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METHODS FOR REGULATING NITROGEN METABOLISM DURING THE
PRODUCTION OF ETHANOL FROM CORN BY METABOLICALLY
ENGINEERED YEAST STRAINS

BACKGROUND OF THE INVENTION

jeou1] Energy conversion, siilization and access underlie many of the great challenges of
our time, including those associated with sustainability, environmental quality, security,
and poverty. New apphcations of emerging technologies are required to respond to these
challenges. Biotechnology, one of the most powerful of the emerging technologies, can
give rise o imporiant vew energy conversion processes. Plant bionwass and derivatives
thersof are a resonrce for the biological conversion of energy 1o forms oseful to humanity.

[0602] Among forms of plant biomass, both grain-based biomass and Henoceltalosic
biomass (collectively "biomass”) are well-suited for energy applications. Each feedstock
has advantages and disadvantages. For example, because of its large-scale availabibity,
fow cost, and environmentally benign production lignocellujosic biomass has gained
atiention as a viable feed source for biofuel production. In particular, many energy
production and utilization cveles based on cellelosic biomass have near-zere greenhouse
zas emissions on a life-cycle basis.

{6003] However, grain-hased feed stocks are more readily converted to fuels by existing
inigroorganisms, although grain-based feed stock is more expensive than lignocellulosic
feed stock and conversion to fuel competes with alternative uses for the grain.

[0004] Biomass processing schemes ionvolving enzymatic or nucrobial hydrolysis
commonly invelve four biologically mediated wansformations: (1) the production of
saccharolvtic enzymes (cellulases and bemicellulasesy; (2) the hydrolysis of carbohydeate
components present in pretreated biomass to sugars; (3) the fenmentation of hexose sugars
(e.g., glncose, mannose, and galactose}, and (4) the fermentation of pentose sugars {e.g..
sylose and arabinose). These four transtormations can occur 1 a single step in a process
configuration called consolidated bioprocessing ("CBP™), which is distingoished from
other less highly integrated configurations in that it does not involve a dedicated process
step for cellulase andfor hemicellulase production.

[0005] CBP offers the potential for lower cost and higher efficiency than processes

featuring dedicated cellalase production. The benefits result in part from avoided capital



CA 02905133 2015-09-09

+
[
3

costs, substrate and other raw materialy, and vtilities associated with cetlulase production.
In addition, several factors support the reahzation of higher rates of hydrolysis, and hence
reduced reactor volume and capital investment using CBP, including enzyme-microbe
svaergy and the use of thermophitic organisms andfor complexed cellulase systems.
Moreover, celivlose-adherent cellololytic microorganisms are bkely to  compete
successfully for products of cellulose hydrolysis with non-adhered microbes, eg.,
coptaminanis. Successful competition of desirable microbes increases the swability of
industrial pracesses based onm icrobial cellulose utilization. P rogress in developing
CBP-enahling microorganisms i being made through two strategies: ¢ ngineering
natarally ocowring cellulolytic microorganisms to smprove product-related properties,
such as yield and titer; and engincering non-cellulolytic organisms that exhibit high
product vields and titers to express a b elerologous cellulase and bemicellulase system
enabling cellulose and hemicellulose atilization.

100046] One way to meet {he demand for ethanol production is to convert sugars found in
bigmass, fe., materials such as agricultural wastes, com hulls, corncobs, cellulosic
materials, and the like to produce ethanol, E fficient biomass conversion in large-scale
industrial applications requires @ microorganism that is able o tolerate high
concenirations of sugar and ethanol, and which is able to ferment more than one sugar
simultaneousty.

[6007) Rakers’ yeast (Saccharomees cerevisiae) is the preferred microorganism for the
production of ethanol (Hahn-Higerdal, B., ef af , ddv. Bivchem. Eng. Biotechnol. 73, 53~
84 (20013, Awibutes m favor of this microbe are (i} high productivity at close to
theoretical vields (0.51 g ethanol producedig glucose used), (i1) high osmo- and ethanol
telerance, (i} natural robustness in industtial processes, alse {iv) being generally
regarded as safe (GRAS) due to its long association with wine and bread making, and
beer brewing. Furthermore, 8. cerevisiae exhibits tolerance to inhibitors commonly found
in hydrolysates resulting from biomass pretreatment. Exemplary metabolic pathways for
the production of ethanol are depicted in Figwre 1. However, S cerevivive does not
naturally break down components of cetlalose, nor does it efficiently use pentose sugars.

[0068] Glveerol is a metabolic end-product of native yeast ethanolic fermentation (Figere
1), During anacrobic growth on carbohvdrates, produciion 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 carbohydrates. The production of glveerol, which is
more reduced relative to carbohydrates, functions as an electron sink o off-set cell
hiomass formation, so that overall redax nevirality is conserved. This is essential from a
theoretical consideration of conservation of mass, and in practice straing uwnable 1o
produce glyeerol are unable {or only very poorly able} to grow under anaerobic
conditions.

[6609] There 13 a strong commercial incentive not to produce glyeerol as a byproduct
because it represents lost ethanol yield. In industrial com ethanol fermentations, this
yield loss can be up te 6% of theoretical, for a market of ~14 billion gallons/vr. At selling
price of $2.50/gal, this is a total market value of $2 Biye.

{0010} Strategies from the literature to address this problem include decreasing glycerol
formation by enginecring ammonia fixation to function with NADH mstead of NADPH
via up-regulation of GLNI, encoding ghutamine synthetase, or GLT1, encoding glotamate
synthase  with deletion of GDHIL, encoding the NADPH-dependent glutamate
dehydrogenase. (Nissen, T L., et o, Melubolic Engineering 2. 69-77 {20001}, Another
strategy engineering cells to produce excess NADPH during giveolysis via expression of
a NADPH linked piyceraldehyde-3-phosphate dehvdrogenase. (Bro, €, ef ul, Meiabolic
Engincering §: 102-111 (2006)). Anciher strategy contained a deletion of GDHI, and
over-expression of glutamate synthase (GLT1) and glutamine synthase (GLN1), which
also resulied in reduced glvcerol formation. However, gfowth rstes and biomass
formation were well below the contrel strain and improvements on the initial performance
have not been demovstrated. Additionally, industrially relevant yields, riters and
fermeniation rates were never demonstrated, {U.S. Patent No, 7.018.829). A nother
strategy dJdescribes deletion of only GDHI without overexpression of GDHI or
GLTH/GENT. However, the strategy was dependent on the use of an industrial polyploid
yeast strain capable of tolerating high ethanol concentrations. It is noted in the patent that
GDHI was the only deletion, and that there are no heterologous DNA sequences in the
genonre. Additionally, the maximum reduction in glvéerol production seen was 12.04%,
and the technology was not demonstrated on ap industrially relevant subsirate (LS.
Patent No. 7,935,514). Most glycero! reduction straiegies either only partially reduce the
requirement for glycerol formation, or create a by-product other than ethanol. The

present invention overcomes the shortcemings of these other strategies.
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Corn mash containg fre¢ amino nitrogen, However the amount is too fow to emable
veast biomass formation sufficient to weet the needs of the process, Nitrogen is added to
industrial com ethapol fermentations to promote veast growth, most commonty in the
form of wrea and ammonda. Excess nitrogen can improve the fermentation kinetics of
conventional veasts; however ethanol viclds are often lower due to excess biomass and
glycerol formation. Typically, urea is added to industial comn fermentations In
concentrations that range from 500ppm to 1000ppm.

Yeast take up and assinylate ammonium as its preferred nitrogen source, followed
by amino acids, and finally urea {Pigares 2.4} {extensively reviewed by Lungdhal e o/,
(renetics 1900 BB5-929 (2012)). The mechanism of nitrogen catabolite repression (NCR}
contral is established by transcription factors which control the expression of ammonium,
amino acid and wrea transporters. These transcription factors also control expression of
proteins responsible for degradation and assimilation of witrogen containing molecules. It
has been shown that de-repression of non-preferred nitrogen source assimilation pathways
can improve fermentation kinetics (Salmon, J. M., and Bawe, P.. dAppl Environ.
Microbiol. 64:3831-3837 (1998)); however, effects on e thanol productivity were not
measured.

S, cerevisioe comtains three known ammontum transporters, MEPT, MEP2 and
MEP3. MEP] and MEPZ are high affinity transporters while MEP3 i3 a low affinity
transporter. 8. cereviviae broaks down urea through the enzymatic action of a ureg-amido
Iyase (EC 6.3.4.6). This activity is encoded by the enzyme DURY2 in § cerevisige
(Figuras 2-4). Overexpression of DURL/2 in wine veasts has been shown to enhance nrea
degradation rates dusing fermentation of grape must {Coulon, 1., e/ ¢l 4m. J Fnol Vitic.
S57:2 (2006)). There are two known urea trapsporters in & cerevisiae, DUR3S and DURS
(Figures 2-4). It has been shown that overexpression of DURS resulted in tmproved urea
degradation rates during wme fermentation (Dahabieh, M.S., ef ol dm. 1 Enol. Vitic.
64 (2009)). LS. Patent Publ. No. 20110129566 describes the expression of DUR1?2
and DUR3 in wine yeasts.

Industrial comn mwash substrates contain as much as 3% protein (wiv), however,
much of the amine acid content contained in these proteins is unavailable to S cerevisiae.
Expression of one or more proteases would release amino acids that could serve as a

nitrogen source for yeast. Additionally, the use of amine acids as & aitrogen source for §.
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cerevisiae in corn ethanol fermentations would improve yield through a reduction in the
surplus NADH generated from in vivo amino acid synthesis during anaerobic growth.

[0015] Guo et al. engineered S. cerevisiae to express a heterologous protease for the
purpose of improving ethanol yield (Guo, Z-p, et al., Enzyme and Microbial Technology
48: 148-154 (2011)). However, the work was conducted in a wild type yeast background
that had not been previously engineered for reduced glycerol formation, and the activity of
the expressed endoprotease primarily breaks protein into short polypeptides which are not
transported by S. cerevisiae.

[0016] One aspect of the present invention relates to improved fermentation performance
through co-expression of an exoprotease to release single amino acids. Additionally, corn
kernel protein is primarily a class of storage proteins known as zeins. Zeins have been
shown to be recalcitrant to hydrolysis by many proteases and it is possible that expression
of zein specific proteases would result in improved proteolysis. Thus, another aspect of the
present invention relates to expressing zein-specific proteases to improve corn protein
hydrolysis and amino acid utilization by the yeast.

[0017] 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 amino
acid permease to complement protease expression or metabolic engineering by improving
the uptake rate of free amino acids released during proteolysis. For example, expression of
the general amino acid permease GAP1 is negatively regulated by AUA1. One aspect of
this invention relates to the deletion of AUA1 or over expression of GAP1 that could result
in improved amino acid uptake rates.

[0018] PCT/US2012/032443 teaches a method of eliminating glycerol formation through
the production of formate. The formate production pathway can also be combined with
strains engineered for reduced activity of the native glycerol 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 invention relate to a
combination of those or related genetic modifications described in PCT/US2012/032443,
with additional genetic modifications that are designed to alter nitrogen transport and
assimilation.

[0019] One aspect of this invention relates to strains of S. cerevisiae with reduced glycerol

production that get a kinetic benefit from higher nitrogen concentration without

CA 29805133 2020-03-30



-6-

sacrificing ethanol yield. A second aspect of the invention relates to metabolic
modifications resulting in altered transport and/or intracellular metabolism of nitrogen

sources present in corn mash.

BRIEF SUMMARY OF THE INVENTION

[0020] Some embodiments are direct to a recombinant microorganism comprising: at
least one engineered genetic modification that leads to the up-regulation or down-
regulation of one or more native and/or heterologous enzymes that function in one or more
ethanol production pathways; at least one engineered genetic modification that leads to the
down-regulation of an enzyme in a glycerol-production pathway: and at least one
engineered genetic modification that leads to the up-regulation or down-regulation of an
enzyme in a nitrogen-assimilation pathway.

[0020a] In one aspect of the invention, there is provided a recombinant yeast including: a.
at least one engineered genetic modification that leads to the up-regulation of one or more
native and/or heterologous enzymes that function in one or more ethanol production
pathways; b. at least one engineered genetic modification that leads to the down-regulation
of an enzyme in a glycerol-production pathway; and, c. at least one engineered genetic
modification that leads to the up-regulation or down-regulation of an enzyme in a nitrogen-
assimilation pathway; wherein the up-regulated enzyme that acts in an ethanol production
pathway is pyruvate formate lyase (EC 2.3.1.54), pyruvate formate lyase activating
enzyme (EC 1.91.1.4), and/or bifunctional acetaldehyde-alcohol dehydrogenase selected
from a group of enzymes having both of the following Enzyme Commission Numbers; EC
1.2.1.10 and 1.1.1.1; wherein the down-regulated enzyme that acts in.the glycerol
production pathway is at least one enzyme selected from the group consisting of: a
glycerol-3-phosphate dehydrogenase 1 polynucleotide (GPD1) (EC 1.1.1.8), a glycerol-3-
phosphate dehydrogenase 1 polypeptide (Gpdl) (EC 1.1.1.8), a glycerol-3-phosphate
dehydrogenase 2 polynucleotide (GPD2) (EC 1.1 1.8), a glycerol-3-phosphate
dehydrogenase 2 polypeptide (Gpd2) (EC 1.1 1 8), a glycerol-3-phosphate phosphatase I
polynucleotide (GPP1) (EC 3.1.3.21), a glycerol-3-phosphate phosphatase polypeptide 1
(Gppl) (EC 3.1.3.21), a glycerol-3-phosphate phosphatase 2 polynucleotide (GPP2) (EC
3.1.3.21), and a glycerol-3-phosphate phosphatase polypeptide 2 (Gpp2) (EC 3.1.3.21);
and wherein the down-regulated enzyme that acts in the nitrogen-assimilation pathway is

glutamate dehydrogenase (Gdh) (EC 1.4.1.4) and wherein the up-regulated enzyme in the

CA 29805133 2020-03-30
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nitrogen-assimilation pathway is at least one enzyme selected from the group consisting of
glutamate dehydrogenase (Gdh) (EC 1.4.1.2), glutamate synthase (Glt) (EC 1.4.1.14), and .
glutamine synthase (Gln) (EC 6.3.1.2), an ammonium transporter, a urea amido lyase (EC
6.3.4.6), and a urea transporter.

[0021] In some embodiments of the invention, the down-regulated enzyme in the nitrogen-
assimilation pathway is glutamate dehydrogenase (Gdh) (EC 1.4.1.4).

[0022] In some embodiments of the invention, the microorganism further comprises least
one genetic modification that leads to the up-regulation of an enzyme in a nitrogen-
assimilation pathway.

[0023] In some embodiments of the invention, the up-regulated enzyme in the nitrogen-
assimilation pathway is at least one enzyme selected from the group consisting of
glutamate dehydrogenase (Gdh) (EC 1.4.1.2), glutamate synthase (Glt) (EC 1.4.1.14), and
glutamine synthase (Gln) (EC 6.3.1.2). In some embodiments of the invention, the up-
regulated enzyme in the nitrogen-assimilation pathway is a native ammonium transporter.
In some embodiments of the invention, the up-regulated enzyme in the nitrogen-
assimilation pathway is a MEP protein from the genus Saccharomyces. In some
embodiments of the invention, the up-regulated enzyme in the nitrogen assimilation
pathway is a urea-amido lyase (EC 6.3.4.6). In some embodiments of the invention, the
up-regulated enzyme in the nitrogen assimilation pathway is a urea transporter. In some
embodiments of the invention, the up-regulated enzyme in the nitrogen assimilation
pathway is G1n3.

[0024] In some embodiments of the invention, the enzyme in the glycerol-production
pathway is encoded by at least one enzyme selected from the group consisting of: a

glycerol-3-phosphate dehydrogenase 1 polynucleotide (GPDI) (EC 1.1.1.8), a glycerol-3-
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phosphate dehvdrogenase 1 polypeptide (Gpdi) (EC 1.1.1.8), a glycerol-3-phesphate
dehydrogenase 2 polynucleotide (GPD2Y (EC 1.1.1.8), & glycerol-3-phosphate
dehvdrogenase 2 polypeptide (Gpd2) (EC 1.1,1.8), a glveerol-3-phosphate phosphatase 1
polynucleatide (GPP!y (BC 3.1.3.21), a glycerol-3-phosphate phosphatase polypeptide 1
{Gpp1) (EC 3.1.3.21), a glveerol-3-phosphate phosphatase 2 polyaucleotide (GPP) (EC
3.1.3.21}, and a glycerol-3-phosphate phosphatase polypeptide 2 {Gpp2) (BC 3.13.21).

[0025] In some embodiments of the invention, up-regulated enzyme that acts in an
ethanol production pathway is pyrovate formate lyase (EC 2.3.1.54). In some
embodiments of the invention, the up-regulated enzyme that acts i the ethanol
production pathway is pyruvate formate lyase activating enzyme (EC 1.91.1.4),

{86026] In some embodiments of the invention, the up-regulated enzyme that acts in the
ethanol production pathway is bifunctional acetaldehyde-alcohol dehydrogenase selected
from a gronp of enzymes having both of the following Enzyme Commission Numbers:
EC1.21.10and 1131,

jooxTy In some embodiments of the iwnvention, the up-regulated enzyme that acis i the
ethanol production pathway is an NADPH-dependent bifimetional acetaldehyde-alcohol
dehydrogenase selected from a group of eneymes having both of the following Enzyme
Conymission Nambers: EC 1.2 $ 10and 1.1.1.2.

j0028] In some embodiments, the microorganism further comprises a down-regelation in
one or mare native enzymes encoded by a formate dehydrogenase enzyme selected from
the group consisting of EC 1.2 143 and EC 12,12,

{0029} In some embodiments of the ivention, the recombinant microorganism forther
comprises ah eterologous GPDL polynucleotide operably linked to a native GPD2
promoter, In some embodiments of the invention, the recombinant microorgamism further
comprises a heterologons GPD2 polynucleotide operably linked to a native GPDI
promoter.

{6030] In some embodiments of the invention, the microorganism further comprises an
up-regulation or down-regulation of a regulatory element. In some embodiments the
regulatory element is selected from the gronp consisting off Ure2 and Aual.

[6031] In some embodiments of the invention, the microorganism further comprises at
feast one additional up-regulated enzyme. In some embodiments of the invention, the

additional up-regulated enzyme is & ghucoamylase enzyme with EC pumber 3.2.1.3. In
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some embodiments of the invention, the additional up-regulated enzyme is a permease.
In some embodiments of the invention, the additional up-regulated enzyme is a protease
with EC number; 342341,

{0632] In some embodiments of the invention, the up-regulated or down-regulated
cnzymes are under the conirol of a heterologous promoter. 1n some embodimenis of the
invention, the heterologous promoter is selected from a group consisting of: TEFZ (SEQ
ID NOx 38), HXT7 (8EQ 1D NO: §9), 4DH] (SEQ 1D NO: 60), and 77/ (SEQ ID NO:
61).

[#033] In some embodiments, the microorganism is a veast. In some embodiments, the
veast is from the genus Swcchoromyces,  In some embodiments, the veast is
Saceharmmyees cerevisive. In some embodiments, the microorganism produces ethanol
at a higher yield than an otherwise identical microorganism lacking the genetic
modifications. In some embodiments, the microorganism produces zn ethanol titer about
1% 1o about 10% more than an otherwise identical microorganism lacking the genetic
modifications, In some embodiments, the microorganism produces an ethanol titer of at
feast about 123 &L,

[0034] In some embodiments, the microorganism produces glycerol at a lower yield 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 identical wicroorganism lacking the genetic modifications.

|0635) In some embodinments, the invention relates 10 a composition comprising any
recombinant microorganism herein, and & carbon-containing feedstock.

[0036] Some embodiments of the invention are directed to a method of producing a
fermentation  product wsing any compesition herein, wherein  the recombinant
microorganism is capable of fermenting the carbon containing feedstock to vield the
fermentation product.

[8037] Some embodiments of the invention are dirccted to a method of producing a
fermentation product comprising: any composition provided heretn; contacting the
composition with a carbon containing feedstock, wherein the recombinant microorganism
is capable of fermenting the carbon containing feedstock to yield the fermentation

product; and, optionally recovering the fermentation production
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[8038] Some embodiments of the invention are directed to a method of prodacing ethanol
comprising: providing any recombinant microorganign herein; culiuring the recombinant
microorgaism in the presence of a carbon containing feedstock for safficient time to
produce ethanol; and, optionally, extracting the ethanol.

