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PRODUCTION OF ETHANOL FROM CORN BY METABOLICALLY
ENGINEERED YEAST STRAINS

BACKGROUND OF THE INVENTION

Energy conversion, piilization and access widertie many of the great challenges of
our time, mcluding those associated with sustamability, environmental quality, security,
and poverty. New applications of emerging iechnologies are required to respond to these
challenges. Biotechneology, one of the most powerful of the emerging technologies, can
give Tise 10 important new energy conversion processes. Plant biomass and derivatives
thereof are a resonrce for the bivlogical conversion of energy to forms useful to humanity.

Among forms of plant biomass, both grain-based biomass and lgnocellulosic
biomass {collectively "biomass"} are well-suited for energy applications. Each feedstock
has advantages and disadvantages. For example, because of its large-scale availability,
fow cost, and environmentally beoign production lignocellnosic biomass has gained
attention as a viable feed source for biofuel production. In particular, manv energy
production and wtilization cvcles based on cellidosic biomass have near-zero greenhouse
gas emissions on a life-cyele basis.

However, grain-hased feed stocks are more readily converted to fuels by existing
microorganisms, although grain-based feed stock i more expensive than lgnocellnlosic
feed stock and conversion 1o fuel competes with alternative uses for the grain.

Biomass processing schemes involving enzymatic or microbial hydrolysis
conunonly fovelve four biologically mediated transformations: (1) the production of
saccharolvtic enzymes {cellulases and hemicellulases); (2} the hydrolysis of carbohvydrate
components present m pretreated biomass to sugars; (3) the fermentation of hexose sugars
{e.g.. glucose, mannose, and galactosel; and {4} the fermentation of pentose sugars {e.g.,
xylose and arabinose). These four transformations can occur m a single step in a process
configuration called consolidated bioprocessing ("CBP™), which iz distingoished fom
other less hghly integrated configurations in that #t does aot involve a dedicated process
step for cellulase andfor hemcellulase production.

CBP offers the potential for lower cost and higher efficiency than processes

featuring dedicated cellnlase production. The bevefits result in part from avoided capital
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costs, subsirate and other raw materials, and vtilities assoctated with cedlulase prodoction.
In addition, several factors support the reghization of higher rates of hydrolysis, and hence
reduced reactor volume and capital investment using CBP, including enzyme-microbe
svaergy and the wse of thermophilic organisins and/or complexed cellulase systems.
Moreover, cellplose-adherent cellulolvtic  mucroorganisms  are  hikely (o compete
successfully for products of cellulose hydrolysis with non-adhered sicrobes, ey,
contaminants.  Successful competiton of desirable microbes ncreases the stability of
industrial processes based on m icrobial cellulose utilization. P rogress in developing
CBP-enabling microorgamsins 18 being made thvough two strategies: ¢ ngineering
naturally ocowring cellulolvtic sicroorganisms to improve product-related properties,
such as vield and titer; and engineering nop-cellulolytic organisms that exhibit ugh
product yvields and titers to express a heterologous cellulase and hemicellulase system
enabling cellulose and hemicellulose unilization.

{One way to meet the demand for ethanol production is to convert sugars found in
biomass, fe., materigls such as agricultural wastes, com hulls, corncobs, cellulosic
materials, and the like 1o produce ethanol. Efficient biomass conversion in large-scale
industrial applications requires 3 nucroorgamism  that 13 able to tolerate high
concenfrations of sugar and ethanol, and which is able to ferment more than one sugar
simultaneousty.

Bakers® yeast (Saccharosyees cerevisiae) is the preferred microorganisio for the
production of tzthano.i {Haho-Hagerdal, B.. ef gl ddv, Blochesm. Eng. Biotechnol, 73, 53~
84 (2001)). A nributes in favor of this microbe are {1) high productivity at close 1o
theoretical vields (0.51 g ethano produced/g glucose wsed), (1) high osmo-~ and ethanol
telerance, (i1} natural robustness in industrial processes, alse {(iv) being generally

regarded as safe {GRAS) due to ns long association with wine and bread making, and
beer brewing. Furthermore, §. cerevisige exhibits tolerance to inhibitors commonly found
in hydrolysates resulting from biomass pretreatment.  Exemplary metabolic pathways for
the production of ethanol are depicted in Figure 1. However, S cerevisiae does not
naturally break down components of cellolose, nor does it efficiently use pentose sugars.

Glycerol is a metabolic end-product of native veast ethanolic fermentation {Figure
1), During anaerobic growth on carbohydrates, production of ethanol and carbon dioxide

is redox neutral, while the reactions that create cell biomass and associated carbon
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dioxide are more oxidized relative to carbobydrates. The production of glycerol, which is
more reduced relative to carbohvdrates, functions as an electron sk io off-set cell
biomass formation, so that overall redox newiralitv is conserved. This is essential from a
theorgtical consideranion of conservation of mass, and i practice strains uoable 1o
produce glyceral are unable {or only very poorly able) fo grow under anaerobic
conditions.

There 1 a strong conumercial mmcentive not to produce glycerol as a byproduct
because # represents lost ethanol vield  In industrial corn ethanol fermentations, this
yield 1oss can be up to 6% of theoretical, for a market of ~14 billion gallonsfvr. At selling
price of $2.50/gal, this is a total market value of 82 Bivr.

Strategies from the literature to address this problem juclude decreasing glveerol
formation by enginecring anunonia fixation to function with NADH mstead of NADPH
via up-regulation of GLN1, encoding glutamine synthetase, or GLT!, encoding glatgmate
synthase  with  deletion of GDHI, encoding the NADPH-dependent glutamate
dehvdrogenase. (Nissen, T.L., ¢t al., Meiabolic Engineering 2: 69-77 {2000)). Another
strategy engineering cells to produce exeess NADPH during glveolysis via expression of
a NADPH linked glyceraldehyde-3-phosphate dehydrogenase. (Bro, C,, ef ol., Metabolic
Engineering 8 102-111 (20061}, Another strategy contained a deletion of GDHI, and
over-expression of glutamate synthase (GLT1) and glotamine synthase (GLNT), wluch
also resulted in reduced glveerol formation. However, growth rates and biomass
formation were well below the control strain and improvements on the initial performance
have not been demonstrated. Additionally, industrially relevant yields, titers and
fermentation rates were never demonstrated. (U8, Patent No. 7.018.829), A nother
strategy  describes  deletion of only GDHI without overexpression of GDHI or
GLTHGE

veast stram capable of tolerating high ethano! concentrations. It 1s noted in the patent that

N1 However, the strategy was dependent on the use of an industrial polyploid

GDHY was the only deletion, and that there are no heterclogous DNA sequences in the
genome. Additionally, the maximum reduction in glyeerol production seen was 12.04%,
and the technology was not demonstrated on ap industriially relevant substrate (LS.
Patent No. 7.935,514). Most glveerol reduction strategies either only partially reduce the
requirement for glycerel formation, or create a by-product other than ethanol. The

present invention overcomes the shorcomings of these other strategies.
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Corn mash contains free ammno nitrogen. However the amount 13 too low to enable
veast biomass formation sufficient to weet the needs of the process. Nitrogen is added to
mdustrial com ethanol fermentations 10 promote veast growth, most commonly i the
form of urea and ammonia. Excess nitrogen can tmyprove the fermentation kinetics of
conventional veasts; however ethanol vields are often lower due to excess biomass and
glycerol formation. Typically, uwrea i3 added to industnial com fenmentations In
concentrations that range from $00ppm to 1000ppm.

Yeast take up and assimilate anmmonium as #ts preferred miivogen source, followed
by amino acids, and finally vrea (Figures 2-4) {(extensively reviewed by Lungdhal er ol
Crepetios 196 885-929 (2012}). The mechanism of nitrogen catabolite repression (NCR)
contrad is established by transceniption factors which control the expression of ammontum,
amine acid and urea transporters. These transeription factors also control expression of
proteins responsible for degradation and assimilation of nitrogen comaining molecules. l
has been shown that de-repression of non-preferred witrogen source assinulation pathways
can improve formemtation kinetics (Sahmon, I M., and Bawe, P.. Appl Emviroa.
Microbiol, f4.3831-3837 (1998)); however, effects on e thanol productivity were not
measured.

N cerevisiae containg three known ammonium transporters, MEPT, MEP2 and
MEP3. MEP! and MEP2 are high affinity twansporters while MEP3 i3 a low affinity
trapsporter. S cerevivige breaks down urea throngh the evzyvmatic acton of a nreg-armdo
fvase (BEC 6.3.4.6). This activity is encoded by the enzyme DURL2 in & cerevivige
(Figures 2-4). Overexpression of DURLZ in wine veasts has been shown to enhance nrea
degradation rates during fermentation of grape mast (Coulon, ¥, er ¢l dm. J Enal, Vitic.
37:2 (20006)). There gre two known urea transportess in & cerevisiae, DURS and DUR4
{Figures 2-4). It has been shown that overexpression of DURS resvlted i smproved urea
degradation rates during wine fermentation {Dahabieh, M.S., ef af, dm. L Enol. Vit
G004 (2009)). LS, Patent Publ. No. 2011/0129566 descenbes the expression of DURLR
and DUR3 in wine veasts.

Induostrial corn rash substrates contain as much as 3% protein (w/v), however,
much of the amino acid content contained in these proteins is unavatlable to §. cerevisiae.
Expression of one or more proteases would release amino actds that could serve as a

nitrogen source for yeast, Additimaii’_\;; the use of amine acids as a aitrogen sowee for S
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cereviviae 1 corn ethanol fermentations would mmprove yield through a reduction i the
surplus NADH generated from i vive amnino acid syathesis during anaerobic growth,

Guo ef ol engineered §. cerevivige to express a heterologous protease for the
purpose of wmproving ethanol vield (Guo, Z-p, ef al., Ennone and Micvohiad Technology
48 148-154 (2011)). However, the work was conducted in a wild type veast background
that had not been previously engmneered for reduced glycerel formation, and the activity
of the expressed endoprotease primarity breaks protein jnto short polypeptides which are
not transported by & cerevisiae.

One aspect of the present invention relates to improved fermentation performance
through co-expression of an exoprotease to release single amino acids. Additionally, com
kemel proten ts primaridy a class of storage proteins known as zewns. Zeins have been
shown to be recalcitrant to hydrolysis by many proteases and 1t 18 possible that expression
of zetn specific proteases would vesult in improved proteolysis. Thus, another aspect of
the present invention relates to expressing rein-specific proteases to improve cors protein
hydrolysis and amino acid wtihization by the yeast.

Amino acids are transported by a large family of amino acid permeases. One
aspect of this invention relates to deregulation or over-expression of a specific or general
amine actd permease to complement protease expression or metabolic engineering by
improving the uptake rate of free amine acids released during proteclysis. For example,
expression of the general amino acid permease GAPI is negatively regulated by AUAL
One aspect of this mvention relates o the deletion of AUAT or over expression of GAPL
that conld result in improved amino acid nptake rates.

POTASSZGI2M32443, which s incorporated herein by reference, teaches a
method of ehminating plycerol formation through the production of formate. The formate
produciion pathway can also be combined with strains engineered for reduced activity of
the native glveerel production pathway. These combinations can be designed such that
strains are built with different degrees of glycerol reduction as shown in Figure 5.
Several embodiments of the current mvention relate to a combination of those or related
genetic modifications  described in PUT/US2012/032443,  with  additional  genetic
modifications that are designed to alter nitrogen transport and assimilation.

One aspect of this invention relates to strains of 8. cerevisice with reduced

glveerol production that get a kinetic benefit from higher nitrogen concentration without
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sacrificing ethanol wield. A second aspect of the inveantion relates 0 mwiabolic
madifications resuliing i altered transport and/or intracellular metabolism of nitrogen

sources present 1 com mash,

BRIEF SUMMARY OF THE INVENTION

Some embodiments are direct to a recombinant mucroorgamisny comprising: at
feast one engineered genetic modification that leads to the up-regulation or down-
regudation of one or more native andfor heterologous enzvmes that fimction i one or
more sthano! production pathways; at least one engmeerad genetic modification that leads
to the down-regulation of an enzyme in a glveerobproduction pathway: and at least one
engineered genetic modification that leads to the up-regulation or down-regulation of an
enzyme in g pitrogen-assimilation pathway.

In some embodiments of the mvention, the downwegulated enzyme in the
nitrogen-assimilation pathway 15 ghitamate dehydrogenase {Gdh) (EC 1 4.1.4),

In some embodiments of the mvention, the microorganisn further comprises least
one genctic madification that leads to the op-regulation of an enzyme W a nifrogen-
assimilation pathway.,

I some ernbodiments of the jovention, the up-regnlated enzyme in the mtrogen-
assimifation pathway i3 at least one enzyme selected from the group consisting of
glutamate debivdrogenase (Gdh) (EC 1.4.1.2), glutamate synthase (G (EC 1 4,114, and
glutamine synthase {Gln) (EC 6.3.1.2). In some embodiments of the wvention, the up-
regulated enzyme in the pitrogen-assimilation pathway is a native ammontum transporter.
In some embodiments of the invention. the up-regulated enzyme in the nitrogen-
assimilation pathway is a MEP prolein from the genus Saccharosyees.  In some
embodiments of the invention, the up-regulated enzymie in the nittogen assumilation
pathway is a urea-amido lyase (EC 6.3.4.6). In some embodiments of the mvention, the
up-regulated enzyme i the nitrogen assimilation pathway is @ urea transporier. In some
embodiments of the invention, the up-regulated enzyme i the mitrogen assinulation
pathway is GIn3,

In some emtbodiments of the mvention, the enzyme in the glycerol-production
pathway 15 encoded by at least one engyme selected from the group consisting of a

glveerol-3-phosphate debydrogenase | polyaucleotide (GFO7 (EC 1.1.1.8), 8 glycerol-3-
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phosphate debydrogenase 1 polypeptide {(Gpdl) (EC 1.1.1.3), a glveerol-3-phosphate
dehvdrogenase 2 polynuclkeotide (GPD2Y (EC 1.1.1.8), a glycerol-3-phosphate
dehydrogenase 2 polypeptide {Gpd2) (EC 1.1.1.8}, a glveercl-3-phosphate phosphatase 1

polynucleatide {(GPP7) (EC 3.1.3.21), a glycerol-3-phosphate phosphatase polypeptide 1

(Gpp1y (EC 3.1.3.21), a glycerol-3-phosphate phosphatase 2 polynucleotide (GFF2Y (EC

3.1.3.21), and a glycercl-3-phosphate phosphatase polypeptide 2 {Gpp2) (EC 3.13.21)

{0025] In some embodiments of the mvention, up-regulaied enzyme that acis m an
ethanol production pathway is pyruvate formate lyase (EC 2.3.1.354). In some
embodiments of the invention, the upwegulated enzyme that acts m the ethanol
production pathway is pyruvate formate lvase activating enzyme (EC 1.91.1.4)

j00206} in some embodiments of the invention, the up-regalated enzyme that acts 1o the
ethanol production pathway s bifunctional acetaldehyde-alcohol dehydrogenase selected
from & group of enzvmes having both of the following Enzyme Conmunission Numbers:
ECI2110and 1101

00271 in some embodiments of the mvention, the up-regulated enzyme that acts i the
ethanol production pathway 1s an NADPH-dependent bifimetional acetaldehyde-alcohol
dehydrogenase selected from a group of enzymes having both of the following Enzyme
Conunission Nambers: EC 1.2 110 and 1.1.1.2,

0028} iy some embodiments, the microorganism further comprises a down-regulation in
one or more native enzymes encoded by a formate debydrogenase enzyme selected from
the group consisting oft EC 121483 and EC 1212,

0029} In some embodiments of the imvention, the recombinant microorganism further
comprises a h eterologous GPD1 polynucleotide operably linked to a native GPD2
promoier. In some embodiments of the wmvention, the recombinant nucroorganisnt further

comprises a heterologous GPD2 polyauclectide operably linked 10 a native GPDI

promoter.
{6301 I some embodiments of the invention, the microorganism further comprises an

up-regulation or down-regulation of a regulatory element.  In somie embodiments the
regulatory element is selected from the group consisting of: Ure2 and Aual.

{0031} In some embodiments of the invention, the nucroorganism further comprises at
feast one additional up-regulated enzyme. In some embodiments of the mvention, the

3

additional np-regulated enzvime is 8 ghicoamylase enzyme with EC number 3.2.1.3. In
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some embodiments of the mvention, the additional up-regolated enzyme 15 a permease.
In some embodiments of the favention, the additional up-regulated enzyme 18 a protease
with EC number: 3423 41

In some embodiwents of the invention, the up-regulated or dowa-regulatad
enzymes are under the control of a heterologous promoter. In some embodiments of the
wvention, the heterologous promoter is selected from a group consisting of! TEFZ (SEQ
ID NGy S8), HXT7 (SEQ ID NO: §9), 40H] {(SEQ ID NGO: 60, and THF {SEQ D NO:
61).

In some embodiments, the microorganism ig a yeast. In some embodiments, the
veast 18 from the genns Sacchoromvees.  In some embodiments, the veast is
Saccharamyees cerevisice, 1o some embodiments, the microorganism produces ethanol
at a higher vield than an otherwise wentical microorgamsm lacking the genetic
modifications. In some embodiments, the microorganism produces an ethanol titer about
1% to about 10% more than an otherwise wdentical microorganisim lacking the genetic
modifications. In some embodiments, the microcrganism produces an cthanol titer of at
teast about 125 g/l

In some embodiments, the microorganism produces glycerol at a lower vield than
an otherwise identical microorganism lacking the genetic modifications.  In some
embodiments, the microorganism produces a glveerol titer of about 10 to about 100% less
than an otherwise wenticah microorganism lacking the genetic modifications.

In same embodiments, the invention relates 10 a composition comprising any
recombinant microorganism herein, and a carbon-containing feedstock.

Some embodimenta of the invention are divecied to a method of producing a
fermentation  product wsing any composition  herefn, wherein the  recombinant
nmicroorganism 1s capable of fermenting the carbon containing feedstock to yield the
fermentation product.

Some embodiments of the fnvention are directed to a method of producing a
fermentation product comprising: any composition provided herein; contacting the
compaosition with a carbon containing feedstock, wherein the recornbinant microorganisin
is capable of fermenting the carbon containing feedstock to yield the fermentation

product; and, optionally recovering the fermentation production
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Some embodiments of the mvention are divected 10 a method of producing ethanol
comprising: providing any recombingnt microorganism herein; culiuring the recombinaat
microorgamism in the presence of a carbon containing feedstock for safficient time to
produce ethanol; and, optionally, extracting the ethauvol.

Some embodiments of the wvention are directed to a co-culture comprising al
feast two host cells, wheremn one of the host cells comprises any recombinant
microorganism  hergin; and another host cell that is genetically distinet from the
recombinant pucroorganism.

Some embodiments of the invention are divected to 8 recombinant microorganism
comprising: down-regulated Gpdl, down-regulated Gpd2, down-regulated Fdhi, down-
regulated Fdh2, down-regulated Gdhl, up-regulated AdhE, up-regulated pyruvate formate
tyase, an wp-regulated pyravate formate lyase-activating enzyme, (P under the control
of the GFI prowmoter, GFO2 under the control of the PO promoter, and up-regulated
{dh2,

Some embodiments of the invention are directed to a recombinant microorganisim
comprising down-regulated Gpdl, down-regulated Gpd2, down-regulated Fdbi, down-
regulated Fdh2, down-regulated Gdhl. up-regulated AdhE, up-regulated pyruvate formate
fyase, an pp-regulated pyruvate formate byase-activating engvrue, P27 ander the control
of the P12 promoter, GPOT under the control of the GFOE promoter, up-regulated GHl
and up-regulated Ginl.

Some embodinents of the invention are directed to a recombinant nyicroorganism
comprising: down-regulated Gpdl, down-regulated Fdhl, down-regulated Fdh2, down-
regudated Gdh, uperegulated AdhE, up-regulated pyruvate formate lyase, an up-regulated
pyrovate formate lyase-activated enzviue, GPO{ uoader the comtrol of the {7412
prometer, GPRY under the control of the GPD/ promoter, up-regulated Gl and up-
regutated Glnt,

Some embodiments of the invention are divected to a recombinant microorganism
comprising. down-reguiated Gpd2, down-regulated Fdhl, dewn-regulated Fdh2, down-
regulated Gdhl, sp-regulated AdBE, up-regolated pyruvate formate lyase, and an op-~
reguiated pyruvate formate lvase-activating enzyme.

Seme entbodinments of the invention are divected to a recombinant microgrganism

comprising. down-regniated Gpdl, down-regulated Fdhl, down-regulated Fdh2, down-
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regudated Gdhl, up-regulated AdhE, up-regulated pyruvate formate Iyvase, an up-regulated
pyrovate formate lyase-achivating enzyme, and GPD2 ander the control of the GRDY
promoter.

{0045} Some embodiments of the invention are divectad to 2 recorubinant nucrogrganism
comprising. downeregulated Gpdl., dowo-regulaied Fdhl, downaregulated Fdhl, downe
regulated Gdhl, up-regulated AdbhE, up-regulated pyruvate formate lvase, and an up-
regolated pyravate formate lyase-activating enzyme.

{0046} Some embodiments of the invention are directed to a recombinant microorganism
comprising:. down-regulated Gpd!, down-regulated Fdhl, down-regulated Fdb2, up-
regulated AdhE, up-regulated pyruvate formate lvase, an up-regulated pyruvate formate
Iyase-activating enzyme, upregalated-DURAZ, and GFD2 under the control of the GRDY
promoier.

{0047} Sonie embodiments of the tnvention are directed to a recombinant microorganism
comprising: down-regudated Gpdl, dowa-regulated Fdbl, down-regulated Fdh2, up-
regulated AdhE, up-regulated pyruvate formate lyase, an up-regulated pyruvate formate
tyase-activating enzyme, and up-regulaied-DURM2,

[O048] Some embodiments of the invention are directed to a recombinant nyicroorganism
comprising: down-regulated Gpdl, down-regolated Gpd2, down-regulated Fdhi, down-
regulated Fdh2, down-regulated Ure?, up-regulated AdhE, up-regulated pyruvate formate
byase, an up-regulated pyrovate formate lyase-activating enzyme, P under the contvol
of the GPD2 promoter, and GPD2 wunder the control of the GPDY promoter,

j0049] Some smbodiments of the invention are divected to a recombinant microorganism
comprising: down-regulated Gpdl, down-regolated Gpd?2, down-regulated Fdhl, down-
regulated FAh2, up-regulated AdhE, np-regulated pyruvate formate lvase, an up-regulated
pyruvate formate lyase-activating enzyime, pp-regulated GDH2, GPLY under the coutrol

of the GPD2 promoter, and GPD2 under the control of the GPD promoter,

BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES

{0050} Figure 1 depicts simplified carbon and redox pathways utiized by wildtype X
ceveviviae during anaerobic growth, Ethanel formation is redox neutral while cell biomass

formation generates net NADH, which is balanced by glveerol formation,
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{0051 Figure 2 depicts urea wransport and intracellular catabolism. The enzymes Dud
and Durd are known transporiers of urea. Once yoside the cell, urea 15 broken dowa into 2

angnonia molecules and 2 carbon dioxide molecules in a reaction catalveed by Dwrt 2,

{0052} Figure 3 depicts the process by winch an unmodified S eerevisioe assimilates
HECA.
8531 Figure 4 depicts process by which a genetically modified glycerol reduction strain

which contains a deletion of Gdhil assinilates urea.

