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(57) ABSTRACT

The present disclosure describes novel bacterial strains which
express a pyruvate decarboxylase gene and at least one alco-
hol dehydrogenase gene from a bacteria of the genus
Zymomonas and also express a hemoglobin gene from a bac-
teria of the genus Vitreoscilla. The present disclosure further
describes methods for producing fermentation products with
a microorganism which expresses a pyruvate decarboxylase
gene and at least one alcohol dehydrogenase gene from a
bacteria of the genus Zymomonas and also express a hemo-
globin gene from a bacteria of the genus Vitreoscilla. Further
the present disclosure describes methods for increasing pro-
duction of a fermentation product comprising genetically
engineering a microorganism which expresses a xylose
isomerase gene to also express a hemoglobin gene from a
bacteria of the genus Vitreoscilla.
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Figure 3.

Xhot

Lac promoter

Figure 4.

Lane 1 2 3 4 5

1) A DNA — Hindlll digest

2} PCR pdc+adhb and vgb+TcR on
FBRS5/pTS3 DNA prep (clone 2a)

3) PCR pdc+adhb and vgh+TcR on
FBRS5/pTS3 DNA prep (clone 2b)

4} PCR of vgb+TcR on pTS3 {positive
control) and PCR of pdoc+adhb on
pLOI297 (positive control)

5) PCR of vgb+TcR on dH,0 (negative
control) and PCR of pdc+adhb on
dH20 (negative control)
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Figure 5.

Lane 1 2 3 4 5 6 7 8

1} A DNA — Hindlil digest

2) PCR pdct+adhb and vgb+TcR an
FBR5/pTS4 DNA prep (clone 3)

3) PCR pdc+adhb and vgb+TcR on
FBR5/pTS4 DNA prep (clone 5}

4) PCR pdc+adhb and vgb+Tcf on
FBRS5/pTS4 DNA prep (clone 6)

5) PCR pdc+adhb and vgb+Tc? on
FBR5/pTS4 DNA prep (clone 8)

6) PCR pdc+adhb and vgb+TcR on
FBR5/pTS4 DNA prep (clone 10)

7} PCR of vgb+TcR on pTS4 (positive
control) and PCR of pdetadhb on
pLOI297 (positive controf}

8) PCR of vgb+TcR on dH,0 (negative
control} and PCR of pdc+adhb on dH20
(negative control)

Figure 6.

1) A DNA- Hindlil digest
2) Xhol digest of pTS5
prepped from NZN111/pTS5
3} BamHli digest of pTS5
prepped from NZN111/pTS5
4} Psil digest of pTS5
prepped from NZN111/pTS5
5) PCR of pdctadhb on pTS5
prepped from NZN111/pTS5
6) PCR of pdctadhb on PCR Script Amp
pdctadhb (positive control)
7y PCRofvghonpTS5
prepped from NZN111/pTS5
8) PCRofvgbon pTS2
{positive control)
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Figure 9.
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INCREASED ETHANOL PRODUCTION BY
GENETIC ENGINEERING OF
MICROORGANISMS TO EXPRESS
HEMOGLOBIN

RELATED APPLICATIONS

This application is a continuation-in-part application of
U.S. application Ser. No. 14/340,129, filed on Jul. 24, 2014,
which issued as U.S. Pat. No. 9,045,779 on Jun. 2, 2015,
entitled “Increased Ethanol Production by Genetic Engineer-
ing of Microorganisms to Express Hemoglobin,” which is a
divisional application of U.S. application Ser. No. 13/098,
189, filed on Apr. 29, 2011, which issued as U.S. Pat. No.
8,790,911, on Jul. 29, 2014, entitled “Increased Ethanol Pro-
duction by Genetic Engineering of Microorganisms to
Express Hemoglobin,” which claims the benefit of U.S. Pro-
visional Application Ser. No. 61/329,796, filed on Apr. 30,
2010, entitled “Increased Ethanol Production by Genetic
Engineering of Bacteria to Express Hemoglobin,” each of
which are incorporated herein by reference in their entirety.

SEQUENCE LISTING

Incorporated by reference herein in its entirety is the
Sequence Listing entitled “Sequence-Listing.txt”, created
Aug. 8, 2013, size of 28 kilobytes.

FIELD OF THE INVENTION

The invention relates to the fields of microbiology and
genetic engineering. More specifically, the present disclosure
describes that expression of a hemoglobin gene from a bac-
teria of the genus Vitreoscilla was found to increase produc-
tion of fermentation products in microorganisms grown under
substantially anaerobic conditions.

BACKGROUND

The following description provides a summary of informa-
tion relevant to the present disclosure and is not a concession
that any of the information provided or publications refer-
enced herein is prior art to the claimed invention.

Production of fermentation products, including ethanol, by
microorganisms provides an alternative energy source to fos-
sil fuels and is therefore an important area of current research.

The pyruvate decarboxylase and alcohol dehydrogenase
enzymes of Zymomonas mobilis provide a more efficient
biochemical pathway for the production of ethanol in com-
parison to for example the pyruvate formate lyase pathway of
E. coli (FIG. 14). Dien, B. S., et al. “Bacteria engineered for
fuel ethanol production: current status.” Applied Microbiol-
ogy and Biotechnology 63 (2003): 258-266. The efficiency of
the pyruvate decarboxylase and alcohol dehydrogenase 11
biochemical pathway to ethanol results at least in part from
the necessary investment of only one NADH in the conver-
sion of pyruvate to ethanol whereas other ethanol pathways
such as the pyruvate formate lyase pathway require the invest-
ment of two NADH in the conversion of pyruvate to ethanol.

In the context of fermentation of the sugar xylose, ethanol
production efficiency may be gained by expression of the
enzyme xylose isomerase. Xylose is commonly fermented to
ethanol through the intermediate xylulose-5-phosphate
which is then fed into the pentose phosphate pathway. The
conversion of xylose to xylulose may be a less efficient two-
step conversion from xylose to xylitol then to xylulose or a
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2

more efficient one-step conversion, if xylose isomerase is
present, directly from xylose to xylulose.

Vitreoscilla is a genus of filamentous gram-negative bac-
teria found in freshwater sediments, stagnant ponds, cow
dung and decaying vegetable matter where oxygen availabil-
ity is low. Vitreoscilla C1 is an obligate aerobe which synthe-
sizes a soluble hemoglobin (VHb). VHb is a dimer of two
identical subunits each having a relative mass of 15.8 kDa and
abheme. VHbD is the best characterized member of the family
of bacterial hemoglobin proteins.

VHb has been expressed in Saccharomyces cerevisiae (S.
cerevisiae), baker’s yeast, and increased ethanol production
was demonstrated in comparison to non-VHb expressing
controls on synthetic dextrose medium supplemented with
0.1% glucose. Chen, W., et al. “Intracellular Expression of
Vitreoscilla Hemoglobin Alters the Aerobic Metabolism of
Saccharomyces cerevisiae.” Biotechnology Progress 10
(1994): 308-313. Also, the VHb expressing strain was shown
to grow to a lower cell culture density indicating a redirection
of carbon from biomass production to ethanol. The metabolic
changes to S. cerevisiae were attributed to changes in respi-
ration and addition of respiration inhibitor antimycin A was
shown to eliminate the effect of VHb on ethanol production.

VHb expression has been studied in E. coli from an iso-
propyl-f-D-thiogalactopyranoside (IPTG) inducible plasmid
for the resulting effects on metabolism under low oxygen
conditions in 0.4% glucose supplemented complex medium.
Tsai, P. et al. “Effect of Vitreoscilla Hemoglobin Dosage on
Microaerobic Escherichia coli Carbon and Energy Metabo-
lism.” Biotechnology and Bioengineering 49 (1996): 139-
150. It was found that increased concentrations of VHb (in-
duced by increased concentrations of IPTG) increased the
final cell culture density as measured by increases in the
grams dry cell weight per liter. However, it was found that
concentrations of ethanol were decreased monotonically with
increasing VHb dosage. According to this study, VHbD in E.
coli redirected carbon away from ethanol production toward
biomass production.

Most recently, VHb expression in S. cerevisiae was found
to increase ethanol production efficiency on yeast synthetic
complete media with 5% xylose. Ruohonen L., et al. “Expres-
sion of Vitreoscilla hemoglobin improves the metabolism of
xylose in recombinant yeast Saccharomyces cerevisiae under
low oxygen conditions.” Enzyme and Microbial Technology
39 (2006): 6-14. In both yeast and E. coli, xylose is metabo-
lized to ethanol via the pentose phosphate pathway (PPP).
The wild-type yeast pathway for preparation of xylose for
entry into PPP comprises a two-step reductive and oxidative
conversion of xylose to xylulose requiring the enzymes
xylose reductase and xylitol dehydrogenase. First xylose is
reduced to xylitol by xylose reductase with
NADPH—=NADP+ as cofactor, and second xylitol is oxidized
to xylulose by xylitol dehydrogenase with NAD+—=NADH as
cofactor. Inefficient xylose metabolism in yeast has been
attributed in part to the redox cofactor imbalance in pre-PPP
xylose preparation between the reduction of xylose, which
causes NADP+ accumulation, and the oxidation of xylitol,
which causes NADH accumulation. One of the consequences
of this imbalance is believed to be the build-up of xylitol, as
low oxygen conditions limit regeneration of NAD+. In the
study by Ruohonen, VHb expression was found to reduce
xylitol production by as much as 40% and increase ethanol
production by as much as 30%. The primary explanation for
these improvements proposed by the authors was that VHb
facilitated conversion of NADH to its oxidized form, NAD+,
thus driving xylose from the xylitol intermediate to xylulose
and thus facilitating entry of xylose into PPP.
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In contrast to wild-type yeast, wild-type E. coli convert
xylose to xylulose in one step with the enzyme xylose
isomerase. Consequently, xylose preparation for PPP in F.
coli does not have a redox cofactor imbalance and xylitol is
not an intermediate. If the primary explanation proposed by
the authors of the yeast VHb expression-xylose fermentation
study accounts for most of the increase in ethanol production,
then it would be expected that VHb would not similarly
increase ethanol production from E. coli xylose fermentation.

There remains a need to develop novel microorganisms and
methods which can increase the efficiency of the production
of fermentation products, such as ethanol.

SUMMARY

The present disclosure describes novel microorganisms
and methods for producing fermentation products with such
novel microorganisms. In particular, the disclosure describes
novel microorganisms which utilize a carbon source to pro-
duce a fermentation product wherein said microorganism
expresses a pyruvate decarboxylase gene (e.g. pdc) and at
least one alcohol dehydrogenase gene (e.g. adhb) from a
bacteria of the genus Zymomonas, and further wherein said
microorganism comprises at least one genetic modification
which provides for expression of a hemoglobin gene from a
bacteria of the genus Vitreoscilla. Said microorganism is a
prokaryote or eukaryote. In one embodiment, said microor-
ganism is a prokaryote. In an embodiment, said microorgan-
ism is a bacteria of a genus selected from the group consisting
of Escherichia and Zymomonas. In one embodiment, said
microorganism is a bacteria of the genus Escherichia. In an
embodiment, said microorganism is Escherichia coli. In
another embodiment, the microorganism is a bacteria of the
genus Zymomonas. In an embodiment, said microorganism is
Zymomonas mobilis. Said microorganisms have improved
fermentation performance compared to an essentially geneti-
cally identical microorganisms which lack at least one genetic
modification which provides for expression of a hemoglobin
gene from a bacteria of the genus Vitreoscilla. In an embodi-
ment, the expression of a hemoglobin gene from a bacteria of
the genus Vitreoscilla in said microorganism produces a con-
centration of intracellular hemoglobin greater than O and less
than about 125 nmoles per gram wet weight of cells. In
another embodiment, the expression of a hemoglobin gene
from a bacteria of the genus Vitreoscilla in said microorgan-
ism produces a concentration of intracellular hemoglobin
greater than 0 and less than about 100 nmoles per gram wet
weight of cells. In an embodiment, the expression of a hemo-
globin gene from a bacteria of the genus Vitreoscilla in said
microorganism produces a concentration of intracellular
hemoglobin greater than 0 and less than about 75 nmoles per
gram wet weight of cells.