[8939] Some embodiments of the invention are directed w a co-cultire comprising ai
least two host cells, wherein one of the host cells comprises any recombinant
microorgamism  herewn; and another host cell that s genencally distinet from the
recombinant microorganism.

[0040] Some embodiments of the invention are directed 10 a recombinant microorganism
comprising: down-regulated Gpdl, down-regulated Gpd2, down-regulated Fdhi, down-
regulated Fdh2, down-regulated Gdh1, up-regulated AdbE, up-regulated pyruvate formate
lyase, an up-regulated pyrovate formate lyase-activating enzyme, GPDY under the control
of the GFLX promoter, PO under the control of the P! promoter, and up-regulated
Gdh2.

[o041] Some embodiments of the invention are directed to a recombinant microorganism
comprising: down-regulated Gpdl, down-regulated Gpd2, down-regulated Fdhi, down-
regulated Fdb2, down-regulated Gdhl, up-regulated AdhE, up-regulated pyruvate formate
tyase, an up-regulated pyruvate formate vase-activating enzyme, GPD/ under the control
of the GFPD2 promoter, GPD2 under the control of the GPHY promoter, up-regulated Gl
and up-regulated Glnl

{0042] Some embodintents of the invention are directed to a recombinant microorganism
comprising down-regulared Gpdl, down-regulated Fdhi, down-regulated Fdh2, down-
regulated Gdhl, up-regulated AdhE, up-regulated pyruvate formate lvase, an up-regulated
pyrovate formate lyase-activared enzyme, GPD{ uader the comtrol of the GPIR2
promater, G2 under the control of the GPD/ promoter, up-regulated Gl and ap~
regulated Glul.

[0043] Some embodiments of the invention are directed to a recombinant microorganism
compiising: down-regulated Gpd2, down-regulated Fdhi, down-regulated Fdh2, down-
regulated Gdht, up-regulated AJBE, up-regalated pyruvate formate lvase, and an up-
regulated pyruvate formate lyase-activating enzyme.

{0044} Some embodiments of the invention are directed to a recombinant microerganism

comprising: down-regulated Gpdl, down-regulated Fdhi, down-regulated Fdh2, down-
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regulated Gdhl, up-regulated AdhE, up-regulated pyruvate formate lyase, an up-regulated -
pyruvate formate lyase-activating enzyme, and GPD2 under the control of the GPDI
promoter.

[0045] Some embodiments of the invention are directed to a recombinant microorganism
comprising: down-regulated Gpdl, down-regulated Fdhl, down-regulated Fdh2, down-
regulated Gdhl, up-regulated AdhE, up-regulated pyruvate formate lyase, and an up-
regulated pyruvate formate lyase-activating enzyme.

[0046] Some embodiments of the invention are directed to a recombinant microorganism
comprising: down-regulated Gpdl, down-regulated Fdhl, down-regulated Fdh2, up-
regulated AdhE, up-regulated pyruvate formate lyase, an up-regulated pyruvate formate
lyase-activating enzyme, upregulated-DUR/12, and GPD2 under the control of the GPDI
promoter.

[0047] Some embodiments of the invention are directed to a recombinant microorganism
comprising: down-regulated Gpdl, down-regulated Fdhl, down-regulated Fdh2, up-
regulated AdhE, up-regulated pyruvate formate lyase, an up-regulated pyruvate formate
lyase-activating enzyme, and up-regulated-DUR/12.

[0048] Some embodiments of the invention are directed to a recombinant microorganism
comprising: down-regulated Gpd1, down-regulated Gpd2, down-regulated Fdh1, down-
regulated Fdh2, down-regulated Ure2, up-regulated AdhE, up-regulated pyruvate formate
lyase, an up-regulated pyruvate formate lyase-activating enzyme, GPD/ under the control
of the GPD2 promoter, and GPD2 under the control of the GPDI promoter.

[0049] ' Sdme embodiments of the invention are directed to 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 enzyme, up-regulated GDH2, GPDI under the control
of the GPD2 promoter, and GPD2 under the control of the GPDI promoter.

[0049a] In one aspect of the invention, there is provided a recombinant yeast including:
down-regulated Gpdl, down-regulated Gpd2, down-regulated Fdhl, down-regulated
Fdh2, up-regulated AdhE, up-regulated pyruvate formate lyase, and an up-regulated
pyruvate formate lyase-activating enzyme.

[0049b] In another aspect of the invention, there is provided a recombinant yeast including

down-regulated Gpd1, down-regulated Fdh1, down-regulated Fdh2, up-regulated AdhE,
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up-regulated pyruvate formate lyase, and an up-regulated pyruvate formate lyase-
activating enzyme.

[0049¢] In a further aspect of the invention, there is provided a recombinant yeast including:
down-regulated Gpd2, down-regulated Fdhl, down-regulated Fdh2, up-regulated AdhE,
up-regulated pyruvate formate lyase, and an up-regulated pyruvate formate lyase-
activating enzyme.

[0049d] In yet another aspect of the invention, there is provided a recombinant yeast
including: down-regulated 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 lyase-activating enzyme, GPD1 under the control
of the GPD2 promoter, GPD2 under the control of the GPD1 promoter, and up-regulated
Gdh2.

[0049¢] In another aspect of the invention, there is provided a recombinant yeast including:
down-regulated Gpd1, 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 lyase-activating enzyme, GPD1 under the control of the
GPD2 promoter, GPD2 under the control of the GPD1 promoter, up-regulated Glt1 and
up-regulated GInl.

[00491] In a further aspect of the invention, there is provided a recombinant yeast including:
down-regulated Gpdl, down-regulated Fdhl, down-regulated Fdh2, down-regulated
Gdhl, up-regulated AdhE, up-regulated pyruvate formate lyase, an up-regulated pyruvate
formate lyase-activating enzyme, GPD1 under the control of the GPD2 promoter, GPD2
under the control of the GPD1 promoter, up-regulated Glt1 and up-regulated Glnl.

[0049¢g] In yet another aspect of the invention, there is provided a recombinant yeast
including: down-regulated Gpd2, down-regulated Fdhl, down-regulated Fdh2, down-
regulated Gdhl, up-regulated AdhE, up-regulated pyruvate formate lyase, and an up-
regulated pyruvate formate lyase-activating enzyme.

[0049h] In another aspect of the invention, there is provided a recombinant yeast including:
down-regulated Gpdl, down-regulated Fdhl, down-regulated Fdh2, down-regulated
Gdhl, up-regulated AdhE, up-regulated pyruvate formate lyase, an up-regulated pyruvate
formate lyase-activating enzyme, and GPD2 under the control of the GPD1 promoter.

[0049i] In a further aspect of the invention, there is provided a recombinant yeast including;

down-regulated Gpd1, down-regulated Fdh1, down-regulated Fdh2, down-regulated
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Gdhl, up-regulated AdhE, up-regulated pyruvate formate lyase, and an up-regulated .
pyruvate formate lyase-activating enzyme.

[0049j] In another aspect of the invention, there is provided a recombinant yeast including:
down-regulated Gpd1, down-regulated Fdh1l, down-regulated Fdh2, up-regulated AdhE,
up-regulated pyruvate formate lyase, an up-regulated pyruvate formate lyase-activating
enzyme, upregulated-DUR/12, and GPD2 under the confrol of the GPD1 promoter.

[0049K] In yet another aspect of the invention, there is provided a recombinant yeast
including: down-regulated Gpdl, down-regulated Fdhl, down-regulated Fdh2, up-
regulated AdhE, up-regulated pyruvate formate lyase, an up-regulated pyruvate formate
lyase-activating enzyme, and up-regulated-DUR/12.

[00491] In another aspect of the invention, there is provided a recombinant yeast including:
down-regulated Gpdl, down-regulated Gpd2, down-regulated Fdhl, down-regulated
Fdh2, down-regulated Ure2, up-regulated AdhE, up-regulated pyruvate formate lyase, an
up-regulated pyruvate formate lyase-activating enzyme, GPD1 under the control of the
GPD2 promoter, and GPD2 under the control of the GPD1 promoter.

[0049m] In a further aspect of the invention, there is provided a recombinant yeast including:
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 enzyme, up-regulated GDH2, GPD1 under the control of the
GPD2 promoter, and GPD2 under the control of the GPD1 promoter.

BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES

[0050] Figure 1 depicts simplified carbon and redox pathways utilized by wildtype .
cerevisiae during anaerobic growth. Ethanol formation is redox neutral while cell biomass

formation generates net NADH, which is balanced by glycerol formation.
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[6051] Figure 2 depicts urea transport and intracellular catabolism, The enzymes Durd
and Durd are known transporters of urea. Onee inside the cell, urea is broken down into 2
anumonia molecules and 2 carbon dioxide molecules in a reaction catalvzed by Durf 2.

{0052 Figure 3 depicts the process by which an unmodified S cerevisioe assimilates
wea.

j0053] Figure 4 depicts process by whick a genetically modified glycerol reduction strain
which contains a deletion of Gdh1 assimifates urea.

[0054) Figure 3 depicts the glycerol titers of the wild type and glycerol reduction strains
contaiming the formate pathway (M2390 (wildivpe), M34635, M3467, M3469, and M3624
are depicted). This data shows total glycerol present in comn mash which contained 7 g/

ghveerol prior to fermentation,

{0055) Figure 6 depicts a schematic diagram of the MAO063 1 insertion cassette.
{0056} Figure 7 depicts a schematic diagram of the MAG423 insertion cassette.
|6057] Figure § depicts a schematic diagram of the MAO426 insertion cassetie,
jo05Y] Figure 2 depicts a schematic diagram of the MAOSSS insertion cassette.
{(1059) Figure 10 depicts a scheratic diagram of the MAOS37 tusertion cassette.
A Figure 11 depicts a schematic diagram of the MAU616 insertion cassette.
[6061] Figwre 12 depicts a schenatic diagram of the MA0O616.1 insertion casseite.
jo062] Figure 13 depicts a schematic diagram of the MAOGLS insextion cassette.
10063} Figure 14 depicts a schematic disgram of the MAO615.1 insertion cassette,
[0064) Figure 15 depicts a schematic diagram of the MAQ622 insertion casselte.
|0065] Figure 16 depicts a schematic diagram of the MA0622.1 insertion cassetic,
0064] Figure 17 depicits a schematic diagram of the MAOSS0 insertion cassette.
[a067] Figure 18 depicts a schematic diagram of the MAO0S81 insertion casseite.
[0068) Figure 19 depicts a schematic diagram of the MAO332 insertion cassette.
[0069] Figure 20 depicts a schematic diagram of the MAQS83 insertion cassette.
[6070] Figure 21 depicts a schematic diagram of the MA0S84 insertion cassette.
{0071 Figure 22 depicts a schematic diagram of the MAO38S insertion cassette.
[0072] Figure 23 depicts a schematic diageam of the MADG617 insertion cassette,
{0073 Figure 24 depicts a schematic diagram of the MAD617.1 insertion cassette,
{0074) Figure 25 depicts a schematic diagram of the MAQ434 inserion cassetie.

{0078 Figure 20 depicts a schematic diagram of the MA0434.2 insertion cassatte.



[0076]
[0077)
[0078]
{0579}
[0080]
[0081]
[0082]
[0083)
[0084]
[0085]
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j0088]
j0089]
{0090}
{0091
[0092]
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CA 02905133 2015-09-09

P i2e

P

Figure 27 depicts a schematic diagram of the MA0434.3 insortion casseits;
Figure 28 depicts a schematic diagram of the MA0434.4 insertion cassette,
Figure 29 depicts a schematic diagram of the MA0434.5 insertion cassette.
Figure 30 depicts a schematic diagram of the MAQ434 14 insertion cassetie.
Figure 31 depicts a schematic diagram of the MA0464 insertion cassette.
Figure 32 depicts a schematic diagram of the MAD464.1 insertion cassette.
Figure 33 depicts a schematic diagram of the MA0464.2 insertion cassetie.
Figure 34 depicts a schematic diagram of the MA0464.3 insertion cassette.
Figure 35 depicts a schematic diagram of the MA0464 4 insertion cassette.
Figure 36 depicts a schematic diagram of the MAO464.9 insertion cassetta.
Figure 37 depicts a schenatic diagram of the MAO465.1 insertion cassette.
Figute 38 depicts a schematic diagram of the MAO467 insertion cassefte.
Figwre 39 depicts a schematic diagram of the MAQO467,1 tusertion cassette,
Figure 40 depicts a schematic diagram of the MAO0467.2 insertion cassette.
Figurg 41 depicts a schematic digram of the MA0467.3 insertion cassette.
Figure 42 depiets a schematic diagram of the MAQ467.4 Insertion casserte,
Figure 43 depicts a schematic diagram of the MAOSB 1insertion cassette.
Figure 44 depicts a schematic diagram of the MAOS81 .1 insertion cassette.
Figure 45 depicts a plasmid map for pMU2873.

Figure 46 depics a plasmid map for pMU2Z879.

Figure 47 depiets a plasmid map for pMU2908.

Figure 48 depicts & plasmid map for pMU2909.

Figure 49 depicts a plasmid map for pMU291 L

Figure 30 depicts a plasmid map for pMUXQ{3.

Figure 51 depicts a plasmid map for pMU3409,

Figure 52 depicts a plasmid map for pMU3410,

Figure 53 depicts a plasmid map for pMU3411L

Figure 34 depicts a plasmid map for pMU3459.

Figure 55 depiots a plasmid map for pMU3460,

Figure 56 depicts a plasmid wap for pMU3461.

Figure 57 depicts a plasmid map for pMU3463,

Figure 58 depicts a plasmid map for pMU 3464,
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[3108] Figre 59 depicts a plasmid map for pMiI3465.
{6109 Figure 60 depicts a plasmid map for pMU3466,
[1in) Figure 81 depicts a plasnid map for pMU3468,
{0111} Figure 62 depicts a plasmid map for pMU3471.
{8112 Figure 63 depicts a plasmid map for pMU3472.
0113} Figure 64 depicts a plasmid map for pMU3473,
[6114] Figure 63 depicts a plasmid wap for pMU34735.
[6115) Figure 66 depicts a plasmid map for phU36035,
[0116] Figure 67 depicts a plasmid map for pMU3606.
[0117] Figure 68 depicts a plasmid map for pMU3607,
{6118] Figure 69 depicts the final ethanol titers measured following fermentation of 31%

solids com mash in wildtype cells (M2390), a glycerol reduction strain containing the
formate pathway (M3624), and 2 strins with modification of the ammoniem assimilation
pathway (M4117, which contains a deletion of g/ and an over-expression of Geh2, and
M4118, which contains a deletion of pdhl and an over-expression of Gf] and (7la /).

{01119) Figure 70 depicts the ethanol titers measured following fermentation of 31%
solids corn mash for glyeerol reduction strains containing the formate pathway (M34685,
M3467, M3469) that additionally have a deletion of gdh/ (M4400, M4401, M4402).
M2390 was & parental control. Figure 71 depicts the ethanol titers measured following
fermentation of 31% solids com mash for M2390. M3467, M3469, Md427 (M3467
parent stramn: expression of DURIL2 driven by the TEF2 promoter), M4428 (M3467
parent straim expression of DURY/Z driven by the HXTT promoter), Md429 (M3467
parent strain: expression of DURIZ driven by the ADHI promoter), M4430 (M3467
parent strain: expression of DURIZ driven by the HXT7/TEFZ promoters), M4431
(M3469 parent strain: expression of DURY2 duven by the TEF2 promoter), Md432
(M3469 parent swrain: expression of DURI/2 driven by the HXT7 promoter), M4433
(M3469 parent strain: expression of DURI/2 driven by the ADHI promoter), and Md434
{M3469 parent stram: expression of DURL2 driven by the HXT?/TEF2 promoters)

[0120] Figure 72 depicts the ethanol thiers measured following fermentation of 31%
solids corn mash for M2390, M3624, M4406, and M4407.

[6121) Figure 73 depicts the ethanol titers produced after 68hrs fermentation inm int-vials
for strainis M2390, M3624, M43 17, M3841, M53842, M3843, and M5844,



[0122]

[6123]

[0124)

[0125]

[0126)
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Figure 74 depicis the glveerol titers produced after 68hrs fermentation in mini-
vials for straing M2390, M3624, M4117, MES41, M3842, M5843, and MAa844,

DETAILED DESCRIPTION OF THE INVENTION

Definitions

Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as commonly understood to one of ordinary skill in the art of microbial
metabolic engineering.  Although methods and materials similar or equivalent 1o those
described heremn can be used in the practice of the disclosed methods and compositions,
exemplary methods, devices and materials are described herein,

The embodiments desciibed, and references i the specification to "one
grabodiment”, "an embodiment”, "an example gmbodiment”, ete, indicate thar the
embaodiments described can include a particutar feature, structure, or characteristic, but
every embodiment does not necessarily include the particular featare, structwre, or
characteristic. M oreover, such phrases are not necessarily referring to the same
embodiment. Further, when a particular feature, structure, or characteristic is described in
connection with an embodiment, it is understood that it is within the knowledge of one
skilled i the art to effect such feature, siructure, or characteristic in connection with other
embodiments whether or not explicitly described.

"

The description of "3" or "an"” item herein may refer to a single ftem or multiple
ftems. It is understood that wherever embodimenss are deseribed herein with the
language "comprising,” otherwise analogous embodiments described in terms of
“consisting of" andfor "congisting essentially of are also provided. Thus, for exanple,
reference to "a polynucleotide” includes a plurality of such polynucleotides and reference
to "the microorganism” inclndes reference to one or more microorganisms, and so forth,
The term “heterologous” is used in reference fo a polynucleotide or a gene not
normally found in she host organism.  "Heterologous™ includes up-regulated or down-
vegulated endogenous genes. " Heterologous” also includes a native coding region, or
portion thereof, that is reintroduced into the source organism in a form that is different
from the corresponding native gene, eg., not in s natural location in the organism's
genome. "Heterologous" also includes any gene that has been modified and placed into

an organism. A heterclogous gene may include g native coding region that is a portion of
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a chimeric gene including a non-native regulatoly region that is reiniroduced inty the
native host or modifications to the native regulatory sequences that affect the expression
fevel of the gene. Foreign genes can comprise native genes inserted into a non-native
organism, or chimeric genes. A heterologous polynucleotide, gene, polypeptide, or an
enzyme may be derived or isolated from any sowrge, eg., eukarvotes, prokaryotes,
viruses, or synthetic polynucleotide fragments, and includes up-regulated endogenous
genes.

[0127) The terms "gene(s)” or "polysucleotide” or "nucleic acid" or "polvaucleotide
sequence(s}” are intended to include nisclerc acid wolecules, eg, polynucleotides which
include an open reading frame encoding a polypeptide, and can further inchude non-
coding regulatory sequences, and introus. In addition, the terms are intended to include
one or more genes that map to a fnctional locus. Alse, the terms are intended to inchude
a specific gene for @ selected purpose. The gene may be endogenous to the host cell or
may be recombinantly introduced into the host cell, ey, as a plasmid maintained
episomally or a plasmid {or fragment thereof) that is stably integrated into the genome. In
addition to the plasmid form, a gene may, for example, be in the form of linear DNA or
RNA. The term "gene" is also intended to cover multiple copies of a particular gene, eg.,
all of the DNA sequences n a cell encoding a particular gene prodact. A "gene” refers fo
an assembly of nucleotides that encode a polypeptide, and includes cDNA and genomic
DNA nucleic acids. "Gene” also refers to a nucleie acid fragment that expresses a specific
protetn, including intervening ssquences {(introns) befween individual coding segments
(exons), as well as regulatory sequences preceding (5 noun-coding sequences) and
folfowing (3" non-coding sequences) the coding ssquence. "Native” or "endogenous”
refers to g gene as found in nature with its own regulatory segquences.