HUIREY Figure § depicts the glveerol titers of the wild tvpe and ghycerol reduction strains
containing the formate pathway (M2390 (wildivpe), M3465, M3467, M3469, and M3624
are depicted). This data shows total glyvcerol present in com mash which contained 7 g/l

ghveerol prior to fermentation,

{0055] Figure 6 depicts a schematic diagram of the MAOG3 ] insertion cassette.
{0056} Figure 7 depicts a schematic diagram of the MAO425 insertion cassette.
{0057} Figure § depicts a schematic diagram of the MAO426 msertion cassetie,
jO058] Figure © depicts a schematic diagram of the MADEES insertion cassette.
[0059] Figure 10 depicts a schematic diagram of the MAGB37 insertion cassette.
S H Figure 11 depicts a schematio diagram of the MAU616 insertion casseite.
{06t} Figure 12 depicts a schematic diagram of the MAGG16.1 insertion casseite.
9862} Figure 13 depicts a schematic diagram of the MAOGGLS insertion cassette.
0663} Figore 14 depicts a schematic diagrant of the MAG615. 1 insertion cassette.
{0064} Figure 15 depicts a schematic diagram of the MA0622 insertion casseite.
j0665] Figure 16 depicts a schematic diagram of the MAO622.1 msertion cassetie.
L Figure 17 depicts a schematic diagram of the MAOSEE insertion cassstte.
00671 Figure 18 depicts a schenmatic diagrant of the MAOSE! insextion casseite,
[068] Figure 19 depicts a schematic diagram of the MAOSB2 ingertion cassette.
{0069} Figure 20 depicts g schematic diagram of the MAGSS83 insertion cassetie.
{0670} Figwre 21 depicts a schematic diagram of the MAOSE4 insertion cassette.
{0071} Figure 22 depicts a schematic diagram of the MAOSES insertion cassette.
0072} Figure 23 depicts a schematic diagram of the MAO61T insertion cassette,
{073} Figure 24 depicts a schematic diagram of the MAG617.1 msertion cassette.
{0074} Figure 25 depicts a schematic diagram of the MAD434 fnsertion cassetie.

0875} Figure 26 depicts a schematic diagram of the MAO434.2 insertion cassette.
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{0076} Figure 27 depiets a schematic diagram of the MAO434 3 msertion cassette.
00771 Figure 28 depicts a schematic diagram of the MAO434 4 insertion cassette,
{0078} Figure 29 depicts a schematic diagram of the MAQ434.5 insertion cassette,
{0679} Figure 30 depicts & schematic diagram of the MAO4S54 14 jusertion cassette.
{0080} Figure 31 depicts a schematic diagram of the MA0464 ingertion cassette.
j0081}] Figure 32 depicts a schematic diagram of the MAD464.1 insertion cassette.
0082} Figure 33 depicts a schematic diagram of the MAD464 2 nsertion cassette,
{0083} Figure 34 depicts a schematic diagram of the MAQ464 3 msertion cassette.
{0084} Figure 35 depicts a schematic diagram of the MA0464.4 insertion cassetie.
jOOBS] Figure 30 depicts a schemativ diagram of the MAO0464.5 insertion cassetfa.
{0886} Figure 37 depicts a schematic diagram of the MAOG465.1 insertion cassette,
{GO87] Figare 38 depicts a schematic diagram of the MAO467 insertion cassette.
{0088} Figure 39 depicts & schematic diagram of the MAO467 1 wsertion cassette,
0089} Figure 40 depicts a schematic diagram of the MAOG467 2 msertion cassette.
j0090] Figure 41 depicts a schematic diagram of the MAO467 3 insertion cassette.
{0091} Figure 42 depicts a schematic diagram of the MAU467 4 msertion cassette.
{0092} Figure 43 depicts a schematio diagram of the MAUBS Linsertion cassette.
{00931 Figure 44 depicts a schematic diagram of the MAORST. 1 msertion casselte.
5094} Figure 45 depicts a plasmid map for pMU2873,

{095} Figure 46 depicts a plasnid map for pMUZRT9.

{0096} Figure 47 depicts a plasmid map for pMUZ908,

{0097} Figure 48 depicts a plasmid map for pMU2%09.

{0698} Figure 49 depicts a plasmid map for pMU291 1

0099 Figure 50 depicts a plasnud map for pMUZSL3,

{0160} Figure 51 depicts a plasmid map for pMU3409.

{0101} Figure 52 depicts a plasmid map for pMU3410,

{0102} Figure 53 depicts a plasmid map for pMU341 1L

01031 Figure 54 depicts a plasmiid map for pMU3459,

{0104} Figore 55 depicts a plasnud map for pMU3460,

{0105 Figure 36 depicts a plasmid map for pMU3461.

{0106} Figure 57 depicts a plasmid map for pMU3463.

0107} Figure 58 depicts a plasnud map for pMU3464.
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Figure 59 depicts a plasmud map for pMU34635.

Figure 60 depicts a plasnud map for pMU3466,

Figure 61 depicts a plasmid map for pMU3468.

Figure 62 depicts a plasmud map for pMLU3471

Figure 63 depicts a plasmid map for pMU3472.

Figure 64 depicts a plasmid map for pMU3473,

Figure 65 depicts a plasmud map for pMU3475,

Figure 66 depicts a plasmid map for pMU3603.

Figure 67 depicts a plasmid map for pMU3606,

Figure 68 depicts a plasnyid map for pMU3607.

Figure 69 depicts the final ethanol titers measured following formentation of 31%
solids com mash in wildtype cells (M2390), a glycerol reduction strain containing the
formate pathway (M3624), and 2 strains with modification of the ammontum assimilation
pathway (M4117, which contains a deletion of gdfe/ and an over-expression of Gdh2, and
M4118, which comtains a deletion of pdhl and an over-expression of G/ and (Fln/).

Figure 70 depicts the ethanol tiers measured following fermentation of 31%
salids corn mash for glyeerol reduction strains containing the formate pathway (M3468,
M3467, M3469) that additionally have a deletion of g/ (M4400, M4401, M4402).
M2390 was a parental control. Figure 71 depicts the ethanol titers measwred following
fermentation of 31% solids com wash for M2390, M3467, M3469, M4427 (M3467
parent strain: expression of DURI2 doven by the TEEI promoter), Md4428 (M3487
parent strapy expression of DURYZ driven by the HXT7 promoter), Md429 {(M3467
parent strain: expression of DURIA2 driven by the ADH! promoter), M4430 (M3467
pavent stravy expression of DURIZ deiven by the HXTV/TEF2 promoters), M43l
{(M3469 parent strain: expression of DURLZ driven by the TEF2 promoter), Md4432
(M3469 parent strain: expression of DURY/Z driven by the HXT7 promoter), M4433
{M3469 parent strain: expression of DURLDZ driven by the ADHI promoter), and M4434
{M3469 parent stram: expression of DUR D2 drtven by the HXT7/TEFZ promoters)

Figore 72 depicts the ethanol tiers measored following fermentation of 31%
solids corn mash for M2300, M3624, M4406, and M4407.

Figure 73 depicts the ethanol titers produced after 68hrs fermentation in miuni-vials
for strains M2390, M3624, M4117, MS&4L, MS842, M3843, and MS844,
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Figure 74 depicts the glyeerol titers produced after 68hrs fermentation in mini-

vials for steains M2390, M3624, M4117, MAS4L, MI842, M5843, and MA844.

DETAILED DESCRIPTION OF THE INVENTION

Delinitions

Uinless defined otherwise, all technical and scientific terms used herem have the
sane meaning as conmnonly understood to one of ordmary skill in the art of microbial
metabolic engineering.  Although methods and materials similar or equivalent 1o those
described hevein can be used in the practice of the disclosed methods and compositions,
exemplary methods, devices and matersals are descrtbed herein.

The embodiments described, and references i the gpecification to “one
gmbodiment”, "an embodiment”, "sn example embodiment”, etc, indicate that the
embodiments described can include a particular feature, structure, ov characteristic, but
every embodiment doss not necessanily include the particular festure, structure, or
charactenistic. M oreover, such phrases are not necessarily referring to the same
embodiment. Further, when a particular feature, structure, or characteristic is described
connection with an embodiment, it is understood that it is within the knowledge of one
skilled m the art to effect such feature, structure, or characteristic in connection with other
embodiments whether or not explicitly described.

The description of "a" or "an” item herein may refer to a single tem or multiple
stems, It is uonderstood that wherever embodiments are descnibed heretn with the

.,

language  "comprising,

ki s

otherwise analogous embodiments described In terms of
"eonsisting of" andfor "consisting essentially of” are also provided. Thus, for example,
reference to "a polynuclentide” includes a plurality of such polvnucieotides and reference
¢ "the microorgamism” includes reference 10 one oY more microorganisms, and so forth,
The term "heterologous” 1s used in reference to a polynucleonide or a gene not
normally found in the bost orgamism.  "Heterologous™ includes up-regulated or down-

SIon, OF

ol

regudated endogenous genes. " Heterologous” also includes a native coding re
portion thereof, that is remntroduced info the source organism in a form that 15 different
from the corresponding nattve gene, eg., not i #s natural location in the organism's

alt

genome. " Heterologous™ also mnclndes any gene that has been modified and placed into

an arganism, A heterologous gene way include g native coding region that is a portion of
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a chimernic gene meluding a gon-native regulatory region that 13 reintroduced mto the
native host or modifications 1o the native regulatory sequences that affect the expression
level of the gene. Foreign genes can comprise native genes inserted into a non-native
organism, or chumenie genes. A heterologous polynucleotide, pene, polvpeptide, or an
enzyme may be derived or solated from any sowce, eg, eukarvoies, prokaryotes,
viruses, or synthetic polyoucleotide fragments, and includes up-regulated endogenous

2ONeS.

el

14}

The terms "gene(s)” or “polynucleotide” or "nucleic acid” or "polynucleotide
sequence(s)” are intended to mchude nucleic acid molecules, e.g., polynuclectides which
include an open reading frame encoding a polypeptide, and can further inclnde non-
coding regulatory sequences, and ntrons.  In addition, the terms ave wtended to include
one or more genes that map to 8 functional focus. Also, the terms are mtended to include
a specific gene for a selected purpose. The gene may be endogenous to the host cell or
may be recombinantly troduced nto the host cell, ey, as a plasmid mamtained
episomally or a plasmid {or fragment thereof) that is stably mntegrated into the genome. In
addition to the plasmid form, a gene may, for example, be in the form of hinear DNA or
RNA. The term "gene" is also miended to cover multiple copies of a particular gene, eg.,
all of the DNA sequences in a cell encoding a particular gene product. A "gene” refers to
an assembly of nucleotides that encode a polypeptide, and mcludes ¢cDNA and genomic
DNA nuclerc acids. "Gene” also refers to a nuclete acid fragment that expresses a specific
protetn, cluding intervening sequences {introns) between individual coding segments
(exons), as well as regulatory sequences preceding {5 non-coding sequences) and
following (3' non-coding sequences) the coding sequence. "Native® or "endogenous”™

refers to & gene as found 1o nature with its own regulaiory sequences,

Hon

A Mnucleic acid,” "polynucleotide,” or "nucleic acid molecule™ s a polymeric
compound comprised of covalently linked subunits called nucleotides. Nucleic acid
incledes polyribomucleic acid (RNA) and polydeoxyribomecleic acid {INAY, both of
which may be single-stranded or double-stranded. DNA includes cDINA, genonne DNA,
syathetic DNA, and semi-synthetic DNA.

An "wolated mucleic acid molecule” or "isolated nucleic acid fragment” refers to
the phosphate ester polymeric form of ribonuclecsides (adenosine, guanpsine, uridine or

eytiding; "RNA molecules™) or deexyribonucleosides (deoxyadenosine, deoxyguanosing,
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deoxythymidine, or deoxyeytidine; "DNA molecules™), or any phosphoester analogs
thercof, such as phosphorothiogtes and thicesters, in either single stranded form, or a
double-stranded helix. Double stranded DNA-DNA, DNASRNA and RNASRNA hebices
are possthle. The term nucleic ackd molecule, and in parsicular DNA or RNA molecule,
refers ouly to the primary and secondary sirpcture of the molecule, and does not limit it io
ay patticular tertiary forms. Thus, this term includes double-stranded DNA found, fmer
alia, in linear or circular DNA molecules {e.g., vesiviction fragments), plasnuds, and
chromosomes. In discussing the structure of particular double-stranded DNA molecules,
sequences may be described herein according to the normal convention of giving only the
sequence in the 5 t0 ¥ direction along the non-transcribed strand of DNA {ie., the strand
having a sequence homologous to the mRNA).

The term "expression” 1s intended to include the expression of a gene at least at
the level of mRNA production, generally subsequently translated into a protein product,
The term "expression,” vefers to the transcription and stable accumulation of sense
{mRMNAY or antisense RNA derived from the nucleie acid fragment of the invention.
Expression may also vefer to translation of mRNA mio a polvpeptide.

As used herein, an "expression vector” is a vector capable of directing the
expression of genes to which it is operably linked.

A “vector,” e.g., a "plasmid” or "YAC" {yeast artificial chromosome) refers to an
extrachromosomal element often camrving one or more genes that are not part of the
central metabolism of the cell, and is usually i the form of a circular double-stranded
DNA molecule. Such elements may be awonomously replicating sequences, genoms
integrating sequences, phage or nucleotide sequences, tinear, circular, or supercoiled, of' a
single- v double-stranded DNA or RNA, derived from any source, in which a number of
nucleotide sequences have been joined or recombined mto a vnigue constroction which is
capable of mitroducing a promoter fragment and DNA sequence for a selected pene
product along with appropriate 37 untranslated sequence info a cell. P referably, the
plasmids or vectors of the present invention ave stable and self-replicating.

The term “integrated” as used herein refers to genetic elements that are placed,
through molecular biology techniques, into a clwomosome of a host cell. For example,
genetic elements can be placed into the chromosomes of the host cell as opposed to in a

vector such as aplasmid carried by the bost celll M ethods for integrating genetic
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clemuents info the genome of a host cell are well known in the art and include homologous
recombination.

{0134} The term "dowain” as vsed herein refers 1o a part of a wolecule or structure that
shares conumon physical or chemieal features, for example hydrophobic, polar, globular,
helical domains or propesties, .., @ DNA binding domain or an ATP binding domam,
Dosmains can be identified by their homology to conserved structural or functional menfs.
Examples of cellobiohydrolase {CBH) domains include the catalvtic domain (CI) and the
cetlulose binding domain (CBD).

{0135} A nucleie acid molecule is "hybridizable” to another nucleie acid molecule, such
as a eDNA, genomic DNA, or RNA, when a single stranded form of the nucleic acid
molecule can anneal to the other nucleic acid molecule under the appropriate conditions
of remperature and solution jonic strength. Hybridization and washing conditions are well
known and exemphfied, eg., in Sambroek, 1., Frisch, E. F. and Mantatis, T.
MOLECULAR CLONING: A LABORATORY MANUAL, Second Edition, Cold Spring
Harbor Laboratory Press, Cold Spring Harbor (1989), particularly Chapter 11 and Table
11,1 therein (hereinafter "Maniatis”, entively incorporated herein by reference). The
conditions of temperature and lonic sirength determine the "stningency” of the
hvbridization. Stringency conditions can be adjusted to screen for moderately similar
fragments, such as homologous sequences from distantly related organisms, to highly

genes that duphicate functional enzyvmes from closely related

s,

stmilar fragments, such as
organisms, Post-hybridization washes determine siringency conditions. One set of
conditions uses a series of washes starting with 6X §SC, 0.5% SDS at room temperature
for 15 min, then repeated with 2X S8C, 0.5% KIS at 45°C for 30 min, and then repeated
twice with 02X S8C, 0.5% SDS at 50°C for 30 mun. For more stringent conditions,
washes are performed at higher temperatures i which the washes are dentical to those
above except for the temperature of the final two 30 min washes m 0.2X 88C, 0.5% SDS
are increased to 60°C. Another set of highly stringent conditions uses two final washes in
11X S8C, 0.1% SDS at 65°C.  An additional set of highly stringent conditions are
defined by hybridization at 01X 88C, 0.1% SDS, 65°C and washed with 2X S8C, 0.1%
SDS followed by (L1X 88T, 8.1% SDS.

{0136} Hyvbridization reguires that the two nucleic acids contain complementary

sequences, aithough depending onthe stringency of the hybridization, mismatches
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between bases are possible. The appropriate siringency for hybridizing nucleie acids
depends on the length of the nucleic actds and the degree of complamentation, variables
well known o the art. The greater the degree of similarty or homology between two
nucleotide sequences, the greater the value of T for hyvbrids of nucleic actds having
those sequences. The relative stability (corresponding to higher Tm) of nucleic acid
hybridizations decreases o the following order: RNARNA, DNARNA, DNADNA. For
hybrids of greater than 100 nucleotides in length, equations for calculating T have been
derived (see, e.g., Maniatis at 9.50-9.531}. For hybridizations with shorter nucleic acids,
i.e., oligonucleotides, the position of nusmatches becomes more important, and the fengh
of the oligonucleotide determines its specificity {see, ¢.g., Maniatis, at 11.7-11.8). In one
embodiment the fength for a hybridizable nuclete acid i at least about 10 nucleotides.
Preferably a minimum length for a byvbndizable nucleic acid s at least about 15
nucleotides; more preferably at least about 20 nucleotides; and most preferably the length
is at least 30 nucleotides. Furthermore, the skilled artisan will recognize that the
temperature and wash solution salt concentration may be adjusted as necessary according
to factors such as length of the probe.

The term “percent identity”, as known in the art, is a relationship between two or
more polypeptide sequences or two or more polvaucleotide sequences, as determined by
comparing the sequences. In the art, "identity” also means the degree of sequence
relatedness between polypeptide or polynucleotide sequences, as the case may be, as
determined by the maich between sirings of such sequences.

As knowsn in the art, "similarity” between two polypeptides is determined by
comparing the amino acid sequence and conserved amino acid substinges thereto of the
polvpeptide to the sequence of a second polypeptide.

“fdentity” and "similarity” can be readily calculated by known methods, mcluding
but not imited to those described in: Computational Molecular Biotogy (Lesk, A M., ed}
Oxford University Press, NY (1988); Biocomputing: Informatics and Genome Projects
{Smith, D. W, ed.) Academic Press, NY (1993); Computer Analvsis of Sequence Data,
Part 1 (Guiffin, A, M, and Griffin, H. G, eds)) Humana Press, NI {1994); Sequence
Analysis in Molecular Biology {von Heinje, ., ed.} Academic Press (1987}, and
Sequence Analysis Primer {(Gribskov, M. and Devereux, ., eds.) Stackton Press, NY

{1991). Preferred methods to determine identity are designed 1o give the best mateh
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between the sequences tested. Methods to deternuine identity and simatlanity are codified in
publicly avalable computer programs. Sequence ahignments and percent identity
calcelations may be performed using the Megalign program of the LASERGENE
bioinformsatics computing suite (DNASTAR Inc.. Madison, Wis)). Multiple alignments
of the sequences disclosed herein were performed using the Chusial method of alignment
{Higgins and Shartp (1989) CABIOS. 5:151-153) with the default parameters {GAP
PENALTY=10, GAP LENGTH PENALTY=10). Default parameters for pairwise
alignmenis using the Clustal method were KTLUPLE 1, GAP PENALTY=3, WINDOW=3
and DIAGONALS SAVED=S,

Suitable nucleic acid sequences or fragments thereof (Jsolated pohynucieotides of
the present imvention) encode polypeptides that are at least about 70% to about 73%
tdentical to the amine acid sequences reporied herein, at least about B0, about 85%, or
about 90% identical to the gmino acid sequences reported herein, or at least about 93%,
about 96%, about 97%, about 98%0, about 99%, or about 100% identical to the amino acid
sequences reported herein. Suitable nucleic acid fragments are at least about 70%, about
75%, or about 80% identical to the nucleic acid sequences reported herein, at least abowt
80%, about 85%, or about 90% identical to the nucleic acid sequences reported herein, or
al least about 95%., about 96%, about 97%. about 98%, about 99%, or about 100%
identical to the nucleic acid sequences reported herein. Swuitable nucleic acid fragments
not only have the above identities/similarities but typically encode a polypeptide having
at least 30 anmuno acids, at least 100 amino acids, at least 130 amino acids, at least 200
aming acids, or at least 250 aminoe acids.

A DINA or RNA Ycoding region” s a DNA or RNA molecule which is transertbed
and/ov translated into a polypeptide fix & cell & virro or in vive when placed under the
control of appropriate regulatory sequences, "Suitable regulatory regions” refer to mucleic
acid regions located upstream (5" non-coding sequences), within, or downstream (3" non-
coding sequences) of a coding region, and which influence the transcription, RNA
processing or stability, or translation of the associated coding region. Regulatory regions
may include promoters, translation leader sequences, RNA processing site, effector
binding site and sten-loop structure. The boundaries of the coding region are determined
by a start cadon at the 3'{ amino) terminus and a transiation stop codon gt the 3

{carboxyl} terminns. A coding region can include, but is not limited to, prokaryotic
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regions, ¢DNA from mRNA, genomic DNA molecules, synthetic DNA molecules, or
RNA molecules. If the coding region s intended for expression in g eokaryotic cell, a
polyadenylation signal and transcription fermingtion sequence will nsually be located 3' to
the coding region.

An "isoform” is a protein that has the same fanction as another protein but which
is encoded by a different gene and may have small differences in its sequence.

A "paralogue” is a protein encoded by a gene related by duplication within a
genome.

An "orthologue™ is gene from a different species that has evolved from a conwmon
ancestral gene by speciation. Normally, orthologues retain the same function in the course
of evolution as the ancestral gene,

"Open reading frame” is abbreviated ORF and means a length of nucleic acid,
either DNA, cDNA or RNA | that comprises a transiation start signal or initiation codon,
such as an ATG or AUG, and a termumation codon and can be potentially translated woto a
polvpeptide sequence

“Promoter™ refers to a DNA fragment capable of controlling the expression of a
coding sequence or functional RNA. In general, a coding region is located 3 to a
promoter, Promwoters may be derived in their entirety from a native gene, or be composed
of different elements derived from different promoters found in nature, or even comprise
synthetic DNA segments. It is anderstood by those skilled in the art that different
promoters may divect the expression of a gene i different tissues or cell types, or at
different stages of cellular development, or in response to different environmental or
physiological conditions.  Promoters which caase a gene to be expressed in most cell
types at most times are commonly referred o as "constitutive promoters”. It is further
recognized that since in most cases the exact boundaries of regulatory sequences have not
been completely defined, DNA fragments of different lengths mav have ideatical
promoter activity, A promoter is generally bounded at its 3’ terminus by the transcription
initiation site and extends upstream (3 direction} to mchude the minimum number of
hases or elements necessary 1o inifate transcription at levels detectable above
background. W ithin the promoter will be found a wanscrption initiation sie
{conveniently defined for example, by mapping with nuclease S1), as well as protein

binding domains {consensus sequences) responsible for the binding of RNA polymerase.
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A coding region is "under the control” of transcriptional and translational control
eloments in acell when RNA polvioerase transcribes the coding region into mRNA,
which 1s then trans-RNA spliced {if the coding region contains introns) and tramslated into
the protein encoded by the coding region.

"Transcriptional and franslational control regions” are DNA regulatory regions,
such as promoters, enhancers, terminators, and the like, that provide for the expression of
a coding region in a host cell. In eskaryotic cells, polvadenviation signals are control
regions,

The term "operably associated” refers 1o the association of nucleie acid sequences
on a single nucleic acid fragpment so that the function of one 13 affected by the other. For
exatnple, a promoter is operably assocuted with a coding region when it is capable of
affecting the expression of that coding region {7, that the coding region is under the
transcriptional control of the promoter). Coding regions can be operably associated io
regulatory regions 1 sense or antisense orientation,

As used herein, the tenm "gnaerobic” refers to an organism, biochemical reaction
o process that is active or occwrs under conditions of an absence of gaseous O,

"Anagrobic conditions” are defined as condittons under which the oxvgen
conceniration in the fermentation medium is too low for the microorganism (o use as a
terminal electron acceptor. Anasrobic conditions may be achieved by sparging a
fermentation medim with an inert gas such as nitrogen antil oxygen s no | onger
avatlable to the microorganism as a terminal electron acceptor. Alternatively, anaerobic
conditions may be achieved by the microorganism consuming the available oxygen of
fermentation antil oxvgen 13 unavailable to the microorganism as a terminal electron
accepior,

"Aerobic metabolism” refers to a biochemical process m which oxygen 1s used as
a terminal electron acceptor to convert energy. typically in the form of ATP, from
carbohydrates. Aerobic metabolism typically oceurs, for example, via the electron
tranpsport chain in mitochondiia in eukaryotes, wherein a single glucose molecule is
metabolized completely into carbon dioxide in the presence of oxvgen.