In addition, the present disclosure describes a method for
producing a fermentation product comprising: a) providing a
microorganism which utilizes a carbon source to produce a
fermentation product wherein said microorganism expresses
apyruvate decarboxylase gene and at least one alcohol dehy-
drogenase gene from a bacteria of the genus Zymomonas; b)
modifying the genetics of said microorganism wherein said
modifying comprises at least one genetic modification which
provides for expression of a hemoglobin gene from a bacteria
of the genus Vitreoscilla; and c) contacting the genetically
modified microorganism of step b) with at least one carbon
source under substantially anaerobic conditions. Said micro-
organism of the method for producing a fermentation product
is a prokaryote or eukaryote. In an embodiment, said micro-
organism is a prokaryote. In one embodiment, said microor-
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ganism is a bacteria of a genus selected from the group con-
sisting of Escherichia and Zymomonas. In one embodiment,
said method for producing a fermentation product wherein
the fermentation product is ethanol. In an embodiment, said
method for producing a fermentation product wherein the at
least one carbon source is selected from the group consisting
of glucose and xylose. In one embodiment, said method for
producing a fermentation product wherein the expression of a
hemoglobin gene from a bacteria of the genus Vitreoscilla
produces a concentration of intracellular hemoglobin in said
microorganism greater than 0 and less than about 125 nmoles
per gram wet weight of cells. In an embodiment, said method
for producing a fermentation product wherein the expression
ofahemoglobin gene from a bacteria of the genus Vitreoscilla
produces a concentration of intracellular hemoglobin in said
microorganism greater than 0 and less than about 100 nmoles
per gram wet weight of cells. In one embodiment, said
method for producing a fermentation product wherein the
expression of a hemoglobin gene from a bacteria of the genus
Vitreoscilla produces a concentration of intracellular hemo-
globin in said microorganism greater than O and less than
about 75 nmoles per gram wet weight of cells.

Further, the disclosure describes a method for increasing
production of a fermentation product comprising: a) provid-
ing a microorganism which utilizes a carbon source compris-
ing xylose to produce a fermentation product wherein said
microorganism expresses at least one xylose isomerase gene;
b) modifying the genetics of said microorganism wherein said
modifying comprises at least one genetic modification which
provides for expression of a hemoglobin gene from a bacteria
of the genus Vitreoscilla; and c) contacting the genetically
modified microorganism of step b) with at least one carbon
source comprising xylose under substantially anaerobic con-
ditions wherein production of the fermentation product is
increased compared to fermentation under equivalent condi-
tions with an essentially genetically identical microorganism
which lacks at least one genetic modification which provides
for expression of a hemoglobin gene from a bacteria of the
genus Vitreoscilla. In one embodiment, said method for
increasing production of a fermentation product wherein the
fermentation product is ethanol. Said microorganism of the
method for increasing production of'a fermentation product is
a prokaryote or eukaryote. In an embodiment, said microor-
ganism is a prokaryote. In an embodiment, said microorgan-
ism is a bacteria of the genus Escherichia. In one embodi-
ment, said method for increasing production of a
fermentation product wherein the expression of a hemoglobin
gene from a bacteria of the genus Vitreoscilla produces a
concentration of intracellular hemoglobin in said microor-
ganism greater than 0 and less than about 125 nmoles per
gram wet weight of cells. In an embodiment, said method for
increasing production of a fermentation product wherein the
expression of a hemoglobin gene from a bacteria of the genus
Vitreoscilla produces a concentration of intracellular hemo-
globin in said microorganism greater than O and less than
about 100 nmoles per gram wet weight of cells. In one
embodiment, said method for increasing production of a fer-
mentation product wherein the expression of a hemoglobin
gene from a bacteria of the genus Vitreoscilla produces a
concentration of intracellular hemoglobin in said microor-
ganism greater than 0 and less than about 75 nmoles per gram
wet weight of cells. In an embodiment, said method for
increasing production of a fermentation product wherein the
carbon source is derived from cellulosic biomass.

In one embodiment, the present disclosure describes
microorganisms which are bacteria of the genus Escherichia
wherein the genes pyruvate decarboxylase (pdc) and alcohol
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dehydrogenase II (adhb) from a bacteria of the genus
Zymomonas are heterologously expressed in the microorgan-
isms. The expression of pdc and adhb is provided by insertion
of one or both of such genes into the chromosome of the
bacteria of the genus Escherichia or is provided for by pres-
ence of one or both such genes on an plasmid. The expression
of'ahemoglobin gene from a bacteria of the genus Vitreoscilla
is provided by insertion of such hemoglobin gene into the
chromosome of the bacteria of the genus Escherichia, is
provided for on an plasmid which is the same plasmid carry-
ing pdc and/or adhb or is provided on a plasmid which does
not carry either pdc or adhb.

In another embodiment, the present disclosure describes
the microorganism is a bacteria of the genus Zymomonas
which has endogenous expression of at least one pyruvate
decarboxylase and at least one alcohol dehydrogenase gene
wherein a hemoglobin gene from a bacteria of the genus
Vitreoscilla is provided by insertion of such hemoglobin gene
into the chromosome of such microorganism or is provided
on a plasmid.

In another embodiment, the present disclosure describes a
microorganism which utilizes a carbon source comprising
xylose to produce a fermentation product wherein said micro-
organism expresses a xylose isomerase enzyme and said
microorganism is genetically modified such that a hemoglo-
bin gene from a bacteria of the genus Vitreoscilla is provided
by insertion of such hemoglobin gene into the chromosome of
such microorganism or is provided on a plasmid. The xylose
isomerase gene may be endogenously expressed or heterolo-
gously expressed. The xylose isomerase gene may be a wild-
type gene, a mutated gene or a purposefully modified gene. In
one embodiment, said microorganism produces a concentra-
tion of intracellular hemoglobin greater than 0 and less than
about 125 nmoles per gram wet weight of cells. In an embodi-
ment, said microorganism produces a concentration of intra-
cellular hemoglobin greater than 0 and less than about 100
nmoles per gram wet weight of cells. In one embodiment, said
microorganism produces a concentration of intracellular
hemoglobin or greater than 0 and less than about 75 nmoles
per gram wet weight of cells.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 illustrates a diagram of novel plasmid pTS3 which
carries the Vitreoscilla hemoglobin gene (vgb) on a broad
host range, relatively low copy number plasmid (in compari-
son to for example pUC plasmids), pKT230.

FIG. 2 illustrates a diagram of novel plasmid pTS4 which
carries the Vitreoscilla hemoglobin gene (vgb) on a broad
host range plasmid, pPBBR1-MCS #5.

FIG. 3 illustrates a diagram of novel plasmid pTSS which
carries the pyruvate decarboxylase (pdc) and alcohol dehy-
drogenase II (adhb) genes from Zymomonas mobilis and the
Vitreoscilla hemoglobin gene (vgb).

FIG. 4 illustrates a gel confirming development of novel £.
coli strain FBRS5/pTS3 with two stable plasmids: (1)
pLOI297 (which carries pdc and adhb) and (2) pTS3. DNA
from each clone was separately PCR amplified for pdc+adhb
in one reaction and vgb+TcR in another reaction (tetracycline
resistance was used to select for clones with vgb). PCR prod-
ucts for each clone were combined.

FIG. 5 illustrates a gel confirming development of novel £.
coli strain FBRS5/pTS4 with two stable plasmids: (1)
pLOI297 (which carries pdc and adhb) and (2) pTS4. DNA
from each clone was separately PCR amplified for pdc+adhb
in one reaction and vgb+TcR in another reaction. PCR prod-
ucts for each clone were combined.
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FIG. 6 illustrates a gel confirming development of novel £.
coli strain FBR5/pTS5 (pdc, adhb and vgb all on one plasmid)
by restriction endonuclease digestion with Xhol, BamHI, and
Pstl as well as PCR of the Vitreoscilla hemoglobin gene (vgb)
and pyruvate decarboxylase (pdc)+alcohol dehydrogenase B
(adhb) cassette.

FIG. 7 illustrates a graph which consolidates data from
carbon monoxide difference spectra (used for VHb protein
expression measurement) which indicated that each strain of
ethanol producing E. coli expressing VHb ((1) FBR5/pTS3,
(2) FBRS5/pTS4 and (3) NZN111/pTS5) produced difterent
concentrations of VHb on phosphate buffered LB enriched
with 8% (w/v) sugar (aerobic conditions with antibiotics at
early stationary phase; measured in nmoles VHb/g wet
weight of cells). n equals between 4 and 7; standard devia-
tions indicated.

FIG. 8 illustrates a graph which provides data from carbon
monoxide difference spectra which indicated that under
microaerobic conditions with antibiotics that ethanol produc-
ing E. coli expressing VHb, FBR5/pTS3 and FBR5/pTS4,
produced different concentrations of VHb on phosphate buff-
ered LB enriched with 8% (w/v) sugar; measured in nmoles
VHb/g wet weight of cells.

FIG. 9illustrates a graph of consolidated ethanol assay data
([EtOH] on LB with 8% (w/v) glucose, under microaerobic
conditions with antibiotics) which shows that at the 44-47
hour time point the strain FBR5/pTS3 (referred to in the graph
as just “pTS3”) exceeded the ethanol concentration produced
by the FBRS control, which lacked vgb, by 15% (t-test
P-value 0.68% —i.e. approximately 99% confidence). n
equals 3; standard deviations indicated.

FIG. 10 illustrates a graph of consolidated ethanol assay
data (JEtOH] on LB with 8% (w/v) xylose, microaerobic
conditions, no antibiotics) which shows that at the 18-22 hour
time point the strain FBR5/pTS3 (referred to in the graph as
just“pTS3”) exceeded the ethanol concentration produced by
the FBRS control, which lacked vgb, by 138% (t-test P-value
1.52%—i.e. approximately 98% confidence). n equals 3;
standard deviations indicated.

FIG. 11 illustrates a graph of consolidated ethanol assay
data (JEtOH] on LB with 8% (w/v) xylose, microaerobic
conditions, no antibiotics) which shows that at the 44-47 hour
time point the strain FBR5/pTS3 (referred to in the graph as
just“pTS3”) exceeded the ethanol concentration produced by
the FBRS control, which lacked vgb, by 119% (t-test P-value
1.16%—i.e. approximately 99% confidence). n equals 3;
standard deviations indicated.

FIG. 12 illustrates a graph of ethanol assay data divided by
optical density of cultures (600 nm) indicates that at the 44-47
hour time point FBRS5/pTS3 (referred to in the graph as just
“pTS3”) produced a 31% higher (t-test P-value 8.07%—i.e.
approximately 92% confidence) concentration of ethanol per
unit measure of cell biomass than the FBR5 control on LB
with 8% (w/v) glucose. n equals 3; standard deviations indi-
cated. This graph indicates more efficient production of etha-
nol on a cell mass basis (i.e. a gram of cells with vgb expres-
sion produce more ethanol than a gram of control cells).