{0128) A "nucleic acid,” "polynucleotide,” or “nucleic acid molecule” is a polymeric
compound comprised of covalently Hnked subunits called nucleotides. Nuocleic acid
inchades polyribonucteic acid (RNA} and polydeoxyribonucleic acid (DNA), both of
which may be single-stranded or double-stranded, DNA includes ¢cDNA, genomic DNA,
synthetic DNA, and semi-svathetic DNA,

16129) An “isolated nucleic acid molecule” or “isolated nucleic acid fragment” refers to
the phosphate ester polymeric form of ribonucleosides (adenosine, puanosine, artdine or

cytiding; "RNA molecules") or deoxyribonucleosides (deoxyadenosine, deoxyguanosine,
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deoxythymidine, or deoxveytidine; "DNA molecules™), or any phosphoester analogs
thereof, such as phosphorothioates and thicesters, in either single stranded form, or a
double~stranded helix. Double smanded DNA-DNA, DNA-RNA and RNA-RNA helices
are possible. The term nucleic ackd molecule, and in particular DNA or RNA molecule.
refers only to the primary and secondary strocture of the molecule, and does not limit it to
any particwar tertiary forms. Thus, this term includes double-stranded DNA found, imer
alia, in linear or circular DNA miolecules {e.g., vesiriction fiagments), plasnids, 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 §' 1o 3 direction along the non-transcribed strand of DNA (i, the strand
having a sequence homologous to the mRNA).

[0130] The term "expression” is intended o include the expression of a gene at least at
the level of ImRNA production, generally subsequently transtuted into a protein product.
The term "expression,” refers to the transcuiption and stable accumulation of sense

- {mRNA) or antisense RMNA derived from the nucleic acid fragment of the invention.
Expression may also refer to translation of mRNA mto a polypeptide.

{131} As used herein, an "expression vectar” is a vector capable of divecting the
expression of genes to which it is operably linked.

[0132] A “vector,” e.g., a "plasmid” or "YAC" (yeast artificial chromosome) refers to an
extrachromosomal element often catrying ong or more genes that are not part of the
central metabolismy of the celt, and is uvsuvally in the form of a circular double-stranded
DNA molecule. Such elements may be awtonomously replicating sequences, geaome.
integrating sequences, phage or nucleotide sequences, linear, circular, or supercoiled, of a
single- or double-stranded DNA or RNA, derived from any source, in which a number of
nucleotide sequences have been joined or recombined into a smigue construction which is
capable of introducing a promoter fragment and DNA sequence for a selected pene
product along with appropriate 3' untranslated sequence into a cell. P referably, the
plasmids or vectars of the presem invention are stable and self-replicating.

j0133] The term “integrated” as used herein refers to genetic elements that are placed,
through molecular biology techniques, into a chromosome of a host cell. For example,
genetic elements ¢an be placed into the chromosomes of the host cell as opposed w tn 2

vector such as ap lasmid carried by the host cell. M ethods for integrating genetic
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elements into the genome of a host cell are well known in the art and include homologous
recombination.

[0134] The term "domain' as used herein refers to a part of a molecule or structure that
shares common physical or chemical features, for example hydrophobic, polar, globular,
helical domains or properties, e.g., a DNA binding domain or an ATP binding domain.
Domains can be identified by their homology to conserved structural or functional motifs.
Examples of cellobiohydrolase (CBH) domains include the catalytic domain (CD) and the
cellulose binding domain (CBD).

[0135] A nucleic acid molecule is "hybridizable to another nucleic acid molecule, such as
acDNA, 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
temperature and solution ionic strength. Hybridization and washing conditions are well
known and exemplified, e.g., in Sambrook, J., Fritsch, E. F. and Maniatis, 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"). The conditions of temperature and ionic strength
determine the "stringency" of the hybridization. Stringency conditions can be adjusted to
screen for moderately similar fragments, such as homologous sequences from distantly
related organisms, to highly similar fragments, such as genes that duplicate functional
enzymes from closely related organisms. Post-hybridization washes determine stringency
conditions. One set of conditions uses a series of washes starting with 6X SSC, 0.5% SDS
at room temperature for 15 min, then repeated with 2X SSC, 0.5% SDS at 45°C for 30 min,

~ and then repeated twice with 0.2X SSC, 0.5% SDS at 50°C for 30 min. For more stringent
conditions, washes are performed at higher temperatures in which the washes are identical
to those above except for the temperature of the final two 30 min washes in 0.2X SSC,
0.5% SDS are increased to 60°C. Another set of highly stringent conditions uses two final
washes in 0.1X SSC, 0.1% SDS at 65°C. An additional set of highly stringent conditions
are defined by hybridization at 0.1X SSC, 0.1% SDS, 65°C and washed with 2X SSC,
0.1% SDS followed by 0.1X SSC, 0.1% SDS.
[0136] Hybridization requires that the two nucleic acids contain complementary

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

[0137] The term “pexcent identity”, as known in the art, is a relationship between two or
more polypeptide sequences or two or more polynucteotide sequences, as detenmined by
comparing the sequences. In the art. "identity" also means the degree of sequence
relatedness between polypeptide or polynuclentide sequences, as the case may be, as
determmed by the match between sirings of such sequences.

[0138] As known in the art, "similarity” between two polypeptides is determined by
comparing the amino acid sequence and conserved amino acid substitutes thereto of the
polypeptide o the sequence of a second polypeptide.

{0139) "Identity” and “similarity” can be readily calculated by known methods, including
but not limited to those described in: Computational Molecular Biology {(Lesk, A, M. ed.)
Oxford University Press, NY (1988); Biocomputing: Informatics and Genome Projects
(Smith, . W, ed.) Academic Fress, NY (1993), Computer Analysis of Sequence Data,
Part 1 (Griffin, A, M., and Griffin, H. G, eds.) Humana Press, NJ (1994); Sequeﬁce
Analysis in Molecular Biology (von Heinje, G, ed.) Academic Press {1987 and
Sequence Analysis Primer (Gribskov, M. and Devereux, J., eds.) Stockton Press, NY

(1991}, Preferred methods to determine identity are designed to give the best match
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between the sequences tested. Methods o determine identity and similarity are codified in
publicly availlable computer programs. Sequence alignments and percent identity
calculations may be performed using the Megalign program of the LASERGENE
bioinformatics computing sute (DNASTAR Inc.. Madison, Wis). Muluple alignments
of the sequences disclosed herein were performed using the Clusial method of alignment
{Higgins and Sharp (1989) CABIOS. 31151153} with the default parameters (GAP
PENALTY=10, GAP LENGTH PENALTY=10). Defauli parameters for pairwise
alignments using the Chustal method were KTUPLE 1, GAP PENALTY=3, WINDQW=$
and DIAGONALS SAVED=5,

[8140] Suitable nucleic acid sequences or fragments thereof (isolated polvoucieotides of
the present invention) encode polypeptides that are at least about 70% 1o about 75%
identical to the amine acid sequences reported herein, at least about 80%, about 85%, or
about 90% identical 1o the amino acid sequences reported herein, or at least about 93%,
about 96%. about 97%, about 98%5, about 99%, or about 100% identical to the amino acid
sequences reporied heren. Suitable nucleic acid frapments are at least about 70%, about
75%., or about 80% identical o the nucleic acid sequences reported herein, at least about
80%. about 85%, or about 90% identical to the nuclete acid sequences reported heremn, or
at least about 95%., about 96%, about 97%, about 98%, about 99%, or about 1D0%
identical to the nucleic acid sequences teported herein. Suitable nucleic acid fragments
not only have the above identiics/similarities but typicatly encode a polypeptide having
at teast 5O anuino acids, at least 100 amino acids, at least 1350 amino acids, at least 200
amino actds, or at keast 250 amine acids.

[B141] A DNA or RNA "coding region” s a DNA or RNA molecule which is transcribed
andior wanslated into a polypeptide ir & cell & viiro or én vive when placed uoder the
control of appropriate regulatory sequences, "Suitable regulatory regions” refer to nucleic
acid regions located upstream {3' non-coding sequences), within, or downstream (3' non-
coding sequences) of a coding region, and which influence the wanscription, RNA
processing or stabulity, or translation of the associated coding region. Regulatory regions
may include promoters, translation leader sequences, RNA processing site, effector
binding site and stem-loop structure. The boundaries of the coding region are determined
by a start codon at the 5 {amino) terminns and a translation stop codon at the 3

{carboxyl) terminus. A coding region can include, but is not limited to, prokaryotic
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regions, cDNA from mRNA, gepomic DNA molecules, symhetic DNA molecules, or
RNA molecules. If the coding segion is intended for expression in & cukaryotic cell, a
polyvadenyiation signal and transcription termination sequence will nsually be located 3" 10
the coding region,

[8142] An “lsoform” is a protein that has the same fonction as another protein but which

is encoded by a different gene and may have small differences in its sequence,

[6143] A "paralogue” is a protein encoded by a gene related by duplication within a
genome,
HEEY An “orthologue” is gene from a different species that has evolved from a common

ancestral gene by speciation. Normually, orthologues retain the same function in the course
of evolution as the ancestral gene.

[0145) “Open reading frame” is abbreviated ORF and means a length of nacleic acid,
cither DNA, cDNA or RNA, that comprises a translation start signal or inttiation coddon,
sach as an ATG or AUG, and a termination codon and can be potentially translated into a
polvpeptide sequence.

[0146] Promoter” refers to a DNA fragment capable of controlling the expression of a
coding sequence of functional RNA. In general, a coding region is located 3" 10 2
promater, Promoters may be derived in their entirety from a native gene, or be composed
of different elements derived from different promoters found in vature, or even comprise
synthetic DNA segments. It is undessiood by those skilled in the art that different
promoters may divect the expression of a gene v different tissues or cell types, or at
different stages of cellular development, or in response to different environmental or
physiological counditions. Promoters which cause a gene to he expressed i most cell
types at most times are commonly referred 0 as “constitutive promoters”. It is further
recognized that since in most cases the exact boundaries of regulatory sequences have not
been completely defined, DNA fagments of different lengths mayv have identical
promoter activity. A promoter is generally bounded at its 3 terminus by the wanscription
initiation site and extends upstream (3 direction) to include the minimum nwmber of
bases or clements necessary 1o initate transcription at levels detectable above
background. W ithin the promoter will be found a tanscription initiation sife
{conveniently defined for example, bv mapping with nuclease St), as well as protein

binding domains (consensus sequences) responsible for the binding of RNA polymerase.
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[6147] A ¢coding region is "under the control” of transeriptional and translational control
elements in acell when RNA polymerase wanscribes the coding region into mRNA,
which is then trans-RNA spliced {if the coding region contains introns) and translated into
the protein encoded by the coding region.

{3148] "Trapscriptional and transiational control regions” are DNA regulatory regions,
such as promoters, enharcers, terminators, and the like, that provide for the expression of
a coding region in a bost cell. In enkaryotic cells, polyadenylation signals are control
regions.

{0149] The term "operably associated" refers o the association of nucleie acid sequences
on a single nucleic acid fragment 3o that the function of ong is affected by the other. For
example, & promoter ts operably assoctated with a coding region when it is capable of
affecting the expression of that coding region {(f.¢., that the coding region is under the
transcriptional contrel of the promoter), Ceoding regions can be operably associated to
regulatory regions i sense or antisense orieniation,

j0150) As used herein, the tenm "anaerobic” refers to an organism, bicchemical reaction
or process that is-active or occurs under conditions of an absence of gaseous Os.

{0151 “Anaerobic conditions” are defined as conditions under which the oxygen
concenivation in the fermentation medium s too low for the microorganism {0 use as a
terminal electron acceptor. Anaercobic conditions way be achieved by sparging a
fermentation medium with an incrr gas sach as nitrogen andl oxygen is no | onger
available to the microorganism as a terminal electron accepior. Alternatively, anaerobic
conditions may be achieved by the microorganism consuming the available oxypen of
fermentation antil oxygen I8 unavailable to the microorganism as a termunal electron
aACCRPIOT,

[0152) " Aerobic metabolism™ refers to a blochemical process i which oxygen is used as
a terminal electron acceptor to convert energy, typically in the form of ATP, from
carbohydrates. Aerobic metabolism typically occars, for example, via the electron
transport chain in mitochondria in eukaryotgs, wherein a single glucose molecule is
metabolized completely into carbon diexide in the presence of oxvgen.

[0153] In contrast, “anaercbic metabolism® refers fo a biochemical process in which
oxygen i3 not the final acceptor of clectrons generated. A naerobic metabolism can be

divided into anaerobic vespiration, in which compounds other than oxygen serve as the
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terminal clectron acceptor, and substrate Jevel phosphorylation, 1 which no exogeneous
electron acceptor is used and products of an intermediate oxidation state are generated via
a "fermentative pathway.”

In "formentative pathways®, the amount of NAD(PIH pgenerated by plycolysis is
balanced by the consumption of the same amount of NAD(P)H in sobsequent steps. For
example, in one of the fermemative pathways of certain veast strains, NAD(PH
generated through glycolysis donates its electrons to acetaldehyde, vielding ethanol.
Fesmentative pathways are nsually active under anaerobic conditions but may also oceur
wnder aerobic conditions, under conditions where NADH is not fully oxidized via the
respiratory chain.

As used heretn, the term "end-product” refers to a chemical compound that is not
or cannot be ased by a cell, and so 18 excreted or allowed to diffase into the extracellular
enviropment. Commnion examples of end-products from asaerobic fermentation include,
but are not limited to, ethanol, acetic acid, tormie acid, lactic acid, hydrogen and carbon
dioxide.

As used herein, "cofactors” are compounds invalved in biochemical reactions that
are recycled within the cells and remain at approximately steady state levels. Common
examples of cofactors nvolved in anaerobic fermentation include, but are not imiied to,
NAD and NADP'. In metabolism, a cofactor can act in oxidation-reduction Teactions to
accept or donate elecirons, When organie compounds are broken down by oxidarion in
metabolism, their enerav can be transferred 1o NAD' by #ts reduction to NADH, to
NADP by its reduction to NADPH, or to another cofactor, FAD', by its reduction 1o
FADHa. The reduced cofactors can then be used as a substrate for a reductase.

As used heretn, a "patbway” is a group of biochemical reactions that together can
convert one compound info another compound In a step-wise process. A product of the
first step in a pathway may be a substrate for the second step, and a product of the second
step may be a subsirate for the third. and so on. P athways of the present invention
inchude, but are not limited to, the pyruvate metabolism pathway the lactate production
pathway, the ethanol production pathway, the glycerol-production pathway, the nitrogen
assitulation pathway, and the ammonism assimilation pathway.

The term "recombination” or "recombinant” refers to the physical exchange of

DNA between two identical (bomologous), or nearly identical, DNA imolecules.
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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 host c¢ell® are used
interchangeably herein and vefer o microorganisms that have been genetically modified
to express or over-express endogenous polynucleotides, or to express heterologous
polynucteotides, such as those included in a vector, or which have a modification in
expression of an endogenous gene.

[0159] By "expression modification™ it is meant thai 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, is greater than or
fess than that observed in the gbsence of the modification.

{0160) In one aspect of the invention, genes or particular polynacleotide sequences are
parstially, substantially, or completely deleted, silenced, inactivated, or down-regulated in
order to inactivate the enzymatic activity they encode.  Complete deletions provide
maximum stability because there 1S no oppor tunity for a reverse mutation to restore
function. A lrernatively, genes can be partially, substentially, or completely deleted,
stlenced, inactivated, or down-resulated by insertion, deletion, removal or substitution of
nucleic acid sequences that disrupt the fonction and/or expression of the gene.

o161} As used herein, the term "down-regulate” includes the deletion or mutation of a
genetic sequence, or nsertion of a disrupting genetic elemen, coding or non-coding, such
that the production of a gene product is lessened by the deletion, mutation, or insertion. &t
inchudes a d ecrease in the expression level {Ze., molecular quantity) of an mRNA or
protein.  "Delete” or "deletion” as used herein refers to a removal of a4 genetic element
such that a corresponding gene is completely prevented from being expressed.  In some
embodiments, deletion refers fo a complete gene deletion. D own-~regulation can also
occur by engineering the repression of genetic elements by chemical or other
environmental means, for example by engineering a chemically-responsive promoter
element (or other type of conditional promoter) to control the expression of a desired gene
product. Down-regalation can also oceir through use of & weak promoter,

16162} As used herem, the term "up-regulate” includes the insertion, reintroduction,
mutation, or increased expression of a genetic sequence, such that the production of a

gene product is increased by the insertion, reintroduction, or mwiation. R includes an
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increase in the expression level (7.e., molecular quantity) of an mRNA or protein, “Insert”
or "mseriion” as wsed herein refers 1o an introduction of a genstic eloment such that a
corresponding gene s expressed.  Up-regulation can also occur by cansing the increased
expression of genetic elements through an alteration of the associated regulatory
seguence. Up-regnlation can occur by ¢ngincering the expression of genetic elements by
chemical or other environmental means, for example by engineering a ch emically-
responsive promoter element {or other type of conditional promoter} to conwol the
expression of a desired gene product. Up-regulation can also occur through use of a
strong promoter.

[0163] As vsed hevein, the term "glycerol-production pathway" refers to the collection of
biochermical pathways that produce glycerol from DHAP. Components of the pathway
consist of all substrates, cofactors, byproducts, intermediates. end-products, and enzymes
in the pathway.

[0164] As used herein, the term "ethanol production pathway” refers the collection of
biochemical pathways that produce ethanol frem a carbohydrate source. Components of
the pathway consist of all substrates, cofactors, byproducts, intermiediates, end-products,
and enzymes in the pathiway.

[8165] As used herein, the form "nitrogen assimilation pathway"” refers to the collection
of biochemical pathways that result in the formation of organic nitrogen countaining
compounds from inorganic sitrogen compounds. Components of the pathway consist of
all substrates, cefactors, byproducts, intermediates, end-products, and enzymes in the
pathway.

{0166] As used herein, the term “ammoniom assimilation pathway" refers to the
collection of biochemical pathways that assimilate gnumonia or ammonium (NH;') ioto
ghutamate and’or glutamine. The ammmonium assimilation pathway is part of the larger
nitrogen assimilation pathway. Components of the pathway consist of all substrates,
cofactors, byproducts, infermediates, end-products, and enzymes in the pathway.

[0167] As used herein, 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 pathway consist of alt substrates, cofactors, byproducts, inrermediates

end-products, and enzymes in the pathway.,
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[0168] As used herein, the term "alcohol dehydrogenass” or "ADH" is intended to
include the enzymes that catalyze the conversion of ethanol into acetylaldehvde. Very
commonly, the same enzyme catalyzes the reverse reaction fromi acetaldehyde to ethanol,
which is the direction more relevamt to fermentation, Alcohol dehydrogenase includes
those enzymes that correspond to EC 1.1.1.1 and 1.1.1.2 and exemplitied by the enzvmes
disclosed m GenBank Accession No. 149975,

10169] As used herein, the ferm “aldehyde dehvdrogenase”, "ALD” or "ALDH" i
intended to include the enzymes that catalyze the oxidation of aldehydes, A ldehyde
debydrogenase enzymies include “acetaldehyde dehydrogenase®, which catalvzes the
conversion of acetaldehyde inte acenvl-CoA. V erv commonly, the same euzyme
catalyzes the reverse reaction from acetyl-CoA to acetaldehyde, which is the direction
more relevant to fermentation. A ldehyde dehydrogenase includes those enzymes that
correspond 10 EC 1.2.1.3, 121 4 and 1.2.1.10.

[0170] As used heremn, the term Vglycerol-3-phosphate debydrogenase” or "GPD" is
intended to include those enzyimes capable of converting dihvdrosyacetone phosphate to
glvcerot-3-phosphate.  GPD includes those enzymes that correspond to EC LLLS. In
some embodiments, the GPD is GPDI and/or GPD2Z from & cerevisive (GDPI1: SEQ ID
NO:4and 5, GPP2: SEQIDNO: 6and 7).