In contrast, "anaerobic metabolism” refers 1o a biochensical process m which
oxvgen is not the final acceptor of clectrons generated. A nacrobic metabolism can be

divided into anacvobic respiration, in which compounds other than oxygen serve as the
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terpnal electron acceptor, and substrate level phosphorylation, m which no exogenous

glectron acceptor is used and products of an intermediate oxidation state are generated via
a "fermentative pathway.”

In "fermentative pathways”, the arvount of NAD{PYH generated by glycolvsis is
balanced by the consumption of the same amount of NAD{(PH in subsequent steps. For
example, in one of the fermentative pathways of certain veast strains, NADR(IH
generated through glycolvsis donates its electrons lo acetaldehyde, vielding ethanol.
Fermentative pathways are usually active under anaerobic conditions but may also ocour
under aerobic conditions, under conditions where NADH is not fully oxadized via the
respiratory chain,

As used herein, the term "end-product” refers 10 a chemical compound that is not
or cannot be psed by a cell, and so is excreted or alowed to diffuse into the extracellular
enviromment. Commion examples of end-products from anaerobic fermentation tnclude,
but are not hmited to, ethanol, acetic acid, formic acid, lactic acid, hydrogen and carbon
dioxide.

As used herein, "cofactors” are compounds invelved in biochemical reactions that
are recyeled within the cells and remam at approximately steady state levels. Common
examples of cofactors involved in anaerobic fermentation include, but are not hmied to,
NAD and NADP". 1a metabolism, a cofactor can act in oxidation-reduction reactions to
accept or donate electrons. When organic compounds are hroken down by oxidation in
metabolism, their energy can be transferred o NAD™ by its reduction to NADH, to
NADP' by its reduction to NADPH, or to another cofactor, FAD', by its reduction i
FADH,. The reduced cofactors can then be used as a substrate for a reduciase.

As used herein, a "pathwav” ts a group of biochemical reactions that together can
convert one compound info another compound in a step-wise process. A produoct of the
first step it a pathway may be a substrate for the second step, and a product of the second
step may be a substrate for the third, and so on. P athways of the present invention
nclude, but are not limited to, the pyrovate metabolism pathway the lactate production
pathway, the ethanol production pathway, the glycerol-production patheway, the nitrogen

=

assimilation pathway, and the ammonium assimilation pathway,

1,

The term "recombination™ or "recombinant™ refers 1o the physical exchange of

DNA between two identical (homolegous), or nearly dentical, DNA  molecules.
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Recombination can be used for targeted gene deletion or to modify the sequence of a
gene. The tenm “recombinant microorganism” and "recombinant bhost cell” are vsed
interchangeably herew and refer to nucroorganisms that have been genetically modified
to express of over-express endogencus polyoucleonides, or to express heterolopous
polvmucteniides, such as those included in a vector, or which have a modification in
expression of an endogenous gene.

By "expression modification”™ it is meant that the expression of the gene, or level
of a RNA molecule or equivalent RNA molecules encoding one or more polypeptides or
polypeptide subunits, or activity of one or more polvpeptides or polypeptide subunits is
up regulated or down-regulated, such that expression, level, or activity, i§ greater than or
less than that observed in the absence of the modification,

In ore aspect of the mvention, geves or particular polvnocleotide sequences are
pastially, substantially, or completely deleted, silenced, inactivated, or down-regulated in
order to mactivate the enzymatic activity they encode.  Complete deletions provide
maxunum stability because there is no oppor tunity for a reverse mutation to restore
function. A lternatively, genes can be partially, substantially, or completely deleted,
silenced, nactivated, or down-repulated by insertion, deletion, removal or substisution of
mucleic acid sequences that disrupt the function and/or expression of the gene.

Ax used herein, the term "down-regulate” inclndes the deletion or muwtation of a
genetic sequence, or insertion of a disrupting genetic element, coding or non-coding, such
that the production of a gene product is lessened by the deletion, mutation, or msertion. It
mcludes adecrease m the expression level {Le, molecular guantity) of an mRNA o
protein.  "Delete” or "deletion” a3 used herein refers to a removal of & genetic element
such that a corresponding gene is completely prevented from being expressed. In some
enthodiments, deletion refers to a complete gene deletion. D own-regalation can also
occur by enginegring the repression of genetic elements by chemical or other
environmental means, for example by engineering & chemically-respousive promoter
element {or other type of conditional promoter} to control the expression of a desired gene
product. Downe-regulation can also ocow through use of a weak promoter.

As used herein, the ferm "up-regulate” includes the insertion, reintroduction,
mutation, or increased expression of a genetic sequence, such that the production of a

gene product s increased by the msertion, reintroduction, or awation. It includes an
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merease i the expression level (¢ molecular quantity) of an mBNA or protem. "Insert”
or “insertion” as used herein refers fo an mtroduction of a geoetic element such that a
corresponding gene is expressed.  Up-regulation can also occur by causing the mereased
expression of genetic elements threugh an alteranion of the associated regulstory
sequence, Up-regulation can occur by engineering the expression of genetic elements by
chemical or other environmental means, for example by engineering ach emically-
responsive promoter element {or other type of conditional promoter) to conwrol the
expression of a desired gene product.  Up-regulation can also eccur through use of a
strong promoter.

As used heren, the verm "glycerol-production pathway” refers to the collection of
biochemical patbwayvs that produce glyeerol from DHAP. Components of the pathway
consist of all substrates, cofactors, byproducts, miermediates, end-products, and enzymes
in the pathway.

As used herein, the term "ethanol production pathway™ refers the collection of
biochemical pathways that produce ethanal from a carbohvdrate source. Components of
the pathway consist of all substrates, cofactors, byproducts, intermediates, end-products,
and enzymes in the pathway.

As used herein, the term "nitrogen assimilation pathway” refers to the collection
of biochemical pathways that result in the formation of organic nitrogen containing
componnds from morganic sirogen componnds. Components of the pathway consist of
all substrates, cofactors, byproducts, intermediates, endeproducts, and enzymes in the
pathway.

Az used hergin, the term "ammonium assimtlation pathway” refers o the
collection of biochenvcal pathways that assimilate gmumonia or grunoniem {(NHY) into

ger

ghatamate and/or glotamine. The anwponien assimidation pathway 13 part of the lar
nitrogen assimilation pathway. Components of the pathway consist of all substrates,
cotactors, byproducts, intermediates, end-products, and enzymes 1 the pathway.

Ax used heren, the term "glycolysis” or "glveolytic pathway" refers to the
canonical pathway of basic metabolism in which a sugar such as glucose is broken down
into more oxidized products, converting energy and compounds required for cell growth.
Components of the pathowvay consist of all substrates, cofactors, byproducts, intermediates

end-products, and enzvmes m the pathway,
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{168} Az wsed herein, the term "alcohol dehydrogenase” or "ADH" 1 intended 1o
include the enzymes that catalyze the conversion of ethanol into acetvlaldehwde. Very
commonly, the same enzvine catalyres the reverse reaction from acetaldehyde to ethanol,
which is the direction more relevant to Rermentation. Alcobol dehydrogenase includes
those enzymes that correspond to EC 1111 and 1.1, 1.2 and exemplified by the enzymes
disclosed n GenBank Aceession No. U49973.

{0169} As used herein, the term "aldehyde dehydrogenase”, "ALD"™ or "ALDH" i
intended to include the enzymes that catalyze the oxidation of aldebydes. A ldehyde
dehydrogenase enzymes include “acetaldehyde dehvdrogenase”, which catalyzes the
conversion of acetaldehwde o acetyi-CoA. 'V ery commonly, the same gnzyme
catalvzes the reverse reaction from acetyl-CoA to acetaldehyde, which 1s the direction
more relevant to fermentation. A ldehyde dehydrogenase includes those enzymes that
correspend to BEC 1.2,1.3, 1.2.1 4 and 1 2.1.10.

{1170} As used herem, the term "glveerol-3-phosphate dehydrogenase” or "GPD" 1
intended to include those enzymes capable of converting dihvdroxyacetone phosphate to
glveerol-3-phosphate.  GPD mcludes those enzymes that correspond to BEC L1LLS In
same embodiments, the GPD is GPDI andior GPD2 from & cerevivige (GDPL SEQ ID
NO: 4 and 5, GDP2: SEQ ID NG 6 and 7).

{171} Az used herein, the term "glycerol-3-phosphate phosphatase” or "GPP" is intended
to mclode those enzymes capable of converting glveerol-1-phosphate to glyeerol
(lycerol-3-phosphate 15 intended to include those enzvmes that correspond to EC
313210 (GPPL: SEQ 1D NO: 158 and 159, GPP2: SEQ ID NO 160 and 161)

91721 Az used herein, the term "formate dehvdrogenase” or "FDH" is mtended o
mclude thase enzymes capable of converting formate to bicarbonate (carbon dioxide).
Formate dehydrogenase mcludes those enzymes that correspond to EC 1.2.1.43 and BEC
1.2.1.2, In some embaodiments, the FDH is from 8. cerevivige (FDHL: SEQ ID NO: 1 and
2, FI3H2: 8EQ ID NO: 3),

j0173] Az used herein, the term "bifenctional” is intended to include enzymes that
catalvee more than one biochemical reaction step. A specific example of a bifunctional
enzyme used herein i3 an enzyme (adhE} that catalyzes both the alcohol dehydrogenase
and acetaldehyde dehvdrogenase reactions, and includes those enzymes that correspond

to BEC L2010 and 1111 In some embodiments, the bifunctional acetaldehyde-alcohol
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debydrogenase 1s from 8. adofescentis {adhl: SEQ 1D NGO 12 and 13)  In some
erubodiments, the bifunctional enzyme is a NADPH specific bifunctionsg! acetaldehyde-
alcohol debvdrogenase, and includes those enzymes that corvespond to EC 1.2.1.10 and
$1.12 In some embodiments, the NADPH specific bifunctional acetaldebyde~-aleohol
debydrogenase 15 from L. mwsenferpides (SEQ 1D NQO; 14 and 15) or (O oenii (SEQ 1D
NO: 16 and 17).

As used berein, the term "pyrovate forpate fyase” or "PELY 13 infended to include
the enzymes capable of converting pyruvate to formate and acetyl-CoA. PFL includes
thoge enzymes that correspond to EC 2.3.1.54 and exemphified by SEQ ID NO: Sand 9.

As used herein, the term "PFL-activating enzymes” s tended to include those
enzymes capable of aiding in the activation of PFL. P Fl-activating enzymes include
those enzymes that correspond to BC 1.97.1.4 and are exemplified by SEQ D NO: 10
and 11.

As used herein, the tern "glotamate dehydrogenase”, "GDH, or "GLDH" 1
intended to include those enzvmes that convert glutamaie to w-ketoglutarate, as well as
those enzymes that catalvze the reverse reaction. The glutamate dehydrogenase can be
NADPH-dependent (eg GDHI or GDH3 n 8 cerevivice). The glutamate
debydrogenase can be NADH-dependent {eg GDHZ in & cerevivice), G lutamate
dehyvdrogenases include those enzymes that corvespond to EC 141 2and EC 14,14
Glutamate debvdrogenases inclade those enzymes that correspond to accession numbers:
MINSS0, S06436, § 660391, 12980, NP (15020, NP 010066, 5660381 and
AAC04972. In some embodiments, the ghitamate dehvdrogenase is from S cerevisive
(GDHL: SEQ ID NOs: 25 and 25; GDH2: SEQ I NQs: 26 and 27, GDH3: SEQ 1D NOs:
30 and 3L or N crassa (GDH2: SEQ ID NOs: 28 29).

As used heremn, the term "glotamate synthase” or "GLTY is intended to include
those enzymes that convert L-glutamine and 2-oxoplotarate to L-glutamate, as well as
those enzymes that catalyze the reverse reaction. Glutamate synthases inclede those
enzymes that correspond fo BEC 1.4.1.14 a nd EC 14113 In some embodunents, the
ghutamate synthase ¢ GLT from & cerevisiae (SEQ D NOs: 32 and 33; accession
nuimbers: X89221 and NP_010110.1}

As used herein, the term "glutamine synthase”, "glutamine syothetase”, or "GLN"

ts intended to include those enzymes that convery glutamate to glotamine.  Glutaming
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synthases include those enzymes that comespond 1o EC 6.3.1.2. In some embodiments,
the ghaamine synthase is GLN1 from S cerevivige (SEQ 1D NOs: 34 and 35; accession
numbers: MOSIS7 and NP_015360.2).

{0179} As used herein, the term "wrea-anudo Ivase” s intended o wclude thase enzyvmes
that convert uiea {o urea~l-carboxyiate. Urea-amido lvases mclude those enzymes that
correspond to EC 6346 In some embodiments, the wrea-anmudo ivase s DURL2
{DURL2) from & cerevisioe (SEQ 11 NQs: 36 and 37; accession munbers: Mo4926 and
NP 009767 .1)

{0186} As used herein, the ternt "wrea transporter” 15 a membrane protein that transports
urea across & celhlar membrane. In some embodinents, the wiea transporter 18 Dwd or
Durd from & cerevivige {DURS: SEQ 1D NOs: 38 and 39; accession numbers: AY093170
and NP 011847.1)

{0181} As used herein, the term “protease” is anv enzyme that hydrolyvzes the peptide
bonds beiween amino acids together In a protein. A n exoprofease i$ a protease thal
breaks the peptide bonds of terminal amino acids m a protein. A endoprotease is a
protease that breaks the peptide bonds of non-terminal amino acids in a protein.
Proteases mclude those enzymes that correspond to EC 342341, P roteases include
those enzvmes that correspond to accession numbers: NP 001151278, NP 001150196,
NP 001148706, NCUDO33E, HP 001908191, XP 369812, EUQ70094 1,
NM 001156724, NM 0011552341, XP 9578082, XM 0019081361,  and
XM 003717209.1. In some embodiments, the protease is from 2 mays (SEQ 1D NOs:
40-45), N, orassg {SEQ 1D NOs: 46-47), P, anserine (SEQ 1D NOs: 48-49), or 8. orvzae
(SEQ ID NOs: 50-51),

0182} As used heren, the tenm "glucoamylase” or "y-amviase” refers to an amylase that
acts on o-1,0-glveosidic bonds. Glucoamylases include those enzvmes that corvespond to
EC 3.2.1.3. In some embodiments, the glucoamylase is S filwfigera glucoamylase {glu-
0111-CO) (SEQ ID NQ; 162 and 163).

{0183} As used berein, the term "permease” refers 10 a membrane transport protein that
facilitates the diffusion of a molecule through the use of passive transport m or out of a
cell, In some embodimenis, the permease is the amino acd permease GAPY from X

cerevisige. (SEQ 1D NQO: 32 and 33).
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Az used herein, the termy "ammontum transporter”  refers o permeases, and 18
mtended to wclude the enzvmes that are involved 1 the transport of ammonium and
amwnomia, and are exemplified by the & cerevivige MEPL, MEP2 and MEP3 enzymes
(MEP 1: SEQ ID NOs 18 and 19, MEP2: SEQ 1D NOs: 20 and 21; MEP3: SEQ 1D NOs:
22 and 23). Ammonim trapsporters include those enzymes that correspond to accession
wumbers: X77608, X83608, AY6R2775, NP 0116363, NP_0142587 1, and NP_015464.1.

As used berein, the term "LREQ" refers to transcription factor known in the art by
that pame that vepresses the nitogen catabolism of glutamate by controlling the
transcription factor. URE2 is a regalator of GLN3. In some embodiments, the URE? 15
from &, cereviviae {(SEQ 1D NOs: 54 and 55).

As used herein, "AUJAL" refers to & transcription factor known in the ant by that
name which is required for the negative regalation of Gapl. In some embodiments, the
AUAL is from & cerevivige {(SEQ ID NOs: 56 and 7).

il

Az used heremy, "GLNIY refers to a wranseription factor known in the art by that
name that activates genes that are regulated by nitrogen catabolite metabohsm. In some
entbodiments, the GLN3 18 from S cerevisioe (SEQ 1D NOs: 156 and 1537}, The term
"feedstock” 1s defined as a raw material or mixture of raw materials supplied o a
microorganism or fermentation process from which other producis can be made. For
example, a carbon source, such as biomass or the carbon compounds derived from
hiomass are a feedstock for 8 microorganism that produces a product in a fermentation
process. A feedstock can contain nuttients other than a catbon source.

Biomass can include any type of biomass known in the art or described herein.
The terms "lignocellvlosic material,” "Hgnoceltulosic subsirate™ and “cellulosic hiomass”
mean any fype of carbon contaimng feed stock mcluding woody biomass, such as
recveled wood pulp fiber, sawdust, hardwood, softwood, grasses, sugar-processing
residues, agricultoral wastes, such as, but not limited to, rice straw, rice hulls, barley
straw, corn cobs, cereal straw, wheat straw, canola straw, oat straw, oat hulls, com fiber,
stover, succulents, agave, or any combination thereofl

The term "yield" is defined as the amount of product obtained per unit weight of
raw material and may be expressed as gram product per gram substrate (g/g) Yield may
be expressed as a percentage of the theoretical vield. "Theoretical vield" is defined as the

maximum amount of product that can be generated per a given amount of substrate as
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dictated by the stoichiometry of the metabolic pathway used 10 make the product. For
example, the theovetical vield for one typical conversion of glucose o cthanol is 0.51g
FtOH per g glucose. As such, a vield of 4.8g ethanol from 18g of glucose would be
expressed as 94% of theoretical ar 94% theovetical vield.

The term "tites™ s defined as the strength of a solution or the concentiation of a
substanice in solution. For example, the titer of & product in a fermentation broth is
described as gram of product i solution per liter of fermentation broth (gL or as gky
broth.

As used heremn, the term "flux” is the mie of flow of molecnles through a
metabolic pathway, akin to the fow of material in a process,

“Bacteria”, or "cobactenia”, refers to a domain of prokarvotic organisms. Bacteria
include gram-posiive {gram+) bacterta and grame-negative {gram-} bacteria.

TYeast” refers to 4 domain of eukarvotic organtsms that are unicellular fungi

The terms "derpvative”™ and "analog” refer to a polypepude differing frow the
enzvines of the nvention, but retaining essential properties thereofl G enerally,
derivatives and analogs are overall closely similar, and, in many regions, identical to the
enzymes of the invention. The terms "dertved from”, "derivative" and "analog” when
referring to enzymes of the invention include any polvpeptides which retain at least some
of the activity of the corresponding native polypeptide or the activity of ifs catalytic
domam,

Derivatives of enzymes disclosed herein are polypeptides which may have been
altered so as 1o exhibit features not found on the native polypeptide. Derivatives can be
covalently modified by substitution (e.g. amino acid substitution), chemical, enzymatic,
or other appropriste means with a woiety other than a natwrally occursing amino said
{e.g., a detectable motety such as an enzyme or radioisotope). Examples of dervatives
include fusion proteins, or proteins which are based on a naturally occurring protein
sequence, bul which have been altered. For example, proteins can be designed by
knowledge of a particular amino acid sequence, and/or a particular secondary, tertiary,
and quaternary stracture. D erivatives include proteins that are modified based on the
knowledge of a previons sequence, natural or synthetic, which is then optionally
modified, often, but not necessarily to confer some improved function, These sequences,

or proteins, are then said to be derived from a particular protein or amino ackd sequence.
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fn some embodiments of the invention, a derivative must refain &t least about 530%
identity, at least gbout 0% i1dentity, at least sbout 70% identity, at least abowt 80%
tdentity, at least about 0% identity, at least about 95% identity, at least about 97%
wlentity, or at least about 99% wentity to the sequence the devivative i "derived from ™
Iy some embodimenis of the invention, an enzyme is said to be derived from an cozyme
naturally found in a particular spectes if, using molecular genstic techniques, the DNA
sequence for part or all of the enzyme 15 amplified and placed into a new host cell.

{0196} "feolated” from, as used herem, refers to a process whereby, using molecular
biotogy techniques, genetic matental is harvested from a parnticular orgamism ofien with
the end goal of putting the geasral material into a non-native environment,

{0197} The term "percent wentity”, as known i the art, 5 a relatonship between two or
more polypeptide sequences or two or more polynucleotide sequences, as determined by
comparing the sequences. In the art, "identity” also means the degree of sequence
relatedness between polypeptide or polynucleotide sequences, as the case may be, as
determined by the match between strings of such sequences.

[198] As known in the art, "similarity” between two polypeptides is determined by
comparing the amino acid sequence and conserved amino actd substitutes thereto of the
polypeptide to the sequence of a second polvpeptide.

0199} “Identity" and "similarity” can be readily caleulated by known methods, ncluding
hat not lnmited to those deseribed my Computational Molecular Biology {Lesk, AL M., ed))
Oxford University Press, NY {(1988); Biocomputing: Informatics and Genome Projects
(Smith, D. W, ed.) Academic Press, NY {1993); Computer Analysis of Sequence Data,
Part T {Griffin, A, M, and Griffin, H. G, eds.} Humana Press, NI (1994}, Sequence
Analysis in Molecular Biology {von Heinje, G., ed} Academic Press (1987) and
Sequence Anabvsis Primer (Gribskov, M. and Devereux, 1., eds) Stockton Press, NY
(1991). Preferred methods to determine identity ave designed to give the best match
between the sequences fested. Methods to determine identity and similarity are codified
i publicly available computer programs. S equence alignuments and percent identity
calcolations may be performed using the Megalign program of the LASERGENE
bioinformatics computing suite (DNASTAR Inc, Madison, Wis). Multple aligmments
of the sequences disclosed herein were performed using the Clustal method of aligmment

{Higgins and Sharp (1989) CABIOS. 5:151-153) with the default parameters {GAP
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PENALTY=10, GAP LENGTH PENALTY=10) 1) efault parameters for pairwise

alignments using the Clustal method were KTUPLE 1, GAP PENALTY=3, WINDOW=3
and DIAGONALS SAVED=S,

{0200} Sustable wuclete acid sequences or fragrents thereof (isclated polynucieotides of
the present invention) encode polypeptides that are at least about 70% to 75% identical {o
the amino acid sequences disclosed herein, at least about 0%, at least about 85%, or at
feast about 90% identical to the amino acid sequences disclosed berein, or at least about
93%, at least about 96%, at least about 97%, at least about 98%, at least about 99%, or at
teast about 100% identical to the anuno acid sequences disclosed herein, Swuitable nucleic
acid fragments are at least about 70%, at least about 75%, or at least about 80% tdentical
to the nucleic acid sequences disclosed herein, at least about 80%, at least about 85%, or
at least about 90% identical to the nucleic acid sequences disclosed herein, or at least
about 9395, ar tegst about 96%, at least about 97%, at least about 98%, at teast about 99%;,
or at least about 100% ydentical to the nuclete acid sequences disclosed heretn. Suitable
nucieic acid fragments not only have the above identities/similarities but fypically encode
a pelvpeptide having at least about 50 amino acids, at least about 100 anmine acids, at least

about 130 amino acids, at least about 200 amino acids, or at least about 250 amino acids.

Codon Optinuzation

j0201] i some embodinents of the present invention, exogenous genes may be codon-
optimized 1y order to express the polypeptide they encode most efficiently in the host cell.
Methods of codon optunization are well known in the art. (See, eg. Welch e o/
"Designing genes for successful protein expression”  Methods Enzymed. 2011, 498:43-
66.)