FIG. 13 illustrates a graph of ethanol assay data divided by
optical density of cultures (600 nm) indicates that at the 44-47
hour time point FBRS5/pTS3 (referred to in the graph as just
“pTS3”) produced a 44% higher (t-test P-value 2.04%—i.e.
approximately 98% confidence) concentration of ethanol per
unit measure of cell biomass than the FBR5 control on LB
with 8% xylose. n equals 3; standard deviations indicated.
This graph also indicates more efficient production of ethanol
on a cell mass basis (i.e. a gram of cells with vgb expression
produce more ethanol than a gram of control cells).
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FIG. 14 illustrates the microaerobic pathways knocked out
in E. coli strain NZN111 causing NZN111 to be unable to
grow microaerobically because the lactate dehydrogenase
(1dh) and pyruvate formate lyase (pfl) enzymes have been
knocked out resulting in inability to reduce pyruvate via fer-
mentation and regenerate NAD™. Heavy bars indicate knock
out of pathway.

DETAILED DESCRIPTION

The practice of the invention disclosed herein employs,
unless otherwise indicated, conventional methods of micro-
biology, molecular biology, and recombinant DNA tech-
niques within the level of skill in the art. Such techniques are
explained fully in the literature. See, e.g., (Sambrook, J., and
D. W. Russell. Molecular Cloning: A Laboratory Manual. 3
ed. Cold Spring Harbor, New York: Cold Spring Harbor
Laboratory Press, 2001.

All publications, published patent documents, and patent
applications cited in this specification are indicative of the
level of skill in the art(s) to which the invention pertains. All
publications, published patent documents, and patent appli-
cations cited herein are hereby incorporated by reference to
the same extent as though each individual publication, pub-
lished patent document, or patent application was specifically
and individually indicated as being incorporated by refer-
ence.

As used in this specification, including the appended
claims, the singular forms “a,” “an,” and “the” include plural
references, unless the content clearly dictates otherwise, and
are used interchangeably with “at least one” and “one or
more.”

Asusedherein, the term “about” represents an insignificant
modification or variation of the numerical values such that the
basic function of the item to which the numerical value relates
is unchanged.

As used herein, the terms “comprises,” “comprising,”
“includes,” “including,” “contains,” “containing,” and any
variations thereof, are intended to cover a non-exclusive
inclusion, such that a process, method, product-by-process,
or composition of matter that comprises, includes, or contains
an element or list of elements does not include only those
elements but may include other elements not expressly listed
or inherent to such process, method, product-by-process, or
composition of matter.

As used herein, the term “gene” refers to a nucleic acid
fragment that expresses a specific protein, which may include
regulatory sequences preceding (5' non-coding sequences)
and following (3' non-coding sequences) the coding
sequence.

As used herein, the term “expression” refers to the tran-
scription and stable accumulation of sense (mRNA) or anti-
sense RNA derived from a gene. Expression may also refer to
translation of mRNA into a polypeptide.

As used herein, the term “fermentation product” includes
for instance ethanol, glycerol, acetone, n-butanol, butanediol,
isopropanol, butyric acid, methane, citric acid, fumaric acid,
lactic acid, propionic acid, succinic acid, itaconic acid, acetic
acid, acetaldehyde, 3-hydroxypropionic acid, glyconic acid,
tartaric acid and amino acids such as L-glutaric acid,
L-lysine, L-aspartic acid, L-tryptophan, L-arylglycines or
salts of any of these acids.

As used herein, the term “microorganism” has its conven-
tional meaning in the art and includes bacteria, protozoa,
yeasts, molds, and viruses.

As used herein, the term “substantially anaerobic” or
“microaerobic” has its conventional meaning in the art and
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includes low oxygen conditions under which fermentative
metabolism is favored over aerobic metabolism.

As used herein, the term “substantially genetically identi-
cal” refers to a level of genetic identity greater than about
95%.

As used herein, the term “carbon source” has its conven-
tional meaning in the art and includes a nutrient comprising at
least one carbon molecule. Examples include but are not
limited to glucose, xylose, galactose, fructose, mannose, ara-
binose, and the like.

Asusedherein, the term “messenger RNA (mRNA)” refers
to the RNA that is without introns and that can be translated
into protein by the cell.

As used herein, the term “genetic modification” refers to
the introduction of one or more heterologous nucleic acid
sequences into one or more cells, to provide for expression of
a gene or protein of interest.

Asused here, the term “transformation”, refers to the trans-
fer of a nucleic acid fragment into a host organism, resulting
in genetically stable inheritance. The transferred nucleic acid
may be in the form of a plasmid maintained in the host cell, or
some transferred nucleic acid may be integrated into the
genome of the host cell. Host organisms containing the trans-
formed nucleic acid fragments are referred to as “transgenic”
or “recombinant” or “transformed” organisms as well as
“transformants”.

As used herein, the terms “plasmid” and “vector”, refer to
an extra chromosomal element often carrying genes which
are not part of the central metabolism of the cell, and usually
in the form of circular double-stranded DNA molecules. Such
elements may be autonomously replicating sequences,
genome integrating sequences, phage or nucleotide
sequences, linear or circular, 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
unique construction which is capable of introducing a pro-
moter fragment and DNA sequence for a selected gene prod-
uct along with appropriate 3' untranslated sequence into a
cell.

As used herein, the term “lignocellulosic” refers to a com-
position comprising both lignin and cellulose. Lignocellu-
losic material may also comprise hemicellulose.

As used herein, the term “cellulosic” refers to a composi-
tion comprising cellulose and additional components, includ-
ing hemicellulose.

As used herein, the term “biomass” refers to any cellulosic
or lignocellulosic material and includes materials comprising
cellulose, and optionally further comprising hemicellulose,
lignin, starch, polysaccharides, oligosaccharides and/or
monosaccharides. Biomass may also comprise additional
components, such as protein and/or lipid. Biomass may be
derived from a single source, or biomass can comprise a
mixture derived from more than one source; for example,
biomass could comprise a mixture of corn cobs and corn
stover or fiber, or a mixture of grass and leaves. Biomass
includes, but is not limited to, bioenergy crops, agricultural
residues, municipal solid waste, industrial solid waste, sludge
from paper manufacture, yard waste, wood and forestry
waste. Examples of biomass include, but are not limited to,
corn grain, corn cobs, crop residues such as corn husks, corn
stover, corn fiber, grasses, wheat, wheat straw, barley, barley
straw, hay, rice straw, switchgrass, waste paper, sugar cane
bagasse, sorghum, soy, components obtained from milling of
grains, trees, branches, roots, leaves, wood chips, sawdust,
shrubs and bushes, vegetables, fruits, flowers and animal
manure.
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This disclosure describes increased fermentation product
production in general, and increased ethanol production in
particular, from fermentation of a carbon source, such as
glucose orxylose, by genetically engineering ethanol produc-
ing microorganisms to express a hemoglobin from a bacteria
of the genus Vitreoscilla.

In one embodiment, E. coli strain FBRS was genetically
engineered to express Vitreoscilla hemoglobin (VHb). FBRS
is an industrially significant ethanol producing F. coli strain
because it harbors plasmid pLOI297 (FBRS is E. coli strain
NZN111 plus pLOI297) with the pdc and adhb of Z. mobilis,
providing a more efficient ethanol pathway, as well as having
knockouts of 1dh (gene for lactate dehydrogenase) and pfl
(gene for pyruvate formate lyase), impeding formation of the
undesirable fermentation products lactate and acetate (FIG.
14). The VHb gene, vgb, was maintained under the control of
the native oxygen sensitive Vitreoscilla promoter and pdc and
adhb were both under control of the lac promoter.

Three novel strains of . coli were developed to test the
effects of VHb on ethanol production.

In two of the strains, vgb was expressed on a second plas-
mid, in addition to pLOI297. The plasmid of FBRS, pL.LOI297,
carrying pdc and adhb is a pUC18 based plasmid. Ingram, L.
O., et al. “Genetic Engineering of Fthanol Production in
Escherichia coli.” Applied and Environmental Microbiology
53.10 (1987): 2420-2425. pUC based plasmids are derived
from ColE1 plasmids and have negative feedback control of
replication initiation and thus incompatibility with other
ColE1 plasmids. Consequently, it is generally not possible to
stably propagate two plasmids of the same incompatibility
group (e.g. two pUC plasmids) in the same cell. However,
plasmids from different incompatibility groups, i.e. having
different origins of replication, can stably propagate in the
same cell. Lengeler, . W., et al. Biology of the Prokaryotes.
New York, N.Y.: Blackwell Science, 1999.

Thus, the ability of plasmids from different incompatibility
groups to co-exist within the same cell was used to develop
two of the three novel E. coli strains. Strain FBRS5/pTS3 was
developed by introduction of novel plasmid pTS3 (FIG. 1)
into strain FBRS while preventing the rejection of plasmid
pLOI297. Plasmid pTS3 was constructed by inserting the
Vitreoscilla hemoglobin gene, vgb, into plasmid pKT230.
Plasmid pKT230 has two origins of replication each of which
is in a different incompatibility group than ColE1 plasmids.
Bagdasarian M., et al. “Specific-purpose plasmid cloning
vectors: II. Broad host range, high copy number, RSF1010-
derived vectors, and a host vector system for gene cloning in
Pseudomonas.” Gene 16 (1981): 237-247. pKT230 is com-
posed of plasmid pACYC177 ligated with plasmid RSF1010.
RSF1010 belongs to the IncQ incompatibility group and
pACYC177 contains the replication system of miniplasmid
P15A. Chang, A. C.Y. and Cohen, S. N., “Construction and
Characterization of Amplifiable Multicopy DNA Cloning
Vehicles Derived from P15A Cryptic Miniplasmid.” Journal
of Bacteriology 134.3 (1978): 1141-1156.

Strain FBR5/pTS4 was developed by introduction of novel
plasmid pTS4 (FIG. 2) into strain FBRS together with
pLOI1297. Plasmid pTS4 was constructed by insertion of vgb
into plasmid pBBR1MCS-5. Plasmid pBBRIMCS-5 has an
origin of replication that is compatible with ColE1 plasmids.
Kovach, M. E., et al. “Four new derivatives of the broad-host-
range cloning vector pPBBR1MCS carrying different antibi-
otic-resistance cassettes.” Gene 166 (1995): 175-176.

The third novel E. coli strain was developed by combining
all three genes of interest, pdc, adhb and vgb, into one novel
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plasmid (pTS5), curing FBRS of the pLLOI297 plasmid to
produce strain NZN111 and introducing pTSS into strain
NZN111.

After the three novel ethanol producing strains were devel-
oped: (1) FBR5/pTS3, (2) FBR5/pTS4 and (3) NZN111/
pTSS5, the cell physiology of these strains was studied. Data
collection focused on Vitreoscilla hemoglobin (VHb) pro-
duction and ethanol production under different growth con-
ditions.