[6171] As used herein, the term "glycerol-3-phosphate phosphatase” or “GPP" is intended
to include those cnzymes capable of converting glycerol-i-phosphaie to glyeerol.
Glycerol-3-phosphate is intended to include those enzymes that correspond to EC
31321 (GPPL: SEQ IDNO: 158 and 159, GPP2: SEQ 1D NO 160 and 161)

0172 Ay used herein, the term "formate dehvdrogenase” or "FDH" is intended io
include those enzymes capable of converting formate to bicarbonate (carbon dioxide).
Pormate dehydrogenase includes those enzymes that correspond to EC 1.2.1.43 and BC
1212 In some embodiments, the FDH is from S, cerevisice (FDHL: SEQ 1D NO: 1 and
2, FDH2Z: SEQ ID NO: 3y,

8173} As used herein, the term “bifenctional” is intended to include enzymes that
catalyze more than one biochemical reaction step. A specific example of a bifunctional
enzyme used herein is an enzyme (adhE} that catalyzes both the alcohol dehydrogenase
and acetaldehyde dehydrogenase reactions, and includes those enzymes that correspond

to EC 1.2.1.10and L1.1.L In some embodiments, the bifunctions! acetaldehyde-alcohol
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debydrogenase is from B. adolescentis (adhE: SEQ ID NO: 12and 13). In some
embodiments, the bifunctional erzyme is a NADPH specific bifunctionsl acefaldehyde-
alcoho!l dehvdrogenase, and includes those enzymes that correspond to EC 1.2.1.10 and
1.1.1.2. In some embodiments, the NADPH specific bifunctional acetaldehyde-alcohol
debydrogenase is from L, mesenferoides (SEQ 1D NO: 14 and 18) or 0. oenil (SEQ D
NO: 16 and 17}

[1174] As used herein, the term "pyravate formate lyase” or "PFL" is intended to include
the enzymes capable of converting pyruvate to formate and acetyl-CoA. PEL includes
those enzytnes that correspond to EC 2.3.1.54 and exemplified by SEQ IDNO: S and 9.

[0175] As used herein, the tenn "PFL-activating enzymes” is intended 1o include those
enzymes capable of amiding in the activation of PFL. P FL-activating enzymes include
those enzymes that cotrespond to EC 1.97.1.4 and are exemplified by SEQ 1D NO: 10
and 11,

[8176] As wvsed herein, the term “gluiamate debydrogenase”, "GDH®, or "GLDH" s
intended to include those enzvmes that convert glutamaie to a-ketoplutarate, as well as
those enzyines that catalyze the reverse reaction, The glutamate dehydrogenase can be
NADPH-dependent {eg. GDHI or GDH3 in & cerevisiae).  The glutamate
debydrogenase can be NADH-dependeni (eg GDH2 in 8 cerevisive), G lutamate
dehydrogenases include those enzymes that correspond to EC 14.1.2and EC 1414
Glutamate dehvdrogenases include these enzymes that correspond to accession numbers:
MI1D3590, S66436, S 60039.1, UIZ980, NP 015020, NP_010066, S66039.1 and
AAC04972. In some embodiments, the ghutamae dehydrogenase is from 5. cerevisiae
(GDHL; SEQ D NDs: 25 and 25; GDH2: SEQ 1D NOs: 26 and 27; GDH3: SEQ 1D NOs:
30 and 31.) or N crassa (GDH2: SEQ 1D NOs: 28 29).

[6177) As used herein, the term “glutamate synthase” or "GLTY is intended to include
those enzymes that convert L-glutamine and 2-oxoglutarate to L-plutamate, as well as
those enzymes that catalyze the reverse reaction. Glutamate synthases inclade those
enzymes that correspond fo EC 1.4.1.14 a nd EC 14113, In some embodiments, the
ghitamate synthase is GLT! from § cerevisioe (SEQ 1D NOs; 32 and 33; accession
numbers: X89221 and NP_010110.1). !

*ow

18178 As used herein, the term "glutamine syathase”, "glutamine synthetase”, or "GLN"

is intended to include those enzymes that convert glutamate to glutamine.  Glutamine
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synthases mclude those enzymes that correspond 1o FC 6.3.1.2. In some embodiments,
the glutamine synthase is GLNI from §, cerevisiae (SEQ 1D NOs: 34 and 35; accession
nombers: M65S137 and NP_015360.2).

{6179} As used herein, the term "wrea-anido lyase” is intended to include those enrvies
that convert urea to urca-1-carboxylate. Urea-amido lyvases include those enzymes that
correspond to EC 6.3.4.6. In some embodiments, the urea-amido Ivase is DURID
{DURL2) from & cerevisiae (SEQ 1D NOs: 36 and 37; accession mumbers: M64926 and
NP_009767.1}

[6180] As nsed herein, the term "urea transporter” is a membrane protein that transports
urea across a cellular membrane. In some embodintents, the urea transporter is Dwed or
Durd from 8. cerevisioe (DUR3: SEQ 1D NOs: 38 and 39; accession numbers: AY89317¢
and NP _011847.1).

{0181] As used herein, the term "protease” is auy enzyme that hydrolyzes the peptide
bonds between amino acids together In a protein. An exoprotease is a protease thai
breaks the peptide bonds of termunal amino acids i a protein. A n endopratease is a
protease that breaks the peptide bonds of non-terminal amino aclds in a protein.
Proteases wiclude those enzymes that correspond to EC 342341, P roteases melude
those enzymes that correspond to accession numbers: NP 001151278, NP 001150196,
NP_D01148706, NCUDO338, XP_001908191, AP 369812, EU970094 1,
NM 001156724,  NM 0011552341, XP 9578092 XM 0019081561,  and
XM _003717209.1. In some embodiments, the protease is from Z mays (SEQ 1D NOs:
40-45), N. crassa (SEQ 1D NOs: 46-47), P. anserine (SEQ 1D NOs: 48-49), or M. oryrae
{SEQ D NUOs: 50-51).

[0182] As used herein, the term. "glucoamylase” or "v-amylase” refers to an amylase that
acts on a-1,6-glycosidic bonds. Glacoamylases include those enzvmes that correspond to
EC 3.2.1.3. o some embodiments, the glucoamylase is S, filudigera glucoamylase (glu-
0111-CO) (SEQ ID NO; 162 and 163).

{0183 As used berein, the term "permease” refers to a membrane transport protein that
tacilitates the ditfusion of a molecule throngh the use of passive transport in or out of a
cell, In some embodiments, the permease is the amino acid permease GAP1 from &,
cerevivige., (SEQ ID NO: 52 and 53).
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[8184] As used herein, the term "ammoniom wansporier”  refers to permeases, and is
intended to include the enzymes that are involved in the transport of ammoenium and
ammomia, and are exemplified by the 8 cerevivige MEP1, MEP2 and MEP3 cnzymes
(MEP {: SEQID NOs: 18 and 19, MEP2: SEQ ID NOs: 20 and 21, MEP3: SEQ 1D NOs:
22 and 23). Ammoniom transporters include those enzymes that correspond to accession
numbers: X77608, X83608, AY692775, NP_011636.3, NP_014257.1, and NP_015464.1.

[6185) As used herein, the term "URE2" refers o transcription factor known in the art by
that name shat represses the nitvogen catabolism of gluamate by controlling the
transcription factor. URE2 is a regulator of GLN3. In some embodiments, the URED is
from &, cerevisiae (SEQ 1D NOs: 54 and $3).

|6186] As used herein, "TAUAL" refers to a transcription factor known in the art by that
name which is required for the negative regulation of Gapl. In some embodiments, the
AUAL s from & cerevivice (SEQ 1D NQs: 36 and 57).

[8187] As used herein, "GLN3" refers to a transcription factor known in the art by that
name that activates genes that are regulated by nitrogen catabolite metabelism. In sowe
embodiments, the GLN3 is from . cerevisioe (SEQ 1D NOs: 156 and 1537). The term
"feedstock™ is defined as a raw material or mixture of raw materials supplied to 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 & microorganism that produces a product in a fermentation
process. A feedstock can contain wutrients other than a carbon source.

j0188] Biomass can include any type of biomass known in the ant or described herein.
The ferms "lignocellulosic material,” "lignocetlulosic subsirate® and “cellulosic biomuass”
mean any type of carbon contsining feed stock including woody biomass, such as
recyeled wood pulp fiber. sawdust, hardwood, softwood, grasses, sugar-processing
residues, agricultoral wastes, such as, but not linvited to, rice straw, rice hulls, barley
straw, corn cobs, cereal straw, wheat sraw, canola straw, oat straw, oat hulls, corn fiber,
stover, succulents, agave, or any combination thereof.

{0189] 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 thar can be generated per a given amount of substrate as
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dictated by the stoichiomeiry of the metabolic pathway used to make the product. For
example, the theoretical yield for one typical conversion of glucose to ethanol is 0.51g
FiOH per Tg glucose. As such, a vield of 4 8g ethanol from 10g of glucose would be
expressed as 94% of theoretical or 992 theovetigal vield,

[8190] The term "tites™ is defined as the strength of a solution or the concentration of a
substance in solutton. For example, the titer of a product in a fermentation broth is
described as gram of product in solution per liter of fermentation broth (/L) or as gke
broth.

19191 As used heremy, the term "flux" s the rate of flow of molecules through a
mietabolic pathway, akin te the flow of material in a process.

10192] "Bacteria®, or "eubacterig", refers to a domain of prokaryetic organisms. Bacteria
include gram-positive {gram+} bactena and gram-negative {(gram-) bacteria.

{8193] "Yeast" refers to ¢ domain of eukarvotic orgamisns that are unicellular fungi.

[6194] The terms “derivative™ and "analog” refer to a polypeptide differing from the
enzyines of the invention, but retaining essential properties thereof. G enerally,
derivatives and analogs are overall closely similar, and, in many regions, identical to the
enzynies of the mvention. The terms "dertved from", "derivative” and “analog” when
referring 1o enzymes of the invention include any polvpeptides which retain at least some
of the activity of the corresponding native polypeptide or the activity of its catalytic
domain,

[6195] Derivatives of enzymes disclosed herein are polypeptides which may have been
altered so as to exhibit features not found on the native polypeptide. Derivatives can be
covalently modifted by substitution (e.g. amino acid substitution), chemical, enzymatic,
or ether appropriate means with a moiety other than a uaturally occurring amino acid
{e.g., a detectable moiety such as an enxyme or radioisotope). Examples of derivatives
inchude fusion proteins, or proteins which are based on a naturally occurring protein
sequence, but 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 structure. D erbvatives 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 amine acid sequence.
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I some embodiments of the invention, a derivative must retain at least about 30%
identity, at least about 60% identity, at least about 70% identity, at Ieast about 80%
ideatity, at least aboat 90% idemtity, at least ghout 95% identity, at least about 07%
wlentity, or at least about 9925 identity to the sequence the derivative i "derived from. "
1n some embodiments of the invention, an enzyme is said 1o be derived from an enzyme
natucally found in a particular species if, using molecular genetic techniques, the DNA
sequence for part or all of the enzyme is amplified and placed into a new host cell.

{0196) “Isolated” from, as used herein, refers 10 a process whereby, using molecular
biology techniques, genetic material is harvested from a particular organism often with
the end goal of putting the gencral material tuto a nos-native environment.

|8197] The term "percent identity”, as known in the art, is a relationship between two or
more polypeptide sequences or two or more polynucleotide sequences, as determined by
comparing the sequences. In the art, "identity” also meass the degree of sequence
relatedness between polypeptide or polynucleotide sequences, as the case may be, as
deternuncd by the match between sirings of such sequences.

{4198) As known in the art, "simifarity” between two polypeptides is determined by
comparing the ammo acid sequence and conserved amino acid substitutes thereto of the
polypeptide to the sequence of a second polypeptide.

0199 "Identity” and "similarity” can be readily calculated by known methods, including
hut not bmited to those described t: Computational Molecular Biology (Lesk, A. 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 1 {Gnffin, A, M., and Griffin, H. G, eds.) Humana Press, NJ (1994); Sequence
Analysis in Molecular Bivlogy (von Heinje, G., ed} Academic Press (1987} and
Sequence Analysis Primer (Gribskov, M. and Devereux, 1., eds)) Stockton Press, NY
(1991). Preferred methods to determine identity are designed to give the best match
between the sequences tested. Methods fo determine identily and similarity are codified
in publicly available computer programs. S equence alignments aud percent identity
catculations may be performed using the Megalign program of the LASERGENE
bioinformatics computing suite (DNASTAR Inc., Madison, Wis.). Multiple alignments
of the sequences disclosed herein were performed using the Clustal method of alignment
(Higgins and Sharp (1989) CABIOS. 3:151-153) with the default parameters (GAP
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PENALTY=10, GAP LENGTH PENALTY=10). Default parameters for pairwise
alignments using the Clustal method were KTUPLE 1, GAP PENALTY=3, WINDOW=5
and DIAGONALS SAVED=5.

[0200] Suitable nucleic acid sequences or fragments thereof (isolated polynucleotides of
the present invention) encode polypeptides that are at least about 70% to 75% identical to
the amino acid sequences disclosed herein, at least about 80%, at least about 85%, or at
least about 90% identical to the amino acid sequences disclosed herein, or at least about
95%, at least about 96%, at least about 97%, at least about 98%, at least about 99%, or at
least about 100% identical to the amino acid sequences disclosed herein. Suitable nucleic
acid fragments are at least about 70%, at least about 75%, or at least about 80% identical
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
95%, at least about 96%, at least about 97%, at least about 98%, at least about 99%, or at
least about 100% identical to the nucleic acid sequences disclosed herein. Suitable nucleic
acid fragments not only have the above identities/similarities but typically encode a
polypeptide having at least about 50 amino acids, at least about 100 amino acids, at least
about 150 amino acids, at least about 200 amino acids, or at least about 250 amino acids.
Codon Optimization

[0201] In some embodiments of the present invention, exogenous genes may be codon-
optimized in order to express the polypeptide they encode most efficiently in the host cell.
Methods of codon optimization are well known in the art. (See, e.g. Welch et al.
"Designing genes for successful protein expression." Methods Enzymol 2011. 498:43-66.)

[0202] In general, highly expressed genes in an organism are biased towards codons that
are recognized by the most abundant tRNA species in that organism. One measure of this
bias is the "codon adaptation index" or "CAL" which measures the extent to which the
codons used to encode each amino acid in a particular gene are those which occur most
frequently in a reference set of highly expressed genes from an organism. The Codon
Adaptation Index is described in more detail in Sharp er al., “The Codon Adaptation Index:
a Measure of Directional Synonymous Codon Usage Bias, and Its Potential Applications."

Nucleic Acids Research (1987) 15: 1281-1295.
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A codon optimized sequence may be further modified for expression in a
particular organism, depending on that organism's biological constraints. For example,
large runs of "As" or "Ts" (eg, rung greater than 3, 4,5, 6,7, 8.9, or 10 consecuiive
bases} can effect transcription negatively., Therefore, it can be useful to remove a run by,
for example, replacing al teast one pucleotide in the num with another nucleotide.
Furthermore, specific restriction enzyme sites may be removed for molecular cloning
purposes by replacing at least one nucleotide in the restriction site with another
mucleotide. Examples of such restriction enzyme sites include Pacl, Ascl, BamHli, Bglll,
EcoRl and Xhol. Additionally, the DNA sequence can be checked for direct repeats,
inverted repeats and mivror repeats with lengths of about 5,6, 7,8, %90or 10 bases or
fonger. Rums of "As" or "Ts", restriction sites and/or repeats can be modified by
replacing at least one codon within the sequence with the "second best" codons, ie., the
codon that occurs at the second highest frequency for a particular aminoe actd within the
particular organism for which the sequence is being optimized.

Devigtions in the nucleotide sequence that comprise the codons enceding the
aming acids of any polypeptide chain allow for variations 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 encode amine acids {the remaining three codoas encode signals
ending transfation} The "genetic code” which shows which codons encoade which amino
acids s reproduced herein as Table 1. As aresult, miany amine acids are designated by
more than one codon. For example, the amine acids alanine and proline are coded for by
four triplets, serine and arginine by six triplets each, wheveas tryptophan and methionine
are coded for by just one wriplet. This degeneracy allows Tor DNA base composition o
vary over a wide range without altering the amino actd sequence of the proieins encoded

by the DNAL
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T C A G
TET Phe (F) FOT Ser (S) JTAT Tor (Y3 JTGT Cys (C)
TTC " reC TAC " TG
T ITA Lew (L) {FCA® TAA Ter  {IGA Ter
TG " TCG " rAG Ter  {TGG Trp (W)
CTT Lo (L) COT Bro (P) CAT s (H) - ICGT Are (R)
CTC ccc e CAC™ CGC ™
c At oA CAA GIn (Q) GA™
CTG " ceG CAG GG
i?fg Bet AcT he (1) PAT Asn(N) AGT Ser (5)
R ACC? AAC ™ AGC ™
A \IG Met ACA® AAA Lys () JAGA Arg (R}
‘ ACG AAG ™ AGG ™
M)
GTT Val (V) OCT Al () GAT Asp (D) 0GT Gly (G)
¢ pLrer Gee GAC GGC *
GTA GCA ™ GAA Gla (E) {GGA "
et e GAG ™ GG "

[0205] Many organisms display a bias for use of particalar codons 1o code for insertion of
a particular amino acid in a growing peptide chain. Codon preference or codon bias,
differences in codon usage between organisms, is afforded by degeneracy of the genetic
code, and is well documented among many organisms. Codon bias often correlates with
the efficiency of transtation of messenger RNA (mRNA), whick is in turn believed to be
dependent an, inter dlig, the properties of the codons being wanslated and the availability
of particulgr transfor RNA (IRNA) melecales. The predominance of selected tRNAs in &
cell is generally a reflection of the codons used most frequently in peptide synthesis.
Accordingly, genes can be tailored for vptimal geve expression in a given organism based

on codon optimization.

Host cells

[0266] In some embodiments of the invention, the host cell s g evkaryotic
microorganism.  In some embodiments, the host cell 1s 8 veast. In some embodiments,

the host cell is able to digest and ferment cellulose. ln some embodiments, the host cell is



[6207)

[0208]

{0209]
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from the genus Saccharomyees. In some embodiments, the host cell is Succhuromyces
SerRVisice,

In some embodiments, the host cells of the inveniton are cultured at g temperature
above about 20°C, above about 25°C, above about 27°C, above about 30°C, above abow
337C, above about 35°C, above aboui 37°C, above about 40°C, above about 43°C, above
about 45°C or above about 47°C. In some embodimenss, the host cells of the wmvention
contain genetic constructs thai tead to the down-regulation of one or more genes encoding

2

a polypeptide at least about 30%, at least about 3%, at least about 90%, at least about
95%, at least about 96%, at least abowt 97%, at least about 98%, at least about 99%, or
about 100% identical to one or more of the polvpeptides encoded SEQ 1D 'NQs: 2,5, 7,
25,31, 58, 57, 159 and 161, and the polynucleotide sequence encoded by SEQ ID NO; 3
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.: 1.1.1.8,3.0.321,1.2.1.43, 1.2.12, 1.4.1.2 and 1.4.1.4.

I some embodiments, the host cells of the inveation conlain genetic construcis
that lead to the expression or up-regulation of one or more genes encoding a polypeptide
at least about 80%, at least about 8395, at least about 90%, at least about 95%, at least
about 26%;, at least about 97%, at least abowt 98%, at least about 99%, or about 100%
identical to one or more of the polypeptides encoded by SEQ 1D NOs: 9, 11, 13, 15,17,
10, 21,2327, 33.3%, 37.39 41, 43,43, 47, 49,851,583, 187 and 163, In some
embodiments, the host cells of the wvention contain genetic constructs that lead to the
expression or up-regulation of a polypeptide encoding the activity associsted with EC
Nos.: 1111, 1.E1.2,1.2.1.3,1.2.1.4,1.2.1.10,23.1.54,1.97.14,14.12 1414,
LLLI4 L4113, 6.3.0.2, 6.3.4.6, and 3.2.1.3,

In some embodimenis, bifunctional acetaldehyde-aleohol dehydrogenase is up-
repulated. In some embodiments, the up-regulated bifunctional acetaldebyde-alcohol
dehydrogenase is from an enzyme that corresponds to an EC number selected from the
group consisting oft EC 12.1.0and 1.1.1.1. In some embodiments, the bifunctional
acetaldehvde-alcohol debydrogenase is a NADPH dependent bifunctional acetaldebyde-
alcohol debydrogenase selected from a group of enzymes having the tollowing Enzyme
Commission Numbers: EC 1.2.1.10and 1.1.1.2. In some embodiments, the bifunctional

acetaldehyde-alcobol dehydrogenase corresponds w0 a polvpeptide selected from the
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group consisting of SEQ ID NOs: 13,15, and 17. In some embodiments, the bifunctional

&

cetaldehyde-aleohol debvdrogenase is adhE,

fd

[a210] In some embodiments, pyruvate formate lyase is ovp-regolated.  In some
embodiments, the up-regulated pyruvate formate lvase is from an enzyme that
comresponds to EC 23.1.54.  In some embodiments, the pvravate formate lvase
corresponds to a polypeptide encoded by SEQ ID NO: 2. In some embodiments, pyruvate
formate fyase activating enzyme is ap-regulated. In some embodiments, the up-regulated
pyruvate formate lyase activating enzyme is from an epzyme that corresponds to EC
19714 In some embodiments, the pyruvate formate lyase activating enzyme
corresponds to a polynucleotide encoded by SEQ 1D NO: 3.