{0202 In general, highly expressed genes in an organism are blased towards codons that
are recognized by the most abundant tRNA species in that organism. One measure of this
bias s the "codon adaptation index™ or "CAL"” which measures the extent to which the
codons wsed o encode each amino acid m a particolar gene are those which ocour most
frequently in a reference set of lughly expressed genes from an organisim. The Codon
Adaptation Index is described in more detail in Sharp e of., "The Codon Adaptation
Index: a Measure of Duectional Synonymeus Codon Usage Bias, and Its Potential
Applications.” Nucleic Acids Research (19873 18 12811295, which 18 incorporated by

reference bherein m its entivety.



WO 2014/151318 PCT/US2014/025460

10203}

10204}

A codon optimized sequence way be further wmodified for expression in a
particalar organism, depending on that organism's biclogical constraints. For example,
farge runs of "As" or "Ts" (eg., runs greater than 3.4, 5, 6,7, 8.9, or 10 consecutive
bases) can effect ransoription negatively, Therefore, it can be useful to remove a run by,
for example, replacing at least one owcleotide i the mun with another nucleotide.
Furthermore, specific restriction enzyine sites may be removed for molecular cloning
purposes by replacing at least one nucleotide i the restriction site with another
nucleotide. Examples of such restriction enzyme sites nchude Pacl, Ascl, BamHi, Bglli,
EcoRI and Xhol. Additionally, the DNA sequence can be checked for direct repeats,
inverted repeats and miror vepeats with lengths of about 5,6, 7,8, 90or 10 bases or
fonger. Rouns of "As" or "Ts", restriction sites andfor repeats can be modified by
replacing at least one codon within the sequence with the "second best” codons, ie, the
codon that ocours at the second highest frequency for a particular anvnoe acid within the
particular organism for which the sequence is being optivaized.

Deviations i the nucleotide sequence that comprise the codons encoding the
anuno acids of any polvpeptide cham allow for vaniations in the sequence coding for the
gene. Since each codon consists of three nucleotides, and the nucleotides comprising
DNA are restricted to four specific bases, there are 64 pos sible combinations of
nucleotides, 61 of which encede amine acids {the remaining three codons encode signals
ending translation). The "genetic code” which shows which codons encoede which amino
acids is reproduced herein as Table 1. As aresult, many amino acids are designated by
more than ene codon. For example, the amine acids alanine and proline are coded for by
four triplets, sering and arginine by six wriplets each, whereas trypiophan and methionine
are coded for by just one triplet. This degeneracy allows for DNA base composition to
vary over a wide range withowt altering the amine acid sequence of the profeins encoded

by the DNA.
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TABLE 1- The Standard Genetie Code

T C A G
TTT Phe (F) TCT Ser(S) TAT Twr (Y)  {TGT Cvs (O}
TTC TOC ™ TAC ™ TGO

T TTA Leu (L) JICA " TAA Ter TGA Ter
TG TCG " TAG Ter TG Tep (W)

CTT Lew (L) COT Pro (Py AT His (H) COT Arg (R)
CTC ™ CCC CAC™ CGe ™
C CTA " CCA T CAA GIn(Q)y CCA™T
CTG" oG CAG GG

ffz: He D ACT The (T) AAT Asn (N) AGT Ser (8)

ATA ACC AACT AGC ™
A e ACA " AAA Lys (K) §JAGA Arg (R)

:;é)b Met - Hacge AAG " AGG "

GTT Val (V) 10CT Ala (A} JGAT Asp (D) GGT Gly (G
GO GOC GAC ” GGC ®
GTA " GOA ™ GAA Gla (B} GGA”
TG GG GAG GGG "

[1205] Many organisms display a bias for use of particalar codons to code for insertion of
a particalar amimno acid i a growing peptide chain. Codon preference or codon bias,
differences i codon usage between organisns, is afforded by degeneracy of the genetic
code, and s well documented among many organsms, Codon bias often corvelates with
the efficiency of translation of messenger RNA (mRNA ), which is v furn believed o be
dependent on, inter alia, the properiies of the codons being translated and the availability
of particular transfer RNA (1RNA) molecnles. The predominance of selected t(RNAs in &
cell is generally a reflection of the codons used most frequently in peptide syathesis.
Accordingly, genes can be tatlored for optimal gene expression in & given organism based

on codon optimization.

Host cells

206} In some embodiments of the invention, the host cell 15 a evkaryotic
microorganism.  In some embodiments, the host cell is a veast. In some embodiments,

the host cell is able to digest and ferment cellulose. Ta some embodiments, the host cell 15
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from the genus Saccharomyess. In some embodiments, the host cell 18 Sacchuronices
cerevisiae,

In some embodiments, the host cells of the Invention are cultured at a temperature
above ghout 20°C, abave about 257C, above about 27°C, above ahout 30°C, above gbout
33%C, above about 35°C, above about 37°C, above about 40°C, above about 43°C, above
about 45°C, or above about 47°C. In some embodunents, the host cells of the mvention
contain genetic constructs that lead to the down-regulation of one or more genes encoding

a polypeptide at least about 80%, at least about 85%, at least about 909, at least about
95%, at least about 90%, at least about 7%, at least about 98%, at least about 99%, or
about 100% identical to one or more of the polvpeptides encoded SEQ ID NQOsx: 2,5, 7
25,31, 85,37, 159 and 161, and the polynucleptide sequence encoded by SEQ 1D NQ; 3.
I somie embodiments, the host cells of the mvention contamn genetic constrocts that lead
to the expression or up-regulation of a polypeptide encoding the activity assoctated with
ECNos: LLLE 31321, 12143, 1212, 1412 and 1414

In some embodiments, the host cells of the invention contaln genetic constructs
that lead to the expression or up-regulation of one or more genes encoding a po}’ypepiide
at least about 80%, at least about 85%, at least about 909%, at least about 953%, at least
about 96%, at least about 97%, at least about 98%, at least about 99%, or abowt 100%
identical to one or more of the polypeptides encoded by SEQ ID NQOs: 9, 11, 13, 15,17,
16, 21,23 27, 33,35, 37,39 41, 43 45 47, 49 31,53, 187, and 163, In some
embodiments, the host cells of the invention contain genetic constructs that lead to the
expression or up-regulation of a polypeptide encoding the activity associated with EC
Nos.: 1.1.1.1,1.1.1.2,1.2.13,1.21.4,1.2.1.10,23.1.54, 19714, 1412, 14.1.4,
L4, 14013, 63,12, 6346, and 3.3.1.3

In some embodiments, bifunctional acetaldehvde-aleohol dehydrogenase is up-
repulated. In some embodiments, the up-regulated bifunctional acetaldehyde-aleohol
dehydrogenase is from an enzyme that corresponds to an EC number selected from the
group conststing off EC 1.2.1.0and 11.LL  In some embodunents, the bifunctional
acetaldebvde-alcohol dehydrogenase 1 a NADPH dependent bifunctional acetaldehyde-
alcohol dehvdrogenase selected from a group of enzymes having the following Enzyme
Commission Numbers: BC 1.2. 010 and 1.1.1.2. In some embodiments, the hifunctional

acetaldehyde-aleohol dehydrogenase corvesponds to a polvpeptide selected from the
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group consisting of SEQ ID NOs: 13, 15 and 17, In some embodiments, the bifunctional
acetaldehvde-alcohol debvdrogenase s adhE.

In some embodiments, pvruvate formate lyase s op-regulated.  In some
embodiments, the up-regulated  pyrovate formate Ivase s from an enzyme that
corresponds to EC 23154 In some embodimenis, the pyrovate formate lyase
corresponds to a polypeptide encoded by SEQ 1D NO: 2 In some embodiments, pyruvate
formate lyase achivating eneyme s ap-regulated.  In some embodiments, the pp-regulated
pyruvate formate lvase activating enzyme i3 from an enzyme that corvesponds o EC
19714, In some embodiments, the pyruvate fonmate lyvase activating cnzyme
corresponds to a polynucleotide encoded by SEQ D NO: 3.

In some embodiments, glutamate debydrogenase is ap-regulated. In some
embodiments, the glutamate dehydrogenase that 1s up-regulated 1s NADH-dependent. In
some embodiments, the pp-regulated glotamate debydrogenase corresponds to EC 1.4.1.2,
In some embodiments, ghvtamate dehydrogenase from N cerevisice 18 ap-regulated. In
some embodiments, the pglutamate dehydrogenase that 15 up-regulated is from S
cerevisiae 13 GDPHL and corresponds to a polyvpeptide corresponding to SEQ D NO: 29,
In some embodiments, glutamate synthase is up-regulated. In some embodiments, the ap-
regulated glutamate synthase corresponds to EC 14134 In some ewbodiments,

glutamate synthase from S cerevisice is up-regulated.  In some embodiments, the

glutamate debvdrogenase that is up-regulated 15 from N cerevisice s GLT1 and
corresponds t0 a polypeptide corresponding to SEQ 12 NO: 33, In some embodiments,

glatamine synthase is up-regulated. In some embodiments, the up-regulated glutamine
synthase corresponds to BC 6.3.1.2. In some embodiments, glutaming synthase fom X
cerevisice 15 up-regulated. In some cmbodiments, the glutanune dehvdrogenase that is
up-regulated 18 from S cerevivice 13 GLNI and corresponds {0 a polypeptide
corvesponding to SEQ ID NO: 35,

In some embodiments, a vrea~-antido lyase is up-regulated. In some embodiments,
the up-regulated vrea-aniide lyase corresponds to EC 6.34.6. In some embodiments,
vrea-amido lvase from N cerevisige 3 upregulated. In some embodiments, the urea-
amido lyase that is up-repulated is fram S, cerevisize 1s DURY/Z and corresponds to a

polypeptide corresponding to SEQ 1D NO: 37.
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In some embodiments, a protease s up-regulated. In some embodiments, the up-~
regulated protease corresponds to EC 343341, In some embodiments, the protease 1s an
endoprotease. I some embodiments, the protease is an exoprotease.  In some
embodiments, a protease from 2. mavs, N, crassa, Pooanserine, or M orvzae s oup-
repudated.  In some embodiments, the protease that is up-regnlated comesponds to a
polvpeptide corresponding to SEQ 1D NOs: 41, 43,45, 47, O er 81 In some
etubodiments, a permease 13 up-regulated.  In some embodiments, a permease from S
cerevisice is up-regulated.  In some embodiments, the permease that is up-regulated s
(AP and corresponds to a polypeptide corresponding to SEQ 1D NO: 33,

In some embodiments, a glucoamylase is up-regulated. In some embodiments, the
upregulated  gluicoamylase corresponds to EC 321300 In some embodiments, a
glucoamylase from 8. fiduligera s up-regudated. In sore embodiments, the glacoamyvlase
from 5. fibudigera that 1s up-regulated corresponds to @ polypeptide corresponding to SEQ
10 NG 1e3,

In some embodiments, sn ammonium transporier is up-regulated.  In some
entbodiments, an ammomiwn transporter from 8 cerevivige is up-regulated. 1o some
entbodiments, the ammonium transporter that 1s up-regulated 1s MEPL, MEP2, or MEP3
from S, cerevisioe and corresponds {0 a polypeptide corresponding to SEQ 1D NOs: 19,
21, and 23, In some embodiments, a8 urea transporter is up-regulated. In some
embodiments, 8 urea trangporter from 1s from S0 cerevisioe.  In some embodiments, the
urea transporter that is up-regulated 18 DUR3 or DUR4 from N cerevivice and
corresponds o a polvpeptide corresponding to SEQ 1D NOs: 39

In some embodiments, ghyeerol-3-phosphate dehydrogenase is down-regulated. In
some embodiments, the down-regulated Gpd s from an enzyvine that corresponds to EC
1.1.1.8. In some embodiments, the glycerol-3-phosphate dehydrogenase ts selected from
the group consisting of glycerol-3-phosphate debvdrogenase 1 { "Gpd1"), plycerol-3-
phosphate dehydrogenase 2 {"Gpd2™), and combinations thereof  In some embodiments,
the Gpdl is fiom 8. cerevisige and corresponds to a polypeptide encoded by SEQ 1D NO:
5. In some embodiments, the Gpd2 i3 from § cerevisige and corresponds 10 a
polypeptide encoded by SEQ 1D N(: 7. In some embodiments, formate dehvdrogenase ts
down-regulated. In some embodiments, the down-regulated formate dehydrogenase

corresponds to an EC aumber selected from the group consisting oft EC 1.2.1.43 and EC
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12120 In some embodiments, formate dehvdrogenase from S cereviviae 18 down-
regulated. In some embodiments, the formate debvdrogenase from S cerevisige
corresponds to a polvpeptide cowesponding to SEQ ID NO: 20r a polymucleotide
cotrespondimg  to SEQ 1D NO: 3. In some embodiments, glveerol-3-phosphate
phosphatase is downeregulated.  In some embodiments, the down-regulaied glyceroh3-
phosphate phosphatase corresponds to EC 31321 In some embodiments, the down-
regulated  glycerol-3-phosphate  phosphatase corresponds o 8 polvnuclectide

Q ID

corresponding to SEQ ID NOs 158 or 160 or a polypeptide corresponding to SE
NQOs 159 or 161,

In some embodiments, glutamate dehvdrogenase is down-regulated.  1n some
embodiments, the glutamate dehydrogenase that is down-regulated 13 NADPH-dependent.
In some embodiments, the down-regulated glutamate dehydrogenase corresponds to EC
1.4.1.4. In some embodiments, ghitamate debydrogenase that is down-regulated is from
S cerevisige. In some embodiments, the glutamate dehydrogenase 1s from & cerevisiue
is GDH1 and corresponds to a polvpeptide corresponding to SEQ 1D NO; 25,

In some embodiments, a regulatory element is down-regulated. In some
embodiments, the regulatory element that is down-regulated is from 8 cerevivige. In
some embodiments, the regulatory element from S cerevivive is Ure2 and corresponds to
a polypeptide corresponding to SEQ 1D NO: 35, In some embodiments, the regulatory
element from 3. cerevisiae is Aual and corresponds 1o a polypeptide corresponding to
SEQ D NQ: 57,

In some embodiments, bifunctional acetaldehvde-alcohol dehydrogenase (AdhE),
B, wdolescentis pyruvate formate lyase, and R adolescensls pyravate formate lvase
activaling enzvine are up-regulated, and Gpdl and Gpd2 are down-regulated,  In some
enthodiments, AdhE, 8. gdolescentis pyruvate formate lyvase, and 8 adolescentiy pyravate
formate lyase activating enzyme are np-regulated, and Gpdl, Gpd2, Fdhl and Fdh2 are
down~regulated.  In some embodiments, AdhE, B adolescentis pyravate formate bvase,
and B adolescentiv pyruvate fonmate lvase activating enzyme are up-regulated, Gpdl,
Gpd2, Fdbl and Fdh2? are down-regolated, GPDI is expressed under the controf of the
GRD2 promoter, and (P02 is expressed under the control of the GPDY promoter. In
some embodiments, AdhE, B adolescenris pyravate formate lyase, and 8 adolescentis

pyruvate formate lyase activating enzyme are up-regulated, Gpdl, Gpd2, Fdhi, Fdh2,
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Gdhl are dovwn-regulated, GPDT i expressed wder the control of the (P12 promoter,
and P2 s expressed under the control of the GFPOT promoter. 1o somie embodiments,
AdhE, B, adolescentiy pyravate formate lyase, and 8 adolescentiy pyravate formate lyase
activating enzyine, and GRI are up-regulated, Gpdl, Gpd2, Fdhi, Fdh2, Gdhl are downe-
regulated, UPD] is expressed under the control of the GPD2 promoter, and GPD2 is
expressed under the contred of the GPDY prometer. In some embodiments, AdhE, 5.
actedescentiy pyravate formate vase, and 8 adolescanis pyravate formmate tyase activating
eneyme, and Ginl are up-regulated, Gpdl, Gpd2, Fdhi, Fdh2, Gdbi are down-regulated,
PP 15 expressed under the control of the GFPD2 promoter, and P2 15 expressed
under the control of the P promoter.  In some embodiments, AdhE, B. adolescentis
pyrovate formate yase, and B adolescentis pyruvate formate lvase activating enzyme,
Ginl and Gl are ap-regudated, Gpdi, Gpd2, Fdhl, FdhZ, Gdbl are down-regulated,
RO is expressed under the control of the P2 promoter, and GPL2 1s expressed
under the control of the GPI promoter. In some embodiments, the regulatory element
Ure2 1z down-regulated. Tn some embodiments, the regolatory element Aual is down-
regulated. In somne emboduments, (Gin3 s up-regulated.

In some embodiments, AdhE, B, adofescentis pyruvate formate lvase, and 8
adolescentis pyruvate formate lyase activating enzyme are up-regulated, and Gpd2, Fdhl,
and Fdh2 are down-regulated. In some embodiments, AdhE, B gdolescentiy pyruvate
formate lyase, and B adelescentiy pyrovate formate lyase activating enzyme ate up-
reguiated, and Gpd2, Fdhl, Fdh2, and Gdhl are downwregudated. In some embodiments,
AdhE, 8. adofescenis pyruvate formate lvase, and B adolescentis pyruvate formate lvase
activating enzyme are up-regulated, and Gpdl, Fdbl, and Fdh? are downwregudated. In
some cmbodiments, AdhE, B adolescentis pyruvate formate lvase, and & adolescentis
pyrwvate formate lyase activating enzyme are pp-regulated, and Gpdl, Fdht, Fdh2, and
Gdhl are down-repulated. In some embodiments, Durl/2 s additionally expressed. In
some embodunents, Darl/2 18 expressed from the TEF2 promoter. | n some
embodiments, Durl/2 i3 expressed from the HXT7 promoter. In some embodiments,
Durl2 is expressed from the GPAY promoter.  In some embodiments, Durl/2 s
expressed from the 4H ] promoter. In some embodiments, Durl/2 is expressed from the

HXTZTEF2 prometers.  In some embodiments, Gind s up-repulated.  In some
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cinbodiments, GPD1 ix expressed from the GPD2 promoter.  In some embodiments,
GPD2 is expressed from a GPD1 promoter. Ethanol Production

For a microorganism to produce ethanol most economically, it ¥ desired to
produce a lugh vield, In one embodiment, the only product produced is ethanel. Extra
products lead to a reduction 1 product vield and an increase in capital and operating
costs, particularly if the extra products have hittle or no value. Extra products also require
additional capital and operating costs to separate these products from ethanol,

Ethano! production ¢an be meazured using any method known m the artt. For
example, the quantity of ethanol in fermentation samples can be assessed asing HPLC
analysis. Additionally, many ethanol assay kits are commercially avatlable, for example,
alcobol oxidase enzyme based assays. Methods of determining ethanol production ave
within the scope of those skilled in the art from the teachings hereiny.

In some embodiments of the invention where redirected carbon flux generates
increased ethanol production, the ethanol owtput can be improved by growth-coupled
selection. For example, continucus culture or serial dilution cultures can be performed to
select for cells that grow faster andfor produce ethanot {or any desired product) more
efficiently on a destred feedstock.

One embodiment of the present invention relates to a method of producing ethanol
using a microorganism described berein wherein the microorganism iz cultured in the
presence of & carbon containing feedstock for sufficient time to produce ethanol and,
optiopally, extracting the sthanel. In some embodiments, nitrogen is added to the culture
containing the recombinant microorganism and the feedstock.

Fihanol may be extracied by methods known in the art. {See, g, U.S. Appl. Pub,
No. 261 /0171709, which 1s incorporated herein by reference tn its entivety. )

Another embodiment of the present invention relaies to a method of producing
ethanol using a co-culture composed of at feast two microorganisms i which at least one
of the organisms is an organism described herein, and at least one of the organisms i3 a
genetically distinet nncroorganism.  In some embodiments, the penetically distinet
ncroorgamism is a yeast or bacterium.  In some embodiments the genetically distinet
microorganism i any organism from the genus bswfchenkia, Pichia, Chwispora,

Candida, Hansennla, Kluvveromyces, Sgccharomyces, Irichoderma, Thermoascus,
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Escherichin, Clostridihan, Caddicellidosiruptor, Dhermoanaerobacter and
Thermoanaerobacterium,

In some embodiments, the vecombinant nucroorganism produces about 2% 1w
about 3% higher ethanol titer than a wildivpe, non-recombinant organtsm; at least about
1% to at least about 2% higher ethanol tier than a wildivpe, nonwrecombinant organismy;
at least about 1% to at least about $% higher ethanol tter than a wildtype, non-
recombinant organism; at least about 195 to at least about 7% higher athanol titer than a
wildiype, non-recombinant organism; at least about 1% to at least about 10% higher
cthaunol titer than a wildtype, non-recombinant organism; at least about 1% to at least
about 15% higher ethano! titer than a wildtype, non-recombinant organism; at least about
195 10 at least about 20% higher ethanol titer than a wildiype, non-recombinant organisng
at least about 1% to at least about 30% higher ethanol titer than a wildtype, non-
recombinant organisny; at least about 1Yo to at least about 50% higher ethanol titer than a
wildtype, non-recombinant orgamsm; at least about 1% to at least about 753% higher
ethanol titer than a wildtype, nop-recombinant organismy; at least about 1% to at least
about 100% higher ethanol tier than a wildtvpe, non-recombinamt organism. lo some
embodiments, the recombinant nycroorganism produces at least about (.51 ethanol 1o
at teast abowt 2 g1 ethanol, at least about 0.5¢/L ethanol to at least about 3 g/l ethanol, at
feast about 0.5g/1. ethanol to at least about § g/ ethanol, at least about 0.5g/L. ethanel to
at least about 7 /L ethanol, at least about 0.5¢/1 ethanol 1o at least about 10 g/'L. ethanol,
at least about 0.3¢/1. ethanol to at least about 13 ¢/l ethanol, at least about 0.3¢/1. ethanol
fo at least about 20 g/l ethanol, at least about 0.5g/L ethanol to at least about 30 g/L
ethanol, at least about {1.3g/L. ethanol to at least about 40 ¢/L. ethanol, at Jeast aboat (.51
ethanol to at least about 50 ¢/L ethanol, at least about 0.53g/L cthanol 1o at least about 758
g/l ethanol, at least about 03¢/, ethanol to at least about 99 g/L. ethancl, at least about
0.5 /L ethanol 1o at least about 125 ¢/L ethanol, or at least about 0.5 ¢/L to at least shout
130 @'l ethanol per at least about 24 hour, at Teast abowt 48 hour, or at least sbout 72 hour
incubation on a carbon-containing feed stock, such as com mash.

In some embodiments, the recombinant microorganism produces ethanol at least
about 35% to at least about 75% of theoretical vield, at least about 0% to at least about
80% of theoretical yield, at least about 45% to at least about 85% of theoretical vield, at

least about 40% to at least about 909% of theoretical vield, at least abom 33% 10 at least
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abowt 95% of theovetical vield, at least about 30% to at least about 99% of theoretical
viekd, or ar least about 25% to at least about 99% of theoretical yvield. In some
embodiments, methods of producing ethanol can comprise contacting a blomass
feedstock with a host cell or co-culture of the mvention and additionally contacting the
biomass feedsiock  with externally  produced saccharolvtic enzymes, In some
embodiments, the hest cells are genetically enginesred (e.g., wansduced, transformed, or
transfected) with the polymucleotides encoding saccharolytic enzyvives.

