of SEQ ID NO:Z, 4, 6, 8, 10, 12, 14, 16, 18,
20, 22, and/or 24. In some additional embodiments, the recombinant fungal host cell comprises at
least one nucleic acid construct, wherein the nucleic acid construct comprises at least one
polynucleotide encoding a xylose isomerase, at least one polynucleotide encoding a xylitol
dehydrogenase, and/or at feast one polynucleotide encoding a xylulokinase. In some additional
embodiments, the recombinant fungal bost cell comprises at least one nucieic acid construct, wherein
the nucleic acid construct comprises at least one polymucleotide encoding a xylose isomerase, at least
one polynucleotide encoding a xylitel dehydrogenase, and at east one polynucleotide encoding a
xviulokinase. In some embodiments, the nucleic acid construct(s) comprise(s) at least one
polynucleotide sequence encoding at least one xylose isomerase, and/or at least one xylitol
dehydrogenase, and/or at least one xyhdokinase, wherein the polynucleotide is selected from: (8)
polynucleotide that encodes a polypeptide comprising an amino acid sequence having at least 70%,
feast 71%, at least 72%, at least 73%, at least 74%%, at least 75%, at least 76%, at least 77%, at least
78%, at fcast 79%, at least 80%, at least 8196, at least 829, at least 83%, at least 849, at lcast 85%, at
icast 86%, at least 87%, at least 8896, at least 89%, at least 0%, at least 91%, at lcast 92%, at least

93%, at lzast 94%, at least ¢ at least 969, at least 97%, at lcast 98%, at least 99%, or at least
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100% identity to SEQ ID NO:Z, 8, 10, 12, 14, 16, 13, 20, 22, and/or 24; a polypeptide comprising an
aming acid sequence having at least 70%, at least 71%, at least 72%%, at least 73%, at least 74%, at
fcast 75%, at least 76%, at least 779, at least 78%, at least 79%, at least 80%, at least 81%, at least
2%, at least 83%, at least 849, at least 859, at least 8696, at least 87%, at least 88%, at least 89%, at
icast 90%, at least 919, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at icast
G7%, at least 98%, at least 99%, or at least 100% identity to SEQ 1D NG:4; a polypeptide comprising
an amino acid sequence having at lcast 70%, at least 71%, at least 72%, at least 73%, at least 74%,
feast 75%, at least 76%, at least 77%, at least 78%, at least 79%, at least B(O%, at least 819, at least
82%, at fcast 83%, at least 84%, at lcast 5%, at least 6%, at lcast 87%, at least 88%, at least 89%, at
feast 9%, at least 91%, at least 92%, at least 93%%, at lcast 94%, at least 959, at least 96%, at least
§7%, at lcast 98%, at least 99%, or at least 100% identity to SEQ 1D NO:6; and (b) a pelynucieotide
that hybnidizes under stringent hybridization conditions to the complement of a polynucleotide that
encodes a polypeptide having the amino acid sequence of SEQ ID NG:2, 4, 6, 8, 18, 12, 14, 16, 1K,
28, 22, and/or 24. in some ombodiments, the nucleic acid construct(s) comprise(s) at least one
polynucleotide sequence encoding at least one xylose isomerase, at least one xyhitol dehydrogenase,
and/or at least one xylulokinase, wherein the polynucleotide is selected from: (a) a polynucleotide that
encedes a polypeptide comprising an amine acid sequence having at least 70%, least 71%, at least
72%, at fcast 73%, at least 74%, at least 75%, at least 76%6, at least 77%, at least 78%, at least 79%, at
icast R0%, at loast B1%, at least 829, at lcast 83%, at least 84%, at least §85%, at least 86%, at least
R7%, at Jeast 88%, at least RU%%, at least 90%, at least 1%, at least ¥2%, at least 93%, at least 94%, at
least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or at least 100% identity o SEQ ID
NO:2, 8, 10, 12, 14, 16, 18, 20, 22, and/or 24; a polypeptide comprising an amino acid scquence
having at least 70%, at least 71%, at loast 72%, at least 73%, at least 74%, at least 75%, at loast 76%,
at least 77%, at least 78%, at Jeast 79%, at least (%6, at least 8194, at least 82%, at least 83%, at lcast
849%, at fcast 85%, at least 86%, at lcast 87%, at least 88%, at lcast 89%, at least 9096, at least 91%, at
fcast 92%, at feast 93%, at least 9496, at lcast 95%, at least B96%, at least 97%, at least 98%, at least
§9%, or at least 100% tdentity to SEQ 1D NO:4; a polypeptide comprising an amino acid sequence
having at least 70%, at least 71%, at loast 72%, at least 73%, at least 74%, at least 75%, at least 76%,
at least 77%, at feast 78%, at least 79%, at least 80%, at least 1%, at lcast 82%, at least 839, at least
84, at least §59%%, at least 86%, at least 87%, at lcast 88%, at lcast 89%, at least 90%, at least 91%, a
least 92%, at least D39, at least 94%, at least 95%, at feast 96%, af least 979, at least 9894, at least
G99%, or at least 100% identity to SEQ ID NO:6; and (b) a polynucleotide that hybridizes under
stringent hybridization conditions to the complement of a polymicleotide that encodes a polypeptide
having the amine acid sequence of SEQ IDNG:2, 4,6, 8, 10, 12, 14, 16, 14, 20, 22, and/or 24. In
some embodiments, the nucleic acid construci(s) comprise(s) at least one polynucleotide sequence
encoding at least one xylose 1somerase, at least one xylitol dehydrogenase, and at least one

xylulokinase, wherein the polynucleotide is selected fromy: {a) a polynucieotide that encodes a
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polypeptide comprising an aming acid sequence having at least 70%, 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
icast R1%, at loast 82%, at least 83%, at lcast 84%, at least §85%, at lcast 86%, at least 87%, at least
RRY%, at Jeast 89%, at least 0%, at least 919, at least 929, at least 93%, at least 94%, at lcast 95%, at
least 96%, at least 97%, at least 98%, at least 99%, or at least 100% identity to SEQ ID NO:2, §, 10,
12, 14, 16, 18, 20, 22, and/or 24; a polypeptide comprising an amino acid sequence having at least
70%, at least 71%, at Ieast 729, at loast 73%, at least 74%, at feast 75%, at least 769, at least 779%, at
feast 78%, at least 79%, at lcast 80%, at least R1%, at least 82%, at least 8396, at least 8496, at least
85%, at fcast 86%, at least 87%, at lcast 8&%, at least 89%, at lcast 90%, at least 919, at least 92%, at
feast 93%, at least 94%, at least 95%, at least 96Y%%, at keast 97%, at least 98%, at least 99%, or at least
100% identity to SEQ 1D NO4; a polypeptide comprising an amino acid sequence having at Jeast
T0%, at least 71%, at least 72%, at Teast 739%, at least 7496, at feast 73%, at least 76%, at least 77%, at
icast 78%, at least 79%, at least (%, at least 81%, at lcast 82%, at least 83%, at lcast 84%, at icast
85%, at keast 86%, at least 879%, at loast 88%, at least 89%, at least 90%, at least 91%, at least 92%, at
feast ©3%, at least 949, at lcast 95%, at lcast 96%, at loast 97%, at least 98%6, at least 999, or at least
100% identity to SEQ 1D NO:6; and (b) a polynucleotide that hybridizes under stringent
hybridization conditions to the complement of a polynucleotide that encodes 2 polypeptide having the
aming acid sequence of SEQ ID NG:Z, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, and/or 24, Insome
embodiments, the host cell is a yeast cell. In some further embodiments, the host cell is
Saccharomyces cerevisiae,

188691 The present invention alse provides recombinant nucleic acid constructs comprising at least
one polynucleotide sequence encoding at least one xylose isomerase, and/or at least one xylitol
dehydrogenase, and/or at least one xylulokinase. {n some embodiments, the nucleic acid constructs
comprise at least one polynucleotide sequence encoding at least one xylose isomerase, at least one
xylitol dehydrogenase, and/or at least one xylulokinase. In some embodiments, the nucleic acid
constructs comprise at least one polynucleotide sequence encoding at least one xylose isomerase, af
least one xylitol dehydrogenase, and at least one xylulokinase. In some further ermbodiments, the
present invention provides recombinant nucleic acid constructs comprising at least one polynucieotide
sequence encoding at least one xylose isomerase, and/or at least one polynucleotide sequence
encoding at least one xylito] dehydrogenase, and/or at least one polynucleotide sequence encoding at
least one xviulokinase. In some further embodiments, the present invention provides recombinant
nucleic acid constructs comprising at least one polynucleotide sequence encoding at least one xvlose
1somerase, at least one polynucleotide sequence encoding at least one xylitol dehydrogenase, and/or at
least one polymucleotide sequence cncoding at least one xylulokinase. In some further embodiments,
the present invention provides recombinant nucieic acid constructs comprising at loast one
polynucleotide sequence encoding at least one xylose isomerase, at least one polynucleotide sequence

encoding at least one xylito]l dehydrogenase, and at least one polynucleotide sequence encoding at
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least one xvhilokinase. In some embeodiments, the xylose isomerase, and/or xylitol dehydrogenase,
and/or xylulokinase are cukaryotic or prokaryotic enzymes. In some embodiments, the xylose
1sommerase, xylitol dehydrogenase, and/or xylulokinase are cukaryotic or prokaryotic enzymes. In
some embodiments, the xylose isomerase, xylitol dehydrogenase, and xyhilokinase are eukaryotic or
prokaryotic enzymes. In some embodiments, the xylose isomerase, and/or xylitol dehydrogenase,
and/or xylulokinase are cukaryotic enzymes. In some embodiments, the xylose isomerase, xylitol
dehydrogenase, and/or xyhulokinase arc eukaryotic enzymes. In some embodiments, the xylose
1somerase, xylitol dehydrogenase, and xylulokinase are eukaryotic enzymes. In some additional
embodiments, the xylose isomerase, and/or xylitol dehydrogenase, and/or xylulokinase are fungal
enzymes. In some additional embodiments, the xylose isomerase, xyhitol debydrogenase, and/or
xylulokinase are fungal enzymes. In some additional embodiments, the xylose isemerase, xylitol
dehydrogenase, and xylulokinase are fungal enzymes. In some further embodiments, the xylose
isomerase, and/or xylitol dehydrogenase, and/or xylulokinase are yeast enzymes. In some further
cembodiments, the xylose isomerase, xylitol dehydrogenase, and/or xylulokinase arc yeast enzymes. In
some further embodiments, the xylose isomerase, xylitol dehydrogenase, and xylulokinase are veast
enzymes. In some additional embodiments, at least one nucleic acid construct further comprises at
least one genetic element that facilitates stable integration into a fungal host genome. In some
embodiments, the genctic element facilitates integration into a fungal host genome by homologous
recombination. In some additional embodiments, the genetic cloment comprises a prokaryotic or
cukaryotic origin of replication and/or a centromeric plasmid maintenance scquence. In some
embodiments, the origin of replhication and/or centromeric plasmid maintenance sequence is a fungal
sequence. 1n some additional embodiments, the fungal origin of replication is a yeast origin of
replication. In yet some additional embodiments, at least one of the polynuciectide sequences is
operatively linked to a promoter sequence that is fumctional in a fungal cell. In some further
embodiments, the promoter sequence is a fungal promoter sequence. In some embodiments, the
fungal promoter sequence is a yeast promoter sequence. In some additional embodiments, the
polyoucleotide sequence is operatively linked to a transcription termination sequence that is
functional in a fungal cell.  In some more embodiments, the polynucleotide sequence contains codons
optimized for expression in a yeast cell. In some additional embodiments, at least one polynucleotide
sequence encoding at fcast one xylose isomerase is operatively linked to a promoter sequence, and/or
at least one polynucleotide sequence encoding at least one xylitol dehydrogenase is operatively linked
to a promoter sequence, and/or at least one polynucleotide sequence encodmg at least one
xylulokinase is operatively linked to a promoter sequence, wherein the promoter sequences are
functional in a fungal host cell. In some additional embodiments, at least one polynucicotide
sequence cncoding at least one xylose isomerase is operatively linked 1o a promoter sequence, at least
one polynucleotide sequence encoding at least one xyhitol dehydrogenase is operatively linked to a

promoter sequence, and/or at least ong polymicicotide sequence encoding at feast one xviulokinase is
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operatively hinked to a promoter sequence, wherein the promoter sequences are functional in a fungal
host cell. To some additional embodiments, at least one polynucicotide sequence encoding at least one
xylose isomerase is operatively linked 1o a promoter sequence, at least one polynucieotide sequence
encoding at least one xylhito]l dehyvdrogenase is operatively linked to a promoter sequence, and at least
one polynucleotide sequence encoding at least one xyhilokinase 13 operatively linked to a promoter
sequence, wherein the promoter sequences are functional in a fungal host cell. In some embodiments,
the promoter sequence(s) 18/are fungal promoter sequence(s). To some embodiments, the fungal
promoter sequence s a yeast promoter sequence. o some additional embodiments, the
polynucleotide sequence 1s operatively linked to at least one transcription termination sequence that is
functional in a fungal cell. In some further embodiments, the polynucicotide sequence contains
codons optimized for expression in a yveast cell. In still some additional embodiments, the construct
comprises at least one polynucleotide sequence encoding at least one xylose isomerase, at least one
xylitol dehydrogenase, and at least one xylolokinase, wherein the polynuclestide s selected from: (a)
a polynucieotide that encodes a polypeptide comprising an amino acid sequence having at least about
70%, at least about 71%, at least about 72%, at least about 73%, at least about 749, at least abowut
75%, at tfeast about 769, at least about 77%, at least about 78%, at least about 79%, at least about

3(1%, at lcast about 819, at least about 82%, at least about 839%, at least about 4%, at least about

oo

5%, at fcast about 86%, at lcast about 87%, at lcast about 88%, at lcast about ¥99Y%, at least about
G{3%, at lcast about 91%, at lcast about 92%, at Icast about 93%, at fcast about 94%, at lcast about
5%, at least about 96%, at least about 97%, at least about 98%, at least about 99%, or at least about
100% identity to SEQ ID NO:2, 8, 16, 12, 14, 16, 18, 20, 22, and/or 24; a polypeptide comprising an
amine acid sequence having at least about 70%, at least about 71%, at least about 72%, at least about
739%, at least about 74%, at least about 75%, at feast about 76%, at least about 77%, at least about

11

75%%, at least about 79%, at least about R(%, at least about §1%, at least about 82%, at least about
83%, at least about K4%, at least about 85%, at least about 86%, at least about 87%%, at least about
88%, at fcast about ¥9%, at keast about 90%, at least about 91%, at least about 92%, at least about
§3%, at least about 94%, at least about 95%, at least about 96%, at least about 87%, at least about
O8%, at least about 99%, or at least about 100% 1dentity to SEQ 1D NO:4; and a polypeptide
comprising an aming acid sequence having at least about 70%, at least about 71%, at least about
72%, at least about 73%, at east about 74Y%, at least about 75%, at least about 76%, at least about
77%, at least about 78%, at least about 79%, at least abowut 80%, at least about 819, at least about
829, at least about K3%, at least about 849, at least about 85%, at least about 86%, at least about
87%, at lcast about &Y%, at least about 89%, at least about 90%, at least about 91%, at least about
§2%, at least about 93%, at least about 94%, at least about 95%, at least about 96%, at least about
§7%, at lcast about 98%, at lcast about 99%, or at least about 100% identity to SEQ 1D NO:4; and (b)
a polynucleotide that hybridizes under stringent hybridization conditions to the complement of a

polynucleotide that encodes a polypeptide having the amino acid sequence of SEQ 1D NQG:2, 4, 6, &,
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18, 12, 14, 16, 18, 20, 22, and/or 24, In siill some additional embodiments, the construct comprises at
least one polymucleotide sequence encoding at least one xylose isomerase, and/or at feast one xylitol
dehydrogenase, and/or at feast one xylulokinase, wherein the polynucleotide is selected froou {(a) a
polynucleotide that encodes a polypeptide comprising an amino acid sequence having at least about
70%, at least about 71%, at feast about 72%, at least about 73%, at least about 74%, at least about
75%, at least about 76%, at least about 77%., at lcast about 78%, at least about 79%, at feast about
80%, at least about 81%, at least about 82%, at least about 83%, at least about 84%, at fcast about
3%, at least about 86%, at least about 87%, at teast about 88%, at least about 89%, at least about
9(1%, at least about 91%, at least about 92%, at least about 93%, at least about 949, at least about
§5%, at least about 96%, at least about 97%, at least about 98%, at least about 99%, or at least about
100% identity to SEQ D NG:2, 8, 16, 12, 14, 16, 18, 20, 22, and/or 24; a polypeptide comprising an
amino acid sequence having at least about 70%, at least about 71%, at least about 72%, at least about
73%, at lcast aboui 74%, at least about 75%, at least about 76%, at least about 77%, at least abowt
78%%, at least about 79%, at least about 8%, at least about 81Y%, at least about 82%, at least about

839, at least about R4%, at least about 85%, at least about 86%, at least about 879, at least about

w@

859, at least about 9%, at least about 80%, at least about 81%, at least about 82%, at least about
93%, at least about 94%, at least about 95%, at least about 96%, at least about 97%, at least about
G8%, at icast about 99%, or at least about 100% identity to SEQ ID NO:4; and a polypeptide
comprising an amino acid sequence baving at least about 70%., at least about 71%, at least about

72%, at least about 73%, at least about 74%, at least about 75%, at least about 76%, at least about

~J
~3

7%, at least about 78%, at feast about 79%, at least about 80%, at least about 81%, at least about

OC

0. at least about 83%, at feast about 849%%, at loast about 85%, at least about 86%, at least about
87%, at least about R8%, at feast about §9%, at least about 90%, at least about 919, at least abowut
09296, at teast about 93%, at least about 949, at least about 95%, at least about 969, at least about
97%, at least about 8%, at least about Y9%, or at least about 100% identity to SEQ ID NG:6; and (b)
3 polynucleotide that hybridizes under stringent hybridization conditions to the complement of a
polyrucleotide that encodes a polypeptide having the amino acid sequence of SEQ D NO:2Z, 4, 6, &,
10, 12, 14, 16, 18,20, 22, and/or 24. In some additional embodiments, the construct comprises at
least one polynucieotide sequence encoding at least gne xylose isomerase, at least one xylitol
dehydrogenase, and/or at least one xylulokinase, wherein the polynucleotide is selected from: (8) 2

polynucleotide that encodes a polypeptide comprising an amino acid sequence having at least about

7%, at least about 71%, at least about 72%, at least about 73%, at least about 74%, at least about
75%, at fcast about 76%, at least about 77%, at least about 78%, at least about 79%, at least about

80%, at lcast about 81%, at lcast about 82%, at lcast about 83%, at lcast about 84Y%%, at least about
R5%, at lcast about R6%, at lcast about 87%, at lcast about 88%, at lcast about 89%, at least about
G%, at least about 91%, at least about 92%, at lcast about 93%, at least about 94%, at least about

05%, at lcast aboui 96%, at least aboui 97%, at least aboui 98%, at least aboui 99%, or at least abowt
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100% identity to SEQ ID N2, 8, 14, 12, 14, 16, 18, 20, 22, and/or 24; a polypeptide comprising an
amino acid sequence having at least about 70%, at least about 71%, at least about 72%, at lcast about
73%, at feast about 74%, at least about 75%, at least about 76%, atf least about 77%, at least about
7R%, at least about 79%, at least about 8(%, at least about 81%, at least about 82%, at least abowt
83%, at lcast about 84%, at least about 85%, at least about 86%, at least about 87%, at least about
88, at least about 89%, at lcast about 90%, at lcast about 91%, at lcast about 92%, at least about
03945, at least about 94%, at least about 95%, at least about 96%, at least about 279, at least about
G8%, at least about 99%, or at least about 100% identity to SEQ 1D NG:4; and a polypeptide
comprising an amine acid sequence having at least about 70%, at least about 71%, at least about
72%, at fcast about 73%, at least about 74%, at least about 75%, at least about 76%, at least about
77%, at lcast about 78%, at least about 79%, at least about 80%, at least about 819%, at least about
R2%, at Jeast about 83%, at least about 84%, at least aboot 85%, at least about 86%, at least about
87%, at lcast about 88%, at feast about 89%, at least about 90%, at least about 91%, at least about
02%, at least about 93%, at least about 94%, at least about 95%, at least about 96%, at least about
G7%, at lcast about 8%, at least about 999, or at least about 100% identity to SEQ 1D NO:6; and (b)
a polymucleotide that hybridizes under stringent hybridization conditions to the complement of a
polynucleotide that encodes a polypeptide having the amino acid sequence of SEQ ID NO:2, 4, 6, &,
10, 12, 14, 16, 18, 20, 22, and/or 24. In some further embodiments, the nuckeic acid construct
comprises at least one polynucleotide sequence encoding at least one xylose isomerase, and/or at least
one xyhitol dehydrogenase, and/or at least one xylolokinase, wherein the polynucleotide is selected
from: (ay a polynucieotide that encodes a polypeptide comprising an amino acid sequence having at
icast 70%, least 71%, at least 72%, at lcast 73%, at least 74%, at loast 759, at least 76%, at least

T7%, at least 78%, at Ieast 799, at loast 80%, at least R1%, at feast 82%, atf least 839, at least 8495, at
feast 85%;, at least 86%, at lcast 87%, at least 88%, at least 89%, at least 90%%, at least 9194, at least

O4, at least 93%, at least 94%, at least 95%, at least 86%, at least 9754, at least 98%, at least $9%, or

at least 100% identity to SEQ ID N2, 8, 10, 12, 14, 16, 18, 20, 22, and/or 24; a polypeptide
comprising an amino acid sequence baving at least 70%, at least 71%, at least 72%, at least 73%, at
fcast 74%, at least 75%, at least 76%6, at least 77%, at least 78%, at least 79%, at least 80%, at least
81%, at lcast 82%, at least 83%, at least 84%, at least 85%, at least 86%, at least €7%, at lcast &&%, at
lcast 89Y%, at least 90%, at least 91%, at least 92%, at feast 93%, at least 94%, at lcast 95%%, at least
06%, at least 97%, at least 98%, at least 99%, or at least 100% identity to SEQ (D NO:4; a
polypeptide comprising an amino acid sequence having at least 70%, at least 719, at least 72%, at
feast 73%, at least 74%, at lcast 75%, at least 76%, at lcast 77%, at least 78%¢, at least 79%, at least
80%, at lcast 81%, at lcast 82%, at lecast 3%, at least 84%, at lcast 85%, at least 86%, at least 879%, at
icast 88%, at least 9%, at least 90%, at least 8194, at least 92%, at least 93%, at loast 94%, at least
05%, at least 96%, at least 97%, at least 98%, at least 99%, or at least 100% identity to 3EQ I3

NO:6; and (b) a polynacleotide that hybridizes under stringent hybridization conditions to the
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complement of a polymiclectide that encodes a polypeptide having the amino acid sequence of SEQ
1B NG:2, 4, 6,8, 10, 12, 14, 16, 18, 20, 22, and/or 24. In some other embodiments, the nucleic acid
construct comprises at least one polynucleotide sequence encoding at least one xylose isomerase, at
least one xylitel dehydrogenase, and/or at least one xylulokinase, wherein the polynucleotide s
selected from: (a) a polynucleotide that encodes a polypeptide comprising an amino acid sequence
having at least 70%, % least 71%, at least 72%, at least 73%, at least 74%, at least 75%, at least 76%,
at lcast 77%, at lcast 78%, at least 79%, at least 8096, at least 8194, at least 82%, at lcast 8§39, at lcast
849, at least 85%, at least 86%, at lcast 87%, at least R8%, at least 89%, at least (%, at least 9196, at
feast 92%, at least 93%, at least 94%, at least 85%, at loast 96%, at least 9796, at least 98%, at least
99%, or at least 100% identity 1o SEQ 1D NO:Z, 8, 10, 12, 14, 16, 18, 20, 22, and/or 24; a polypeptide
comprising an amino acid sequence baving at least 70%, at least 71%, at least 72%, at least 73%, at
feast 74%, at least 75%, at least 769, at least 77%, at east 78%, at least 79%, at least 80%, at least
81%, at lcast 82%, at least 83%, at least 84%, at least 85%, at lcast 86%, at least 87%, at lcast &%, at
lcast 89Y%, at least 90%, at least 91%, at least 92%, at feast 93%, at least 94%, at lcast 95%%, at least
06%, at least 97%, at least 98%, at least 99%, or at least 100% identity to SEQ (D NO:4; a
polypeptide comprising an amino acid sequence having at least 70%, at least 7196, at least 72%, at
feast 73%, at least 74%, at lcast 75%, at least 76%, at lcast 77%, at least 78%, at least 79%, at least
80%, at lcast 81%, at lcast 82%, at lcast 3%, at least 84%, at lcast §5%, at least 869, at least 87%, at
ieast 88%, at least 89%, at {east 909, at least 8194, at least 929%, at least 93%, at least 94%, at least
05%, at least 96%, at least 97%, at least 98%, at least 99%, or at least 100% identity to 3EQ I3
NO:6; and (b) a polynucleotide that hybridizes under stringent hybridization conditions to the
complement of a polynucleotide that encodes a polypeptide having the amino acid sequence of SEQ
IDNOG:2,4,6,8, 10,12, 14, 16, 18, 20, 22, and/or 24, In some embodiments, the nucleic acid
construct comprises at least one polynucleotide sequence encoding at least one xylose isomerase, at
least one xvhitol dehydrogenase, and at least one xylulokinase, wherein the polynucleotide is selected
from: (a) a polynuclectide that encodes a polypeptide conprising an amino acid sequence having at
fcast 70%, % lcast 71%, at lcast 72%, at least 73%, at lcast 74%, at lcast 75%, at lcast 76%, at lcast
7%, at feast 78%%, at least 79%, at Teast 8096, at least 8196, at feast §2%, at least 83%, at least 84%, at
feast 85%, at least 86%, at least 87%, at least 88%, at lcast 89%, at least 90%, at least 91%, at icast
02%%, at least 9399, at least 94%, at least 95%, at least 96%, at feast 97%, at least 98%, at least 99%, or
at least 100% idcnﬁty 10 AEQ D NO:2Z, 8, 106, 12, 14, 16, 18, 20, 22, and/or 24; a polypeptide
comprising an amino acid sequence having at least 70%, at least 71%, at least 72%, at least 73%, at
feast 74%, at least 75%, at least 76%, at least 77%, at lcast 78%, at least 79%¢, at least 30%, at least
81%, at lcast 82%, at lcast 83%, at least 84%, at lcast 85%, at least 86%, at least 879%, at least 88%,
ieast 89%, at least 90%, at least 9196, at least 9294, at least 93%, at least 94%, at least 95%, at least
06%, at least 97%, at least 98%, at least 99%, or at least 100% identity to SEQ 1D NG:4; a

polypeptide comprising an amino acid sequence having at least 70%, at least 71%, at least 72%, at
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feast 73%, at least 74%, at least 75%, at lcast 76%, at least 779, at least 78%, at least 79%, at least
80%, at lcast 81%, at lcast 82%, at least 3%, at least 84%, at lcast 85%, at least 869, at least 87%, at
ieast 88%, at least 89%, at least 90%, at least 8194, at least 92%, at least 93%%, at least 94%, at least
05%, at least 96%, at least 97%, at least 98%, at least 99%, or at least 100% identity to 3EQ i3
NO:6; and (b) a polynucleotide that hybridizes under stringent hybridization conditions to the
complement of a polynucleotide that encodes a polypeptide having the amino acid sequence of SEQ
IDNG2Z, 4,6,8, 10,12, 14, 16, 18, 20, 22, and/or 24. In some additional embodiments, at least one
polynucleotide sequence encodes at least one xylose isomerase, at least one xylitol dehydrogenase,
and at least one xylnlokinase, wherein the polynuclestide comprises at least one sequence selected
from SEQ IDNOS:1, 7,9, 11, 13, 15,17, 19, 21, and 23; SEQ 1D NQO:3, and SEQ ID NO:5. Insoms
additional embodiments, any of the constructs described above further comprises a polynucleotide
sequence encoding at least one xvlose reductase.

188181 The present invention alse provides recombinant nucleic acid constructs comprising at least
one polynucleotide sequence encoding at least one xylose isomerase. In some embodiments, the
xvlose isomerase is a cukaryotic or prokaryotic enzyme, while in semge alternative embodiments, the
xylose isomerase is a cukaryotic enzyme. In some embodiments, the xvlose isomerase is a G,
trabeurn xylose isomerase, an Orpinomyces xylose isomerase, a xylose isomerase obtained froma
bovine rumen, a xylose isomerase obtained from 2 human gut, a C. boidinii xylose isomerase, P
infestans xylose isomerase, or B. hominis xviose isomerase. In some additional embodiments, at least
one nucleic acid construct further comprises at least one genetic element that facilitates stable
integration inte a fungal host genome. In some embodiments, the genetic clement facilitates
integration into a fungal host genome by homologous recombination. In some additional
embodiments, the genetic clement comprises a prokaryotic or eukaryotic origin of replication and/or a
centromeric plasmid maintenance sequence. In some embodiments, the origin of replication and/or
centromeric plasmid maintenance sequence is a fumgal sequence. In some addiional embodiments,
the fungal origin of replication is a yeast origin of replication. In yet some additional embodiments, at
least one of the polynucleotide sequences 1s operatively linked to a promoter sequence that is
functional in a fungal cell. In some Auther embodiments, the promoter sequence is a fungal promoter
sequence. In some embodiments, the fungal promoter sequence is a veast prometer sequence. In
some additional embodiments, the pelynucieotide sequence is operatively linked to a transcription
termination sequence that is functional in a fungal cell.  In some more embodiments, the
polynucieotide sequence containg codons optimized for expression in a yeast cell. In some further
embodiments, at least one polynucleotide is integrated into the host cell genome. In yet some
additional embodiments, the host cell has bad one or more native genes deleted from its genome. In
some embodiments, the deletion of one or more native gene resuits in one or more phenotypes
selected from mereased transport of xylose into the host cell, increased xylulokinase activity,

increased xylitol dehydrogenase activity, increased xylose isomerase activity, increased xylose
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redoctase activity, increased fhix through the pentose phosphate pathway, decreased sensitivity to
catabolite repression, increased tolerance to ethanol, increased tolerance {0 acetate, increased
tolerance to increased osmolarity, increased tolerance to low pH, and reduced production of by
products, wherein comparison 1s made with vespect o the corresponding host cell without the
deletion{s). In some further embodiments, the host cell is altered to overexpress one or morg
polynucleotides. In some embodiments, the overexpression results in one or more phenotypes
sclected from increased transport of xylose into the host cell, increased xyhulokinase activity,
mereased xylitel dehydrogenase activity, increased xylose isomerase activity, increased xylose
redoctase activity, increased flux through the pentose phosphate pathway, decreased sensitivity to
catabolite repression, increased tolerance to ethanol, increased tolerance {0 acetate, increased
tolerance to increased osmolarity, increased tolerance to low pH, and reduced product of by products,
wherein comparison is made to the corresponding unaltered host cell. In some embodiments, the
nucleic acid construct(s) comprise(s) at least one polynuciectide sequence comprising at least one
sequence selected from SEQ ID NOS:1, 7,9, 11, 13, 15, 17, 19, 21, and 23; SEQ 1D NG:3; and SEQ
D NGS5, In some additional embodiments, the host cell is a yeast cell. In some further
embodiments, the host cell is Saccharomyces cerevisice. In some embodiments, the nucleic acid
consiruct comprises at least one polynucleotide sequence encoding at least one xylose isomerase,
wherein the polynucleotide is selected from: () a polymucleotide that encodes a polypeptide

’7’0

comprising an amino acid sequence having at least about 70%, at least about 71%, at least about

72%, at least about 73%, at least about 74%, at least about 75%, at least about 76%;, at least about
7%, at least about 78%, at least about 79%, at least about 8(%, at least about 81%, at least about
829, at least about 83%, at least about 84%, at lcast about 85%, at lcast about 86%, at lcast about
87%, at least about 88%, at least about 9%, at least about 80%, at least about 81%, at least about
092946, at teast about 93%, at least about 949, at least about 95%, at least about 969, at least abowut
97%, at least about 8%, at least about Y9%, or at least about100% identity to SEQ 1D NO:R, 10, 12,
14, 16, 18, 20, 22, and/or 24; and (b} a polynucleotide that hybridizes under stringent hybridization
conditions to the complement of a polyrucleotide that encedes & polypeptide baving the amino acid
sequence of SEQ I NOK, 10, 12, 14, 16, 18, 20, 22, and/or 24, In some additional embodiments, the
nucleic acid construct comprises at least one polynucleotide sequence encoding at least one xylose
isomerase, wherein the polynucleotide is selected from: (a) a polynucleotide that encodes a
polypeptide comprising an amino acid sequence having at [east 70%, % least 71%, at least 72%, at
feast 73%, at least 74%, at least 75%, at least 76%, at least 77%, at least 78%, at least 79%, at least
80%, at fcast 81%, at least 82%, at lcast 3%, at least 84%, at lcast 85%, at least 869, at least 87%, at
fcast 88%, at least 89%, at least 90%, at least 9194, at kcast 92%, at least 939, at least 94%, at least
§5%, at lcast 6%, at least 97%, at least 98%, at least 999, or at least 100% identity to SEQ ID NO:E,
10, 12, 14, 16, 18, 20, 22, and/or 24; and {(b) a polymucleotide that hybridizes under stringent

hybridization conditions to the complement of a polynucleotide that encodes a polypeptide having the
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amino acid sequence of SEQ ID NG:g, 10, 12, 14, 16, 18, 20, 22, and/or 24. In some embodiments,
the nucleic acid construct(s} comprise at least onc polynucicotide sequence comprising at least one
sequence selected from SEQ ID NOS:7, 9, 11, 13, 15, 17, 19, 21, and/or 23, In some additional
embodiments, the nucleic acid constroct(s) comprise(s) at least one polynucleotide sequence encoding
at least one xylose isomerase, and/or at least one xylitol dehydrogenase, and/or at least one
xylulokinase, wherein the polynucleotide is selected frony: {a) a polynucicotide that encodes a

’7’0

polypeptide comprising an amino acid scquence having at least about 70%, at least about 71%, at
feast about 729, at feast about 739, at feast about 74%, at lcast about 75%, at lcast abowt 76%, at
feast about 77%, at least about 78%, at least about 79%, at least about 80%, at least about 81%, at

icast about 829, at lcast about 839, at lcast about 8496, at lcast about 5%, at least about 86%, at

o

icast about 87%, at cast about 889, at Icast about 8994, at least about 90%, at least about 91%, at
feast about 92%, at least about 93%, at least about 94%, at least about 95%, at least about 96%, at
least about 97%, at least about 98%, at least about 99%, or at least about100% identity to SEQ ID
NO:2,8, 10,12, 14, 16, 18,20, 22, and/or 24; 2 polypeptide cmnprising an amino acid sequence

’7
I

having at least about 70%, at least about 719, at least about 5, at least about 73%, at lcast about
749, at teast abowut 759, at least about 76%, at least abogt 77%, at least about 78S, at least about
79%, at least about 8(%, at least about 1%, at least about 82%, at least about 83%6, at least abowt
84%, at lcast about 85%, at lcast about 86Y%%, at least about 87%, at least about §8%, at least about
R9%, at lcast about 90%, at lcast about 91%, at lcast about 92%, at lcast about 93%, at lcast about
4%, at least about 95%, at least about 86%, at lcast about 87%, at least about 98%, at least about
99%, or at least about 100% identity to SEQ 1D NO:4; and a polypeptide comprising an aming acid
sequence having at least about 70%, at least about 71%, at least about 72%, at lcast about 73%, at
least about 74%, at least about 75%, at least about 76%, at least about 77%, at least about 78%, at
feast about 79%%, at lcast about 80%, at lcast abowt 8194, at least about 82%, at least about 83%, at
feast about 84%, at icast about €5%, at least about 86%, at least about 87%, at least about 88%, at
fcast about ¥9%, at lcast about 90%, at least about 91%, at least about 92%, at least about 93%, at
icast about 94%, at Icast about 95%, at Icast about 96%, at Icast about 97%, at lcast about 98%, at
least about 99%, or at least about 100% identity to 5EQ 1D NO:6; and (b} a polymucleotide that
hybridizes under stringent hybridization conditions to the complement of a polynucleotide that
encodes a polypeptide having the amino acid sequence of SEQ ID NQO:Z, 4, 6, 8, 10, 12, 14, 16, 18,
20, 22, and/or 24. In some additional embodiments, the nucleic acid construct(s) comprise(s) at least
one polynucleotide sequence encoding at least one xylose isomerase, at least one xylitol
debhydrogenase, and/or at least one xyhilokinase, wherein the polynucleotide is selected from: (a) a
polynucleotide that encodes a polypeptide comprising an anmino acid sequence having at least about
70%, at least about 719%, at least about 72%, at least about 73%, at least about 74%, at least about
75%, at least about 76%, at least about 77%, at least about 78%, at least about 79%, at least abowut

&%, at least about 81%, at least about 82%, at least about €3%, at least about 84%, at feast about
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85%, at lcast about 86%, at least about 87%, at least about 88%, at least about 89%, at least about
G{}%%, at least about 91%, at least about 92%, at least about 93%, at least about 94%, at least about
§5%, at lcast about 96%, at lcast about 97%, at cast about 98%, at lcast about 99%, or at least
about100% identity to SEQ ID NG:2, R, 16, 12, 14, 16, 18, 20, 22, and/or 24; a polypeptide
comprising an aming acid sequence having at least about 70%, at least about 71%, at least about
72%, at least about 73%, at feast about 74%, at least about 75%, at least about 76%, at least about
77%, at least about 78%, at least about 79%, at least abowut 80%, at least about 8194, at least about
829, at least about K3%, at least about 849, at least about 85%, at least about 86%, at least about
87%, at fcast about &8%, at least about 89%, at least abowut 90%, at least about 91%, at least about
§2%, at least about 93%, at least about 94%, at least about 95%, at least about 96%, at least about
97%, at loast about 98%, at least about 99%, or at least about 100% identity to SEQ D NO:4; and a
polypeptide comprising an aminoe acid sequence having at least abowt 70%, at least about 71%, at
feast about 72%, at least about 73%, at least about 74%, at least about 75%, at least about 76%, at
icast about 77%, at lcast about 78%, at least about 79%, at least about 80%, at least about 819%, a
least about 82%, at least about 839, at least about 84%, at least about 85%, at lcast about 86%, at
feast about 7%, at lcast about 88%, at least abowut 89%, at Jeast about 90%, at least about 91%, at
feast about 92%, at least about 93%, at least about 949, at least about 95%, at least about 96%, a
icast about 97%, at least about 98%, at least about 99%, or at least about 100% identity to SEQ ID
NO:6; and (b) a polynucleotide that hvbridizes under siringent hybridization conditions to the
complement of a polynucleotide that encodes a polypeptide having the amino acid sequence of SEQ
IDNG:2,4,6,8, 10,12, 14, 16, 18, 20, 22, and/or 24, In some additional embodiments, the micleic
acid construct(s) comprise(s) at least one polynucleotide sequence encoding at least one xylose
isomerase, and at least one xylito!l dehydrogenase, and at least one xylulokinase, wherein the
polynucleotide 15 selected from: (a) a polynuclectide that encodes a polypeptide comprising an amino
acid sequence having at least about 70%, at least about 71%, at least about 72%, at least about 73%,
at lcast about 7496, at lcast about 759, at lcast about 76%, at lcast about 77%, at lcast about 78%, at
icast about 79%, at lcast about 80%%, at least about 81%, at least about 82%, at least about 3%, at
icast about 8494, at least about 85%, at least about 86%, at least about 87%, at least about 88%, at
ieast about 89%, at least about 90%, at feast about 91%, at least about 92%, at least about 93%, at
icast about 94%, at lcast about 95%, at lcast about 96%, at least about 97%, at least about 98%, at
least about 99%, or at least about100% identity to SEQ 1D NO:2, 8, 10, 12, 14, 16, 18, 20, 22, and/or
24; a polypeptide comprising an anino acid sequence having at least about 709, at least about 71%,
at least about 72%, at least about 73%, at feast about 74%, at least about 75%, at least about 76%, at
feast about 77%, at lcast about 78%, at least about 79Y%, at least about 80%, at least about 81%, at
icast about ¥2%, at lcast about 83%, at feast about 84%, at least about 85%, at least about 86%, at
fcast about 879, at feast about &K8%, at least about 89%, at least about 90%, at least about 91%, at

feast about 92%, at least about 93%, at least about 94%, at least about 95%, at least about 96%, at
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least about 97%, at least about 98%, at least about 99%, or at least about 100% identity to SEQ ID
NGO:4; and a polypeptide comprising an amino acid sequence having at least about 70%, at least about
71%, at lcast about 72%, at lcast about 73%, at least about 74%, at least about 75%, at least about
76%, at least about 77%, at least about 78%, at least abont 79%, at least about 80%, at least about
81%, at lcast about 82%, at feast about 83%, at least about 84%, at least abowut 85%, at least about
869, at least about 87%, at lcast about §89%, at least about 89%, at least about 90%, at least about
919, at least about 92%, at least about 93%, at least about 94%, at least about 259, at least about
96%, at least about 97%, at least about 98%, at least about 99%, or at least about 100% identity to
SEQ 1D NO:6; and (b} a polynuclootide that hybridizes under stringent hybridization conditions to the
complement of g polynucleotide that encodes a polypeptide having the amino acid sequence of SEQ
1B NG:2, 4,6, 8,10, 12, 14, 16, 18, 20, 22, and/or 24, In some additional cmbodiments, the
recombinant fungal host cell comprises at least one mucleic acid construct, wherein the nucleic acid
construct comprises at least one polynucleotide encoding a xylose isomerase, at least ong
polynucleotide enceding a xylitol dehydrogenase, and/or at least one polynucleotide encoding a
xylulokinase. [n some embodiments, the construct comprises at least one polynucleotide sequence
encoding at least one xylose 1somerase, wherein the polynucleotide is selected from: (8) a
polynucleotide that encodes a poiypeptide fc.omprising an amino acid sequence having at least about
70%, atlcast about 71%, at lcast about 7 at least about 73%, at least about 74%, at least about
75%, at lcast about 76%, at lcast about 77%, at Icast about 78%, at lcast about 79%, at least about
K%, at least about 1%, at least about 82%, at least about 83%, at least about 84%, at least about
85%, at least about 86%, at least about 7%, at least about 8%, at least about 89%, at feast about
90%, at least about 91%, at least about 92%, at least about 939, at least about 94%, at least about
05945, at least about 96%, at least about 97%, at least about 98%;, at least about 99%, or at least

abouti 00% identity to SEQ D NO:R, 10, 12, 14, 16, 18, 20, 22, and/or 24; and (b) a polynucieotide
that hybridizes under stringent hybridization conditions to the complement of a polynucleotide that
encodes a polypeptide having the amino acid sequence of SEQ ID NG:g, 10, 12, 14, 16, 18, 20, 22,
and/or 24, In some further embodiments, the nucleic acid construct comprises at least one
polynucleotide sequence encoding at least one xylose isomerase, wherein the polynucleotide is
selected from: (a) a polynucleotide that encodes a polypeptide comprising an amino acid sequence
having at least 70%, % least 71%0, at least 72%, at least 73%, at least 74%, at least 75%, at least 76%,
at lcast 77%, at lcast 78%, at least 79%, at least 8096, at least 8194, at least 82%, at lcast 8§39, at lcast
849, at least 85%, at least 86%, at lcast 87%, at least R8%, at least 89%, at least (%, at least 9196, at
feast 92%, at least 93%, at lcast 94%, at least 95%, at least 96%, at least 979, at least 98%, at least
99%, or at least 100% identity 1o SEQ 1D NO:S, 10, 12, 14, 16, 18, 20, 22, and/or 24; and (b} 2
polynucleotide that hybridizes under stringent hybridization conditions to the complement of a
polynucleotide that encodes a polypeptide having the amino acid sequence of SEQ 1D NO:§, 10, 12,