The VHb expression level of FBRS/pTS3, the lowest VHb
expression of the novel strains, was approximately twice the
normal induced level in Vitreoscilla. Geckil, H., et al.
“Enhanced production of acetoin and butanediol in recombi-
nant Enterobacter aerogens carrying Vitreoscillahemoglobin
gene.” Bioprocess and Biosystem Engineering 26 (2004):
325-330. Of the three novel strains, only NZN111/pTSS5
expressed VHD at levels as high as those commonly seen for
plasmids in E. coli with the VHb gene, vgb, controlled by the
native promoter and FBR5/pTS4 expressed VHb at about half
of commonly seen levels. Dikshit, K. L., D. A. Webster.
“Cloning, characterization and expression of the bacterial
globin gene from Vitreoscilla in Escherichia coli.” Gene 70
(1988): 377-386. Fish, P. A, et al., “Vitreoscilla hemoglobin
enhances the first step in 2,4-dinitrotoluene degradation in
vitro and at low aeration in vivo.” Journal of Molecular
Catalysis B: Enzymatic 9 (2000): 75-82.

Inthe study by Tsaietal. 1996, where VHb expression in £.
coli from an IPTG inducible plasmid under microaerobic
conditions was found to reduce ethanol production monotoni-
cally with increasing VHb concentrations including the low-
est VHb concentration tested. The lowest VHb expression
level tested was 500 nmoles/gram dry cell weight or approxi-
mately 125 nmoles/gram wet cell weight. Tsai, P. S., et al.
“Effect of Vitreoscilla Hemoglobin Dosage on Microaerobic
Escherichia coli Carbon and Energy Metabolism.” Biotech-
nology and Bioengineering 49 (1996): 139-150. This expres-
sion level was comparable to the expression level of FBRS/
pTS4 under microaerobic conditions while the expression
level of FBRS5/pTS3 under microaerobic conditions was
approximately half of the lowest level of VHb expression
tested by Tsai et al. (FIG. 8).

Thus, the study of Tsai et al. teaches away from VHb
expression for increased ethanol production, particularly in
E. coli which produce ethanol with the wild-type ethanol
pathway. However, it has been surprisingly found that lower
levels of VHb expression than those tested by Tsai et al.
actually increase ethanol production.

The results indicate that a relatively low level of VHb
expression is beneficial to ethanol production, even under the
selective pressure of additional antibiotics and even at the
metabolic cost of maintaining additional plasmid DNA. For
example, FBR5/pTS3 produced 15% higher ethanol concen-
tration (v/v) on buffered LB enriched with 8% (w/v) glucose
under microaerobic conditions with antibiotics and
119-138% higher ethanol concentration (v/v) on buffered LB
enriched with 8% (w/v) xylose under microaerobic condi-
tions without antibiotics.

EXAMPLES

The following examples are provided for illustrative pur-
poses only and are not intended to limit the scope of the
invention as defined in the appended claims.
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Example 1

Development of Novel Strains Expressing a Pyruvate
Decarboxylase and a Alcohol Dehydrogenase from a
Bacteria of the Genus Zymomonas; a Xylose
Isomerase Enzyme; and a Hemoglobin Gene from a
Bacteria of the Genus Vitreoscilla

A. Cloning Methods Utilized

Polymerase chain reactions were separately performed
using two polymerase mixtures. For cloning purposes, TcR
(tetracycline resistance) was PCR amplified from plasmid
pBR322 using JumpStart ReadyMix Taq (Sigma-Aldrich
Catalog #P2893). Taq ReadyMix was also used for diagnostic
purposes to detect for the presence of particular plasmid or
gene in cells. All other PCR amplification for cloning was
performed with the Phusion High-Fidelity PCR Kit (New
England BioLabs Catalog #F-5535).

All primers for PCR amplification were obtained from
Integrated DNA Technologies (Coralville, lowa) and the fol-
lowing primers were used for each amplification: (1) vgb with
Pstl ends was PCR amplified from pUC8:16 Primer 1—(SEQ
ID NO: 11) 5'-AAA CTG CAG GTT AAA AGT ATT TGA
GTT TTG ATG TGG A-3' and Primer 2—(SEQ ID NO: 12)
5'-CCA ATG CAT TGG TTC TGC AGG TGT AAA TAT
CAGACG TAA AAA GAC CA-3" (2) TcR with EcoRI ends
was PCR amplified from pBR322 using Primer 1—(SEQ ID
NO: 13) 5'-AAAACT GCA GAAAACCCG GGCTCTTCC
TTTTTC AAT ATT ATT GAA GCA-3' and Primer 2—(SEQ
ID NO: 14) 5'-TGC ATT GGC TGC AGT TTC CCG GGT
TTT TGA ATT CAT ATG TTC TGC CAA GGG TTG GTT
TG-3"; (3) TcR with HindIIl ends and point mutation was
PCR amplified from pBR322 using Primer 1—(SEQ ID NO:
15)5'-CCC AAG CTT TTG ACA GCT TAT CAT CGA TAA
GCT ATA ATG CGG TAG TTT ATC AC-3' and Primer
2—(SEQIDNO: 16) 5'-CCCAAG CTTATATGT TCT GCC
AAGGGTTGGTTT G-3"; (4) vgb+TcR cassette with EcoRI
ends was PCR amplified from pTS2 using Primer 1—(SEQ
ID NO: 17) 5'-GGC GAA TTC CTG CAA GGC GAT TAA
GTT GG-3' and Primer 2—(SEQ ID NO: 18) 5-GGC GAA
TTC CAA GGC ACA CCT GAA GAC G-3% (5) pde+adhb
cassette with BamHI ends was PCR amplified from pLLO1297
using Primer 1—(SEQ ID NO: 19) 5'-AAA GGA TCC GCG
CAA CGT AAT TAA TGT GAG TT-3' and Primer 2—(SEQ
ID NO: 20) 5-TTT GGA TCC CCA AAT GGC AAA TTA
TT-3"; and (6) vgb+TcR cassette with Xhol ends was PCR
amplified from pTS2 using Primer 1—(SEQ ID NO: 21)
5'-GGC CTC GAG CTG CAA GGC GAT TAA GTT GG-3'
and Primer 2—(SEQ ID NO: 22) 5'-GGC CTC GAG CAA
GGC ACA CCT GAA GAC G-3".

PCR amplification cycles were the following: (1) vgb with
Pstl ends PCR amplified from pUCS:16 [step 1—94° C. for 5
minutes, step 2—94° C. for 30 seconds, step 3—59° C. for 30
seconds, step 4—72° C. for 1 minute and 15 seconds, step
5—72° C. for 5 minutes and step 6—held at 4° C.; amplifi-
cation cycle (steps 2-4) repeated 30 times]; (2) TcR with
EcoRI ends was PCR amplified from pBR322 using the same
cycle as for vgb with Pstl ends, including annealing tempera-
ture, except elongation step 4—72° C. for 2 minutes; (3) TcR
with HindIIl ends and point mutation was PCR amplified
from pBR322 again using the same cycle for vgb with Pstl
ends, except a temperature gradient for annealing tempera-
tures was used between 57.7° C. and 61.6° C. where all
temperatures worked and elongation step 4—72° C. for 2
minutes (4) vgb+TcR cassette with EcoRI ends was PCR
amplified from pTS2 using Phusion polymerase [step 1—98°
C. for 30 seconds, step 2—98° C. for 10 seconds, step 3—55°
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C. for 30 seconds, step 4—72° C. for 1 minute and 30 sec-
onds, step 5—72° C. for 5 minutes and step 6—held at 4° C.;
amplification cycle (steps 2-4) repeated 35 times]; (5) pde+
adhb cassette with BamHI ends was PCR amplified from
pLOI297 using Phusion polymerase and the same cycle as
amplicon 4 except a temperature gradient for annealing tem-
peratures was used between 50° C. and 70° C. where all
temperatures worked and elongation step 4—72° C. for 2
minutes; and (6) vgb+TcR cassette with Xhol ends was PCR
amplified from pTS2 using Phusion polymerase and same
cycle as for the vgb+TcR cassette with EcoRI ends.

All PCR reactions were run in a MJ Research PTC-200
Peltier Thermal Cycler. Excluding use of the PCR-Script
Amp system, before enzymatic digestion, all PCR products
were cleaned with QIAquick PCR Purification kit (Qiagen
Catalog #28104).

DNA gel electrophoresis was done using 1% agarose gels
(35 ml of either 1xTAE or 0.5xTBE buffer prepared as
described in Sambrook 2001 (Sambrook, J., and D. W. Rus-
sell. Molecular Cloning: A Laboratory Manual. 37 ed. Cold
Spring Harbor, New York: Cold Spring Harbor Laboratory
Press, 2001) and 0.35 g of electrophoresis grade agarose
(Amresco Catalog #0710-500G) with 1:10,000 dilution of gel
stain GelRed (Biotium Catalog #41003). Agarose weights
were measured using a Denver Instruments APX-60 balance.
Gels were run in a horizontal gel box (similar to an Owl
Separation Systems Model B1) with a power supply (VWR
Scientific Model VWR 105) set at 130 V. All ladders used
were HindIII restriction endonuclease digestions of A-DNA.

All endonuclease digestions were performed using New
England BiolLabs enzymes and buffers. Reactions were incu-
bated in an incubator (VWR Scientific Model VWR1530) at
37° C. for a minimum of 1 hour to as long as overnight.

For all ligation reactions, except the cloning of pTS1 and
pTS3, all digested DNA was extracted from gels before
preparation of ligation reactions. For pTS3, the insert was gel
extracted, but pKT230 was too large (12 kb) to gel extract
because it could not be removed from beads due to exces-
sively tight binding. All gel extractions were performed using
the Qiaex Il system (Qiagen Catalog #20021). The sole devia-
tion from the standard protocol was that DNA was heated to
60° C. for ten minutes in order to elute from beads.

All ligations, other than PCR-Script Amp ligations, were
incubated overnight at between 4° C. and 16° C. using T4
DNA ligase from New England Biolabs (Catalog
#M0202S). Total concentration of DNA in ligations (vector+
insert) was approximately 10 ng/ul, generally 100 ngin 10 pl
ligation reactions. Insert to plasmid molar ratios were
approximately 7:1.

Plasmids were prepped according to three primary proto-
cols (1) Qiagen QlAprep Spin Miniprep Kit (Catalog
#27104), (2) Promega PureYield Plasmid Midiprep System
(Catalog #A2492) and (3) alkaline lysis (Sambrook 2001).

For pTS3, pTS4 and pTSS, PCR products were prepared
for insertion by ligation into intermediate plasmid PCR-
Script Amp. The Stratagene PCR-Script Amp cloning kit
(Catalog #211188) was used. All reactions were performed at
half volume to extend kit life. Also the competent cells pro-
vided by the kit were not used because they were found to
exhibit a high degree of tetracycline antibiotic resistance.

Chemical competent and electro-competent cells were pre-
pared according to the protocol of Sambrook 2001. It was
found that electrocompetent cells had a very short shelf-life at
-80° C. NEB 5-alpha electrocompetent E. co/i were used for
several transformations and found to have a much longer shelf
life at -80° C. (New England Biolabs Catalog #C2989K).
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All heat shock transformations were carried out as
described in Sambrook 2001. When tetracycline selection
was used, heat shock was the necessary procedure because
electroporation has low efficiency. Steele, C., S. Zhang, and
E. J. Shillitoe. “Effect of Different Antibiotics on Efficiency
of Transformation of Bacteria by Electroporation.” BioTech-
niques 17.2 (1994): 360-365. Electroporation was done using
a BTX Electro Square Porator ECM830 and BTX 1 mm gap
cuvettes. The settings used were 500V and pulse length of 17
ms.