[0211] In some wvmbodiments, glutamate dehydrogenase is up-regulated. In some
embodiments, the ghtamate dehydrogenase that is vp-regulated is NADH-dependent. In
some embodiments, the np-regulated glotamate debydrogenase corresponds to EC 1.4.1.2,
In some embodiments, plutamate dehydrogenase from N cerevisiae is up-regulated. In
some embodiments, the gluiamate dehydrogenase that is up-regulated is from S
cerevisize is GDH2 and corresponds to a polypeptide corresponding to SEQ 1D NO: 29,
In some embodiments, glutamate synthase is up-regulated. In some embeodiments, the up-
regulated glatamate synthase corresponds to BEC 14.1.14.  In some embodimenis,
glutamate synthase from 5. cerevisioe is up-regulated.  In some embodiments, the
ghitamate debiydrogenase that is up-regulated is fiom 8 cerevisize is GIT1 and
corresponds 1o a polypeptide corresponding o SEQ 1D NO: 33, In some embodiments,
ghutamine synthase is up-regulated. In some embodiments, the np-regulated glwamine
synthase corresponds to EC 6.3.1.2. In some embodiments, glutaming synthase from §
cerevisiae is up-regulated. In some embodiments, the glutamine dehydrogenase thar is
ap-regulated Is fom S cerevisige is GLN1 and cormresponds 10 a polypeptide
corresponding to SEQ ID NO: 35,

[0212] In some embodiments, a urea-amido Ivase is up-regulated. In some embodiments,
the up-regulated urea-amido lyase corresponds to EC 6.3:4.6. In some embodiments,
ureg-amido lyase from 8 cerevivice is up-regulated. In some embodiments, the urex-
amido lyase that is up-regulated is from S. cerevisiae is DUR1/2 and corresponds to a

polypeptide com:sbonding 10 SEQ 1D NO: 37.
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In some embodiments, a protease is up-tegulated. In some embodiments, the up-
regulated protease corresponds fo EC 3.4.23.41. In some embodiments, the protease is an
endoprotease.  In some embodiments, the protease 1S an exoprotcase.  In some
embodiments, a protease from Z. maps, N. crassa, P. apserine, or M. oryzae is up-
regulated.  In some embodiments, the protease that is up-regulated corresponds to a
polypeptide cotresponding to SEQ 1D NOs: 41, 43,45, 47, ®or 51 In some
embodiments, a permease is up-regnalated.  In some embodiments, a permease from S
cerevisive is up-regulated.  In some embodiments, the permease that is up-regulated is
GAPT and corresponds to a polypeptide corresponding to SEQ 1D NO: 33,

It some embodiments, a glucoamylase is up-regulated. In some embodiments, the
up-regulated glucoamylase corresponds to EC 32.13. [n some embodiments, a
glucoamylase from S, fibufigera is up-reguated. In some embodiments, the glacoamylase
from 8. fibutigera that is up-regulated corresponds to a polypeptide corresponding to SEQ
10 NO: 163,

o some embodiments, aun ammonium transporier is ap-regulated.  In some
embodiments, an anunoniwm transporter from 8. cerevisige is up-regulated. In some
embodiments, the ammonium transporter that is up-regulated 15 MEPL, MEP2, or MEP3
from 8. cerevisioe and corresponds to a polypeptide corresponding to SEQ 1D NOs: 19,
21, and 23, In some embodiments, a urea transporter is up-regulated. In some
embodiments, & urea transporter from is from 3. cerevivice. In some embodiments, the
urea transporter that is wp-regplated is DUR3Z or DURS from N cerevisice and
corresponds to a polypeptide corresponding to SEQ 1D NOs: 39.

In some embodimenis, glycerol-3-phosphate dehydrogenase is down-regnlated. In
some embodiments, the down-regulated Gpd is from an enzymie that corresponds to EC
1118 In some embodiments, the glycerol-3-phosphate dehydrogenase is selected from
the group consisting of glycerol-3-phosphate dehydrogenase 1 ( "Gpdl1™), glycerol-3-
phosphate delrydrogenase 2 ("Gpd2"), and combinations thereof. In some embodiments,
the GpdI 1s from 8. cerevisiae and corresponds to a polypeptide encoded by SEQ 1D NO:
3. In some embodiments, the Gpd2 is from & cerevisivge and comresponds 10 a
polypeptide encoded by SEQ ID NO: 7. In some embodiments, formate dehydrogenase is
down-regulated. In some embodiments, the down-regulated formate dehvdropenase

corresponds o an EC number selected fron the group consisting of: EC 1.2 143 and EC
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1.2.1.2. In soiie embodiments, formate dehivdrogenase from S cereviviae is down-
regulated.  In some embodiments, the formate dehydropenase from 5. cerevisiae
corresponds to a polypeptide corresponding to SEQ ID NO: 2or a polynucleotide
corresponding to SEQ 1D NO: 3. In some embodiments, glyeerol-3-phosphate
phosphatase is down-regulated. In some embodiments, the down-regulated glyceroh3-
phosphate phosphatase cortesponds to EC 3.1.3.21. In some embodiments, the down-
regulated  glycercl-3-phosphate  phosphatase  corresponds 0 a  polyaucleotide
corresponding to SEQ ID NOs 158 or 160 or a polypeptide corvesponding to SEQ 1D
NQs 139 or 161.

[8217] In some embodiments. glutanwte dehydrogenase is down-regulated.  la some
embodiments, the glutamate dehydrogenase that is down-regulated is NADPH-dependent.
In some embodimenis, the down-regulated glutamate dehydrogenase corresponds to EC
14.1.4. In some embodiments, glutamate debydrogenase that is down-regulated is from
S, cerevivige, In some embodiments, the glutamate dehydrogenase is from 8. cerevisiae
is GDH1 and corresponds te a polypeptide corresponding to SEQ 1D NO: 25.

[0218] In some embodiments, a regulatory element is down-regulated. In some
emhodiments, the regulatory efement that is down-regulated is from S verevivige. In
some embodiments, the regulatory element from 8. cerevisive is Ure2 and corresponds to
a polypeptide corresponding to SEQ ID NQ: 35, In some embodiments, the regulatory
elemenm from S cerevisiae is Aual and corresponds to a polypeptide corresponding to
SEQ D NO: 37,

{0219] in some embodiments, bitunctional acetaldehivde-alcohol dehydrogenase {AdhE),
B. adolescentis pyruvate formate lyase, and R wolescentis pyruvate formate lyase
activating enzyme are up-regulated, and Gpdi and Gpd2 are down-regulated. In some
embodiments, AdhE, 8. adolevceniis pyruvate formate lyase, and B adolescentis pyravate
formate tyvase activating enzyme are up-regulated, and Gpdl, Gpd2, Fdbl and Fdh2 are
down-regulated. In some embodiments, AdhE, B. adolescentis pyruvate formate lyase,
and B adolescentis pyruvate formate lyase activating enzyme are up-regulated, Gpdl,
Gpd2, Fdhl and Fdh2 are down-regulated, GPD/! is expressed under the control of the
GPD2 promoter, and GPO2 is expressed under the control of the GPDI promoter, in
some embodiments, AdBE, B, adolescenis pyravate formate lyase, and B adofescentis

pyravate formare lyase activating enzyme are up-repulated, Gpdl, Gpd2, Fdhi, Fdh2,
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Gdhi are down-regulated, GPDI is expressed under the contrel of the GP2 promoter,
and GPD2 s expressed under the contgol of the GPD! promoter. In some embodiments,
AdRE, B. adalescentis pyruvate formate lyase, and 8 wdaleseentiy pyravate formate lyase
activating enzyme, and GR1 are up-regulated, Gpdl, Gpd2, Fdhl, Fdh2, Gdhl are down-
regulated, GPII is expressed under the control of the GPD2 promoter, and GPD2 is
expressed under the control of the GPDI promoter. In some embodiments, AdhE, 8.
adulescentiy pyruvate formate tyase, and 8 adoleseenris pyruvate formate lyase activating
enzyme. and Ginl are up-regulated, Gpdl, Gpd2, Fdhi, Fdh2, Gdhi are down-regulated,
GPIE s expressed under the control of the (*D2 promoter, and P12 is expressed
utider the coitrel of the (GPI! promoter. In some embodiments, AdhE, B. adolescentis
pyruvate formate lyase, and B adolescentis pyruvate formate lyase activating enzyme,
Ginl and Gitl are ap-regudated, Gpdi, Gpd2, Fdhl, Fdh2, Gdbl are downeregulated,
GPDI is expressed under the control of the (P02 promoter, and G2 1s expressed
uitder the control of the GPI promoter. In some embodiments, the regulatory element
Ure2 is down-regulated. o some embodiments, the regolatory element Aual is down-
regulated. In some embodiments, Gin3 is up-regulated.

{6220 In some embodiments, AdhE, B. advlescentiy pyruvate formate lyase, and 8
adolesceniis pyruvate tormate [yase activating enzyme are up-regulated, and Gpd2, Fdhl,
and Fdli2 are down-regulated. In some embodiments, AdhE, B. adofescentis pyruvate
formate lyase, and B adolescentiv pyruvate formate lyase activating enzyme are ap-
regulated, and Gpd2, Fdhl, Fdh2, and Gdhl are down-regulated. In some embodiments,
AdhE, B. adolescentis pyruvate formate Ivase, and B adolescenyis pyruvate formate lvase
activating enzyme are up-regulated, and Gpdl, Fdhl, and Fdh2 are down-regulaied. In
some embodiments, AdhE, B. adolescentis pyruvate formate lvase, and B adolescentls
pyruvale formate lyase aclivating enzyme are up-regulated, and Gpdl, Fdhi, Fdh2, and
Gdht are down-regulated. In some embodiments, Durl/2 s additionally expressed. In
some embodiments, Durl/2 is expressed from the 7EF2 promoter. ©n some
embodiments, Durl/2 is expressed from the HX77 promoter. In some embodiments,
Durli2 is expressed from the GPMYF promoter. In some embodiments, D2 is
expressed from the ADH! promoter. In some embodiments, Durl/2 is expressed from the

HXT#TEF2 promoters.  In some embodiments, Gind is up-regulated.  In some
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embodiments, GPD1 is expressed from the GPD2 promoter. In some embodiments, GPD2
is expressed from a GPD1 promoter. Ethanol Production

[0221] For a microorganism to produce ethanol most economically, it is desired to produce
a high yield. In one embodiment, the only product produced is ethanol. Extra products
lead to a reduction in product yield and an increase in capital and operating costs,
particularly if the extra products have little or no value. Extra products also require
additional capital and operating costs to separate these products from ethanol.

[0222] Ethanol production can be measured using any method known in the art. For
example, the quantity of ethanol in fermentation samples can be assessed using HPLC
analysis. Additionally, many ethanol assay kits are commercially available, for example,
alcohol oxidase enzyme based assays. Methods of determining ethanol production are
within the scope of those skilled in the art from the teachings herein.

[0223] In some embodiments of the invention where redirected carbon flux generates
increased ethanol production, the ethanol output can be improved by growth-coupled
selection. For example, continuous culture or serial dilution cultures can be performed to
select for cells that grow faster and/or produce ethanol (or any desired product) more
efficiently on a desired feedstock. ’

[0224] One embodiment of the present invention relates to a method of producing ethanol
using a microorganism described herein wherein the microorganism is cultured in the
presence of a carbon containing feedstock for sufficient time to produce ethanol and,

optionally, extracting the ethanol. In some embodiments, nitrogen is added to the culture

containing the recombinant microorganism and the feedstock.

[0225] Ethanol may be extracted by methods known in the art. (See, e.g., U.S. Appl. Pub.
No. 2011/0171709.)
[0226] Another embodiment of the present invention relates to a method of producing

ethanol using a co-culture composed of at least two microorganisms in which at least one
of the organisms is an organism described herein, and at least one of the organisms is a
genetically distinct microorganism. In some embodiments, the genetically distinct
microorganism is a yeast or bacterium. In some embodiments the genetically distinct
microorganism is any organism from the genus Issatchenkia, Pichia, Clavispora, Candida,

Hansenula, Kluyveromyces, Saccharomyces, Trichoderma, Thermoascus,
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Escherichia, Clostricinm Caldicellulosiruptor. Thermoinaerobdeier and
. .
Thermoanaerobacterivm,
{0227] In some embodiments, the recombinant microorganism produces about 2% to

about 3% higher ethanol titer than 3 wildtype, non-recombinant organisin; at least ahout
1%5 10 at least about 2% higher ethanol tier than a wildtvpe, non-recombinant organism;
at least about 1% to at least about % higher ethanol titer than a wildtype, non-
recombinant organisny; at least about 199 to at Jeast about 7% higher ethanol titer than a.
wildtype, non-recombinant organismy, at least about 1% to at least abouwt 10% higher
ethanol titer thar a wildtype, non-tecombinant organism; at least about 1% to av least
about 15% higher ethanol titar than a wildtype, non-recombinant organtsm; at feast about
1%% to at least about 20% higher ethanol tifer than a wildtype, non-recombinant organism,
at Jeast about 1% 1o at least about 30% higher cthanol titer than a wikitvpe, non-
recombinant organisany; at feast about 130 to at least about 50% higher ethanol titer than a
wildtype, non-recombinant organism; at least about 1% to at least about 75% higher
ethanol titer than a wildivpe, non-recombinant organisi; at least about 1% o at least
about 100% higher ethanol titer than a wildtype, non-recombinant organism. In some
embodiments, the recombinant ancroorgamsm produces at least about $.5g/1. ethanol 1o
at least about 2 gL ethanol, at feast about 0.3¢/1 ethanol to at least about 3 ¢/1. ethanol, at
least about 0.5g/L. ethano! to at least about 5 gL ethanol, at least about 0.5g/L. ethanol to
at least about 7 ¢/1, ethanol. at least abour 0.5g/1. ethanol 10 at Jeast abeut 10 g1, ethanol,
at least about 0.3g¢/L. ethanol to at least about 15 ¢/L. ethanol, at least abowt 0.3g/L ethanol
to at least about 20 g/l ethanol, at least about 0.532/L ethanol to ar least about 30 p/L
ethanol, at Jeast about ©.5g/1. ethanol to at least aboui 40 g/1. ethanol, at least about €.5g/L
ethanol to at least about 50 /L. ethanol, at feast about 0.5g/L ethanol 1o at least about 73
@/L ethanol, at least about 0.5¢/L. ethanol to at least about 92 g/L ethanol, at least about

0.5 gL ethanol 1o at least about 125 /1. ethanol, or at least about 0.5 gL to at least about
150 oL ethanol per at least about 24 hour, at least abowt 48 hour, or at feast about 72 hour
incubation on a carbone-containing feed stock, such as corn mash.

[0228] In some embodiments, the recombinant microorganism produces ethanol at least
about 35% fo at least about 73% of theoretical vield, at least about 50% to at least abount
80% of theoretical vield, at least gbout 45% to at Ipast about 85% of theorstical vield, at

least about 40% to at feast about 90% of theoretical vield, at least about 33% to ar least
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about 95% of theoretical yield, at least about 309% to at least about 59% of theorstical
vield, or ar least about 25% to at least about 99% of theoretical yield In some
embodiments, methods of prodacing ethanol can comprise contacting a biomass
feedstock with a bost cell of co-culiure of the invemtion and additionally contacting the
bigmass feedstock with externally produced saccharolvtic epzymes. 1o some
embodiments, the host cells are genetically engmeered (e.g., transduced, transformed, or
transfected) with the polyroclestides encoding saccharolvtic enzymes.

[6229) An “amylolytic enzyme” can be any enzyme involved in amylase digesiion,
metabohism andfor hydrolysis. The term "anviase™ refers to an enzyme that breaks starch
down into sugar.  Amylase is present in human saliva, where #t begins the chemical
process of digestion. Foods that contain much starch but litde sugar, such s rice and
potato, taste slightly sweet as they are chewed because amylase torns seme of their starch
into sugar in the moyth. T he pancreas also makes amylase {w-amylase) 1o hvdrolyse
dietary starch into disaccharides and irisaccharides which are converted by other enzymes
1o plucose to supply the body with energy. Plants and some bacteria also produce
amylase. All amylases are glycoside hydrolases and act on u-1 d-glvcosidic bonds, Some
amylases, such as y-amylase (gluccamylase), also act on w-16-glycosidic bonds.
Amvylase enzymes include g-amylase (EC 3.2.1.1), B-amylase (EC 3.2.1.2), and y-amylase
(EC 3.2.1.3). The o-amvlases are calcium metalloenzymes, unable to function i the
abscnce of calcium. By acting st random locations along the starch chain, g-amylase
breaks down long-chain carbohydrates, ultimately yielding maltotriose and maltose from
amylose, or maltose, ghocose and "t dextrin™ from amylopectin,  Becaose i can act
anywhere on the substrate, g-amvlase tends to be faster-acting than B-amyiase. in
animals, 1tis a major digesiive enzvime and {18 optirmun pil 15 abow 6.7-7.0. Another
form of amylase, f-amylase is also synthesized by bacteria, fungi, and plants, Working
from the non-reducing end, P-amviase catalvzes the hydrolysis of the second w-i4
glycosidic bond, cleaving off two glucose units (maltose) at a time. Many microbes
produce amylase to degrade extracellutar starches. In addition to cleaving the last ¢(1-4)
glycosidic linkages at the nonreducing end of amylose and amylopectin, vielding glucose,
v-amylase will cleave a(1-6} glvcosidic linkages. Another amylolytic enzyme i3 alpha-
glucosidase that acts on malose and other short malto~oligosaccharides produced by

alpha-, beta- | and pamma-amylases, converting them to glucose.  Another amylolytic
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enzyme s pullulanase. Polhtlanase is a specific kind of glucanase, an amvolvtic
exoenzyme, that degrades pullulan, Pullidan is rogarded as g chain of maltotriose wnits
linked by alpha-1.6-glycosidic bonds, Pullulamase (EC 3.2.1.41) is also known as
pullulan-6-glucanohydrolase  (debranching  enzyme). Another amylolytic enzyime.
wopullulanase,  bydrolvses  pullulan w0 isopancse  {6-plpha-maltosylglucoss).
Isopullnlanase (EC 3.2.1.57) is also known as pullulan 4-glucanohydrolase. An “amylase”
can be any enayme involved i amylase digestion, metabolism and/or hydrolysis,
including a-amylase, §§ -amylase, glucoamylase, pullulanase, isopullulanase, and alpha-
glucosidase.

{0230] Ity some embodiments, the recombinant microorganisms of the invention further
comprise one of more native andfor heterologous enzymes which encodes 4 saccharolytic
enzyme, including amylases, cellulases, hemicethilases, cellulolytic and amylolytic
accessory enzyines, inulinases, levanases, and pentose sugar uiilizing enzymes. In one
aspect, the saccharolvtie enzyme i3 an amylase, where the amylase is selected trom H.
grisea, 11 aweantlacus, . emersonii, I reesed, . kcteus, €. formoscnus, N
wkasagoensis, C. acinaciformis, 3. derwinensis, N walkeri, 8. fitndigera, (. luckowense
R speraius, Thermobfida fusca, Clostridum thermocellum, Closiridinm cellulolyiicum,
Clastrichan josui, Bacillus pumilis, Cellilomanas fimi, Soccharophagus degradans,
Piramyces equil, Neocallimastix patricarien or Arabidopsis thadiona. In another aspect,
the saccharolytic enzyme is a glucoamylase (¢he-01 11-CO) from 8. filndigera,

[9231) The term "xylanolytic activity" is intended to include the ability to hvdrolyze
glycosidic linkages in oligopentoses and polvpentoses. The term "xylanase” is the name
given to aclass of enzymes which degrade the linear polysaccharide beta-i d-xvlan inio
xylose, thus breaking down bemicellulose, one of the major componenss of plamt cell
walls. A's such, it plays a major role in micro-organisms thriving on plant sources
{mammals, conversely, do not produce xylanase). Additionally, xylanases are present in
fumgi for the degradation of plant matter into usable nutrients. Xylanases include those
enzymes that correspond to E.C. Number 3.2.1.8 A “xylose metabolizing enzyme™ can
be any enzyme involved in xylose digestion, metabolism and/or hydrolysis, including a
xylose isomerase, xylulokinase, xvlose reduciase, xylose dehydrogenase, aylitol
dehydrogenase, xylonate dehvdratase, xylose transketolase, and a xviose transaldolase

prosen,
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The term “pectinase” is ag encral term for enzymes, such as pectolyase,
pectozyme and polygalacturonase, commonly referred 10 in brewing as pectic enzymes.
These enzymes break down pectin, a polysaccharide sebstrate that is found in the cell
walls of plants. One of the most studied and widely used commercial pectinases is
polygalacturonase. Pectinases are commonly used in processes involving the degradation
of plant materials, such as speeding up the extraction of fruit juice from fruit, including
apples and sapota. Pectinases bave also been wsed m wine production since the 1960s.