14, 16, 1%, 20, 22, and/or 24. In some additional embodiments, at feast one polynucieotide sequence
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encedes at least one xylose isomerase, wherein the polynucleotide comprises at least one sequence
selected from SEQ 1D NOS:7, 9, 11, 13, 15, 17, 19, 21, and 23. In some further embodiments, the
nucleic acid construct comprises at least one polynucleotide encoding a xviose isomerase, atf least one
polynucleotide encoding a xylitol dehydrogenase, and at least one polynucleotide encoding a
xylulokinase., In some embodiments, the nucleic acid construct(s) comprise(s) at least one
polynucleotide sequence encoding at least one xylose isomerase, and/or at feast one xylitol
dehydrogenase, and/or at teast one xylulokinase, wherein the polynucheotide is selected from: (a) a
polynucleotide that encodes 4 polypeptide comprising an annino acid sequence having at least 70%, %
feast 71%, at least 72%, at least 73%, at least 74%, at lcast 75%, at least 76%, at least 77%, at least
78%, at feast 79%, at least 80%, at least 8194, at lcast 829, at least 8§39, at least 84%, at least 85%, at
fcast 86%, at least B79%, at least 88%%, at least 899, at least B0%, at least 91%, at loast 92%, at least
3%, at least 94%, at least 95%, at least 969, at least 979, at least 98%, at least 99%, or at least
100% identity to SEQ ID NG:2, §, 10, 12, 14, 16, 18, 26, 22, and/or 24; a polypeptide comprising an
aming acid sequence having at least 70%, at least 71%, at least 72%, at lcast 73%, at least 74%, at
fcast 75%, at least 76%, at least 77%, at icast 78%, at loast 79%, at least 809, at least 81%, at least
829%, at feast 83%, at least §84%, at lcast 85%, at least R6%, at Jeast 87%, at least 88%, at least 8996, at
feast 9%, at feast 91%, at least 92%, at lcast 93%, at least 949, at least 958%, at least 96%, at least
G7%, at lcast 98%, at least 99%, or at feast 100% identity to SEQ 1D NO:4; a polypeptide comprising
an amino acid sequence having at least 70%, at least 7194, at least 72%, at least 73%, at least 74%, at
fcast 75%, at least 76%, at least 779, at least 78%, at least 79%, at least 80%, at least 81%, at least
82%, at lcast 83%, at least 849, at least 85%, at least 56%, at feast 87%, at least 88%, at lcast 9%, at
tcast 90%, at least 919, at least 92%, at least 93%,, at feast 94%, at least 95%, at lcast 96%%, at least
07%, at least 98%, at least 99%, or at least 100% identity to SEQ 1D NO:6; and (b) a polynucieotide
that hybridizes under stringent hybridization conditions to the complement of a polynucleotide that
encedes a polypeptide having the amino acid sequence of SEQ ID N(G:2, 4, 6, 8, 10, 12, 14, 16, 18,
244, 22, and/or 24. In some embodiments, the nuclkeic acid construci(s) comprise(s) at least one
polynucleotide sequence encoding at least one xylose isomerase, at least one xylitol dehydrogenase,
and/or at least one xyhilokinase, wheremn the polynucleotide is sclected fromu (8) a polynucleotide that
encodes a polypeptide comprising an amino acid sequence having at least 70%, % lecast 71%, at least
72%, at least 7394, at least 74%, at least 759, at least 76%, at least 77%, at least 78%, at least 79%, at
least 80%, at least 8194, at least 82%, at least 83%, at feast 84%, at least 5%, at least 8695, at least
7%, at least 88%, at least §9%, at least 90%, at least 1%, at least 82%, at least 939, at least 94%, at
least 95%, at least 96%, at least 97%, at least 98%, at least 89%, or at least 100% identity to SEQ ID
NG:Z, 8, 10,12, 14, 16, 18, 20, 22, and/or 24; a p@iypeptide comprising an amine acid sequence
having at least 70%, at least 71%, at loast 72%, at least 73%, at least 74%, at least 75%, at least 76%,
at least 77%, at least 78%, at least 79%, at lcast 80%, at least 1%, at least R?%, at Joast 839, at least

84%, at lcast 85%, at least 86%, at least 87%, at least 88%, at least 89%, at least 90%, at least 91%, at
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feast 92%, at least 93%, at least 94%, at least 85%, at loast 96%, at least 9796, at least 98%, at least
59%, or at least 100% tdentity to SEQ 1D NO:4; a polypeptide comprising an amino acid sequence
having at least 70%, at least 71%, at loast 72%, at least 73%, at least 74%, at least 75%, at least 76%,
at least 77%, at least 78%, at least 79%, at lcast 80%, at least 1%, at least R?%, at Joast 839, at least
84%, at lcast 85%, at least 86%, at least 87%, at least 88%, at least 89%, at least 90%, at least 91%, at
cast 92%, at least 939, at least 94%, at lecast 95%, at lcast 96%, at least 97%, at least 98%6, at lcast
09%, or at least 100% identity to SEQ 1D NO:6; and (b} 2 polynuclcotide that bybridizes under
stringent hybridization conditions to the complement of a polymucicotide that encodes a polypeptide
having the aming acid sequence of SEQ IDNG:2Z, 4, 6,8, 10, 12, 14, 16, 18, 20, 22, and/or 24, In
some embodiments, the nucleic acid construct{s) comprise(s} at least one polynucleotide sequence
encoding at least one xylose 1somerase, at least one xylitol dehydrogenase, and at Jeast one
xylulokinase, wherein the polynucleotide is selected from: (a) a polynuocleotide that encodes a
polypeptide comprising an aminge acid sequence having at least 70%, % least 71%, at least 72%, at
icast 73%, at lcast 74%, at least 75%, at lcast 76%, at loast 77%, at loast 789, at least 79%, at least
80%, at least 81%, at Ieast 829, at loast 83%, at least 84%, at feast 85%, at least 869, at least 879%, at
feast 88%, at least 89%, at least 90%, at least 91%, at least 92%, at least 939, at least 949, at least
95%, at least 96%, at least 97%, at lcast 98%, at least 89%, or at least 100% identity to SEQ ID N2,
8,10, 12, 14, 16, 18, 20, 22, and/or 24; a polypeptide comprising an amino acid sequence having at
ieast 70%, at least 719, at {east 729, at least 7394, at least 74%, at least 75%, at least 76%, at least
7%, at least 78%, at least 79%, at least 8096, at least 819, at least 8§2%, at least 83%, at loast 84%, at
feast 85%, at least 86%, at least 87%, at least 88%, at lcast 89%, at least 90%, at least 91%, at icast
02%, at least 93%, at loast 949, at least 959, at least 96%, at feast 97%, at least 98%, at least 99%, or
at least 100% idemity to SEQ 12 NO4; a polypeptide comprising an amine acid sequence having at
feast 7%, at least 71%, at least 72%, at least 73%, at least 74%, at least 75%, at least 76%, at least
77%, at feast 78%, at least 79%, at lcast 80%, at least 81%, at lcast 829, at least 839, at least 84%, at
fcast 85%, at fcast 86%, at least 7%, at lcast 8%, at least 89%, at least 90%, at least 91%, at least
92%, at feast 93%, at least 94%, at least 95%, at least 9694, at least 97%, at least 9894, at least 99%, or
at least 100% identity to SEQ 1D NO:6; and (b} a polynucleotide that hybridizes under stringent
hybridization conditions to the complement of a polynucleotide that encodes a polypeptide having the
amine acid sequence of SEGQ 1D NO:Z, 4, 6,8, 10, 12, 14, 16, 1§, 20, 22, and/or 24, In sonx
cembodiments, the host cell 1s a yeast cell. o some further embodiments, the bost cell is
Saccharomyces cerevisiae,
[8611] The present invention also provides isolated polypeptide sequences comprising a xylose
1somerase polypeptide, and/or xylito] dehydrogenase polypeptide, and/or xylulokinase polypeptide.
The present invention also provides isolated polypeptide sequences comprising at least one xylose
isomerase polypeptide, and/or at least one xylitel dehydrogenase polypeptide, and/or at least one

xylulokinase polypeptide. The present invention also provides isolated polypeptide sequences
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comprising at least one xylose isomerase polypeptide, at least one xylitol dehydrogenase polypeptide,
and/or at least one xylulokinase polypeptide. In some embodiments, the xylose isomerase polypeptide
comprises an aminoe acid sequence having at least about 70%, at least about 71%, at least about 72%,
at least about 739, at least about 74%, at lcast about 75%, at lcast about 76%, at lcast about 77%, at
feast about 78%, at least about 79%, at least about 8(%, at least about 81%, at least about 82%, at
icast about 3%, at lcast about 849, at lcast about 85%, at lcast about 86%, at least about 87%, at
fcast about 88%6, at lcast about 89%, at icast about 9%, at lcast about 91%, at lcast about 92%, at
feast about 939%, at least about 9494, at least about 95%, at least about 969, at least about 979, at
least about 98%, at least about 99%, or at least about 100% identity to SEQ ID NG:2, §, 10, 12, 14,
16, 18, 20, 22, and/or 24 the xyhitol debydrogenase polypeptide comprises an anino acid sequence

(

having at least about 70%, at least about 71%, at least about 72%, at least about 73%, at least about
74%, at least about 75%, at least about 76%, at least about 77%, at least about 78%, at least about

79%, at least aboui 80%, at least about 81%, at least about 82%, at least about 83%, atl least about

k=)

84Y%%, at least about 5%, at least about 86%, at lcast about §79%%, at least about 88%, at least about

NG/

899, at least about 909%, at least about 919, at least about 92%, at least about 93%,, at least about
94945, at teast about 93%, at least about 96%, at least about 97%, at least about 989, at least abowut
99%, or at least about 100% identity to SEQ ID NO:4; and the xyvhulokinase polypeptide comprises
an amino acid sequence having at least about 70%, at least about 71%, at least about 72%, at least

30

about 73%, at least about 74%, at icast about 75%, at icast about 76%, at least about 77%, at least
about 78%, at least about 79%, at least about 80%, at least about 81%, at least about K2%, at least
about 83%, at least about 84%, at lcast about 85%, at least about 86%, at feast about &87%, at least
about 8896, at least about ¥9%, af lcast about 90%0, af lcast about 91%, af lcast about 9 af lcast

’7
i

about 93%, at {east about 9494, at least about 95%, at least about 96%, at least about 9794, at least
about 98%, at least about 99%, or at least about 100% identity to SEQ ID NO:6. In some further
embodiments, the xylose isomerase polypeptide comprises an amino acid sequence having at least
T0%, Y least 7195, at least 72%, at least 739%, at loast 74%, at least 75%, at feast 76%, at least 77%,
at least 78%, at least 7995, at least 80%, at least 819, at least 82%, at lcast 83%, at least 84%, at least
R5%, at Jeast 86%, at least 7%, at least 88%%, at least §99%, at least B0%, at least 91%, at lcast 92%, at
feast 93%, at least 949, at least 95%, at least 96%, at least 97%, at least 9%, at least 59%, or at least
100% identity to SEQ ID N(:2, 8, 16, 12, 14, 16, 18, 20, 22, and/or 24; the xylitel dehydrogenase
polypeptide comprises an amino acid sequence having at loast 70%, at least 71%, at loast 72%, at least
739%, at least 74%, at least 75%, at lcast 76%, at least 77%, at least 78%, at least 799, at least 8096, at
feast 81%, at least 82%, at lcast 3%, at least 84%, at lcast 859, at least 86%, at least 87%, at least
88%, at fcast 89%, at least 90%, at lcast 91%, at least 9295, at least 93%, at least 94%, at least 95%, at
least 96%, at loast 97%, at least 9894, at least 99%, or at least 100% identity to SEQ 1D NO:4; and the
xylulokinase polypeptide comprises an amine acid sequence having at least 70%, at least 71%, at least

72%, at least 73%, at least 749, at least 75%, at least 76%, at least 77%, at least 78%, at least 79%, at
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feast 3%, at least 81%, at least 2%, at lcast 83%, at least 8496, at loast 858%, at least 869, at least
87%, at fcast 88%, at least B9%, at least 90%, at least 9195, at keast 92%, at least 939, at least 94%, at
least 95%, at loast 96%, at least 97%, at lcast 8%, at least 99%, or at least 100% identity to SEQ 1D
MNO:6. In some additional embodiments, the xylose isomerase polypeptide comprises an amino acid
sequence encoded by a polynucleotide sequence having at least about 70%, at least about 71%, at
icast about 72%, at lcast about 73%, at lcast about 74%, at least about 759, at least about 76%, at
feast about 779, at feast about 78%, at least about 79%, at Icast about 8(%, at Icast about 81%, at
feast about 8296, at feast about 8396, at feast about 84%, at lcast about 85%, at lcast about 86%, a

feast about 8796, at least about B8%, at least about &%%, at lcast abouwt 90%, at least about 91%, at
icast about 929, at lcast about 939, at lcast about 9494, at lcast about 959, at least about 96%, at

lcast about 97%, at lcast about 98%, at icast about 99%, or at least about 100% identity to SEQ ID
NOY, 709,12, 3, 15,17, 19, 21, and/or 23; the xylitol dehydrogenase polypeptide comprises an
aming acid sequence encoded by a polynucleotide sequence having at least about 70%, at least abowut
T1%, at least about 72%, at least about 73%, at least about 74%, at loast about 75%, at least about
76%, at least about 77%, at lcast about 789, at lcast about 79%, af least about 80%, af least about
819, at least about R2%, at least about 83%, at least about 84%, at least about 85%%, at least about
36%, at least about &7%, at least about 88%, at least about 89%, at least about 90%, at least abowt
§1%, at least about 92%, at least about 93%, at least about 94%, at least about 95%, at least about
96%, at loast about 97%, at least about 98%, at least about 99%, or at least about 100% identity to
SEQ ID NO:3; and the xylulokinase polypeptide comprises an amino acid sequence encoded by a
polynucleotide sequence having at least about 7(%, at least about 71%, at least about 72%, at least
about 739%, at least about 7496, at lcast about 75%, af least about 76%, at feast about 77%, at least
about 78%, at least about 79%, at least about 8094, at least about R1%, at least about 829, at least
about 83%, at least about 849%, at least about 859, at least abowut 6%, at least about 879, at least
about &8%, at least about 89%, at icast about 90%, at least about 91%, at least about 92%, at least
about 93%, at least about 94%¢, at least about 95%, at least about 96%, at least about 97%, at least
about 98%, at least about 99%, or at least about 100% identity to SEQ ID NO:5. In some further
embodiments, the xylose 1somerase polypeptide comprises an amino acid sequence encoded by a
polynucleotide sequence having at least 70%, % least 71%, at least 72%, at least 73%, at least 74%, at
fcast 75%, at least 76%, at lcast 77%, at least 7894, at least 799%, at least 8(%, at least 81%, at least
829%, at least 83%, at Ieast 8494, at loast 85%, at least R6%, at feast 87%, af least 88%, at least 8995, at
feast 9%, at feast 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 at keast 100% identity t¢ SEQ ID NG:1, 7, 9, 11, 13, 15, 17, 19,
21, and/or 23; the xylitol dehydrogenase polypeptide comprises an amino acid sequence encoded by a
polvnucleotide sequence having at least 70%, at least 71%, at least 72%, at least 73%, at lcast 74%, at
ieast 75%, at least 76%, at least 7796, at least 78%, at least 79%, at least 8(0%, at least R1%, at least

82%, at lcast 83%, at least 849, at least 85%, at least 56%, at feast 87%, at least 88%, at lcast 9%, at
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feast 9%, at least 91%, at least 92%, at least 93%, at lcast 94%, at least 959, at least 96%, at least
G7%, at fcast 98%, at least 99%, or at feast 100% identity to SEQ 1D NO:3; and the xylulokinase
polypeptide comprises an amino acid sequence enceded by a polynucleotide sequence having at least
T0%, at least 71%, at least 72%, at Teast 739%, at least 7496, at feast 73%, at least 76%, at least 77%, at
icast 78%, at least 79%, at least (%, at least 81%, at lcast 82%, at least 83%, at lcast 84%, at icast
85%, at least 86%, at least 879%, at loast 88%, at least 89%, at least 90%, at least 91%, at least 92%, at
least 93%, at least 949, at least 95%, at least 96%, at least 97%, at [east 9894, at least 999%, or at least
100% identity to 3EQ ID NO:5, In still some additional embodiments, the xylose isomerase
polypeptide is encoded by a polynuclestide sequence selected from SEQ 1D NOS:1, 7,9, 11, 13, 15,
17, 19, 21, and/or 23; the xylitol dehydrogenase polypeptide is encoded by SEQ 1D NO:3; and the
xylulokinase is encoded by SEQ 1D NO:S,
{68121 The present invention further provides isolated polynuclectide sequences comprising a xylose
isomerase polymucleotide, xvlitol dehvdrogenase polypeptide, and xylulokinase polypeptide. In some
cembodiments, the isolated polymucieotide sequences comprise at least one xylose isomerase
polynucleotide, and/or at least one xylitol dehydregenase polypeptide, and/or at least one xylulokinase
polypeptide. In some further embodiments, the iselated polymucicotide sequences comprise at least
one xylose isomerase polynucleotide, at least one xylitol debhydrogenase polypeptide, and/or at least
one xyhilokinase polypeptide. In some other embodiments, the isclated polynucleotide sequences
comprise at least one xylese isomerase polynucleotide, at [east one xylitel debydrogenase
polypeptide, and at least one xylulokinase polypeptide. In some additional embodiments, the xylose
isomerase polymucleotide sequence has at least about 70%, at least about 71%, at least abowut 72%, at
tcast about 73%, at least about 74%, at least about 75%, at least about 76%, at least about 77%, at
fecast about 78%, at lcast about 79%, at lcast about 8%, at lcast about 81%, at lcast about 82%, at
feast about 8396, at feast about 84%, at lcast about 5%, at least about 86%, at least abowt 87%, at
feast about 88%6, at least about €9%, at lcast about 90%, at least aboui 91%, at least aboui 92%, at
icast about 93%¢, at lcast about 94%¢, at lcast about 859, at least about 96%¢, at lcast about 979, a
lcast about 98%, at lcast about 99%, or at least about 100% identity to SEQ D NO:1, 7,9, 12, 3, 15,
17,19, 21, and/or 23; and/or the xyvlitol dehydrogenase polynucleotide sequence has at least about
70%, at least about 71%, at feast about 72%, at least about 73%, at least about 74%, at least about
75%, at least about 76%, at feast about 779%, at least about 78%, at least about 79%, at least about
80%, at least about R1%, at least about 829, at least about 83%, at least about 849, at least about
3%, at least about 86%, at least about 87%, at least abowut 88%, at least about §9%, at least about
9(1%, at least about 91%, at least about 92%, at least about 93%, at least about 949, at least about
§5%, at least about 96%, at least about 97%, at least about 98%, at least about 99%, or at least about
100% identity to SEQ 1D NO:3; and/or the xviulokinase polynucleotide sequence has at least about
70%, at least shout 71%, at teast about 72%, at least about 73%, at least abont 74%, at least about

75%, at lcast aboui 76%, at least about 77%, at least about 78%, at least abowt 7996, at least about
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30%, at fcast about &1%, at least about 82%, at least about 83%, at least about 84%, at least about
85%, at fcast about ¥6%, at least about 87%, at least about 88%, at least about 89%, at least about
9%, at lcast about 91%, at lcast about 92%, at least about 93%, at lcast about 94%, at least about
95%, at least about 96%, at least about 97%, at least about 98%, at least about 89%, or at least about
100% identity o SEQ ID NO:S. In some further embodiments, the xylose isomerase polymucleotide
sequence has at least about 70%, at least about 71%, at least about 72%, at least about 73%, at least
about 74%, at icast about 75%, at lcast about 76%, at lcast about 77%, at lcast about 78%, at lcast
about 79%, at lcast about 8G%, at least about 81%, at lcast about 82%, at least about 83%, at least
about ¥4%, at least about 5%, at least about 86%, at least about 7%, at least about 8%, at least
about &9%, af lcast about 90%, at least about 919, at lcast about 92%, at lcast about 93%, at least
about 94%, at loast about 95%, at least about 96%, at least about 97%, at least about 98%, at least
about 99%, or at least about 100% identity to SEQ D NO:1, 7,9, 12, 3, 15,17, 19, 21, and/or 23; the
xylitol dehydrogenase polynucleotide sequence has at least about 70%, at least about 71%, at Jeast
about 72%, at least about 739, at least about 7496, at least about 75%, at least about 76%, at least
about 77%, at lcast about 78%, at least about 79%, at loast about 0%, at lcast about 81%, at least
about 82%, at least about 83%, at least about 84%, at least about R5%, at least about 86%, at least
about &7%., ai lcast about 88%%, at least about &9%, at least aboui 90%, at least aboui %1%, at least
about 92%, at least about 93%, at least about 94%, at least about 95%, at least about 96%, at least
about 97%, at least about 98%, at least about 99%, or at least about 100% identity to SEQ 1D NQ:3;
and/or the xylulokinase pelynucleotide sequence has at least about 70%, at least about 71%, at least
about 72%, at least about 73%, at least about 74%, at least about 75%, at least about 76%, at fcast
about 779%, at least about 78%, at lcast about 79%, at least about 8(1%, at feast about ¥1%, at least
about 82%, at lcast about 83%, at lcast about 84%, at loast about 85%, at lcast about 86%, at least
about 87%, at lcast about 889, at feast about 89%, at least about 90%, at least about 91%, at least
about 92%, at least about 93%, at least about 94%, at least about 95%, at least about 96%, at least
about 97%, at least about 98%, at least about 99%, or at least about 100% identity to SEQ 1D NG5,
In still some additional embodiments, the xylose isomerase polynucleotide sequence has at least about
70%, at least about 719%, at least about 72%, at least about 73%, at least about 74%, at least about
75%, at lcast aboui 76%, at lcast about 77%, at lcast about 78%, at lcast about 79%, at feast about
80%, at least about 1%, at least about 2%, at least about 83%, at least about 84%, at lcast about
85%, at least about 869, at least about 87%, at least about 88%, at least about 89%, at least about
90946, at teast about 91%, at least about 929%, at least about 93%, at least about 9495, at least abowut
95%, at least about 96%, at least about 97%, at least about 98%, at least about 99%, or at least about
100% identity to SEQ IDNOG:1, 7,9, 12, 3, 15, 17, 19, 21, and/or 23; the xylitol dehydrogenase
polynucleotide sequence has at least about 70%, at least about 71%, at least about 72%, at least sbout
73%, at least about 74%, at least about 75%, at least about 76%, at least about 77%, at least about

78%, at least about 79%, at least about 8%, at least about 81%, at least about 82%, at least about
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83%, at least about K4%, at least about 85%, at least about 86%, at least about 87%%, at least about
88%, at fcast about ¥9%, at keast about 90%, at least about 91%, at least about 92%, at least about
§3%, at least about 94%, at least about 95%, at least about 96%, at least about 87%, at least about
G8%, at least about 99%, or at least about 100% identity to SEQ 1D NO:3; and the xylulokinase

polynucleotide sequence has at least about 70%, at least about 71%, at least about 72%, at lgast about

~3

73%, at least about 74%, at least about 75%, at feast about 76%, at least about 77%, at least about
78%

\\[

, at least about 79%, at least about R0%, at least about §1%, at least about 82%, at least about

O\
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, at feast abowut 84%, at least about 85%, at least about 86%, at least about 8796, at least about
38%, at lcast about 9%, at least about 50%, at least about 81%, at least about 92%, at least about
§3%, at least about 94%, at least about 95%, at least about 96%, at least about 97%, at least about
98%, at lcast about 99%, or at least about 100% identity to SEQ 1D NO:5. In some embodiments, the
xylose isomerase polypeptide comprises an aminoe acid sequence encoded by a polynucieotide
sequence having at least 70%, at least 719, at least 72%, at least 73%, at lcast 74%, at least 75%, at
cast 76%, at least 77%, at lcast 78%, at lcast 79%, at least 80%, at loast 81%, at least 829%, at least
839, at least 8496, at lcast 85%, at lcast 86%, at lcast 87%, at lcast 88%, at least 899%, at least 90%, at
feast 91%, at least 92%, at least 93%, at lcast 94%, at least 95%, at loast 96%, at least 979, at least
98%, at least 99%, or at least 100% identity to SEQ ID NQO:1, 7,9, 11, 13,15, 17, 19, 21, and/or 23;
and/or the xvlitol debydrogenase polypeptide comprises an amino acid sequence encoded by a
polvnucleotide sequence having at least 70%, at least 71%, at least 72%, at least 73%, at lcast 74%, at
feast 75%, at least 76%, at least 77%, at least 78%, at east 79%, at least 80%, at least 81%, at least
82%, at lcast 83%, at least 849, at least 85%, at least 86%, at least 87%, at least 8%, at lcast 9%, at
tcast 90%, at least 919, at least 92%, at least 93%,, at feast 94%, at least 95%, at lcast 96%%, at least
07%, at least 98%, at least 99%, or at least 100% identity to SEQ 1D NO:3; and/or the xylulokinase
polypeptide comprises an amino acid sequence encoded by a polynucleotide sequence having at least
0%, at fcast 71%, at least 72%, at lcast 73%, at least 74%, at least 75%, at least 76%, at least 77%, at
fcast 78%, at least 79%, at least (%0, at lcast 1%, at least 82%, at lcast 839, at least 84%, at least
R5%, at fcast 86%, af least 7%, at least 88%%, at least §9%, at least 20%, at least 91%, at least 92%, at
fcast 93%, at least 9495, at least 93946, at feast 96%, at least 97%, at least 98%, at least 99%, or at least
100% identity to SEQ ID NO:S. In some embodiments, the xylose isomerase polypeptide cgmprises

an amino acid sequence cncoded by a pelyvaucieotide sequence having at least 70%, at least 71%, a

\\[

fcast 72%, at lcast 739, at lcast 74%, at icast 75%, at loast 76%, at least 77%, at cast 78%, at least
749%, at least 80%, at least §1%, at least 82%, at least 83%, at least 84%, at least 8395, at least 869, at
feast 87%, at lcast 88%, at lcast €5%, at least 50%, at lcast 91%, at least 929, at least 93%, at least
84%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99Y%, or at least 100% identity to
SEQ NG, 7,9, 11, 13,15, 17,19, 21, and/or 23; the xylitol dehydrogenase polypeptide
comprises an amino acid sequence encoded by a polymucleotide sequence having at least 70%, at least

Ti%, at least 7 at least 73%, at least 749, at icast 75%, at least 76%, at least 77%, at least 78%, at
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feast 79%, at least 80%, at least 1%, at least 82%%, at loast 83%, at least 8496, at least 5%, at least
86%, at feast 87%, at least R¥%, at lcast 9%, at least 90Y%, at lcast 91%, at least 92%, at least 93%, at
fcast 94%, at least 959, at least 96%%, at least 7%, at least 28%, at least 99%, or at least 100%
identity to SEQ ID NG:3; and/or the xylulokinase polypeptide comprises an amino acid sequence
encoded by a polyoucleotide sequence having at least 70%, at least 71%, at least 7 at least 739%, at
lcast 74%, at least 75%, at least 76%, at least 77%, at feast 78%, at least 79%, at lcast 80%, at least
819, at least 82%, at Ieast 8394, at loast 84%, at least 85%, at feast 86%, atf least 879, at least 8894, at
feast 89%;, at least 90%, at lcast 91%, at least 92%, at least 93%, at least 9495, at least 959, at least
96%, at least 97%, at least 98%, at lcast 99%, or af least 100% identity to SEQ ID NO:S. In some
embodiments, the xylose isomerase polypeptide comprises an amino acid sequence encoded by a
polvnucleotide sequence having at least 70%, at least 71%, at least 72%, at least 73%, at lcast 74%, at
fcast 75%, at least 76%, at least 77%, at least 78%, at loast 79%, at least 309, at least 819, at least
82%, at lcast 83%, at least 849, at least 85%, at least 869, at least 87%, at least 8%, at least 9%, at
tcast 90%, at least 919, at least 92%, at least 93%,, at feast 94%, at least 95%, at lcast 96%%, at least
G7%, at least 98%, at least 99%, or at least 100% identity to SEG D NO:1L, 7,9, 11, 13, 15, 17, 19,
21, and/or 23; the xylitol dehyvdrogenase polypeptide comprises an anino acid sequence encoded by a
polynucieotide sequence having at least 70%, at least 71%, at least 72%, at least 73%, at least 74%, at
feast 75%, at least 76%, at least 77%, at least 78%, at keast 79%, at least 8%, at least 81%, at least
R2%, at lcast 83%, af lcast 84%, at least 8539, at least §6%, at least §7%, at least 88%, at lcast 89%, at
icast 90%, at least 91%, at least 929, at least 93%, at least 94%, at least 95%, at least 96%, at least
87%, at least 98%, at least 99%, or at least 100% identity to SEQ ID NQO:3; and the xylulokinase
polypeptide comprises an amino acid sequence cncoded by a polynucleotide sequence having at least
70%, at least 719, at least 72%, at lcast 73%, at lcast 74%, at lcast 75%, at least 76%, at least 77%, at
feast 78%, at least 79%, at lcast 80%, at least R1%, at least 82%, at least 8396, at least 8496, at least
85%, at fcast 86%, at least 87%, at lcast 8&%, at least 89%, at lcast 909%, at least 9196, at least 92%, at
feast 93%, at least 94%, at least 95%, at lcast 96%0, at least 97%, at least 98%, at least 99%, or at least
100% identity to SEQ 1D NGS5, In some further embodiments, the xylese isomerase polynucieotide
sequence s selected from SEQ ID NGS:1, 7,9, 11, 13,15, 17, 19, 21, and/or 23; and/or the xylitol
dehydrogenase polynucleotide sequence is SEQ ID NG:3; and/or the xylulokinase polynucleotide
sequence is SEQ 1D NO:S. In some further embodiments, the xylose isomerase polynucieotide
sequence is selocted from SEQ ID NOS:1, 7,9, 11, 13,15, 17, 19, 21, and/or 23; the xylitol
dehydrogenase polynucleotide sequence is SEQ 1D NO:3; and/or the xylulokinase polynucleotide
sequence is SEQ 1D NO:S. In some firther embodiments, the xylose isomerase polynucleotide
sequence is selected from SEQ ID NORS:1, 7,9, 11, 13, 15, 17, 19, 21, and/or 23; the xylitol
dehydrogenase polynucleotide sequence is SEQ 1D NO:3; and the xylulokinase polynucleotide
sequence is SEQ 1D NO:5. In some additional embodiments, the xylose 1somerase polynucleotide

sequence encodes an aming acid sequence having at least about 70%, at least about 71%, at least
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about 72%, at least about 73%, at least about 74%, at least about 75%, at least about 76%, at least
about 77%, at least about 78%, at least about 79%, at least about 80%, at least about 8194, at least
about 82%, at loast about 83%, at least about 849%, at least about 8§59%, at least about §6%, at least
about 87%, at lcast about 88%, at least about 89%, at least about 90%, at least about 91%, at least
about 92%, at least about 93%, at least about 94%, at least abowt 95%, at least about 96%, at least
about 97%, at least about 98%, at least about 99%, or at least about 100% identity to SEQ ID NQ:Z, 8
10,12, 14, 16, 18, 20, 22, and/or 24; and/or the xylitol dehydrogenase poelysucleotide encodes an
amino acid sequence having at least about 70%, at least about 71%, at least about 72%, at least about
73%, at fcast about 74%, at east about 75%, at least about 76%, at least about 77%, at least about
78%, at least about 79%, at least about 8%, at least about 81%, at least about 82%, at least about
R3%, at lcast about R4%, at lcast about 85%, at lcast about 86%, at lcast about 87%, at lcast about
RR%, at least about 9%, at least about 80%, at least about 91%, at least about 92%, at least about
3%, at least about 94%, at least about 95%, at least about 96%0, at least about 97%, at least about
08%, at least about 99%, or at least about 100% identity to SEQ 1D NO:4; and/or the xyhilokinase
polynucleotide encodes an amino acid sequence having at least about 70%, at least about 7194, at least
about 72%, at least about 73%, at least about 7495, at least about 73%, at least about 769, at least
about 77%, at least about 78%, at least about 79%, at least about 8(%, at least about 819, at least
about 82%, at least about 83%, at least about 84%, at least about 85%, at least about 86%, at least
about 87%, at loast about 88%, at least about 89%, at least about 90%, at least about 91%, at least
about 92%, at least about 93%, at least about 94%, at least abowt 95%, at least about 96%, at least
about 97%, at least about 98%, at least about 99%, or at least about 100% identity to SEQ D NO:6,
In some additional embodiments, the xylose isomerase polynuciestide sequence encodes an aming

G/

acid sequence having at least about 70%, at least about 71%, at least ahout 72%, at least abowut

5
‘

73%, at
feast about 74%, at least about 75%%, at least about 76%, at least about 77%, at least abow 78%, at
feast about 79%, at least about 8%, at least about 8196, at least about 829, at icast about 839, at
icast about 84%¢, at lcast about 859¢, at lcast about 86%¢, at least about 87%, at least about 88%, at
icast about 89%, at icast about 9(%, at Icast about 91%, at lcast about 92%, at lcast about 93%, at
icast about 94%, at lcast about 95%, at Icast about 96%, at least about 97%, at least about 98%, at
least about 99%, or at least about 100% identity to SEQ ID N(G:2, &, 10, 12, 14, 16, 1§, 20, 22, and/or
24; the xyhitol debhydrogenase polynuclectide encodes an amine acid sequence having at least about

7
i

70%, at least about 719, at least about 72%, at least about 73%, at least about 74%, at least about

\!

3%, at least about 76%, at least about 779, at least abowut 78%, at least about 799, at least about

830%, at fcast about 81%, at least about 82%, at least about 83%, at least about 84%, at least about

oo

3%, at feast about 86%, at least about 87%, at least about 88%, at least about 89%, at least about
9%, at lcast about 91%, at lcast about 92%, at Icast about 93%, at fcast about 94%, at lcast about
5%, at least about 96%, at least about 97%, at least about 98%, at least about 9%, or at least abowt

100% identity to SEQ ID NO:4; and/or the xyhiokinase polynucleotide encodes an amino acid
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sequence having at least about 70%, at least about 71%, at least about 729%, at least about 73%, at
feast about 74%, at least about 75%, at least about 769, at least about 77%, at least about 78%, at
icast about 79%, at Icast about 8(%, at Icast about 81%, at lcast about §2%, at lcast about 83%, at
icast about 84%, at Icast about 85%, at lcast about 86%, at lcast about §7%, at lcast about 88%, at
feast about 5%, at least about 90%, at least about 91%, at least about 92%, at least about 93%, at
tcast about 94%, at least about 95%, at least about 96%, at lcast about 97%, at least about 98%, at
least about 99%, or at least about 100% identity to SEQ 1D NO:6. In some additional embodiments,
the xylose somerase polynucleotide sequence encodes an amino acid sequence having at least about
70%, at fcast about 71%, at keast about 72%, at least about 73%, at least about 74%, at least about
75%, at fcast about 76%, at least about 77%,. at least about 78%, at least about 79%, at least about
Ri¥%, at lcast about R1%, at lcast about 82%, at lcast about 83%, at lcast about 84%, at lcast about
R5%, at least about R6%, at least about 87%, at least about 88%, at least about 89%, at least about
0%, at lcast aboui 91%, at least aboui 92%, at lcast about 93%, at least about 94%, at least about
05%%, at least about 96%, at least about 97%, at least about 9%, at least about 999%, or at least about
100% identity to SEQ ID NO:Z, 8, 10, 12, 14, 16, 18, 20, 22, and/or 24; the xylitol dehydrogenase
polynucleotide encodes an amino acid sequence having at least about 709, at least about 7196, at least
about 72%, at least about 73%, at least about 74%, at least about 75%, at least about 76%, at least
about 77%, at least about 78%, at least about 79%, at least about 809%¢, at least about 8194, at least
about 82%, at loast about 83%, at least about 849%, at least about 8§5%, at least about §6%, at least
about 87%, at least about §8%, at least about §9%, at least abowt 90%, at least about 91%, at least
about 92%, at least about 93%, at least about 94%, at least abowt 95%, at least about 96%, at least
about 97%, at least about 98%, at least about 99%, or at least about 100% identity to SEQ ID NO4;
and the xyhulokinase polynuclectide encodes an amine acid sequence having at least about 70%, at
least about 71%, at least about 72%, at least about 73%, at least about 749, at least about 75%, at
feast about 76%, at least about 77%, at least about 78%, at least about 79%, at icast about 8(%, at
feast about 81%, at least about 82%, at lecast about 839%, at least about 849, at least about 85%, at
ieast about 86%, at least about 87%, at least about 88%%, at least about 89%, at least about 9(%, at
feast about 91%, at least about 92%, at least about 93%, at least about 94%, at least about 95%, at
ieast about 96%, at least about 97%, at least about 98%, at least about 99%, or at least about 100%
identity to SEQ 1D NO:6. In some further embodiments, the xylose isomerase polynucicotide
sequence encodes an amino acid sequence having 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 (%, at
feast 81%, at least 82%, at lcast 3%, at least 84%, at lcast 859, at least 86%, at least 87%, at least
88%, at lcast 89%, at least 90%, at least 91%, at least 92%, at lcast 93%, at least 949, at least 95%,
least 96%, at loast 97%, at least 98%, at least 9%, or at least 100% identity to SEQ 1D NO:2, §, 10,
12, 14, 16, 18, 28, 22, and/or 24; and/or the \yhtol dehydrogenase polynucleotide encodes an aming

acid sequence having at least 70%, at least 7 at least 729, at least 73%, at least 74%, at least 75%,
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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 lcast 84%, at lcast 85%, at least 86%, at least 7%, at lcast 88Y%%, at least 89%, at least 90%, at
ieast 91%, at least 929, at {east 939, at least 9494, at least 95%, at least 96%, at least 97%, at least
G8%, at least 99%, or at least 100% identity to SEQ 1D NG:4; and/or the xylulokinase polynucleotide
encodes an amine acid sequence havmg at least 70%, at least 71%, at least 72%, at least 73%, at least
4%, at least 75%, at least 76%, at least 77%, at least 78%, at lcast 79%, at lecast 80%, at least 1%, a
least 82%, at least 839, at loast 84%, at least R5%, at feast 86%, af least B7%4, at least 8594, at least
8499, at least 0%, at least 91%, at least 92%, at least 93%, at least 84%, at least 9395, at least 969, at
least 97%, at least 98%, at least 99%, or at least 100% identity to SEQ ID NO:6. In some further
embodiments, the xylose isomerase polynucieotide sequence encodes an amine acid sequence having
at least 70%, at least 71%, at lcast 72%, at lcast 73%, at lcast 74%, at fcast 75%, at least 76%, at lcast
7%, at feast 78%%, at least 79%, at Teast 8096, at least 8196, at feast §2%, at least 83%, at least 84%, at
feast 85%, at least 86%, at least 87%, at least 88%, at least 89%, at least 90%, at least 91%, at icast
02%%, at least 9399, at least 94%, at least 95%, at least 96%, at feast 97%, at least 98%, at least 99%, or
at least 100% identity to SEQ 1D NQO:Z, 8, 10, 12, 14, 16, 18, 20, 22, and/or 24; the xylitol
dehydrogenase polynucleotide encodes an amino acid sequence having at least 70%, at least 71%, at
feast 72%, at least 73%, at lcast 74%, at least 75%, at lcast 76%, at least 779, at least 78%, at least
79%, at fcast 80%, at least 81%, at least 2%, at lcast 8396, at least 84%, at least 859, at lcast 86%, at
icast 87%, at loast B8Y%, at least 8994, at lcast 9%, at least 919%, at least 92%, at least 93%, at least
04%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or at least 100% identity to
SEQ ID NG:4; and/or the xylulokinase polynucleotide encodes an amino acid sequence having at
teast 70%, at least 719, at least 72%, at least 73%, at feast 74%, at least 75%, at lcast 76%%, at least
T7%, at least 78%, at least 799, at least 80%, at least 81%, at least 82%, at least 839, at least 849, at
feast 85%;, at least 86%, at lcast 87%, at least 88%, at least 89%, at least 90%%, at least 9194, at least
O4, at least 93%, at least 94%, at least 95%, at icast 96%, at least 975, at least 989, at least 999%, or
at least 100Y% identity to SEQ ID NO:6. In some further embodiments, the xylose isomerase
polvnucleotide sequence encodes an amino acid sequence having at least 70%, at least 71%, at least
72%, at least 73%, at least 74%, at least 759, at least 769, at least 77%, at least 789, at least 79%, at
icast 80%, at least 819, at least 82%, at least 83%, at lcast 84%, at least 85%, at lcast 86%, at icast
87%, at least 889%, at least 89%, at least 90%, at least 91%, at lcast 92%, at least 93%, at least 94%, a
least 95%, at least D6%, at least 97%, at least 98%, at lcast 99%, or at least 100% identity to SEQ 1D
NG:2, 8, 10, 12, 14, 16, 18,20, 22, and/or 24; the xylitol dehvdrogenase polynucleotide encodes an
amino acid sequence having at least 70%, at least 71%, at least 72%, at least 73%, at least 74%, at
fcast 75%, at feast 76%, at least 77%, at lcast 78%, at least 79%, at least 80%, at least 81%, at least
R2%, at lcast 83%, af lcast 84%, at least 85%, at least 86%, at least §7%, at least 8894, at lcast 89%, at
icast 90%, at least 919, at least 929, at least 93%, at least 94%, at least 95%, at lcast 96%, at least

97%, at least 98%, at least 99%, or at least 100% identity to SEQ ID NG:4; and the xylulokinase
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polynucleotide encodes an amino acid sequence having at least 70%, at least 71%, at least 72%, at
fcast 73%, at fcast 74%, at least 75%, at lcast 76%, at least 77%, at loast 78%, at least 79%, at least
R(1%, at fcast 81%, af least B2, at least 8395, at least 8494, at least 85%, at least 8694, at least 87%, at
icast 8R%, at least 89%, at least 909, at least 1%, at least 92%, at least 93%, at lcast 94%, at least
95%, at least 96%, at least 97%, at least 989, at least 99%, or at least 180% identity to SEQ 1D
NO:6. o some additional embodiments, the xylose isomerase polynucicotide sequence encodes an
amino acid sequence selected from SEQ 1D NOS:Z, 8, 10, 12, 14, 16, 18, 20, 22, and/or 24; and/or the
xylitol dehydrogenase polynucleotide sequence encodes the amino acid sequence set forth n SEQ 1D
NG:4; and/or the xylalokinase polynucieotide sequence encodes the amino acid sequence set forth in
SEQ IDNO:6, Insome additional embodiments, the xylose isomeerase polynucleotide sequence
encodes an amino acid sequence selected from SEQ 1D NOS:2, 8, 10, 12, 14, 16, 18, 20, 22, and/or
24; the xyhiol dehvdrogenase polynucleotide sequence encodes the amino acid sequence set forth in
SEQ ID NO:4; and/or the xylulokinase poelynuclestide sequence encodes the amino acid sequence set
forth in SEQ ID NO:6, In some additional embodiments, the xylose isomoerase polynucleotide
sequence encodes an amine acid sequence selected from SEQ 1D NOS:2, 8, 10, 12, 14, 16, 18, 20, 22,
and/or 24; the xylitol dehydrogenase polynuacleotide sequence encodes the amino acid sequence set
forth in SEQ ID NG:4; and the xylolokinase polynucleotide sequence encodes the anxino acid
sequence set forth in SEQ 1D NO:6.