{0229} An "amylolvtic enzyme” can be any enzyme involved in amylase digestion,
metabolism andfor hydrolysis. The tenn "amylase™ refers 1o an enzyme that breaks starch
down into sugar.  Amylase is present in human saliva, where it begins the chemical
process of digestton.  Foods that contain much starch but hittle sugar, such as rice and
potate, taste shightly sweet as they are chewed because amylase tarns some of thelr starch
into sugar in the meuth. The pancreas also makes amylase {(-amylase) 1o bydrolyse
dietary starch into disaccharides and trisaccharides which are converted by other enzymes
te plucose to supply the body with energy. Plants and some bacteria also produce
amylase. All amvlases are glvcoside hydrolases and act on o~1,4-glycosidic bonds, Some
amvlases, such as y-amylase {(gloccamyviase), also act on o-1.0-glycosidic bonds.
Anwylase enzvmes include o-amovlase (BEC 3.2.1.1), Bramwvlase (EC 3.2.1.2), and v-amylase
(EC 3.2.1.3). The c-amviases are calcium metalloenzynes, unable to function i the
absence of calonum. By acting &t random locations along the starch chamn, w-amylase
breaks down long-chain carbobydrates, ultunately vielding maltotriose and maltose from
amvlose, or maltose, glicose and "iinst dextrin™ from amylopectin,  Becanse it can act
anywhere on the substrate, o-amylase tends to be faster-acting than f-amylase. In
antmals, itis a major digestive enzyime and s optimum pH s abowt 6.7-7.0. Another
form of amvylase, B-amylase is also synthesized by bacterta, fungl, and plants. Working
from the non-reducing end, B-amviase catslvzes the hydrolysis of the second o-14
ghvecosidic bond, cleaving off two glucose anits (maltose) at a time,  Many oucrobes
produce amyvlase to degrade extracellular starches. In addition to cleaving the last u{1-4)
glyeosidic linkages at the nonreducing end of amylose and amvilopectin, vielding gluecose,
v-amvylase will cleave a{1-6} glycosidic linkages. Another amylolytic enzyme is alpha-
ghicosidase that acts on maltose and other short malto-ohigosaccharides produced by

alpha-, beta- | and gamma-amylases, converting them to glucose.  Another amvialytic
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enzyme is pullulanase. Pollulanase i3 a specific kind of glwanase, an amylolytic
exoenzyiue, that degrades pullulan, Pullulan s regarded as & chain of maltotriose umis
Hinked by alphs-1,6-glveosidic bonds. Pullulanase (EC 321413 is also known as
pullnlan-e-plucanchydrolase  (debranching  enzvme)  Avother amylolvtic  enzyine,
isoputulanase,  bvdrolvses  pullulan to isopanose {G-alpha-maliosviglucose),
Isopullulanase (BC 3.2.1.57) is also known as pullulan 4-glucanohydrolase. An "amylase”
can be any enzyme twvolved i amylase digestion, metabolism andfor hydrolysis,
including e-amylase, B -amylase, glucoamylase, pullulanase, isopullnlanase, and alpha-
glacosidase.

Iy some embodiments, the recombinant microovganisms of the invention further
comprise one or more native audfor heterologous enzymes which encodes g saccharolytic
enzyme, mcluding amylases, cellulases, henycelhulases, celhdolyiic and amylolyue
accessory enzvroes, mulinases, levanases, and pentose sugar ailizing enzymes. In one
aspect, the saccharolvtic enzyme 13 an amylase, where the amylase is selected from H.
grisea, T aurantiocus, T. emersonii, T, reesel, O lactews, . formosanus, N
takasagoensis, C. gcinaciformis, M. darwinensis, Nowalkerd, 8. filuvdigera, (. luckowense
R speramus, Thermobfide fusca, Closwidun thermocelbon, Clostridion cellulolyricum,
Clostridum joswi, Bacillus pumilis, Celhdomanas finid, Secchavophagus degradaons,
Piramyees equil, Neocallimastix patricarim or Avabidopsis thadiona. In another aspect,
the saccharolytic enzyme is 8 ghucoamylase (ghe0111-CO) from N fibudigera.

The term "xylanolvtic activity” is mntended to mclude the ability to hvdrolvee
glycosidic linkages i oligopentoses and polvpentoses. The term "xylanase” i3 the name
given to a clasy of enzymes which degrade the linear polysaccharide beta-1 d-xvlan into
xylose, thus breaking down hemicellulose, one of the major components of plamt cell
walls, A s such, # plays a major role i nuero-organisns thriving on plant sources
(mammnals, conversely, do not produce xylanase). Additionally, xvlanases are present in
fungi for the degradation of plant natter into usable notrients. Xylanases include those
enzymes that correspond to BE.C. Number 3.2.1.8 A "xylose metabolizing enzyime” can

he any enzyme involved in xylose digestion, metabolism andfor hydrolyais, including a

yitol

xylose isomerase, xylulokinase, xvlose reductase, xylose dehvdrogenase, xy
dehvdrogenase, xylonate dehvdratase, xvlose transketolase, and a xviose transaldolase

profeim,
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The term “pectinase” i3 s g eneral term for enzymes, such as pectolyase,
pectozyme and polygalacturonase, commonty referred o 1 brewing as pectic enzymes.
These enzymes break down pectin, a polysaccharide substrate that is found in the cell
walls of plants. One of the most studied and widely used commercal pectinases is
polygalacturonase. Pectinases are comumonly used i processes involving the degradation
of plant materials, such as speeding up the extraction of fruit juice from fruit, including
apples and sapota. Pectinases have also been used v wine production since the 1960s.

A "saccharolyiic enzyme” can be any enzyme mvolved in carbohydrate digestion,
metabolism and/or hydrolysis, including amylases, cellalases, hemiceltulases, cellulolvtic
and amylolytic accessery enzyimes, inulinases, levanases, and pentose sugar utilizing
EREVINES.

A "pentose sugar utitizing enzyme” can be any enzyme involved in pentose sugar
digestion, metabolism and/or hydrolysis, wncluding xylanagse, arabinase, arabinoxvlanase,
arabinosidase, arabinofiranosidase, arabinoxvianase, arabinosidase, and
arabinofurancsidase, arabinose iscmerase, ribulose-S-phosphate 4-epunerase, xylose
isomerase, xylulokinase, xylose reductase, xylose dehivdrogenase, xyvhitol dehvdrogenase,

xvlopate dehydratase, xylose wransketolase, and/or xylose transaldolase.

Glveerol production

In some embodiments of the invention where redivected carbon flux generates
increased ethanol production, the glycerol output can be decreased by growth-coupled
selection. For example, continuous culture or serial dilution cultures can be performed to
select for cells that produce less glveerol on ad esired feedstock. Glyeerol can be
measurad, for example, by HPLC analysis of metabolite concentrations.

In some embodiments, the recombinani microorganism produces af least about
20% to at least abouat 30% less glveerol than a wildtype, non~recombinant organism; at
teast about 30% to at least about 50% less glveerol than a wildtype, non-recombinant
wrganisny, at least about 40% to at least about 60% less glyveerod than a wildtype, non-
recombinant grganismy at least about 50% to at least about 70% less glyeero! than a
wildivpe, non-recombinant organisny; at least about 60% to at least about B0% less
ghvcerol than a wildtype, non-recombinans organism; at least about 70% {0 at least about
90% less glyeerel than a wildtvpe, non-recombinant orgamsm at least about 75% to at

feast about 95% less glycerod than a wildtype, non-recombinant organisny; at least about
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0% 1o at least about 99% less ghweerol than a wildtype, non-recombinant organism, at
least abouwt 15% to at least about 30% less glycerol than a wildtvpe, non-recombinaat
organism; at least about 10% to at least about 40% less ghycerol than a wildtype, non~
recombingnt organisin; @t least about 10% to at least about 30% less glycerol than a
wildtype, non-recombinant orgamsm; at least about 10% to at least abont 60% less
glveerol than a wildiype, non-recombinant organism; at least about 10% to at least about
70% less glycerol than a wildivpe, non-recombinant organysn;, at least about 10% to &t
least about 80% less glycerol than a wildtype, non-recombinant organism; at least about
10% 1o at least about 90% less ghyeerol than a wildtype, non-recombinant organisum; at
feast about 10% to0 at least abowt 99% less glveerol than a wildtype, non-recombinant
organism; at least about 10% to at least abowy 100% less glveerol than a wildtype, non-
recombinant organism; at least aboul 5% 10 at least about 100% less glycerol than a
wildtype, non-recombinant orgasism; at least about 1% 1o at least abowt 100% les
glycerol than a wildtype, non-recombimant organismy. In some embodiments, the
recombinant nyicroorganism  produces no glveerol.  In some embodiments, the
recombinant microorganism has a growth rate at least about 172 to at least about equal to
the growth rate of a wildtvpe, non-recombinant orgamism, at feast about 1/4 to at Jeast
about equal 1o the growth rate of a wildtvpe, non-recombinant organism, at least about 1/8
to at least about equal 1o the growth rate of a wildtype, non-recombinant organism, at
feast about 1710 to at least about equal 1o the growth rate of a wildtype, non~tecombinant
organism, at least about 1725 to at least about equal 1o the growth rate of a wildivpe, non-
recombinant organisay, at least about 1430 to at least about equal to the growth rate of a
wildtype, non-recombinant organism o at least about [/100th to at least ahout equal o
the growth rate of a wildtype, non-recombinant organisnt.

A wildtype-non-recombinant organism produces glycerol at a rate of at least about
8-11 mM glyeerol per gram dry cell weight (DOW) during anaerobic growth, In some
embeodiments, glycerol production is reduced to a rate of between 1-10 mM glveerol per

gram dry cell weight during anaerobic growth.

EXAMPLES

Strains psed n the following examples were created using Mascoma Assemblhies

{"MAs"). Schematic diagrams of the MAs can be seen in Figures 6-44. Plasnuids used to
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make the MAs can be seen in Figures 45-68 and Table 2. Primers used 1o create the MAs
can be seen in Table 3 below and wn SEQ ID NQs: 66-155. Straing used m the invention
can be seen i Table 4 below. For a general description of molecular wethods that could
be used to create the strains, see LS. Application No 61/728 450, which iz incorporatad

herein by reference.

Table 2. Plasmids used to make the MAsg,

Plasmid

I Description

pMU2873  AGTEF pro-KAN-AGTEF ter/HXT2 pro-TDICACT] ter
pMU28TS  AGTEF pro-cloNAT-AGTEF tar/HXTZ pro-TDK-ACTT ter
pMUZ2908  PGKI pro-S. cerevisige QUHZ2-ENOT ter
pMUZS0S  ADHIT pro-S. cerevisioe GUDH2-PDCT ter
pMUZS1T  ADHI pro-GLNI-PDCY ter

phUi2813  PGKE pro-GLTI-ENOL ter

afAU3409  TEF2 pro-DURL, -ADHS ter

pMU3AL0  HXT7 pro-DURLZ-PMALL

pMU3411  ADHI pro-DURLZ-PDCT ter

pMU3459  ADHI pro-DURS-PDCL ter

phl3460  ADHI pro-MEPI-PDCY tar

phU3461  ADHI pro-MEF2-PDCI ter

philiz463  ADHI pro-GAPI-PDCY ter

pMU3464  TEF? pro-DURZ-ADHS far

pMU34E5  TEF2 pro-MEPI-ADHI ter

phU3466 TEF2 pro-MEPZ-ADH3 ter

phAU3468  TEFZ pro-GAPL-ADHI ter

phU3471 TP pro-DURI-FBAL ter

oMU3472 TPl pro-MERL-FBAL ter

pMU3473 TP pro-MEPZ-FBAL ter

phu3475 TR pro-GAPL-FBAT ter

eS8 ADHIL pro-N. crossa GDHZ-PRCT ter
phMUIGNS  ADHI pro-MEF3-PDCI ter

pMUZBDE  TEFZ pro-MEPI-ADHIter

pMUSB0O7  TPIT pro-MEP3-FBAT ter
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Example 1
Deletion of GDH1 and overexpression of GDH2 or GLTI/GLNI

{0239} M3624 {Agpd I GPD2-BadolescerntispllA/pFIBladhEAgpd 2. GPDI-A.
adolescentispfA/pAB/adhBEAfTH IAfIh 2. B adolescentispil A/ plflB/adhE) has an
approxnuately 85% reduction o glveerol formation when grown on > 3% solids com
mash. However, the strain is unable to complete the fermentation even after extended
incubation pertods. Two medifications of the anwvonngn assimilation pathway were
constructed i M3624 and evaluvated for fermentation performance. The modifications
were a deletion of GDHT and over-expression of Gdh2, resulting in strain M4117 (M3634
Gdh2; dedh !, The second modification was a deletion of GDHI and overexpression of
GLTY and GLNI, resulting ju strain M41I8 (M3634 Gltl: Ginl, dgdf?). These straing
were compared to M3624 and the conventional veast control (M2390 {8 wild type
unmodified strain isolated from ndustrial sources)) following fermentation of 31% sohids
corn mash.

02401 An industrial corn mash was prepared to a final sohids concentration of 31%
supplemented with penicidbn (0.006mg/mL) and wrea (0.5 g/} Glucoamylase was added
at a concentration of 0.6 AGU/RTS. Fermentation was stopped by addition of each strain
to an final starting concentration of 0.1 g/l Vials were capped with a rubber siopper and
sealed. A 23-gauge neadle was inserted through the stopper 1o vent and for the safety of
the expertment. Vials were incubated at 35°C with shaking at 125mpm. At the termination
of the experiment samples were prepared for HPLC analysis of ethanol and residual
SUGArs.

02411 The results v Figure 69 dlustrate that both M4117 and M4118 reach a much
higher final ethavol titer than M3624, which was unable to complete the formentation.
Relative to M2390 both M4117 and M4118§ had ethanol titers that were 4.2% and 5.2%
higher respectively.

Example 2

Deletion of (GDHY

{0242} As shown m Figore 5, M336S (Aepd2iB.adelescentivpfllApiBladhEAfIR IA
JAR2: B adolescembpA/piBiadhE),  M3467  (AfdhiAfh2: PP -pro-adhi-HX T ter
ENO1-pro-pfiB-ENO1-ter ADH-pro-adhE-PDCI O~ter TPl-pro-pflA-FBA-fer
Agpd1GPD2: PFK-pro-adhE-HXT-ter  ENOI-pro-pfIB-ENQl-ter  ADHI-pro-adhE-
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PDCHter TR-pro-pflA-FBA~ter) and M3469 Agpd i Badolescenty pHA/piiB adhE
FRb INFIR2A B adolescentisplApAB/adhE) have degrees of glveerol reduction ranging
from 20% to ~45% relative {0 the control strain M2390, A clean deletion of GDHI was
constructed 1 each of these backprounds resulting in M4400 (M3465 Agdhl),
MA4OT(M3467 Agdh iy and M4402 (M3469 Agdhl) and compared to the conventional
veast control (M2390) following fermentation of 319 solids cort mash {The fermentation
was performed as described in Example 1) As shown in Figwre 70, all three glycerol
reduction strains engineered with a deletion of GIHI reached a higher ethanol titer than
their respective parent strain.
Example 3;
Overexpression of DURILAZ

{0243} Four different DURLEZ expression cassettes were constructed in both M34467
AJTRINRER 2 PFR pro-adhb-HXT-wer  ENCH-pro-pflB-ENQ-ter  4DHi-pro-adhil:-
PRCH-ter TPEproa-pfld-FBd-ter Agpd{::GPD2 PFEpro-adhE-HXT-ter  ENQH-pro-
PHB-ENQ -ter ADHI-pro-adbi-PDUT0-ter TPEpro-pfld-FBA-tery and M3469 fAgpdi:
B adoiescentiy plIAPABAdhE fdhINGHRIN Badolescentispl AdpfiB/adhE) resulting 1n
strains Ma427-M3343 {Table §). These strains were compared to thew parent sivain and
the conventional yeast control (M2390} following fermentation of 31% solids corn mash
{The fermentation was performed as described in Example 1) As shown in Figure 71, all
strains comaining an overexpression of DUR 2 reached the same or higher ethanol titers
than their respective parent strain but the TEF2 and ADHI promoter appeared particularly
affective. Promoters and ferminators nsed and that could be used include: S cerevisive
TEF 2 promoter: SEG 1D NO; 38, 8 cerevivice HXTT promoter; SEQ ID NO» 39, ¥
cerevisiae, 8. cerevisiae ADHI promoter: SEQ ID NQ: 60, 8. cerevisice TP promoter:
SEQ D NO: 61, 8 cerevisioe FBAL terminator: SEQ 1D NO: 62, S cerevisiae PDCI
ternunator; SEQ ID NQ: 63, 5 cerevisiae PMAL terminator: SEQ I8 NO: 64, and &
cerevisioe ADHI eomanator: SEQ 1D NGO 65,
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Table 8 Description of constructions and strain designations
containing over-expression of DURL2

[0245]

Parent strain Stoun destenation | Genetic modification
M3467 hM4S27 MAD484. 1 : axprassion of DURT .2 from the TEFZ pramoter
»34a87 f4428 MAG4BS 1 ~expression of DUR1 2 from the HXTT promoter
M3467 4428 MA4BT . 1 expression of DUR1,2 from the AGHT promoter
Mlda7? M4430 MA4E4 1« expression of DURTZ fram the HXTYTEF2 promoters
MI469 4431 MAGAE4.T © axprassion of DURT 2 from the TEF2 promoter
3440 M2432 MAD4ES 1 . exprassion of DURT,2 fram the HXT7 promoter
M3464Q 4433 MAL4GT 1 expression of DURT Z fram the ADT promater
M3469 M4434 MA454 14 expression of DUR1,2 from the HXT7/TEF2 promoters
Example 4

Deletion of URER

{0244 To evaluate an alteration in the 5 cerevisiar nitrogen catabolite repression system

i ghveerol reduction backgrounds, a deletion of URE2 was constructed w M3624
{Example 1), creating strain M44006 {(M3624 dwre). This strain was compared to M3a624
and the conventional yeast control (M2390) following fermentation of 31%% solids com
mash (The fermemation was performed as described in Example 1), As shown in Figore
73, M4406 reached a higher titer than M3624 however a vield increase over the
conventional strain was not observed and there was ~135 g residual glucose. This is an
indication that additional wmodifications 1o the NCR system may give mmproved
performance or that an adaptation of M4406 may be required to obtamn the potential yield
increase.
Example 5
Regulation of sutrogen utilization

Preferred nitrogen sources generally repress transcription of genes vequired to
utilize non-preferred nitrogen sources. Uren 15 added as a supplemental nitrogen source in
corn mash fenmentation; however, there are significant guantities of amino acids and
aimunonia, both of which are preferred nitrogen sources over urea. Expression of the urea
transporter {(Durd) and the wreaiamido lyase responsible for intracellular degradation
{(Duri/2} may be vepressed in the presence amino acids and ammonia as part of a
phenomenon referred fo as Nitrogen Catabolite Reprassion {(NCR). This repression counld

slow the rate of urea uptake or require larger quantittes to be added. It would be an
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economic benefit fo a corn ethanol producer if constingtve expression of Dw3 and Dorl 2
altowed them to either reduce the amount of urea needed or accelerate fevmentation rate.
The NCR is controfled by Ure2 and four transcription factors known as Gin3,
Gatl, Dal0, and Gzf3. Ure2 participates in repressing gene expression in the presence of
non-preferred nitrogen source. 1 has been observed thai deletion of UREZ activates the
expression of genes mvelved in the uptake of non~preferred nitrogen sources. Inactivation
of Ure? resulis in dephosphorvlation and noclear localization of the transcription factor

Gind,

Example SA

Deletion of UREZ deletion of URE?Y results in nuclear localization of GLN3 and activation of

[0247]

10248

{6249}

NCR sensitive genes.
&

To evaluate an alteration m the 8 cereviige niimg&zn catabolite repression system
in glyeerol reduction backgrounds, a deletion of Ure2 is constructed gs in Example 4. A

deletron of UREZ will be constructed in M3624 (Example 1), Strams in which {7822 1
deleted show a nuclear localization of Gin3, and an sctivation of NCR sensitive genes,

Ped

including Durd and Dur /2,

Overexpression GLN3 resolts in activation of NCR sensitive genes.

To evaluate an alteration i the §. cerevisine nitrogen catabolite repression system
in ghyvcerol reduction backgrounds, Gin3 (SEQ 1D NOs: 156 and 137} i overexpressed
Strains m which Glnd s overexpressed show an activation of NUR sensitive genes,
ncluding Durd and Durli2.

Example &
Deletion of GDHI and expression of & cerevisiae GDH2

The resulis show that strain M3624 (Example 1) was able {0 reach a  slightly
higher titer than strain M2390 {WT), prodocing 1.3 ¢l more ethanol (Figure 73} To
create strain MAHT7 (M3634 Gdh2; dedh?), the GDHT gene was deleted and replaced
with 4 copies of the 8. cerevisice GDH2 gene expression cassette. The resulis in Figure
73 below demonstrate that when compared to M3624, Ma117 had a clear improvement of
3.7 g1 more ethanol. The data shown in Figure 74 s hows that M3624 makes 13 g4
glycerol which 15 87% less than the wild type strain M2390, which made 10 g/l The

deletion of GDHI and addition of the 8. cerevisiae GDH2 expression cassette decreased
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the ghycerol titers 1o around 1 g/ These results Hustrate that the combination of glyeerol
reduction through formate production is synergistic with modifications to the gnumonium

assimilation pathway.

Dedetion of GDHI and expression of N, cravse GDH2
02501 To create strains M3841LMS844, the GDHI gene was deleted and veplaced with 4
copies of the N crassg GDH2 gene expression cassette in Figure 10, Each strain resolted
from mdependent colonies and have the same genotype (Table 6). The results shown in
Figure 73 demonsirate that the addition of the N crasse GDHI to M3624 resulied in

titers that were between 3.6g/1 and 4.3 g/l higher than M3624. The data shown In Figure

B Lt

74 shows that M3624 makes 1.3 g glycerol which 1s 87% less than the wild tyvpe strain

M2390, which made 10 g1 The deletion of GDHI and addition of the N, crasya GDH2

g
expression cassette decreased the ghveerol titers to ground 1 g/l These results support the
conclusion that a combination of glycerol reduction through formate production s
synergistic with modifications o the ammontun gssimilation pathway, even when using a

heterclogous expression of GDHI,

Table 6. Glycerol deletion strains which further comprise a
deletion of gdhl and an expression of Gdh2.

Steain Cenotvpe
M2390 W
MR AldhIAfR2 dalpispd i nepd24alpAgpdd nepdidalp
NMALLT » Afdhi AR i‘":i;).ﬁps&gpﬁi::gpdl?::i;ﬁ;ﬂgﬁdij_4 épdm.ﬁﬂp&?{cgdhi mdadh?
LERLEY: AfdhIARDE dapAppd | rgpd2da2pAgpdngpd 1 3a2pANemssagdhl s dadh?
MEE42 Aldht addh2odalpdepd] gpd24apdgpd2 i ppd Ha2pANorassagdhl dgdhl
ME8E3 AldhiAfdh2 4 H2pd gpd i gpd}? Fa2pApp 2 gpdbda2pANorass ;gcih Poded b2
MSE44 AfdhiafdhodaZpAgpd! nppddalpAepd 2 gpd HalpANerassagdhldgdh
j0251} The straing in Table 6 were noculated in vials containing 4ml industrial comn

mash (mini-vials). The fermentation was allowed to proceed for 63hrs and samples were
run on gn HPLC 1o obtain ethanol and glycerol values.

j0252] Al documents cited berein, including jownal articles or abstracts, published or
corresponding U5, or foreign patent applications, issued or foreign patents, or any other
documents, are each entirely incorporated by reference herein, inclnding all data, tables,

figures, and text presented in the cited documents.
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{1253} Those skitled m the art will recognize, or be able fo ascertain nsing no more than
routing experimentation, many equivalents to the specific emwbodimuents of the faveation
described heveln. Such eqguivalents are ntended to be encompassed by the following

clams.
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WHAT IS CLAIMED 1IN

A recombinant microorganism comprising:

a. at least one engineered genetic modification that leads to the up-regulation or down-
regulation of one or more native andéor heterologouns enzymes that function in one or

more ethanol production patlnvays;

b. at least one engineered genetic modification that leads to the down-regulation of an

enzyme in a glveerol-production pathway; and,

¢, at least one engineered genetic madification that leads to the up-regulation or down-

regulation of an enzyine W a nitrogen-assumilation pathway.