Working antibiotic concentrations for ampicillin (Amp),
kanamycin (Km), streptomycin (Sm), gentamicin (Gm) and
tetracycline (Tc) were 100 ng/ml, 50 pg/ml, 50 pg/ml, 5 png/ml
and 25 pg/ml, respectively, throughout the experiments.
Stock solutions were prepared in sterile dH20 of (1) Amp-
sodium salt of 25 mg/ml, (2) Km 10 mg/ml, (3) Sm-sulfate 10
mg/ml, and Gm 10 mg/ml. The stock solution for Tc was 5
mg/ml in 50% dH20 and 50% EtOH.

All plates used for FBRS and derivative strains had LB,
appropriate antibiotics and were supplemented with 8% (w/v)
xylose (D-xylose Sigma-Aldrich X1500). Selection and
maintenance plates were used as follows: FBRS on LB/Amp,
FBR5/pTS3 on LB/Amp/Sm, FBR5/pTS4 on LB/Amp/Gm,
NZN111 on LB/Km, pTS5/NZN111 on LB/Amp and both
DHS5a/pTS1 and DHS5a/pTS2 on LB/Tc.

Blue white screening for -galactosidase activity was done
on LB/antibiotic plates to which 100 pl pool of LB had been
added and into which 100 pl of 2% X-gal (in dimethylforma-
mide) and 100 pl of 10 mM IPTG (in sterile dH20) were
added. This mixture was distributed evenly across the surface
of the plate and allowed to soak into plates for 30 minutes.

B. Development of Novel Plasmids and Novel Strains

A strategy was developed to clone TcR (tetracycline resis-
tance gene) from plasmid pBR322 into the HindIII site of vgb
containing plasmid pUC8:16 (HindIII sites lies adjacent to
vgb). The primary challenge encountered was that a HindIII
site existed in the =10 sequence of the promoter of TcR of
pBR322. In response, primers were designed to amplify TcR
with a one base pair mismatch creating a point mutation to
knockout the HindIII site and enhance the —10 sequence of
the promoter by changing it from TTTAAT to the consensus
sequence TATAAT. The point mutation by primer mismatch
PCR was successful. The insert was ligated into pUCS8:16 to
create pTS2. Construction of pTS2 was confirmed by HindIII
digestion, by EcoRI digestion, and PCR amplification of the
insert.

A PCR strategy was developed to amplify the region of
pTS2 containing vgb and TcR as one amplicon. The vgb+TcR
cassette was successfully amplified with the Phusion poly-
merase. The vgb+TcR cassette was then successfully ligated
into the intermediate cloning vector PCR-Script Amp.

The vgb+TcR cassette was digested from plasmid PCR-
Script Amp+vgb+TcR and inserted into the EcoRI site of
pKT230 to create pTS3 (FIG. 1), and similarly inserted into
the EcoRI site of pBBR1-MCS-5 to create pTS4 (FIG. 2).
Construction of plasmids pTS3 and pTS4 was confirmed by
EcoRI digestion, and further confirmed by PCR amplification
of the insert.

Next, pTS3 and pTS4 were separately introduced into
strain FBRS by electroporation to generate strains FBRS/
pTS3 and FBR5/pTS4. After electroporation, FBR5/pTS3
transformants were selected on plates of xylose enriched LB
media with ampicillin and streptomycin. The presence of the
two plasmids within the cells allowed for growth because
pLOI297 alone conferred antibiotic resistance to ampicillin
and pTS3 alone conferred resistance to streptomycin. After
electroporation, FBR5/pTS4 transformants were selected on
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plates of xylose enriched LB media with ampicillin and gen-
tamicin. The presence of the two plasmids within the cells
allowed for growth because pLLOI297 alone conferred antibi-
otic resistance to ampicillin and pTS4 alone conferred resis-
tance to gentamicin.

Development of the novel strains (FBR5/pTS3 and FBRS/
pTS4) was confirmed by PCR amplification of pdc+adhb
from pLLOI1297 in one reaction and vgb+TcR on pTS3 or pTS4
in another reaction (FIGS. 4 and 5).

In order to potentially increase ethanol production effi-
ciency by combining all three genes of interest, vgb, pdc and
adhb, on one high-copy-number plasmid and to simplify
growth conditions by reducing the number of antibiotics
required for plasmid stabilization, pTS5 was constructed
(FIG. 3).

The first step in the construction of pTSS was use of a
strategy to PCR amplify pdc and adhb together as a cassette
including the lac promoter. The pdc+adhb cassette was suc-
cessfully amplified with the Phusion polymerase. The pdc+
adhb cassette (3.2 kb) was then successfully ligated into clon-
ing vector PCR-Script Amp (3 kb) using blue-white
screening. Previous use of the vgb+TcR cassette with EcoRI
ends was not applicable for construction of pTS5 because an
EcoRI restriction site was present between the lac promoter
and pdc and adhb. There was no restriction site for Xhol
present in the pdc+adhb cassette or within the vgb+TcR cas-
sette, but a unique Xhol site was present on the plasmid
PCR-Script Amp. Therefore, the vgb+TcR cassette was PCR
amplified with Xhol ends.

Insertion of the vgb+TcR cassette with Xhol ends into
cloning vector PCR-Script Amp was complicated by the
occurrence of an internal deletion in TcR. It remains unknown
why the vgb+TcR cassette with Xhol ends exhibited internal
deletion when the vgb+TcR cassette with EcoRI ends did not.
Yet, by use of blue-white screening construction of PCR-
Script Amp+insert of partial vgb+TcR cassette was con-
firmed by digestion with restriction endonuclease Xhol, and
by PCR amplification of the insert using primers specific to
the vgb+TcR cassette. For clones #3 and #6, it was deter-
mined by PCR amplification with primers specific to vgb that
the internal deletion in the vgb+TcR cassette was within the
region of TcR and that vgb including its native oxygen sen-
sitive promoter was intact.

Subsequently, vgb with Xhol ends was released from PCR-
Script Amp vgb by restriction endonuclease digestion with
Xhol and inserted into the unique Xhol site of PCR-Script
Amp pdc+adhb to create novel plasmid pTS5. Selection for
successful construction was difficult because the blue-white
screen had been expended in generation of PCR-Script Amp
pdc+adhb and the insert carried no antibiotic resistance. Liga-
tion was performed with a molar ratio between insert and
plasmid much higher that 7:1 used in previous ligations,
risking multiple inserts while reducing the probably of plas-
mid self ligation. The ligation mixture was electroporated
into NEB 5-alpha cells and plated to LB/ampicillin. All colo-
nies were picked and used to inoculate 2 ml LB/ampicillin
cultures grown overnight. 1.5 ml of each culture was pelleted
and pellets were visually examined to distinguish pink color
that might be attributed to VHb. Promising pellets were mini-
prepped and tested for presence of PCR-Script Amp pdc+
adhb+vgb (pTS5) with single cut restriction endonuclease
digestion with Pstl and vgb insert releasing digestion with
Xhol, and further with BamHI. Construction of pTS5 was
further verified by PCR amplification of pdc+adhb in one
reaction and vgb in another reaction.

In order to generate novel E. coli strain NZN111/pTSS5,
FBRS had to first be cured of plasmid pLLOI297. FBRS was
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repeatedly restreaked on xylose enriched [B/kanamycin
plates because the kanamycin resistance gene was present on
the genomic DNA where it had been used to knock out the
lactate dehydrogenase gene. After repeated restreaks, FBRS
was found to have lost ampicillin resistance indicating that it
had been cured of plasmid pLLOI297 generating the underly-
ing parent strain of FBRS, NZN111. NZN111 was cultured
and prepared for electroporation and pTSS5 was introduced by
electroporation. NZN111/pTSS5 transformants were screened
onxylose enriched L. B/ampicillin plates. Generation of novel
E. coli strain NZN111/pTS5 was verified by restriction endo-
nuclease digestion with Xhol, BamHI, and Pstl as well as
PCR amplification with primers to pdc+adhb in one reaction
and primers to vgb in another reaction (FIG. 6).

Example 2

VHb Expression and Ethanol Production Studies of
Novel Strains

A. Methods for Measurement of Ethanol Production,
Methods for Measurement of VHb Expression, Strain Main-
tenance, and Statistical Tests

Fermentation studies were performed with the following
media: phosphate buffered LB enriched with 8% (w/v) of one
of D-xylose or D-glucose. All sugar percentages herein are in
percent (w/v) unless otherwise specified. Carbon monoxide
difference spectra, measuring VHb expression, were col-
lected for FBRS5, FBR5/pTS3, FBR5/pTS4 and NZN111/
pTSS cultured in phosphate buffered LB enriched with 8%
(wiv) xylose or 8% (w/v) glucose.

For making buffered LB the following stock solutions were
prepared: (1) 40% (w/v) sugar solution in dH,O of D-xylose
or D-glucose (the sugar was autoclaved separately); (2) 2xLLB
with no NaCl made by dissolving 10 g tryptone and 5 g yeast
extractin 500 ml dH,O and autoclaving; (3) phosphate buffer,
pH 7.0, by dissolving 10.8 g sodium phosphate monobasic,
monohydrate and 17.3 g of sodium phosphate dibasic in 200
ml dH,0O and autoclaving, and (4) sodium acetate 10% (w/v)
in dH,O (also autoclaved).

The buffered and enriched LB was prepared as phosphate
buffered: phosphate buffered included 50 ml 2xLLB, 20 ml
phosphate buffer, 20 ml of sugar stock, 9 ml dH,O and 1 ml
sodium acetate.

Stock solutions of antibiotics were prepared in sterile
dH,O of (1) ampicillin (Amp), 25 mg/ml, (2) kanamycin
(Km), 10 mg/ml, (3) streptomycin (Sm), 10 mg/ml, and gen-
tamicin (Gm), 10 mg/ml. Working antibiotic concentrations
were 100 ug/ml Amp for FBRS cultures, 100 ng/ml Amp and
50 pg/ml Sm for FBRS/pTS3 cultures, 100 ug/ml Amp and 5
ng/ml Gm for FBR5/pTS4 cultures and 100 pg/ml Amp for
NZN111/pTSS5 cultures.

All strains were maintained on LB plates with the appro-
priate antibiotic(s) enriched with 8% xylose. The plates were
made by substituting 20% of the volume of dH,O with xylose
in dH,O (40% w/v). All liquid cultures were started from
single colonies as small pre-cultures of approximately 2 ml in
LB with the appropriate antibiotic(s) enriched with 8%
xylose. Pre-cultures were grown to stationary phase and opti-
cal densities were measured. Larger cultures were started
with approximately 500 pl of pre-culture, but inoculation
volumes were adjusted, taking into account optical density, to
equalize biomass of inoculums across cultures.

Each aerobic culture (for VHb expression measurements)
was grown as 50 ml of culture in a 250 ml Erlenmeyer flask.
The media composition of the aerobic cultures was identical
to the media composition of the microaerobic cultures, but all
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the volumes were halved. The flasks were clamped onto the
base plate of a platform shaker (Lab-Line Incubator Shaker)
at37° C. and approximately 180 rpm.

All microaerobic cultures were grown as 100 ml of culture
in a 125 ml Erlenmeyer flask. The flask was capped with a
rubber stopper pierced with a 22 gauge needle for CO,
exhaust. Similarly, the flasks were clamped onto the base
plate of a platform shaker at approximately 180 rpm and 37°
C.