1983131 The prescut mvention also provides methods for producing a formentation product,
comprising: providing a recombinant fungal host cell as provided herein; providing a fermentation
medium; and contacting the fermentation medivm with the recombinant fungal host cell under
conditions suitable for generating the fermentation product. In some cmbodiments, the methods
further comprise the step of recovering the fermentation product. In some additional embodiments,
the fermenting step 15 carried out ymder conditions selected from anacrobic, microacrobic or aerobic
conditions. In some further embodiments, the fermentation product is selected from an alcchol, a
fatty alcohol, a fatty acid, lactic acid, acetic acid, 3-hydroxypropionic acid, acrylic acid, succinic acid,
citric acid, malic acid, fumaric acid, succinic acid, an amino acid, 1,3-propancdiol, cthylene, glyveerol,
and a B-lactam. In some still additional embodiments, the fermentation product 1s an aleohol selected
from gthanol and butanol. In some embodiments, the fermentation product is ethanol. In somg
cmbodiments, the fermentation medium comprises product from a saccharification process. Insome
further embodiments, the fermentation mediur comprises hemicellulosic feedstock.

[8814] The present invention also provides methods of producing at least one end product from at
least one cellulosic substrate, comprising: providing at least one cellulosic substrate and at least one
enzyme composition comprising at least onc cellulase; contacting the celiulosic substrate with the
enzyme composition under conditions whereby fermentable sugars are produced from the ccliulosic
subsirate in a saccharification reaction; and contacting the fermentable sugars with a microorganism

under fermentation conditions such that at least one end product is prodoced. In some embodiments,
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the methods comprise simultancous saccharification and fermentation reactions {SSF), whilg in some
alternative embodimends, the methods comprise saccharification of the celiulosic substrate and the
fermentation iu separate reactions (SHF). o some further embodiments, the enzyme composition is
produced simultancously with the saccharification reaction and the fermentation. In some
embodiments, the methods further comprise at least one adjunct composition in the saccharification
reaction. In some additional crubodiments, the adjunct composition is selected from at least one
divalent metal cation, copper, gallic acid, and/or at least one surfactant. fo some further
embodiments, the methods are conducted at about pH 5.0, while in some alternative embodiments, the
micthods are condacted at about pH 6.0, In some further embodiments, the methods further comprise
recovering at least one end product. In some embodiments, the end product comprises at least one
fermentation end product. In some additional emmbodiments, the fermentation end product is selected
from alcohols, fatty acids, lactic acid, acetic acid, 3-hydroxypropionic acid, acrylic acid, succinic acid,
citric acid, malic acid, fumaric acid, an amino acid, 1,3-propanedicl, ethylene, glycerol, fatty alcohols,
butadicne, and beta-lactams. In still some other embodiments, the formentation end product is at least
ong alcohol selected from cthanol and butanol, In some embodiments, the alcohol is cthanol. In some
additional embodiments, the microorganism is a yeast. In some embodiments, the yeast is
Saccharomyces. Tn some additional embodiments, the methods further comprise recovering at least

one formentation end product.

BESCRIPTION OF THE FIGURES

188181 Figure 1 illustrates xylose conversion pathways. In yeast and filamentous fungi, D-xylose is
initially reduced to xyiitol by NAD(PiH-dependent xylose reductase (“XR”). Xylitol is subsequently
oxidized to D-xylulose by NAD+-dependent xylitol dehydrogenase (“XIDH” or “XD7). Xylulokinase
(“XK”) subsequently phosphorylates D-xylulose to produce D-xylulose S-phosphate, which is then
further metaboelized through the pentose phosphate pathway (“PPP”). In bacteria, D-xylose is directly
converted to D-xylulose by 2 xylose isomerase (“XI7).

18816 Figures 2A-C illustrate the metabolic pathways for converting D-xylulose-5-F to ethanol.
{86171 Figure 2A illustrates the pentose phosphate pathway (PPP). The substrates and products are
shown. The enzymes are represented by numbers as follows: 6. Ribulose-5-phosphate 3-epimerase;
7. Transketolase (TKL1); 8. Transaldolase (TAL1); 9. Ribose-5-phosphate ketoisomerase (RK11); 10.
6-phosphogluconate dehydrogenase (GND1); 11, d-phosphoghiuconalactonase {SOL3); and 12.
Glucose-6-phosphate-1-dehydrogenase (ZWF).

[8818] Figure 2B illustraics the pathway of glycolysis. The substrates and products are shown, The
enzymes are represented by numbers as follows: 13, Hexokinase; 14. Phosphoglucose isomerase; 15.
Phosphofructokinase; 16. Aldolase; 17. Triose phosphate isomerase; 18, Glyceraldehyde 3-phosphate
dehydrogenase; 19. 3-Phosphoglycerate kinase; 20. Phosphoglyceromutase; 21, Enolase; and 22,

Pyruvate kinase.
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[8819] Figure 2C illustrates the metabolic pathway for converting pyruvate o ethanol. The
substrates and products are shown. The enzymes are represented by numbers as follows: 23,
Pyruvate decarboxylase; 24, Aldechyde debydrogenase; and 25. Alcohol dehydrogenase.

180628] Figure 3 provides a graph showing the fermentation results of strains comprising X1, XD and
XK genes i different combmations. Fermentation performed in 96-well plates for 96 hours in YPD
media supplemented with 30g/1 xylose. Residual xylose, as well as produced ethanol and xylitol are
shown. Numbers in boxes represent xylose consumed in comparison with a control strain comprising
an empty plasmid (n=7, error bars £SD).

{8821 Figure 4 provides a graph showing the fold improvement in xylose consumption under several
fermentation conditions by different strains comprising the XI-XD-XX pathway relative {o xylose
consumption by the same strains comprising the X1 gene only.

180622] Figure 5 provides a graph showing the time course analysis of 25-ml fermentation of haploid
strains comprising an empty plasmid (negative control), XI-XD-XK pathway or X1 gene only.

18623} Figure 6 provides a map of the XIDK integration construct.

8024} Figure 7 provides a grapb showing the residual xylose as measured after fermentation of
NRRL Yi528-derived haploid strains comprising XI genes from diverse origins. Fermentation was
performed in 96-well plates for 72 howrs in YPD media supplemented with 30g/1 xylose (n=7, error
bars +5D).

180258 Figure 8 provides a map of the plasmid PLSO030112.

BESCRIPTION OF THE INVEXTION

[8827] The present invention provides methods and compositions suitable for use in the
1spmerization of xvlose to xylulose, as well as methods and compositions suitable for use in the
conversion of xylose to xylitol and xvlulose, inchuding vucleic acid constructs, recombinant fungal
host cells, and related materials.

166281 All patents and publications, including all sequences disclosed within such patents and
publications, referred to herein are expressly incorporated by reference. Unless otherwise indicated,
the practice of the present invention involves conventional techniques commoniy used in molecular
biclogy, fermentation, microbiology, and related fields, which are known to those of skill in the art.
Unless defined otherwise herein, all technical and scientific terms used herein have the same meaning
as commnonly understood by one of ordinary skill in the art to which this invention belongs. Although
any methods and materials similar or equivalent to those described berein can be used in the practice
or testing of the present invention, some preferred methods and materials are described. Indeed, it is
intended that the present invention not be limited to the particular methodology, protocols, and

reagents described herein, as these may vary, depending upon the context in which they are used. The
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headings provided herein are not limitations of the various aspects or embodiments of the present
nvention.

18029] In order to facilitate understanding of the present invention, a number of torms are defined
below. Numeric ranges are melasive of the numbers defining the range. Thus, every numerical range
disclosed herein is intended to encompass every narrower numerical range that falls within such
broader numerical range, as if such narrower nunmerical ranges were all expressly written herein, It is
also trdended that every maxinum (or minionm) numerical Hmitation disclosed herein includes every
lower (or higher) numerical bimitation, as if such lower (or higher) numerical Hmitations were
expressly written herein.

[8838] As uscd herein, the torm “comprising” and ifs cognates arc used in their inclusive sense (e,
equivalent to the term “including” and its corresponding cognates),

{88311 As used herein and n the appended claims, the singular “a”, “an” and “the” mclude the phial
reference unless the context clearly dictates otherwise. Thus, for example, reference to a “host cell”
inciudes a plurality of such host celis.

[8032] Unless otherwise indicated, nucleic acids are written left to right in 5 to 3' orientation; amino
acid sequences are written left to right in amino to carboxy orientation, respectively. The headings
provided herein are not limitations of the various aspects or embodiments of the invention that can be
had by reference to the specification as a whole. Accordingly, the terms defined below are more fully
defined by reference to the specification as a whole.

18033] As used herein, the terms “isolated” and “purified” ave used to refer to 8 molecule (¢.g., an
isolated nucleie acid, polypeptide, ctc.} or other component that is removed from at least one other
component with which it is naturally associated.

18034} As used herein, the term "reference enzyme” refers to an enzyme to which another enzyme
(i.c., the “test enzyme™) is compared in order to determine the presence of an improved property in the
test enzyme being evaluated, including but not hmited to improved activity, thermoactivity,
thermostability, and/or stability. In some embodiments, 8 reference enzyme is 3 wild-type enzyme
(e.g., wild-type xylose isomerase, xylitel debydrogenase, or xyhulokinase). In some embodiments, a
reference enzyme is another variant enzyme (e.g., another vanant xylose isomerase, xylitol
dehvdrogenase enzyme, or xylulokinase of the present invention).

{8635] As uscd herein, the term “recombinant” refers to a polynucleotide or polypeptide that does not
naturally occur in a host cell. A recombinant molecule may contain two or more naturally-occurring
scquences that are linked together in a way that does not naturally occur. A “recombinant cell”
comprises a recombinant polynucleotide or polypeptide.

[8836] As uscd herein, the torm “overexpress” is intended to encompass increasing the production
{i.c., expression) of a protein to a lovel greater than the cell normally produces. Tt is intended that the

term encompass overexpression of endogenous, as well as heterologous proteins.
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{88371 As used herein “parent” refors 1o a starting cell, gene or protein. In some embodiments,
“parental strains” are used as the starting point to develop additional strains {(c.g., derivatives). In

LE

some additional embodiments, “parcntal molecules™ {c.g., “parental enzymes”) are used as starting
points for evohution/modification to prodace variant molecules (e.g., “variant enzymes”). For clarity,
reference to a cell of a particular strain refers to a parental cell of the strain as well as progeny and
genetically modified derivatives of the same. Genetically modified derivatives of a parental cell
include progeny cclis that contain 2 modified genome or episomal plasmids that confer for example,
antibiotic resistance, improved fermentation capability, the ability to otilize xylose as a carbon source,
g,

{8838] As used herein, in reference to a specific sequence, the term “modification™ cncompasses any
alteration in a parent anine acid sequence, including but not himited to at least one substitution,
deletion, and/or insertion, as well as any change to any component of the sequence. The term also
encompasses any alteration in a parent mucleotide sequence, imchuding but not Hmited to at least one
substitution, deletion, inscrtion, and/or point mitation, ¢tc., {¢.g., any change to any component of the
sequence). Thus, the torm “modification” encompasses the term “mutation,” in which a parent
nucleotide and/or peptide sequence is altered through any means of nuitagenesis.

[80632] A mucleic acid construct, nucleic acid (e.g., 2 pelynucleotide), polypeptide, or host cell is
referred to herein as "recombinant” when it is non-naturally occurring, artificial and/or engineered.
188481 The terms "xylose isomerase” and "xylose isomerase polypeptide” are used interchangeably
herein to refer to an enzyme that is capable of catalyzing the isomerization of D-xylose directly to D-
xylulose. The ability to catalyze the isomerization of D-xylose directly to D-xylulose 1s referred to
herein as "xylose isomerase activity”™.

[8041] The terms "xylitol dehydrogenase” and "xylitel dehydrogenase polypeptide” are used
miterchangeably herein to refer to an enzyme that is capable of catalyzing xylitol to xvhulose. The
ability to catalyze xylitol to xylulose is referred to herein as "xylitol dehydrogenase activity”. Also, as
used herein, the term "xylitol dehydrogenase polynucieotide” refers to a polynucicotide that cacodes a
xylitol dehydrogenase polypeptide.

188421 The term “xylulokinase” refers to an enzyme that phosphorylates D-xyhilose to produce D-
xylulose S-phosphate, which is then firther metabolized through the pentose phosphate pathway.
{8843} For example, the term "xylose isomerase polynucieotide” refers to a polynucleotide that
encodes a xylose isomerase pelypeptide. The term “xyhitol dehydrogenase polynucicotide” refers to a
polymucleotide that encodes a xylitol dehydrogenase polypeptide. The term “xvlulokinase
polynucleotide” refers to a polynuciestide that encodes a xyhalokinase polypeptide.

18844] The terms "xylose reductase” and "xylose reductase polypeptide” are used interchangeably
herein to refer to an cozyme that is capable of catalyzing xylose to xylitel. The ability to catalyze
xylose to xyhitol is referred to herein as "xylose reductase activity”.  The term "xylose reductase

polynucleotide” refers to a polynucleotide that encodes a xylose reductase polypeptide.
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[8845] The terms "protein” and "polypeptide” are used interchangeably herein to refer to a polymer
of amino acid residugs. As used herein, the terms "enzyme variant” and "variant enzyme” are used in
reference o enzymes that arc similar to a reference enzyme, particularly in their function, but have
mutations n their amine acid sequence that make them different in sequence from the wild-type or
another reference enzyme. Enzyme variants (e.g., “xylose reductase variants,” “xylitol
dehydrogenase variands,” and/or “xylulokinase variants”) can be made using any of 2 wide varicty of
ditferent mutagenesis techniques well known to those skilled 1o the art. To addition, switagenesis kits
are also available from many commercial molecular biclogy suppliers. Methods are available to make
specific substitutions at defined amino acids (site-divected), specific or random mutations in a
localized region of the geue (regilo-specific) or random mutagencsis over the entive genc {e.g.,
saturation mutagenesis). Numerous suitable methods are known to those in the art to generate
enzyme variants, including but not himited to site-directed muitagenesis of single-stranded DNA or
double-stranded DNA using PCR, cassette mutagencsis, gene synthesis, error-prone PCR, shuffling,
and chemical saturation mutageunesis, or any other suitable method known in the art. After the
varianis are produced, they can be screened for the desived property {e.g., high or increased; or low or
reduced activity, increased thermal and/or alkaline stability, etc.).

[8046] As used herein, “combinatorial variant” refers 1o any variant that has a combination of two or
morg mutations (¢.g., substitutions). o some embodiments, the combination of mutations resuits in
changes in enzyme activity {c.g., improved thermostability, thermoactivity, and/or specific activity,
ete.).

180471 Asused herein, the term “xylose isomerase varant” refers to a xyiose isomerase that has been
modified from an original starting xylose isomerase. In some embodiments, the term is used in
reference to a xylose isomerase polypeptide or polynucheotide encoding & xylose isomerase
polypeptide comprising one or more modifications relative to wild-type xylose isomerase or the wild-
type polynucleotide encoding xylose isomerase (such as substitutions, insertions, deletions, and/or
truncations of one or more aming acid residues or of one or more specific mucleotides or codons in the
polypeptide or polynucleotide, respectively), and biologically active fragments thereof. To some
embodiments, the xylose isomerase variants arc xylose isomerase chimeras.

2% 6

[8048] The terms “enzyme chimera,” “chimeric variant,” and “chimeric enzyme” refer to enzymes s
that comprise sequences from at Jeast two different parent molecules. In some embodiments, the
chimeras are hybrid proteins encoded by nucleotide sequences that have been spliced together from at
least two genes. It is not intended that the present invention be limited to any specific mumber of
starting (i.e., “parental” sequences). In some embodiments, the term “chimeric” refers to 3 nucleie
acid, nucleotide sequence and/or encoded product thercof, that contains sequences from two or more
differcut sources. It is contemplated that any suitable source will find use in the present jnvention,
including but not limited to nucleic acid, nucleotide sequence, ribosomal nucleic acid, RNA, DNA,

regulatory nucleotide sequences (¢.g., promoter, URL, enhancer, repressor, gic.), coding nucleic acid,
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gene, nucleic acid linker, nucleic acid tag, amino acid sequence, peptide, polypeptide, protein,
chromosome, and/or organism. In some embodiments, “chimeric” molecuies include sequences of
contiguous nuckeotides or amino acids from any suitable scurce, including but not limited to viruses,
prokaryotes, and/or cukaryotes, ele. In some embodiments, chimeras are gencrated by placing
fragments of related and/or unrelated nucleic acids, nucleotide sequences, and/or BNA segments in
juxtaposition. in some embodiments, the nucleic acids, nucleotide sequences and/or DNA segments
arc native (e.g., wild-type) sequences, while in other embodiments, they are mutant and/or engincered
(e.g., recombinant) sequences. 1t is not intended that the present invention be Himited to any particular
starting component. In some embodiments, the chimera comprises sequences {e.g., 1,2, 3,4, 5,6, 7,
8, 9, or 10 sequences) from one organism and sequences {(e.g., 1,2, 3,4, 5,6, 7, 8, 9, or 10 sequences)
from at least one other organism {(c.g., as countiguous nucleotides or contiguous amine acids). fo some
embodiments, the organisms are microorganisms, including but not imited to bacteria, yeast,
filamentous fungi, etc. In some embodiments, the sequences are obtained from at least two organisms
of the same genus and/or species, but of different strains. In some other embodiments, the sequences
arc obtained from at least two organisms of the same species, while in some other embodiments, the
sequence are obtained from at least two organisms of the same genus {(Le., different specics). Insome
embodiments, the chimeras comprise 8 portion of an enzyme from one bacterial species and at least
one additional portion of an enzyme from at least one additional bacterial species. In some
embodiments, the chimeras comprise a portion of au enzyme from one fimgal species and at least one
additional portion of an enzyme from at least one additional fimgal species. In some embodiments,
the chimneras are comprised of sequences obtained from various types of organisms, for example
combinations of bacterial and fungal specics, as well as combinations of bacterial, fungal, virsl,
and/or plant species. Some embodiments of the present fnvention comprise one portion of an enzyme
from a plant, another portion of an enzyme from a bacterium, and another portion of an enzyme from
a fungus. Indeed, it 1s intended that any combination of parental organisms will find use in the
present invention. In some embodiments, the chimeras are produced by recombination of two or more
nucleotide sequences. Any suitable method for recombination finds use in producing the chimeras.

In some embodiments, fragments used to generate chimeras are juxtaposed as units {e.g., nucleotide
sequences from the various sources are combined end-to-end and are not interspersed). In some
embodiments in which the chimeras include one stretch of contiguous nucleotides per cach source
organism, nucicotide sequence combinations can be noted as DNA source 1 (1DNA), DNA source 2
(ZDNA), etc. (e.g., IDNA/ZDNA cle.}, including combinations thereof. [n some other embodiments,
fragments used to generate the chimeras are interspersed (e.g., IDNA/ZDNAMDNA/BDNA, ete). In
some embodiments, the chimeric nucleotide sequence encodes activity higher than any of the source
nucleotide sequences. [n some alterpative embodiments, the chimeric nucleotide sequences have
stmilar or same activity as the source nucleotide sequences, but the amount of the activity or kinetics

of the activity {c.g., increased or decreased activity), specific activity, and/or other aspects of the
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activity are altered. In some additional embodiments, the chimeric nucleotide sequences encode
different activitics and in some further cmbodiments, the chimeric nucleotide sequences encode
chimeric activitics {¢.g., a combination of two or more activities).

{8049] In some embodiments, xylose isomerase polynucleotides emploved in the practice of the
present invention comprise a polymucleotide sequence that 1s at least about 30%, at least about 35%, at
icast about 40%, at lcast about 45%, at lcast about 50%, at least about 55%, at least about 60%, at
least about 63%, at least about 70%, at least about 71% identical, at loast about 72% identical, at least
about 73% 1dentical, at least about 74% identical, at least about 75% identical, at least about 76%
1dentical, at least about 77% identical, at least about 78% identical, at icast about 79% identical, at
feast about 80% identical, at least about 819 identical, at least about 2% identical, af least about
R3% identical, at least about 84% identical, at least about 85% identical, at least about 869 identical,
at feast about 879 identical, at least abouot 88%6 identical, at least about 89% identical, at least abowt
90% identical, at least about 91% identical, at least about 92% identical, at least abowut 93% identical,
at least about 94% identical, at least about 95% identical, at least about 96% identical, at least about
97% 1dentical, at least about 98% identical, or at least about 99% identical to SEQ IDNG:1, 7, 9, 11,
13, 15,17, 19, 21, and/or 23, and/or a fragment of any of these sequences.

[8858] In some embodiments, xyhitol dehydrogenase polynucleotides employed in the practice of the
present invention comprise a polynucleotide sequence that is at least about 30%, at least about 35%, at
icast about 4(%, at Icast about 45%, at Icast about 5(%, at lcast about 55%, at lcast about 60%, at
fcast about 65%, at lcast about 70% identical, at least abowt 71% 1dentical, at least about 72%
identical, at least about 73% identical, at feast about 74% identical, at least about 75% identical, at
tcast about 76% identical, at least about 77% identical, at least about 78% identical, at feast about
799% tdentical, at least about RO%6 identical, at least abont 81% identical, at least about R2% identical,
at least about 83% identical, at least abowt 84% identical, at least about 85% identical, at least about
86% tdentical, at last about 87% identical, at least about 88% identical, at least about 89% identical, at
feast about 90% identical, at least about 91% identical, at least about 92% identical, at least about
93% identical, at least about 94% identical, at least about 95% wdentical, at least about 96% wdentical,
at feast about 979 identical, at least about 98% identical, or at least about 99% identical to SEQ ID
NO:3, and/or a fragment of any of these sequences.

18058] In some embodiments, xyhilokinase polynuciectides cmploved in the practice of the present
invention comprise a polyvnucieotide sequence that is at feast about 30%, at least about 35%, at least
about 40%, at least about 45%, at least about 50%, at least about 55%, at least about 60%, at least
about 65%, at least about 7{% identical, at least about 71% identical, at least about 72% identical, at
feast about 73% identical, at least about 74% identical, at least about 75% identical, at least about

ang pny
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76% identical, at least about 779 wdentical, at least about 78% wdentical, at least about 79% wdentical,
at feast about 309 identical, at least abouot 8196 identical, at least about 82% identical, at least about

83% identical, at least about 84% identical, at least about 85% identical, at least about 86% identical,
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at last about 87% identical, at least about 88% identical, at least about 89% identical, at least about
90% identical, at least about 919 identical, at least about 92% identical, at least about 93% identical,
at least about 949 identical, at least abount 95% identical, at least about 96% identical, at least about
97% identical, at least abowt 98% identical, or at least about 99% identical to 3EQ 1D NG5, and/ora
fragment of any of these sequences.

18052] In some embodiments, xylose isomerase polypeptides emploved in the practice of the present
invention comprise a polvpeptide sequence that is at least about 30%, at least about 35%, at least
about 40%, at least about 459, at least about 50%, at least about 55%, at least about 6096, at least
about 65%, at least about 7(%, at least about 71% identical, at least abowt 72% identical, at least
about 73% identical, at least about 749¢ identical, at least about 75% identical, at least about 76%
identical, at least about 77% identical, at least about 78% identical, at least about 799 1dentical, at
ieast about 80% identical, at least about 81% identical, at least about 829 wdentical, at feast about
83% identical, at least about 84% identical, at least about 85% identical, at least about 86% 1dentical,
at least about 87% identical, at least about 8896 identical, at least about 89% identical, at least about
909 wdentical, at least about 91% identical, at [east about 92% identical, at least about 93% identical,
at least about 94% identical, at least abowt 5% tdentical, at least about 96% identical, at least about
97% 1dentical, at least about 98%¢ identical, or at least about 99% identical to SEQ ID NG:2, 8, 14, 12,
14, 16, 18, 20, 22, and/or 24, and/or a fragment of any of these sequences.

188531 In some embodiments, xykitol dehydrogenase polypeptides employed in the practice of the
present invention comprise a polypeptide sequence that is at least about 30%, at least about 35%, at
feast about 40%, at least about 45%, at least about 50%, at least about 55%, at least about 60%, at
tcast about 65%, at least about 70% identical, at least about 71% identical, at least about 72%
identical, af least about 73% identical, at lcast about 74% identical, at icast about 75% identical, at
feast about 76% identical, at least about 77% identical, at least about 78% identical, at lcast abowt
79% identical, at least about 80% identical, at least about 81% identical, at least about 2% identical,
at lcast about 3% identical, at least about 84% identical, at lcast about 85% identical, at lcast about
R6% identical, at last about 879 identical, at least about 88% identical, at least about R9% identical, at
ieast about 90% identical, at least about 91% identical, at least about 929 wdentical, at feast about
93% identical, at least abowt 94% identical, at least about 95% identical, at least abowut 96% 1dentical,
at least about 97% identical, at least about 9895 identical, or at least about 99% identical 1o SEQ 1D
NO:4, and/or a fragment of any of these sequences.

[8854] In some embodiments, xylulekinase polypeptides employed in the practice of the present
nvention comprise a polypeptide sequence that is at least about 30%, at least about 35%, at least
about 4()%, at least about 45%, at least about 50%, at least about 55%, at least about 60%, at least

about 65%, at least about 70% identical, at least about 719 identical, at least about 72% identical, at
ieast about 73% identical, at least about 74% identical, at least about 759 wdentical, at feast about

76% identical, at least abowt 77% identical, at least about 78% identical, at least abowt 79% identical,



WO 2014/081605 PCT/US2013/070009
44

at least about 80% identical, at least abowt 81% identical, at least about 82% identical, at least about
83% identical, at least about 84% identical, at least about 85% identical, at least about 86Y% identical,
at last about 87% identical, at least about §8% identical, at least about 89% identical, at least about
9% identical, at least abowt 91% identical, at feast about 92% wdentical, at least about 939 1dentical,
at least about 9494 identical, at least about 95% identical, at least aboui 96% identical, at leasi abowt
7% identical, at least about 9% identical, or at least about 99% identical to SE(Q ID N(:6, and/or a
fragment of any of these sequences.

o

[88558] The terms "percent identity,” "% 1dentity”, "percent identical,” and "% identical,” are used
nterchangeably herein to refer to the percent aming acid or polynuocieotide sequence identity that is
obtained by ClustalW analysis (version W 1.8 available from European Bicinformatics Institute,
Cambridge, UK), counting the number of identical matches in the alignment and dividing such
number of identical matches by the length of the reference sequence, and using the following
ChustalW parameters to achieve slow/accurate pairwise optimal alignments — DNA/Protein Gap Open
Penalty:15/10; DNA/Protein Gap Extension Penalty:6.66/0.1; Protein weight matrix: Gonnget series;
DNA weight matrix: Identity; Toggle Slow/Fast pairwise aligraments = SLOW or FULL Aligament;
DNA/Protein Number of K-tuple matches:2/1; DNA/Protein number of best diagonals: 4/5;
DNA/Protein Window size:4/S.

{8856] Two sequences are "aligned” when they are aligned for similarity scoring using a defined
amino acid substitution matrix {e.g., BLOSUM®62), gap existence penalty and gap extension penalty
s as to arrive at the highest score possible for that pair of sequences. Amino acid substitution
matrices and their use n quantifying the similarity between two sequences are well known in the art

{See, e.g., Davhoff ef af., in Dayhoff {ed.|, Atlas of Protein Sequence and Structure,” Vol. 5, Suppl. 3,

Natl. Biomed. Res. Round., Washington D.C. [1978]; pp. 345-352; and Henikoff ef 4/, Proc. Nath
Acad. 3ci. USA, R9:10915-10919 [1992], both of which are incorporated herein by reference). The
BLOSUMS2 matrix is often used as a default scoring substitution matrix in sequence alignment
protocols such as Gapped BLAST 2.0, The gap existence penalty is imposed for the introduction of a
single amino acid gap in ove of the aligned sequences, and the gap extension penalty is imposed for
cach additional emply amino acid position inserfed into an already openced gap. The alignment is
defined by the amino acid position of each sequence at which the alignment begins and ends, and
optionally by the inscrtion of a gap or multiple gaps in onc or both sequences so as to arrive at the
highest possible score. While optimal alignmment and scoring can be accomplished manmually, the
process 15 facilitated by the use of a computer-implemented alignment algorithm {e.g., gapped
BLAST 2.0); See, Altschul et ¢f., Nucleic Acids Res., 25:3389-3402 {19971, which is incorporated
hercin by reference), and made available to the public at the National Center for Biotechnology
Information Website). Optimal alignments, including multiple alignments can be prepared using

readily available programs such as PSI-BLAST (See e.g,, Altschul ef of, supra).
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[8657] The present invention also provides a recombinant nucleic acid construct comprising a xylosg
isomerase, xylitol dehydrogenase, and xylulokinase polynucleotide sequences that hybridize under
stringent hybridization conditions to the complement of a pelyoucieotide which encodes a polypeptide
having the amino acid sequence of SEQ ID NOS:2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, and/or 24, An
exemplary polynucleotide sequence that encodes a polypeptide having the amino acid sequence of
SEQIDNOS: 2, 4,6, 8,10, 12, 14, 16, 18, 20, 22, and/or, is selected from SEQ 1D NOS:1,3, 5,7, 9,
11,13, 15,17, 19, 21, and/or 23,

[8838] In some embodiments, the polynucleotide that hybridizes to the complement of a
polynucleotide which encodes a polypeptide having the amino acid sequence of SEQ 1D NOS:2, 4, 6,
8, 10,12, 14, 16, 18, 20, 22, and/or 24, docs so under high or very high stringency conditions to the
complement of a reference sequence enceding a polypeptide having the sequence of SEQ 1D NOS: 2,
4,6,8,10,12, 14, 16, 18,20, 22, and/or 24 (e.g., over substantially the entive length of the reference
sequence),

{8659] Nucleic acids "hybridize™ when they associate, typically in solution. There are numerous
texts and other reference materials that provide details regarding hybridization methods for nucleic

acids (See 2.z, Tijssen, Laboratory Techniques in Biochemistry and Molecular Biology-Hybridization

with Nucleic Acid Probes,” Partl, Chapter 2, Elsevier, New York, [1993], incorporated herein by

reference). For polynucleotides of at least 100 nucleotides in length, low to very high stringency
conditions are defined as follows: prehybridization and hybridization at 42°C in 5x85PE, 0.3% 5DS,
200 pg/ml sheared and denatured salmon sperm DNA, and either 25% formamide for low
stringencies, 35% formamide for medium and mediom-high stringencies, or 50% formamide for high
and very high siringencies, foliowing standard Southern bloiting procedures. For polynucieotides of
at least 200 nucleotides in length, the carrier material is finally washed three times cach for 15
minutes using 2x58C, 0.2% SD3 at least at 36°C {low stringency), at least at 35°C (medium
stringency), at least at 60°C (medivm-high stringency), at least at 65°C (high stringency), and at least
at 76°C {very high stringency).

188681 The terms "corresponding 1o, "with reference to,” and "relative to” when used n the context
of the mumbering of a given amino acid or polynucleotide sequence refers to the numbering of the
residues of a specified reference sequence when the given amine acid or polynucleotide sequence is
compared to the reference sequence.

{8061] The terms "mumbered with reference 10" or "corresponding to,” when used in the context of
the numbering of a given polypeptide or polynucleotide sequence, refers to the numbering of the
residues of a specified reference sequence when the given amine acid or polynucleotide sequence is
compared to the reference sequence.

198621 An amino acid or nucleotide "position” is denoted by a number that scquentially identifics
cach amino acid or nucleotide in the reference sequence based on its position relative to the N-

terminus or §-terminus. Owing to deletions, nsertions, truncations, fusions, and the like that must be
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taken into account when determining an optimal alignment, in general the amine acid residue mumber
in a test sequence determined by simply counting from the N-terminus or 5" terminus will not
necessarily be the same as the numsber of s corresponding position in the reference sequence. For
example, in a case where there is a deletion in an aligned test sequence, there will be no amino acid
that corresponds o a position in the reference sequence at the site of deletion. Where there is an
insertion in an aligned refercuce sequence, that insertion will not correspond to any amine acid
position in the reference sequence. In the case of truncations or fusions there can be stretches of
aminoe acids in either the reference or aligned sequence that do not correspond to any amine acid in
the corresponding sequence. As used herein, in referring to variants (e.g., variants with substitutions,
insertions, and/or deletions), a hyphen indicates a deletion in a sequence and an asterisk indicates a
mitation in a stop codon

188631 As used hercin, the term "conservative substitution” refers o the substitution of a residue for
angther residue that does not generally alter the specific activity of the encoded polypeptide. In some
embodiments, a "conservative substitition,” as used with respect to amino acids, refers to the
substitution of an amino acid with a chemically similar anvino acid. An exemplary conservative
substitution is a substitution that 15 within the same group of basic amino acids (argmine, lysine and
histidine), acidic amino acids (ghutamic acid and aspartic acid), polar amine acids {glutamine and
asparaging), hydrophobic amine acids (leucine, isoleucine and valine), aromatic amino acids
{phenylalanine, tryptophan and tyrosing), and small amino acids (glveine, alanine, serine, threonine,
profing, cysteine and methionine). Amine acid substitutions which often preserve the structural
and/or functional properties of the polypeptide in which the substitution is made are well known in the
art Amine acid substitutions that do not generally alier the specific activity are knowa in the ast (See
e.g., Neurath and Hill, The Proteing, Acadomic Press, New York [1979], which is incorporated herein
by reference}. Some of the most commonly ocaurring exchanges are Ala/Ser, Val/lle, Asp/Ghy,
The/Ser, Ala/Gly, Ala/Thr, Ser/Asn, Ala/Val, Ser/Gly, His/Asn, His/Gln, Lys/Asn, Lys/Gln, Lys/Gin,
Tye/Phe, Tyr/His, Tyr/Tarp, Ala/Pro, Lys/Arg, GlwArg, Asp/Asn, Lewlle, Lew/Val, Lew/Met, fle/Met,
Ala/Gly, Glu/Gly, Phe/ley, Phe/Met, Val/Met, and Asp/Gly, as well as these inreverse.

{88641 The following nomenclature finds use in describing substitutions in 4 reference sequence

7 66,4492

relative to a reference sequence or a variant polypeptide or nucleic acid sequence: "R-#-V,” where “#
refers to the position in the reference sequence, “R” refers to the aminoe acid (or basc) at that position
in the reference sequence, and “V” refers to the amine acid (or base) at that position in the vanant
sequence. In some embodiments, an amino acid {or base) may be called "X," by which is meant any
amino acid {or base). As a non-himiting example, for a variant polypeptide deseribed with reference
to SEQ D NO:2, "E10G” indicates that in the variant polypeptide, the ghutamic acid at position 10 of
the reference sequence is replaced by glycine, with amino acid position being determined by optimal

alignment of the variant sequence with SEQ D NO:2. Similarly, "E10G/D" describes two variants: a

variant in which the ghutamic acid at position 14 of the reference sequence is replaced by glyeine; and
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a variant in which the glutamic acid at position1( of the reference sequencs is replaced by aspartic
acid.

1886581 As used herein, the torms "anuno acid substitution set” and "substitution set” when used in the
context of annino acid sequences (e.g., polypeptides) refer to a group of (i.e., multiple) amino acid
substitations.

[8866] Asuscd herein, the terms "amino acid mutation sot” and "mutation set’” when used in the
condext of amino acid sequences {e.g., polypeptides) refer to a group of (i.e., multiple) amino acid
substitutions, msertions, and/or delections.

88671 As used herein, the tenms “nucleic acid substitution set’” and “substitation set” when used in
the context of nucleotide sequences {e.g., polynuclectides) refer to a group of {i.e., multiple) nucleic
acid substitutions.

18868] As used herein, the terms “nucleic acid mutation set” and “mustation set” when used in the
context of nucleotide sequences (e.g., polynucicotides) refer to 8 group of (i.e., multiple) nucleic acid
substitutions, insertions, and/or deletions.

[8068] As used herein, the terms “host cell” and “host strain” refer to suitable hosts for expression
vectors comprising DNA provided herein. In some embodiments, the host cells are prokaryotic or
eukaryotic cells that have been transformed or transfected with vectors constructed using recombinant
DINA techoigues as known in the art. Transformed hosts are capable of either replicating vectors
encoding at least one protein of inferest and/or expressing the desited protein of interest. In addition,
reference 1o a cell of a particular strain refers to a parental cell of the strain as well as progeny and
genetically modified derivatives. Genetically modified derivatives of 2 parental cell mehude progeny
cells that contain a modified genome or episomal plasmids that confer for example, antibiotic
resistance, improved fermentation, etc.  In some cmbodimerts, host cells are genetically modificd to
have characteristics that improve protein secretion, protein stability or other propertics desirable for
expression and/or secretion of a protein. Genetic modification can be achieved by any suitable
genetic engineering techniques and/or classical microbiological techniques (e.g., chemical or UV
murtagenesis and subsequent selection). Using recombinant techrology, nucleic acid molecules can be
mitreduced, deleted, inhibited or modified, in a manner that resulis in increased yields of enzyme(s) of
interest within the organism or in the cultire, In some genetic engincering approaches, homologous
recombination is used to induce targeted gene modifications by specifically targeting a gone in vivo to
suppress expression of the encoded protein. In an alicrnative approach, sSiRNA, antiscnse, and/or
ribozyme technology finds use in inhibiting gene expression.

88701 As used herein, the term "transformed” or "transformation” used in reference to a cell means
that the cell has a non-native nucleic acid sequence integrated into its genome or has an episomal
plasmid that is maintained through nwltiple generations.

{8071] Asused herein, the term "by-product” refers fo an organic molecule that is an undesired

product of a particular fermentation process.
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{88721 As used herein, the term “xylose pathway” refers to the steps of conversion of xylose to
xylulose phosphate which is then metabolized through the pentose phosphate pathway. 1n some
embodiments, this involves the reduction of xylose to xylitol, oxidation of xylitol o xylulose and
subsequent conversion of xylulose to xylulose phosphate. In some other embodiments the xylose is
directly converted to xylulose which is then phosphorylated to xylulose phosphate.

186731 As uscd herein the term “xylose pathway enzymes” refers to the cnzymes that catalyze the
conversion of xylose to xylulose phosphate which 1s then metabelized through the pentose phosphate
pathway. [n some embodiments, these enzymes comprise xvlose reductase, xviiiol dehydrogenase
and/or xylulose kinase. In some other embodiments, the enzymes comprise xylose isomerase and
xylulose kinase. In somwe additional embodiments, the enzymes comprise xylose isomerase, xylitol

dehydrogenase, and xylulokinase.

DETAILED DESCRIPTION OF THE INVENTION

18074] The present invention provides methods and compositions suitable for use in the
isomerization of xylose to xylulose, as well as methods and compositions suttable for use in the
conversion of xylose to xylitol and xylulose, inchuding nucleic acid constructs, recombinant fungal
host cells, and related materials.

18875] The initial metabolic pathways for xylose utilization in fungi and bacteria differ. In most
fungi, including xylose-fermenting veasts (e.g., Pickia stipitis, Pachysolen tannophilus, and Candida
shehatae), D-xyvlose is converted to D-xylulose by two oxidoreductases involving cofactors NAD(PH
and NAD(P )+ (See, Matsushika ef af., Appl. Microbiol. Biotechnol, 84:37-33 {2009]). In these
organisms, D-xylose is nitially reduced to xyiitol by NAD(PiH-dependent xylose reductase {XR) (EC
L1121, Xylitol is subsequently oxidized to D-xyhulose by NAD+-dependent xylitol dehydrogenase
(XDH) (EC 1.1.1.9). Xylddokinase (XK (EC 2.7.1.17) subsequently phosphorylates D-xvhilose to
prodoce Bxylulose S-phosphate (XSP), which is then further metabolized through the pentose
phosphate pathway (PPP).

18076] However, most strains of 8. cerevisiae cannot utilize xvlose even though the genes encoding
XR, XDH, and XK arc present in its genome, as the expression levels of these enzymes ave too low to
allow xylose utilization (See, Matsushika of @l |, supra). Some strains have been shown to natively
utilize xylose but at very low rates and formentation to cthanol has not been detecied (See. Wenger ef
al., PLoS Genet,, 6{5):1000%942 [2010]). Even when the endogenous genes are overexpressed in 8.
cerevisiae, only slow growth on xyiose has been observed {See, Matsushika ef af., supra).

{88771 In contrast, most bacteria (e.g., Escherichia coli and Strepionvees specics) can isomerize D-
xylose directly to D-xviulose by using a xylose isomerase (X1) (EC 5.3.1.5) {See, Matsushika ef ¢/,
supray. In bacteria, as in fungi, the D-xylulose is phosphorylated to D-xylulose S-phosphate by XK,

which is then further metabolized through the pentose phosphate patioway.
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[8878] Efforts to express a functional heterologous xylose isomerase gene (xyfd) in §. cerevisiae and
grow the yeast on xylose has met with very limited success (See e.g., Matsushika ef ¢f. supra). It has
heen reported that xylose isemerase genes from the fungi Piromyces (Kuyper ef af. FEMS Yeast
Res., 4:69-78 [2003]) and Orpinomyces (Madhaven er af., Appl. Microbiol. Biotechnol., 82:1067-
1078 [20092a]) have been functionally expressed in S, cerevisiae, but that growth on xylose was very
slow. In addition, the functional expression of the Thermus thermophilus xylose isomerase
{Accession No. 1BXB) in 8. cerevisiae has been reported (See, Walfridsson ef af., Appl. Environ.
Microbiol, 62:4643-4651 [1996]). The success in producing an active xylose isomerase by
expressing the 7. thermophilus xyld gene in §. cerevisiae may have been due to the relatedness
between the two organisms, as 7. thermophifus diverged from the domain of cubacteria and may, in
many respects, be more closely related to S, cerevisiae than are the cubacteria (1., at 4651),

18079] Heterologous expression of xvlose 1somerase genes from Actinoplanes missouriensis and
Clostridium thermosuffurogenes in S, cerevisiae generated inactive proteins, even though their
messenger RNA could be detected (See, Amore ef ¢f., Appl. Micrebiol. Biotechnol, 3(:351-357
[1988]); and Mogs ef al., Biotech. Lett,, 18:269-274 [1996]; and Matsushika er af., supra). Other
studies report the heterologous expression of the xy/4 from £, coli (See e.g., Sarthy ef al., Appl.
Environ, Microbiol, 53:1996-2000 [1987)), Baciflus subtilis (Amore et al., Appl. Microbigh,
Biotechnol., 30:351-357 [19891), and Strepiomyces rubiginosus (Gardonyi ef af., Enzyme Microb.
Technol, 32:252-259 (20031} in S, cerevisiae resulted in mainly insoluble proteins which were
catalytically inactive {See, Matsushika ef /., supra). In addition, some reports indicate that attempts
to produce xylose isomerase from recombinant 5 cerevisiae transformed with the xpi4 genes from
Bacillus subtilis and Lactobacillus pentosus resulted in inactive protein (See, Walfridsson ef ¢/,
supra).