The recombmant microorganism of claim 1, wherein the down-regulated enzyme m the

nitrogen-assimilation pathway s glutamate dehydrogenase (Gdh) (EC 14.1.4).

The vecombinant microorganism of claim 1, wherein the down-repnlated enzyme in the
pitrogen-assinmilation pathway is encoded by a polypeptide sequence af least about 80%
wdentical to a polypeptide sequence selected from the group consisting oft SEQ 11 NOs:

25 and 31 (N cerevivioe Gdhl and Gdh3).

The recombinant microorganism of claim 3, wheremn the down-regulated enzvme in the
nitrogen-assimilation pathway is encoded by a polypeptide sequence at least about 8(%%
wdentical to a polypeptide sequence selected from the group consisting oft SEQ ID NOs:

28 and 31 (8. cerevisice Gdlsl and Gdh3).

The recombinant microorganism of any one of claims 3-4, wherein the down-regulated
enzyme in the nitrogen-assimifation pathway is encoded by a polypeptide sequence at
feast about 93% identical to a polypeptide sequence selected from the group consisting of!

SEQ IDNOs: 25 and 31 {5 cereviviae Gdhl and Gdh3}.

The reconsbinant microorganism of any ong of claims 3-5, wherein the down-regulated
enzyme in the nirogen-gssimilation pathway is encoded by a polypeptide sequence
wdentical 1o a polyvpeptide sequence selected from the group consisting off SEQ 1D NOs:

25 and 31 (N cerevivige Gdh1 amd Gdh3),
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The recombinant microorganism of any one of claims 2-6, wherein the microorganism
further comprises least one genetic modification that leads o the up-regulation of avn

eUEYIE 1 an nitrogen-assimulation pathway.

The recomiunant microorgamism of any one of claims 1-7, wherein the up-regulated

enzyme in the nitrogen-assimilation pathway is a heteralogous enzvme.

The recombinant micvoorganism of any one of clamns 1-7, wheren the up-regulated

enzyme in the nitrogen-assimilation pathway is @ native enzyvme.

The recombinant microorganism of any one of claims 1-9, wherein the up-regulated
enzyine m the nifrogen-assinuiation pathway is at least one enzyme selected from the
group consisting of glutamate dehydrogenase (Gdh) (EC 1.4.1.2), glutamate syathase

(G} (EC 1.4.1.14), and glatamine synthase (Gin) (BC 6.3.1.2}

The recombiant nucroorgarmism of claim 10, wheren the ap-regulated enzyme i the
nitrogen-assitntlation pathway is a Gdh2 isolated from an organism frow a genus selected

from the group consisting of Saeccharamyeey and Newrospora. {(Gdh2).

The recombinant microorganism of any one of claims 1-10, wherein the up-regulated
enzyine in the mitrogen-assimifation pathway is encoded by s polypeptide sequence at
least about 80% identical to a polypeptide sequence selected from the group consisting of:

SEQID NOs: 27 and 29. (Gdh2),

The recombinant microorganism of claim 12, wherein the ap-regulated enzyime m the
nitrogen-assimilation pathway is encoded by a polypeptide sequence af least about 90%
identival 10 the polvpeptide sequence selected from the group consisting off SEQ 1D NOs:

27 and 29 {(Gdh2).

The recombinast wicroorganism of any one of claims 12-13, wherain the up-regolated
enzyme i the nitrogen-assimilation pathway 18 encoded by a polypeptide sequence at
teast about #3% identical o the polypeptide sequence selected from the group cousisiing

of: SEQ 1D NOs: 27 and 29 {Gdh2).

The recombinant microorganism of any one of claims 12-14, wherein the up-regudated

enzyime in the mitrogen-assinylation pathway is encoded by a polvpeptide sequence
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wdentical to the polypeptide sequence selected from the group consisting oft SEQ ID NOs:

27 and 29 {Gdh2).

The recombinant microorganism of any one of claims 1-10, wherein the up-repnlated
enzyme in the nitrogen-assimilation pathway is a Gt isolated from an organism from the

genus Savcharamyces (Gt

The recombinant microorganism of claim 16, wherem the up-regolated enzvme in the
nitrogen-assimlation pathway s encoded by a polypeptide sequence at least about 80%

identical to a polypeptide sequence encoded by SEQ 1D NO: 33 (Gltl 1)

-~
4
'

The recombinant microorganism of any one of claims 16-17, wherein the up-regulated
erzyine in the mtrogen-assimitation pathway 15 encoded by a polypeptide sequence at

least about 90% identical to & polypeptide sequence encoded by SEQ 1D NO: 33 (GRtih

The recombinant microorganisin of any one of claims 16-18, whereny the up-regolated
enzyme in the nitrogen-assimilation pathway is encoded by a polypeptide sequence at

feast about 95% wdentical to a polypeptide sequence encoded by SEQ 1D NO:33 (Ghl )y

The recombinant microorganism of any one of claims 16-19, wherein the up-regulated
enzyime in the nitrogen-assimilation pathway is encoded by a polvpeptide sequence

identical to a polypeptide sequence encoded by SEQ 1D NO: 33 (Ghil),

The recombinant microorganism of any one of clatms 1-10, wherein the up-regulated
enzyvine in the aitrogen-assimitation pathway is 2 Gind isolated from an organism from

the genus Saccharomyces {Ginl).

The recombinant microorganism of ¢latm 21, wherein the up-regulated enzvme in the
witrogen-assinlation pathway i3 encoded by a polypeptide sequence at least about B0%

identical 10 a polypeptide sequence encoded by SEQ 1D NO: 35 (Glnl).

The recombinant micronrganism of any one of claims 21-22, wherein the up-regulated
eneyme in the nitrogen-assimilation pathway is encoded by a polypeptide sequence at

feast about 90°%% identical to a polvpeptide seguence encoded by SEQ 1D NO: 35 {Ginl).
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24, The recombinant microorganism of any one of claims 21-23, wherein the wp-regulated
enzyime i the aitrogen-assinuiation pathway is encoded by a polypeptide sequence at

feast about 93% identical 10 a polypeptide sequence encoded by SEQ 1D XO: 38 (Gint ),

T2
s

The recombinant microorganism of 21-24, wherem the up-regulated enzyme i the
nitrogen-assimilation pathway is encoded by a polypeptide sequence identical to a

polypeptide sequence encoded by SEQ D NG 35 (Glnl),

6. The recombinant microorganism of any one of clams 1210, wherain the up-regulated

enzyme in the nitrogen-assimilation pathway is an anunoniun ransporter.

27, The recombinant microorganisny of claim 26, wherein the up-regulated enzyme in the

nitrogen-assumilation pathway 18 & palive MmO ransporter,

28, The recombinant microorganism of any one of claims 26-27, wherem the up-regulated
ensyne in the nitrogen-assimiation pathway is a MEP protein tsolated from an organisim

from g genus selected from the genus Saecharontces,

29, The recombinant microorganism of any one of claims 26-28, wherein the up-regulated
enzyme in the nitrogen-assimilation pathway is selected from the group consisting off

Mepl, Mep2, and Mep3.

T
o

The recombinant nucroorganism of claim 29, wherein the ap-regulated enzyme in the
nitrogen-assunilation pathway 1s eucoded by a polypeptide sequence at least about 80%

identical to a polypeptide sequence encoded by SEQ 1D NO» 19 (Mapl .

31, The recombinsnt microorganism of any one of claims 29-30, wherein the up-regulated
enzyme in the nitrogen-assimilation pathway is encoded by a polypeptide sequence at

feast about 90% identical to 3 polypeptide sequence encoded by SEQ ID N 19 (Mepl ),

24
2

The recombinant microorganism of any one of claims 29-31, wherein the up-regulated
enzyine i the nitrogen-assinuiation pathway s encoded by & polypeptide sequence at

least abount 95% identical to a polypeptide sequence encoded by SEQ 1D NO: 19 (Mepl).
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The recombinant microorganism of any one of claims 29-32, wherein the up-regulaied
enzyine 1 the nitrogen-assinilation pathway s enceded by a polvpeptide sequence

identical 1o a polypeptide sequence encoded by SEQ 1D NO: 19 (Mepl ).

The recombinant microorganism of claim 29, wherein the up-regulated enzyme i the
nitrogen-assimilation pathway is encoded by a polypeptide sequence at least about 80%

identical to a polypeptide sequence encoded by SEQ IDINO: 21 (Mep2).

The recombinant microorganisin of claim 34, wherein the up-regolated enzvme i the
witrogen-assimilation pathway is encoded by a polypeptide sequence at least about 90%

identical 1o a polypeptide sequence encoded by SEQ D NG: 21 (Mep2).

The recombinant microorgansm of any one of claims 34-35, wherawn the up-regalated
enzyme in the nitrogen-assimilation pathway i3 encoded by a polypeptide sequence at

feast about 95% 1dentical to a polypeptide sequence encoded by SEQ 1D NO: 21 (Mep2).

The recombinant microorganisme of any one of claims 34-36, wherein the wherew the up-
regudated enzyme i the witrogen-assimilation pathway s encoded by a polypeptide

sequence identical to a polypeptide sequence encoded by SEQ 1D NO: 21 (Mep2).

The recombinant nucroorganism of claim 29, wherein the up-regulated enzyme in the
nitrogen-assimilation pathway 1s encoded by a polypeptide seguence at least abont 80%

wdentical to a polypeptide sequence encoded by SEQ ID NG 23 (Mep?).

The recombinant microorganism of claim 38, wherein the ap-regulated enzyime m the
nitrogen~-assimtlation pathway is encoded by a polypeptide sequence at least about 90%

identical to a polvpeptide sequence encoded by SEQ 1D NO: 23 (Mepd).

The recombinant microorganism of any one of claims 38-39, wherein the up-regulated
engyme in the mitrogen-assimilation pathway is encoded by a polypeptide sequence at

feast about 93% dentical to a polypepiide sequence encoded by SEQ D NO: 23 (Mep3).

The recombinant microorganisn of any one of claims 3844, wherein the up~regulated
enzyme in the nitrogen-sssimilation pathway is encoded by a polypeptide seguence

identical to a polypeptide sequenve encoded by SEQ 1 NG 23 (Mep3).
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42. The recombmant microorganism of any one of clayms -9, wherem the up-regulated

enzyine i the mitropen assimilation pathway 18 8 wea-anudo fvase (EC 6.3 .4.6).

43, The recombinant microorganism of claim 42, wherein the up-regulated enzyme in the

nitrogen assimilation pathway is a native urea-amido lvase.

44, The recombinant microorganisn of any one of clams 42-43, wherain the up-regulated
enzyme i the nitrogen assimilation pathway 18 a wreg-amido lvase solated from an

organism from the genas Saccharosncex.

o
LAy

The recombinant microorganism of any one of clanms 42-44, wherein the wp-regulated
enzyine m the nifrogen assimilation pathway is encoded by a polypeptide sequence at
feast about 80% identical 10 a polvpeptide sequence encoded hy SEQ ID NO: 37
{Dur i/}

46, The recombinant microorganian of any one of claims 42-45, wherewn the up-regulated
enzyme in the nitrogen assimilation pathway is encoded by a polypeptide sequence at
feast about 90% identical to a polypeptide sequence encoded by SEQ 1D NG: 37

{Durtdd).

e

The recombinant micronrganism of any ong of claims 42-46, wherein the up-regulated
enzyme m the nirogen assimilation pathway is encoded by a polyvpeptide sequence at
feast about 95% identical t© a polypeptide sequence encoded by SEQ ID NO» 37
(Durti2).

48 The recombingnt microorganism of any one of claims 4247, wherein the up-regulated
enzyvme in the nitrogen assinmilation pathway is encoded by a polvpeptide sequence

identical 1o a polypeptide sequence encoded by SEQ 1D NO: 37 (Durl/2)

49, The recombingnt mucroorgamsm of any one of clatms 1-9, wherein the up-regulated

enzyme m the nitrogen assimilation patlpvay s a wea transporter,

]
.
pne]

The recombinant microorganism of claim 49, wherein the up-regulated enzyme in the

nitrogen assimilation pathway is a native nrea transporter.
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The recombinant microorganism of any one of claims 49-30, wherein the up-regulated
erizyine i the nitrogen assitmlation pathway is selected from the group consisting of

DURS3 and DURA and 18 solated from an organsm trom the genus Saccharomyees

The recombinant microorgamsm of any one of clauns 49-50, wherein the up-regulated
enzyme in the nitrogen assimilation pathway is selected from the group consisting of

Prued and Durd,

The recombinant microorgamism of claim 32, wherein the up-regulated enzyime m the
witrogen assimilation pathway is encoded by a polypeptide sequence at least abour 80%

identical 1o a polypeptide sequence encoded by SEQ 1D NO: 38 {Dwr3).

The recombinant microorgansm of any one of claims S2-533, wherewn the up-regalated
enzyme in the nitrogen assimilation pathway is encoded by a polypeptide sequence at

feast about 90% 1dentical to a polypeptide seguence encoded by: SEQ 1D NO: 39 {Durd),

The recombingnt microorganism of any one of claims 32-53, wherein the up-regulated
enzyme i the nitrogen assinnilation pathway s encoded by a polypepiide sequence at

feast about 95% tdentical to a polypeptide sequence encoded by: SEQ D NO: 39 (Dur3),

The recombinant microsrganisin of any one of claims 52-33, wherein the up-regnlated
erizvme in the mitrogen assimuiation pathway is encoded by a polypeptide sequence

wdentical to a polypeptide sequence encoded by: SEQ 1D NO: 39 (Dur3).

The recombmant microorganism of any one of claims 1-9, whersin the up-regulated

enzyme in the nitrogen assimifation pathway s Gln3,

The recombingny microorganism of ¢laim 87, wherein the up-regulated enzyme in the

witrogen asstmilation pathway 1s a pative Glad,

The recombinant microorganism of any one of claims 57-38, wherein the up-regulated

enzyime i the nitrogen assimilation pathway is isolated from the genus Saccharomyces.

The recombinant microsrganisimn of any one of claims 57-38, wherein the up-regnlated
eneyme in the witrogen assimilation pathway s encoded by a polypeptide sequence at

teast about 80% identical to a polypeptide sequence encoded by SEQ 1D NO: 136 {Gind).
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The recombinant microorganism of claim 60, wherein the up-regulated enzyme in the
nitrogen assimilation pathway s encoded by a polypeptide sequence at teast about 90%

identical 1o a polypeptide sequence encoded by SEQ 1D NO: 156 {Gln3 ).

62, The recombinant microorgamsm of any one of clamms 60-61, wherein the up-regulated
enzyme in the nitrogen assunilation pathway i3 encoded by a polypeptide sequence at

feast about 95% identical 10 a polypeptide sequence encoded by SEQ ID NGO 156 {Gln3),

63, The recombmnant microorganism of any one of claims 60-62 wherein the up-regulated
enzyme in the nitrogen assimilation pathway is encoded by a polypeptide sequence

identical to a polypeptide seguence encoded by SEQ 1D NO: SEQ 1D NG 136 (Glo3),

&4, The recombinant microorganism of any one of clatms 1-63, wherein the enzvme w the
ghveerol-production pathway is encoded by at least one enzyme selected from the group
consisting off a glyvcerol-3-phosphate dehydrogenase 1 polynucleotide {(GPOF) {(EC
1.1.1.8), a glycerol-3-phosphate dehydrogenase 1 polypeptide {Gpdl) (EC 1118}, a
ghveerol-3-phosphate debvdrogenase 2 polynucleotide (GRO2Y (EC 1.1.1.8), a glycerol-3-
phosphate debydrogenase 2 polypeptide {(Gpd2) (EC 1118}, a glycerol-3-phosphate
phosphatase 1 polvaucleotide (GFFIY (EC 3.1.3.21), a glycerol-3-phosphate phosphatase
polypeptide 1 {(Gpply (EC 3.1.3.21}, 8 glycerol-3-phosphate phosphatase 2 polynacieotide
{GPP2Y(EC 3.1.321), and a glyeerol-3-phosphate phosphatase polypeptide 2 {Gpp2) (EC
31321

65, The recombinant microorgamism of claim 64, wherein the enzyme i the glyeerol
production pathway is encoded by a polypeptide sequence at least about 80% identical o

the polypeptide sequence encoded by SEQ 1D NQ: S (Gpdl).

o6, The recombinant microorganism of any oune of claims 64-65, wherein the enzyme in the
ghveerol production pathway is encoded by a polypeptide sequence at least about 90%

identical to the polypeptide sequence encoded by SEQ ID NO: 5 {(Gpdl),

67, The recombinant microorganism of any one of claims 64-66, wherein the enzyme o the
ghveerol production pathway s encoded by a polvpeptide sequence at least about 95%

wlentical to the polypeptide sequence encoded by SEQ ID NO: 3 (Gpdl ),
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68, The recombinant microorganism of any one of claims 6467, wherein the enzyme i the
glveerol prodaction pathway s enceded by a polypeptide seguence identical to the

polypeptide sequence encoded by: SEQ ID NO: 5 (Gpdl ),

89, The recombinant microorganism of claim 64, wherein the enzyme w the glycerol
production pathway is encaded by a pelypeptide sequence at least about 80% wdentical to

the polypeptide sequence encoded by SEQ T NO: 7 (Gpd2),

~
=

e recombinant microosganism of claim 6%, wherein the eozvine w the glycerol
Tk binant o f el 6%, wh th \ the gh i
production pathway 13 encoded by a polypeptide sequence at least about 90% identical to

the polypeptide sequence encoded by: SEQ ID NO: 7 {Gpd2).

71, The recombinant nacroorgamsm of any one of claims 69-70, wherein the enzyme 1 the
glveerol production pathway i3 encoded by a polypeptide sequence at least about 953%

wlentical to the polvpeptide sequence encoded by: SEQ ID NO: 7 {Gpd2).

72, The recombinant micreorganism of any oue of claims 09-71, wherein the enzyme in the
ghycerol production pathway 13 encoded by a8 polvpeptide sequence wentical 1o the

polvpeptide sequensce encoded by SEQ 1D NO 7 (Gpd2).

73, The recombinant microorganism of claim 64, wherein the enzyme in the glveerol
production pathway 18 encoded by a polypeptide sequence at least abowt 80% identical to
the polypeptide sequence enceded by: SEQ 1D NO: 159 (Gppl).

74, The recombinant mucroorganisin of claim 73, whersin the enzyme i the glycerol
production pathrway is encoded by a polypeptide sequence at least about 90% identical o
the polypeptide sequence encoded by: SEQ [D NGO 159 (Gppl).

75, The recombinant nucrsorganisin of any one of claims 73-74, wherein the enzyme i the

ghveerol production pathway s encoded by a polypeptide sequence at least about 93%%

identical to the polypeptide segnence encoded by: SEQ Y NG: 158 {(Gppl )

76, The recombinant microorganism of any one of claims 73-73, wherein the enzyme in the
glycerol production pathway is encoded by a polypeptide sequence identical to the

polvpeptide sequence encoded byt SEQ D NO: 189 (Gppl).
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77. The recombinant microorganisiy of claim 64, wherein the enzyme i the glyeerol

production pathwayv is encoded by a polvpeptide sequence at least about 80% identical to

the polypeptide sequence encoded by: SEQ ID NO: 161 {Gpp2).

78 The recombinant microorganism of claim 77, wherein the enzyme m the glycerol
production pathway is encaded by a pelypeptide sequence at least about 90% identical to

the polypeptide sequence encoded by: SEQ ID NO: 161 (Gpp2).

-~

The recombinant micreorganism of any one of clahms 77-78, wherein the enzyme i the

~d
"t

ghyveerol production pathway is encoded by a polypeptide sequence at least about 95%

Daca]

identical to the polvpeptide sequence encoded by: SEQ D NQ: 181 (Gpp2).

80, The recombinant rucroorgamsm of any one of claims 77-79, wherein the enzyme 1 the
ghveerol prodaction pathway is encoded by a polypeptide sequence identical to the

polypeptide sequence encoded by: SEQ ID NO: 161 (Gpp).

81, The recombmant microorganisin of any one of clams 1-80, wherein the up-regulated
enzyme that acts m the ethanol production pathway is pyruvate formate lyase (EC

3.1.54).

]

82.  The recombinant microorganism of any ong of claims 1-81, wherein the enzyms that acts
in the ethanol production pathway is encoded by a polypeptide sequence at least about
80% identical to the polypeptide sequence encoded by SEQ ID NO: 9 (B, adolescentis
Pil).

83, The recombinant picroorganism of any one of claims 1-82, wherein the enzyme that acts
i the ethanol production pathway is encoded by a polvpeptide seguence at least about
90% identical to the polvpeptide sequence encoded by SEQ ID NO: 9 (B, adolesceniis
PiY).

&4, The recombinant microorganism of any one of claims 1-83, wherein the enzyme that acts
i the ethanol production pathway 15 encoded by a polypeptide sequence at least about
95% identical to the polypeplide sequence encoded by SEQ ID NO: 9 (B, adalescentix

Pfl).
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The recombinant microorganism of any one of claims 1-84, wherein the enzvme that acts
in the ethanol prodoection pathway is encoded by a polypeptide sequence wdentical {o the

polypeptide sequence encoded by SEQ ID NO: 9 (8. adolescentiz P}

&.  The recombinant microorganism of any one of claims -85, wherein the up-regulated
enzyme that acts in the ethanol production pathway 18 pyruvate formate lyase activating

enzyme (BEC 19114

=
ok

The recombinant microorgamism of any one of claims 1-86, wherein the enzvine that acts
in the ethanel production pathway is encoded by a polypeptide sequence at least about
R0% identical to the polypeptide sequence encaded by SEQ 1D NOQ: 11 (8. adolescentis

Pfl-activating enzyme).

88, The recombinant microorganism of any one of claims 1-87, wherein the enzyme that acts
in the ethanol production pathway is encoded by a polypeptide sequence at least shout
90% identical to the polypeptide sequence encoded by SEQ 1D NO: 1 (B adolescentis

PHl-activating enzyme},

89,  The recombinant micreorganism of any one of claims 1-88, whercin the enzyme that acs
in the ethanol production pathway is encoded by a polypepiide sequence at least about
93% identical to the polypeptide sequence encoded by SEQ ID NO: 11 (B adolescentis

Pll-activating enzyme).

90, The recomnbinant mcroorgamsi of any one of clatms 1-89, wherein the enzyvme that acts
iny the ethanol production pathway is eacoded by a polypeptide sequence identical to the
polypeptide sequence encoded by 3EQ ID NO: 11 {E adolescents Pllactivating

enZEyme;.

~

91, The recombinant microorganisim of any ong of claims 190, wherein the up-regulated
enzyme that acts in the ethanol production pathway is bifunctional acetaldehvde-alcohol
dehydrogenase selected from a group of enzymes having both of the following Enzyme

Corumission Nwmbers: EC 12 L10and 1111

92, The recombinant microorganism of any one of claims 1-91, whergin the bifunctional

acetaldehvde-alcohol dehvdrogenase 1s encoded by a polypeptide sequence at least abowt
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80% wdentical to the polypepude sequence encoded by SEQ 1D NO: 13, (B, awlolescentiy
AdhE)

93, The recombinant microorganism of any ong of claims 1-92, wherein the bifunctional
acetaldehyde-aleohol dehydiogenase s encoded by a polypeptide sequence at least abowt
90% identical to the polypeptide sequence encoded by SEQ D NO: 130 (8. adolescentis
AdhE)

4. The recombinant nucroorgamism of any one of clamms 1-93, wherain the bifunctional
acetaldehvde-alcobol debvdronenase is encodad by a polypeptide sequence at least about
85% identical to the polvpeptide sequence encoded by SEQ ID NO: 13, (B adolescentis
AdhE)

85, The recombinant microorganism of any one of claims 1-84, wherein the bifunctional
acetaldebvde-gloohol debvdrogenase 15 encoded by & polvpeptide sequence tdentical 1o

the polypeptide sequence encoded by SEQ ID NO: 13, (B, adolescentiy AdhE)

96.  The recombinant nucroorgamsm of any one of claims 1-90, whersin the up-regulated
enzyme that acts in the ethanel production pathway s an NADPH-dependent bifunctional
acetaldehyde-aloohol dehydrogenase selected from a group of enzyvimes having both of the

following Enzyme Cormission Numbers: EC 12010 and 1112,

97, The recombinamt microorganism of claim 96, wherein the NADPH-dependent
bitunctional acetatdehyde-alcohel delrydrogenase s isolated from a genus selecied from

the group consisting of: Lexconavioc and Oenococcus.