All cultures were run as sets which included the control
strain growing in the same shaker’s incubation conditions,
batch of media, and at the same times as each of the other
strains being tested. For ethanol and optical density measure-
ments at the first time point, one ml was removed for assays
from each flask and placed in a capped 1.5 ml micro-centri-
fuge tube and cultures were quickly returned to the shaker in
order to minimize disruption of growth conditions.

All optical density (OD) measurements throughout the cell
physiology studies were done on a ThemoSpectronic Gene-
sys 10uv spectrophotometer at 600 nm. The cultures were
diluted 1:10 with the appropriate medium (LB or LB enriched
with hydrolysate) in order to maintain the linearity of the OD
measurements and read against blanks of the corresponding
media. All OD measurements as reported below are the origi-
nal 1:10 dilution measurements multiplied by 10 to reflect full
OD.

Carbon monoxide difference spectra were taken as previ-
ously described. Dikshit, K. L., D. A. Webster. “Cloning,
characterization and expression of the bacterial globin gene
from Vitreoscilla in Escherichia coli.” Gene 70 (1988): 377-
386. The majority of carbon monoxide (CO) difference mea-
surements were made under aerobic culture conditions at
early stationary phase. All cultures were closely monitored by
measurement of OD as cultures approached stationary phase.
As OD readings began to level oft, 40 ml of the cultures were
harvested by centrifugation in a Sorvall Instruments RC5C at
4000 rpm for 10 minutes. Cultures grown under microaerobic
conditions were similarly harvested for CO difference mea-
surements immediately after data were collected at the sec-
ond time point (44-47 hours of growth).

Centrifuge tubes used to spin down cells were weighed
before cell culture was added and after cells had been pelleted
in order to determine the wet weight of cells. If CO difference
was not measured immediately, pellets were stored at =20° C.
For CO difference measurement, cells were resuspended at a
concentration of 40 mg wet weight of cells per mlin 0.10 M
sodium phosphate buffer pH 7.5. Once cells were evenly
resuspended, 3 ml of cell suspension was placed into each of
two quartz cuvettes. To each cuvette was further added a
match head worth of the reducing agent sodium dithionite and
cuvettes were mixed by gentle inversion. Both cuvettes were
placed into the duel beam spectrophotometer (Varian Cary
300 Scan UV-Visible), the SBW parameter was set to 4.0 and
baseline absorbance was measured starting at 600 nm and
ending at 400 nm with a scan rate of 200 nm/minute. Then the
cuvette positioned toward the front of the machine was
removed and bubbled with CO at a rate of approximately one
bubble per second for a period of 2 minutes. The CO bubbled
cuvette was replaced into the spectrophotometer and sample
data was overlaid over the baseline trace with the same scan
parameters as the baseline.

Once a CO difference trace had been collected, VHb con-
centration was determined by measuring absorbance at 419
nm (a positive value) and the absolute value of the absorbance
at 436 nm (a negative value) and adding the two values to get
AA. Concentration of VHb in nanomoles/ml was determined
by AA/274*1000. Concentration of VHb in nanomoles/gram
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cell wet weight was determined by converting nanomoles/ml
by multiplying by 1 ml/0.04 g. All VHb concentrations
reported herein are in nmoles VHb/g cell wet weight.

All ethanol measurements were made using BioAssay Sys-
tems EnzyChrom Ethanol Assay Kit (ECET-100). This enzy-
matic assay is based on alcohol dehydrogenase catalyzed
oxidation of ethanol, in which the NADH formed is coupled
to formazan (MTT)/phenazine methosulfate. The intensity of
the color produced, measured at 565 nm, is proportionate to
the ethanol concentration of the sample. Since this is an
enzymatic assay, it requires time to proceed and color is
allowed to develop over 5 minutes. Standard curves were
prepared for each kit purchased and all ethanol concentra-
tions were determined from the standard curve for the kit used
to take measurements. The ECET-100 protocol was followed
and reagents were mixed fresh for each sample. OD values at
5 minutes were adjusted by the OD at 5 minutes of the blank
(with no ethanol) to determine ethanol concentration, rather
than determining the DOD (OD at 5 minutes minus OD at
time 0) as described in the protocol. This deviation was due to
the relatively large variability in OD at time zero for a sample
depending on the time taken to get the cuvette into the spec-
trophotometer whereas OD changed more slowly around the
5 minute time point. A ThermoSpectronic Genesys 10uv and
Brand Ultramicro Cuvettes (Catalog #759200) were used for
all ethanol OD measurements. All ethanol measurements
reported below are in percentage v/v, unless otherwise speci-
fied.

For ethanol measurements, 1 ml was aliquoted from cul-
tures and placed into a 1.5 ml micro-centrifuge tube. The
cultures were diluted 100-200 fold, 50 ul in 5 ml dH,O or 50
ul in 10 ml dH,O for ethanol measurement. A blank reaction
with all reagents added to a sample of dH,O was prepared for
each set of ethanol measurements.

Statistical analysis was done on the data using t-tests to
determine the probably that the means of the compared data
sets were the same. All probability values provided herein are
for two-tailed t-tests. When the number of samples in com-
pared data sets was the same, a paired t-test was used. When
the number of samples in compared data sets was different, a
t-test with the assumption of homoscedasticity was used
because this provided a more conservative probability esti-
mate and there was no reason to believe the variances of the
compared data sets were different.

B. VHb Expression Measurements

Once the novel strains of ethanol producing E. coli were
developed, each strain was grown in phosphate buffered LB
media enriched with sugar under aerobic conditions to mea-
sure the concentration of VHb production. Mainly aerobic
culture conditions were used for the measurement of VHb
production by the novel strains because expression of VHbD is
commonly measured with 50 ml of culture in a 250 ml flask
and cells harvested at early stationary phase. The three novel
strains were found to produce distinctly different concentra-
tions of VHb on fermentation media (FIG. 7); this allowed
examination of the VHb dosage effect on ethanol fermenta-
tion. The control strain FBRS tested negative for VHb expres-
sion.

Fermentation Under Microaerobic Conditions with Anti-
biotics

Fermentation studies were performed with phosphate buft-
ered LB enriched with glucose under microaerobic condi-
tions with antibiotics for the control strain, FBRS, and all
three novel strains. FIG. 9 shows that the concentration of
ethanol produced by FBR5/pTS3 exceeded the concentration
of ethanol produced by FBRS in phosphate buftered L.B with
8% glucose in microaerobic conditions with antibiotics at the
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44-47 hour time point by 15%. A t-test provided greater than
99% confidence for this finding of higher ethanol production
by FBRS/pTS3 at the 44-47 hour time point.

The ratio of ethanol concentration to cell biomass was 31%
higher for FBR5/pTS3 than FBRS5 in phosphate buffered LB
with 8% glucose in microaerobic conditions with antibiotics
at the 44-47 hour time point (FIG. 12). A t-test provided
greater than 90% confidence for this finding. This finding
indicates more efficient production of ethanol on a cell mass
basis (i.e. a gram of cells with vgb expression produce more
ethanol than a gram of control cells).

Since previous measures of VHb expression had been
made for aerobic cultures, two sets of measures were made
for VHb expression under microaerobic conditions with anti-
biotics for FBRS5/pTS3 and FBRS5/pTS4 (FIG. 8). Also,
FBR5/pTS3 maintained similar VHb expression levels under
microaerobic conditions without antibiotics: on phosphate
buffered L.B with 8% xylose, 37.38 nmoles VHb/g wet weight
of cells, standard deviation 19.12, n equals 3; on phosphate
buffered LB with 8% glucose, 54.17 nmoles VHb/g wet
weight of cells, standard deviation 13.47, n equals 3.

Fermentation Under Microaerobic Conditions without
Antibiotics

Additional fermentation studies were performed with
phosphate buffered LB enriched with xylose under
microaerobic conditions without antibiotics for the control
strain, FBRS, and only FBR5/pTS3, because it appeared that
the VHb expression level of FBRS/pTS3 was the most ben-
eficial to ethanol production. FIG. 10 shows that the concen-
tration of ethanol produced by FBR5/pTS3 exceeded the
concentration of ethanol produced by FBRS in phosphate
buffered LB with 8% xylose in microaerobic conditions with-
out antibiotics at the 18-22 hour time point by 138%. A t-test
provided greater than 98% confidence for this finding of
higher ethanol production by FBR5/pTS3.

FIG. 11 shows that the concentration of ethanol produced
by FBRS5/pTS3 exceeded the concentration of ethanol pro-
duced by FBRS in phosphate buftered L.B with 8% xylose in
microaerobic conditions without antibiotics at the 44-47 hour
time point by 119%. A t-test provided greater than 98% con-
fidence for this finding of higher ethanol production by
FBR5/pTS3.

The ratio of ethanol concentration to cell biomass was 44%
higher for FBR5/pTS3 than FBRS5 in phosphate buffered LB
with 8% xylose in microaerobic conditions without antibiot-
ics at the 44-47 hour time point (FIG. 13). A t-test provided
greater than 97% confidence for this finding. This finding
indicates more efficient production of ethanol on a cell mass
basis (i.e. a gram of cells with vgb expression produce more
ethanol than a gram of control cells).

A number of patents, patent application publications, and
scientific publications are cited throughout and/or listed at the
end of the description. Each of these is incorporated herein by
reference in their entirety. Likewise, all publications men-
tioned in an incorporated publication are incorporated by
reference in their entirety.

Examples in cited publications and limitations related
therewith are intended to be illustrative and not exclusive.
Other limitations of the cited publications will become appar-
ent to those of skill in the art upon a reading of the specifica-
tion and a study of the drawings.

2 <

The words “comprise”, “comprises”, and “comprising” are
to be interpreted inclusively rather than exclusively.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 22

<210> SEQ ID NO 1

<211> LENGTH: 745

<212> TYPE: DNA

<213> ORGANISM: Vitreoscilla stercoraria

<220> FEATURE:

<221> NAME/KEY: misc_feature

<223> OTHER INFORMATION: gene encoding hemoglobin

<400> SEQUENCE: 1

aagcttacag gacgctgggg

ggcaataaag attataataa

atgaacttaa ggaagaccct

gttcctgtat tgaaggagca

gccaaacace ctgaagtacg

cctaaggett tggcgatgac

attttgecctyg cggtcaaaaa

cattatccga ttgtcggtca

gcaaccgatg acattttgga

attcaagtgg aagcagattt

ggacataaaa aacgcaccat

ttggctgttyg gccaaaactt

gacgtcttca ggtgtgectt

<210>
<211>
<212>
<213>
<220>
<221>
<223>

SEQ ID NO 2
LENGTH: 146
TYPE: PRT

ORGANISM: Vitreoscilla stercoraria
FEATURE:
NAME/KEY: misc_feature
OTHER INFORMATION: hemoglobin