[80888] In firther studies, the results of sereening for xylose isomerase activily in S cerevisiae
transformed with the xylose isomerase genes from various organisms have been reported (See e.g,
Brat ef of., Appl. Environ, Microbiol Dot 10.1128/AEM.02522-9 {13 February 2009}). The xylose
1sommerases have been reported to share from 17% to 60% sequence identity to the xylose isomerase
from Piromyces. While transformants expressing the xylose isomerase from Clostricium
phvtofermentans (DSM 18823} could grow on xylose medium, S, cerevisiae transformed with the
xylose isomerase gene from the following organisms could not: Baciffus licheniformis (DSM 13},
Burkholderia xenovaorans (DSM 17367), Lactobacillus pentosus (DSM 20314), Leifsonia xyii subsp.
cvnodontis (DSM 46306}, Pseudomonas savastanoi pvar, Phaseolicola {DSM 50282), Robiginitalea
biformata (DSM 15991, Saccharophagus degradans (DSM 17024), Staphylococcus xylosus (DSM
202686}, Strepiomyces diastaticus subsp. diastaticus (DSM 40496), Xanthomonas campestris var.
campestris {DEM 3586), Safmonella typhimurium (71-0980), dgrobacierium tumefaciens, and

Arabidopsis thaliana (See, Brat ef af., supra).
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[8081] The present invention provides sequences that are capable of conferning the property of
xylose-utilization in a non-mammalian, eukaryotic host cell, such as, for example, a fungal host cell.
These sequences and variants thereof, encode xylose isomerases, which catalyze the isomerization of
D-xylose directly to D-xyhilose, as depicted in Figure 1. Xylose isomerase is distinguished from
xylose reductase (XR), which catalyzes the conversion of xvlose to xylitol. Xylose isomerase is also
distinguished from xylitol dehydrogenase (XD}, which catalyzes the conversion of xylitol to D-
xylulose (See, Figure 1)

[8882] Xylose utilization by these host cells results in usefid produocts that are produced
mictabolically by the host cell. In these host cells, D-xylulose may be phosphorylated by a native or
recombinant xylulokinase to xylulose-5-P, as depicted in Figure 1. The xylulose-5-P may be further
metabolized by enzymes in the pentose phosphate pathway to products such as glucose-6-P, fructose-
6-P, glyceraldehydes-3-P, and the hike. The pentose phosphate pathway and relevant enzymes and
produets are depicted in Figure 2A. As used herein, the terms "enzyme from the peniose phosphate
pathway"” and "pentose phosphate pathway enzyme” arc used interchangeably to refer to an enzyme
from the group of enzymes involved in the pentose phosphate pathway, (i.e., 6. ribulose-5-phosphate
ketoisomerase (RE11); 7. transketolase (TKL1); 8. transaldolase (TALTY; 9. ribose-5-phosphate
ketolisomerase (RK11); 10, 6-phosphogluconate dehydrogenase (GND1); 11, 6-
phosphogluconalactonase (SOL3); and/or 12. glucosc-6-phosphate-1-dehydrogenase (ZWF; the
reference numbers correspond to those in Figure 2A).

186831 Products of the pentose phosphate pathway may be further metabolized through the process of
glycolysis. The metabolic process of glycolysis is depicted in Figure 2B, As used herein, the term
"glycolytic enzyme” refers to an enzyme from the group of enzymes involved in glycolysis (e 13
hexokinase; 14. phosphoglucose isomerase; 15, phosphofructokinase; 16. aldelase; 17. triose
phosphate isomerase; 18, giyeeraldehyde phosphate dehydrogenase; 19. phosphoglyeerate kinase; 20
phosphoglyceromitase; 21, encase; and/or 22. pyruvate kinase; the reference numbers correspond to
those in Figure ZB).

180841 Pyruvate from the glycolytic pathway (i.e., glycolysis) may be further metabolized to cthancl
as shown in Figure 2C by ethanologenic enzymes. As used herein, the term "ethanologenic enzyme”
refers to an enzyme involved in the conversion of pyruvate to ethanol, {e.g., a pymvate decarboxylase,
an aldehyde dehydrogenase, and/or an alcohol dehydrogenase). The term "ethanclogenic pathway"
refers 1o the pathway depicted in Figure 2C.

[8085] The polvaucieotide sequences described herein are useful for creating recombinant fingal
host cells, particularly yeast host cells, that are capable of isomerizing D-xvlose directly to -
xyiulose, which can lead to the production of desirable formentation products. Recombinant host
celis transtormed with xylose reductase and xylitol dehydrogenase genes are hence capable of
converting xylose to xylitol and then converting xylitol to xylulose, which can lead to the production

of desirable fermentation products (e.g., an alcohol, such as cthanol, butanol, and the hike, tncluding,
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but not limited to a fatty alcohol [e.g., a CB-C20 fatty alcohol], a fatty acid [e.g., a C3-C20 fatty acid],
lactic acid, 3-hydroxpropionic acid, acrviic acid, acetic acid, succinic acid, citric acid, malic acid,
furnaric acid, an amine acid, 1,3-propanediol, cthylene, glycerol, 2 B-lactam, and the like). However,
previous reports have indicated that cells transtformed with wild-type xylose reductase and xylitol
dehydrogenase genes from Pichia stipifis convert xylose imefficiently and with accumulation of
xylitol (Matsushika ef af., Appl. Environ Microbiol., 81:243-55 [2008]).

{8086} In contrast, recombinant host cells transformed with xylose isomerase, xylitol dehydrogenase,
and xyhilokinase genes as deseribed hevein, are capable of converting xylose to desirable formentation
products (e.g., an alcohol, such as ethanol, butanol, and the like, including, but not limited to a fatty
alcohol {e.g., a C8-C20 fatty alcoholi, a fatty acid [e.g., a C8-C20 fatty acid], lactic acid, 3-
hydroxpropionic acid, acrvlic acid, acetic acid, succinic acid, citric acid, malic acid, fumaric acid, an
aming acid, 1,3-propanediol, ethylene, glyeerol, a B-lactam, and the like}. In some embodiments, the

recombinant host cells ave further transformed with genes encoding xylose reductase.

Recombinant Nugleic Acid Construcis

[B087] In some embodiments, the present invention provides recombinant nucleic acid constructs
comprising a polynucleotide sequence that encodes a polypeptide comprising an amino acid sequence
having at least about 70%, at least about 71%, at least about 72%, at least about 73%, at least about
74%, at lcast about 75%, at lcast about 76%, at Icast about 77%, at lcast about 78%, at lcast about
79%, at least about k3%, at least about 1%, at lcast about 2%, at least about 83%, at least about
84%, at least about 85%, at least about 86%, at least about &7%, at least about 88%, at least about
89Y%, at least about 90%, at least about 919, at least about 92%, at least about 93%, at least about
9495, at least about 95%, at least about 96%,, at least about 97%, at least about 989, at least about
99%, or at least abouti 00% 1dentity to SEQ D NO:Z, 8, 18, 12, 14, 16, 18, 20, 22, and/or 24; a
polypeptide comprising an aming acid sequence having at least about 70%, at least about 71%, at least
about 72%, at least about 73%, at least about 74%, at least about 75%, at least about 76%, at least

ang pny
I
i

about 77%, at loast about 78%, at least about 79%, at least about 80%, at least about §1%, at least
about 82%, at lcast about 83%, at least about 84%, at lcast about 85%, at least about 86%, at least
about 87%, at least about 88%, at least about 89%, at least abowt 90%, at least about 91%, at least
about 92%, at least about 93%, at least about 94%;, at least about 95%, at least about 96%, at least
about 97%, at least about 98%, at lcast about 99%, or at least about100% identity to SEQ 1D NO:4;
and/or a polypeptide comprising an amino acid sequence having at least about 70%, at least about
71%, at fcast about 72%, at keast about 73%, at least about 74%, at least about 75%, at least about
76%, at least about 77%, at least about 78%, at least about 79%, at least about 8%, at least about
R1%, at fcast about 82%, at least about 839, at least about 84%, at least about 85%, at least about
R6%, at least about 87%, at least about 88%, at least about 899, at least about 90%, at least about

1%, at lcast aboui 92%, at least aboui 93%, at lcast about 94%, at least about 95%, at least about
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96%, at least about 97%, at least about Y8%, at least about 99%, or at least abouti 0% identity to
SEQ 1D NO:6. In some embodiments, the polypeptide(s) comprises at icast one substitution and/or
other nnitation.

166881 The present invention provides recombinant nucleic acid constructs comprising
polynucleotide sequences that encode at least one polypeptide comprising amino acid sequences
having at least 70%, at least 71%, at loast 72%, at least 73%%, at lcast 74%, at least 75%, at least 76%,
at lcast 77%, at lcast 78%, at least 79%, at least 8096, at least 8194, at least 82%, at lcast 8§39, at lcast
849, at feast 85%, at least §6%, at lcast 87%, at least 88%, at least 8%, at least 9096, at least 9194, at
feast 92%, at least 93%, at lcast 94%, at least 85%, at lcast 96%, at least 9796, at least 98%, at least
59%, or at least 100% identity to SEQ 1D NO:Z, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, and/or 24; &
polypeptide comprising an amine actd sequence having at loast 70%, at loast 71%, at least 72%, at
fcast 73%, at least 74%, at least 7396, at feast 76%, at least 77%, at least 7%, at least 79%, at least
8%, at lcast 81%, at least 82%, at least 83%, at least 54%, at feast 85%, at least 86%, at lcast €7%, at
Icast ¥8%, at lcast 89%, at least 9%, at lcast 91%, at fcast 92%, at least 93%, at least 949, at lcast
05%, at least 96%, at least 97%, at loast 98%, at least 99%, or at least 100% identity to SEQ ID
NO:4; and a polypeptide comprising an amino acid sequence having at least 70%, at least 71%, at
feast 72%, at least 73%, at lcast 74%, at least 75%, at least 76%, at least 779, at least 78%, at least
79%, at least 80%, at least 1%, at least 2%, at lcast 8395, at least 84%, at least 859, at least 86%, at
icast 87%, at loast B8Y%, at least 8994, at lcast 9%, at least 919%, at least 92%, at least 93%, at least
04%, at least 5%, at least 96%, at least 97%, at least 989, at least 99%, or at least 100% identity to
SEQ ID NO:6. In some embodiments, the polypeptide(s) comprises at least one substitution and/or
other moutation.

[8088] In some embodiments, the prosent invention provides recombinant nucleic acid constructs
comprising a polynucleotide sequence that encodes a polypeptide comprising an amino acid sequence
having at least about 70%, at least about 71%, at least about 72%, at least about 73%, at least about
74%, at least about 75%, at least about 76%, at least about 77%, at least about 78%, at least about
79%, at lcast about 80%, at lcast about 81%, at lcast about 82%, at lcast about 83%, at lcast about
R4%, at Jeast about R5%, at least about 6%, at least about 87%, at least about 88%, at least about
K9%, at least about 50%, at least about 51%, at least about 92%, at least about 93%, at least about
4%, at least about 95%, at least about 96%, at least about 97%, at least about 98%, at least about
09%, or at least about 100% identity to SEQ 1D NO:2, 8, 10, 12, 14, 16, 18, 20, 22, and/or 24; a
polypeptide comprising an amino acid sequence having at least about 70%, at least about 71%, at
feast about 72%, at least about 73%, at least about 74%, at least about 75%, at least about 76%, at
icast about 77%, at lcast about 78%, at lcast about 799%, at loast about 80%, at least about 81%, at
icast about ¥29%, at lecast about 83%, at feast about 849, at least abowut 85%, at least about 86%, at
icast about 879, at least about 88%, at least about 89%, at least about 90%, at least about 1%, at

feast about 92%, at least about 93%, at least about 94%, at least about 95%, at least about 96%, at
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least about 97%, at least about 98%, at least about 999%, or at least about 100% identity to SEQ ID
NGO:4; and a polypeptide comprising an amino acid sequence having at least about 70%, at least about
71%, at lcast about 72%, at lcast about 73%, at least about 74%, at least about 75%, at least about
T6%, at least about 77%, at least about 78%, at least about 79%, at least about 80%, at least about
81%, at lcast about 82%, at feast about 83%, at least about 84%, at least abowut 85%, at least about
869, at least about 87%, at lcast about §89%, at least about 89%, at least about 90%, at least about
919, at least about 92%, at least about 93%, at least about 94%, at least about 259, at least about
96%, at least about 97%, at least about 98%, at least about 99%, or at least about 100% identity to
SEQ ID NO:6. In some embodiments, the polypeptide(s) comprises at least one substitution and/or
other mutation.

188981 The prescut mvention provides recombinant nucleic acid constructs comprising
polynucleotide sequences that encede a polypeptide comprising amino acid sequences having at least
70%, % least 719, at fcast 72%, at least 73%, at lcast 74%, at least 75%, at least 76%, at least 77%,
at least 78%, at foast 79%, at least 80%, at least 1%, at lcast 2%, at least 83%, at loast 849, at least
83%, at least 86%, at Ieast 8794, at loast 8R%, at least R9%, at feast 90%, atf least 9194, at least 929, at
feast 93%, at least 94%, at least 95%, at least 96%, at Jeast 979, at least 98%6, at least 999, or at least
100% identity to SEQ IDNG:Z, 4, 6, 8, 14, 12, 14, 16, 18, 28, 22, and/or 24; a polypeptide
comprising an amino acid sequence having at least 70%, at least 71%, at least 72%, at least 73%, at
icast 74%, at loast 75%, at least 76%, at lcast 77%, at least 78%, at least 79%, at least 80%, at lcast
R1%, at least 82%, at least 83%, at least 8494, at least §5%, at least §6%, at least 87%, at least 8R%, at
fcast 89%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at icast
06%, at least 97%, at least 98%, at least 99%, or at least 100% identity to SEQ ID NG:4; 2
polypeptide comprising an amino acid scquence having at least 70%, at least 7194, at least 72%, at
feast 73%, at least 74%, at least 75%, at least 76%, at least 77%, at least 78%, at least 799, at least
80%, at fcast 81%, at least 82%, at lcast 3%, at least 84%, at lcast 85%, at least 86%, at least 87%, at
fcast 88%, at least 89%, at least 90%, at least 9194, at keast 92%, at least 939, at least 94%, at least
95%, at loast 96%, at least 97%, at least 98%, at least 99%, or at least 100% identity to SEQ 1D
MNO:6.  In some embodiments, the polypeptide(s) comprises at least one substitution and/or other
mrtation.

{8691} The present mvention also provides nucleic acid constructs comprising polyoucieotides
encoding at least one xviose reductase, xylitol dehydrogenase and/or xviulokinase., The present
mvention further provides micleic acid constructs comprising polymucleotides encoding at least one
xylose reductase, xylitol dehydrogenase and xyhilokinase. In some of these embodiments, the nucleic
acid constructs comprise SEQ D NOS:1, 7,9, 11, 13, 15, 17, 19, 21, and/or 23; SEQ ID NG:3; and/or
SEQ ID NO:5, Insome additional embodiments, the nucleic acid constructs comprise SEQ ID

NOS:, 7,09, 1, 13,15, 17,19, 21, anddor 23; SEQ 1D NO:3; and SEQ 1D NGS5,
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[80692] In some embodiments, recombinant micleic acid constructs of the present invention further
comprise at least one polynucleotide sequence {i.c., genctic) eloment that facilitates integration into a
fungal host ccll gonome, by homologous or non-homoloegous recombination. In some emwbodiments,
the nucleic acid construct of the present invention further comprises an origin of replication that is
fonctional in a fungal cell {e g, a yeast origin of replication). Typically, the fungal host cell is a yeast
or filamentous fungal cell, more typically, a yeast cell. In some embodiments, nucicic acid constructs
of the present invention comprise at least one transcriptional regulatory cloment that 1s functional in a
fimgal cell. For example, in some embodiments the recombinant nucleic acid construct comprises at
least one promoter sequence and/or transcription terminator sequence that is functional in a fungal cell
such that the xylose isomerase, xylitol debydrogenase, and/or xylulokinase polynucleotide is
operatively Hinked to the promoter sequence and/or transcription terminator seguences. In some
additional embodiments the recombinant nocleic acid construct comprises at least one promoter
sequence and/or transcription terminator sequence that is functional in 2 fungal cell such that the
xylose isomerase, xylitol debhydrogenase, and xylulokinase polynucleotide are operatively linked to
the promoter sequence and/or transcription torninator sequences.

[8093] Additional xylose isomerase, xyiose redactase, xvhitol dehydrogenase, and xylulokinase
polynucleotides suitable for use in the practice of the present invention include those encoding
variants generated by mutagenesis, recombination, and/or any other protein engineering method. In
some cmbodiments, the variants are screened for xylose utilization using any suitable method as
known in the art. In some embodiments, the resulting variants comprise one or more substitutions
{conservative or non-conservative), deletions, and/or insertions.

{86947 Methods for generating variant libraries of polynucleotides encoding modified polypeptides
arc well known inthe art. For exanple, mutagenesis and divected evolution methods can be readily
applied to polynucleotides encoding xylose 1somerase, xylitol dehydrogenase, and/or xylulokinase
polypeptides to generate variant libraries that can be expressed, screened, and assaved using any
suitable methods known in the art. Mutagenesis and divected evolution methods are well known in
the art (See e.g., US Patent Nos. 5,605,793, 5,830,721, 6,132,970, 6,420,175, 6,277,638, 6,365,408,
6,602,986, 7,288,375, 6,287,861, 6,297,053, 6,576,467, 6,444,468, 5,811238, 6,117,679, 6,165,793,
6,180,406, 6,291,242, 6,995,017, 6,395,547, 6,506,602, 6,519,065, 6,506,603, 6,413,774, 6,573,(9§,
6,323,030, 6,344,356, 6,372,497, 7,868,138, 5,834,252, 5,928,905, 6,489,146, 6,096,548, 6,387,702,
£,391,552, 6,358,742, 6,482,647, 6,335,160, 6,653,072, 6,355,484, 6,03,344, 6,319,713, 6,613,514,
6,455,253, 6,579,678, 6,586,182, 6,406,855, 6,946,296, 7,534,564, 7,776,598, 5,837,458, 6,391,640,
6,309,883, 7,105,297, 7,795,030, 6,326,204, 6,251,674, 6,716,631, 6,528, 311, 6,287,862, 6,335,198,
6,352,859, 6,379,964, 7,148,054, 7,629,170, 7,620,500, 6,365,377, 6,358,740, 6,406,910, 6,413,745,
6,436,675, 6,961,664, 7430477, 7,873,499, 7,702,464, 7,783,428, 7,747,391, 7,747,393, 7,751,986,
6,376,246, 6,426,224, 6,423 542, 6,479,652, 6,319,714, 6,521,453, 6,368,861, 7,421,347, 7,058,515,
7,024,312, 7,623,502, 7,853,410, 7,957,912, 7,904,249, and all related non-US counterparts; Ling ef
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al., Anal. Biochem., 254(2)157-78 [1997]; Dale ef o/, Meth. Mol. Biol,, 57:369-74 {1996]; Smith,
Ann. Rev. Genet., 19:423-462 [1985]; Botstein ef ¢l., Science, 229:1193-1201 [1985]; Carter,
Biochen. ., 237:1-7 [1986]; Kramer ef al., Cell, 38:879-887 [1984]; Wells ef o/, Gene, 34:315-323
[1985]; Minshull ef af., Curr. Op. Chem. Biol., 3:284-290 [1999]; Christians et of., Nat. Biotechnol,,
17:259-264 [1999]; Crameri ef of., Nature, 391:288-291 [1998]; Crameri, ef a/., Nat. Biotechnol.,
15:436-438 [1997]; Zhang e/ af., Proc. Nat. Acad. Sci. U.S.A., 94:4504-4509 {1997}; Crameri ef al,,
Nat. Biotechnol,, 14:315-319 [1996]; Stermomer, Nature, 370:389-391 [1994]; Stenvmer, Proc. Nat,
Acad. 5ci. USA, 91:10747-10751 [1994]; WO 95/22625;, WO 97/6078; WO 97/35966; WO
08/27230; WO 00/42651; WO 01/75767; and WO 2009/152336, all of which are incorporated herein
by reference).

188951 Also suttable for use in the practice of the present fnvention are polynucleotides enceding a
truncated xylose isomerase, Xylitol dehydrogenase, and/or xylulokinase or sequence variant(s) thereof.
These inmcation varianis may be truncated at the carboxy {C)-termimus and/or the amino (N}-
terminus. Typically, the truncation is from about 1 to about 50 amino acid residucs. However, it not
intended that the present invention be limited to any specific number of truncated amino acid residues.
[8896] Those having ordinary skill in the art will understand that due to the degeneracy of the genctic
code, a multitude of nucieotide sequences that encode the xylose isomerase, xylitol dehydrogenase,
and xyhilokinase polypeptides described herein exist. Table 1 provides the standard triplet genetic
code for cach amino acid. For example, the codons AGA, AGG, CGA, CGC, CGG, and CGU all
encode the amino acid arginine. Thus, at every position in the nucleic acids referred to herein, where
an arginine is specified by a codon, the codon can be altered to any of the corresponding codons
described above without alicring the encoded polypeptide. It is undersicod that U in an RNA
sequence corresponds to T in a DNA sequence. The invention contemplates and provides cach and
every possible variation of nucleic acid sequence encoding a polypeptide of the fnvention that could

be made by selecting combinations based on possible codon choices.

Table 1. Genetic Code
Amine Acid 3 Letter Single Codon{s}
Code Letter Code
Alanine Ala A GCA, GCC, GCG, GCU
{Cysteing Cys C UGC, UGU
Agpartic acid Asp D GAC, GAU
Glotamic acid Gla E GAA, GAG
Phenylalanine Phe F UUC, UUU
Glyeine Gly G GGA, GGC, GGG, GGU
Histidine Hisg H CAC, CAU
Isoleucine He | AUA, AUC, AUU
Lysine Lys K AAA AAG
Leucine Leu L UUA, UUG, CUA, CUC, CUG, CUU
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Methionine Met M AUG
Asparagine Asn N AAC, AAU
Proling Pro P CCA, CCC, CCG, CCy
Clutamine Ghn Q CAA CAQG
Arginine Arg R AGA, AGG, CGA, CGC, CGG, CGU
Serine Ser S AGC, AGU, UCA, UCC, UCG, UCU
Threonine Thr T ACA, ACC, ACG, ACU
Valine Val v GUA, GUC, GUG, GUU
Tryptophan Trp W UGG
Tyrosine Tyr Y UAC, UAU

[8097] In some embodiments, DNA sequences are designed for high codon usage bias {i.e., codons
that are used at higher frequency in the protein coding regions than other codons that code for the
same amino acid). The preferred codons may be determined in relation to codon usage 1n a single
gene, a set of genes of common function or origin, highly expressed genes, the codon frequency in the
aggregate protein coding regions of the whole organism, codon frequency in the aggregate protein
coding regions of related organisms, or combinations thereof. Codons whese frequency increases
with the level of gene expression are typically optimal codons for expression. In particular, a DNA
sequence can be optimized for expression in a particular host organism. References providing
preference information for a wide range of orgarisms are readily available and knovwriin the art (See

¢.g., Henaut and Danchin in Neidhardt er af. {eds.], Escherichia coli and Sulmonella, ASM Press,

Washington DLC., {19871, p. 2047-2066, which is incorporated herein by reference),

{8898] A variety of methods are known for determining the codon frequency {e.g., codon usage,
relative synonymous codon usage) and codon preference in specific organisms, including multivariate
analysis, for example, using cluster analysis or correspondence analysis, and the effective number of
codons used in a gene {See, GCG CodonPreference, Genetics Computer Group Wisconsin Package;,
Peden, Codon W, University of Nottingham; Mchrerney, Bioinform,, 14:372-73 [1998]; Stenico ef @/,
Nucl. Acids Res. 222437-46 [1994]; Wright, Gene 87:23-29 [1990]; Wada er /., Nucl. Acids Res,,

20:2111-2118 [1992]; Nakamura ef af., Nucl. Acids Res., 28:292 [2000]; and Henaut and Danchin,

supra; all of which are incorporated herein by refercnee). The data source for obtaining codon usage
may rely on any available nucleotide sequence capable of coding for a protein. These data sets
include nucleic acid sequences actually known to express proteins {e.g., complete protein coding
sequences-CDS), expressed sequence tags (ESTs), or predicted coding regions of genomic sequences
{See e.g., Mount, Bioinformatics: Sequence and Genome Analvsis, Chapter 8, Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY, {2001}, Uberbacher, Methods Enzymol., 266:259-2%1
[1996]; and Tiwari ef «f., Comput. Appl. Blosci. 13:263-270 [1997]; all of which are incorporated

herein by veforence). It is not intended that the present invention be limited to any particular method,

data source and/or data set.
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[80699] In some embodiments, the xylose isomerase, xvlitol dehydrogenase and/or xylulokinase
polynucleotide contains codons optimized for expression in s fungal cell, particularly 2 yeast cell. In
some embodiments, silent mutations (Le., DNA mutations that do not affect the amino acid sequence
of the protein) are also present.  In some embodiments, the xylose isomerase, xylitol dehydrogenase,
and/or xyhilokinase polynucleotides are employed in recombinant nucleic acid constructs that
comprise a vector {(e.g., a plasmid, a cosmid, a phage, a virus, a yeast artificial chromosome [YAC],
and the like}, into which xylose isomerase, xylitol dehydrogenase, and/or xylulokinase pelyoucieotide
sequence(s) has/have been fnserted. The xylose isomerase, xylitol dehydrogenase, and xylulokinase
polynucleotides provided herein find use incorporated into any one of a variety of vectors. Suitable
vectors include, but are not limited to chromosomal, nonchromosomal and synthetic DNA sequences,
yeast plasmids, vectors derived from combinations of plasonids and phage DNA, and many others.
Indeed, any suitable vector that transduces genetic material into a cell, and, 1t rephcation is desired,
that is replicable and viable in the relevant host find use in the present invention.

18108] Nucleic acid constructs of the present mnvention find use in transforming a bost celi to permit
the host 1o oxpress the xylose iscmerase, Kylitol dehydrogenase, and/or xylulokinase polypeptide(s).
Methods for recombinant expression of proteins in fungt are well nown in the art, and a number of
vectors are available or can be constructed using routing methods (See e.g., Zhu ef af., Plasmid 6:128-
33 {2009, incorporated herein by reference; and the many standard references in this field).

18161] In some embodiments, recombinant nucleic acid constructs of the present invention further
comprise a transeriptional regulatory element that is functional n 2 fumgal cell. In some
embodiments, the nucleic acid construct comprises the xylose isomerase, xylitol dehydrogenase
and/or xylulokinase polynucleotide(s) operatively linked to a transcriptional regulatory sequence {e.g.,
a promoter, trauscription termination sequence, and the like), that is functional in a fungal ccll.
Examples of promoters that are functional in a fungal host cell include, but are not hmited to
promoters from yeast and filamentous fungi. Promoters that are suitable for use in the practice of the
present invention inciude endogenous or beterologous promoters and include both constitutive and
nducible promoters that are natural or modified. Particularly useful promoters are those that are
msensitive to catabolite (glucose) repression and/or do not require xylose for induction. Such
promoters are well known in the art, In some embodiments, a promoter sequence is operably linked to
the 5" region of the xylose isomerase, xylitol dehydrogenase, and/or xylulckinase coding sequence
using routine methods that are well known 1o the art.

{81021 Promoters that are soitable for use in the practice of the present invention include, but are not
limited to yeast promoters from glycolytic genes {e.g., veast phosphofructokinase (PFK), triose
phosphate isomerase (TP, glyceraldehyde-3-phosphate dehydrogenase {GPD, TDH3 or GAPDH),
pyruvate kinase {(PYK}, phosphoglycerate kinase (PGK) promoters, and the Hike; See e.g., WO

§3/03159, mcorporated herein by reference); promoters of glucose transporters; ribosomal protein
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encoding gene promoiers; alcohol dehydrogenase promoters (e.g., ADHI, ADH4, and the like), and
the enolase promoter (ENQO).

191031 Exemplary promoters uscful for directing the transcription of the nucleic acid constructs of
the present invention in veast host cells include, but are not limited to those from the genes for
Saccharomyces cerevisiae enolase {eno-1), Saccharomyces cerevisiae galactokinase {gall},
Saccharomyces cerevisiae alcohol dehydrogenase/glyceraldehyde-3-phosphate dehvdrogenase
{ADHV/ADHZ/GAP), and Saccharomyces cerevisiae 3-phosphoglycerate kinase, Saccharomyees
cevevisiae transeription elongation factor (TEF), Saccharomyees cerevisiae fructose 1,6-bisphosphate
aldolase (FBA1Y, and Saccharomvees cerevisiae 3-phosphate glycerate kinase (PGK1). Other useful
promotors for veast host cells are well known in the art (See e.g., Romanos ef of., Yeoast §:423-488
[1992], incorporated herein by reference).

{81647 Suitable filamentous fungal promoters usefid 1n the practice of the present invention include,
but are not himited to promoters obtained from the genes for dspergillus oryzae TAKA amylase,
Rhizomucor miefiel aspartic proteinase, Aspergilius niger neutral alpha-amylase, Aspergilius niger
acid stable alpha-amylase, Aspergilius niger or Aspergiflus awamori glucoamylase (glad),
Rhizomucor michet lipase, Aspergillus ovyzae alkaline protease, Aspergifiug orvzae triose phosphate
1somerase, Aspergiilus nidulans acetamidase, and Fusarium oxysporum trypsin-like protease (See e.g.,
WO 96/00787, which is incorporated herein by reference), as well as the NAZ-pi promoter {a hybrid
of the promoters from the genes for Aspergillus niger neutral alpba-amylase and dspergilius oryzae
triose phosphate isomerase), promoters such as cbh ], cbh2, egll, egl2, pepA, fbl, #fb2, xynl, amy,
and glod (See, Nunberg ef al, Mol Cell Biol, 4:2306-2315119841; Boel er o/, EMBO J. 3:1581-85
[1984]; and EP 0 137 2804, all of which are incorporated herein by reference), and mutant, truncated,
and hybrid promoters thereof. Promoters associated with chitinase production in fungi also find use
n some embodiments {See e.g., Blaiseau and Lafay, Gene 120:243-248 [1992] [filamentous fungus
Aphanocladium afbum]; and Limon ef ¢f,, Curr. Genet, 28:478-83 [1995] [ Trichoderma harzianum];
both of which are incorporated hercin by reference).

191651 Any other suitable promoter sequence that drives cxpression o a fungal host cell, particularly
a yeast host cell finds use in the present invention. Suifable promoter sequences can be identified
using well known methods. In one approach, a putative promoter sequence is linked 5' to a sequence
encoding a reporter protein, the construct is transfected into the host cell and the level of expression of
the reporter is measured. Expression of the reporter can be determined by measuring, for example,
mRNA levels of the reporter sequence, an enzymatic activity of the reporter protein, or the amount of
reporter protein produced. For example, promoter activity may be determined by using the green
fluorescent protein as coding sequence (See e.g., Henriksen ef af., Microbiol,, 145:729-34 [1999],
which is incorporated hercin by refercnce) or a lacZ, reporter gene (See e.g., Punt ef af., Gene,
197:189-93 [1997], which is incorporated herein by reference). In some embodiments, fimctional

promoters are derived from naturally occorring promoter sequences by directed evolution methods



WO 2014/081605 PCT/US2013/070009
59

(See e.g., Wright ef af., Hum. Gene Ther., 16:881-892 [20(05], which is incorporated herein by
reference).

1910661 In some embodiments, heterologous and/or recombinant transcription fermination sequences
find use i the present invention. There are varions exemplary transcription termination sequences
{termunators) functional in fungal host cells, include transcription termination sequences from yeast
and filamenious fungi wel known in the art. In some embodiments, the transcription termination
sequence is a yeast sequence. Exemplary yeast transcription termination sequences include, but are
not mited to CYCL, ADHI, ADHZt, ete. In some embodiments, the nucleic acid constructs of the
present invention contain a ribosome binding site for ranslation initiation. In some embodiments, the
construct includes appropriate sequences for amplifying expression {e.g., an cnhancer). Such
elements are well known in the art and any suitable enbancers and/or transcription fermination
sequiences, and/or ribosome binding sites find use in the present invention.

[8167] In some additional embodiments, mucleic acid constructs of the present invention contain one
or more selectable marker genes to provide a8 phenotypic trait for selection of transformed host cells.
Suitable marker genes include, but arc not lumited to those coding for antimicrobial resistance such as,
ampicillin {ampR), kanamycin, chloramphenicol, tetracychne, streptomycin or spectinomycin {e.g.,
the aada gene); including but not Hmited to the streptomycin phosphotransferase (spf) gene coding for
streptomycin resistance, the neomycin phosphotransferase (npt/7) genc encoding kanamycin or
geneticin resistance, the nourseothricin acetyhtransferase (natl) geve coding for nourscothricin
resistance, the hygromycin phosphotransferase (Ap¢) gene coding for hygromycin resistance, genes
encoding dibydrofolate reductase, phleomycin, or neomycin resistance for eskaryotic cell culture, and
tetracycline or ampicillin resistance in £. cofi, as well as other marker genes that are well known in
the art. Indeed, any suitable marker gene finds use in the present invention.

[B188] In some embodiments, nucleic acid constructs of the present invention typically comprise a
fungal origin of replication (e.g., a filamentous fungal or yeast origin of replication). In some
embodiments, the recombinant nucleic acid constructs of the present invention comprise a yeast origin
of replication. Examples include, but are not limited to constructs countaining autonomous replicating
sequences, constructs containing 2 micron DNA including the avtonomous replicating sequence and
rep genes, constructs containing ceniromeres like the CEN6, CEN4, CEN11, CDN3 and agionomous
replicating sequences, and other like sequences that arc well known in the art. Exemplary nucleic
acid constructs nclude constructs suitable for transforming yeast. These include, but are not limited
to episomal constructs based on the yeast 2y or CEN origin based plasnuds like pYESZ/CT,
pYES3/CT, pESC/His, pESC/Ura, pESC/Trp, pES/Lew, p427TEF, pRS405, pR34046, pRS413, and
other yeast-based constructs that arc known in the art. Indeed, any suitabie origin of replication finds

use in the present invention.

751

{81691 In some embodiments, the nucleic acid constructs of the present invention comprise element:

to facilitate integration of the xylose isomerase, xylitol dehydrogenase and/or xyhulokinase
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polynucleotide(s) into a fungal host chromosome {7.e., the genome), by either homologous or non-
homologous recombination and/or either site-directed and/or random mutagenesis. In some
embodiments, the sucleic acid constructs comprise elements that facilitate bomologous Udegration. n
some embodiments, the xylose isomerase, xylitol dehydrogenase, and/or xylulokinase polynucleotide
is tntegraied at one or more sites and is present in one or more copies. In some embodiments, the
nucleic acid construct comprises the xylose isomerase, xvlitol dehydrogenase, and/or xyhulokinase
polynucleotide(s) and no promoter that is operatively linked to the xylose isomerase, xylitol
dehydrogenase, and/or xylulokinase polymucleotide(s). This type of constract typically comprises
genetic elements to facilitate infegration into the fimgal host chromosome at 2 location that is
downstream of a pative promoter {i.e., in the host chromosome). In some embodiments, a second
nucleic acid comprising a promoter and genetic clements to facilitate imtegration into the fungal host
chromosome in a location upsiream of the targeted integration site of the xylose somerase, xvlitol
dehydrogenase, and/or xyhilckinase polynuocleotide finds use.  In some embodiments, the nucleic
acid construct comprises the xylose isomerase, xylitol dehydrogenase, and xylulokinase
polynucleotides operatively linked to a prometer or promoter and terminator sequonces such that all
are integrated into the host chromosome {genome). Tt is contermplated that any suitable clement that
facilitates integration will find use in the present mvention.

18#118] Geoetic clements that facilitate integration by homologous recombination include those
having sequence homology to targeted integration sites in the fungal host chromosome (genome).
Suitable sites that find use as targets for integration include, but are not limited to the TY1 loci, the
RDN o, the wra3 locus, the GPD locus, aldose reductase (GRE3) locus, etc. Those having
ordinary skiil in the art will appreciate that additional sites for integration can be readily identified
using methods known in the art, including but not Hmited to microarray analysis, metabolic flux
analysis, comparative genome hybridization analysis, etc.

{8111} Genetic elements or techniques that facilitate mtegration by non-homologous recombination
include, but arg not limited to restriction enzyme-medisted integration (REMI} (See e g,
Manivasakam ef a/., Mol Cell Biol, 18(3):1736-1745 {1998}, incorporated hercin by reference),
transposon-mediated integration, and other clements and methods that are well known in the art.
Indeed, any suitable method that facilitates homologous and/or non-homologous recombination finds
use in the present invention.

[8112] In some embodiments, the nucleic acid constructs of the present invention comprise at least
one further recombinant polynucleotide that is capable of conferring 2 desired phenotype to a fimgal
host cell, particularly in the context of xyiose fermentation, In some embodiments, the recombinant
polynucleotide that is capable of conferring an improved phenotype to the fungal host cell is 2 non-
coding polyaucleotide {e.g., a regulatory polynucleotide), a coding polynucieotide, or combination

thereof
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[8113] Exemplary firther desired phenotypes inclade, but are not Bmited to increased transport of
xylose into the host cell, increased xylulokinase activity, increased xylitol dehydrogenase activity,
ncreased xvlose isomerase activity, fncreased xylose reductase activity, increased flux through the
pentose phosphate pathway, decreased sensitivity to catabolite repression, increased tolerance to
cthanol, increased tolerance to increased osmolarity, increased tolerance to organic acids, reduced
production of by-products, and other similar propertics related to increasing flux through the pentose
phosphate and glycolysis pathways to produce a desired metabolic product/intermediate at higher
levels as compared to the corresponding wild-type host eell. In some embodiments, the desired
metabelic product is an alcohol (e.g., ethanol).

1#114] In some embodiments, nucleic acid constructs comprising at least one further polynucieotide
that 15 capable of conferring a desired phenotype to a fungal host celi comprise a polynucleotide
encoding a protein known {o impact the desired phenotype, wherein the polynucleotide is either native
or heterclogous to the fungal host cell. In some embodiments, this polynuclectide 1s operatively
linked to its native promoter, or to a heterologous promoter {i.e., a promoter that is not associated with
the polynucleotide in the corresponding native gene). o some embodiments, at icast one further
polynucleotide 15 overexpressed. In some additional embodiments, the nucleic acid constructs
comyprrise multiple copies of a least one polynuclectide.  Suitable polynucleotides chude, but are not
limited to those that facilitate overexpression of proteins known to have an impact on the desired
phevnotype.

{81181 Exemplary recombinant polynucleotides that are capable of conferring a desired phenotype
to a fungal host cell include, but are not limited to recombinant polynuclestides (either wild-type or
mutated forms) that encode a xylose and/or hexose transporter, xylose reductase, at least one enzyme
from the pentose phosphate pathway, at least one glveolytic enzyme (i.e., from the glycolytic
metabolic pathway, at least one ethanoclogenic enzyme, regulatory sequences that enhance expression
of these sequences, and/or combinations thereof. Additional recombinant polynuclestides (either
wild-type or muntated forms) that find use in the present invention include, but are not limited to those
that encede additional proteins involved in the pentose phosphate, glycolysis, and cthanologenic
pathways, used alone or in combination In various embodiments of the present invention.

{81161 In some embodiments, transporter proteins find use in the present invention. Exemplary
fransporters inclade, but are not Himited to GXF1, SUTT and At6g59250 from Candida intermedia.,
Pichia stipitis and Arabidopsis thaliana, respectively (See e.g., Runquist et af., Biotechnol. Biofuels,
3:5 [2010], mcorporated herein by reference), as well as HXT4, HXTS, HXT7, GALZ, AGTI, GXF2
(See e.g., Matsushika ef of., Appl. Microbiol. Biotechnol, 84:37-53 [2009], mcorporated herein by
reference). In some embodiments, overexpression of native 8. cerevisige transporters is desirable,
particularly HXTS and HXT7.

{81171 In some embodiments, additional recombinant polymucicotides find use, mclading but not

Himited to those that encode: xylolose reductase (XR); an enzyme from the pentose phosphate
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pathway {e.g., 3 ribulose-S-phosphate 3-cpimerase (RPE1), nibose-5-phosphate ketol-isomerase
(RKil), transketolase {TKL1), transaldolase (TALL), cic.); glveolyvtic enzyme(s) (e.g., a hexokinase
(HXKI/HXK2), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), pyruvate Kinase (PVK2),
ete.); and/or at least one ethanologenic enzyme (e.g., pyruvate decarboxylase, alcohol dehydrogenase,
ete.).

18118] In some embodiments of the present invendion, regulatory polynuciectides find use.
Exemplary regulatory polynucleotides include promoters, enhancers, terminators, and any other
suitable regulatory element that fumctions to improve the expression of polynuacieotides in a fimgal
host cell, particularly, a yeast host cell. These polynucleotides include, but are not limited to the
regulatory elements described hereinabove.

18#119] The nucleic acid constructs described herein are useful for transforming fungal host cells 1o

confer to these cells the property of xylose utilization.

Recombinant Fungal Host Cells

18128] The present invention provides a recombinant fungal host cell comprising at least one xylos
1somerase, xylitol dehydrogenase, and/or xylulokinase polynucleotide provided herein, o some
embodiments, the recombinant fimgal host cell comprises at least one polynucleotide sequence that
encedes a polypeptide capable of catalyzing the isomerization of D-xylose directly to D-xylulose. In
some cmbodiments, the polynucleotide is selected fromu {a)a pgiynucicoﬁde that encodes a
polvpeptide comprising an anunoe acid sequence that is at least about 709, at least about 71%, at least
about 72%, at least about 73%, at lcast about 74%, at least about 75%, at icast about 76%, at least
about 779, at least about 78%, af lcast about 79%, at feast about 8%, at lcast about 81%, at least
about 82%, at lcast about 83%, at lcast about 84%, at lcast about 85%, at lcast about 86%, at least
about 87%, at lcast about 8894, at least abowut 89%, at least about 90%, at least about 91%, at least
about 929%, at least about 939%, at least about 94%, at least about 95%, at least about 96%, at least
about 97%, at least about 98%, at least about 999, or at least about 100% identity to SEQ 1D NG:2Z,
8, 10,12, 14, 16, 18, 20, 22, and/or 24; and (b) a polynucleotide that hybridizes under stringent
hybridization condifions to the cumplement of a polynucieotide encoding a polypeptide having the
aming acid sequence of SEQ IDNOS:1, 7,9, 11, 13, 15,17, 19, 21, and/or 23; SEQ 1D N(O:3; and/or
SEQ ID NO:5. In some embodiments, the polypeptide(s) comprises at feast one substitution and/or
other mutation. n all of these embodiments, the polypeptides exhibit the activity associated with their
sequences {i.e., xylose isomerase, xyhitol dehydrogenase, or xylulokinase).