98. The recombinant microprganism of claim 97, whergin the NADPH-dependent
bifunctional acetaldebivde-aleohol dehydrogenase is encoded by a polypeptide sequence
at least about B0% identical tos a polypeptide sequence selected from a group consisting of

SEQIDNOs: ISand 17,

99, The recombinant microorganisiy of any one of claims 97-98, wherein the NADPH-
dependent bifunctional acetaldehvde-alcobol dehydrogenase is encoded by a polypeptide
sequence at least about 90% identical to a polvpeptide sequence selected from a group
conststing of SEQ ID NOs: 15 and 17.
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The recombinant wicroorganism of any one of claims 97-99, wheren the NADPH-
dependent bifunctional acetaldehyde-alcohol debyvdrogenase is encoded by a polypeptide
sequence at least about 95% identical to a polypeptide sequence selected from a group

consisting of SEQ ID NQOs: 15 and 17,

The recombinant microorganisin of any one of claims 1-100, whertein the NADPH-
dependent bifanctional acetaldehvde-aleohot dehydrogenase isencoded by & polvpeptide
sequence identical to a polypeptide sequence selected from a group consisting of SEQ ID

NOs: 1Sand 17

The recombinant microorganism of any one of claims 1-101, wherein the microorganism
further comprises a dowan-regulation in one or more native enzymes encoded by a formate
dehydrogenase enzvme selected from the group consisting of EC 12143 and EC
1.2.12

The recombinant mutcroorganisty of any one of clamus 1-102, wherein the down-regulated
enzyme is encoded by ap olypeptide sequence at least sbout 80% ideutical 10 a

polypeptide sequence encoded by SEQ ID NO: 2 (Fdht).

The recombinant microorganism of any one of claims 1-103, wherein the down-regulated
eneyme 15 encoded by a polypeptide sequence at least about 90% identical to a

polypeptide sequence encoded by SEQ ID NO- 2 (Fdhi).

The recombinant microorgamsmn of any one of claims 1-104, wherein the dowa-regulated
enzyme is encoded by ap olypeptide sequence at least about 95% identical v a

polypeptide sequence encoded by SEQ 1D NO: 2 (Fdhi).

The recombinant microorganism of any one of claims 1-105, wherein the down-regulated
enzyme is encoded by a polypeptide sequence identical to a polypeptide sequence

encoded by SEQ ID NO: 2 (Fdhi)

The recombinant microorganis of any one of clais 1-106, wheretn the dowa-regulated
enzyme s encoded by ap olypeptide sequence at least about 80% identical to a

polypeptide sequence sncoded by the polvaucleotide sequence of SEQ 1D NO: 3 (FdhZ).



WO 2014/151318 PCT/US2014/025460

19

1o,

112,

~}
Lk
1

The recombinant microorganism of any one of claims 1107, wherem the down-regulated
enzyme is encoded by ap olypeptide sequence at least about 0% idemtical io a

B

polypeptide sequence encoded by the polynucleotide sequence of SEQ I NO: 3 {Fdh2).

The recombinant microorganism of any one of claims 1-108, wherem the down-regulated

enzyme i3 encoded by ap olypeptide sequence at least about 93% identical to a

polypeptide sequence encoded by the polynucleotide sequence of SEQ 1D NO: 3 (Fdh2).

The recombinant mucroorgamisin of any one of claims 1-109, wherein the down-regulated
enzyine is encoded by a polypeptide sequence identical o a polypeptide sequence

encoded by the polynucleotide sequence of SEQ 1D NQ: 3 (Fdh2y

The recombinant microorganisin of any one of claims 1-110, wherein the recombinant
aucroorganism further comprises 8 heterologous GPDI polynucleotide operably linked to

a native GPD2 promoter,

The recombinant microorganism of any one of claimus 1-111, wherein the recombinant
nucroorganism forther comprises a heterologous GPD2 polynucleotide operably hnked fo

a native GPD! promoter,

The recombinant microorganism of any one of claims 1-112, wherein the microprganism

further comprises an up-regalation or down-regulation of a regulatory element.

The recombinant microorganism of clatm 113, wherein the regulatory element is selected

from the group consisting of: Live2 and Aual.

The recombinant microorgamsm of any one of claims 113-114, wherein the regulatory
clement is encoded by ap olypepiide sequence at least about 80% identical to a

polvpeptide sequence encoded by a polynucleotide sequence of SEQ ID NO» 55 (Urel)

The recombinant microorganism of any one of claims 113115, wherein the regulatory
clement is encoded by ap olypeptide sequence ar least about 90% identical to a

polypeptide sequence encoded by a polynucleotide sequence of SEQ 1D NO: 38, {Ure2)
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The recombinant mucroorganssm of any one of claims 113-116, wherem the regudatory
eloment s encoded by a polypeptide sequence at least abowt 98% idemtical io a

polypeptide sequence encoded by a polynucleotide sequence of SEQ IDNO: 55, (Ure2)

The recombinant nucroorganism of any one of claims 1132117, wherein the regulatory
element is enceded by a polypeptide sequence identical to a polypeptide seguence

encoded by a polynucleotide sequence of SEQ 1D NO: 35, (Ure?)

The recombinant microorgamism of any one of claims 113-114, wherein the regulatory
clement is encoded by ap olvpeptide sequence at least about 80% identical to a

polvpeptide sequence encoded by a polvnucleotide sequence of SEQ 1D NQ: 57 {Aual)

The recombinant microorganism of ¢laim 119, wherein the regulatory element is encoded
by a polypeptide sequence at least about 90% identical to a polypeptide sequence encoded

by a polynucieotide sequence of SEQ 1D NO: 57, (Aual)

The recombinant microorganism of any one of claims 119120, wherein the regulatory
element 1 encoded by ap olypepisde sequence at least abowt 95% ideniical to a

polvpeptide sequence encoded by a polvaucleotide sequence of SEQ ID NQ: 57 (Aual)

The recombinant microorganisin of any one of claims 119-121, wherein the regulatory
plement 18 encoded by a polypeptide sequence identical to the polypeptide sequence

encoded by a polvaocieotide sequence of SEQ ID NO» 57, (Aual)

The recombinant mucvoorgamism of any one of clatms 1-122, wherein the microorgamisnt

further comprises at least one additional np-regulsied enzyme,

The recombinant microorganism of claim 123, wherein the additional wp-regulated

fd

enzyme s a glucoamylase enzyme with an EC number 3.2.1..

The recombinant microorganism of clatm 124, wherein the op-regulated enzyme 18

isolated from the genus Swecharomyveopsis.

The recombimant microorganism of claim 124, wherein the up-regulated enzynmie is
encoded by a polypeptide sequence at least about B0%: identical to a polypeptide sequence

encoded by SEQ 1D NO: 163 (glucoamylase).
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The recombinant microorganism of claim 126, wherein the wp-regulated enzyme 18
encoded by g polypeptide sequence gt least about 90% wentical to a polypeptide sequence

encoded by SEQ D NO: 163(glucoamylase}.

The recombunant mitcroorganism of any one of clauns 126-127, wherein the up-regulated

enzyme is encoded by ap olypeptide sequence at least about 93% identical to a

polypeptide sequence encoded by SEQ D NO: 163 (glucoamylase).

The recombinant nucroorgarism of any one of claims 126-128, wherein the up-regulated
enzyime is encoded by a polypeptide sequence identical o a polypeptide sequence

encoded by SEQ 1D NO: 163 {glucoamyiase).

The recombinant microorganism of clawm 123, wherein the up-regulated enzyme 18 a

penngase,

The recombinant microorganisiy of claim 130, wherein the up-regulated enzyme is

wolated from the genus Saccharomyees (penmease).

The recombinant microorganism of claim 130, wherein the up-reguisted enzvme is
encoded by a polypeptide sequence at least about §0% identical to a polypeptide sequence

encoded by SEQ ID NO: 33 {Gap).

The recombinant microorganism of claim 132, wherein the up-regulated enzyme is
encoded by a polvpeptide sequence at least about 90% wdentical to a polypeptide seguence
encoded by SEQ 1D MNO: 33 (Gap).

The recombinant nucroorgamism of any one of clatms 132-133, wherein the up-regulated

enzyme is encoded by ap olvpeptide sequence at least about 95%% identical to a

polypeptide sequence encoded by SEQ 1D N(: 53 (Gap).

The recombinant mucroorganism of any one of claims 132-134, wherein the wp-regulated
enzyime is encoded by a polvpeptide sequence identical to a polyvpeptide sequence
encoded by SEQ D NG 53 (Gap).

The recombinant nueroorganism of claim 123, wherein the up-regulated enzyme is 3

protease with EC nomber: 3.4.23 41
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The recombinant microorganism of claim 136, wherein the wvp-regulated enzyme 18
olated  from g gonus selected from the group comsisting off Xew, Newrospora,

Podospora, and Magnaporthe {protease).

The recombinant microorganism of claimy 136, wherein the up-regulated enzyme s
encoded by a polypeptide sequence at least about 80% identical to a polypeptide seguence

selected from a group consisting of SEQ 1D NOs: 41, 43, 45, 47, 49, and 51 (protease).

The recombingnt microorganmism of claim 138, wherein the up-regulated enzvme s
encoded by a polypeptide sequence at least about 909 1dentical to a polyvpeptide sequence

selected from a group consisting of SEQ 1D NQOs: 41, 4345, 4749 and 51 {protease).

The recombinant microorganism of any one of clatms 138-139, wherein the up-regalated
enzyme 18 encoded by ap olypeptide sequence at least about 93% identical to a
polypeptide sequence selected from a group consisting of SEQ 1D NOs: 41, 43,45, 47,

49 and 31 {protease).

The recombinant microorganism of any one of clamms 138-140, wherem the wp-regulated
enzyme 15 encoded by a polvpeptide sequence identical 1o a polypeptide sequence

selected from a group consisting of SEQ 1D NOs: 41, 43, 45 4749 and 51 (protease}.

The recombinant microorganism of gny one of claims 1-141, wheremn the wp-regulated or

down-repulated enzymes are under the control of a heterologous promoter.

The recombmant microorganism of clalm 142, w herein the heterologous promoter is
selected fromy @ group consisting off 7EF2 (SEQ ID NO: 38), HXT7 (SEQ 1D NO: 39y,
ADHE(SEQ 1D NO: 60), and TPIHSEQ 1D NO: 61).

The recombinant microorganizm of any one of claims 1-143, wherein the microorganism

15 & yeast.

The recombinant microcrgamism of claim 144, wherein the wveast 1x from the genus

Saccharomyces.

The recombinant microorgamsm of any one of claims 144-145, wherem the veast 15

Saccharomvees cerevisiag,
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The recombinant microorganism of any one of claims 1-146, wherein the microorganism
produces cthanol at a higher vield than an otherwise wentical mucroorgamism lacking the

genetic modifications.

The recombinant miicroorganisny of any one of clauns 1-147, wherein the microorganism
produces an ethanol titer from about 1% to about 10% more than an otherwise identical

microorganism facking the genetic modifications.

The recombinant nucroorganism of any one of claims 1-148, wherein the microorganism

produces an ethanol titer of at least about 125 g/l

The recombinant microorganism of any one of claims 1-149, wherein the microorganism
produces glycerol at g lower vield than an otherwise wdentical nucroorgamsm lacking the

genetic modifications.

The recombinant microorganism of any one of claims 1130, wherein the microorganism
produces a glycerol titer of from about 10 1o about 100% less than an otherwise wdentical

nucroorganism lacking the genetic modifications.

A recombinant microorganism comprising down-regulated Gpdl, down-regulated Gpd2,
down-regulated Fdhi, down-regulated Fdh2, up-reanlated AdhE, up-regulated pyruvate
formate byase, and an up-reguiated pyruvate formate fyase-activating enzyme.

The recombinant nucroorganism of claim 152, wherein Gdbl is down-regulated.

The recombinant microorgamism of any one of claims 152-153, wherein Gl is wp~
regufated.

The recombinant nucroorganism of any one of claims 152-154, wherein Glnl is ap-

regulated.

The recombinant microorganism of any one of claims 152-155, wherein Aual is down-

regulated.

The recombinant microorganism of any one of claims 152-156, wherein Urel is down-

regulated.
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The recombmant microorganism of any one of c¢laims 152-157, fhurther comprising

P12,

The recombinant microorganism of any one of claims 132-158, further comprising an up-

reguiated enzyvae selected from the group consisting off Dwrd and Durd.

The recombinant microorganism of any one of clatns 152-159, further comprising an ap-

regutated enzyme selected from the group consisting of Mepl, Mep2, and Mep3.

The recombinant microorganism of anyv one of claims 152-160, further comprising an up-

regudated Gind.

o

The recombinant microorganism of any one of claims 152-161, forther comprising GPDM

expressed from a GPD2 promoter,

~

The recombinant microorganism of any one of claims 152162, further comprising 8

GPD2 expressed from a GPDM promoter.

A recombinant microorganism comprising down-regulated Gpdi, down-regulated Fdhl,
down-regulated Fdh2, up-regulated AdhE, up-regulated pyruvate formate lyase, and an

up-regulated pyruvate formate Ivase-activating enzyme.

The recombinant microorgantsm of clattn 164, wherewn Gdhl s down-regulated.

The recombinant microorgamism of any one of clawms 164-165, wherein Glt! 15 up-

regulated.

The recombinant nucroorganism of any one of claims 164-166, wherem Glal s up-

regulated.

The recombinant microorganism of any one of claims 164-167, wherein Aual is down-

regulated.

The recombinant micreorganism of any one of claims 164-168, wheretn Urel is down-

regulated,

The recombinant microorganism of any one of claims 164-169, further comprising

Purli2.
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The recombinant microorganism of any one of clamms 164-170 further comprising an up-

regulated enzyime selected from the group consisting of, Durd and Dued.

The recombinant microorganism of any one of claims 164-171, farther comprising an ap-

reguiated enzyvime selected from the group consisting oft Mepl, Mep2, and Mep3.

The recombinant microorganism of any one of clatms 163-172, forther compnising an np-

repudated Glud.

The recombinant microorganism of any one of claims 164-173, further comprising GPDI

expressed from a GPD2 promoter.

The recombinant nucroorganism of any one of claims 164-174, further comprising a

GPD2 expressed from a GPDI promotery.

A recombinant microorganism comprising: down-regulated Gpd2, down-regulated Fdhl,
down-regulated Fdh2, up-regulated AdhE, ap-regulated pyruvate formate lyase, and an

up-regulated pyruvate formate lyase-activating enzyime.
The recombinant microorganism of claim 176, wheremn Gdhl is down-regulated.

The recombinant nucroorgamism of any one of claims 176-177, wherein Gl 5 up-

regulated.

The recombinant microorganmism of any one of claims 176-17%, wherein Glnl 15 up-

regulated.

The recombinant microorganism of any one of clamms 176-179, wherem Aual 18 down-

regulated.

The recombinant microorganism of anv one of claims 176-180, wherein Urel is down-

regulated.

The recombivant wicroorgamsie of any one of claums 176-181, further comprising

Durli2.

The recombinant microorganism of any ane of claims 178-182, further comprising an up-
o o ¥ i iy

regulated enzyme selected from the gronp consisting of: Dur3 and Durd,
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The recombinant microorganism of any one of clamms 176-183, further comprising an up-

regulated enzyime selected from the group consisting of! Mepl, Mep2, and Mepd.

The recombinant microorganism of any one of claims 176-184, farther comprising an up-

regulated Gind.

The recombinant mtcroorganism of anv one of claims 176-185, forther comprising GFDJ

expressed from a R promoter.

The recombinant nvcroorganismy of any one of claims 176-186, fiwther comprising a

(P2 expressed from a GPIN promoter,

A recombinant mucroorganism comprising: down-regalated Gpdl, down-regulated Gpd2,
down-regulated Fdhl, down-regulated Fdh2, down-regulated Gdhl, up-regulated AdhE,
up-regulated pyruvate formate lyase, an up-regulated pyruvate formate Ivase-activating
eneyme, ((FLY under the control of the GPD2 promoter, GPD2 under the control of the

GROT promoter, and up-regulated Gdh2,

A recombinant microorganism comprising: down-regnlated Gpdl, down-regulated Gpd2,
down-regulated Fdhl, down-regulated Fdh2, down-regulated Gdhl, up-regulated AdhE,
up-regulated pyrovate formate lyvase, an up-regulated pyruvate formate lyase-activating
enzyme, GFL under the controt of the GPD2 promoter, GP2 under the control of the

(PD promoter, up-regulated Glil and up-regulated Ginl.

A recombinant microorganisot comprising: down-regulated Gpdl, down-regulated Fdhi,
down-regedated Fdh2, down-regulated Gdhl, up-regulated AdhE, wp-regulated pyruvate
formate lvase, an up-regulated pyruvate formate lyase-activanng enzyme, GFPO/ under
the control of the GFD2 promater, GPD2 wnder the control of the GRDT promaoter, up-

regulated Glitl and upregulated Ginl.

A recombinant aucroorganisi comprising: down-regulated Gpd2, down-regulated Fdhi,
down-regulated Fdbl, down-egulated Gdhl, up-regulated AdbE, up-regulated pyruvate

formate fyase, and an up-regulated pyrovate formate lyase-activating enzyme.

A recombinant microorganisim comprising. down-regulated Gpdl, downeregulated Fdhl,

down-regulated Fdh2, down-regnlated Gdh!, up-regulated AdhE, up-regulated pvruvate
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sulated pyruvate formate fvase-activating enzyme, and GPD2
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pnder the control of the GO promater,

A recombinant microorganism comprising: down-regulated Gpdi, down-regulated Fdhil,
down-regulated Fdh2, down-regulated Gdhl, up-repnlated AdhE, up-regulated pyravate

formate lyase, and an up-regulated pyruvate formate yase~activating enzyme.

A recombinant microorganism comprising: down-regulated Gpdi, down-regulated Fdhi,
down-tegulated Fdh2, ap-regulated AdhE, up-regolated pyrovate formate lyase, an up-
regulated pyrovate formate lvase-activating enzyvme, upregulated-DUR/MZ, and GRD2

under the control of the GPI promoter.

A recombinant microorganisin comprising: down-regalated Gpdl. down-regulated Fdbi,
down-regulated Fdh2, up-regulated AdhE, up-regulated pyruvate formate lvase, an up-

regulated pyruvate formate lyase-activating enzyine, and up-regalated-DUR/LZ.

The recombinant microorgaiism of any ong of clatm 195, wherein the DUR/2 is driven

by a TEF2 promuoter.

The recombinant microorganisim of any one of claim 195, wherein the DUR /2 is ditven

by an HXT7 promoter,

The recombinant microorganism of any one of claim 193, wherein the DURLZ is driven

by a ADHI promoter.

The recombinant microorganisin of any one of claim 195, wherein the DURY/2 1s driven

by an HXT7/TEF2 promoter.

A recombinant microorganisim comprising: down-regulated Gpdl, down-regulated Gpd2,
down-regidated Fdhli, down-regnlated Fdh2, down-regulated Ure2, up-regulated AdhE,
up-regulated pyruvate formate lyvase, an up-regulated pyruvate formate lyase-activaling
enzyime, {FPO under the control of the GPD2 promoter, and GFPD2 under the control of

the RO promoter.

The recombinant microorgamsm of clamm 200, farther comprising sn up-regulated DUR3.
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206.

208,

208,

<82 .

The recombinant microorgarusms of any one of claxms 200-201, further comprising an

upregulated DURT2,

The recombinant microorganism of any one of claims 188-202, further comprising an up-

regulated Gin3d.

A recombinant microorganism comprising down-regulated Gpdl, down-regulated Gpd2,
down-regulated Fdhl, down-regulated Fdh2, up-regulated AdhE, up-regulated pyruvate
formate lyase, an up-regulated pyruvate formate lyase-activating engymme, up-regulated
GDH2, GPDI under the control of the GPO2 promoter, and GPD2 vnder the control of

the GPDI promoter.

A composition comprising g recorbinant microorganism from any one of claims 1-204

and a carbon-containing feedstock.

The composition of claim 205, w herein the feedstock s selected from the group
consisting of woody biomass, grasses, sugar-processing residues, municipal waste,

=

agricuitural wastes or any combination thereof.

The compostiion of claim 206, w herein the feedstock comprises recveled wood pulp
fiber, sawdust, hardwood, softwood, vice straw, rice hulls, barley straw, com cobs, cergal
straw, wheat straw, canola straw, oat straw, odt hulls, comn fiber, stover, succolents,
agave, cane bagasse, switchgrass, miscanthus, paper sludge, swunicipal waste or any

combination thereof.
A method of producing a fenmentatron product comprising:
a. providing the composition of any one of claims 205-207;

b, contacting the composition with a carbon containing feedstock, wherein the
recombinant nrcroorganism is capable of fermenting the carbon containing feedsiock

to vield the fermentation product; and,
¢ optionally recovering the fermentation production

A method of producing ethavol comprising:
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a. providing the recombinant microorganism of any one of claims 1-204;

b. culturing the recombinant microorganisny in the presence of a carbon containing

feedstock for sufficient time to produce ethanol; and, optionally,
¢, extracting the sthanol.

210, A method of reducing glycerol prodaction comprising providing a recombinaat
microorganism of any one of claims 1-204, wherein the glycerol titer 18 from about 10 to
about 100% less than the rate compared to an otherwise identical microorganism lacking

the venetic modifications.

bl

211, The method of any one of claims 208-210, wherein the glveerol production is reduced as
compared 10 an otherwise identical micyoorganism lacking the genetic medifications, and
wherein the ethanol titer increased by at feast about 1 o about 10% when the recombinant
microorgamism is cultwed in the presence of a carbon contaiming feedstock for a

sufficient time to produce cthanol,

212, The method of any one of claims J08-211 wherein nitrogen is added to the culrure
containing the recombinant microorganism and the feedstock.
213, A co~culture comprising at least two host cells wherein

a. one of the host cells comprises a recombinant microorganism from any one of claims

1-204; and,
b, anothar host cell that s genetically distinet from (a}.

214 The co-culture of claime 213, wherein the penetically distinct host cell i a veast or

hacterium.