A "saccharolyiic enzyme” can be any enzyme involved in carbohydrate digestion,
metabolism and/or hydrolysis, including amylases, cellulases, hemicellulases, ceflulolytic
and amylolyvtic accessory enzvmes, inulinases, levanases, and pentose sugar utilizing
enzyInes.

A "pentose sugar utilizing enzyme" can be any enzyme involved in pentose sugar
digestion, metabolism and/or hydrolysis, inclading xylanase, arabinase, arabinoxylanase,
arabinosidase, arabinofuranosidase, arabinox vlanase, arabinosidase, and
arabinofuranesidase, arabinose isomerase, ribulose-S-phosphate 4-epimerase, xylose
tsomerase, xylulokinase, xylose reductase, xvlose dehvdrogenase, xylitol dehydrogenase,

xylonate dehydiatase, xylose wransketolase, andfor xylose transaldolase.

Glveerol production

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

In some embodiments, the recombinani microorganism produces at least about
20% to at least about 30% less glvcerol than a wildtype, non-recombinant organism; at
teast about 30% to at least about 50% less glvcerol than g wildtype, non-recombinant
orgaatsay; at least about 40% to at least about 60% less glycerol than a wildtype, non-
recombinant oraanisny;, at least about $0% o av least about 70% less glyeerol than a
wildivpe, non-recombinant organism; af least about 60% to at least about 80% less
glvcerol than a wildiype, non-recombinant organism; at least about 70% to at least about
90% less glycerol than a wildtype, non-recombinant organism; at least about 75% to at

feast about 95% less glycerol than a wildtype, non-recombinant organism; at least about
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70% to at least about 99% less glycerol than & wildtype, non-recombinant orgamism; at
least about 15% to at least about 30% less glycerol than a wildtype, non-recombinaut
organism; at least about 109 to at least about 40% less glyceral than a wildtype, non-
recombinant organism; at least about 10% to at least about 30% less glycerol than a
wildtype, non-recombinant organism; ar least about 10% to ar least abour 60% less
ghyeerol than a wildtype, non-recombinant organism; at least abowt 10% to at least about
0% fess glycerol than a wildiype, non-recombinant organism; at least about 10% to m
least about 80% less glycerol than a wildtype, non~recombinant organism; at least abowt
0% to at least about 90% less glycero] than a wildivpe, now-recombinant organism;-ai.
feast about 10% 1o at least about 99% lesy glyceral than a wildiype, non-recombinant
organismy; at least about 10% 1o at least about 100% less glycerol than a wildtype, non-
recombinant organism; at least about 3% to af least about 100% less glycerol than a
wildtype, nen-recombinant organisin, at feast about 1% 1o at least about 100% less
glycerol than a wildtype, won-recombinant organism.  In some embodiments, the
recombinant microorganism produces no glycerol. In some embodiments, the
recombinant microorganism has a growth raie at least about 172 to ar least abowt equal to
the growth rate of a wildtype, non-recombinant organism, at least about 1/4 to at least
about equal to the growth rate of a wildivpe, non-recombinant organism, at least about 1/8
to at Jeast about equal to the growth rate of a wildtype, non-recombinant organism, at
least shout 1710 to at least about equal o the growth rate of a wildtype, non-recombinam
organisnt, at least about 1725 to at least about equal fo the growth rate of a wildtype, non-
recombinant organism, at least about 1/50 to at least about equal 1o the growth rate of 8
wildtype, nos-recombinant organism or at least about 17100th to at least about equal io
the growth rate of & wildtype, non-recombinant organism.

A wildtype-non-recombinant organism produces glycerol at a rate of at teast about
8-11 mM glycerol per pram dry cell weight (DCW) during anaerobic growth. In some
embodiments, glycerol production is reduced to a rate of between 1-10 mM glyeerol per
wram dry cell wetght during anaerobic growth.

=

EXAMPLES

Strains used in the following examples were created using Mascoma Assembhies

{("MAs"). Schematic diagrams of the MAs can be seen in Figures 6-44. Plasmids used to
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make the MAs can be seen in Figures 45-68 and Table 2. Primers used to create the MAs can be
seen in Table 3 below and in SEQ ID NOs: 66-155. Strains used in the invention can be seen in

Table 4 below. For a general description of molecular methods that could be used to create the

strains, see U.S. Application No 61/728,450.

Table 2, Plasmuids used to make the MAs.

Plasmid ,

10 Description N
pMU2873  AGTEF pro-KAN-AGTEF ter/HXT2 pro-TOK-ACT] ter
pMU2879 - AGTEF pro-cloNAT-AGTEF ter/HXT2 pro-TDK-ACT1 ter
pMU2908 PGK1 pro-S. cerévisioe GUH2-ENO1 ter
pMU2909  ADH1 pro-S. cerevisiae GDH2-PDCT ter

pMU2911
PME2913
PMU3409
pMU3410
pMU3411
pMU3459
pMU3460
pMU3461
pMU3463
pMU3464

pMU3465

pMU3466
- pMU3468
pMts3471
pMU3472
PMU3473
pMU3475
pMViI3597
pMU3605
pMU3606
pMU3607

ADH1 pro-GLN1-PDCI ter
PGK1 pro-GLTI1-ENO1 ter
TEF2 pro-DUR1,2-ADH3 ter
HXT7 pro-QUR1,2-PMALL
ADH1 pro-DUR1,2-PDC1 ter
ADH1 pro-DUR3-PDCI ter.
ADH1 pro-MEP1-PDCY tar
ADHI pro-MEP2-PDCI ter
ADHI pro-GAP1-PDCY ter
TEF2 pro-DUR3-ADH3 ter
TEF2 pro-MEP1-ADH3 ter
TEF2 pro-MEP2-ADH3 ter
TEF2 pro-GAP1-ADH3 ter
TP! pro-DUR3-FBAZ ter

TPl pro-MEP1-FBAL ter

TPl pro-MEP2-FBAL ter

TPl pro-GAP1-FBAIL ter

ADH1 pro-N. crassa GDH2-PDC1 ter

ADH1 pro-MEP3-PDC1 ter
TEF2 pro-MEP3-ADH3ter
TPI1 pro-MEP3-FBATL ter

CA 29805133 2020-03-30
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Example 1;
Deletion of GDHI and overexpression of GDH2 or GLTI/GLNI

M3624 {Agpd1::GPD2-B.adolescentispfiAlpFIR/adhEAgpd 2 GPDI-R.
adolescentispRAPABAAdhEATh 1AfTR 2 B adofescentispA A/ pflB/adhE) has an
approximately 85% reduction in glvcerol formation when grown on > 30% solids com
mash. However, the strain is unable to complete the fermentation even after extended
incubation periods. Two modifications of the amwmonium assimilation pathway were
constructed in M3624 and evaluated for fenmentation performance. The modifications
were a deletion of GDHT and over-expression of Gdh2, resulting in strajn M4117 (M3634
Gah2: dgdhi). The second modification was a deletion of GDHI and overexpression of
GLT1 and GLN1, resuliing ia sirain M4118 (M3634 Gll; Glnl; deh!]). These strains
were compared 1o M3624 and the conventional yeast control (M2390 (a wild type
unmodifted strain isclated from industrial sources)) following fermentation of 31% solids
corn mash,

An industrial corn mash was prepared to a final solids concentration of 31%
supplemented with penicillin (0.006mg/mL) and urea (0.5 gA). Glucoamvlase was added
at a concentration of 0.6 AGU/gTS. Fenmentation was stopped by addition of each strain
to an final starting concentration of 0.1 /1. Vials were capped with a rubber siopper and
sealed. A 23-gauge needie was inserted through the stopper to vent and for the safety of
the experiment, Vials were incubated at 33°C with shaking at 125rpm. At the termination
of the expertiment samples were prepared for HPLC analysis of sthanol and residual
sugars.

The results in Figure 69 illustrate that both M4117 and M4118 reach a much
higher final ethanol titer than M3624, which was unable w complete the fermentation.
Relative to M2390 both M4117 and M4118 had ethanaol titers that were 4.2% and 5.2%
higher respectively.

Lxample 2:
Deletion of GDHI

As shown in Figure S, M3465 (Agpd2:8.advlescentixpfiA/pfiB/adhBAFIR IA
Jah2:B.adolescentispfiApiiBiadhE),  M3467  (AfdhiAfdh2: PFK -pro-adhE-HXT-ter
ENO1-pro-pflB-ENQ!-1er ADH-pro-adhE-PDC10«ter TPLpro-piIA-FBA-ter
Agpdl(GPD2:PFK-pro-adhE-HXT-ter  ENOL-pro-plIB-ENOl-ter  ADH1-pro-adhE-
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PDCIO-ter TPI-pro-pllA-FBA-~ter) and M3469 (Agpdi:B.adolesceniiy pHA/pHE/adhE
FAh AR 2A B adolescentspAlApTIB/AadhE) have degrees of glycerol reduction ranging
from 20% to ~45% relative to the control strain M2396, A clean deletion of GDHI was
constructed i each of these backgrownds resuliing in Md4400 (M3465 Agdhl),
Ma401{M3467 Agdhiy and M4402 (M3469 Agdhl} and compared (o the conventional
yeast control (M2390) following fermentation of 3195 solids corn mash {The fermentation
was performed as described in Example 1). As shown in Figure 70, all three glycerol
reduction strains engineered with a deletion of GDDHI reached a higher ethanol titer than
their respective parent strain.
Example 3;
Overexpression of DUR12

{0243) Four different DURI/2 expression cassettes were construcied in both M3467
AN 2 PER pro-adhE-HXT-1er — ENOI-pro-pfIB-ENOI-ter  ADH-pro-adhli-
PDCIOter TPLpra-pfld-FBA-ter Agpd{:GP D2 PFE-pro-adhE-HXT-ter  ENOH -pro-
PAB-EN( -ter ADHI-pro-adhE-FPDC 1 0-ter TPEpro-pfld-FBA-ter) and M3469 (Agpd!::
B. adotescentis pUASIIBIAdbE hINGRIAB.adplescentispAipfiBiadhE) resulting in
straing M4427-M3343 (Table 5). These strains were compared to their parent strain 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 containing an overexpression of DUR /2 reached the same or higher ethano! titers
than their respective parent strain but the TEF2 and ADHI promoter appeared particularly
affective. Promoters and ferminators used and that could be used include: S, cerevisige
TEF 2 promoter: SEQ 1D NO: 38, 8 cerevivive HXT7 promoter: SEQ ID NGO 59, §
cerevisice, 8. cerevisige ADH promoter: SEQ 1D NO: 60, 8. cerevivice TP1 promoter:
SEQ ) NO: 61, 8 cerevisioe FBAL terminator; SEQ 1D NO: 62, S cerevisiae PDCI
terminator: SEQ ID NO: 63, 8. cerevisive PMAI terminator: SEQ 18 NO: 64, and 8
cerevisioe ADH3 erminator; SEQ 1D NO: 63,
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Table 8. Description of constructions and strains designations
containing aver-exprossion of DURLZ

Parent strain St designation | Genetic modification

N34867 M4427 MAD4B4.1 - axpression of DURY.2 from the TEF2 pramoter

N3467 Mdd2a MAD4BS. T« sxprassion of DUR1.2 from the HXT7 promoter

NM3467 M3429 MA48Y? 11 expression of DUR1.2 fram the ADHT promater

M3da7 M4430 MA4S4.14 : expression of DUR1.Z frair the HXT7TEF2 promoters

M3469 M4431 MAQ484.1 r expression of DUR1,2 from the TEF2 promoter

AM34a9 M4432 MAD4E5.1 ; exprassion of DURT.2 from the HXT7 promoter

M3469 M4433 MA4S7 1 : expression of DURY 2 froot the ADHT promoter

M3489 Ma434 MAA454.14 © expression of DUR1.Z from the HXTHTEF2 promoters

Example 4
Deletion of URE2

10244} To evaluate an alteration in the 3 cerevisiae nitrogen cataboliie repression system
in glycerol reduction backgrounds, a deletion of URE2 was constructed in M3624
(Example 1), creating strain M4406 (M3624 dure). This strain was compared to M3624
and the conventional veast control (M2390) following fermentation of 31%% solids comn
mash {The fermentation was performed as described in Example 1), As shown in Figare
72, M4406 reached a higher titer than M3624 however a yield incresse over the
conventional strain was not observed and there was ~13 g/l residual glucose. This is an
indication that additional modifications to the NCR systemn may give improved
performance or that an adaptation of Mdd406 may be required 1o obtain the potential yield
increase.

Example 5
Regulation of stirogen utilization
{02435 Preferred nitrogen sources generally repress transcription of genes required to

utifize non-preferred nitrogen sources. Urea is added as a sapplemental nitrogen source in
corn mash fermentation; howgver, there are significant quantities of amino acids and
asrunonia, both of which are preferred nitrogen sources over urer. Expression of the wea
transporter {(Durd) and the wrenramido lyase responsible for intracellnlar degradation
(Duri/2) may be repressed in the presence amino acids and ammonia as part of a
phenomenon referved to as Niwogen Catabolite Repression (NCR). This repression could

slow the rate of urea uptake or require larger quantities {0 be added. It wounld be an
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economic benefit o 4 corn ethanol produecer if constitutive expression of Dar3 and Durl 2
allowed them to cither reduce the amount of urea needed or accelerate fermentation rate.

{0246] The NCR 15 conwolled by Ure2 and four transcription factors known as Gin3,
Gati, DalQ, and Gzf3. Uire2 participates in repressing gene exprassion in the presence of
non-preferred nitogen source. It has been observed that deletion of URE? activates the
expression of genss involved in the uptake of non-preferred nitrogen sources. Inactivation
of Ure2 resulls in dephosphoryiation and neclear localization of the ranscription factor
Gin3l.

Example SA

Deletion of URE2 deletion of URE2 results in nuclear localization of GLN3 and acrivation of
NCR sensitive genes.

{0247) To evaluate an alteration in the §. cercviviae nitrogen catabolite repression sysiem
in glycerol reduction backgrounds, a deletion of Ure2 is constructed as in Example 4. A
deletion of JRE2 will be constructed in M3624 (Example 1), Strains in which I/RE2 is
deleted show a nuclear localization of Gin3, and an activation of NCR sensitive genes,
mcluding Duwr3 and Dur /2,

Example 3B
Overexpression GLN3 results in activation of NCR sensitive genes.

[9248] To evaluaie an alteration in the 3. cerevisive nitrogen catabolite repression system
in glveerol reduction backgrounds, Gind (SEQ 112 NOs: 156 and 137) ik overexprassed .
Straing i which Gin3d v overexpressed show an activation of NCR sensitive genes,
inchuding Due3 and Duri/2.

Example &
Deletion of GDHI and expression of 8. cereviviae GDH2
{0249) The resulis show that sirain M3624 (Example 1} was able to reach a  slightly

higher titer than strain M2390 (WT), producing 1.3 @'l more ethanol (Figare 73). To
create strain M4117 (M3634 Gdh2; dedhl), the GDHI gene was delsted and replaced
with 4 copies of the 8. cerevisioe GIDH2 gene expression cassette. The sesulis in Figure
73 below demonstrate that when compared to M3624, M4117 had a clear improvement of
3.7 g1 more ethanol. The data shown in Figure 74 s hows that M3624 makes 1324

glycerol which is 87% less than the wild fype strain M239¢, which made 10 ¢/l The

deletion of GDHI and addition of the 5. cerevisiae GDH2 expression cassette decreased
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the glycerol titers to around 1 g/l. These results illustrate that the combination of glycerol
reduction through formate production is synergistic with modifications to the ammonium

assimilation pathway.

Example 7
Deletion of GDHI1 and expression of N. crassa GDH2

[0250] To create strains M5841-M5844, the GDHI1 gene was deleted and replaced with 4
copies of the N. crassa GDH2 gene expression cassette in Figure 10. Each strain resulted from
independent colonies and have the same genotype (Table 6). The results shown in Figure 73
demonstrate that the addition of the N. crassa GDH2 to M3624 resulted in titers that were between
3.6g/1 and 4.3 g/1 higher than M3624. The data shown in Figure 74 shows that M3624 makes 1.3
g/1 glycerol which is 87% less than the wild type strain M2390, which made 10 g/1. The deletion
of GDH1 and addition of the N. crassa GDH2 expression cassette decreased the glycerol titers to
around 1 g/1. These results support the conclusion that a combination of glycerol reduction through
formate production is synergistic with modifications to the ammonitun assimilation pathway, even

when using a heterologous expression of GDH2.

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

Stritin 1 Genotype

"M2390 WT

"M3624 ' AfdhIALE da2pAgpd i zppd24a2pAgpd2-gpd | 4a2p

MaL7 ATdhT ARIRS - da2pdgpdl - gpd2dalpAgpd - gpilit 4a2pASopdin] =4gdh?

M8} AFGhIAD2: Ha2pAgpd i :gpd23a2pAgpd2: gpd | 4a2pANcrassagdh i :4gdh2_

M3842 AldhIALIhI: Aa2pAgpd brgpd24spAgpd2: gnd | 4u2pANcrassagdh) :':4gdh2

M3g43 AFGhIATEh2: 4a2pAgpd | gpd23adpAgpd2:: gpdl4u2pANerassagdhl: dgdh2

M35844 | Ardhiafah2:dazpAgpdlgpd24aZpAgpd2:gpd 4a2pANcrassagdhl 4 gdh2
[0251] The strains in Table 6 were inoculated in vials containing 4m1 industrial com

mash (mini-vials). The fermentation was allowed to proceed for 68hrs and samples were

run on an HPLC to obtain ethanol and glycerol values.

CA 29805133 2020-03-30
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[0252] Those skilled in the art will recognize, or be able to ascertain using no more than
routine experimentation, many equivalents to the specific embodiments of the invention
described herein. Such equivalents are intended to be encompassed by the following

claims.

CA 29805133 2020-03-30
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We Claim:

1. A recombinant yeast comprising:

a. at least one engineered genetic modification that leads to the up-regulation of one
or more native and/or heterologous enzymes that function in one or more ethanol
production pathways;

b. at least one engincered genetic modification that leads to the down-regulation of an
enzyme in a glycerol-production pathway; and,

c. at least one engineered genetic modification that leads to the up-regulation or
down-regulation of an enzyme in a nitrogen-assimilation pathway;

wherein the up-regulated enzyme that acts in the ethanol production pathway is

pyruvate formate lyase (EC 2.3.1.54), pyruvate formate lyase activating enzyme (EC
1.91.1.4), and/or bifunctional acetaldehyde-alcohol dehydrogenase selected from a group of
enzymes having both of the following Enzyme Commission Numbers: EC 1.2.1.10 and
1.1.1.1;

wherein the down-regulated enzyme that acts in the glycerol production pathway is at

least one enzyme selected from the group consisting of: a glycerol-3-phosphate
dehydrogenase 1 polynucleotide (GPD1) (EC 1.1.1.8), a glycerol-3-phosphate dehydrogenase
1 polypeptide (Gpd1) (EC 1.1.1.8), a glycerol-3-phosphate dehydrogenase 2 polynucleotide
(GPD2) (EC 1.1 1.8), a glycerol-3-phosphate dehydrogenase 2 polypeptide (Gpd2) (EC 1.1 1
8), a glycerol-3-phosphate phosphatase I polynucleotide (GPP1) (EC 3.1.3.21), a glycerol-3-
phosphate phosphatase polypeptide 1 (Gppl) (EC 3.1.3.21), a glycerol-3-phosphate
phosphatase 2 polynucleotide (GPP2) (EC 3.1.3.21), and a glycerol-3-phosphate phosphatase
polypeptide 2 (Gpp2) (EC 3.1.3.21); and

wherein the down-regulated enzyme that acts in the nitrogen-assimilation pathway is

glutamate dehydrogenase (Gdh) (EC 1.4.1.4) and wherein the up-regulated enzyme in the
nitrogen-assimilation pathway is at least one enzyme selected from the group consisting of
glutamate dehydrogenase (Gdh) (EC 1.4.1.2), glutamate synthase (Glt) (EC 1.4.1.14),
glutamine synthase (Gln) (EC 6.3.1.2), an ammonium transporter, a urea amido lyase (EC

6.3.4.6), and a urea transporter.