[#121] In some embodiments, the recombinant fungal host celi comprises at least one polynuclestide
sequence that encodes at least one polypeptide, wherein the polynucleotide s selected fronu (8)a
polyrucleotide that encodes a poiypepﬁde comprising an amino acid sequence that is at least 70%, at
ieast T1%, at least 72%, at least 739, at least 74%, at least 75%, at least 76%, at lcast 77%, at least

78%, at least 79%, at least 809, at least 81%, at least 82%, at least 83%, at least 84%, at Jeast 5%, at
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feast 836%, at least 87%, at least 8%, at lcast 89%, at least 909, at least 919, at least 929, at least
93%, at least 94%, at least 95%, at least 96%, at lcast 97%, at least 9894, at least 99%, or at loast
100% identical 10 SEQ 1D NG:2, §, 10, 12, 14, 16, 18, 20, 22, and/or 24; SEQ 1D NO:4; and/or SEQ
1D NO:6; and (b} a polynucleotide that hybridizes under stringent hybridization conditions to the
complement of a polynuclestide encoding a polypeptide having the amino acid sequence of SEQ ID
NO:E, 7,9, 11,13, 15,17, 19, 21, and/or 23; SEQ 1D NO:3; and/or SEQ 1D NO:5, In some
embodiments, the polypeptide{s) comprises at least one substitution and/or other mutation. Inall of
these embodiments, the polypeptides exhibit the activity associated with their sequences (1.e., xylose
1spmerase, xvylitol dehvdrogenase, or xvhilokinase).
{81221 in some embodiments, the present invention provides a recombinant fungal host cell
comprising and/or transformed with a nucleic acid construct of the present invention. In some
embodiments, the xylose 1somerase, xylitol dehvdrogenase, and/or xylulokinase polynucleotide is
integrated into the host cell genome. In some embodiments, the xvlose isomerase, xylitol
chydrogenase, and xvlulokinase polynucleotide are integrated into the host cell genome. Typically,
the recombinant fungal host cell is a filamentous fungal or yeast host cell. More typically, the
recombinant fimgal host cell 1s a yeast host cell.
{81231 The present invention also provides methods for prodocing a recombinant fungal host cell,
wherein the method comprises: (a} providing at least one nucieic acid construct of the present
ivention, wherein the nucleic acid construct comprises at least one xylose isomerase polvnucleotide,
at least one xyhitol dehydrogenase polynucleotide, and/or at least one xylulokinase pelynucieotide
provided herein; and (b} transforming a fungal host cell with the macleic acid construct to produce a
recombinant fungal host cell. In some embodiments, the xylose isomerase polynucleotide sequence,
xylitel debhydrogenase polynucleotide sequence, and/or xvlulokinase polynucleotide sequence is
mitegrated into the host cell genome.
[#124] The present invention further provides methods for producing a recombinant fungal host ¢ell,
wherein the method comprises: (a} providing at least one nucieic acid construct of the present
ivention, wherein the nucleic acid construct comprises at least one xvlose isomerase polynucleotide,
at least one xyhitol dehydrogenase polynucleotide, and at least one xyhilokinase polynucleotide
provided herein; and (b} transforming a fungal host cell with the macleic acid construct to produce a
recombinant fungal host cell. In some embodiments, the xylose isomerase polynucleotide sequence,
xylitel debhydrogenase polynucleotide sequence, and xylulokinase polynucleotide sequence is
ntegrated into the host cell genome.
{#1258] Introduction of the expression construct of the present invention into the host cell can be
accomplished using any suitable method, including but not limited to calcium phosphate transfection,
DEAE-dextran mediated transfection, electroporation, or any other suitable technique. fndeed, there

are numerous methods known in the art and described in various standard reference texts.
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[#126] In some embodiments of the present invention, the fimgal host cells include veast and
filamentous fungal host cells. In some additional embodiments, the fungal host cell is a yeast cell.
Excrmplary yeast host cells useful in the present invention include, but are not imited to Candida,
Hansenula, Saccharomyces, Schizosaccharomyees, Pichia, Khwyveromyces, and Yarrowia. In some
embodiments of the invention, the yeast cell is Hansenula polymorpha, Saccharomyces cerevisiae,
Saccharomyces carlsbergensis, Saccharomyces diastaticus, Saccharomvees norbensis,
Saccharomyces kluyveri, Schizosaccharomyces pombe, Pichia pastoris, Fichia finlandica, Pichia
trehalophila, Pichia kodamae, Pichia membranaefaciens, Pichia opuntice, Pichia thermotolerans,
Pichia salictaria, Pichia quercuum, Pichia pijperi, Pichia stipitis, Pichia methanolica, Pickia
angusta, Kluyveromyces lactis, Candida albicans, or Yarrowia lipolytica. In some embodiments, the
yeast host cell 18 Saccharomyces species. In some additional erobodiments, the yeast host cell s
Sacchavomyces cerevisioe. However, it is not intended that the present invention be limited to any
particular gemis and/or species of yeast cells.
{8127] Yeocast straing that find use in the prosent invention include, but are not limited to those
avatlable from variocus yeast collections, such as Lallemand {c.g., Lallemand 6469, Lallemand LYCC
6391, Lallemand LYCC 6939, Lallemand LYCC 6469, Lallemand LYCC 6469; all from Lallemand,
Inc., Montreal, Canada); ARS (NRRL) Collection, U.S. Department of Agriculture {e.g., NRRL Y-
1528, and YB-1952); and ATCC {e.g., BY4741, which is also available from other sources).
18#128] Suitable fungal host cells include, but are not limited to, Ascomycota, Basidiomveota,
Deuteromycota, Zygomycota, and Fongt fmperfecti. The filamentous fumgal host cells of the present
invention include, but are not imited to all filamentous forms of the subdivision Exnmycotina and
Oomycota. Filamentous fungi are characterized by 8 vegetative mycelium with a cell wall composed
of chitin, cellulose and other complex polysaccharides. In some embodiments, the filamentous fungal
host cells of the present invention are morphologically distinet from yeast.
[#129] In some embodiments, the filamentous fimgal host cell is a cell of a species of Achlya,
Acremonium, Aspergilius, Aureobasidium, Bjerkandera, Ceriporiopsis, Cephalosporium,
Chrysosporium, Cochliobolus, Corvnascus, Cryphonectria, Cryptococcus, Coprinus, Coriolus,
Diplodia, Endothia, Fusarium, Gibberella, Gliocladium, Humicola, Hypocrea, Myceliophthora,
Mucor, Neurospora, Penicillium, Podospora, Phiebia, Piromyces, Pvricularia, Riizomucor,
Rhizopus, Schizophylfum, Scytalidium, Sporotrichum, Talaromyces, Thermoascus, Thielavia,
Trametes, Tolvpoctadium, Trichoderma, Verticillium, Volvariella, or teleomorphs, or anamorphs, and
synonyms, basonyms, and/or taxonomic equivalents thereof. However, it is not intended that the
present invention be Himited to any particular genus and/or specices of filamentous fungal cells.
1#130] In some embodiments of the invention, the filamentous fungal host cell is of the Aspergilius
species, Ceriporiopsis species, Chrysosporium specics, Corynascus species, Fusarium species,

Humicola species, Neurospora species, Penicillium species, Tolypocladium species, Tramates
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species, or Trichoderma species. However, it is not intended that the present invention be Himited to
any particular genus and/or species of filamentous fungal cells.

191311 Additionally, exemplary flamerdous fungal host cells that find use in the present invention
mclude, but are not limited to a Alamentouns fumgal host cell of Trickhoderma (e.g., T. longibrachiatum,
T, viride [e.g., ATCC 32098 and 32086], 7. reesei [NRRL 15709, ATTC 13631, 56764, 56765,
56466, 56767, and RL-P37 and derivatives thereof, See e.g., Sheir-Neiss ef al,, Appl. Microbiol.
Bictechuol,, 20:46-53 [1984], incorporated herein by refevence), 77 koningii, and 7. harzianuwm), as
well as Fypocrea jecoring. The term "Trichoderma’™ refers to any fungal strain that was previously
classified as Trichoderma or is currently classified as Trichioderma

{8132} in some embodiments of the present invention, the filamentous fungal host cell is an
Aspergilius species {e.g., 4. awamori, A. funigatus, A. japonicas, A. nidulans, A. niger. A. aculeatus,
A. foetidus, A. orvzae, A. sojae, or A. kawachi {See e.g., Kelly and Hynes, EMBO 1., 4:475479 [1985];
NRRL 3112, ATCC 11490, 22342, 44733, and 14331 Yelton er al, Proc. Natl, Acad. Sci. USA, €1,
1480-1474 {1984}, Tilburn ef al., Gene 26,205-221 {1982]; and Johnston er o/, EMBO 1., 4:1307-
1311 [1985], all of which arc incorporated herein by reference). To some embodiments of the
mvention, the filamentous fungal host cell is a Fusarium species (e.g., F. bacterioides, F. cerealis, F.
crookwellense, F. culmorum, F. graminaearum, F. graminum, F. oxysporum, F. rosium, or F.
venenatum). Insome embodiments of the invention, the filamentous fungal host celi is of a
Neurospora specics {e.g., N. crassa; See e.g., Case, et al., Proc. Nath, Acad. Sci. USA, 76:5259-5263
[1979]; LIS Pat, No. 4,486,553; and Kinsey and Rambosek, Mol Cell. Biol,, 4:117-122 [1984], all of
which are incorporated herein by reference). In some embodiments of the invention, the filamentous
fungal host cell is of a Humicola species (e.g., H. insolens, H. grisea, ot H. lanuginosa}. n some
embodiments of the invention, the filamentous fungal host cell is & Mucor species {e.g., M. michei or
M. circinelioides). In some embodiments of the invention, the filamentous fimgal hostcell is a
Rhizopus species {e.g., R oryzae or R nivens). In some embodiments of the invention, the
flamentous fungal host cell is of a Penicillium specics {e.g., P. purpurogenum, P. chrysogenum, or F.
verruculosum). In some cmbodiments of the invention, the flamentous fungal host cell is a Thielavia
species {e.g., 7. ferrestris). In some embodiments of the invention, the filamentous fungal host cell is
a Tolvpocladivum species (e.g., T. inflatum or T, geodes). In some emboediments of the invention, the
filamentous fungal host cell is a Trametes specics (e.g., T. viflosa or T, versicolor). Insome
embodiments of the inveuntion, the filamentous fungal host cell is a Chrvsosporium species, (e.g., C.
hicknowense, C. keratinoplifum, C. tropicum, C. merdarvium, C. inops, C. pannicola, or C. zonatum).
In some embodimenis of the invention, the filamentous fungal host cell is of the Mveeliophthora
species, e.g., M. thermophila.

18#133] Strains that find use in the prosent invention include those that are readily accessible to the
public from a number of colture collections, inclading but not limited to the American Type Cultare

Collection { ATCC), Deutsche Sammlung von Mikroorganismen und Zellkuthuren GmbH {DSM),
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Centraalburean Voor Schimmelcultores {CBS), and Agricultural Research Service Patent Colture
Collection, Northern Regional Rescarch Cender (NRRLY. Straios that find use in the present invention
nclude those that are readily accessible to the public from any commercial source.

{81341 Recombinant fimgal host cells of the present invention are capable of growth in a xylose-
based colture medium {i.e., a culture madium where xylose is the primary carbon source). In these
xylose-based culture media, the carbon source comprises xylose. In some xylose-based culture
media, the carbon source consists of xylose. In some embodiments, the recombinant fungal host cell
1s capable of faster growth in a xylose-based culture medium as compared to the corresponding wild-
type fungal host cell. In some embodiments, the recombinant fungal host cell is capable of faster
growth in a xylose-based culture medium as compared to wild-type Saccharomyces cervevisice. In
some cmbodiments, the recombinant fungal host cell is capable of growth at & rate of at least about
0.2 per hour (b)) in a xylose-based culture medium, while in some other embodiments, the growth
rate is at least about 0.3 or 0.4 per hour (h'). Growth rate can be determined using any suitable
method, including optical density, ccll counting methods, cte. Indeed, there are various well known
methods for determining cell growth that find use 1o the present invention. Exermplary xylose-based
culture media include culture media that have been formulated to contain xylose (See, the HExamples
herein}, as well as feedstock obtained from a cellulosic saccharification process and/or feedstock from
3 hemicellulose pre-treatment process (ie., 8 "hemicellulosic feedstock™).

181358 In some embodiments, recombinant fungal bost cells of the present invention are also capable
of fermenting xylose when provided with a xylose based culture mediam. Typically, the recombinant
fungal host cells described hercin are capable of fermenting xylose at a faster rate compared to the
corresponding wild-type fungal host cell. In some embodiments, the recombinant fungal host cells are
capable of formenting xvlose at a rate of at least about 0.5 g/lL/h, at least about 1g/L/h, at least about 2
g/L/h, at least about 3 g/L/h, at least about 4 g/L/h, at least about 5 g/L/h, at least about 6 g/L/h, at
least about 7 g/L/h, at least about 8 g/L/h, at least about 8 g/L/h, or at least about 10 g/L/h. Insome
embodiments the recombinant fungal host cells are capable of fermenting xylose at a rate of at least
about 0.1 g/g CDW/h, at least about (.15 g/g CDW/h, at least about 2 g/g COW/h, at least about 0.25
g/g CIYW/h, at least about 0.3 g/g CDW/h, at least about 0.4 g/g CDW/h, at least about 0.5g/g
CDW/h, at least abowut 0.6 g/g CDW/h, at least about 0.7 g/g CDW/h, at least about 0.75 ¢/g CDW/h,
at least about 1 g/g CDW/h, at least about 1.25 g/g CDW/h, at fcast about 1.5 g/g CDW/h, at least
about 1.75 g/g CDW/h, at least about 2 g/g CDOW/h, at least about 2.25 g/g CDW/h, at least sbout 2.5
g/g CDW/h, at feast about 2.75 g/g CDW/h, or at least about 3 g/g CDW/h. Exemplary xylose-based
culture media include, but are not hmited to culture media that have been formulated to contain
xylose, as well as feedstock from cellulosic saccharification processes and/or feedstock froma
hemicellulose pre-treatment process (i.e., a "hemicellulosic feedstock™).

{81361 In some embodiments, the fimgal host cell 1s a wild-type fungal cell, while in some other

embodiments, it 18 a mutated or otherwise altered or enginecred form of a wild-type fungal cell (ic., 2
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recombinant cell}. In some embodiments, the fongal host cell (either wild-type or otherwise altered or
engincered) comprises polynucleotides encoding xylose isomerase, xylitel dehydrogenase,
xylulokinase, and one or more enzymes. In some embodiments, the additional enzyme is used in the
pentose phosphate, glycolytie, and/or ethanologenic pathways. In some embodiments, the fungal host
cell comprises polynucleotides encoding at least one xylose isomerase, xylitol dehydrogenase, and
xylulokinase, and ali or some of the enzymes in the pentose phosphate, glycolviic, and ethanologenic
pathways. In some embodiments, the fungal host celt comprises recombinant pelyoucieotides
encoding enzymes that are hetevologous to the fimgal host cell (7.2, not native to the fungal host ccli).
In some additional embodiments, the fimgal host cell is engineered to comprise other metabolic
pathways that utilize producis/intermediates from the pendose phosphate, glycolytic, and/or
ethanologenic pathways to produce other desirable products. For exanple, in some embodiments, the
fungal host cell is engincered to comprise at least one metabolic pathway for the biosynthesis of a
fatty alcohol or fatty acid {(See e.g., WO 2007/136762, mcorporated herein by reference). In some
cembodiments, the fatty alcohol or fatty acid is a C8-C20 fatty acid or fatty alcohol. In some
embodiments, the fungal host cell is altered or engincered to overcxpress any ong or more of the
polynucleotides encoding the enzymes in one or more of these metabolic pathways.

[8137] In some embodiments, the recombinant fungal host cell of the present invention further
comprises genetic modifications to the xylose isomerase, xylitol dehydrogenase, and/or xylulokinase
polvnucleotide(s). In some embodiments, the recombinant host cell comprises at least one different
recombinant polynociectide that is capable of conferring a {further desived phenotype to the fimgal
host cell. In some embodiments, the present invention provides a recombinant fimgal host cell
comprising at least one xylose isomerase, xylitol dehydrogenase, and xylulokinase polynucleotide
and/or vartani(s) thereof, and at least one recombinant polynucleotide that encodes a polypeptide that
differs from the xylose isomerase, xylitol dehydrogenase, and xyhilokinase or varant(s) thereof,
wherein the recombinant polynuclectide tmparts a desired phenotype to the fungal host cell. Tt is
contemplated that in some embodiments, the recombinant polynucleotide that is capable of conferring
a desited phenotype to the fungal host cell is introduced to the fungal host cell in the same nucleic
constract as the xylose isomerase, xyhitol dehydrogenase, and/or xylulokinase polynucleotide(s),
while in some other embodiments, the recombinant polynuclestide that is capable of conferring a
desired phenotype to the fungal host cell is introduced to the fungal bost cell in a differcnt mucleic
construct as the xylose isomerase, xylitol dehydrogenase, and/or xyhulekinase polynucleotide(s).
Nucleic acid constructs of the present invention comprising a xvlose isomerase, xylitol dehydrogenase
and/or xylulokinase polynucleotide(s} and at least one further recombinant polynucleotide capable of
conferring a desired phenotype to the fungal host ccll are described above.

191381 In some embodiments, the recombinant polynucleotide that is capable of conferring a desired
phenotype to the fimgal host cell is a non-coding polynucleotide (e.g., a regulatory polynuclectide), a

D3

coding polynucieotide, or a combination thereof. As described above, exemplary further desired
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phenotypes include, but are not himited to increased transport of xylose into the host cell, increased
xylose reductase activity, increased xylitol dehygrogenase activity, increased xylulokinase activity,
ncreased xvlose isomerase activity, increased flux through the pentese phosphate pathway, decreased
sensitivily to catabolite repression, increased tolerance to ethanol, ingcreased tolerance to increased
osmolarity, increased tolerance to organic acids, reduced production of by-products, and other like
propertics related to increasing flux through the pentose phosphate, glveolysis, and/or ethanologenic
pathways to produce the desired metabolic product/intermediate at higher levels as compared to the
corresponding wild-type host cell. In some embodiments, the desired metabolic product is an alcohol
(e.g., ethanol}.

{8139 in some embodiments, recombinant fungal host cells comprising at icast one further
polyrucleotide capable of conferring 2 desired phenotype to the fungal host cell comprise at least one
polynucleotide encoding a protein known to impact the desired phenotype, wherein the polynucleotide
is either native or heterologous to the fimgal host cell, In some embodiments, the polynuclectide(s)
is/are operatively linked to the native promeoter(s), while in some other embodiments, the
polynucleotide 15 operatively linked to a heterologous promoter (i.e., one not associated with the
polynucieotide in the corresponding native gene). In some embodiments, the polynucleotide is
overexpressed. In some embodiments, the recombinant fungal host cell comprises multiple copies of
the polynuclootide. Suitable polymicleotides include, but are not himited to those that facilitate
overexpression of proteins known to have an tropact on the desired phenotype. Therefore, in some
embodiments, the fungal host cell 1s altered or engineered to overexpress one or more
polynucleotides.

{8148] In some embodiments, recombinant polynucleotides that are capable of imparting a desived
phenotype to a fungal host cell find use in the present invention include, but are not Hoited to
recombinant polynucieotides that encode a xylose or hexose transporter, xylose reductase, at least one
enzyme from the pentose phosphate pathway (See e.g., Figure 2A), at least one glycolytic enzyme
(i.e., from the metabolic pathway of glycolysis; See e.g., Figure 2B), cthanologenic enzyme(s) (See
e.g., Figure 2C), regulatory sequences associated with any of these sequences, and any combination
thereof.

{81411 As indicated above, exemplary transporters that find use in the present invention include, but
are not limited to GXF1, SUTT and At6g59250 from Candida infermedia, Fichia stipitis, and
Arabidopsis thaliana, respectively (See e.g., Runquist ef af., 84:37-53 {2010}, incorporated hercin by
reference), HXT4, HXTS, HXT7, GALZ, AGTH, and GXF2, (See e.g., Matsushika ef g/, Appl.
Microbiol. Biotechnol, ,84:37-53 [2009]). In some embodiments, overgxpression of native &
cerevisiae transporters is desirable, particularly HXTS and HXT7.

191421 Also as indicated, above, recombinant polynucleotides suttable for use in the present
ivention inclhade, but are not himited to those that encode: xvlose reductase (XR); at least one enzyme

from the pentose phosphate pathway {e.g., a ribulose-S-phosphate 3-epimerase (RPE1), ribose-5-
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phosphate ketol-isomerase (RKI1), transketolase (TKL 1Y, transaldolase (TALLY, etc.}); at least one
glycolytic enzyme {e.g., hexokinase (HXKI/HXK?Z), glyceraldehyde-3-phosphate debydrogenase
(GAPDH), pyruvate kinase (PVK2), etc.; and at least one cthanologenic cnzyme {(e.g., pyruvaie
decarboxvlase, alcohol dehydrogenase, ete.).

181431 As indicated above, exemplary regulatory polynucleotides that find use in the present
invention include promoters, enhancer, terminator, and other regulatory clements that function to
improve the cxpression of polynucleotides in a fungal host cell, particularly, a veast host cell, as
described above.

[#144] In some embodiments, recombinant host cells of the present invention comprise ong or Mo
native genes deleted from its genome. In some cmbodiments, the deletion(s) cause removal or
reduction of a biological activity that is otherwise exhibited by the fungal host cell. Insome
embodiments, the cumulative effect of the deletion(s) also leads to an improvement in a phenotype of
the fungal host cell. Any suttable method for deleting gene finds use in the present invention. There
are numerous methods well known in the art. For example, in some embodiments, recombinant host
cells of the present invention have certain native genes deleted from the host genome in order to
mmprove the utilization of pentose sugars {e.g., xylose), increase transport of xylose fnto the host cell,
increase xylose reductase activity, increase xylitol dehygrogenase activity, increase xylulokinase
activity, increase xylose isomerase activity, increase flux through the pentose phosphate pathway,
decrease sensiiivity to catabolite repression, increase tolerance to cthanol/acetate, increase tolerance to
increased osmolarity, increase tolerance 1o organic acids (low pH), reduce production of by-products,
and other like properties related to increasing flux through the relevant pathways to produce ethanol
and other desired metabolic products at higher levels, where comparison is made with respect to the
corresponding host cell without the deletion(s). Genes targeted for deletion include, but are not
limited to genes encoding enzymes in the pentose phosphate pathway, a glycolytic enzyme, and/or an
ethanologenic enzyme, as well as any other gene, the deletion of which provides an advantage.

{8145} in some embodiments, other genes are targeted for deletion, including but not limited 1o those
encoding aldose reductase (GRE3) (See e.g., Matsushika ef af., Appl. Microbiol. Biotechnol,, 84:37-
53 {2009]), sorbitol dehydrogenases (SORI/SOR2), glutamate dehydrogenase (GDHI1), 6-
phosphogloconate dehydrogenase (GND), ghicose-5-phosphate dehydrogenase (ZWF1), and any
enzyme for which its deletion is known in the art to improve the utilization of a pentose sugar,
decrease by-product formation, and/or increase the ethanol vield of a fungal host cell. The genes
encoding these enzymes in many fingi are known in the art. Those having ordinary skill in the ant
appreciate that additional genes encoding these and other enzymes of interest can be readily identified
using various suitable techniques, such as by microarray analysis {See e.g., Sedlak er af., Yeast
21:671-684 [2004]), metabolic flux analysis (See e.g., Sonderegger ef i, Appit Fuviron. Microbiol.,
T3:2307-2317 [2004]), in silico modeling (See e.g

Hjersted ef of., Biotechnol, Bioengineer. 97:1190-

A

1204 [20071]), chemogenomics (See e.g., Teixeira ef of., Appl. Environ. Microbiol, 75:5761-5772
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[2009]), and other well known methods. Indeed, any suitable method finds use in the present
nvention.

18146] In some embodiments, the host cells emploved in the practice of the present invention are
mutagenized and/or evelved to exhibit firther desired phenotypes. For example, further
improvements inclade, but are not mited to improvements in the utibization of pentose sugars (e.g.,
xylose, arabinose, cic.}, increased transport of xylose into the host cell, increased xylulose kinase
activity, increased xylose reductase activity, increased xylitol dehydrogenase activity, increasesd
xylose isomerase activity, increased flux through the pentose phosphate pathway, decreased
senstiivity to catabglite repression, increased tolerance to sthanol/acetate, increased tolerance to
increased osmolarity, increased toferance to organic acids (low pH), reduced production of by-
products, and other Hike propertics related 1o increasing flux through the pentose phosphate and
glycolysis pathways to produce a desired metabolic product/intermediate at higher levels. In some
embodiments, the desired metabolic product is an aleohol (e.g., ethanol}. In some embodiments, the
host cells are mutagenized and/or evelved using known methods either prior to or after transformation
with one or gt least one xylose isomerase, xylitol dehvdrogenase, and xylulokinase polynucieotide. In
some embodiments, the host cells are mutagenized and/or evolved using known methods either prior
to or after transformation with one or at least one xyiose isomerase, xylitol dehydrogenase, and/or
xylulokinase polynucleotide. These methods include, but are not limited to classical mutagenesis,
whole genome shutfling, cvolutionary engineering methods, methods that employ screening and/or
selection methods, and/or any combination of such well known methods.

18147] Classical mutagenesis methods that find use in the present tnvention include, but arg not
limited to treatment of the host cell with s mutagen such as a chemical mutagen or irradiation
exposure (e.g., ultraviolet or gavuma-irradiation). Whele genome shuffling methods involving, for
example, recombination of genomic DMNA between native genomic DNA sequences and/or vanants
thereof, can be facilitated by sexoal mating, protoplast fusion methods and other methods well known
in the art (See e.g., WO 98/31837 and WO 2000/04190, incorporated herein by reference) also find
use. In some embodiments, these methods are coupled with screening and/or selection miethods to
identify altered fungal host cells that exhubit the desived phenotype. For example, such methods find
use in aliering or enginecering a fungal host cell to overexpress one or more desired polynucleotides.
Indeed, any suitable method finds use in the present invention.

18148] In some embodiments, cvolutionary engineering is accomplished by prolonged cultivation
and selection of strains under desired conditions through chemostat, turbidostat and/or batch cultures.
Evolutionary engineering methods can be practiced under acrobic, microaerophilic or anacrobic
conditions. Sclection strategies can be optimized by varying culiure conditions, for example, carbon
source, nitrogen source, acration, pH, temperature, cte. Methods for evolutionary engineering are
well known n the art (See e.g., Wisselink er ¢/, Appl Environ. Microbiol., 75(43:807-914 [2009];
Kuyper ef of., FEMS Yeast Res,, 5:399-409 [20{05]; and Sauver, Adv. Biochem, Enginger. Biotechnol.,
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73:129-169 [2001], all of which are incorporated herein by reference). Indeed, any suitable method
finds use in the present invention.

181497 In some embodiments of the present invention, the recombinant fungal host cell comprising a
xylose tsomerase, xyhitol dehydrogenase and/or xylulokinase polynucleotide exhibits an improved
phenotype relative to the corresponding tfungal host cell without the xylose isomerase polynucleotide,
xylitol dehydrogenase and/or xyluiokinase polypeptide. In some embodiments, the recombinant
fungal host cell comprises all three polynucleotides (i.c., xylose isomerase, xylitel debydrogenase, and
xylulokinase). In some embodiments, the improved phenotype comprises funther improvement in the
utilization of pentose sugars {e.g., xylose, arabingse, etc.), increased transport of xylose into the host
cell, increased xylulose kinasce activity, increased xylose reductase activity, increased xylitol
dehydrogenase activity, increasesd xvlose isomerase activity, increased flux through the pentose
phosphate pathway, decreased sensitivity to catabolite repression, increased tolerance to
cthanol/acetate, increased tolerance to increased osmelarity, increased tolerance to organic acids (low

pH), and reduced production of by products, and/or other properties.

Enzvme Mixtures

[8158] In some embodiments, the present invention provides an enzyme mixture that comprises at
ieast one xylose isomerase, xylitol dehydrogenase, and/or xylulokinase polypeptide as provided
hercin. In some embodiments, the present invention provides an enzyme mixture that comprises at
least one xylose isomerase, xylitol dehydrogenase, and xyhulokinase polypeptide as provided herein
In some embodiments, the enzyme mixtire is cell-free (ie., an enzyme mixture comprising enzymes
that bave been separated from cells), while in some aliernative embodiments, the enzymes are not
separated from the host cells that scercte at least one enzyme mixture component. Cell-free enzyme
mixtures can be prepared by any of a varicty of methodologies known m the art (e.g., filtration and/or
centrifugation methodologies). In some embodiments, the enzyme mixtures are partially cell-free,
substantially ceil-free, or entirely cell-free.

18#151] In some embodiments, at least one xylose isomerase, xvlitol dehydrogenase, xvlulokinase,
and any additional enzymes present in the enzyme mixture are scereted from a single genctically
modified cell {e.g., a fungal host cell), while in some additional embodiments, at least one xylose
isomerase, xylitol dehydrogenase, and xyhulokinase, and any additions! enzymes present in the
enzyme mixture arc secreted from different microbes 1o combined or separate formeuntations.
Similarly, in some additional embodiments, at least one xylose isomerase, xylitol dehydrogenase, and
xylulokinase, and any additional enzymes present in the enzyme mixture are expressed individually or
in sub-groups from different strains of different organisms and the enzymes arc combined in vitro
make the enzyme mixture. It is also conteraplated that the xvlose isomerases and any additional
enzymes m the enzyme muxture are expressed individoally or in sub-groups from different strains of a

single organism, and the enzymes combined to make the enzyme mixture. In some embodiments, all
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ot the enzymes are expressed from a single host organism, such as a genetically modified fimgal cell.
In some embodiments, the enzymes described in WO 2011/041594, WO 2011/066457, WO
2011/14363, WO 20117150318, WO 2012/024698, WO 2012/027282, W0 2010/148148, WO
2012/024662, WO 2012/044868, W 2012/061432, US Pat. Appln. Publ. No. 2012/0003703, US Pat.
Appln. Publ. No. 2012/0083019, US Pat. Appln. Publ. No. 2012/0077216, US Pat. Appin. Publ. No.
2012/0045793, US Pat. Appln. Publ. No. 2012/0088271, US Pat. Appla. Publ. No. 2012/01078¢1,
and/or US Pat. No. §,143,0350 (all of which are incorporated herein by reference), find use in the
present invention.

[8152] In some embodiments, the enzyme mixture comprises at least one collulase, selected from
celobiohydrolase (CBH), endoglucanase (EG), and/or beta-glucosidase (BGI) cellulases. Cellulase
enzymes of the cellulase mixture work together in decrystallizing and hydrolyzing the cellulose from
a biomass substrate to vield soluble sugars, such as but not hmuted to glucose (See e.g., Brigham e of.

in Wyman {{ed.], Handbook on Bioethanol, Taylor and Francis, Washimgton DC [1995], pp 119141,

incorporated herein by refercnce). In some embodiments, the cellobichydrolase is 7. reesel
cellobichydrolase H. In some embodiments, the endeglucanase comprises a catalytic domain derived
from the catalytic domain of a Strepiomvees avermitilis endoghicanase. In some embodiments, at least
one cellulase is Acidothermus cellulolyticus, Thermobifida fusca, Humicola grisea, Myceliophthora
(e.g., M. thermophila) and/or a Chrysosporium sp. cellulase. It is intended that the present invention
encoOmMpass cnZyme roixtures comprising any suttable cellulase obtained from any suitable source. it
15 not intended that the present invention be lmited to any particular cellulase and/or cellulase source.
181831 Celhiase mixtures for efficient enzymatic hydrolysis of cellulose are known (See e.g., Vitkan
et al., Adv. Biochem. Eng. Biotechnol, 108:121-45 [2007]; and US Pat. Publos. 2009/0061484; US
2008/0057541%; and US 20009/0209009, each of which is incorporated berein by reference). In some
embodiments, mixtures of purified nanurally occurring or recombinant enzymes are combined with
cellulosic feedstock or a product of cellulose hydrolysis. In some embodiments, one or more cell
populations, cach producing one or more vaturally occurring or recombinant ceflulases, are combined
with cellulosic fecdstock or a product of cellulose hydrolysis.

{81841 In some embodiments, at least one xylose isomerase, xylitel dehydrogenase, and/or
xylulokinase polypeptide(s) of the present invention is present in nixtures comprising at least one
additional enzyme other than cellulases that degrade cellnlose, hemicellulose, pectin, and/or
lignoceliulose. In some embodiments, the enzyme mixtures comprise at least one xylose isomerase,
xylitol dehydrogenase, and/or xyhulokinase polypeptide(s) of the present invention, at least one
cellulase, and at least one additional enzyme. In some embodiments, the enzymes comprise at least
one xylanase, xylosidase, furanosidase, glucoronidase, esterase, acetylxylanesterase, foruloyvl esterase,
coumarovl esterase, galactosidases, mannanases, mannosidases, pectinase, lyase, polygalacturonate
lyase, galacturonase, pectin methy! esterase, galactanase, pectin acetyl esterase, pectin lyase, pectate

Ivase, rhammosidase, polvealacturonate tvase, rhanmmogalactiwonanase, rhamnogalaciironan fyase,
b 2 ¥ o o 2 & o b
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galacturonchydrolase, arabinase, lignin-degrading enzyme, laccase, peroxidase, lipase, protease,
ammylase, cxpansin, expansin-iike protein, celiulose integrating protein, scaffoldin, scaffoldin-like
protein, celiulose-induced protein or modulating protein, and/or any additional enzyme of tnterest. ft
15 intended that the present invention encompasses any enzyme combination and any enzyme
concentration(s}. Indeed, it is not intended that the present invention be Hmited to any particular
enzyme combination(s) and/or enzyme concentrations, as those of skill in the art know to produce
usetl enzyme combinations and concentrations as needed for their particular uses.

[81558] A “hemicellulase” as used herem, refers o a polypeptide that can catalyze hydrolysis of
hemicellulose into small polysaccharides such as oligosaccharides, or monomeric saccharides.
Hemicellulloses include xylan, glucuonoxylan, arabinoxylan, glucomannan and xylogiucan.
Hemicellulases inchude, for exanple, the following: endoxylanases, b-xvlosidases, a-1-
arabinofuranosidases, a-D-glucuronidases, feruloyl esterases, coumarolyl esterases, a-galactosidases,
b-galactosidases, b-mannanases, and b-mannosidases. In some embodiments, the present invention
provides enzyme miixtures that comprise at least one xylose isomerase, xylitol dehydrogenase, and/or
xyvlulokinase polypeptide(s) of the present mvention and one or more hemicellulases.

[8156] In some additional embodiments, the present invention provides at least one xylose
1somerase, xylitol dehydrogenase, and xylulokinase, and at least one endoxylanase. Endoxylanascs
(EC 3.2.1.8) catalyze the endohydrolysis of 1,4-B-D-xylosidic Hnkages in xylans. This enzyme may
also be referred to as endo-1,4-B-xylanase or 1,4-B-D-xylan xylanchydrolase. In some emwbodiments,
an altemative 18 BEC 3.2.1.136, a glucuronoarabinoxylan endoxylanase, an enzyme that is able to
hydrolyze 1,4 xylosidic linkages in glucuronoarabinoxylans.

{81871 In some additional embodiments, the present invention provides at least one xylose
isomerase, xylitol dehydrogenase, and xylulokinase, and at least one B-xylosidase. B-xylosidases (EC

BN =
- /
. i

3.2.1.37) catalyze the hydrolysis of 1,4-B-D-xylans, to remove successive D-xylose residucs from the
non-reducing termini. This enzyme may also be referred to as xylan 1 4-B-xylosidase, 1,4-B-D-xylan
xylohydrolase, exo-1,4-B-xylosidase or xyiobiase.

19158] In some additional embodiments, the present invention provides at least one xylose
isomerase, xyhitol dehydrogenase, and xvhulokinase, and at feast one g-L-arabinofuranosidase . a-1L-
avabinofuranosidases (EC 3.2.1.55) catalyze the hydrolysis of terminal non-reducing alpha-L-
arabinofuranoside residues in alpha-L-arabinosides. The enzyme acts on alpha-L-arabinofuranosides,
alpha-L-arabinans contaiming (1,3} and/or (1,5)-linkages, arabinoxylans, and arabinogalactans.
Alpha-L-arabinoforanosidase is also known as arabinosidase, alpha-arabinosidase, alpha-L-
arabinosidase, alpha-arabinofuranosidase, arabinofurancsidase, polysaccharide alpha-L-
arabinofuranosidase, alpha-L-arabinofuranoside hydrolase, L-arabinosidase and alpha-L-arabinanase.
19159 In some additional embodiments, the present invention provides at least one xylose

isomerase, xyhitol dehydrogenase, and xvhulokinase, and at least one alpha-ghicuronidase. Alpha-
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glocuronidases (EC 3.2.1.139} catalyze the hydrolysis of an alpha-D-ghicaronoside to D-glucironate
and an alcohol,

19168 In some additional embodiments, the present invention provides at least one xylose
isomerase, xyhitol dehydrogenase, and xvlulokinase, and at least one acetylxylanesterase.
Acetylxylanesterases (EC 3.1.1.72) catalyze the hydrolysis of acetyl groups from polymeric xylan,
acctylated xylose, acetylated glucose, alpha-napthyl acetate, and p-nitrophenyl acetate.

{8161] In some additional embodiments, the present invention provides at least one xylose
1somerase, xylitol dehvdrogenase, and xylulokinase, and at least one feruloyl esterase. Feruloyl
esterases (EC 3.1.1.73) have 4-hydroxy-3-methoxycinnamoyl-sugar hydrolase activity (EC 3.1.1.73)
that catalyzes the hydrolysis of the 4-hydroxy-3-methoxycinnamoyl (ferulovl) group from an
esterified sugar, which is usually arabinoese in "natural” substrates, to produce ferulate (4-hydroxy-3-
methoxycinnamate). Feraloyl esterase is also known as ferulic acid esterase, hydroxyveinnamoyl
esterase, FAE-HL cinnamoyl ester hydrolase, FAEA, cinnAE, FAE-L, or FAE-IL

18162] In some additional embodiments, the present invention provides at least one xylose
isomerase, xykitol dehydrogenase, and xylulokinase, and at least onc cowmaroyl esterase. Coumaroyl
gsterases (EC 3.1.1.73) catalyze a reaction of the foro: coumaroyi-saccharide + H,O = coumarate +
saccharide. In some embodiments, the saccharide is an oligosaccharide or a polysaccharide. This
enzyme may aiso be referred to as frans-4-coumaroyl csterase, trans-p-coumaroyl esterase, p-
coumarovl esterase or p-coumaric acid esterase. The enzyme alse falls within EC 3.1.1.73 so may also
be referred to as a foruloyl esterase.

181631 In some additional embodiments, the present invention provides at least one xylose
isomerase, xylito] dehydrogenase, and xylulokinase, and at least one alpha-galactosidase. Alpha-
galactosidases (EC 3.2.1.22) catalyze the hydrolysis of terminal, non-reducing o-D-galactose residues
m o-D- galactosides, including galactose oligosacchanides, galactomannans, galactans and
arabinogalactans. This enzyme may also be referred to as melibiase.

18#164] In some additional embodiments, the presont invention provides at least one xylose
1somerase, xylitol dehydrogenase, and xylulokinase, and at least one beta-galactosidase. Beta-
galactosidases (EC 3.2.1.23) catalyze the hydrolysis of termunal non-reducing B-D-galactose residues
in f-D- galactosides. In some embodiments, the polypeptide 1s also capable of hydrolyzing o-L-
arabinosides. This enzyme may also be referred to as exo-(1->4)-p-D-galactanase or lactase.

[8165] In some additional embodiments, the present invention provides at least one xylose
1somerase, xyhiol dehydrogenase, and xylulokinase, and at least one beta-mannanase. Beta-
mannanases (EC 3.2.1.78) catalyze the random hydrolysis of 1,4-B-D-mannosidic inkages in
mannans, galactomannans and giucomannans, This enzyme may also be referred to as mannan endo-
1,4-f-mannosidase or endo-1,4-mannanase,

{8166] In some additional embodiments, the present invention provides at least one xylose

isomerase, xylitol dehydrogenase, and xvhiokinase, and at least one beta-mannosidase. Beta-
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mannosidases (EC 3.2.1.25) catalyze the hydrolysis of terminal, non-reducing B-D-mannose residues
in §-D- mannosides. This enzyme may also be referred to as mannanase or mannase.

19167] In some embodiments one or more cozymes that degrade pectin are included in cozyme
mixtures that comprise at least one xylose isomerase, xyhitol dehydrogenase, and xylulokinase of the
present invention. A pectinase catalyzes the hydrolysis of pectin into smaller units such as
oligosaccharide or monomeric saccharides. in some embodiments, the enzyme mixiures comprise any
pectinase, for example an cndo-polygalacturonase, a pectin methyl esterase, an endo-galactanase, a
pectin acetyl esterase, an endo-pectin lyase, pectate lvase, alpha rhamnosidase, an exo-galacturonase,
an exo-polygalacturonate lyase, a thamnogalacturonan hydrolase, a rthamnogalacturonan lyase, a
rhamnogalacturonan acetyl] esterase, a rhamnogalacturonan galacturonohydrolase and/or a
xylogalacturonasc.

[8168] In some additional embodiments, the present invention provides at least one xylose
isomerase, xylitol dehydrogenase, and xyhilokinase, and at least one endo-polygalactoronase. Endo-
polygalacturonases (EC 3.2.1.15) catalyze the random hydrolysis of 1,4-¢-D-galactosiduronic
linkages in pectate and other galacturonans. This enzyme may also be referred to as polygalacturonase
pectin depolymerase, pectinase, endopolygalacturonase, pectolase, pectin hydrolase, pectin
polygalacturonase, poly-u-1,4-galacturenide glycanchydrolase, endogalacturonase; endo-Di-
galacturonase or pely(1,4-a-D-galacturonide) glycanchydrolase.

19169 In some additional embodiments, the present inverntion provides at least one xylose
isomerase, xyhitol dehyvdrogenase, and xvlulokinase, and at least one pectin methyl csterase. Pectin
methyl esterases (EC 3.1.1.11 ) catalyze the reaction: pectin + n HyQ = n methanol + pectate. The
enzymie may also been known as pectin esterase, poctin demethoxylase, pectin methoxylase, pectin
methylesterase, pectase, pectinoesterase or pectin pectyihvdrolase.

{8178] In some additional embodiments, the present invention provides at least one xylose
1somerase, xylitol dehyvdrogenase, and xylulokinase, and at least one endo-galactanase. Endo-
galactanases (EC 3.2.1.49) catalyze the endohydrolysis of 1,4-B-D-galactosidic linkages in
arabinogalactans. The enzyme may also be known as arabinogalactan endo-1,4-f-galactosidase, endo-
1,4-f- galactanase, galactanase, arabinogalactanase or arabinogalactan 4-B-D- galactanchydrolase.
181711 In some additional embodiments, the present invention provides at least one xylose
isomerase, xylito] dehydrogenase, and xylulokinase, and at least one pectin acetyl esterase. Pectin
accty! esterases catalyze the deacetylation of the acety] groups at the hydroxyl groups of GalUA
residues of pectin.

[8172] In some additional embodiments, the present invention provides at least one xylose
1somerase, xylitol dehydrogenase, and xyiulokinase, and at least one endo-pectin lyase. Endo-pectin
fyases (EC 4.2.2.10) catalyze the climinative cleavage of (1—4)-a-D-galacturonan methyl cster to
produce oligosaccharides with 4-deoxy-6-O-methyl-a-D-galact-4-enuronosyl groups at their non-

reducing ends. The enzyme may also be known as pectin lyase, pectin trans-chiminase; endo-pectin
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yase, polymethylgalactoronic transelintinase, pectin methyliranseliminase, pectolyase, PL, PNL or
PMGL or {1-+4)-6-O-methyl-a-D-galacturonan lyase.

191731 In some additional embodiments, the present invention provides at least one xylose
isomerase, xylitol dehydrogenase, and xyhilokinase, and at least one pectate lyase. Pectate lyases (EC
4.2.2.2) catalyze the climinative cleavage of (1-+4)-0-D-galacturonan to produce oligosaccharides
with 4-deoxy-a-D-galact-4-enuronosyl groups at their non-reducing ends. The enzyme may also be
known polygalacturonic transcliminase, pectic acid transcliminase, polygalacturonate fyase,
endopectin methylranseliminase, pectate transeliminase, endogalacturonate transeliminase, pectic
acid lyase, pectic lyase, u-1.4-D-endopolygalacturonic acid lyase, PGA lvase, PPase-N, endo-a-1,4-
polygalacturonic acid lyase, polygalacturonic acid Iyase, pectin trans-climinase, polygalacturonic acid
trans-climinase or {1—43-0-13- galacturonan lyase.