215, The co-calture of either clavm 213 or clanm 214, wherein the genetically distinet host cell
is any orgamiam from the genus Seccharomyees, Issatchewlda, Pichia, Chwrispora,
Candida,  Hansemula,  Khvveramvees,  Trichoderma,  Thermoascus,  Excherichia,
{losridium, Caddicellulayivupior, ZYmononas, Thermoanaerobacter or

Therawanaerobacterinm,
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MAO631

Marked Deletion of GDH1 (just kan showed here — nat construct the same)
MAO631

Fragment Primers Template Expected Size
GDH1 5' Flank X14961/X21291 gDNA 2065bp
AGTEF pro-kan/nat/tdk-HXT2 pro  X21289/X21290 pMU2873/pMU2879  3820bp and 3583bp
GDH1 3' Flank X21292/X14966 gDNA 2056bp
ACT ter
AGTEF ter
AGTEF pro
X21291 HSV-TDK
X21289 HXT2 pro
5' Flank X21292 3' Flank

X21290 X14966

X14961

MA0631 GDH1::knt
11808 bp

FIGURE 6
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MAQ425
4 copy S. cerevisiae GDH2 integrated at GDH1 locus
MAO0425
Fragment Primers Template Expected Size
GDH15' Flank X14961/X19722 gDNA 2065bp
PGKpro-GDH2-ENO1ter X19721/X15464 pMU2908  5283bp
ADH1pro-GDH2-PDClter  X15465/X19727 pMU2909  4546bp
GDH1 3' Flank X19726/X14966 gDNA 2056bp
PGK1 pro ADH1 pro
X19722 X19726
X19721 3(19727
X19723 ENO1 ter X15482
5' Flank X15465 3' Flank
X14961 X15464 X14966
X19724 PDC1 ter SDH2 X19725

MAQ425
17884bp

FIGURE 7
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MAO0426
2 copy S. cerevisiae GLT1/GLN1 integrated at GDH1 locus
MAO0426
Fragment Primers Template Expected Size
GDH15' Flank X14961/X19722 M2390gDNA  2065bp
PGKpro-GLT1-ENOter X19721/X15464 pMU2913 8442bp
ADH1pro-GLN1-PDClter  X15465/X19727 pMU2911 2363bp
GDH1 3' Flank X19726/X14966 M2390gDNA  2056bp
ENO1 ter
X15465
&15464
PDC1 ter
GLN1
PGK1 pro ADH1 pro
X19722 X19726
X19721‘ &19727
X19723 X15482
5" Flank 3" Flank
X14961 ’ X14966
X19724 GLT™ l X19725

MAQ0426
18860 bp

FIGURE 8
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MAQS88
Clean deletion of GDH1
MA0888
Fragment  Primers Template Expected Size

5' Flank X14961/X19949 M2390gDNA  2065bp
3' Flank X19948/X14966 M2390gDNA  2056bp

X14961 X19949 14966
X19724 5' Flank X19948 3' Flank X19725

AL A

N
Ty

MAO888 GDH1::deletion
8055bp

FIGURE 9
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MAO837
2 copy N. crassa GDH2 integrated at GDH1 locus
MAO0837
Fragment Primers Template  Expected Size
GDH15' Flank X14961/X23320 gDNA 2065bp
ADH1pro-GDH2-PDC1lter X23319/X23322 pMU3597  4403bp
GDH1 3' Flank X23321/X14966 gDNA 2056bp

ADH1 pro
X23320
X14961 X23319
X19724 \ 5' flank

N crassa GDH2

PDC1 ter
X23321
23322
3' flank
X14966
l X19725

MA0837
12458 bp

FIGURE 10
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MAO0616
GDH2 marked deletion
MAQ0616
Fragment Primers Template Expected Size
GDH2 5' Flank X21123/X21124 M2390 gDNA 2024bp
AGTEFpro-kan/nat/tdk-HXT2pro  X21127/X21128 pMU2873/pMU2879  3820bp and 3583bp
GDH2 3' Flank X21125/X21126  M2390 gDNA 1990bp
ACT! ter
AGTEF ter HSV-TDK
AGTEF pro HXT2 pro
X21124 X21125
X21127

X21129
X21131 5' Flank

21128
X21130
3' Flank ’X21132

MA0616
11754 bp

FIGURE 11
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MAQ0616.1
GDH2 clean deletion
MA0616.1
Fragment Primers Template Expected Size

GDH25'Flank  X21123/X21507
GDH2 3'Flank  X21133/X21126

M2390 gDNA  2024bp
M2390 gDNA  1990bp

X21507
X21123 X21133
X21131 5' Flank X21129 X21130 3’ Flank X21132

MA0616.1
8000 bp

FIGURE 12
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MAO0615
GDH3 marked deletion
MA0615
Fragment Primers Template Expected Size
GDH3 5' Flank X21135/X21136 M2390 gDNA 1976bp
AGTEFpro-kan/nat/tdk-HXT2pro  X21139/X21140 pMU2873/pMU2879  3820bp and 3583bp
GDH3 3' Flank X21137/X21138 M2390 gDNA 2015bp
ACT! ter
AGTEF ter HSV-DK
AGTEF pro HXT2 pro
X21136 X21137
X21139 &21 140
X21143 X21144

3' Flank
X21138
X21146

5' Flank
X21135
X21145

MA0615
11730 bp

FIGURE 13
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MAO0615.1
GDH3 clean deletion

MA0615.1

Fragment Primers Template Expected Size

GDH35' Flank  X21135/X21148 M2390 gDNA  1976bp

GDH3 3' Flank  X21147/X21138 M2390 gDNA  2015bp

X21148
X21135 X21147 X21138
X21145 5 Flank X21143 X21144 3' Flank X21146

MA0615.1
7976 bp

FIGURE 14
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MAO622
URE2 marked deletion
MA0622
Fragment Primers Template Expected Size
URE2 5' Flank X20022/X20023 M2390 gDNA 1968bp
AGTEF pro-kan/nat/tdk-HXT2 pro  X20028/X20029 pMU2873, pMU2879  3820bp and 3583bp
URE2 3' Flank X20024/X20025 M2390 gDNA 1885bp
ACT1 ter
AGIEF ter HSV-TDK
nat1 pHXT2
AGTEF pro X20024
X20023 20029
X20028 3' flank
X20022 5' flank X20025

MA0622
11517bp

FIGURE

15
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MA0622.1
URE2 clean deletion
MA0622.1
Fragment Primers Template Expected Size
URE25'Flank  X20022/X20027 M2390gDNA  1968bp
URE2 3'Flank  X20026/X20025 M2390 gDNA  1885bp

X20027
X20026
X20022 X20032 X20033 X20025
X20034 5' flank 3' flank l X20035
5 g
MA0622.1
8ooobp

FIGURE 16
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MAOQO580
DUR1,2,3 over expression at URE2 locus
MAO0580
Fragment Primers Template Exp size
URE2 5' Flank X20022/X21180 M2390gDNA  1968bp
TEF2pro-DUR3-ADH3ter X21179/X19513 pMU3464 3208bp
ADH1pro-DUR1,2-PDCiter X19514/X21181 pMU3411 6758bp
URE2 3' Flank X21182/X20025 M2390gDNA  1885bp
TEF2pro ADH1pro
X21180 X21182
X21179 PDC1ter 21181
X20032 X19513 X20033
5' flank 3' flank
X20022 X20025
X20034 DUR1,2 X20035

MA0580
17966 bp

FIGURE 17
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MAO581
MEP1 over expression at URE2 locus
MAQ0581
Fragment Primers Template Exp size
URE2 5' Flank X20022/X21180 M2390 gDNA  1968bp
TEF2pro-MEP1-ADH3ter  X21179/X19513 pMU3465 2479bp
ADH1pro-MEP1-PDClter X19514/X21181 pMU3460 2729bp
URE2 3' Flank X21182/X20025 M2390gDNA  1885bp
TEF2pro ADH1pro
X21180 X21182
X21179 21181
X20032 X19513 X20033
§' flank 3’ flank
X20022 PDCfter X20025

X20035

MAQ0581
13208 bp

FIGURE 18
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MAQO582
MEP2 over expression at URE2 locus
MAO0582
Fragment Primers Template Exp size
URE2 5' Flank X20022/X21180 M2390 gDNA 1968bp
TEF2pro-MEP2-ADH3ter  X21179/X19513 pMU3465 2479bp
ADH1pro-MEP2-PDClter X19514/X21181 pMU3461 2750bp
URE2 3' Flank X21182/X20025 M2390 gDNA 1885bp
TEF2pro ADH1pro
X21180 X21182
X21179 X21181
X20032 X19513 X20033
5' flank X19514 3' flank
X20022 ADH3ter PDC1ter X20025
X20034 MEP2 X20035

MAO0582
13250 bp

FIGURE 19
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MAO583
GAP1 over expression at URE2 locus
MAOQ0583
Fragment Primers Template Exp size
URE2 5' Flank X20022/X21180 M2390 gDNA 1968bp
TEF2pro-GAP1-ADH3ter X21179/X19513 pMU3468 2809bp
ADH1pro-GAP1-PDClter X19514/X21181 pMU3463 3059bp
URE2 3' Flank X21182/X20025 M2390 gDNA 1885bp
TEF2pro ADH1pro
X21180 X21182
X21179 21181
X20032 X19513 X20033
5' flank X19514 3' flank
X20022 ADH3ter PDCAter X20025
X20034 GAP1 X20035

MA0583
13868 bp

FIGURE 20
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MAOQO584
S. cerevisiae GDH2 over expression at URE2 locus
MAO0584
Fragment Primers Template Exp size
URE2 5' Flank X20022/X21320 M2390 gDNA 1968bp
ADH1pro-GDH2-PDClter X21319/X15465 pMU2909 4546bp
PGKpro-GDH2-ENO1ter X15464/X21322 pMU2908 5283bp
URE2 3' Flank X21321/X20025 M2390 gDNA 1885bp
ADH1pro
X21320 PGK1pro
X2131 X21321
X20032 ENOfter 21322
5' flank X15465 3' flank
X20022 X15464 X20025
X20034 X20035

MAO0584
17829bp

FIGURE 21
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MAOS585
GLT1/GLN1 over expression at the URE2 locus
MAOQ0585
Fragment Primers Template Exp size
URE2 5' Flank X20022/X21320 M2390 gDNA 1968bp
ADH1pro-GLTI-PDClter X21319/X15465 pMU2911 2363bp
PGKpro-GLN1-ENO1lter X15464/X21322 pMU2913 8442bp
URE2 3' Flank X21321/X20025 M2390 gDNA 1885bp
ENOfter
X15465
X1546
PDC1ter
GLN1
ADH1pro
X21320 PGK1pro
X2131 X21321
X20032 X21322
5' flank 3' flank
X20022 X20025
X20034 GLT X20035

MAO0585
18794 bp

FIGURE 22
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MAQO617
AUA1 marked deletion
MAO0617
Fragment Primers Template Expected Size
AUA1 5' Flank X20620/X20621  M2390 gDNA 1947bp
AGTEFpro-kan/nat/tdk-HXT2pro  X20630/X20631 pMU2873,pMU2879  3820bp and 3583bp
AUA1 3' Flank X20622/X20623 M2390 gDNA 2015bp
ACT1 ter
AGTEF ter
AGTEF pro
X20621 HSV-TDK
X20630 HXT2 pro
5' Flank X20622 3' Flank
X20620 X20631 X20623

MAQ617
11754 bp

FIGURE 23
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MAQ0617.1
AUA1 clean deletion
MA0617.1
Fragment Primers Template Expected Size

AUAL15'Flank  X20620/X20633 M2390 gDNA  1947bp
AUA1 3'Flank  X20632/X20623 M2390 gDNA  2015bp

X20633
X20620 X20632 X20623
X20628 5' Flank X20626 \ X20627 2' Flank X20629

MA0617.1
8000bp

FIGURE 24
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MAD434
DURS3 over expression at FCY1 locus
MAO0434 DUR3
Fragment Primers Template Exp Size
FCY 5' Flank X21754/X18859 gDNA 2049bp
TP1pro-DUR3-FBAlter X18858/X18861 pMU3471 3157bp
FCY 3' Flank X18860/X18869 gDNA 2166bp
ptPI FBA1 term
X18859 ‘ X18860
X18858 18861
X16508 X16509
FCY 5' Flank FCY 3' Flank
X21754 X18869
X16947 X16948

o

MAQ0434 with DUR3

11157bp

FIGURE 25
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MAO434.2
MEP1 over expression at FCY1 locus
MAOQ434.2 MEP1
Fragment Primers Template Exp Size
FCY 5' Flank X21754/X18859 gDNA 2049bp
TP1pro-MEP1-FBAlter X18858/X18861 pMU3472 2428bp
FCY 3' Flank X18860/X18869 gDNA 2166bp
pTPI FBA1 term
X18859 X18860
X1885 X18861
X16508 16509
FCY §' Flank FCY 3' Flank
xz115\
X16947
\

MRS
N N ¥

ot

oo

MA0434.2 with MEP1

10428 bp

FIGURE 26
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MAO434.3
MEP2 over expression at FCY1 locus
MA0434.3 MEP2
Fragment Primers Template Exp Size
FCY 5' Flank X21754/X18859 gDNA 2049bp
TP1pro-MEP2-FBAlter X18858/X18861 pMU3473  2449bp
FCY 3' Flank X18860/X18869 gDNA 2166bp
pTPI FBA1 term
X18859 ‘ X18860
X18858 X18861
X16508 X16509
FCY §' Flank FCY 3' Flank
X21754 X18869

X16947

MEP2

X16948

N

SUNE S

MA0434.3 with MEP2

10449bp

FIGURE 27
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MAQO434.4
GAP1 over expression at FCY1 locus
MAO0434.4 GAP1
Fragment Primers Template Exp Size
FCY 5' Flank X21754/X18859 gDNA 2049bp
TP1pro-GAP1-FBAlter X18858/X18861 pMU3475 2758bp
FCY 3' Flank X18860/X18869 gDNA 2166bp
pTPI FBA1 term
X18859 ‘ X18860
X18858 &18861
X16508 X16509
FCY 5' Flank FCY 3’ Flank

X18869
X16948

X21754
X16947

ocdone

MA0434.4 with GAP1
10758 bp

FIGURE 28
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MAO434.5
MEP3 over expression at FCY1 locus
MAO0434.5 MEP3
Fragment Primers Template Exp Size
FCY 5' Flank X21754/X18859 gDNA 2049bp
TP1pro-MEP3-FBAlter X18858/X18861 pMU3607  2420bp
FCY 3' Flank X18860/X18869 gDNA 2166bp
pTPI FBA1 term
X18859 ‘ X18860
X18858 18861
X16508 X16509
FCY 5' Flank FCY 3' Flank
X21754 X18869
X16947 \ l MEP3 X16948
B .N\\\“k\%\«.

MA0434.5 with MEP3
10419bp

FIGURE 29
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MAO0454.14
DUR1,2 over expression at FCY1 locus
MA0454.14
Fragment Primers Template  Exp Size
FCY 5' Flank X21754/X19552 gDNA 2018bp
pTEF2/ADH3t X19551/X19968 pMU3409 6508bp
pHXT7/PMAltrc  X19967/X19969 pMU3410 6458bp
FCY3' Flank X19970/X18869 gDNA 2159bp
TEF2 pro
19552
X1 9551‘
X16508 ADH3 ter
FCY1 5" flank X19967
X21754 X19968
X16947 PMA1 ter DUR1 2

MA0454.14 with DUR1,2
24889bp

FIGURE 30

PCT/US2014/025460

HXT?7 pro

X19970

&1 9969

X16509

FCY 3' Flank
X18869

X16948
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MAO464
DUR3 over expression at FCY1 locus
MAQ0464 DUR3
Fragment Primers Template Exp Size
FCY 5' Flank X21754/X19552 M2390gDNA  2018bp
TEF2pro-DUR3-ADH3ter  X19551/X20043 pMU3464 3208bp
FCY 3' Flank X20044/X18869 M2390gDNA  2133bp
TEF2 pro ADH3 ter
X19552 X20044
X19551 X20043
X16508 X16509
FCY 5' Flank FCY 3' Flank
X21754 X18869
X16947 X16948

MAO464 with DUR3
11208 bp

FIGURE 31
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MAO0464.1
DUR1,2 over expression at FCY1 locus
MA0464.1 DUR1,2
Fragment Primers Template Exp Size
FCY 5' Flank X21754/X19552 M2390 gDNA  2049bp
TEF2pro-DUR1,2-ADH3ter  X19551/X20043 pMU3409 6508bp
FCY 3' Flank X20044/X18869 M2390 gDNA  2166bp
TEF2 pro ADH3 ter
X19552 X20044
X19551 &20043
X16508 X16509
FCY 5' Flank FCY 3' Flank
X21754 X18869
X16947 [ DUR1,2 X16948

MAQ464.1 with DUR1,2
14508 bp

FIGURE 32
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MAO0464.2
MEP1 over expression at FCY1 locus
MA0464.2 MEP1
Fragment Primers Template Exp Size
FCY 5' Flank X21754/X19552 M2390gDNA  2049bp
TEF2pro-MEP1-ADH3ter  X19551/X20043 pMU3465 2479bp
FCY 3' Flank X20044/X18869 M2390gDNA  2166bp
TEF2 pro ADH3 ter
X18552 X20044
X18551 20043
X16508 X16509
FCY 5' Flank FCY 3' Flank
X21754 X18869
X16947 MEP1 X16948
RSO \ -

......

MA0464.2 with MEP1
10479 bp

FIGURE 33
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MAO0464.3
MEP2 over expression at FCY1 locus
MA0464.3 MEP2
Fragment Primers Template Exp Size
FCY 5' Flank X21754/X19552 M2390gDNA  2049bp
TEF2pro-MEP2-ADH3ter  X19551/X20043 pMU3466 2500bp
FCY 3' Flank X20044/X18869 M2390gDNA  2166bp
TEF2 pro ADH3 ter
X19552 X20044
X19551‘ X20043
X16508 ‘ X16509
FCY 5' Flank FCY 3' Flank
X21754 X18869
X16947 MEP2 ’X1 6948
\ | | N

MA0464.3 with MEP2
10500 bp

FIGURE 34
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MAO464.4
GAP1 over expression at FCY1 locus
MAQ0464.4 GAP1
Fragment Primers Template Exp Size
FCY 5' Flank X21754/X19552 M2390 gDNA  2049bp
TEF2pro-GAP1-ADH3ter  X19551/X20043 pMU3468 2809bp
FCY 3' Flank X20044/X18869 M2390 gDNA  2166bp
TEF2 pro ADH3 ter
X19552 X20044
X19551 X20043
X16508 X16509
FCY 5' Flank FCY 3' Flank
X21754 X18869
X16947 GAP1 X16948

MA0464.4 with GAP1
10809bp

FIGURE 35
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MA0464.5
MEP3 over expression at FCY1 locus
MA0464.5 MEP3
Fragment Primers Template Exp Size
FCY 5' Flank X21754/X19552 M2390 gDNA  2049bp
TEF2pro-DUR1,2-ADH3ter  X19551/X20043  pMU3606 6508bp
FCY 3' Flank X20044/X18869 M2390 gDNA  2166bp
TEF2 pro ADH3 ter
X19552 X20044
X19551 X20043
X16508 X16509
FCY 5' Flank FCY 3' Flank
X21754 X18869
X16947 \ L MEP3 X16948

MAQ0464.5 with MEP3
10470 bp

FIGURE 36
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MAO0465.1
DUR1,2 over expression at FCY1
MA0465.1 DUR1,2
Fragment Primers Template Exp Size
FCY 5' Flank X21754/X20283 M2390 gDNA  2049bp
HXT7pro-DURL,2-PMAlter X20282/X20285 pMU3410 6458bp
FCY 3' Flank X20284/X18869 M2390 gDNA  2166bp
pHXT7 PMA1 term
X20283 X20284
X2028 20285
X16508 X16509
FCY 5' Flank FCY 3' Flank
X21754 X18869
X16947 DUR1/2 X16948

MA0465 with DUR1,2
14458 bp

FIGURE 37
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MAQ467
DUR3 over expression at FCY1 locus
MAO467 DUR3
Fragment Primers Template Exp Size
FCY 5' Flank X21754/X21736 M2390 gDNA  2049bp
ADH1pro-DUR3-PDClter X21735/X18847 pMU3459 3458bp
FCY 3' Flank X18846/X18869 M2390 gDNA  2166bp
pADH1 PDC1 term
X21736 ‘ X18846
X21735 &18847
X16508 X16509
FCY 5' Flank FCY 3' Flank
X21754 X18869
X16947 X16948

MA0467 with DUR3
11458 bp

FIGURE 38
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MAO467.1
DUR1,2 over expression at FCY1 locus
MA0467.1 DUR1,2
Fragment Primers Template Exp Size
FCY 5' Flank X21754/X21736 M2390gDNA  2049bp
ADH1pro-DUR1,2-PDC1ter  X21735/X18847 pMU3411 6758bp
FCY 3' Flank X18846/X18869 M2390gDNA  2166bp
pADH1 PDC1 term
X21736 X18846
X21735) 18847
X16508 X16509
FCY 5' Flank FCY 3' Flank
X21754 X18869
X16947 DUR1,2 X16948
A

MA0467.1 with DUR1,2
14758 bp

FIGURE 39
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MAQ0467.2
MEP1 over expression at FCY1 locus
MA0467.2 MEP1
Fragment Primers Template Exp Size
FCY 5' Flank X21754/X21736 M2390 gDNA  2049bp
ADH1pro-MEP1-PDClter X21735/X18847 pMU3460 2729bp
FCY 3' Flank X18846/X18869 M2390 gDNA  2166bp
pADH1 PDC1 term
X21736 X18846
X21735 18847
X16508 X16509
FCY 5' Flank FCY 3' Flank
X21754 X18869
X16947 L MEP1 X16948
N

MAQ467.2 with MEP1
10729 bp

FIGURE 40
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MAO0467.3
MEP2 over expression at FCY1 locus
MA0467.3 MEP2
Fragment Primers Template Exp Size
FCY 5' Flank X21754/X21736 M2390 gDNA  2049bp
ADH1pro-MEP2-PDClter X21735/X18847 pMU3461 2750bp
FCY 3' Flank X18846/X18869 M2390 gDNA  2166bp
pADH1 PDC1 term
X21736 X18846
X21735 X18847
X16508 X16509
FCY 5' Flank FCY 3' Flank
X21754 X18869
X16947 MEP2 X16948

MA0467.3 with MEP2
10750 bp

FIGURE 41
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MAO467.4
GAP1 over expression at FCY1 locus
MA0467.4 GAP1
Fragment Primers Template Exp Size
FCY 5' Flank X21754/X21736 M2390gDNA  2049bp
ADH1pro-GAP1-PDClter X21735/X18847 pMU3463 3059bp
FCY 3' Flank X18846/X18869 M2390gDNA  2166bp
pADH1 PDC1 term
X21736 X18846
X21735 X18847
X16508 X16509
FCY 5' Flank FCY 3' Flank
X21754 X18869
X16947 GAP1 X16948

MAUD467.4 with GAP1
11059 bp

FIGURE 42
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MAO881
S. cerevisiae GDH2 over expression at FCY1 locus
MAQ0881
Fragment Primers Template Expected Size
5' Flank X21754/X23408 M2390gDNA  2049bp
pPGK-GDH2-ENO1t X23409/X15464 pMU2908 5283bp
pADH-GDH2-PDCltrc  X15465/X18955 pMU2909 4546bp
3' Flank X19950/X18869 M2390gDNA  2166bp
PGK1pro, ADH1pro
X23408 ‘ ENOf1ter X19950
X23409 X15465 X18955
X16508 X15464 X16509
FCY1 5' flank PDC1ter FCY 3' flank
X18869

MA0881
21752bp

FIGURE 43




WO 2014/151318 PCT/US2014/025460
44/74
MAQ0881.1
GLT1/GLN1 over expression at FCY1 locus
MAQ0881.1
Fragment Primers Template Expected Size
5' Flank X21754/X23408 M2390gDNA  2049bp
pPGK-GLT1-ENO1t X23409/X15464 pMU2913 8442bp
pADH-GLN1-PDCltrc  X15465/X18955 pMU2911 2363bp
3' Flank X19950/X18869 M2390gDNA  2166bp
ENO1ter
X15465
X15464
PDC1ter
GLN1
PGK1pro ADH1pro
X23408 X19950
X23409 X18955
X16508 X16509
FCY1 5' flank FCY 3' flank

X21754
\

/X1 8869

MA0881.1
22745bp

FIGURE 44
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