Date Recue/Date Received 2023-01-27
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2. The recombinant yeast of claim 1, wherein the down-regulated enzyme glutamate
dehydrogenase (Gdh) in the nitrogen-assimilation pathway is a glutamate dehydrogenase 1
(Gdh1) or a glutamate dehydrogenase 3 (Gdh3).

3. The recombinant yeast of claim 2, wherein the Gdh1 or Gdh3 comprises a polypeptide
sequence at least 80% identical to a polypeptide sequence selected from the group consisting
of: SEQ ID NOs: 25 and 31 and having the same biological activity as the polypeptide of
SEQ ID NO: 25 and SEQ ID NO: 31 respectively.

4. The recombinant yeast of claim 3, wherein the Gdh1 or Gdh3 polypeptide sequence is
at least 90% identical to a polypeptide sequence selected from the group consisting of: SEQ
ID NOs: 25 and 31.

5. The recombinant yeast of claim 3 or claim 4, wherein the Gdh1 or Gdh3 polypeptide
sequence is at least 95% identical to a polypeptide sequence selected from the group
consisting of: SEQ ID NOs: 25 and 31.

6. The recombinant yeast of any one of claims 3 to 5, wherein the Gdhl or Gdh3
polypeptide sequence is 100% identical to a polypeptide sequence selected from the group
consisting of SEQ ID NOs: 25 and 31.

7. The recombinant yeast of claim 1, wherein the up-regulated enzyme glutamate
dehydrogenase (Gdh) in the nitrogen-assimilation pathway is ghutamate dehydrogenase 2
(Gdh2).

8. The recombinant yeast of claim 7, wherein the Gdh2 is isolated from an organism

from a genus selected from the group consisting of Saccharomyces and Neurospora.

9. The recombinant yeast of claim 7, wherein the Gdh2 comprises a polypeptide
sequence at least 80% identical to a polypeptide sequence selected from the group consisting
of: SEQ ID NOs: 27 and 29 and having the same biological activity as the polypeptide of
SEQ ID NO: 27 and SEQ ID NO: 29 respectively.

10.  The recombinant yeast of claim 9, wherein the Gdh2 polypeptide sequence is at least
90% identical to the polypeptide sequence selected from the group consisting of: SEQ ID
NOs: 27 and 29.

Date Recue/Date Received 2023-01-27
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11.  The recombinant yeast of claim 9 or claim 10, wherein the Gdh2 polypeptide
sequence is at least 95% identical to the polypeptide sequence selected from the group
consisting of: SEQ ID NOs: 27 and 29.

12.  The recombinant yeast of any onc of claims 9 to 11, wherein the Gdh2 polypeptide
sequence is 100% identical to the polypeptide sequence selected from the group consisting
of: SEQ ID NOs: 27 and 29.

13 The recombinant yeast of claim 1, wherein the up-regulated enzyme glutamate
synthase (Glt) in the nitrogen-assimilation pathway is a Glt1 isolated from an organism from

the genus Saccharomyces.

14.  The recombinant yeast of claim 13, wherein the Glt1 comprises a polypeptide
sequence at least 80% identical to a polypeptide sequence SEQ ID NO: 33 and having the
same biological activity as the polypeptide of SEQ ID NO: 33.

15.  Therecombinant yeast of claim 13 or claim 14, wherein the Glt1 polypeptide
sequence is at least 90% identical to a polypeptide sequence SEQ ID NO: 33.

16.  The recombinant yeast of any onc of claims 13 to 15, wherein the Git1 polypeptide
sequence is at least 95% identical to a polypeptide sequence SEQ ID NO: 33.

17.  The recombinant yeast of any onc of claims 13 to 16, wherein the Glt1 polypeptide
sequence is 100% identical to a polypeptide sequence SEQ ID NO: 33.

18.  The recombinant yeast of claim 1, wherein the up-regulated enzyme glutamine
synthase (Gln) in the nitrogen-assimilation pathway is a glutamine synthase (Gln1) isolated

from an organism from the genus Saccharomyces.

19.  The recombinant yeast of claim 18, wherein the GIln1 comprises a polypeptide
sequence at least 80% identical to a polypeptide sequence SEQ ID NO: 35 and having the
same biological activity as the polypeptide of SEQ ID NOQO: 35.

20.  The recombinant yeast of claim 18 or claim 19, wherein the Gln1 polypeptide
sequence is at least 90% identical to a polypeptide sequence SEQ ID NO: 35.

Date Recue/Date Received 2023-01-27
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21.  Therecombinant yeast of any one of claims 18 to 20, wherein the Gln1 polypeptide
sequence is at least 95% identical to a polypeptide sequence SEQ ID NO: 35.

22.  Therecombinant yeast of any one of claims 18 to 21, wherein the Gln1 polypeptide
sequence is 100% identical to a polypeptide sequence SEQ ID NO: 35.

23.  Therecombinant yeast of claim 1, wherein the up-regulated enzyme ammonium

transporter in the nitrogen-assimilation pathway is a MEP protein.

24.  Therecombinant yeast of claim 23, wherein the MEP protein is isolated from an

organism from the genus Saccharomyces.

25.  The recombinant yeast of claim 23 or claim 24, wherein the MEP protein is selected

from the group consisting of: Mepl, Mep2, and Mep3.

26.  Therecombinant yeast of claim 25, wherein the Mep1 comprises a polypeptide
sequence at least 80% identical to a polypeptide sequence SEQ ID NO: 19 and having the
same biological activity as the polypeptide of SEQ ID NO: 19.

27.  Therecombinant yeast of claim 25 or claim 26, wherein the Mep1 polypeptide
sequence is at least 90% identical to a polypeptide sequence SEQ ID NO: 19 and having the
same biological activity as the polypeptide of SEQ ID NO: 19.

28.  The recombinant yeast of any one of claims 25 to 27, wherein the Mep1 polypeptide
sequence is at least 95% identical to a polypeptide sequence SEQ ID NO: 19 and having the
same biological activity as the polypeptide of SEQ ID NO: 19.

29.  The recombinant yeast of any one of claims 25 to 28, wherein the Mep1 polypeptide
sequence is 100% identical to a polypeptide sequence SEQ ID NO: 19.

30.  The recombinant yeast of claim 25, wherein the Mep2 comprises a polypeptide
sequence at least 80% identical to a polypeptide sequence SEQ ID NO: 21 and having the
same biological activity as the polypeptide of SEQ ID NO: 21.

31.  Therecombinant yeast of claim 30, wherein the Mep2 polypeptide sequence is at least
90% identical to a polypeptide sequence SEQ ID NO: 21.

Date Recue/Date Received 2023-01-27
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32.  The recombinant yeast of claim 30 or claim 31, wherein the Mep2 polypeptide
sequence is at least 95% identical to a polypeptide sequence SEQ ID NO: 21.

33.  The recombinant yeast of any one of claims 30 to 32, wherein the Mep2 polypeptide
sequence is 100% identical to a polypeptide sequence SEQ ID NO: 21.

34.  The recombinant yeast of claim 25, wherein the Mep3 comprises a polypeptide
sequence at least 80% identical to a polypeptide sequence SEQ ID NO: 23 and having the
same biological activity as the polypeptide of SEQ ID NO: 23.

35.  Therecombinant yeast of claim 34, wherein the Mep3 polypeptide sequence is at least
90% identical to a polypeptide sequence SEQ ID NO: 23.

36.  The recombinant yeast of claim 34 or claim 35, wherein the Mep3 polypeptide
sequence is at least 95% identical to a polypeptide sequence SEQ ID NO: 23.

37.  Therecombinant yeast of any one of claims 34 to 36, wherein the Mep3 polypeptide
sequence is 100% identical to a polypeptide sequence SEQ ID NO: 23.

38.  The recombinant yeast of claim 1, wherein the up-regulated enzyme urea-amido lyase

in the nitrogen assimilation pathway is Durl/2.

39.  The recombinant yeast of claim 38, wherein the Durl/2 is isolated from an organism

from the genus Saccharomyces.

40.  Therecombinant yeast of claim 38 or claim 39, wherein the Durl/2 comprises a
polypeptide sequence at least 80% identical to a polypeptide sequence SEQ ID NO: 37 and
having the same biological activity as the polypeptide of SEQ ID NO: 37.

41.  The recombinant yeast of any one of claims 38 to 40, wherein the Durl/2 polypeptide
sequence is at least 90% identical to a polypeptide sequence SEQ ID NO: 37.

42.  The recombinant yeast of any one of claims 38 to 41, wherein the Durl/2 polypeptide
sequence is at least 95% identical to a polypeptide sequence SEQ ID NO: 37.

43, The recombinant yeast of any one of claims 38 to 42, wherein the Durl/2 polypeptide
sequence is 100% identical to a polypeptide sequence SEQ ID NO: 37.
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44.  The recombinant yeast of claim 1, wherein the up-regulated enzyme urea transporter

in the nitrogen assimilation pathway is a DUR3 or DUR4.

45. The recombinant yeast of claim 44, wherein the DUR3 or DURA4 is isolated from an

organism from the genus Saccharomyces.

46.  The recombinant yeast of claim 44, wherein the Dur3 comprises a polypeptide
sequence at least 80% identical to a polypeptide sequence: SEQ ID NO: 39 and having the
same biological activity as the polypeptide of SEQ ID NO: 39.

47.  The recombinant yeast of claim 46, wherein the Dur3 polypeptide sequence is at least
90% identical to a polypeptide sequence: SEQ ID NO: 39.

48.  Therecombinant yeast of claim 46 or claim 47, wherein the Dur3 polypeptide
sequence is at least 95% identical to a polypeptide sequence: SEQ ID NO: 39.

49.  The recombinant yeast of any one of claims 46 to 48, wherein the Dur3 polypeptide
sequence is 100% identical to a polypeptide sequence: SEQ ID NO: 39.

50.  The recombinant yeast of claim 1, wherein the up-regulated enzyme glutamine

synthase (Gln) in the nitrogen assimilation pathway is a glutamine synthase 3 (GIn3).
51. The recombinant yeast of claim 50, wherein the GIn3 is a native GIn3.

52.  The recombinant yeast of claim 50 or claim 51, wherein the GIn3 is isolated from the

genus Saccharomyces.

53.  The recombinant yeast of claim 50 or claim 51, wherein the Gln3 comprises a
polypeptide sequence at least 80% identical to a polypeptide sequence SEQ ID NO: 156 and
having the same biological activity as the polypeptide of SEQ ID NO: 156.

54.  Therecombinant yeast of claim 53, wherein the GIn3 polypeptide sequence is at least
90% identical to a polypeptide sequence SEQ ID NO: 156.

55.  Therecombinant yeast of claim 53 or claim 54, wherein the GIn3 polypeptide
sequence is at least 95% identical to a polypeptide sequence SEQ ID NO: 156.
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56.  The recombinant yeast of any one of claims 53 to 55, wherein the GIn3 polypeptide
sequence is 100% identical to a polypeptide sequence SEQ ID NO: 156.

57.  The recombinant yeast of claim 1, wherein the Gpd1 comprises a polypeptide
sequence at least 80% identical to the polypeptide sequence SEQ ID NO: 5 and having the
same biological activity as the polypeptide of SEQ ID NO: 5.

58.  The recombinant yeast of claim 57, wherein the Gpd1 polypeptide sequence is at least
90% identical to the polypeptide sequence: SEQ ID NO: 5.

59.  The recombinant yeast of claim 57 or claim 58, wherein the Gpd1 polypeptide
sequence is at least 95% identical to the polypeptide sequence SEQ ID NO: 5.

60.  The recombinant yeast of any one of claims 57 to 59, wherein the Gpd1 polypeptide
sequence is 100% identical to the polypeptide sequence: SEQ ID NO: 5.

61.  The recombinant yeast of claim 1, wherein the Gpd2 in the glycerol production
pathway comprises a polypeptide sequence at least 80% identical to the polypeptide
sequence: SEQ ID NO: 7 and having the same biological activity as the polypeptide of SEQ
ID NO: 7.

62.  Therecombinant yeast of claim 61, wherein the Gpd2 polypeptide sequence is at least
90% identical to the polypeptide sequence SEQ 1D NO: 7.

63.  Therecombinant yeast of claim 61 or claim 62, wherein the Gpd2 polypeptide
sequence is at least 95% identical to the polypeptide sequence SEQ ID NO: 7.

64.  The recombinant yeast of any one of claims 61 to 63, wherein the Gpd2 polypeptide
sequence is 100% identical to the polypeptide sequence SEQ ID NO: 7.

65.  The recombinant yeast of claim 1, wherein the Gpp1 comprises a polypeptide
sequence at least 80% identical to the polypeptide sequence SEQ ID NO: 159 and having the
same biological activity as the polypeptide of SEQ ID NO: 159.

66.  The recombinant yeast of claim 65, wherein the Gpp1 polypeptide sequence is at least
90% identical to the polypeptide sequence SEQ ID NO: 159.
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67.  The recombinant yeast of claim 65 or claim 66, wherein the Gpp1 polypeptide
sequence is at least 95% identical to the polypeptide sequence SEQ ID NO: 159.

68.  The recombinant yeast of any one of claims 65 to 67, wherein the Gpp1 polypeptide
sequence is 100% identical to the polypeptide sequence SEQ ID NO: 159.

69.  The recombinant yeast of claim 1, wherein the Gpp2 comprises a polypeptide
sequence at least 80% identical to the polypeptide sequence SEQ ID NO: 161 and having the
same biological activity as the polypeptide of SEQ ID NO: 161.

70.  The recombinant yeast of claim 69, wherein the Gpp2 polypeptide sequence is at least
90% identical to the polypeptide sequence SEQ ID NO: 161.

71.  The recombinant yeast of claim 69 or claim 70, wherein the Gpp2 polypeptide
sequence is at least 95% identical to the polypeptide sequence SEQ ID NO: 161.

72.  The recombinant yeast of any one of claims 69 to 71, wherein the Gpp2 polypeptide
sequence is 100% identical to the polypeptide sequence SEQ ID NO: 161.

73.  The recombinant yeast of claim 1, wherein the pyruvate formate lyase comprises a
polypeptide sequence at least 80% identical to the polypeptide sequence SEQ ID NO: 9 and
having the same biological activity as the polypeptide of SEQ ID NO: 9.

74.  The recombinant yeast of claim 73, wherein the pyruvate formate lyase polypeptide

sequence is at least 90% identical to the polypeptide sequence SEQ ID NO: 9.

75.  The recombinant yeast of claim 73 or claim 74, wherein the pyruvate formate lyase

polypeptide sequence is at least 95% identical to the polypeptide sequence SEQ ID NO: 9.

76.  The recombinant yeast of any one of claims 73 to 75, wherein the pyruvate formate
lyase polypeptide sequence is 100% identical to the polypeptide sequence encoded by SEQ
ID NO. 9.

77.  The recombinant yeast of claim 1, wherein the pyruvate formate lyase activating

enzyme comprises a polypeptide sequence at least 80% identical to the polypeptide sequence
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SEQ ID NO: 11 and having the same biological activity as the polypeptide of SEQ ID NO:
11.

78.  The recombinant yeast of claim 77, wherein the pyruvate formate lyase activating
enzyme comprises a polypeptide sequence at least 90% identical to the polypeptide sequence
SEQ ID NO: 11.

79.  The recombinant yeast of claim 77 or claim 78, wherein the pyruvate formate lyase
activating enzyme comprises a polypeptide sequence at least 95% identical to the polypeptide
sequence SEQ ID NO: 11.

80.  The recombinant yeast of any one of claims 77 to 79, wherein the pyruvate formate
lyase activating enzyme is a polypeptide sequence 100% identical to the polypeptide
sequence SEQ ID NO: 11.

81.  Therecombinant yeast of claim 1, wherein the bifunctional acetaldehy de-alcohol
dehydrogenase comprises a polypeptide sequence at least 80% identical to the polypeptide
sequence SEQ ID NO: 13 and having the same biological activity as the polypeptide of SEQ
ID NO: 13.

82.  Therecombinant yeast of claim 81, wherein the bifunctional acetaldehyde-alcohol
dehydrogenase comprises a polypeptide sequence at least 90% identical to the polypeptide
sequence SEQ ID NO: 13.

83.  Therecombinant yeast of claim 81 or claim 82, wherein the bifunctional
acctaldehyde-alcohol dehydrogenase comprises a polypeptide sequence at least 95% identical
to the polypeptide sequence SEQ ID NO: 13.

84.  Therecombinant yeast of any one of claims 81 to 83, wherein the bifunctional
acetaldehyde-alcohol dehydrogenase is a polypeptide sequence 100% identical to the
polypeptide sequence SEQ ID NO: 13.

85.  Therecombinant yeast of any one of claims 1 to 84, wherein the up-regulated enzyme
that acts in the ethanol production pathway is an NADPH-dependent bifunctional
acctaldehyde-alcohol dehydrogenase selected from a group of enzymes having both of the
following Enzyme Commission Numbers: EC 1.2.1.10 and 1.1.1.2.
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86.  The recombinant yeast of claim 85, wherein the NADPH-dependent bifunctional
acetaldehyde-alcohol dehydrogenase is isolated from a genus selected from the group

consisting of: Leuconostoc and Oenococcus.

87.  The recombinant yeast of claim 86, wherein the NADPH-dependent bifunctional
acetaldehyde-alcohol dehydrogenase comprises a polypeptide sequence at least 80% identical
to a polypeptide sequence selected from the group consisting of SEQ ID NOs: 15 and 17 and
having the same biological activity as the polypeptide of SEQ ID NO: 15 and SEQ ID NO:

17 respectively.

88.  Therecombinant yeast of claim 86 or claim 87, wherein the NADPH-dependent
bifunctional acetaldehyde-alcohol dehydrogenase is a polypeptide sequence at least 90%
identical to a polypeptide sequence selected from the group consisting of SEQ ID NOs: 15
and 17.

89.  The recombinant yeast of any one of claims 85 to 88, wherein the NADPH-dependent
bifunctional acetaldehyde-alcohol dehydrogenase is a polypeptide sequence at least 95%
identical to a polypeptide sequence selected from the group consisting of SEQ ID NOs: 15
and 17.

90.  The recombinant yeast of any one of claims 85 to 89, wherein the NADPH-dependent
bifunctional acetaldehyde-alcohol dehydrogenase is a polypeptide sequence 100% identical
to a polypeptide sequence selected from the group consisting of SEQ ID NOs: 15 and 17.

91.  Therecombinant yeast of any one of claims 1 to 90, wherein the yeast further
comprises a down-regulation in one or more native enzymes encoded by a formate
dehydrogenase enzyme Fdh1 or Fdh2 selected from the group consisting of: EC 1.2.1.43 and
EC12.12.

92.  Therecombinant yeast of claim 91, wherein the Fdh1 comprises a polypeptide
sequence at least 80% identical to a polypeptide sequence SEQ ID NO: 2 and having the
same biological activity as the polypeptide of SEQ ID NO: 2.

93.  The recombinant yeast of claim 92, wherein the Fdh1 polypeptide sequence is at least

90% identical to a polypeptide sequence SEQ ID NO: 2.
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94.  The recombinant yeast of claim 92, wherein the Fdh1 polypeptide sequence is at least

95% identical to a polypeptide sequence SEQ ID NO: 2.

95.  The recombinant yeast of claim 92, wherein the Fdh1 polypeptide sequence is 100%
identical to a polypeptide sequence SEQ ID NO: 2.

96.  The recombinant yeast of any one of claims 91 to 95, wherein the Fdh2 comprises a
polypeptide sequence at least 80% identical to a polypeptide sequence encoded by the
polynucleotide sequence of SEQ ID NO: 3 and having the same biological activity as the
polypeptide encoded by the polynucleotide sequence of SEQ ID NO: 3.