{81741 In some additional embodiments, the present invention provides at least one xylose
isomerase, xylitol dehydrogenase, and xylulokinase, and at least one alpha-rhammosidase. Alpha-
rhammnosidases (EC 3.2.1.40) catalyze the hydrolysis of terminal non-reducing a-L-rhamnose residues
in g-L-rhanwosides or alternatively in thamnogalacturonan. This enzyme may also be known as n-k-
rhammosidase T, a-L-rhamnosidase N or g-L-rhamnoside rthamnohydrolase.

[8175] In some additional embodiments, the present invention provides at least one xylose
isomerase, xylitol dehydrogenase, and xyvlulokinase, and at least one exo-galactironase. Exo-
galacturonases (HC 3.2.1.82) hydrolyze pectic acid from the non-reducing end, releasing
digalacturonate. The enzyme may also be known as exo-poly-u-galacturonosidase,
exopolygalacturonosidase or exopolygalacturanosidase.

18176] In some additional embodiments, the present invention provides at least one xylose
isomerase, xyhitol dehydrogenase, and xylulokinase, and at least one exe-galacturonase. Exo-
galacturonases (BEC 3.2.1.67) catalyze a veaction of the following type: (1,4-0-D-galacturomiden +
H2G = (1,4-0-D-galacturoniden-1 + D- galacturonate. The enzyme may also be known as galacturan
1,4-a~galacturonidasce, exopolygalacturonase, poly{galacturonate) hydrolase, exo-D-galacturonase,
exo-13- galacturonanase, exopoly-D-galacturonase or poly(1,4-n-D-galacturonide)
galacturonchydrolase.

[8177] In some additional embodiments, the present invention provides at least one xylose
isomerase, xylito] dehydrogenase, and xylulokinase, and at least one exopolygalacturonate lyase.
Exopolygalacturonate lyases (EC 4.2.2.9) catalyze clinvnative cleavage of 4-(4-deoxy-o-3-galact-4-
engronosyh-D-galacturonate from the reducing end of pectate (i 2. de-estenified pectin}. This enzyme
may be known as pectate disaccharide-lyase, pectate exo-lyase, exopectic acid transeliminase,
exopectate lyase, cxopolygalaciuronic acid-trans-climinase, PATE, exo-PATE, exo-PGL or (1—4)-¢-
D-galacturonan reducing-end-disaccharide-lyase.

[8178] Insome additional embodiments, the present invention provides at least one xylose

isomerase, xylitol dehydrogenase, and xylulokinase, and at least one rhamnogalacturonanase.
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Rhammogalactimonanases hydrolyze the linkage between galactosyluronic acid and rhammopyranosyl
in an endo-fashion in strictly alternating rhammogalacturonan structures, consisting of the disaccharide
[(1,2-alpha-L-rhammoyi-(1,4)-alpha-galactosyluronic acid].

{81791 In some additional embodiments, the present invention provides at least one xylose
isomerase, xylitol dehydrogenase, and xvlulokinase, and at least one rhanmogalacturonan lyase.
Rhammogalacturonan lyascs cleave g-L-Rbap-(1-—4}-0-D-GalpA linkages in an endo-fashion in
rhammogaltacturonan by beta-climination.

{8188] In some additional embodiments, the present invention provides at least one xylose
1somerase, xylitol dehvdrogenase, and xylulokinase, and at least one rhammogalacturonan acetyl
esterase. Rhammogalacturonan acetyl esterases catalyze the deacetylation of the backbone of
alternating rhaumose and galacturonic acid residues in rhamnogalacturonan.

{81811 In some additional embodiments, the present invention provides at least one xylose
isomerase, xylitol dehydrogenase, and xylulokinase, and at least one rhamnogalacturonan
galacturonchydrolase. Rhamnogalacturonan galacturonohydrolascs hydrolyze galacturonic acid from
the non-reducing end of strictly alternating rhamnogalacturonan structures in an exo-fashion. This
enzyme may also be known as xylogalactuvonan hydrolase.

[#182] In some additional embodiments, the present invention provides at least one xylose
isomerase, xyhtol dehydrogenase, and xyviulokinase, and at least one endo-arabinase. Endo-
arabinanascs (EC 3.2.1.99} catalyze endohydrolysis of 1,5-a-arabinofuranosidic hinkages in 1,5-
arabinans. The enzyme may also be known as endo-arabinase, arabinan endo-1 ,5-o-L-arabinosidase,
endo-1,5-¢-L-arabinanase, endo-o-1,5-arabanase; endo-arabanase or 1,5-a-L-arabinan 1,5-a-L-
arabinanohydrolase.

[8183] In some additional embodiments, the present invention provides at least one xylose
1somerase, xylitol dehydrogenase, and xylulokinase, and at least one enzyme that participates in higmin
degradation in an enzyme mixture. Enzymatic lignin depolymerization can be accomplished by lignin
peroxidases, manganese peroxidases, laccases and cellobiose dehydrogenases (CDH), often working
i synergy. These extraceilular enzymes arc often referred to as “lignin-modifying enzymes™ or
“LMEs.”” Three of these enzymes comprise two glycosylated heme-containing peroxidases, namely
Hignin peroxidase (LIP}), Mn-dependent peroxidase (MNP}, and a copper-contaiming phenoloxidase
laccasc (LCC).

[8184] In some additional embodiments, the present invention provides at least one xylose
1somerase, xylitol dehydrogenase, and xylulokinase, and at least one lacease. Laccases are copper
containing oxidase enzymes that are found in many plants, fungi and microorganisms. Laccases are
enzymatically active on phenols and similar molecules and perform a one electron oxidation.
Laccases can be polymeric and the enzymatically active form can be a dimer or trimer,

{81881 In some additional embodiments, the present invention provides at least one xylose

isomerase, xylitol dehydrogenase, and xvhulokinase, and at least one Mn-dependent peroxidase. The
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enzymatic activity of Mn-dependent peroxidase (MnP) in is dependent on Mn™". Without being
bound by theory, it has been suggested that the main role of this enzyme is to oxidize Mn™ to Mn''
(See e.g., Glenn et af., Arch. Biochem. Biophys., 251:688-696 [1986]). Subsequently, phenolic
substrates are oxidized by the generated Mn™",

181861 In some additional embodiments, the present invention provides at least one xylose
isomerase, xylito] dehydrogenase, and xylulokinase, and at least one lignin peroxidase. Ligoin
peroxidase is an extraceliular heme that catalyses the oxidative depolymerization of dilute solutions of
polymeric lignin in vitro. Some of the substrates of LiP, most notably 3 4-dimethoxybenzyl alcohol
(veratryl alcohol, VA), are active redox compounds that have been shown to act as redox mediators.
YA is 3 sccondary metabolite produced at the same time as LiP by ligninolytic culiures of P.
chrysasporium and without being bound by theory, has been proposed to function as & physiclogical
redox mediator in the LiP-catalyzed oxidation of lgnin in vive (See 2.g., Harvey, ef af., FEBS Lett,,
195:242-246 [1986]).

{81871 In some additional embodiments, the present invention provides at least one xylose
isomerase, xyhitol dehvdrogenase, and xylulokinase, and at least one protease and/or a lipase that
participates in cellulose degradation.

[#188] As used herein, "protease” inclodes enzymes that hydrolyze peptide bonds (peptidases), as
well as cnzymes that hydrolyze bonds between peptides and other moicties, such as sugars
(ghycopeptidases). Many proteases arc characterized under EC 3.4, and are suitable for use in the
present invention. Some specific types of proteases include, cysteine proteases including pepsin,
papain and serine proteases including chymotrypsins, carboxypeptidases and metalloendopeptidases.
{8189} Asuscd herein, "lipase” includes enzymes that hydrolyze lipids, fatty acids, and
acylghyeeorides, including phosphoglyeerides, lipoproteins, diacylglveerols, and the tike. In plants,
lipids are used as stroctural components to Bmit water loss and pathogen infection. These lipids
include waxes derived from fatty acids, as well as cutin and sgberin.

18#190] In some additional embodiments, the presont invention provides at least one xylose
1somerase, xylitol dehydrogenase, and xylulokinase, and at least one expansin or expansin-like
protein, such as a swollenin {See e.g., Salkeimo ef 4., Eur. J. Biochem,, 269:4202-4211 [2002]) ora
swollenin-like protein. Expansins are implicated in loosening of the cell wall structire during plant
cell growth, Expansins have been proposed to disrupt hydrogen bonding between cellulose and other
cell wall polysaccharides without having bydrolytic activity. To this way, they are thought to allow the
shding of cellulose fibers and enlargement of the cell wall. Swollenin, an expansin-like protein
contains an N-terminal Carbohydrate Binding Module Family 1 domasin (CBD)} and a C-terminal
expansin-like domain. In some embodiments, an expansin-like protein or swollenin-like protein
comprises one or both of such domains and/or disrupts the structure of cell walls (such as disrupting

cellulose structure), optionally without producing detectable amounts of reducing sugars.
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[#191] In some additional embodiments, the present invention provides at least one xylose
isomerase, xyhitol dehydrogenase, and xylulokinase, and at least one polypeptide product of a
ccliulose integrating protein, scaffoldin or a scaffoldin-like protein, for example CipA or CipC from
Clostridium thermocellum or Clostridium cellulobyticum respectively. Scaffoldins and cellolose
integrating proteins are multi-functional integrating subunits which may organize celiulolytic subunits
into a multi-enzyme complex. This is accomplished by the interaction of two complementary classes
of domain {i.e. a cohesion domain on scaffoldin and a dockerin domain on cach cnzymatic unit). The
scaffoldin subunit also bears a celiulose-binding module that mediates attachment of the ccllulosome
to its substrate. A scaffoldin or cellulose integrating protein for the purposes of this invention may
comprise one or both of such domains.

191921 In some additional embodiments, the present invention provides at least one xylose
isomerase, xyhitol dehydrogenase, and xvlulokinase, and at least one cellulosc-induced protein or
modalating protein, for example as encoded by cipl or cip? gene or similar genes from Trichoderma
reesei {See e.g., Foreman er af., J. Biol. Chem, 278:3198%8-31997 [2003]), M. thermophila, and/or any
other suitable organism.

{8193] In some additional embodiments, the present invention provides at least one xylose
1spmerase, xviitol dehvdrogenase, and xylulokinase, and at least one member of each of the classes of
the polypeptides described above, several members of one polypeptide class, or any combination of

these polypeptide classes to provide cozyme mixtures suitable for various uses.

Other Components of Xvlose Isomerase/Xylitel Debydrogenase/Xylalokinase Compositions

18194] In some embodiments, xylose isomerase, xylitol dehydrogenase, and xyviulokinase
polypeptides of the present jnvention are used in combination with other optional ingredicnts such as
at least one buffer, surfactant, and/or scouring agent. In some embodiments, at least one buffer 15 used
with at least one xylose isomerase, xylitol dehydrogenase, and xylulokinase polypeptides of the
present invention {optionally combined with other enzymes) to maintain a desired pH within the
solution in which the xylese 1somerase, xylitol dehydrogenase, and xylulokinase are utilized. The
exact concentration of butfer employed will depend on several factors which the skilled artisan can
determine. Suitable buffers are well known in the art and any suitable buffer finds use in the present
invention.

[8195] In some embodiments, at least one surfactant is used with at least one xylose isomerase,
xylitol dehydrogenase, and xylulokinase of the present invention. Suitable surfactants inchide any

N

surfactant compatible with the xylose isomerase(s), xylitol dehydrogenase(s), and xylulokinase(s), and
any other enzymes present in the mixture. Exemplary surfactants include, but are not limited to
antonic, non-ionic, and ampholytic surfactants, Suitable anionic surfactants include, but are not
Himited to, Hnear or branched alkylbenzencsulfonates; alkyl or alkenyl ether salfates having hincar or

branched alkyl groups or alkenyl groups; alkyl or alkenyl solfates; oletinselfonates; alkanesulfonates,
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and the like. Suitable counter-ions for anicnic surfactants include, but are not limited to alkalt metal
ions, such as sodinm and potassium; alkaline carth metal ions, such as calcivm and magnesiom;
ammonium ion; and alkanclamines having from 1 1o 3 alkanol groups of carbon mumber 2 or 3.
Ampholytic surfactants suitable for use in the practice of the present invention include, but are not
Himited to surfactants such as quaternary ammoniin salt sulfonates, betaine-type ampholytic
surfactants, and the like. Suitable nonionic surfactants include, but are not limited to polyoxalkylene
cthers, as well as higher fatty acid alkanolanmdes or alkylene oxide adduct thereof, fatty acid glycerine
monoesters, and the fike. Mixtures of surfactants also find use in the present invention, as known in

the art. Indeed, any suitable mixture of surfactants finds use in the present invention.

Fenmendation

181961 The present invention provides processes for producing fermentation products, wherein the
method comprises: {a) providing the recombinant fungal ccll of the present invention; {b) providing a
fermentation medium comprsing xylose; (¢} contacting the formentation medium with the
recombinant fimgal cell under conditions suitable for generating the fermentation product; and
optionally (d) recovering the fermentation product. In some embodiments, the fermentation product is
an alcohol {e.g., cthanol, butanol, ¢tc.}, a fatty alcohol (e.g., 3 CB-C20 fatty alcohol}, a faity acid (e.g.,
a CB-C20 fatty acid), lactic acid, 3-hydroxypropionic acid, acrylic acid, acetic acid, succinic acid,
citric acid, malic acid, fumaric acid, an amine acid, 1,3-propanediol, ethylene, glycerol, and/or a f-
lactam (e.g., cephalosporin). However, it is contemplated that other fermentation products will be
produced using the methods of the present invention.

[8197] In some embodiments, the fermentation medium is feedstock from a cellulosic
saccharification process and/or feedstock from a hemicethilose pre-treatment process.  Such
feedstocks include, but are not hmited to carbohydrates {e.g., hignocellulose, xylans, cellulose, starch,
etc.), other sugars (e.g., giucose, xylose, arabinose, eic.}, and other compositions. Compositions of
fermentation mwedia suitable for the growth of yeast and filamentous fungi are well known in the art
and there are various reference texts that provide recipes for these media. Any suitable medium finds
use in the present invention,

{8198} Fermentation conditions suitable for generating desired fermentation products are weli known
in the art and any suitable method finds use in the present jnvention. In some embodiments, the
fermentation process is carried out under aerobic or nmucroacrophilic (7. e, where the concentration of
oxygen is less than that in air), or anaerchic conditions. In some embodiments, fermentation is
conducted under anacrobic conditions {i.e., no detectable oxygen), or less than about §, sbout 2.5, or
about 1 mmol/L/h oxygen. In the absence of oxygen, the NADH produced in glycelysis cannot be
oxidized by oxidative phosphorylation. Under anaerobic conditions, pyruvate or a derivative thereof

may be gtilized by the host cell as an electron and hydrogen acceptor in order to generate NAD+. In
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some embodiments of the present invention, when the fermentation process is carried out under
anacrobic conditions, pyruvate is reduced to a formentation product such as cthanol, butanol, iactic
acid, 3-hvdroxypropionic acid, acrylic acid, acetic acid, succinic acid, citric acid, malic acid, fumaric
acid, an amino acid, 1,3-propanediol, cthylene, glycerol, and/or a B-lactam (e g, a cephalosporing.
181991 In some embodiments, the fermentation process is run at a temperature that is optimal for the
recombinant fungal cell. For cxample, in some embodiments, the fermentation process is performed
at a temperature in the range of from about 20°C to about 42°C. In some embodiments, the process is
carried out a temperature that is less than about 387C, less than about 35°C, less than about 33°C, or
iess than aboui 3R°C, but at least abogi 20°C, 22°C, or 25°C. However, in some embodiments, the
temperature is much higher (e.g., up to 1007C or greater). 1n some embodiments, recombinant host
cells of the present invention are grown under baich or continuous fermentation conditions. Classical
batch fermentation is a closed system, wherein the composition of the medium is set at the beginning
of the fermentation and is not subject to artificial alterations during the fermentation. A variation of
the batch system is a fed-batch fermentation, which also finds use in the present invention. In this
variation, the substrate is added in increments as the fermentation progresses. Fed-batch systems are
usetd when catabolite repression s Hikely to inhubit the metabolism of the cells and/or where 1t 3s
desirable to have limited amounts of substrate in the medium. Batch and fed-batch fermentations are
conmmon and well known in the art. Continuous fermentation is an open system where a defined
fermentation generally maintains the culture at a constant high density where cells are primarily in log
phase growth. Continuous fermentation systems strive to maintain steady state growth conditions.
Methods for modulating nutrients and growih factors for continuous fermentation processes, as well
technigues for modulating nutrients and growth factors for continuous fermentation processes as
well as techmiques for maximizing the rate of product formation are well known in the art of industrial
microbiology. It is intended that any suitable fermentation method will find use 1 the present
nvention.
18200] The foregoing and other aspects of the invention may be better understood in connection with

the following nen-luniting examples.

EXPERIMENTAL

{8281} The present mvention is described in further detail in the foliowing Examples, which are not
in any way intended to limit the scope of the invention as claimed,

[8202] In the experimental disclosure below, the following abbreviations apply: wrt (with regard to);
pn {parts per million); M (molar); mM (millimolar), uM and uM (micromolar); asM (nanomolar); mol
(moles); gm and g (gram); mg {milligrams); ug and pg (micrograms); L and 1 (liter); mi and mL
(milliliter); em {centimeters); mm (millimeters); wm and um (micrometers); sec. (seconds); min(s)
{mimate(s}); h(s} and he(s) (hour(s)); U {units); MW (molecular weight); rpm {rotations per minute);

°C {degrees Centigrade), DNA {(deoxyribonucieic acid); RNA {(ribonucleic acid), CDW {(cell dry
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weight); HPLC (high pressure liguid chromatography ), HMF (hydroxymethylforfirral); ARS (ARS
Culture Collection or NRRL Culture Collection, Peoria, 11}, Lallomand (Lallemand Ethanol
Technology, Milwaunkee, WT); Dualsystems (Dualsystems Biotech AG, Basel, Switzerland);
Megazyme {Megazyme International freland, Lid., Wicklow, freland); Dasgip (Dasgip Biotools, LLC,
Shrewsbury, MA}; Drfco (Difco Laboratories, BD Thagnostic Systems, Detroit, MI); PCRdiagnostics
{PCRdiagnostics, E coli SR, Slovak Republic); Agilent (Agilent Technologics, Inc., Santa Clara,
CA); and Bio-Rad (Bio-Rad Laboratories, Hercules, CA).

{8283] The following media were used in the work described in the Examples below.

YPD:
 10g/L Yeast Extract
¢ 20g/L Peptone
e 20g/L Dexirose

YP[5.59%1G (YPD with 5.59% glucose):
e 10g/L Yeast Extract (BD Difeo Cat. No. 212750)
e 20g/l. Peptone {(BD Difco Cat. No. 211677)
e SSg/L Glucose

20g/L Peptone{BD Difco Cat. No, 211677}
58g/L Ghacose
30g/L Xylose

SD Minimal Medium {(also referred to as “synthetic medimm,” “minimal medinm” and “defined
minimal medium™):

e  6.7g/l. Yeast Nitrogen Base, without anyino acids, with ammonium sulfate (Sigma Y0626)
2¢/1. Synthetic Defined Mix { SD Complete, US Biological Cat. No. D9515)
3.06g/1. Sodium phosphate, moncbasic (Sigma 38282)
(.804g/1. Sodium phosphate, dibagic (Sigma S7907)

¢ & ®

Trace elements solution:

1.5 g/LEDTA

450 pg/l. Zinc sulfate (Sigma 2213763

100 pg/L Manganese chloride {Sigma M3634}
30 pg/L Cobali()chloride (Sigma 202185)
30 pg/L Copper(ilsulfate (Sigma C7631)

40 pe/L Disodivmmolybdate (Sigma M1003)
450 pg/L Calcium chloride (Sigma C3881)
300 pg/L. ron{Ihsulfate (Sigma FE04K)

100 pg/L. Boric acid (Sigma B{3%4)

10 pg/L Potassium icdide (US Bio PSOGH)

& & & & & & & & & @
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{82041 The fullowing sequences find use in the present fnvention. SEQ ID NG:2 corresponds to a
synthetic chimeric xylose isomerase polypeptide sequence (“Chimera 17} derived from various
sources and SEQ 1D NO:1 s the polynucleotide sequence encoding SEQ 1D NO:2, SEQ 1D NOS:7,
8, G and 10 are from G. frabeum, SEQ ID NOS: 11 and 12 are from (vpinomyces, SEQ 1D NOS: 13
and 14 correspond to a xylose isomerase isolated from a cow’s rumen, SEQ ID NOS:15 and 16
corresponds {0 a xylose isomerase isolated from a human gut, SEQ ID NG:17, 18, 19, and 20
correspond to xylose isomerases from C. boidinii, SEQ 1D NOS:21 and 22 correspond 1o a xylose
1somerase from P. infestans, and SEQ 1D NO3S:23 and 24 is from B. hominus; SEQ 1D NO:4
corresponds to the xylitol dehydrogenase (XD from Pickia stipitis, encoded by SEQ 1D N(G:3. SEQ
1D NO:6 corresponds to the xylulokinase (XK} from Saccharomyces cerevisiae encoded by SEQ ID

NG5S

Chimera 1:
ATGAAGAACTATTTCCCCAACGTCCCAGAAATTAAATACGAAGOTCCAAACTCCACAAA
TCCTTTCOGCTTTTAAATATTATGATGCTAATAAAGTAGTCGCCGGTAAGACCATGAAGGA
GCATTTGAGATTCGCTCTATCCTGOGTGGCACACTTITGTGTGCCOGOGTGGTGCTGATCCATTC
GOGAGTAACTACTATGGACAGGACCTACGGTAACATTACCGACCCAATGGAACTAGCTAA
GGCCAAAGTTGATGCTGOTTTCGAACTGATGACTAAGCTGGGCATCGAGTTCTTCIGCTT
CCATGATGCCCGACATTGCTCCAGAAGGTGACACCTTCGAAGAGTCCAAGAAAAATCTGT
TCOGAGATTGTTGATTACATCAAGGAGAAGATGGACCAAACCGOCATCAAGTYGTTATGG
GOCACTGCTAACAACTITAGTCACCCCAGGTTCATGCACGGTGCAGGAACTTCTCCTAGT
GCCGATGTTTICGCTTATGUTGCTGCGAAAATAAAGAACGCTITAGATGCGACCATCAAG
TTGGGCGOGTAGAGGTTATGTCTTTTGGGGTGGTAGAGAAGGTTACGAGACCCTGCTGAAT
ACTAACATGGGCTTAGAACTGGACAACATOGCTAGGTTGATGAAGATOGGCCGTTGAGTA
TGOTAGGTCTATTGGATTCAAAGGTGACTTCTACATCGAGCCTAAACCCAAGGAACCTAT
GAAGCACCAGTACGACTTCCGACACTGCTACCGTATTAGGTTTTTTAAGGCAGTACGGGTT
GGATAAAGACTTCAAATTGAACATCGAAGCCAATCACGCCACACTAGCAGGACACTCATY
TCCAGCATCGAGTTACGTATTGCTAGTATTAACGGTATGTTGGGTTCTGTITGATGLTAACC
AAGGTGACGTATTGTTAGGATGGGACACGGATCAATTCCCCACAAACATTTATGATACTA
CTATGTOTATGTATCGAGGTCATTAAAGCCGOETCGGTTTCACAAATGOUGOGUCTGAACTTTG
ATGCTAAAGCTAGAAGAGOGTTCATTCACGCCTGAAGATATTTTCTATTICTTACATTGCTG
GTATGCGATGCTTTCGCOTTAGOOGTTTAGAGCAGCTCTTAAATTGATTGAAGACGGTAGAA
TTCGACAAGTTTGTGGCTGACAGGTATGCCTCTTGGAATACCGGTATTGGTGCAGATATTA
TTGCCGGAAAAGCCGATTITTIGCATCATTGGAAAAATATGCTTTGGAGAAAGGAGAGGTTY
ACCGCOTCATTGTCTTCTGOGTAGACAAGAGATGCTGGAATCTATTGTCAACAACGTATTG
TTTAGTTTGTAA (SEQ IDNO:T)

MENYFPNVPEIKYEGPNSTNPFAFKYYDANKVVAGKTMKEHLRFALSWWHTLCAGGADPF
GVTTMDRTYGNITDPMELAKAKVDAGFELMTKLGIEFFCFHDADIAPEGDTFEESKKNLFETY
DYIKEKMDQTGIKLEWGTANNFSHPRFMHGAGTSPSADVFAYAAAKIKNALDATIKLGGRG
YVFWGGREGYETLENTNMGLELDNMARLMEKMAVEYGRSIGFKGDFYIEPKPKEPMEKHQYD
FDTATVLGFLROYGLDKDFRKENIEANHATLAGHSFOHELRIASINGMLGSVDANQGDVLLG
WDTDOFPTNIYDTTMCMYEVIKAGGFTNGGLNFDAKARRGSFTPEDIFY SYIAGMDAFALGF
RAALKLIEDGRIDEKFVADRY ASWNTGIGADHAGK ADFASLEKY ALEKGEVTASLSSGRQEM
LESIVNNVLFSL (8EG I NO:2)
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P stipitis XD

ATCGACCGCTAATCCCTCTCTTGTTTTGAATAAGATTGACGACATTTICTTITGAAACTTACG
ATGCTCCCGAAATTAGCGAACCCACAGACGTTTTAGTTCAAGTTAAAAAAACTGGTATCT
GCGETTCTCGACATCCACTTCTACGUTCATGUAAGGATCGGCAACTTCOTCTTAACAAAGC
CAATGOTTCTGGGTCATGAAAGCGCGGGTACTGTTGTTCAAGTCGGTAAAGGTGTTACTT
CACTGAAGOCTTOGUOTCATAACGTCGCAATCCGAGCCCOGTATTCCATCTAGGTTCAGTGATG
AGTACAAATCTGGTCACTACAACCTGTGTCCACACATGGCATTTGCTGCTACTCCCAATT
CTAAAGAGGOTGAACCAAACCCACCAGOGAACTCTATGTAAGTACTTCAAATCTCCAGAA
GACTTCCTGUGTTAAGTTACCCCGATCATGTTTCTTTIGGAGTTGGGTGCTTTGOGTCGAGCCAL
TATCTGTTGGGOGTCCATGCTAGTAAATTAGGCTCCOGTTGCATTITGGCGATTACGTTGCTGT
TTTTGOTGCTGGTCCAGTAGGATTACTGGCTGCCGCTOTCGCTAAGACATTTGGTGCCAA
GGOTGTGATTGTCGTTGATATATTTGACAACAAGCTGAAGATGOUCCAAAGACATAGGTG
CCGCTACACATACCTTCAACTCCAAGACGGGAGGTAGTGAAGAATTGATCAAAGCCTTC
GOTGOTAATGTACCAAATGTTOTCTTGGAATGTACTGGGGCTGAACCATGTATTAAGCTA
GOTETTGATGCCATCGCACCAGGTGGTAGATTCGTGCAAGTTGETAATGCTGCTGGTCCC
GTGTCCOTTTCCCATAACAGTGTTCGCTATGAAAGAACTTACTTTGTTTGGTTCATTTCGTT
ATGOTTTCAACGACTATAAGACAGCCOTGOOTATCTITTGATACTAACTACCAGAACGGTA
GAGAGAATGCTCCCATTCACTTTGAACAGCTTATCACGCACAGATACAAATTCAAAGAL
GCCATTGAAGCCTACGACCTAGTAAGAGCAGGTAAAGGGGCTGTCAAGTOTTTGATTGA
TGGTCCAGAATAA (SEQ 1D NO:3)

MTANPSLEVENKIDDISFETYDAPEISEPTDVLVOQVEKTGICGSDIHFY AHGRIGNFVL TEKPMVL
GHESAGTVVQVOKGVTSLKVGDNVAIEPGIPSRFSDEYKSGHYNLCPHMAFAATPNSKEGEP
NPPGTLOKYFRSPEDFLVEKLPDHVSLELGALVEPLSVGVHASKLGSVAVGDY VAVFGAGPVG
LLAAAVAKTFGAKGVIVVDIFDNKLEMAKDIGAATHTFNSKTGGSEELIKAFGOGNVPNVVLE
CTGAEPCIKLGVDAIAPGGRFVOQVGNAAGPVSFPITVEFAMKELTLFGSFRYGFNDYRKTAVGIF
DINYONGRENAPIDFEQLITHRYKFEKDAIEAYDLVRAGKGAVEKCLIDGPE (SEQ 1D NO4)

S.cerevisiae xylulokinase:

ATGCTGTGCTCCOGTTATACAAAGGCAAACAAGAGAAGTATCCAACACTATGTCTTTAGATY
AGTTATTATCTAGGATTCGATTTAAGTACACAACAATTGAAATGTCTTGUTATAAACCAG
GATCTAAAGATCGTCCATTCCGAAACTGTCGAGTTCGAGAAGGACTTACCACATTATCAC
ACCAAGAAAGGCGTCTACATTCATGUTGACACCATCGAATGUCCAGTTGCTATOTGGTTA
GAAGCCCTGOATCTTOTCCTGTCCAAATATAGGCGAGGUCAAAGTTCCCACTGAACAAGGT
CATGGCTGTTTCCGOGTTCTTOGTCAGCAGCATGGCTCCOTCTACTGOYCATCACAGGUTGA
ATCTCTGTTAGAACAACTGAACAAGAAGCCAGAGAAGGACCTGTTACACTACGTCTCCTC
TCITGCATTTGCCAGACAAACTGCTCCTAATTGGCAAGACCATTCCACTGLTAAACAATG
TCAGGAGTTCGAAGAGTOTATTGOTGGACCAGAGAAAATGGCCCAGTTAACTGGTTCCC
GTGCTCATTTCAGOGTTCACAGGCCCACAAATCCTGAAGATTGCTCAGTTAGAACCAGAGE
CTTATGAAAAGACTAAGACCATCTCTTTGOTCTCTAATTTCTTAACTTCCATTCTGOTTGG
TCACTTGOTCGAACTGGAAGAAGCTCGATGCOTOTGGTATCGAACCTGTACGACATCCOGTOGA
GAGGAAGTTCTCTGACGAACTGCTGCATCTTATCCGACTCCTCOTCTAAGGACAAGACCATY
CAGGCAGAAACTGATGAGGGCACCAATGAAGAACCTGATTGCCGGTACTATTTIGCAAGT
ACTTCATCGAAAAGTATGGUTTCAACACCAACTGCAAAGTCTCCCCTATGACTGGCGATA
ACCTAGCCACCATTIGTAGCTTGCCCTTAAGAAAAAACGATGTTCTTGTETCTITGGGTA
CITCCACAACCGTCTTOTTGGTTACCGACAAATATCACCCTTCACCAAACTACCACCTGTT
CATCCACCCGACGTTOGCCTAACCACTACATGGOGCATOGATCTGCTACTGCAATGGCAGTTT
AGCAAGGGAAAGUGATAAGGCGACGAGTTGAACAAGGAGAGGUAGAACAACTACGAGAA
GACCAACGATTGGACCCTGTTCAACCAAGCTGTCCTGGATGATAGCGAATCCTCCGAGA
ATGAACTGGGCGTTTACTITCCACTAGGUGAGATCGTTCCATUTGTCAAGGCCATCAACA
AGAGAGTAATCTTCAACCCCAAGACTGGCATCGATCOGAAAGGGAAGTCGCCAAGTTCAAG
GACAAGAGACATGACGCCAAGAACATCOTTCGAATCTCAAGCCTTATCTTGCCGTGTTAGG
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ATTTCTCCCCTACTAAGCGACTCCAATGCTTCTTCCCAGCAACGTTTGAACGAGGATACG

ATTGTTAAATTCGACTACGACGAGAGTCCATTGAGAGACTACTTGAACAAACGTCCTGAG
AGGACATTCTTTGTTGGTGGCGCATCCAAGAACGATGCTATTGTTAAGAAGTTTGCTCAG
GTCATAGGAGCAACCAAAGGTAACTTTCGTTTAGAAACTCCAAACTCATGCGCTTTAGGT
GGTTGCTACAAGGCTATGTGGTCTTTGTTGTATGATAGCAATAAAATCGCTGTTCCTTICG
ACAAGTTCCTAAACGATAACTTCCCTTGGCACGTCATGGAATCCATCAGCGATGTAGACA
ACGAGAATTGGGATAGATACAATTCTAAAATAGTTCCCTTGTCTGAGTTAGAGAAGACCT
TGATTTAA (SEQ ID NO:5)

MLCSVIQROTREVSNTMSLDSYYLGFOLSTQOQLKCLAINQDLKIVHSETVEFEKDLPHYHTK
KGVYIHGDTIECPVAMWLEALDLVLSKYREAKFPLNEKVMAVSGSCQOHGSVYWSSQAESLL
EQINKKPEKDLLHYVSSVAFARQTAPNWODHSTAKQCQEFEECIGGPEKMAQLTGSRAHFR
FTGPQILKIAQLEPEAYEKTETISLVSNFLTSILVGHLVELEEADACGMNLYDIRERKFSDBELL
BLIDSSSKDETIRQKLMRAPMEKNLIAGTICKYFIEKY GENTNCKVSPMTGDNLATICSLPLRK
NOVEVSLOTSTTVLLVTDKYHPSPNYHLFIHPTLPNHYMGOGMICY CNGSLARERIRDELNKERE
MNNYEKTNDWTLENQAVLDDSESSENELGVY FPLGEIVPS VK AINKRVIFNPKTGOMIEREVAKF
KDEKRHDARKNIVESQALSCRVRISPLLSDSNASSQORINEDTIVKFDYDESPLRDYLNKRPERT
FFVGGASKNDAIVKKFAQVIGATKGNFRLETPNSCALGGCYRKAMWSLLYDSNKIAVPFDKFL
NDNFPWHVMESISDVDNENWDRYNSKIVPLSELEKTLI (SEQ D NO:6)

Sequences of Eukaryotic X1 Genes:
BUK.LXE

ATGCATGOCGACTTAGATCCTAAAGAATATTTTCCTGAAATTCCTAAAATAAAGTATGAA
GOACCCGAATCTAAAAATCCAATGGCGTTTCATTATTATGATGCAGAAAAGGTGGTGAT
GGGTAAAAAGATGAAAGATTOGOTTAAGGTTCGCAATGTGTTGGTGGCACACACTATGTG
CAGATGOCGCCGACCAATTTGOTGCTGGCACTAAGACATTCCCATGGAATGAAGGCTCA
GATCCAATCGCGATAGCTAAACAAAAAGTAGACGOTGGTTTTGAAATAATGCAAAAGCT
GOGGGATTGAATACTACTGCTTCCACGATETGGATCTAGTGTCTGAAGGGAATAGCGTIGA
AGAGTATCGAGGCTAACTTAAAGCAGOTAGTTGUCTACTTGAAAGAAAAGCAACAACAAA
COGGOTATTAAACTOGTTGTOOTCTACCGCGAATGTCTTCGGTAATAAGAGATACATGAATG
GTGCTTCTACAAACCCGOATTTCGATOTTOTCGUTAGAGCAATAGTGUAAATAAAAAATG
CTATGGATGCAGGGATTGAATTGGGAGCAGAAAATTATGTCTTCTGGGGAGGAAGAGAA
GOATATATGTCTTTATTGAATACTGACCAGAAGAGAGAAAAAGAACACATGGUTAGAAT
GCTTACTATGGCCAGAGATTACGCTAGAAGCAAGGETTITAAAGGTACGTTCTTAATCGA
ACCCAAACCCTGCCAGCCCTCTAAGCATCAGTATGATGTAGATACGGAAACTGTAATAG
GCTTCCTOGAGGGCTCACAATCTAGACAAAGATTITCAAGGTAAATATCGAAGTCAACCAL
GCCGACCCTTGCTGGACATACTTTTGAACACGAACTTGCOTOGTOGCAGTAGATGCGGUTATG
TTAGGTAGCATAGACGCAAATAGAGGTCGATTATCAGAATGGATGGGATACCGATCAGTY
CCCTATTGACCAATACGAATTAGTACAAGCTTGGATGGAAATTATCAGGGGTGGCGGCTT
TACAACGGGCGGOACAAACTTTGATGUTAAAACCAGACGTAATTCTACTGACTTAGAGG
ATATTTITATCGCTCATATAAGTGGTATGCGACGCTATGGCACGTGCTTTGGAGAATGLCG
CAAAGTTACTGCAGGAATCTCCAATCCCCAAGATCAAGAAGGAAAGATACGUTTCATTC
CGATTCTGGAATGGGTAAAGATTITCGAGGATGOTAAGTTAACGCTAGAGCAGGTTITATGA
GTACGGGAAGAAGAATGOTGAACCGAAGGATACTTCTGGAAAACAAGAACTTTACGAG
GCCATAGTAGCAATCGTACGCTTAG (SEQ ID NGO

MDGDLDPKEYFPEIPKIKYEGPESKNPMAFHY YDAEKVVMGKKMEKDWLRFAMCWWHTLC
ADGADQFGAGTKTFPWNEGSDPIAIAKQKVDAGFEIMORLGIEYYCFHDVDLVSEGNSVEE
YEANLKQVVAYLKEKQQQTGIKLLWSTANVEGNKRYMNGASTNPRFDVVARAIVQIKNAM
DAGIELGAENYVIWGOGREGYMSLLNTDOKREKEHMARMLTMARDY ARSKGFRGTFLIEPK
PCEPSKHOYDVDTETVIGFLRAHNLDEDFKVNIEVNHATLAGHTFERELACAVDAGMLGS
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IDPANRGDYOQNGWDTDQFPIDQYELVOAWMEIRGGGFTTGOGTNFDAK TRRNSTDLEDIFI
AHISGMDAMARALENAAKLLEESPIPKMEKKERYASFDSGMGKDFEDGKLTLEQVYEYGRK
NGEPRKDTSGREQELYEAIVAMYA (SEQ D NOWR)

ATGOATGOTCGATTTAGATCCAAAAGAATATTTTCCAGAAATTCCTAAGATTAAATATGAA
GOTCCTGAATCCAAAAATCCAATGGCTTTITCATTATTATGATGCAGAAAAAGTTGTGATG
GOTAAAAAAATOGAAAGATTGOTTAAGATTCGCAATGTGTTGOGTGGCACACATTATGETGC
AGATGOTGCAGACCAATTTGGTGCTGOGTACTAAGACTTTTCCATGGAATGAAGGTTCTGA
TCCAATCGCTATCGCTAAACAAAAAGTTGATCGCTGGTTITCGAAATTATGCAAAAGCTTGE
GATTCGAATACTACTOTTTCCACGATGTCGATTTAGTCTCTGAAGGCAATTCUGTTGAAGA
ATATCGAAGCTAACTTGAAGCAGOTTGTTGCATACTTGAAAGAAAAGCAACAACAAACCG
GTATTAAACTTTTOTGOGTCTACAGCCAATOTATTCGGTAATAAGAGATACATCGAATGGTG
CTTCTACAAACCCTGATTITTGATGTTGTTGCTAGAGCTATTGTCCAAATTAAAAATGCTAT
GOATGCTOGGCATTGAATTGGGTGCTGAAAATTATGTATTTTGGOETGGAAGAGAAGGTT
ATATCTCTTTOTTGAATACTGATCAAAAGAGAGAAAAAGAACACATGGUTAGAATGCTA
ACTATGGCAAGAGATTACGCTAGATCCAAGGGTTTTAAAGGTACTTTITITGATAGAACCY
AAACCTTGCGAGCCTTCTAAACATCAGTATGATOTTGATACCGAAACTOTTATTGOGTTTTT
TAAGGGCTCACAATTITAGACAAAGATTTTAAGGTTAATATCGAAGTTAATCACGCCACAT
TAGCTGGTCATACTTTTGAACACGAATTAGCCTGTGCTGTTGATGCCGGTATGTTGGOTTC
CATAGATGCTAATAGAGGTGATTATCAAAATGGTTGGGATACAGATCAATTICCCAATTGA
CCAATATGAATTGGETTCAAGCTTGGATGGAAATTATCAGAGGTGGAGGTTTTACAACGG
GTGGOACAAACTTTGATGCTAAAACAAGGAGAAATTCTACTGACTTAGAAGATATTTITA
TCGCTCATATITCAGGTATGGATGCTATGGCTAGGGCTTTGUAGAATGCCGUAAAATTAC
TGGAAGAATCTCCAATACCTAAGATGAAGAAGGAAAGATACGCTTCTTTTGATTCTGGTA
TGGOGTAAAGATTTCGAAGATGOTAAGTTGACCTTAGAACAAGTTTATGAATACGGCAAA
AAAAATGOTCGAACCTAAGCGATACTTCTGGTAAACAAGAATTATACGAAGCAATTGTTGC
TATGTACGCTTAG (SEGQ 1D NG9

MDGDLDPREYFPEIPKIKYEGPESKNPMAFHY YDAEKVVMGKEMKDWLRFAMCWWHTLC
ADGADQFGAGTTFPWNEGSDPIATAKQEVDAGFEIMOKLGIEYYCFHDVDLVSEGNSVEER
YEANLEQVVAYLKEKQOQOTGIKLLWSTANVFONERYMNGASTNPDFDVVARAIVOIKNAM
DAGIELGAENY VEFWGGREGYMSLLNTDQKREKEHMARMELTMARDY ARSKGFKGTFLIEPK
PCEPSKHQYDVDTETVIGFLRAHNLDKDFKVNIEVNHATLAGHTFEHELACAVDAGMLGS
IDANRGDYOQNGWETDOFPIDQYELVOAWMEHRGGGFTTGGTNFDAK TRRNSTDLEDIF!
AHISGMDAMARALENAAKLLEESPIPKMKKERYASFDSGMGRKDFEDGKLTLEQVYEYGKK
NGEPKDTSGKQELYEAIVAMYA (SEQ ID NG: 1)

EUR.3.XL
ATGACCAAAGAATACTTCCCAACTATAGGTAAAATTAGATTTCGAAGGTAAAGATAGCAA
GAATCCAATGGCATTTCACTACTACGATGCAGAAAAAGAAGTTATGGGCAAAAAGATGA
AAGATTGGCTGAGGTTCGCAATGGCTTGOTGGCACACACTTTGCGCAGATGGTGCAGATC
AATTTGGCGTCOGGTACTAAATCATTICCCATGGAACGAAGETACAGATCCTATTGCTATCG
CGAAACAGAAGOTTGATGCAGGATTCGAAATTATGACTAAATTGGGGATAGAGCATTAC
TCGCTTTCATCGATOTGGATCTTGTCTCCCGAAGGGAACTCTATTGAAGAATATGAATCAAAC
TTCAAGCAAGTAGTTGCCTACTTGAAACAAAAGCAACAAGAAACGGGTATTAAACTGYT
GTGGTCTACCGCGAATOGTCTTCGOGTAATCCAAGATACATGAATGGTGCAAGCACTAACCC
TGACTTCOGATGTGGTTGCACGTGCCATAGTTCAAATTAAGAACGCAATGGATGCAGGCAT
TCGAGCTAGGTGCTGAAAATTATETCTTCTGGGGAGGAAGAGAAGGATATATETCTTITATT
GAATACTCGACCAGAAGAGAGAAAAAGAACACATGGCTACTATGCTTACTATGGCCAGAG
ATTACGCTAGAAGCAAGGUOTTTTAAAGGTACGTTCTTAATCGAACCCAAACCCATGOAG
CCCACGAAACATCAGTATCGACGTTCATACAGAAACGUTCATTIGGATTCCTOGLGTGCCCAC
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AACTTAGATAAAGATTTCAAAGTCAACATTGAAGTTAATCATGCGACCCTTGCTGGACAT
ACTTTTGAACACGAACTTGCGTOTGCAGTAGATGCGGGTATGTTAGGTAGCATAGACGCA
AATAGAGGTGATTATCAGAATGGATGGGATACCGATCAGTTCCCTATTGACCAATACGA
ATTAGTACAAGCTTGGATGGAAATTATCAGGGGTGGCGGOTTTGTAACGGGCGGGACAA
ACTTTGATGCTAAAACCAGACGTAATTCTACTCGACTTAGAGGATATTATTATCGCTCATA
AAGTGOTATGGACGCTATGGCACGTGCTTTGGAGAATGCCGCAAAGTTATTGCAAGAA
TCTCCATACTGTAATATGAAGAAGGAGACGATACGCTTCATTCGATTCTGGAATCGGTAAA
GATTTCGAGGATGGTAAGTTAACGCTAGAGCAGGTTTATGAGTACGGGAAGAAGAATGG
TGAACCGAAGGTCACTTCTGGAAAACAAGAACTTTACGAGGCCATAGTAGCAATGTACC
AATAA (SEQ 1D NO:11

MTKEYFPTIGKIRFEGKDSKNPMAFHYYDAEKEVMOGKEKMKDWLRFAMAWWHTLCADGAD
QFGVOTKSFPWNEGTDPIAIAKQKVDAGFEIMTKLGIEHY CFHDVDLVSEGNSIEEYESNL
KOVVAYLKQKQQETGIKLLWSTANVFGNPRYMNGASTNPDFDVVARAIVOIKNAMDBAGIE
LGAENYVFWGOGGREGYMSLLNTDOKREKEHMATMLUTMARDY ARSKGFKGTFLIEPKPMEPT
KHQYDVETETVIGFLRAHNLDKDFEKVNIEVNHATLAGHTFEHELACAVDAGMELGSIDANR
GDYONGWDTDOFPIDOQYELVOAWMEHRGGGFVTGOTNFDAKTRRNSTRLEDIHTIARISG
MDAMARALENAAKLLQESPYCNMKKERYASFDSGIGKDFEDGKLUTLEQVYEYGKKNGEPK
VISGKQELYEAIVAMYQ (SEQ ID NG:12)

ATGGCAAAAGAATATTTCCCOTTTACAGOTAAAATCCCATTCGAAGGTAAGGATTCAAA
AAATCGTCATGGCTTTTCACTACTACGAGCCGGAAAAAGTGOTCATGOGCAAAAAAATGA
AAGATTGOGTTGAAATTCGCAATGGCATGOTGGCACACTCTGGGAGGAGCAAGTGCAGAT
CAATTTGGCGGTCAAACCAGATCATACGAATGGGATAAGGCTGAATOTCCTGTTCAAAG
AGCGAAAGACAAGATGOACGCTGGATTCGAAATTATGCACAAGTTGGETATTGAATATT
TITGCTTTCATGACGTGGATCTTGTCOGAGGAAGCGUCAACTATAGUTGAATACGAAGAAA
GAATCGAAGGCTATTACTGATTATGUTCAAGAAAAGATGAAACAATTTCCGAATATTAAA
TTGCTGTGOGOGGTACTGCTAATGTGTTTGGUAACAAAAGATACGCTAACGGUGCUTTCTACT
AACCCTCGACTTTCGATGTCGTTGCCAGAGCGATTGTACAAATAAAAAATAGCATTGATGCA
ACAATAAAGCTTGGCGOTACAAATTATOTCTTTTGGGGCGGAAGGGAAGGTTATATGTCT
TTATTGAATACTGACCAGAAGAGAGAAAAAGAACACATGGCTACTATGCTTGGTATGGC
CAGAGATTACGCTAGAGCCAAAGGTTTTAAAGGTACGTTCTTAATCGAACCCAAACCCAT
GOAGCCCTCTAAGCATCAGTATGATGTAGATACGGAAACTGTAATAGGCTTICCTGAAAG
CTCATOGTCTGCATAAGGACTTTAAAGTTAATATCGAGGTGAATCACGCAACTCTTGCTG
GTCATACATTCCGAGCATGAACTTGCOGTGTGCAGTAGATGCOGOOTATGTTAGGTAGCATAG
ACGCAAATAGAGGTGATGCGCAGAATOGGATGGGATACCGATCAGTTCCCTATTGACAAT
TTCGAATTAACACAAGCTATGTTAGAGATCATAAGOAATGGCGOCTTGGGAAATGOGHE
CACGAACTTTGACGCTAAAATTAGACGTAATTCTACTGACTTAGAGGATTTATTTATCGC
TCATATAAGTGOTATGGACGCTATGGCACGTCGCTTTIGATGAACGCCGCAGACATUTTGGA
AAACAGTGAATTGCCAGCCATGAAGAAGGCTAGATACGCTAGTTTTGATTCCGGTATCG
GCAAGCGATTTCGAGGATGOTAAACTAACTTTTGAGCAGGTGTACGAATATGGTAAAAAA
GTCGAAGAACCAAAACAAACCTCTGGAAAGCAGCGAGAAGTATGAAACAATTGTTGCTCT
ACACTGTAAGTAG (SEQ D NGO:13)

MAKEYFPFTGKIPFEGKDSKNVMAFHYYEPEK VVMGKKMEDWLKFAMAWWHTLGGASA
DOFGGRTRSYEWDKARCPVQRAKDKMDAGFEIMDKLGIEYFCFHDVDLVEEAPTIAEYEER
MKAITDYAQEKMKOQFPNIKLLWGTANVFGNKRYANGASTNPDFDVVARAIVOQIKNSIDATI
KLGGTNYVEWGOREGYMSLLNTDOKREKEHMATMLGMARDY ARAKGFEGTFLIEPKPME
PSKHOYDVDTETVIGFLKARGLDKDFKVNIEVNHATLAGHTFEHELACAVDAGMLGSIDAN
RGDAGNGWDTDQFPIDNFELTQAMEUEBURNGGLGNGGTNFRAKIRRNSTDLEDLFIAHISGMD
AMARALMNAADILENSELPAMKKARYASFDSGIGKDFEDGKLTFEQVYEY GKKVEEPKQTS
GKOEKYHTIVALHCK (SEQ 1D NO:14)
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EUK.3.XE

ATGGCCGACTAAAGAGTACTTTCCAGGAATAGGAAAAATTAAATTCGAAGGTAAAGAGTC
CAAGAATCCAATCGGCTTTCAGATATTACGATGCGGAAAAGGTAATAATGGGTAAAAAAA
TGAAGGATTGGUTGAAATTCTCCATGGCATGUTGGUCACACTCTGTGTGCAGAAGGTGGA
GATCAATTTGGCGGCGGTACTAAACATTTCCCATGOAACGUTGATGCTGACAAGTTACAA
GCTGCOAAAAACAAGATGOACGCTGGATTCGAATTTATGCAGAAGATGGGTATTGAATA
TTATTOGTTTCCATGATGTGGATTTATGTGACGAAGCGGACACTATTGAAGAATATGAAGC
TAACTTGAAGGCTATTIGTTGCCTACGUTAAACAAAAGCAAGAAGAAACGGGTATTAAAC
TETTGTOGGGOCACTGCCAACGTGTITTGGCCACGCTAGATACATGAATGGCGCCGLAALCTA
ACCCTGACTTTGATGTCGTTGCCAGAGCGUUTGTACAAATAAAAAATGCAATTGATGCAA
CAATAGAGCTTGGCGOGTTCCAATTATCGTCTTTIGOGGGUGUGAAGGGAAGGTTATATGTCTT
TATTGAATACTGACCAGAAGAGAGAAAAAGAACATTTGGCTCAAATGTTGACCATTGUT
AGAGACTATGCCCOGTGCTAGAGGATTTAAGGGGACCTTICTTAATCGAACCCAAACCCAT
GOGAGCCCACGAAACATCAGTATGACGTTGATACAGAAACGGTCGTTGGATTCCTGAAAG
CACATGGTCTGGATAAAGACTTTAAGGTCAACATTGAAGTTAATCATGUCGACCCTTGOTG
GACATACTTTITGAACACGAACTTGCGOTCGUCAGTAGATAACGGGATOGTTGGGCTCAATTG
ATGCCGAACAGAGOTGACTACCAGAATGGTTGGGATACCGATCAGTTTCCTATTGACAATT
ATCGAGCTTACACAGGCCATCGATGCAAATTATCAGAAACGGAGOGTTTTGGTGACGGGGOT
ACAAATTTTCGATGCTAAAACGAGGAGAAATTCAACCGACTTGGAAGATATTTTCATTGCC
CATATAGCAGGTATGGATGTTATGGCCAGGGCTTITGGAATCCGCAGUTAAATTIGTTAGAG
GAATCTCCATATAAGAAAATGTTGGCTGACAGATACGCTTICATTCCGATTCTGOAAAGGOT
AAACGAATTTCGAGGAAGGTAAGTTAACGCTAGAGGACGTTGTTGCGTACGCTAAGGCUTAA
TGGGGAGCCCAAACAAACTAGCGGCAAACAAGAATTGTATCGAAGCTATTGTAAACATGT
ATTGCTAG (SEQ ID NO:1S)

MATKEYFPGIGKIKFEGKESKNPMAFRY Y DAEKVIMGKKMEKDWLKFSMAWWHTLCAEGG
DOFGGGTKHFPWNGDADKLOQAAKNKMBDAGFEFMOKMGIEYYCFHDVDLCDEADTIEEYE
ANLKAIWWAYAKQKQOEETGIKLLWGTANVFGHARYMNGAATNPDFDVVARAAVQIKNAIDA
TIELGGSNY VEFWGGREGYMSLINTDOKREKEHLAQMLTIARDY ARARGFRKGTFLIEPK PMEP
TKHOYDVDTETVVOFLEAHGLDKDFKVNIEVNHATLAGHTFEHELAVAVDNGMLGSIDAN
RGDYONGWDTDOFPIDNYELTQAMMGOQHRNGGFGDGOGTNFDAKTRRNSTDLEDIFIAHIAGM
DVMARALESAAKLLEESPYKKMELADRYASFDSGKGKEFEEGKLTLEDVVAYAKANGEPKQ
TSGKOQELYEAIVNMYC (SEQ ID NO:1o)

EUK.6.XE

ATGCCAGCCTACTTTGACCAATTAGATAGAGTTAGATTCGAAGGTACACAAAGCACAAA
TCCATTOGGCCTITTAGACATTACAACCCCGATGAAATAGTTCTAGGAAAAAGAATGGAAG
ACCACTTGAGATTTGCAGCCTGTTATTGGCATACCTTTTGTTGGAATGGTGCTGACATETT
GOTATGGGTGCTTTICGACAGACCATGGCAACAACCCGUTOAAGCACTGGUTTTAGCAAA
ACGTAAGGCGGATGTCGCOGTTTGAATTTITCCATAAGTTGAATGTGCCATATTACTGYTTC
CACGATGTTCGACGTTTCCCCAGAAGGAGCTAGCCTAAAAGAATATAAAAATAATTTCGC
ACAAATGGTCCGATETCTTAGCCGCTAAACAGGAACAGTCTGGTGTTAAGCTTCOTGTGGHG
ACTGCTAATTGTTTTACCAATCCTCOTTATGOTGCAGGTGCGGCAACCAACCCAGACCCT
GAAGTTTTTAGUTGGGCAGCTACTCAAGTGGTTACTGCCATGGACGCTACTCATAAGTTG
GGTGGAGAAAATTACGTTTTATGGOGAGGTAGAGAAGGTTACGAAACCCTGTTGAATALC
GATTTAAGGCAGGAAAGAGAGCAAATTGGAAGGTTCATGCAGCTGETTGTAGAGCATAA
ACACAAGATAGGCTTCCAGGGTACACTACTGATCGAACCTAAACCACAAGAACCGACCA
AGCATCAATATCGATTACGACGCTGCGACAGTCTATGGATTCTTAAAGCAATTTGOGTITGG
AGAAGGAAATAAAGTTAAACATTIGAAGUGAACTATCGCAACCTTAGCAGGCCATTCTTTY
CACCATGGCATAGCAACAGCCATAGCATTAGGATTATTTGGTAGTGTTGATGCCAATAGG
GOGCGACGCCCAGUTTOOTTGGOATACTGATCAGTTTCCAAATTCTGTTGAGGAAAACGCC
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TTAGTCATGTACGAGATTCTAAAGGCTGGCOGCGATTTACTACAGGAGOGTTTGAACTTITGAC
GCTAAGGTTAGOAGACAATCTACTGACAAATATCGACTTGTTCTACGGTCATATCGGTGET
ATGGATACAATGGCATTGTICTTTAAAAATAGCAGCTAGAATCGATAGAGGCTGGAGGTTT
AGATCAAAGAGTCGCCAAAAGATATGUCOGOTTGGAATGOTGAGTTGUGACAACAAATAT
TAAAAGGGCAGATGACOTTAACTGAAATAGUGCAGTACGCAGAACAACATAACCTTGCC
CCAGTTCATCAAAGUGGTCACCAGGAATTACTAGAGAATCTTGTTAATCATTACTTATTT
GATAAGTGA (SEQ ID NO:T)

MPAYFDOLDRVRFEGTOSTNPLAFRHYNPDEIVLGKREMEDHLRFAACY WHTFCWNGADMF
GMOGAFDRPWOOPGEALALAKRKADVAFEFFHKINVPYYCFHDVDVSPEGASLKEYKNNEFA
OMVDVLAAKGEQSGVELLWGTANCFITNPRYGAGAATNPDPEVESWAATOVVTAMBATHK
LGGENYVLWGGREGYETLLNTDLRQEREQIGRFMQLVVEHKHKIGFQGTLLIEPKPQEPTK
HOYDYDAATVYGFLKOQFGLEKEIKLNIFEANYATLAGHSFHHGIATAIALGLFGSVDIANRG

AQLGWDTDOFPNSVEENALVMYEILKAGGFTTGGLNFDAKVRROQSTDKYBLFYGHIGAM
DTMALSLEKJAARMIEAGGLDORVAKRY AGWNGELGQOQILKGOMTLTHIAQYAEQHNLAPY
HQOSGHOELLENLVNHYLFDK (SEQ 1D NOE)

EUK.7.XLE

ATGCCCTATTTCCCAGGTGTTGAAAAAGTTAGATTCGAAGGCCCTGCAAGTACATCTGCA
CTAGCATTTAGACATTACGATGCGAATAAACTGATACTTGGAAAGCCAATGCGTGAACA
CTTGAGAATGGCAGCATGTTATTGGCATACCTITGTITGGCCCGGTGCTGACATGTTIGGT
ATGGGTACTTTCAAGAGACCATGGCAAAGAAGTGGAGAGCCAATGGAAGTAGCTATAGG
GAAGGCAGAAGCGGCTTTTGAGTTCTTCTCCAAACTAGGGATTGATTATTATAGCTTTCA
TGATACCGACGTTGCTCCTGAAGGATCTAGCCTAAAAGAATATAGGAATCATTTCGCACA
AATGGTCGATCATTTAGAAAGACATCAGGAACAGACCGGTATTAAGTTGCTTTGGGGGA
CAGCTAACTGCTTTTCTAATCCAAGGTTTGCCGCAGGCGCAGCTTCAAATCCTGATCCTG
AAGTTTTCGCATTTGCAGCTGOGCAAGTCTTCAGCGCAATGAATGCTACATTGAGATTGA
AAGGTGCTAATTATGTTITGTGGGGTGGAAGAGAAGGTTATGAGACTTTGCTGAACACTG
ATTTAAAGAGAGAAAGGGAGCAATTGGGTCGTTTTATGCGTATGGTTGTAGAGCATAAA
CACAAGATAGGCTTCACTGGTGATTTGCTGATCGAACCTAAACCACAAGAACCGACCAA
GCATCAATATGATTACGACTCAGCGACAGTCTTTGOGATTCTTACACGAATATGGTTTGGA
GCACGAAATAAAGGTTAACGTTGAAGCGAACCATGCAACCTTAGCAGGCCATTCTTITCA
CCATGAAATAGCAACAGCCGTATCACTAGGTATATTTGGGAGTATTGATGCCAATAGGG
GGGACCCCCAGAATGGGTGGGACACAGACCAATTTCCAAATTCTGTAGAAGAGATGACT
TTAGCCACATACGAAATTCTAAAGGCTGGCGGATTTAAGAATGGAGGATACAACTTTGA
TTCTAAGGTTAGGAGACAATCTTTAGACGAAGTGGACTTGTTCCACGGTCATGTTGCAGE
TATGGATGTACTAGCCTTGGCTCTAGAGAGAGCTGCGGCTATGGTTCAAGATGACAGATT
GCAACAATTTAAAGATCAGAGATATGCAGGTTGGAGTCAGCCTTTAGGGCAGGCGGTAT
TAGCGGGCGAGTTCTCCTTAGAAAGTCTTGCCGAACATGCTTTTGCCAACGCATTAGACC
CTCAAGCTGTATCTGGGCGTCAAGAAATGCTTGAGGGTGTTGTTAACCGTTITATTTAA
(SEQ ID NO:19)

MPYFPGVERVRIEGPASTSALAFRHY DANKLILGKPMREHLEMAACY WHTFVWPGADMEG
MOTFKRPWORSGEPMEVAIGK AEAAFEFFSKLGIDYYSFHDTDVAPEGSSLKEYRNHFAD
MVDHLERHQEQTGIKLLWGTANCFSNPRFAAGAASNPDPEVFAFAAAQVFSAMNATERLK
GANYVLWGGREGYETLLNTDLKREREQUGRFMRMVVEHKHKIGFTGDLLIEPKPOQEPTKH
QYDYDSATVFGFLHEYGLEREIKVNVEANHATLAGHSFHHEIATAVSLGIFGSIDANRGD
PONGWDTDOFPNSVEEMTLATY EILKAGGFKNGGYNFDSEVRROSLDEVDLFHGHV AAMD
VLALALERAAAMVQDDRLOQFRKDORYAGWSQPLGOAVLAGEFSLESLAEHAFANALDPQA
VSGROEMLEGVVNRFL (SEQ 1D NO:20)
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EUK.&8.XE

ATGCAGCATCAAGTTAAAGAATATTTTCCAAACGTTCCAAAAATTACATTCGAGGGTCAA
AACGCTAAATCCOTACTTGCATACAGAGAATACAATGUTTCAGAAGTTATCATGGGAAA
GACTATGGAGCGAATOOTGCAGGTTCGCAGTTTGTTACTGGCATACCTTCGGCAATTCTGG
CTCAGACCCATTCOGUTGGAGAAACCTATACTAATAGATTATGGAATGAGTCTTTAGAAAG
AGCGAATATATCTTCCAGGGAAAGATTGTTGGAAGCCGCAAAGTGCAAAGCTGACGCAG
CTTTTGAAACTTTTACGAAACTAGGTOTTAAGTATTATACCTTTCATGACGTGGATTTAAT
TTCTCGAGGGUGCTAACTTGCGAGGAGTCTCAGTCCCTGTTGOACGAGATATCTGATTATCT
TCTTGATAAACAAAATCAAACAGGGUTAAGATGCCTATGGGUTACTACCAATCTETTCG
GACATAGACGTTITATGAATGOTGCTTCTACTAATCCAGATATGAAAGTTTTITGCTCACG
CCOCAGCTAGAGTTAAGAAGGCTATGGAGATTACCCTGAAGTTGGGTGGACAAAACTTT
GTGTTCTGOGGGGETAGGGAGGGCTTCCAGTCTATCTTAAATACAGATATGAAGACGGA
ATTGGATCACATGGCAGCCTTCTTCAAGCTOGGTGGTTGCATATAAAAAGCGAACTGGGAG
CTACCTTCCAGTTTCTTGTTGAACCAAAGCCAAGGGAGCCCATOAAACACCAATATGATT
ACGATGCAGCTACGOGTTGTCGCGTTCTTACACACTTATGGGTTACAAAACGACTTCAAAT
AAATATAGAACCAAATCATACAACCCTTGCAGGCCATCGATTACGAGCATGACATITACT
ATGCCGCAAGTTACAAGATGCTAGGTTCTGTAGATTGTAACACGGGCGACCCGCTTGTTG
GATGGGACACTGATCAGTTTTTGATGGATGAAAAGAAAGCTGTCTTAGTCATGAAGAAG
ATTGTAGAAATTGGCGCGATTGGCTCCTGOGAGOTTTGAACTTTGACGCTAAGGTTAGACGT
GAGTCTACTGACTTOGGAGGATATCTTTATCGCTCATATIGOGTTCCATGGATIGTTITIGCCA
GAGGTCTAAGACAAGCGGCTAAGTTATTGGAAAAGAATCGAATTGGGAGAATTGGTAAAG
CAGAGATATGCATCTTGLGAAAAGTACCTTAGGGGAGAGCGATTGAACAGGGUCAGGCGAC
ATTAGAAGAAGTAGCCGCUTTATGCAAAAGAAAGCGGTCAACCTGACCACGTTAGTGGTA
AGCAAGAACTTGCTGAATTGATOTGGTCAACTOTTGUATTAGCTACAGGTATATGGCAGS
ATCATCGTTACCGTGTTCTCTTACAAAGAATTGOGTGCTAG (SEQ IDNG:2

MOHOVKEYFPNVPKITFEGONAKSVLAYREYNASEVIMGK TMEEWCRFAVCOYWHTFGNSG
SOPFGGETYTNRLWNESLERANISSRERLLEAAKCKADAAFETFTKLGVKYYTFHDVDLI
SEGANLEESQSLLDERDYLLDKONQTOVRCLWGTINLFGHRRFMNGASTNPDMKVEAHA
AARVEKAMEITLKLGGONFVFWGGREGFQSILNTDMKTELDHMAAFTKLVVAYKKELGAT
FOFLVEPKPREPMEHQYDYDAATVVAFLHTYGLONDFRLNIEPNHTTLAGHDYEHDIYYA
ASYKMLGSVRONTGRPLVEGWDRTDQFLMDEK K AVILVMEKIVEIGGLAPGGLNFDAKVRRES

EVAAYAKESGEPDHVSGRQELAELMWSTVALATGIWODHVTCSLTENWC (SEQ 1D NG:22)

EUR.S.XLE

ATGOGAATATTTCCCAGGAATAAGTAATATCAAATATGAAGGOTCTGCOTCAATGAATGA
TCTAAGTTTTAAATGGTATAATGCTCGAACAAGTTGTTTTAGGAAAGAAAATGAAGGACC
ATTTAAGATTTGCGOGTTTGTTATTGGCATACCTTTTGUTACCAAGGTAATGATCAATTCGE
TGGACCTACTTTAAACAGACCOTOGOTGCGGTGATGCAGATCCAATGOTTGAAGCTAAAA
AAAAGTGTCGATGCGGCTTITGAGTICTTCACGAAACTTGGCGTAGAATACTATTIGOTTCC
ATGATAGAGATATCOTTGUCGAGGUETGAGACTCTTGAAGAAACCAACAGGAGATTGGAT
GAAATCAGTGATTATATGCTGUAAAAGCAAAAACAAACGGGTGTAAAGTTATTATGGGG
TACTGCTAACATOETTTGGTGACCGTOTGTTTATGAACGGAGCTTCTACGAATCCTGATGC
CCATGTGTTTGCTTTAGCAGCAGCGCAGGTAAAAAAGGCTATGGACATTACAAAAAAAC
TGGOAGGTGAAAATTATGTOTTTTGGGOGTGGCAGAGAAGGTTACCAGTCTATTTTAAATT
CTTTACCTGGTAAAGAATTAGACCACATGGGTCAATTTATGCGTATGGCTOTTGAATATA
AGAAAAAGATAGGGGCTACGTTCCAACTTTTGATCGAGCCAAAACCTAGGGAGLCCGACA
AAACATCAGTATGATTACGATGCACAAACTGTCATCGGTTTCCTGAGGAAATACGGTCTT
GAAAAAGATTTCAAGTTAAATATTGAGCCCAATCACACGACATTAGCAGUGTCACGATTA
TGAGCACGATATAGTTTTCGCTTOTAATCGAGGGTATGCTAGGCTCAGTAGATGUGAACALC
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TGGAGATACCCTTCTGOGCTGGOATACAGACCAGTTTCCAATGGACGTAAAGAAAGCCG
TTATCGTGATGTACCATATTATAAGAGCAGGGGGCCTTCACTCAGGAGGTITGAATTTTG
ACGCTCACGTTAGOAGAGAATCTACCGATATGOAAGATAGATTTATTGCACACATTGGTG
CTATGOACACTTTCGCTAGAGCATTGTTAATCOTGGAGAAGATCATGAATGACAAAATTT
ATCAAGAAATGGTTOATAAAAGATACGAGTCCTACACAACCGGTATTGGGGCCAGGATC
GAAAATGGGGAGGCTACTTTTGAAGAGTGTGAAAAATACATTCTGGAAAATGGTAAACC
COAACCTCAATCTGCTAAGCAAGAGAAATTCGAAATGTTATTAAATCATTACGTCTGA
(SEQ ID NO:23)

MEYFPGISNIKYEGSASMNDLSFEWYNAEQVVLGKKMEDHLRFAVCYWHTFCY QGNDQFG
GPTLNRPWCGDADPMVEAKKKCDAAFEFFTKLGVEY YCFHDRDIVAEGETLEETNRRLDE
ISDYMLEKQKQTGVKLLWGTANMPGDRVFMNGASTNPDAHVFALAAAQVKKAMDITKKL
GGENYVFWGGREGYQSILNSLPGKELDHMGQOFMRMAVEYKKKIGATFQLLIEPKPREPTKH
QYDYDAQTVIGFLRKY GLEKDFKLNIEPNHTTLAGHDYEHDIVFACNEGMLGSVDANTGD
TLLGWDTDQFPMDVKKAVIVMYHIIRAGGLHSGGLNFDAHVRRESTDMEDRFIAHIGAMD
TFARALLIVEKIMNDKIYQEMVDKRYESY TTGIGARIENGEATFEECEK Y ILENGK PEPQ
SAKQEKFEMLLNHYV (SEQ ID NO:24)

EXAMPLE §

{Cloning the XI-XD-XK Pathway
18263] The three gones, X1, X and XK were cloned into the plasaid PLS0030112 (See, Figure &)
using restriction enzymes {RBamHT and Ndel for X1, Spel and Aol for XD, Notl and Xhol for XK and
ligated. Each gene was cloned under different promoter (TEF!, ADHI, and G3PD, respectively )
resulting in the plasmid PLS0044980 (See, Figure 9). This plasmid was used to transform three yeast
strains: Thermosace® yeast (Lallemeand), Thermosace®-derived haploid progeny, and NRRL Y1528-
derived haploid progeny. Transformation was performed based on the Sigma-Aldrich veast
transformation kit protocol and colonies were selected based on antibiotic resistance as observed by
growth on YPD plates comtaining 200 ug/mi G418, In parallel experiments, these strains were also
transformed with the control plasmids comprising the following geune combinations: X1 only, XI+XD,

XIHXE, XD4XK and 2 negative control (i.e., an empty vector).

EXAMPLE 2
Characterization of Strains Centaining the XI-XD-XK Pathway

{82061 Colontes grown on YPD with 200 og/ml G418 were picked after 48 hours of growth in five
replicates into 96-well plates filled with 400ul of inoculation medivm (YPD amended with 200 ug/mli
G418, ImM MgS0, and trace clements solution as provided above) and were grown for 24 hours at
30°C and 85% relative humidity, in a incubator-shaker at 27 throw and shaking speed of 2506 RPM.
After incubation, 80 ul of the culture were used to moculate cach well of a 96-deep well plate filled
with 320 ul of YP[5.5%]G supplemented with 200 ug/ml G418, TmM MgSO, and the trace elements

solution provided above. Strains were grown for an additional 24 hours under the same conditions.
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By the end of the propagation step, the plate was spun down (4000 RPM for ten minutes), and the
cells were used to tnoculate 400 ul YP[5.5%]G{3.0%X amended with 200 ug/md G418, 1M Mg80,
and frace clements solution as provided above). The fermentation process was performed in cap-mat
sealed 96-well plates at 30 °C and 85% relative humidity, in incobator-shakers with 27 throw and a
shaking speed of 100 RPM. At the end of 96 hours, the plate was spuan down (4600 RPM for ten
minutes) and the supernatant was filtered and analyzed for metabolites by a HPLC using standard
methods known in the art. In some experiments, the residual xylose i supernatant was measured
using a spectrophotometric assay (e.g. Megazyme xylose assay; CAT Mo, K-XYLOSE) performed
according to the manufacturer’s protocol. The improvement in performance for xylose utilization was
calculated based on a comparison with the performance of a control strain that was onfy transformed
with the antibiotic marker.
{82671 Figure 3 provides a graph showing the fermentation results. Fermentation analysis indicated
a significant improvement in xylose consumption and cthanol production for all three strains
comprising the XI-XD-XK pathways compared with the control strains comprising the X1 gene only.
While strains comprising X! in combination with XD or X¥ alone did not result in xylose utilization
mmprovement, strains with the combined XI-XD-XK pathway achieved 2-3x {old higher xylose
consumpiion than the corresponding parent strains comprising only XI. Moreover, these strains
demonstrated lower xylitol (XOH) production, possibly due to the combined activity of XD and XK
genes resulting in an increased 1o flux towards the pentose phosphate pathway (it is not intended that
the present invention be Hmited to any specific mechanism and/or theory).
182681 Figure 4 provides a graph showing the fold improvement in xylose consumption by different
strains tested under several fermentation conditions. Xylose consumption by sirains comprising the
XI-XD3-XK pathway were compared to those only comprising the X1 gene. Xvlose consumption was
calculated over the consumption measured from a reference strain comprising the empty plasmid, In
this Figure, “YPD5,5X3” refers to YP{5.5%]GI3.0% X medium, “YPDS.5XS5.57 is YP[S.5%]G

X3 5.5% glucose and 3.0%

medium with 5.5% xylose, and “SD3.5 is 3D minimal medium with
xylose. The coctficients of variation were between 2-6%. As shown in Figure 4, strains barboring
the XI-XD-XK pathway maintained improved performance as observed by higher xylose
constimption and corresponding ethano! production under a number of conditions, such as a
fermentation time of 72 hours instead of 96 hours, xylose concentration of 5.5% instead of 3%, and
minimal S based media instead of YPD based media. The relative improvement was also observed
when scaled up to 25 ml

{82091 Figure S provides a time course analysis of 25 ml fermentation of haploid strains comprising
the empty plasmud (i.e., the negative control}, Xi-XD-XK pathway, or X{ genc only. Fermentation
was performed in 25 ml scintillation vials in YPDS.5X3 (YPD medium containing 5.5% glucose and

3% xylose). Automated samples analysis demonstrated higher xylose consumption rate, higher
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ethanol (EtOH) production, and lower xyhiol (XOH) production by strains comprising the XI-XD-XK

pathway compared with strain comprising only the X1 gene.

EXAMPLE 3

Growth Rate Evaluation of XI-XD-XK Strains in Xylose Minimal Media
{8218] Strains NRRL-Y 1528 and a Thermosace®-derived haploid yeast strain comprising the X1-
XI3-XK pathway and control strains harboring only the X1 gene were grown in defined mineral xylose
medium in order to compare their specific growth rate on aylose. Samples were taken in order to
measure the level of biomass and thas calculate the specific rate of growth,
{8211} Glycerol stocks containing the NRRL-Y1528 and Thermosace®-derived haploid yeast strains
prepared in Example 1 were inoculated into Smi of SD minimal medium containing 2% glucose. Cells
were grown for 24 hours in an fncubator at 30 °C with shaking at 250 rpm. Afier incubation, 0.5 mis
of this culture were then diluted into SO mi of SD mintmal medivm containing 2% xylose as the only
carbon source in a 250 mi shake flask. The cultures were allowed to grow at 30 “C with shaking at
160 rpm. Samples from the culiure were removed for optical density measurements at 600 nm once
ot twice per day. Once the optical density of the colture reached a valae above 5 it was diluted 10-
fold with minimal medinm containing 2% xylose as the only carbon source. The process was
continued for 150 hours. During this time, the Xl-only strains did not grow significantly, whercas the
XE-XD-XK strains grew at a growth rate of 0.08 10 0.09 hr'.
{82121 In order to caleulate the specific growth rate, 4 plot of the natural log of biomass
concentration versus time was used to generate a linear correlation. The slope of this correlation

vielded the specific growth rate for the strain under the specified conditions.

Growth Rate hr™

NRRL Y-1528 Thermosacc®-Derived

Genes Strains Haploid Strains

Xl only No growth (.01

XE-XD-XF (.08 (.09
Fold improvement over Xl-only
strain N/A 9

EXAMPLE 4

XE-XD-XK Integration at rDNA Locus
{82131 Integration of the genes encoding the X{-XD-XK pathway at the rDNA locus allows for
stable co-oxpression of pathway components in yeast without continuious selection for the plasmid.
Plasmid PLS00479¢4 is constructed by subcloning 5° and 3” homologous sequences from the RDN 1

locus using standard yeast recombination cloving techniques. PLS0047984 15 lincarized by digestion
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with Smal and Psdd to generate a linear fragment suitable for integrative transformation of target
strains. Following outgrowth, selection for frequent recombination events is carried out on YPD
containing 200 ug/ml G418 selective plates. PCR on the emergent colonies is performed to verity the

presence of the XI gene following transformation.

EXAMPLE S

Evaluation of X Gene Diversity
{8214] Nine diverse copies of X1 genes from cukaryotic origin were reconstructed from ¢cDNA
sequences of found o DNA sequences transiated BLAT (Sce c.g., Kent, Genome Res. 12:656-664
[2002]) or BLAST searches. The sequences were harvested, codon optimized (in one case, the same
gene was subjected to two alternaie codon optinizations), synthesized with BewHI and Kozak
sequences upstrcam of their start codons and an Ndel sequence downstream of their stop codons.
Sequences were subcloned into the BamHI and Ndel sites of PLS030112, under the control of the S,
cerevisiae TEFT promoter. These plasmids were transformed into a yeast expression strain that does
not encode any other exogenous genes for xylose utilization.
18215] Colonies grown on YPD with 200 ug/ml G418 were picked afier 48 hours of growth in five
replicates into 96-well plate filled with 400 ul of (YPD containing 200 ug/ml G418, ImM MgS04
and the trace clements solution provided above) and were grown for 24 hours at 30 °C and ¥5%
relative humidity, in a incubator-shaker at 27 throw and shaking speed of 250 RPM. After incubation,
80 ul of the culture were used to imoecnlate 96-deep well plate filled with 320 wl of YP[5.5%]G
amended with 200 ng/ml G418, ImM MgSQ, and Trace clements solution. Strains were grown for an
additional 24 hours under the same conditions. At the end of the propagation step, the plate was spun
down (4000 RPM for ten nunutes), and the cells were used to inoculate 400 ol of fermentation
medium (YP[5.5%1G{3.0%1X amended with 200 ug/ml G418, ImM MgS04 and Trace elements
solution). The fermentation process was performed in cap-mat scaled 96-well plates at 30 °C degree
and 85% relative humidity, o an incubator-shaker 27 throw and shaking speed of 100 RPM. At the
end of 72 hours, the plate was spun down (4000 RPM for ten minuies) and the supernatant was
analyzed for residoal xylose in the supernatant by using 4 spectrophotometric assay (e.g., Megazyme
xylose assay; CAT No. K-XYLOSE) performed according to the manofacturer’s protocol.
Improvement in xylose utilization was determined by comparing the performance of the Xi-
transformed strain with that of a control strain that was transformed with only the antibiotic marker
and a background strain comprising only the original X1 gene.
[8216] Fouwr of the nine strains (i.c., comprising one of the new X1 sequences) consumed significantly

more xylose than the negative control. The best strains were EUK.3 (Orpinomyeces X1}, EUK 4 (X1
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ohitained from cow romen), EUKLS (X1 gbtained from human gut}, and EUK.9 (8. somins X1). Figore
7 provides a graph showing the residual xylose as measured after fermentation of the control and

transformed NRRL Y1528-derived haploid strains described in Example 1.

182171 While particular embodiments of the present invention have been illustrated and described, it
will be apparent to those skiiled in the art that various other changes and modifications can be made
without departing from the spitit and scope of the present invention. Therefore, it is intended that the
present invention encompass all such changes and modifications with the scope of the present
nvention.

18218] The preseunt invention has been described broadly and gencrically hercin. Each of the
narrower species and subgeneric groupings falling within the generic disclosure also form part(s) of
the invention. The fnvention described herein suitably may be practiced in the absence of any clement
or elements, limitation or limitations which is/are not specifically disclosed herein. The terms and
cxpressions which have been emploved are used as terms of description and not of limitation. There
is no intention that in the use of such terms and expressions, of excluding any equivalents of the
features described and/or shown or portions thereof, but it is recognized that various modifications are
possible within the scope of the claimed mvention. Thus, it should be understood that although the
present invention has been specifically disciosed by some preferred embodiments and optional
features, modification and variation of the concepts herein disclosed may be utilized by those skilied
in the art, and that such modifications and variations are considered to be within the scope of this

invention.
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CLAIMS
We claim:
I A recombinant fungal host cell comprising at least one nucleie acid construct,

wherein said nucleic acid construct comprises at least one polynuclectide encoding a xvlose
isomerase, and/or at least one polynucieotide encoding a xylitol dehvdrogenase, and/or at least one
polynucleotide enceding a xyhilokinase.

2. The recombinant fungal host cell of Claim 1, wherein said xvlose isomerase, xylitol
debydrogenase, and xylulokinase are cukaryotic or prokaryotic enzymes.

3. The recombinant fungal host cell of Claim 2, wherein said xylose isomerase, xylitol

dehydrogenase, and xylulokinase arc cukaryotic enzymes.

4. The recombinant fungal host cell of any of Claims 1-3, wherein said xylose
1somerase, xylitol dehydrogenase, and xylulokinase are fumgal enzymes.
5. The recombinant fungal host cell of any of Claims 1-4, wherein said nucleic acid
construct further comprises at least one genetic element that facilitates stable integration into a fungal

host genome.

6. The recombinant fungal host cell of Claim 5, wherein said genetic element facilitates
miegration into a fungal host genome by homologous recombination.

7. The recombinant fungal host cell of Claim § and/or 6, wherein said genetic element
comprises a fungal origin of replication.

~
I
i

5. The recombinant fungal host cell of Claim 7, wherein the fungal origin of replication

is a yeast origin of replication.

9. The recombinant fungal host cell of any of Claims 1-8, wherein at least one of said
polynuclieotide sequences is operatively linked to a promoter sequence that 1s fimetional in a fungal

cell

16. The recombinant fungal host cell of Claim 9, wherein said promoter sequence is a

fungal promoter sequence.
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it The recombinant fungal host cell of Claim 9 and/or 10, wherein said fungal promoter
SCQUETCE 1S a yeast promoier Sequence.
12. The recombinant fungal bost cell of any of Claims 1-11, wherein said polynucleotide

sequence is operatively linked to g transcription termination sequence that is functional in a fungal

cell.

3. The recombinant fungal host cell of any of Claims 1-11, wherein said polynncleotide

sequence contains codons optimized for expression in 8 yeast cell.

14. The recombinant fungal host cell of any of Claims 1-13, wherein said at least one

polynucleotide 1s integrated into the host cell genome.

5. The recombinant fungal host cell of any of Claims 1-14, wherein the host cell has had
one or more native genes deleted from its genome.
6. The recombinant fungal host cell of Claim 15, wherein the deletion of said one or
more native gene results i one or more phenotypes selected from increased transport of xylose into
the host cell, mereased xylulokinase activity, mereased xylitol dehydrogenase activity, increase
xylose isomerase activity, increased xylose reductase activity, increased flux through the pentose
phosphate pathway, decreased scusitivity to catabolite repression, increased tolerance 1o cthanol,
increased tolerance to acetate, increased tolorance to increased osmolarity, increased tolerance to low
pH, and reduced production of by products, wherein comparison is made with respect to the

corresponding host cell without the deletion(s).

17. The recombinant fungal host cell of any of Claims 1-16, wherein the host cell is

altered to overexpress ong or more polynucleotides.

is. The recombinant fungal bost cell of Claim 17, wherein overexpression results in one
ot more phenotypes selecied from increased transport of xylose tnto the host cell, increased
xylulokinase activity, increased xylitol dehydrogenase activity, increased xylose isomerase activity,
increased xylose reductase activity, increased fhux through the pentose phosphate pathway, decreased
sensifivity to catabglite repression, increased tolerance to ethanol, increased tolerance o acotate,
increased tolerance to increased osmolarity, increased tolerance to low pH, and reduced product of by

products, wherein comparison 1s made to the corresponding unaltered host cell.
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19 The recombinant host cell of any of Claims 1-18, wherein said micleic acid construct
comprises at least one polynucleotide sequence encoding at least one xylose isomerase, at least one
xylitol dehydrogenase, and at feast one xylulokinase, wherein the polynucleotide 1s selected from: (a)
a polynucleotide that encodes a polypeptide comprising an amino acid sequence having at least about
70%, at least about 71%, at feast about 72%, at least about 73%, at least about 74%, at least about
75%, at least about 76%, at least about 77%., at lcast about 78%, at Icast about 79%, at feast about
80%, at least about 81%, at least about 82%, at least about 83%, at least about 84%, at fcast about
8594, at least about 86%, at least about 87%, at least about 88%, at least about 89%, at least about

9(1%, at least about 91%, at least about 92%, at least about 93%, at least about 949, at least about
§5%, at least about 96%, at least about §7%, at least about 98%, at least about 99%, or at least
about100% identity to SEQ 1D NG:2, 8, 10, 12, 14, 16, 18, 20, 22, and/or 24; a polypeptide
compa’ising an amine acid sequence having at least about 70%, at least about 71%, at least about

%, at least about 73%, at feast about 74%, at least about 75%, at least about 76%, at least about
77%, at least about 78%, at feast about 79Y%, at least about 80%, at least about 81%, at least about
829%, at least about R3%, at least about 8494, at least about 85%, at least about 86%, at feast about
87%, at least about 8R8%, at least about §9%, at least about 90%, at least about 1%, at least about
92%, at least about 93%, at least about 94%, at least about 95%, at least about 96%, at least about
97%, at lcast about 8%, at least about 99%, or at least about 100% identity to SEQ ID NG:4; and a
polvpeptide comprising an amine acid sequence having at least about 70%, at least about 71%, at
fcast about 72%, at lcast abowt 739, at least about 74%, at lcast about 75%, at lcast about 76%, at

%, at icast about 78%, at least about 79%, at least about 80%, at least about 81%, a

least about 779
icast about 82%, at lcast about ¥3%., at least about 84%, at least about 85%, at feast about 86%, at
fcast about R7%, at lcast about 88%, at least about 89%, at loast about 90%, at lcast about 91%, at
feast about 92%, at least about 9396, at least about 9494, at least about 959, at least about 96%, a
least about 97%, at least about 98%, at least about 99%, or at least about 100% identity to SEQ ID
NO:6; and (b} a polynucieotide that hybridizes under stringent hybridization conditions o the
complement of a polyrucleotide that encodes a polypeptide having the amino acid sequence of SEQ

IDNG:2, 4, 6,8, 10,12, 14, 16, 18, 20, 22, and/or 24,

20. The recombinant host cell of any of Claims 1-19, wherein said nucleic acid construct
comprises at [east one polynucieotide sequence encoding at least one xylose isomerase, at least one
xylitol dehydrogenase, and at least one xylulokinase, wherein the polynucieotide is selected from: (a)
3 pulynucieoiide that encodes a polypeptide comprising an amino acid sequence having at least 70%,

o least 71%, at least 72%, at feast 73%, at least 74%, at lcast 75%, at least 76%%, at least 77%, at least
78%, at fcast 79%, at least 80%, at least 8196, at least 829, at least 839, at least 84%, at lcast 85%, at
fcast R6%, at least R79%, at least 88%4, at feast 89%, at least 90%, at least 91%, at least 92%, at Jeast

93%, at lzast 94%, at least ¢ at least 9696, at least 97%, at least 98%, at least 99%, or at least
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100% identity to SEQ ID NO:2, 8, 10, 12, 14, 16, 18, 20, 22, and/or 24; a polypeptide comprising an
aming acid sequence having at least 70%, at least 71%, at least 7295, at least 73%, at least 74%, at
icast 75%, at lcast 76%, at least 77%, at lcast 78%, at least 79%, at least 80%, at least 81%, at least
R2%, at Jeast 83%, at least R4%, at least 839, at least 5694, at least 87%, at least 88%, at lcast 8%, at
fcast 90%, at least 919, at least 92%, at least 93%, at least 4%, at least 95%, at least 96%, at icast
G7%, at least 98Y%, at least 99%, or at least 100% identity to SEQ ID NG4; 8 poiymphdv comprising
an amino acid sequence having at lcast 70%, at least 71%, at least 72%, at least 73%, at least 74%, a
feast 75%, at least 76%, at least 77%, at least 78%, at least 79%, at least R(O%6, at least 8196, at least
82%, at fcast 83%, at least 84%, at lcast 5%, at least 86%, at least 879, at least 88%, at least 89%, at
fcast 90%, at fcast 91%, at least 929, at lcast 93%, at least 94%, at least 95%, at least 96%, at least
G7%, at lcast 98%, at least 99%, or at least 100% identity to SEQ D NO:6; and (b) a pelynucieotide
that hybnidizes under stringent hybridization conditions to the complement of 4 polynucleotide that
encodes a polypeptide having the amino acid sequence of SEQ ID NO:2, 4,6, 8, 18, 12, 14, 16, 1X,
20, 22, and/or 24.