97.  The recombinant yeast of claim 96, wherein the Fdh2 polypeptide sequence is at least
90% identical to a polypeptide sequence encoded by the polynucleotide sequence of SEQ ID
NO: 3.

98.  The recombinant yeast of claim 96, wherein the Fdh2 polypeptide sequence is at least
95% identical to a polypeptide sequence encoded by the polynucleotide sequence of SEQ ID
NO: 3.

99.  The recombinant yeast of claim 96, wherein the Fdh2 polypeptide sequence is 100%
identical to a polypeptide sequence encoded by the polynucleotide sequence of SEQ ID NO:
3.

100. The recombinant yeast of any one of claims 1 to 99, wherein the recombinant yeast
further comprises heterologous GPD1 polynucleotide operably linked to a native GPD2

promoter.

101. The recombinant yeast of any one of claims 1 to 100, wherein the recombinant yeast
further comprises a heterologous GPD2 polynucleotide operably linked to a native GPD1

promoter.

102.  The recombinant yeast of any one of claims 1 to 101, wherein the yeast further
comprises an up-regulation or down-regulation of a regulatory element, wherein the

regulatory element is selected from the group consisting of: Ure2 and Aual.
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103.  The recombinant yeast of claim 102, wherein the regulatory element is a polypeptide
sequence at least 80% identical to a polypeptide sequence of SEQ ID NO: 55 and having the
same biological activity as the polypeptide of SEQ ID NO: 55.

104. The recombinant yeast of claim 103, wherein the regulatory element is a polypeptide
sequence at least 90% identical to a polypeptide sequence of SEQ ID NO: 55.

105. The recombinant ycast of claim 103, wherein the regulatory element is a polypeptide
sequence at least 95% identical to a polypeptide sequence of SEQ ID NO: 55.

106. The recombinant yeast of claim 102, wherein the regulatory element is a polypeptide
sequence identical to a polypeptide sequence of SEQ ID NO: 55.

107. The recombinant yeast of claim 102, wherein the regulatory element is a polypeptide
sequence at least 80% identical to a polypeptide sequence of SEQ ID NO: 57 and having the
same biological activity as the polypeptide of SEQ ID NO: 57.

108. The recombinant yeast of claim 107, wherein the regulatory element is a polypeptide

sequence at least 90% identical to a polypeptide sequence of SEQ ID NO: 57.

109.  The recombinant yeast of claim 107 or claim 108, wherein the regulatory element is a

polypeptide sequence at least 95% identical to a polypeptide sequence of SEQ ID NO: 57.

110.  The recombinant yeast of any one of claims 107 to 109, wherein the regulatory
element is a polypeptide sequence identical to the polypeptide sequence of SEQ ID NO: 57.

111.  The recombinant yeast of any one of claims 1 to 110, wherein the yeast further
comprises at lest one additional up-regulated enzyme and wherein said additional up-

regulated enzyme is a glucoamylase enzyme with an EC number 3.2.1.3.

112.  The recombinant yeast of claim 111, wherein the up-regulated enzyme is isolated

from the genus Saccharomycopsis.

113.  The recombinant yeast of claim 111, wherein the glucoamylase comprises a
polypeptide sequence at least 80% identical to a polypeptide sequence SEQ ID NO: 163 and
having the same biological activity as the polypeptide of SEQ ID NO: 163.
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114.  The recombinant yeast of claim 113, wherein the glucoamylase polypeptide sequence
is at least 90% identical to a polypeptide sequence SEQ ID NO: 163.

115. The recombinant yeast of claim 113 or claim 114, wherein the glucoamylase

polypeptide sequence is at least 95% identical to a polypeptide sequence SEQ ID NO: 163.

116. The recombinant yeast of any one of claims 113 to 115, wherein the glucoamylase

polypeptide sequence is 100% identical to a polypeptide sequence SEQ ID NO: 163.

117. The recombinant yeast of any one of claims 1 to 110, wherein the yeast further
comprises at least one additional up-regulated enzyme and wherein the up-regulated enzyme

is a permease.

118. The recombinant yeast of claim 117, wherein the permease is isolated from the genus

Saccharomyces.

119. The recombinant yeast of claim 117, wherein the permease comprises a polypeptide
sequence at least 80% identical to a polypeptide sequence SEQ ID NO: 53 and having the
same biological activity as the polypeptide of SEQ ID NO: 53.

120. The recombinant yeast of claim 119, wherein the permease polypeptide sequence is at
least 90% identical to a polypeptide sequence SEQ ID NO: 53.

121.  The recombinant yeast of claim 119 or claim 120, wherein the permease polypeptide

sequence is at least 95% identical to a polypeptide sequence SEQ ID NO: 53.

122.  The recombinant yeast of any one of claims 119 to 121, wherein the permease

polypeptide sequence is 100% identical to a polypeptide sequence SEQ ID NO: 53.

123. The recombinant yeast of any one of claims 1 to 110, wherein the yeast further
comprises at lest one additional up-regulated enzyme and wherein said additional up-

regulated enzyme is a protease with EC number: 3.4.23.41.

124.  The recombinant yeast of claim 123, wherein the protease is isolated from a genus

selected from the group consisting of Zea, Neurospora, Podospora, and Magnaporthe.
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125. The recombinant yeast of claim 123, wherein the protease comprises a polypeptide
sequence at least 80% identical to a polypeptide sequence selected from the group consisting
of SEQ ID NOs: 41, 43, 45, 47, 49, and 51, and having the same biological activity as the
polypeptide of SEQ ID NOs: 41, 43, 45, 47, 49 and 51 respectively.

126. The recombinant yeast of claim 125, wherein the protease polypeptide sequence is at
least 90% identical to a polypeptide sequence selected from the group consisting of SEQ ID
NOs: 41, 43, 45, 47,49, and 51.

127.  The recombinant yeast of claim 125 or claim 126, wherein the protease polypeptide
sequence is at least 95% identical to a polypeptide sequence selected from the group
consisting of SEQ ID NOs: 41, 43, 45, 47, 49, and 51.

128. The recombinant yeast of any onc of claims 124 to 127, wherein the protease
polypeptide sequence is 100% identical to a polypeptide sequence selected from the group
consisting of SEQ ID NOs: 41, 43, 45, 47, 49, and 51.

129. The recombinant yeast of any one of claims 1 to 128, wherein the up-regulated or

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

130. The recombinant yeast of claim 129, wherein the heterologous promoter is selected
from the group consisting of: TEF2 (SEQ ID NO: 58), HXT7 (SEQ ID NO: 59), ADH1 (SEQ
ID NO: 60), and TP1 (SEQ ID NO: 61).

131. The recombinant yeast of any one of claims 1 to 130, wherein the yeast is from the

genus Saccharomyces.
132.  The recombinant yeast of claim 131, wherein the yeast is Saccharomyces cerevisiae.

133.  The recombinant yeast of any one of claims 1 to 132, wherein the yeast produces

ethanol at a higher yield than an otherwise identical yeast lacking the genetic modifications.

134.  The recombinant yeast of any one of claims 1 to 133, wherein the yeast produces an
ethanol titer from 1% to 10% more than an otherwise identical yeast lacking the genetic

modifications.
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135. The recombinant yeast of any one of claims 1 to 134, wherein the yeast produces an

ethanol titer of at least 125 g/L.

136.  The recombinant yeast of any one of claims 1 to 135, wherein the yeast produces

glycerol at a lower yield than an otherwise identical yeast lacking the genetic modifications.

137. The recombinant yeast of any one of claims 1 to 136, wherein the yeast produces a
glycerol titer of from 10 to 100% less than an otherwise identical yeast lacking the genetic

modifications.

138. A recombinant yeast comprising: down-regulated Gpd1, down-regulated Gpd2, down-
regulated Fdh1, down-regulated Fdh2, up-regulated AdhE, up-regulated pyruvate formate

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

139.  The recombinant yeast of claim 138, wherein Gdh1 is down-regulated.

140. The recombinant yeast of claim 138 or claim 139, wherein Glt1 is up-regulated.

141. The recombinant yeast of any one of claims 138 to 140, wherein Glnl is up-regulated.

142.  The recombinant yeast of any one of claims 138 to 141, wherein Aual is down-

regulated.

143.  The recombinant yeast of any one of claims 138 to 142, wherein Urel is down-

regulated.
144.  The recombinant yeast of any one of claims 138 to 143, further comprising Durl/2.

145.  The recombinant yeast of any one of claims 138 to 144, further comprising an up-

regulated enzyme selected from the group consisting of: Dur3 and Dur4.

146. The recombinant yeast of any one of claims 138 to 145, further comprising an up-

regulated enzyme selected from the group consisting of Mep1, Mep2, and Mep3.

147. The recombinant yeast of any one of claims 138 to 146, further comprising an up-

regulated Gin3.
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The recombinant yeast of any one of claims 138 to 147, further comprising GPD1

expressed from a GPD2 promoter.

149.

The recombinant yeast of any one of claims 138 to 148, further comprising a GPD2

expressed from a GPD1 promoter.

150.

A recombinant yeast comprising down-regulated Gpdl, down-regulated Fdh1, down-

regulated Fdh2, up-regulated AdhE, up-regulated pyruvate formate lyase, and an up-regulated

pyruvate formate lyase-activating enzyme.

151.  The recombinant yeast of claim 150, wherein Gdhl is down-regulated.

152. The recombinant yeast of claim 150 or claim 151, wherein Glt1 is up-regulated.

153. The recombinant yeast of any one of claims 150 to 152, wherein Glnl is up-regulated.
154.  The recombinant yeast of any one of claims 150 to 153, wherein Aual is down-
regulated.

155. The recombinant yeast of any one of claims 150 to 154, wherein Urel is down-
regulated.

156. The recombinant yeast of any one of claims 150 to 155, further comprising Durl/2.
157. The recombinant yeast of any one of claims 150 to 156, further comprising an up-

regulated enzyme selected from the group consisting of: Dur3 and Dur4.

158.

The recombinant yeast of any one of claims 150 to 157, further comprising an up-

regulated enzyme selected from the group consisting of: Mep1l, Mep2, and Mep3.

159. The recombinant yeast of any one of claims 150 to 158, further comprising an up-
regulated GIn3.
160. The recombinant yeast of any one of claims 150 to 159, further comprising GPD1

expressed from a GPD2 promoter.

161.

The recombinant yeast of any one of claims 150 to 160, further comprising a GPD2

expressed from a GPD1 promoter.
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162. A recombinant yeast comprising: down-regulated Gpd2, down-regulated Fdh1, down-
regulated Fdh2, up-regulated AdhE, up-regulated pyruvate formate lyase, and an up-regulated

pyruvate formate lyase-activating enzyme.

163. The recombinant yeast of claim 162, wherein Gdhl is down-regulated.

164. The recombinant yeast of claim 162 or claim 163, wherein Glt1 is up-regulated.

165. The recombinant yeast of any one of claims 162 to 164, wherein Glnl is up-regulated.

166. The recombinant yeast of any one of claims 162 to 165, wherein Aual is down-

regulated.

167. The recombinant yeast of any one of claims 162 to 166, wherein Urel is down-

regulated.
168.  The recombinant yeast of any one of claims 162 to 167, further comprising Durl/2.

169. The recombinant yeast of any one of claims 162 to 168, further comprising an up-

regulated enzyme selected from the group consisting of: Dur3 and Dur4.

170. The recombinant yeast of any one of claims 162 to 169, further comprising an up-

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

171.  The recombinant yeast of any one of claims 162 to 170, further comprising an up-
regulated GIn3.

172.  The recombinant yeast of any one of claims 162 to 171, further comprising GPD1

expressed from a GPD2 promoter.

173.  The recombinant yeast of any one of claims 162 to 172, further comprising a GPD2

expressed from a GPD1 promoter.

174. A recombinant yeast comprising: down-regulated Gpd1, down-regulated Gpd2, down-
regulated Fdh1, down-regulated Fdh2, down-regulated Gdh1, up-regulated AdhE, up-

regulated pyruvate formate lyase, an up-regulated pyruvate formate lyase-activating enzyme,
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GPD1 under the control of the GPD2 promoter, GPD2 under the control of the GPD1
promoter, and up-regulated Gdh2.

175. A recombinant yeast comprising: down-regulated Gpd1, down-regulated Gpd2, down-
regulated Fdh1, down-regulated Fdh2, down-regulated Gdh1, up-regulated AdhE, up-
regulated pyruvate formate lyase, an up-regulated pyruvate formate lyase-activating enzyme,
GPD1 under the control of the GPD2 promoter, GPD2 under the control of the GPD1
promoter, up-regulated Gltl and up-regulated Gin1.

176. A recombinant yeast comprising: down-regulated Gpd1, down-regulated Fdh1,
down-regulated Fdh2, down-regulated Gdh1, up-regulated AdhE, up-regulated pyruvate
formate lyase, an up-regulated pyruvate formate lyase-activating enzyme, GPD1 under the
control of the GPD2 promoter, GPD2 under the control of the GPD1 promoter, up-regulated
Glt1 and up-regulated Gin1.

177. A recombinant yeast comprising: down-regulated Gpd2, down-regulated Fdh1, down-
regulated Fdh2, down-regulated Gdh1, up-regulated AdhE, up-regulated pyruvate formate

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

178. A recombinant yeast comprising: down-regulated Gpd1, down-regulated Fdh1, down-
regulated Fdh2, down-regulated Gdh1, up-regulated AdhE, up-regulated pyruvate formate
lyase, an up-regulated pyruvate formate lyase-activating enzyme, and GPD2 under the

control of the GPD1 promoter.

179. A recombinant yeast comprising: down-regulated Gpd1, down-regulated Fdh1, down-
regulated Fdh2, down-regulated Gdh1, up-regulated AdhE, up-regulated pyruvate formate

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

180. A recombinant yeast comprising: down-regulated Gpd1, down-regulated Fdh1, down-
regulated Fdh2, up-regulated AdhE, up-regulated pyruvate formate lyase, an up-regulated
pyruvate formate lyase-activating enzyme, upregulated-DUR/12, and GPD2 under the control
of the GPD1 promoter.
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181. A recombinant yeast comprising: down-regulated Gpd1, down-regulated Fdh1, down-
regulated Fdh2, up-regulated AdhE, up-regulated pyruvate formate lyase, an up-regulated

pyruvate formate lyase-activating enzyme, and up-regulated-DUR/12.

182. The recombinant yeast of claim 181, wherein the DUR1/2 is driven by a TEF2

promoter.

183.  The recombinant yeast of claim 181, wherein the DUR1/2 is driven by an HXT7

promoter.

184. The recombinant yeast of claim 181, wherein the DUR1/2 is driven by a ADH1

promoter.

185. The recombinant yeast of claim 181, wherein the DUR1/2 is driven by an
HXT7/TEF2 promoter.

186. A recombinant yeast comprising: down-regulated Gpd1, down-regulated Gpd2, down-
regulated Fdh1, down-regulated Fdh2, down-regulated Ure2, up-regulated AdhE, up-
regulated pyruvate formate lyase, an up-regulated pyruvate formate lyase-activating enzyme,
GPD1 under the control of the GPD2 promoter, and GPD2 under the control of the GPD1

promoter.
187. The recombinant yeast of claim 186, further comprising an up-regulated DUR3.

188. The recombinant yeast of claim 186 or claim 187, further comprising an upregulated
DUR1/2.

189. The recombinant yeast of any one of claims 174 to 188, further comprising an up-
regulated GIn3.

190. A recombinant yeast comprising: down-regulated Gpd1, down-regulated Gpd2, down-
regulated Fdh1, down-regulated Fdh2, up-regulated AdhE, up-regulated pyruvate formate
lyase, an up-regulated pyruvate formate lyase-activating enzyme, up-regulated GDH2, GPD1
under the control of the GPD2 promoter, and GPD2 under the control of the GPD1 promoter.
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191. A composition comprising a recombinant yeast from any one of claims 1 to 190 and a

carbon-containing feedstock.

192. The composition of claim 191, wherein the feedstock is selected from the group
consisting of woody biomass, grasses, sugar-processing residues, municipal waste,

agricultural wastes and any combination thereof.

193. The composition of claim 192, wherein the feedstock comprises recycled wood pulp
fiber, sawdust, hardwood, softwood, rice straw, rice hulls, barley straw, corn cobs, cereal
straw, wheat straw, canola straw, oat straw, oat hulls, corn fiber, stover, succulents, agave,
cane bagasse, switchgrass, miscanthus, paper sludge, municipal waste or any combination
thereof.

194. A method of producing a fermentation product comprising;:
a. providing the composition of any one of claims 191 to 193;
b. contacting the composition with a carbon containing feedstock, wherein the
recombinant yeast is capable of fermenting the carbon containing feedstock to
yield the fermentation product; and,

c. optionally recovering the fermentation production.

195. A method of producing ethanol comprising:
a. providing the recombinant yeast of any one of claims 1 to 190;
b. culturing the recombinant yeast in the presence of a carbon containing feedstock
for sufficient time to produce ethanol; and, optionally,

¢. extracting the ethanol.

196. A method of reducing glycerol production comprising providing a recombinant yeast
of any one of claims 1 to 189, wherein the glycerol titer is from 10 to 100% less than the rate

compared to an otherwise identical yeast lacking the genetic modifications.

197. The method of claim 194 or 195, wherein the glycerol production is reduced as
compared to an otherwise identical yeast lacking the genetic modifications, and wherein the
ethanol titer increased by at least 1 to 10% when the recombinant yeast is cultured in the

presence of a carbon containing feedstock for a sufficient time to produce ethanol.
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198.  The method of any one of claims 194 to 197, wherein nitrogen is added to the culture

containing the recombinant yeast and the feedstock.

199. A co-culture comprising at least two host cells wherein
a. one of the host cells comprises a recombinant yeast from any one of claims 1 to
190; and,
b. another host cell that is genetically distinct from (a).

200. The co-culture of claim 199, wherein the genetically distinct host cell is a yeast or

bacterium.

201. The co-culture of claim 199 or claim 200, wherein the genetically distinct host cell is
any organism from the genus Saccharomyces, Issatchenkia, Pichia, Clavispora, Candida,
Hansenula, Kluyveromyces, Trichoderma, Thermoascus, Escherichia, Clostridium,

Caldicellulosiruptor, Zymomonas, Thermoanaerobacter or Thermoanaerobacterium.
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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

MAQ0425
17884bp

FIGURE 7




CA 02905133 2015-09-09

WO 2014/151318 PCT/US2014/025460

8/74
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

N crassa GDH2

PDC1 ter
X23321
ADH1 pro 23322
X23320 3' flank
X14961 X23319 X14966
X19724 \ 5’ flank ,X19725

MA0837
12458 bp
FIGURE 10
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MAO616
GDH2 marked deletion
MAO0616
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
ACT1 ter
AGTEF ter HSV-TDK
AGTEF pro HXT2 pro
X21124 X21125
X21127 21128
X21129 X21130
X21131 5' Flank 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

MAQ615
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 X20035

3 ﬂankl

E—

MAD0622.1
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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MAO582
MEP2 over expression at URE2 locus
MAQ0582
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
X20620

MAQ617
11754 bp

X20631

FIGURE 23

X20622 3" Flank

X20623
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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 \ DUR3 X16948
NN N

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
\

MAQ0434.2 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
TPi1pro-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 M
10449bp

EP2

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
X19551‘
X16508 ADH3 ter
FCY1 5" flank X19967
X21754 X19968
X16947 PMA1 ter DUR1 2

PCT/US2014/025460

HXT?7 pro

X19970

&19969

X16509

FCY 3' Flank
X18869

MA0454.14 with DUR1,2
24889bp

FIGURE 30

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

o
R

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
& \l B ad (

MAQ0464.3 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 iAP1 X16948

MA0464.4 with GAP1
10809bp

FIGURE 35
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MAO464.5
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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MAO467
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 3' Flank
X18869
X16948

FCY 5' Flank
X21754
X16947

P

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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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
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X21754 X18869
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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
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MAO467.4
GAP1 over expression at FCY1 locus
MAO0467.4 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 X 18847
X16508 X16509
FCY 5' Flank FCY 3' Flank
X21754 X18869
X16947 GAP1 X16948
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S. cerevisiae GDH2 over expression at FCY1 locus
MAO0881
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 ‘ ENOfter X19950
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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
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