21. The recombinant fungal host cell of any of Claims 1-20, wherein said nucleic acid
consiruct comprising at least one polynucleotide sequence comprising at least one sequence selected

from SEQ IDNOS:1, 7,9, 11, 13, 15,17, 19, 21, and 23; SEQ 1D NO:3: and SEQ 1D NO:5.

22 The recombinant fungal host cell of any of Claims 1-21, wherein said host eell is a

veast cell.

23, The recombinant fungal host cell of Claim 22, wherein said host cell 1s

Saccharomyces cerevisiae,

24, A recombinant fungal host cell comprising at least one nucleic acid construct,
wherein said nucleic acid construct comprises at least one polynucleotide encoding a xylose

isomerase.

25 The recombinant fungal bost cell of Claim 24, wherein said xylose isomerasc is a
cukaryotic or prokaryotic enzyme.
26. The recombinant fungal host cell of Clatm 24 and/or 25, wherein said xylose

1sgmerase is a cukaryotic enzyme.

27, The recombinant fungal host cell of any of Claims 24-26, wherein said xylose

isomerase i a G. frabeum xylose isomerase, an Orpinomyces Xylose isomerase, a xylose isomerase
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ghtained from a bovine rumen, a xylose isomerase obiained from a homan gut, 8 C. boidinii xylose

isomerase, £ infestans Xylosc isomerase, or 8. fominis xylose isomerase.

28. The recombinant fungal host cell of any of Claims 24-27, wherein said nucleic acid
construct further comprises at least one genetic element that facilitates stable integration inio a fungal
host genome.

29. The recombinant fungal host cell of Claim 28, wherein said genetic element

facilitates integration inte a fimgal host genome by homologous recombination.

36, The recombinant fungal host cell of Claim 28 and/or 29, whercin said genetic clement

comprises a fumgal origin of replication.

31 The recombinant fungal bost cell of Claim 30, wherein the fungal origin of

replication is a yeast origin of teplication.

32. The recombinant fungal host cell of any of Claims 24-3 1, wherein at least one of said
polynucicotide sequences is operatively linked to a promoter sequence that is functional in a fungal

cell,

33 The recombinant fungal host cell of Claim 32, wherein said promoter sequence is a

fungal promoter sequence.

34, The recombinant fungal host cell of Claim 32 and/or 33, wherein said fungal

promoter sequence is a yeast promoter sequence.

35. The recombinant fungal host cell of any of Claims 24-34, wherein said
polynucleotide sequence 1s operatively linked to a transcription termination sequence that is
functional in a fungal cell.

36. The recombinant fungal host cell of any of Clauns 24-35, wherein said

=] J

polynucleotide sequence contains codons optimized for expression in a yeast cell.

37. The recombinant fungal host cell of any of Claims 24-36, wherein said at least one

polyrucleotide is integrated into the host cell genome.
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38 The recombinant fungal host cell of any of Claims 24-37, wherein the host ccl has

had onc or more native genes deleted from its genome.

34, The recombinant fungal host cell of Claim 38, wherein the deletion of said one or
more native gene resulis in one or more phenotypes selected from increased transport of xylose into
the host cell, increased xylulokinase activity, increased xylitol dehydrogenase activity, increased
xvlose isomerase activity, increased xylose reductase activity, increased flux through the pentose
phosphate pathway, decreased sensitivity to catabolite repression, increased tolerance to cthanol,
increased tolerance to acetate, increased folerance to increased osmolarity, increased tolerance to low
pH, and reduced production of by products, wherein comparison is made with respect to the

corresponding host cell without the deletion{s).

44. The recombinant fungal host cell of any of Claims 24-39, wherein the host cell is

aitered to overexpress ong or more polynuclectides.

41. The recombinant fimgal host cell of Claim 40, wherem overexpression results in one
or more phenotypes sclected from increased transport of xylose into the host cell, increased
xylulokinase activity, increased xylitol dehydrogenase activity, increased xylose isomerase activity,
increased xviose reductase activity, increased flux through the pentose phosphate pathway, decreased
sensitivily to catabolite repression, increased tolerance to ethanol, ingreased tolerance fo acetate
increased tolerance to increased osmolarity, increased tolerance to low pH, and reduced pmduct of by

products, wherein comparison is made to the corresponding unaltered host cell.

42. The recombinant host cell of any of Claims 24-41, wherein said nucleic acid
consiruct comprises at least one polynucleotide sequence encoding at least one xylose isomerase,
wherein the polynucleatide is selected from: (a) 2 polynuclectide that encodes a polypeptide

’7’0

comprising an amino acid sequence having at least about 70%., at least about 71%, at least about
72%, at least about 73%, at least about 74%, at least about 75%, at least about 76%;, at least about
7%, at least about 78%, at least about 79%, at least about 8%, at least about 81%, at least about
2%, at least about 3%, at least about 84%, at lcast about 85%, at least about 86%, at least about
7%, at least about 859, at least about 89%, at feast about 90%, at lcast about 91%, at least about
92%, at least about 93%, at least about 94%, at least about 95%, at least about 96%, at least about
97%, at least about 8%, at least about Y9%, or at least abouti00% identity to SEQ D NO:R, 10, 12,
14, 16, 18, 20, 22, and/or 24; and (b} a polymucleotide that hybridizes under stringent hybridization
conditions to the complement of a polyrucleotide that encedes & polypeptide baving the amino acid

sequence of SEQ 1D NOE, 10, 12, 14, 16, I8, 20, 22, and/or 24,
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43. The recombinant host cell of any of Claims 24-42, wherein said nucleic acid
construct comprises at least one polynucleotide sequence encoding at least one Xylose isomerase,
wherein the polynucieotide is selected from: (a) 2 polynucleotide that encodes a polypeptide
comprising an amino acid sequence having at least 709, 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 (%6, at least 81%, at
cast 2%, at lcast 839, at least 84%, at lcast 85%, at fcast 86%, at least 87%, at least 8%, at lcast

899, at least 0%, at Ieast 9194, at loast 92%, at least 93%, at feast 94%, atf least 95%, at least 969%, at
least 97%, at loast 98%, at least 99%, or at least 100% identity to SEQ 1D NO:§, 16, 12, 14, 16, 15,
20, 22, and/or 24; and (b) a polynucleotide that hybridizes under stringent hybridization conditions to
the complement of a polynucleotide that encodes a polypeptide having the amino acid sequence of

SEQ H NGO, 10, 12, 14, 16, 18, 20, 22, and/or 24,

44, The recombinant fungal host cell of any of Claims 24-43, wherein said nocleic acid
construct comprising at lcast one polynuclestide sequence comprising at least one sequence selected

from SEQ IDNOS:7, 9, 11, 13, 15, 17, 1%, 21, and/or 23.

45. The recombinant fungal host cell of any of Claims 24-44, wherein said host cell is a

veast cell,

46. The recombinant fungal host cell of Claim 45, wherein said host cell 1s

Saccharemyces cerevisiae.

47. A recombinant nucleic acid construct comprising at least one polynucleotide
sequence encoding at least one xylose isomerase, at lcast one xylitol dehydrogenase, and at least one

xylulokinase.

48, A recombinant nucleic acid construct comprising at least one polynucleotide
sequence encoding at least one xvlose isomerase, at least one polynucleotide sequence encoding at
least one xylitol dehydrogenase, and at least one polynucleotide sequence encoding at least one

xylulokinase.

49, The recombinant nucleic acid construct of Claim 47 and/or 48, wherein said xylose

1somerase, xylitol dehyvdrogenase, and xylulokinase are cukaryotic or prokaryotic enzymes.

50. The recombinant nucleic acid counstruct of any of Claims 47-49, wherein said xylose

isomerase, xylitol dehydrogenase, and xvlulokinase are eukaryotic enzymes.



WO 2014/081605 PCT/US2013/070009
103

51 The recombinant nucleic acid construct of any of Claims 47-50, wherein said xylose

1somerase, xylitol dehydrogenase, and xylulokinase are fungal enzymes.

52, The recombinant nucleic acid construct of Claim 51, wherein said xviose isomerase,

xylitol dehydrogenase, and xyhilokinase are yeast enzymes

53 The recombinant nucleic acid construct of any of Claims 47-52, further comprising at

least one genetic element that facilitates stable integration into a fimgal host genome.

54. The recombinant nucleic acid construct of Claim 53, wherein said genetic element

facilitates integration inte a fungal bost genome by homologous recombination.

58, The recombinant nucleic acid construct of Claim 53 and/or 54, wherein said genctic
clement comprises a prokaryotic or eukaryotic origin of replication and/or a centromeric plasmid

mainienance sequence.

56. The recombinant nucleie acid construet of Claim 55, wherein the fungal onigin of

replication is a yeast origin of replication.

57. The recombinant nucleic acid construct of any of Claims 47-56, wherein said at least
ong polynucleotide sequence is operatively Hnked to a promoter sequence that is fimctional in a fungal

cell.

58. The recombinant nucleic acid construet of any of Claims 47-37, wherein said at least
one polynuclectide sequence encoding at least one xylose isomerase 1s operatively inked toa
promotor sequence, at least one polynucheotide sequence encoding at least one xylitol delwydrogenase
15 operatively hinked to a promoter sequence, and at least one polynucieotide sequence encoding at
least one xylulokinase is operatively linked to a promoter sequence, wherein the promoter sequences

are functional in a fungal host cell.

59. The recombinant nucieic acid construct of Claim 57 and/or 5§, wherein said promoter

sequence is 8 fungal promoter sequence.

60, The recombinant nucleic acid construct of Claim 59, wherein said fungal promoter

sequence is a yeast promoier sequence.
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61, The recombinant nucleic acid construct of any of Claims 47-60, wherein said
polynucleotide sequence is operatively linked to at least one transcription termination sequence that is
functional in a fungal cell.

62. The recombinant nucleic acid construct of any of Claims 47-61, wherein said

polynucleotide sequence contains codons optimized for expression in a yeast cell.
63. The recombinant nucleic acid construet of any of Claims 47-62, wherein said

constrict comprises at least one polynucleotide sequence encoding at least one xylose isomerase, at

least one xylitol dehydrogenase, and st least one xyhulokinase, wherein the polynucieotide is selecied

from: (1) 2 polynucieotide that encodes a polypeptide conmprising an amino acid sequence having at

icast about 70%, at least about 7196, at least about 729

icast about 75%, ai least abouwt 76%, ai leasi abowt 77%,

icast about 0%, af lcast about 1%, at lcast about 2%,

<A

fecast about 85%5, at feast about 86%6, at feast about 8795, ¢

feast about 90%, at least about 9196, at least about 929, a

feast about 9596, at least about 96°%6, at least about 9796,

ieast about 100% ideuntity to SEQ ID NG:2

comprising an amino

72%, at least about 73%, at least about

~J
~3

7%, at least about 78%, at fcast about

OC

0. at least about 83%, at feast about
87%,
92 AN

97%,

at feast about 88%, at [cast about
at feast about 939,

at feast about 98%,

s, at least about 73%

acid sequence having at least about 70%, at lea

at feast about 9496, at least about 959%,

s, at least about 74%, at
at least about 78%, at least about 79%, at
at lcast about 83%, af lcast about 84%, at

at least about 88%4, at least about 89%, at

30/
376,

at least about 9 at feast about 949, 4

at least about 98%, at feast about 99%, or at

', 8, 10, 12, 14, 16, 1%, 20, 22, and/or 24; a polypeptide

T1%,

st about at least about

74%, at least about 75%, at least about 76%, at least about
79%, at least about 80%, at least about 81%, at least about
8495, at least about 85Y%, at least about 86%, at least about

89%, at lcast about 90%, at least about 91%, at least about

at feast about 969, at least about

at least about Y9%, or at least about 100% identity to SEQ ID N(G:4; and a

polvpeptide comprising an aming acid soquence having at least about 70%, at least about 71%, at

icast about 72%, at Icast about 73%

icast about 779, at least about 78%, at least about

icast about 829, at least about 83%, at least about 84%,

least about 87%,

Lo

feast about 929, at feast about 93%5, at feast about 9495,

feast about 979, at feast about 98%6, at feast about 999,

%%, at least about 74%, at lcast about 75%, at lcast about

’9/f;

at lcast about 88%, at least about 89%,

76%, at
at least about 80%, at least about 819, at
, at least about 85%, at least about 86%, a

at least about 90%, at least about 91%, at

<A

at least about 95%, at least about 96%, at

or at least about 100% identity to SEQ 1D

NQO:6; and (b} a polynuclectide that hybridizes under stringent hybridization conditions to the

complement of g polynucleotide that encodes a polypeptide having the amino acid sequence of SEQ

WDNOD, 4, 6,8, 10, 12, 14, 16, 18, 20, 22, and/or 24.
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o4, The recombinant nucleie acid construet of any of Claims 47-63, wherein said nucleic
acid construct comprises at least one polynucieotide sequence encoding at least one xylose isomerase,
at least one xyhitol dehydrogenase, and at least one xylulokinase, wherein the pehynucleotide is
selected from: (a) a polynucleotide that encodes a polypeptide comprising an amino acid sequence
having at least 7(0%, at least 71%, at least 72%, at least 73%, at least 74%, at least 75%, at least 76%,
at least 77%, at foast 78%, at feast 79%, at least 0%, at lcast 1%, at least 82%, at loast 839, at least
849, at least 85%, at Ieast 8694, at loast 87%, at least R8%, at feast 8%, at least 90%, at least 91%, a
feast 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 979, at least 98%, at least
99%, or at least 100% identity to SEQ ID NO:2, 8, 10, 12, 14, 16, 18, 20, 22, and/or 24; a polypeptide
comprising an amino acid sequence having at least 70%, at least 71%, at least 72%, at least 73%, at
icast 74%, at loast 75%, at least 76%, at lcast 77%, at lcast 78%, at lcast 79%, at least 80%, at lcast
R1%, at Jeast 82%, at least R3%, at least 8496, at least 8539, at least 86%, at least 87%, at lcast 8%, at
fcast 89%, at least 90%, at least 91%, at least 2%, at least 93%, at least 94%, at least 95%, at icast
056%, at least 97%, at least 98%, at least 99%, or at least 100% identity to SEQ IDNG:4; 2
polypeptide comprising an amino acid sequence having at least 70%, at least 71%, at least 72%, at
feast 73%, at least 74%, at least 75%, at least 76%, at least 77%, at least 78%, at least 799, at least
80%, at fcast 81%, at least 82%, at lcast 3%, at least 84%, at lcast 859, at least 86%, at least 87%, at
fcast 88%, at least 89%, at least 90%, at least 9194, at lcast 92%, at least 93%, at least 94%, at least
95%, at loast 96%, at least 97%, at least 98%, at least 99%, or at least 100% identity to SEQ 1D
MNO:6; and (b) a polynucieotide that hybridizes under stringent hybridization conditions to the
complement of a polynuclestide that encodes a polypeptide having the amino acid sequence of SEQ

D N2, 4.6, 8, 10, 12, 14, 16, 18, 20, 22, and/or 24.

63, The recombinant nucleic acid construet of any of Claims 47-64, wherein said at least
one polynucleotide sequence encodes at least one xylese isomerase, at least ong xylitol
debydrogenase, and at lcast one xylulokinase, wherein the polynucleotide comprises at least one
sequence selected from SEQ 1D NOS:1, 7,9, 11, 13,15, 17,19, 21, and 23; SEQ 1D NO:3, and SEQ
15 NG5,

66. The recombinant nucleic acid construct of any of Claims 47-65, further comprising a

polynucleotide sequence encoding at least one xylose reductase.

67. A recombinant nucleic acid construct comprising at least one polymucleotide

sequonce cncoding at least one xylose isomerase.

63 The recombinant nucleic acid construct of Claim 67, wherein said xylose 1somerase is

a cukaryotic or prokaryotic enzyme.
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64, The recombinant nucleic acid construct of Claim 67 and/or 68, wherein said xylose
1so1merase is a cukaryotic enzyme.
76. The recombinant nucleic acid construct of any of Claims 67-69, wherein said xylose
isomerase s a fungal enzyme.
71. The recombinant nucleic acid construet of any of Claims 67-70, further comprising at

least one genetic element that facilitates stable integration into a fimgal host genome.

The recombinant nucleic acid construct of Claim 71, wherein said genetic element
72 Th binant nucl d truct of Claim 71, wi 1 genetic ¢f t

facilitates integration inte a fungal host genome by homologous recombination.

73 The recombinant nucleic acid construct of Claim 71 and/or 72, wherein said genctic

clement comprises a fungal origin of rephication.

74. The recombinant nucleic acid construct of Claim 73, wherein the fungal origin of

replication is a yeast origin of replication.

78. The recombinant nucleic acid construct of any of Claims 67-74, wherein said at least
one polynucleotide sequence encoding at least one xylose isomerase is operatively linked to a

promoter sequence that is functional in a fungal host cell.

76. The recombinant nucleic acid construct of Claim 75, wherein said promoter sequence

1s a fimgal promoter sequence.

77. The recombinant nucleic acid construct of Claim 76, wherein said fungal promoter

Sequence 1S a yeast promoter sequence.

78. The recombinant nucleic acid construct of any of Claims 67-77, whercin said at least
one polynucieotide sequence 18 operatively linked to at least one transcription fermination sequence

that 1s functional in a fungal cell.

79, The recombinant nucleic acid construct of any of Claims 67-7¥, wherein said

polynucleotide sequence contains codons optinized for expression in a veast cell.
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&0. The recombinant nucleic acid construct of any of Claims 67-79, wherein said
construct comprises at least one polynucleotide sequence encoding at least one Xylose isomerase,
wherein the polynucleotide is selected from: (1) 2 polynucleotide that encodes a polypeptide
comprising an amino acid sequence having at least about 70%, at least about 71%, at least about
72%, at least about 73%, at least about 74%, at least about 75%, at least about 76%;, at least about
T7%., at least about 78%, at least about 79%, at feast about 80%, at feast about 81%, at feast about
829%, at least about 839, at least about 84%, at feast about 85%, at least about 86%, at least about
87%, at least about 88%, at least about 9%, at least about 80%, at least about 81%, at least about

92%, at least about 93%, at least about 94%, at least about 95%, at least about 96%, at least about
97%, at least about 98%, at least about 99%, or at least about1 0% identity to SEQ I NO:§, 10, 12,
14, 16, 18, 20, 22, and/or 24; and (b) a polyrucleotide that hvbridizes under stringent bybridization
conditions to the complement of a polynucleotide that encodes a polypeptide having the amino acid

sequence of SEQ ID NGO, 10, 12, 14, 16, 18, 20, 22, and/or 24,

81. The recombinant nucieic acid construet of any of Claims 67-80, wherein said nucleic
acid construct comprises at least one polynucleotide sequence encoding at least one xylose isomerase
wherein the polynocleotide is selected from: (a) 2 polynucleotide that encodes a polypeptide
comprising an aming acid sequence having at least 70%, least 71%, at loast 72%, at least 73%, at least
74%, at lcast 75%, at least 76%, at least 77%, at icast 78%, at loast 79%, at least 80%%, at least 81%, &
icast 82%, at least 83%, at least 84946, at least 85%, at least 86%, at least §7%, at lcast 88%, at least
89%, at fcast 90%, at least 9194, at least 92%, at least 93%, at feast 94%, at least 95%, at lcast 96%, at
lcast 97%0, at loast 989, at least 99%, or at least 100% identity to SEQ 1D NG:K, 14, 12, 14, 16, 18,
20, 22, and/or 24; and (b} a polynucleotide that hybridizes under stringent hybridization conditions to
the complement of a polynucleotide that encodes a polypeptide having the amino acid sequence of

SEQ ID N, 10, 12, 14, 16, 18, 20, 22, and/or 24.

82, The recombinant nucleic acid construct of any of Claims 67-81, wherein said at least
one polynucleotide sequence encodes at least one xylose isomerase, wherein the polynucieotide

comprises at least ong sequence selected from SEQ ID NOS:7, 9, 11, 13, 15,17, 19, 21, and 23,

83. An isolated polypeptide sequence comprising a xylese isomerase polypeptide, xylitol

dehydrogenase polypeptide, and xylulokinase polypeptide.

84. The isolated pofypeptide sequence of Claim 43, wherein said xylose isomerase
polypeptide comprises an amino acid sequence having at least about 70%, at least about 71%, at least
about 72%, at least aboui 73%, at least about 7495, at least about 75%, at least about 7694, at least

about 77%, at least abouwt 78%, at least about 7956, at least about 3096, at least about 8196, at least
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about 82%, at least about 83%, at least about 84%, at least about 5%, at Icast about 6%, at least
about 879, at least about 889, at least about ¥9%, at least about 90%, at least about 91%, at least
about 92%, at loast about 93%, at least about 94%, at least about 95%, at least about 96%, at least
about 97%, at least aboul 98%, at least about 99%, or at least about 100% identity to SEQ D N2,
8, 10, 12, 14, 16, 18, 20, 22, and/or 24; the xyhiol dehydrogenase polypeptide comprises an amino
acid sequence having at least about 70%, at least about 71%, at lcast about 72%, at least about 73%,
at lcast about 7495, at least about 75%, at least about 76%, at lcast about 77%, at least about 78%, at
feast about 79%, at least about 80%, at least about 81%, at least about 82%, at least about 83%, at
feast about 84%, at cast about €5%, at least about 86%, at least about 87%, at least about 88%, at
icast about ¥99%, at lcast about 90%0, at lcast about 919, at least about 92%, at least about 93%, a

ieast about 94%, at least about 95%, at least about 96%, at least about 97%, at least about 98%, at
least about 99%, or at least about 100% identity to SEQ [D NO:4; and said xyhilokinase polypeptide
comprises an amino acid sequence having at least about 70%, at least about 71%, at least about 72%,
at least about 73%, at lcast about 74%, at lcast about 75%, at lcast about 769, at least about 77%, at
least about 78%, at icast about 799%, at least about 80%, at least about 81%, at least about 82%, a
feast about K3%, at least about 849, at teast about 85%, at least about 86%, at least about 87%, at
feast about 88%, at lcast about 39%, at least about 90%, at least about 91%, at least about 92%;, at
feast about 93%, at least about 94%, at least about 959, at least about 96%, at least about 97%, at

lcast about 98%, at least about 99%, or at least about 100% identity to SEQ 1D NO:6.

8S. The isolated polypeptide sequence of Claim 83 and/or 84, wherein said xylose
isomerase polypeptide comprises an amino acid sequence having at least 70%, least 71%, at least

ang pny
I
i

72%, at least 73%, at Ieast 7494, at least 75%, at least 76%, at least 77%, at loast 78%, at least 79%, at
feast 8(1%, at least 81%, at least 82%, at least 83%, at least 84%, at least 859, at least 86%%, at least
87%, at fcast 88%, at least 89%, at lcast 90%, at least 91%, at least 929, at least 939, at least 94%, at
feast 95%, at least 96%, at least 97%, at lcast 98%, at least 99%, or at least 100% identity to SEQ ID
NO:Z, 8, 10,12, 14, 16, 18, 20, 22, and/or 24; said xylitol dehydrogenase polypeptide comprises an
aming acid sequence having at least 70%, at least 71%, at least 72%, at least 73%, at least 74%, at
feast 75%, at least 76%, at least 77%, at least 78%, at lcast 79%, at least 80%, at lcast 81%, at icast
82, at least 839%, at least 849, at least 859%, at lcast 86%, at lcast 87%, at lcast 8%, at least 899, at
least 90%, at least D194, at least 92%, at least 93%, at least 94%, af least 95%, at least 9695, at least
97%, at least 98%, at least 99%, or at keast 100% identity to SEQ D NO:4; and said xvhulokinase
polypeptide comprises an amino acid sequence having at least 70%, at least 71%, at least 72%, at least
73%, at foast 74%, at least 75%, at least 76%, at least 779, at least 78%, at least 799, at least 80%, at
icast R1%, at loast 82%, at least 83%, at lcast 84%, at least §85%, at least 86%, at lcast 87%, at lcast
RR%, at Jeast 8%, at least 90%, at least 919, at least 929, at least $3%, at least 94%, at least 95%, at

least 96%, at least 97%, at least 98%, at least 99%, or at least 100% identity to SEQ 1D NG:6,
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86. The isolated pelypeptide sequence of any of Claims 83-85, wherein said xylose
1somerase polypeptide comprises an amino acid sequence encoded by a pelynucicotide sequence
having at least about 70%, at least about 71%, at least about 72%, at least about 73%, at least about
T4%, at least aboui 75%, at least about 76%, at least about 77%, at least about 78%, at least about
79%, at least about 80%, at least about 81%, at least about 829, at least about 83%, at least about
849, at least about 859, at least about 86%, at least about 87%, at least about 88%,, at least about
899%, at feast about 9094, at least about 919, at least about 92%, at least about 939%, at least about
94%, at least about 95%, at least about 96%, at least about 97%, at least about 98%, at least about
99%, or at least about 100% identity to SEQ ID NG:1, 7,9, 12, 3, 15, 17, 19, 21, and/or 23; the
xylitol dehydrogenase pelypeptide conprises an amine acid sequence encoded by a polynucleotide
sequence having at least aboutl 7T0%, at least about 71%, at least about 72%, at least about 73%, at
ieast about 74%, at least about 75%, at least about 76%, at least about 77%, at least about 78%, a
lcast about 79%, at least about 80%, at least about ¥1%, at least about 82%, at least about 839%, at
fcast about R4%, at lcast about 85%, at lcast about 86%, at least about 87%, at lcast about 88%, at
feast about 89%, at least about 90%, at least about 91%, at least about 92%, at least about 93%, at
feast about 94956, at feast about 9596, at least about 96%6, at least about 9796, at least about 9896, at
icast about 99%, or at least about 100% identity to SEQ ID NG:3; and said xylulokinase polypeptide
comprises ap aminoe acid sequence cucoded by 2 polynucieetide sequence having at least about 70%,
at least about 71%, at lcast about 72%, at least abowt 739, at least about 74%, at least about 75%, at
icast about 76%, at least about 77%, at least about 78%, at least about 79%, at least about 80%, a
icast about 81%, at lcast about ¥2%, at least about 83%, at least about 84%%, at least about 85%, at
least about R6%, at least about 879, at least about 88%, at least about 89%, at least about 20%, at
feast about 919%, at least about 929, at least about 939, at least about 9494, at least about 959, at
feast about 96%, at least about 97%, at least about 98%, at least about 999%, or at least about 100%

identity to SEQ D NO:S.

R7. The isclated polypeptide sequence of any of Claims 83-86, wherein said xylose
isomerase polypeptide comprises an amino acid sequence encoded by a polynucleotide sequence
having at least 70%, least 71%, at least 72%, at least 73%, at least 74%, at loast 75%, at least 76%, at
feast 77%, at least 78%, at least 79%, at least 8%, at feast 81%, af least B2%4, at least 8396, at least
849, at feast 85%, at least §6%, at lcast 87%, at least 88%, at least 8%, at least 90%6, at least 919%, a
feast 92%, at least 93%, at least 94%, at least 85%, at lcast 96%, at least 9796, at least 98%, at least
59%, or at least 100% identity 1o SEQ ID NG:1, 7, 9, 11, 13, 15, 17, 19, 21, and/or 23; said xyiitol
dehydrogenase polypeptide comprises an amino acid sequence encoded by a polynucleotide sequence
having at least 70%, at least 71%, at loast 72%, at least 73%, at least 74%, at least 75%, at least 76%,

at least 779, at feast 78%, at least 79%, at least 0%, at lcast 81%, at least 8296, at least 8396, at least
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834%%, at lcast 85%, at least 86%, at least €7%, at least 8%, at lcast 89%, at least 90%, at least 91%, at
fcast 92%, at least 93%, at least 9496, at lcast 95%, at least B96%, at least 97%, at least 98%, at least
99%, or at least 100% identity to SEQ 1D NO:3; and said xylulokinase polvpeptide comprises an
amino acid sequence encoded by a polynucleotide sequence having at least 70%, at least 71%, at least
72%, at least 73%, at least 749, at least 75%, at least 76%, at keast 77%, at least 78%, at least 79%, at
fcast 80%, at least 819, at loast 82%, at least 83%, at feast 84%, at least 85%, at lcast 86%%, at least
87%, at least 88%, at Ieast 8994, at loast 90%, at least 91%, at feast 92%, at least 93%, at least 9495, at
least 95%, at least 96%, at least 97%, at lcast 98%, at least 99%, or at least 100% identity to SEQ ID

NQG:S.

BE. The isolated pelypeptide sequence of any of Claims 83-87, wherein said xylose
isomerase polypeptide is encoded by a polynucleotide sequence selected from SEQ ID NOS:1, 7,9,
11,13, 15, 17, 19, 21, and/or 23; said xylitol dehydrogenase polypeptide is encoded by SEQ 1D NQG:3;
and said xylulokinase is encoded by SEQ 1D NG5,

§9. An isolated polynucleotide sequence comprising a xylose isomerase polynucleotide,

xylitol dehydrogenase polypeptide, and xyhulokinase polypeptide.

90, The isolated polyoucleotide sequence of Claim 89, wherein said xylose isomerase
polynucleotide sequence has at least about 709, at least about 71%, at least about 72%, at least about
73%, at least about 74%, at least about 75%, at least about 76%, at least about 77%, at least about
T8%, at least about 79%, at least about 80%, at lcast about 819, at lcast about 82%, at lcast about

39, at feast about 84%, at Icast about 85%, at least about 86%, at least about 87%, at least about

")

889%, at feast about K9%, at least about 80%, at least aboot 1%, at least about 92%, at least abount
93%, at least about 94%, at least about 95%, at least about 96%, at least about 97%, at least about
98%, at lcast about 99%, or at least about 100% identity to SEQ IDNG:1,7,9, 12, 3,15, 17,19, 21,
and/or 23; the xylitol dehvdrogenase polymucieotide sequence has at least about 70%, at least about
7%, at least about 72%, at least about 73%, at least about 74%, at least about 75%, at least about

T6%, at least about 77%, at least about 7R8%, at least about 79%, at least abowt 80%, at least about
819, at keast about 82%, at feast about 8394, at least about 84%, at least about 85%, at least about
86%, at least about 7%, at least about 889, at least abowut 8994, at least about 9094, at least about
91%, at least about 92%, at least about 93%, at least about 94%, at least about 95%, at least about
96%, at least about 97%, at least about 98%, at least about 9%, or at least about 100% identity to
SEQ 1D NO:3; and said xyhlokinase polymucleotide sequence has at least about 70%, at least about
71%, at feast about 72%, at lcast about 73%, at least about 74%, atf least about 75%, at least about
76%, at least about 77%, at least about 78%, at least abont 79%, at least about 80%, at least about

81%, at lcast about 82%, at least about 83%, at least about 84%, at least about 85%, at least about
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36%, at least about &7%, at least about 88%, at least about 89%, at least about 90%, at least about
§1%, at least about 92%, at least about 93%, at least about 94%, at least about 95%, at least about
96%, at loast about 97%, at least about 98%, at least about 99%, or at least about 106(0% identity to

SEQ 1D NO:5.

91. The isolated polynucleotide sequence of Claim 89 and/or 90, wherein said xylose
isomerase polypeptide comprises an amino acid sequence encoded by a polynucleotide sequence
having at least 70%, least 71%, at least 72%, at least 73%, at least 74%, at least 75%, at least 76%, at
feast 77%, at least 78%, at least 79%, at least 80%, at lcast 81%, at least 8296, at least 83%, at least
849%, at feast 85%, at least 6%, at least 7%, at least 88Y%, at keast 89%, at least 909, at least 91%, a
fcast 92%, at least 939, at least 9494, at least B39, at least B6%, at least 97%, at loast 98%, at least
99%, or at least 100% identity to SEQ IDNG:1, 7,9, 11, 13, 15, 17, 19, 21, and/or 23; said xyiitol
dehydrogenase polypeptide comprises an amino acid sequence encoded by a polynucleotide sequence
having at least 70%, at least 71%, at loast 72%, at least 73%, at lcast 74%, at least 75%, at least 76%,
at lcast 77%, at lcast 78%, at least 79%, at least 80%%, at least 8194, at least 829, at least §3%, at lcast
849, at least 85%, at least 86%, at lcast 87%, at least R8%, at least 89%, at least (%, at least 9196, at
feast 92%, at least 93%, at least 94%, at least 85%, at loast 96%, at least 9796, at least 98%, at least
$9%, or at least 10(% identity to SEQ 1D N(G:3; and said xylulokinase polypeptide comprises an
amino acid sequence encoded by a poiynucleotidc scquence having at least 70%, at least 71%, at feast
72%, at least 73%, at least 74%, at least 753%, at least 76%, at least 77%, at least 78%, at least 79%, at
icast 80%, at least 819, at least 82%, at least 83%, at lcast 84%, at least 85%, at lcast 86%, at icast
87%, at least 889%, at least 899, at least 90%, at lcast 91%, at least 92%, at least 93%, at least 94%, at
least 95%, at least 96%, at least 97%, at least 98%, at icast 99%, or at least 100% identity to SEQ 1D

NG5,

92. The isolated pofyaucleotide sequence of any of Claims 49-91, wherein said xylose
isomerase polynucieotide sequence is selected from SEQ 1D NOS:1, 7,9, 11, 13, 15, 17,19, 21,
and/or 23; said xylitol dehydrogenase polymucleotide sequence 1s SEQ 1D NO:3; and said

xylulokinase polynucleotide sequence is SEQ ID NG5,

93. The isolated polynucleotide sequence of any of Claims 89-92, wherein said xylose
1isomerase polynucleotide sequence encodes an anino acid sequence having at least about 70% at least
about 719%, at least about 72%, at least about 73%, at least about 74%, at least about 75%, at least
about 76%, at lcast about 77%., at least about 78%, at least about 79%, at lcast about 0%, at least
about 81%, at loast about 82%, at least about 83%, at least about 849, at least about §5%, at least
about 86%, at lcast about 87%, at least about 88%, at lcast about §9%, at least about 90%, at least

about 91%, at least about 92%, at least about 93%, at least abowt 94%, at least about 95%, at least
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about 96%, at least about 97%, at least about 98%, at least about 99%, or at least about 100% identity
to SEQ IDNO:2, 8, 10, 12, 14, 16, 18, 28, 22, and/or 24; said xylite! dehydrogenase polymucleotide
encodes an anmino acid sequence having at least about 70%, at least about 71%, at least about 72%, at
feast about 73%, at least about 74%, at least about 75%, at least about 76%, at least about 77%, at
feast about 78%, at least about 79%, at least about 80%, at least about 81%, at least about 82%, at
icast about 3%, at lcast about 84%, at lcast about 5%, at least about 86%, at least about 7%, at
least about 88%, at least about 899, at least about 90%, at least about 919, at least about 929, at
feast about 939%, at least about 9494, at least about 95%, at least about 969, at least about 979, at
teast about 98%, at least about 99%, or at least about 100% identity to SEQ ID NG:4; and said
xylulokinase polynucleotide encodes an amino acid sequence having at least about 70%, at least about
71%, at lcast about 72%, at lcast about 73%, at Icast about 74%, at lcast about 75%, at lcast about
76%, at least about 77%, at least about 78%, at least about 79%, at least about R3%, at least about
81%, at least about 82%, at least about 83%, at least about 4%, at least about 85%, at least about
86%%, at least about 87%, at least about 8%, at least about 9%, at least about 90%, at least about
919, at least about 92%, at least about 93%, at least about 94%, at least about 259, at least about
96%, at least about 97%, at least about 98%, at least about 99%, or at least about 100% identity to

SEQ ID NO:6.

94, The isolated pelyoucleotide sequence of any of Claims 89-93, wherein said xylose
isomerase polynucleotide sequence encodes an amino acid sequence having at least 70%, least 71%,
at least 72%, at least 73%, at least 74%, at least 75%, at least 76%, at least 77%, at least 7%, at lcast
T9%, at least 80%, at loast 819, at least 829, at lcast 83%, at lcast 84%, at least 5%, at least 6%, a
least 87%, at least 8894, at loast 89%, at least 90%, at least 91%, af least 929, at least 9394, at least
0949, at least 95%, at least 96%, at lcast 97%, at least 98%, at least 99%, or at least 100% identity to
SEGIDNG:2, 8 10, 12, 14, 16, 18, 20, 22, and/or 24; said xyhiol dehydrogenase polynucleotide
encodes an aming acid sequence having at least 70%, at least 71%, at least 72%, at lcast 73%, at least
74%, at feast 75%, at least 76%, at least 77%, at least 7896, at least 79%, at least 8(%, at least 81%, at
fcast 2%, at least 839, at least 8494, at least 85%, at least 86%, at least 87%, at least 88%, at least
89%, at lcast 90%, at least 919, at least 92%, at least 93%, at least 94%, at least 95%, at lcast 96%, at
lcast 97%0, at least 98%, at least 99%, or at least 100% identity to SEQ ID NO:4; and said
xyvlulokinase pelynucieotide cucodes an amino acid sequence having at leoast 70%, at least 71%, at
feast 72%, at least 73%, at least 74%, at least 75%, at least 76%, at least 779, at least 78%, at least
79%, at fcast 80%, at least 81%, at lcast 82%, at least 83%, at lcast 84%, at least 859, at least 86%, at
feast 87%, at least 88%, at least 9%, at least 90Y%, at lcast 91%, at least 929, at least 93%, at least
94%, at loast 95%, at least 96%, at least 97%, at least 989, at least 99%, or at least 100% identity to

SEQ 1D NO:6.
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95. The isolated polynucleotide sequence of any of Claims 89-94, whercin said xylose
isomerase polynuclectide sequence encodes an amino acid sequence sclected from SEQ 1D NOS:Z, 8,
10,12, 14, 16, 18, 20, 22, and/or 24; said xylitol dehydrogenase polynucleotide sequence encodes the
amino acid sequence set forth in SEQ 1D NO:4; and said xvhilokinase polynucieotide sequence

encodes the amino acid sequence sct forth in SEQ 1D NG:6.

96. A method for producing a fermentation product, comprising:

{a) providing the recombinant fungal host cell of any of Claims 1 1o 46;

(b} providing a fermentation medium; and

{c} contacting said fermentation mediom with said recombinant fungal host cell under

conditions suttable for generating said formeuntation product.

97, The method of Claim 96, fiwther comprising {d) recovering said fermentation

product.

98, The method of Claim 96 and/or 97, wherein said fermenting step is carried out under

conditions selected from anaerobic, microaerobic or acrobic conditions.

94, The method of any of Claims 96-98, wherein said formentation product is selected
from an alcohol, a fatty alcohol, a fatty acid, lactic acid, acetic acid, 3-hydroxypropionic acid, acrylic
acid, sugcinic acid, citric acid, malic acid, famaric acid, succinic acid, an aming acid, 1,3-propanediol,

cthylene, glycerol, and a B-lactam.

100, The method of Claim %9, wherein said fermentation product is an alcohol selected

from ethanol and butanol.

101, The method of Claim 100, wherein said fermentation product is ethanol.

102, The method of any of Claims 96-101, wherein said fermentation mediom comprises

product from a saccharification process.

103, The method of any of Claims 96-102, wherein said fermentation mediumm comprises

5

hemicellulosic feedstock.
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104. A methed of producing at least one end product from at least one cellolosic substrate,
comprising: a) providing at least one cellulosic substrate and at least one enzyme composition
comprising at least onc cellulase; b) contacting the cellulosic substrate with the enzyme conposition
under conditions whereby {fermentable sugars are produced from the cellulosic substrate ina
saccharification reaction; and ¢) contacting the fermentable sugars with a microorganism vnder

fermentation conditions such that at least one end product is produced.

105, The method of Claim 104, wherein said method comprises simultaneous

saccharification and fermentation reactions (SSF).

106, The method of Claim 104, wherein saccharification of the cellulosic substrate and

said fermentation in separate reactions (SHF).

107.  The method of Claim 104 and/or 103, wherein said enzyme composition is produced

stmultancously with said saccharification reaction and said formentation.

108, The method of any of Claims 104-107, fixrther comprising at least one adjunct

composition in said saccharification reaction.

109, The method of Claim 108, wherein said adjunct composition is selected from at least

one divalent metal cation, copper, gallic acid, and/or at least one surfactant.

110, The method of any of Claims 96 10109, wherein said method is conducted at about

111, The method of any of Claims 96 to 109, wherein said mcthod is conducted at about

pH 6.0

112, The method of any of Claims 96 to 111, finrther comprising recovering at least one

end product.

113, The method of any of Claims 96 to 112, wherein said end product comprises at least

one fermentation end product.
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114, The method of Claim 113, wherein said fermentation end product is selected from
alcohols, fatty acids, lactic acid, acetic acid, 3-hydroxypropionic acid, acrylic acid, succinic acid,
citric acid, malic acid, fumaric acid, an amine acid, 1,3-propanediol, ethylene, glycerol, fatty alcohols,

butadiene, and beta-lactams.

115, The method of Claim 113 and/or 114, wherein said fermentation end product is at

east one alcohol selecied from ethanol and butanol.

116. The method of Claim 114 and/or 115, wherein said alcohol is ethanol.

117, The method of any of Claims 96 to 116, wherein the microorganism is a yeast,

118, The method of Claim 117, wherein the yeast is Saccharomyces.

119, The method of any of Claims 96 1o 118, further comprising recovering at least one

fermentation end product.
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