<400> SEQUENCE: 2

ttaaaagtat
gtgctgctac
catgttagac
tggcgttace
tcectttgttt
ggtattggeg
aattgcagtc
agaattgttg
cgcgtgggge
gtacgctcaa
aaggtggtct
gggacaaata

ggcat

Met Leu Asp Gln Gln Thr Ile Asn

1

Leu

Phe

Glu

Ala

65

Ile

Ile

Ala

Ile

Val
145

Lys

Ala

Ser

50

Gln

Ala

Val

Ala

Ala

130

Glu

5

Glu His Gly Val Thr Ile

20

Lys His Pro Glu Val Arg

35

40

Leu Glu Gln Pro Lys Ala

55

Asn Ile Glu Asn Leu Pro

70

Val Lys His Cys Gln Ala

Gly Gln Glu Leu Leu Gly

100

Thr Asp Asp Ile Leu Asp

115

120

Asp Val Phe Ile Gln Val

135

ttgagttttg
accatactga
cagcaaacca
attaccacga
gatatgggte
gcagcgcaaa
aaacattgtc
ggtgcgatta
aaggcttatg
geggttgaat
ttttacgtct

ttgccetgty

Ile Ile Lys
10

Thr Thr Thr
25

Pro Leu Phe
Leu Ala Met
Ala Ile Leu

75
Gly Val Ala
Ala Ile Lys
105

Ala Trp Gly

Glu Ala Asp

atgtggatta agttttaaga

tgtatggcaa aaccataata

ttaacatcat caaagccact

ctttttataa aaacttgttt

gccaagaate tttggagcag

acattgaaaa tttgccaget

aagcaggcegt ggcagcageg

aagaagtatt gggcgatgec

gegtgattge agatgtgttt

aaagtttcag gccgetttca

gatatttaca cagcagcagt

taagagcccyg cegttgetge

Ala

Phe

Asp

Thr

60

Pro

Ala

Glu

Lys

Leu
140

Thr

Tyr

Met

45

Val

Ala

Ala

Val

Ala

125

Tyr

Val Pro Val
15

Lys Asn Leu
30

Gly Arg Gln

Leu Ala Ala

Val Lys Lys

80

His Tyr Pro
95

Leu Gly Asp
110

Tyr Gly Val

Ala Gln Ala

60

120

180

240

300

360

420

480

540

600

660

720

745
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<210> SEQ ID NO 3
<211> LENGTH: 1707
<212> TYPE: DNA

<213> ORGANISM: Zymomonas mobilis

<220> FEATURE:

<221> NAME/KEY: misc_feature
<223> OTHER INFORMATION: pyruvate decarboxylase gene

<400> SEQUENCE: 3

atgagttata ctgtcggtac

cacttcgcag tcgcgggcga

aacatggagc aggtttattg

getegtgeca aaggcegcage

tttgatgcta tcggtggege

ccgaacaaca atgatcacge

tatcactatc agttggaaat

ccagaagaag ctccggctaa

ceggtttate tcgaaatcge

gcaagcgcat tgttcaatga

gaaaccctga aattcatcge

cgegecagety gtgctgaaga

gctaccatgg ctgctgcaaa

tcatggggty aagtcagcta

atcgctetgyg ctectgtett

cctaagaaac tggttetege

agcgttcate tgaaagacta

getttggact tcttcaaatce

ccgagtgete cgttggtcaa

aacacgacgyg ttattgctga

ccgaacggtyg ctegegttga

gecgectteg gttatgeegt

ggttccttee agetgacgge

atcatcttet tgatcaataa

tacaacaaca tcaagaactg

ggttatgaca gcggtgetgg

gctatcaagg ttgctctgge

cgtgaagact gcactgaaga

cgtaagectyg ttaacaagcet

<210> SEQ ID NO 4

<211> LENGTH: 568
<212> TYPE: PRT

<213> ORGANISM: Zymomonas mobilis

<220> FEATURE:

ctatttageg

ctacaacctce

ctgtaacgaa

agcagcegte

ctatgcagaa

tgctggtcac

ggccaagaac

aatcgatcac

ttgcaacatt

cgaagccage

caaccgcgac

agctgetgte

aagcttette

tcegggegtt

caacgactac

tgaaccgegt

tctgaccegt

cctcaatgea

cgcagaaatc

aaccggtgac

atatgaaatg

cggtgetecyg

tcaggaagtc

ctatggttac

ggattatgce

taaaggccetyg

aaacaccgac

attggtcaaa

cctetag

<221> NAME/KEY: misc_feature
<223> OTHER INFORMATION: pyruvate decarboxylase

gagcggcttg
gtcettetty
ctgaactgeg
gttacctaca
aaccttecegyg
gtgttgcatc
atcacggeeg
gtgattaaaa
gettecatge
gacgaagcett
aaagttgceg
aaatttgcetg
ccagaagaaa
gaaaagacga
tccaccactyg
tctgtegteg
ttggctcaga
ggtgaactga
gecegteagyg
tettggttea
cagtggggte
gaacgtcgca
gctcagatgg
accatcgaag
ggtcetgatgg
aaggctaaaa

ggcccaacce

tggggtaagc

tccagattygyg

acaacctget

gtttcagtge

gegteggtge

ttatcctgat

acgctettygyg

cagctgaage

ctgetetteg

cctgegecge

ctttgaatge

tcctegtegy

atgctcetegyg

acccgcatta

tgaaagaagc

gttggacgga

ttaacggegt

aagtttccaa

agaaagccge

tcgaagetet

atgctcageg

acatcggttyg

acatcctcat

ttcgectgaa

ttatgatcca

aagtgttcaa

ccggtggcga

tgatcgaatg

gegttgetge

tctcaageat

tttgaacaaa

agaaggttat

getttecgea

ctceggtget

caaaaccgac

gatttacacc

tgagaagaag

tcctggacey

agcggttgaa

cagcaagctyg

tggcgcagtt

catcggtacce

cgatgeggtt

tattcctgat

tegetteccee

gaaaaccggt

tceggetgat

tctgaccecey

catgaagctce

gtcegttect

ggttggtgat

actgceggtt

tgatggtccyg

cggtaacggt

actggcagaa

cttcatcggt

cgccaacage

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620

1680

1707
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<400> SEQUENCE:

Met Ser Tyr Thr

1

Gly

Leu

Asn

Gly

65

Phe

Ile

Lys

Pro

145

Pro

Ala

Ala

Arg

Ala

225

Ala

Tyr

Thr

Asp

Val

305

Ser

Lys

Leu

Glu

Ile
385

Pro

Leu

Asp

Glu

50

Ala

Asp

Ser

His

Asn

130

Ala

Val

Pro

Ser

Asp

210

Glu

Thr

Ile

Met

Tyr

290

Leu

Val

Lys

Lys

Ile
370

Ala

Asn

Lys

Asn

35

Leu

Ala

Ala

Gly

Ala

115

Ile

Lys

Tyr

Gly

Leu

195

Lys

Glu

Met

Gly

Lys

275

Ser

Ala

His

Thr

Lys
355
Ala

Glu

Gly

His

20

Leu

Asn

Ala

Ile

Ala

100

Leu

Thr

Ile

Leu

Pro

180

Asn

Val

Ala

Ala

Thr

260

Glu

Thr

Glu

Leu

Gly

340

Ala

Arg

Thr

Ala

4

Leu

Cys

Ala

Gly

85

Pro

Gly

Ala

Asp

Glu

165

Ala

Ala

Ala

Ala

Ala

245

Ser

Ala

Thr

Pro

Lys

325

Ala

Ala

Gln

Gly

Arg
405

Gly

Phe

Leu

Gly

Val

70

Gly

Asn

Lys

Ala

His

150

Ile

Ser

Ala

Val

Val

230

Ala

Trp

Asp

Gly

Arg

310

Asp

Leu

Pro

Val

Asp
390

Val

Thr

Ala

Asn

Phe

55

Val

Ala

Asn

Thr

Ala

135

Val

Ala

Ala

Val

Leu

215

Lys

Lys

Gly

Ala

Trp

295

Ser

Tyr

Asp

Ala

Glu
375

Ser

Glu

Tyr

Val

Lys

40

Ser

Thr

Tyr

Asn

Asp

120

Glu

Ile

Cys

Leu

Glu

200

Val

Phe

Ser

Glu

Val

280

Thr

Val

Leu

Phe

Asp

360

Ala

Trp

Tyr

Leu

Ala

25

Asn

Ala

Tyr

Ala

Asp

105

Tyr

Ala

Lys

Asn

Phe

185

Glu

Gly

Ala

Phe

Val

265

Ile

Asp

Val

Thr

Phe

345

Pro

Leu

Phe

Glu

Ala

10

Gly

Met

Glu

Ser

Glu

90

His

His

Ile

Thr

Ile

170

Asn

Thr

Ser

Asp

Phe

250

Ser

Ala

Ile

Val

Arg

330

Lys

Ser

Leu

Asn

Met
410

Glu

Asp

Glu

Gly

Val

75

Asn

Ala

Tyr

Tyr

Ala

155

Ala

Asp

Leu

Lys

Ala

235

Pro

Tyr

Leu

Pro

Asn

315

Leu

Ser

Ala

Thr

Ala
395

Gln

Arg

Tyr

Gln

Tyr

60

Gly

Leu

Ala

Gln

Thr

140

Leu

Ser

Glu

Lys

Leu

220

Leu

Glu

Pro

Ala

Asp

300

Gly

Ala

Leu

Pro

Pro
380

Gln

Trp

Leu

Asn

Val

45

Ala

Ala

Pro

Gly

Leu

125

Pro

Arg

Met

Ala

Phe

205

Arg

Gly

Glu

Gly

Pro

285

Pro

Val

Gln

Asn

Leu
365
Asn

Arg

Gly

Val

Leu

30

Tyr

Arg

Leu

Val

His

110

Glu

Glu

Glu

Pro

Ser

190

Ile

Ala

Gly

Asn

Val

270

Val

Lys

Arg

Lys

Ala

350

Val

Thr

Met

His

Gln

15

Val

Cys

Ala

Ser

Ile

95

Val

Met

Glu

Lys

Cys

175

Asp

Ala

Ala

Ala

Pro

255

Glu

Phe

Lys

Phe

Val

335

Gly

Asn

Thr

Lys

Ile
415

Ile

Leu

Cys

Lys

Ala

80

Leu

Leu

Ala

Ala

Lys

160

Ala

Glu

Asn

Gly

Val

240

His

Lys

Asn

Leu

Pro

320

Ser

Glu

Ala

Val

Leu
400

Gly
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26

-continued
Trp Ser Val Pro Ala Ala Phe Gly Tyr Ala Val Gly Ala Pro Glu Arg
420 425 430
Arg Asn Ile Leu Met Val Gly Asp Gly Ser Phe Gln Leu Thr Ala Gln
435 440 445
Glu Val Ala Gln Met Val Arg Leu Lys Leu Pro Val Ile Ile Phe Leu
450 455 460
Ile Asn Asn Tyr Gly Tyr Thr Ile Glu Val Met Ile His Asp Gly Pro
465 470 475 480
Tyr Asn Asn Ile Lys Asn Trp Asp Tyr Ala Gly Leu Met Glu Val Phe
485 490 495
Asn Gly Asn Gly Gly Tyr Asp Ser Gly Ala Gly Lys Gly Leu Lys Ala
500 505 510
Lys Thr Gly Gly Glu Leu Ala Glu Ala Ile Lys Val Ala Leu Ala Asn
515 520 525
Thr Asp Gly Pro Thr Leu Ile Glu Cys Phe Ile Gly Arg Glu Asp Cys
530 535 540
Thr Glu Glu Leu Val Lys Trp Gly Lys Arg Val Ala Ala Ala Asn Ser
545 550 555 560
Arg Lys Pro Val Asn Lys Leu Leu
565
<210> SEQ ID NO 5
<211> LENGTH: 1152
<212> TYPE: DNA
<213> ORGANISM: Zymomonas mobilis
<220> FEATURE:
<221> NAME/KEY: misc_feature
<223> OTHER INFORMATION: alcohol dehydrogenase II (AdhB) gene
<400> SEQUENCE: 5
atggcttett caacttttta tattccttte gtcaacgaaa tgggcgaagyg ttcgettgaa 60
aaagcaatca aggatcttaa cggcagegge tttaaaaatyg cgetgategt ttctgatget 120
ttcatgaaca aatccggtgt tgtgaagcag gttgctgace tgttgaaagce acagggtatt 180
aattctgetg tttatgatgg cgttatgecg aacccgactyg ttaccgcagt tctggaagge 240
cttaagatce tgaaggataa caattcagac ttegtcatet cecteggtgg tggttctece 300
catgactgeg ccaaagccat cgctctggte geaaccaatyg gtggtgaagt caaagactac 360
gaaggtatcyg acaaatctaa gaaacctgcce ctgcctttga tgtcaatcaa cacgacgget 420
ggtacggett ctgaaatgac gcegtttcectge atcatcactg atgaagtccg tcacgttaag 480
atggccattg ttgaccgtca cgttacccceg atggttteeg tcaacgatce tctgttgatg 540
gttggtatge caaaaggcct gaccgecgece accggtatgg atgctctgac ccacgcattt 600
gaagcttatt cttcaacgge agctactcceg atcaccgatg cttgcegectt gaaggctgeg 660
tccatgateg ctaagaatct gaagaccget tgegacaacyg gtaaggatat gccagetcegt 720
gaagctatgyg cttatgccca attecteget ggtatggect tcaacaacgce ttegettggt 780
tatgtccatg ctatggctca ccagttggge ggctactaca acctgccgea tggtgtetge 840
aacgctgtte tgcttecgca tgttctgget tataacgect ctgtegttge tggtegtetg 900
aaagacgttg gtgttgctat gggtctcgat atcgccaate teggtgataa agaaggcgca 960
gaagccacca ttcaggctgt tcgcgatctg getgcttceca ttggtattcecce agcaaatcetg 1020
accgagcetgg gtgctaagaa agaagatgtg ccgcecttcettg ctgaccacge tctgaaagat 1080
gcttgtgete tgaccaacce gcgtcagggt gatcagaaag aagttgaaga actcttectg 1140
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27

-continued

28

agcgetttet aa

<210> SEQ ID NO 6

<211> LENGTH: 383

<212> TYPE: PRT

<213> ORGANISM: Zymomonas mobilis

<220> FEATURE:

<221> NAME/KEY: misc_feature

<223> OTHER INFORMATION: alcohol dehydrogenase II (AdhB)

<400> SEQUENCE: 6

Met

1

Gly

Asn

Lys

Tyr

65

Leu

Gly

Asn

Pro

Glu

145

Met

Pro

Met

Thr

Lys

225

Glu

Ala

Tyr

Leu

Val
305

Glu

Pro

Ala Ser Ser Thr Phe Tyr Ile Pro Phe Val Asn Glu Met Gly
5 10 15

Ser Leu Glu Lys Ala Ile Lys Asp Leu Asn Gly Ser Gly Phe
20 25 30

Ala Leu Ile Val Ser Asp Ala Phe Met Asn Lys Ser Gly Val
35 40 45

Gln Val Ala Asp Leu Leu Lys Ala Gln Gly Ile Asn Ser Ala
50 55 60

Asp Gly Val Met Pro Asn Pro Thr Val Thr Ala Val Leu Glu
70 75

Lys Ile Leu Lys Asp Asn Asn Ser Asp Phe Val Ile Ser Leu
85 90 95

Gly Ser Pro His Asp Cys Ala Lys Ala Ile Ala Leu Val Ala
100 105 110

Gly Gly Glu Val Lys Asp Tyr Glu Gly Ile Asp Lys Ser Lys
115 120 125

Ala Leu Pro Leu Met Ser Ile Asn Thr Thr Ala Gly Thr Ala
130 135 140

Met Thr Arg Phe Cys Ile Ile Thr Asp Glu Val Arg His Val
150 155

Ala Ile Val Asp Arg His Val Thr Pro Met Val Ser Val Asn
165 170 175

Leu Leu Met Val Gly Met Pro Lys Gly Leu Thr Ala Ala Thr
180 185 190

Asp Ala Leu Thr His Ala Phe Glu Ala Tyr Ser Ser Thr Ala
195 200 205

Pro Ile Thr Asp Ala Cys Ala Leu Lys Ala Ala Ser Met Ile
210 215 220

Asn Leu Lys Thr Ala Cys Asp Asn Gly Lys Asp Met Pro Ala
230 235

Ala Met Ala Tyr Ala Gln Phe Leu Ala Gly Met Ala Phe Asn
245 250 255

Ser Leu Gly Tyr Val His Ala Met Ala His Gln Leu Gly Gly
260 265 270

Asn Leu Pro His Gly Val Cys Asn Ala Val Leu Leu Pro His
275 280 285

Ala Tyr Asn Ala Ser Val Val Ala Gly Arg Leu Lys Asp Val
290 295 300

Ala Met Gly Leu Asp Ile Ala Asn Leu Gly Asp Lys Glu Gly
310 315

Ala Thr Ile Gln Ala Val Arg Asp Leu Ala Ala Ser Ile Gly
325 330 335

Ala Asn Leu Thr Glu Leu Gly Ala Lys Lys Glu Asp Val Pro
340 345 350

Glu

Lys

Val

Val

Gly

80

Gly

Thr

Lys

Ser

Lys

160

Asp

Gly

Ala

Ala

Arg

240

Asn

Tyr

Val

Gly

Ala
320

Ile

Leu

1152
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30

Leu Ala Asp His Ala Leu Lys Asp Ala Cys Ala Leu Thr Asn Pro Arg

355

360

365

Gln Gly Asp Gln Lys Glu Val Glu Glu Leu Phe Leu Ser Ala Phe

<210>
<211>
<212>
<213>
<220>
<221>
<223>

370

SEQ ID NO 7
LENGTH: 1014
TYPE: DNA

ORGANISM: Zymomonas mobilis
FEATURE:
NAME/KEY: misc_feature
OTHER INFORMATION:

<400> SEQUENCE: 7

atgaaagcag ccgtcataac

cctetgaaat

ctccatgtga

atcggtatcg

agtgttgcat

acgetttgec

tgcatecgteg

agcagcatca

ccgggacaat

gccaagaatyg

tttgccaaag

atcattcagg

gectttaact

cctectgaaa

ggttecettygyg

aaggtcaagc

acggggaagc

aaaacgggga

tcaagcaggt

ggttcttcaa

gcaacgttga

ttgccgatta

cttgcgcggg

ggctggccat

ttttcaacge

agttgggcgc

aaaaagtcgg

cggetgttga

aaatggattt

tcggaacgeg

cgaaagttac

atggaacatyg gtaaattcac

<210>
<211>
<212>
<213>
<220>
<221>
<223>

<400>

SEQ ID NO 8
LENGTH: 337
TYPE :
ORGANISM: Zymomonas mobilis
FEATURE:
NAME/KEY: misc_feature
OTHER INFORMATION:

PRT

SEQUENCE: 8

375

taaagatcat

gettttggaa

ttteggegat

c¢ggggaaggyg

aggctgcggc

aaatgccggt

ctcggtcaag

tgtaaccacc

ctatggettyg

caaagtgatc

agatatggtc

cggegeacat

ggctatccge

gagcattect

ggaagatttyg

caagcgtaaa

aggccgtatg

Met Lys Ala Ala Val Ile Thr Lys

1

Thr

Tyr

Gly

Lys

65

Ser

Lys

Cys

Asp

50

Gln

Val

Leu

Gly

35

Glu

Val

Ala

5

Arg Pro Leu Lys Tyr

20

Val Cys His Thr Asp

40

Thr Gly Arg Ile Thr

55

Gly Glu Gly Val Thr

70

Trp Phe Phe Lys Gly

acgatcgaag
atggaatatt
gaaaccggca
gttacttcte
cattgcgaat
tatacggttyg
gtgccagatg
tataaagcag
ggcggtttag
gegatcegatyg
atcaatccga
gecgacggtgg
gegggtggee
cgtttggtge
aaagaggcect
gtcgaagaaa

gttgttgatt

Asp His Thr
10

Gly Glu Ala
25

Leu His Val

Gly His Glu

Ser Leu Lys

75

Cys Gly His

380

alcohol dehydrogenase I

(adha)

tgaaagacac

geggggtatg

gaattaccgg

tgaaagccgyg

attgtgtcag

acggcgetat

gtcttgatce

tcaaagtttce

gcaatctage

tcaatgatga

aaaacgaaga

tgacggetgt

gtgttgtege

ttgacggtat

tccagtttge

tcaaccaaat

ttacccatca

alcohol dehydrogenase I

Ile

Leu

Lys

Gly

60

Ala

Cys

(adha)

Glu

Leu

Asn

45

Ile

Gly

Glu

Val

Glu

30

Gly

Gly

Asp

Tyr

gene

caaattacgce
tcataccgat
ccatgaaggt
tgaccgegece
cgggaatgaa
ggcagaagaa
tgcggttgee
tcagatacag
ccttcaatat
acagcteget
tgctgccaaa
tgccaaatce
cgttggtety
cgaagtccta
agccgaaggt
ctttgacgaa

ctag

Lys Asp
15

Met Glu

Asp Phe

Ile Val

Arg Ala

80

Cys Val

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1014
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32

Ser

Val

Val

Cys

145

Pro

Ala

Asp

Met

Lys

225

Ala

Ala

Val

Asp

Lys

305

Met

<210>
<211>
<212>
<213>
<220>
<221>
<223>

Gly

Asp

Lys

130

Ala

Gly

Leu

Val

Val

210

Val

Phe

Val

Leu

Leu

290

Val

Glu

Asn

Gly

115

Val

Gly

Gln

Gln

Asn

195

Ile

Gly

Asn

Gly

Asp

275

Lys

Thr

His

85

Glu Thr Leu Cys Arg

100

Ala Met Ala Glu Glu

120

Pro Asp Gly Leu Asp

135

Val Thr Thr Tyr Lys
150

Trp Leu Ala Ile Tyr

165

Tyr Ala Lys Asn Val

180

Asp Glu Gln Leu Ala

200

Asn Pro Lys Asn Glu

215

Gly Ala His Ala Thr
230

Ser Ala Val Glu Ala

245

Leu Pro Pro Glu Lys

260

Gly Ile Glu Val Leu

280

Glu Ala Phe Gln Phe

295

Lys Arg Lys Val Glu
310

Gly Lys Phe Thr Gly

325

SEQ ID NO 9
LENGTH: 1323
TYPE: DNA

ORGANISM: Escherichia coli
FEATURE:
NAME/KEY: misc_feature
OTHER INFORMATION: Xylose isomerase gene

<400> SEQUENCE: 9

ttatttgtcyg aacagataat

atgcaccgga

gectttcagy

tttatccage

atccatcgeg

tttggcatcg

caccagcgcea

atcgccacgg

atgatggaaa

tttttccaga

gacaaattat

atttgetgge

tcgecatett

ccgatatgac

aagttcagac

ttctctteca

ttggcegtega

gagtgacctyg

ccaaactgtt

gatttaccag

gttectgage

ctaattcact

caatcatgeg

cgtaaaacag

caccggtggt

cactgttegyg

cagaaccgaa

ccagegtege

tcaggaagcc

90

Asn Val Glu
105

Cys Ile Val

Pro Ala Val

Ala Val Lys

155

Gly Leu Gly
170

Phe Asn Ala
185

Phe Ala Lys

Asp Ala Ala

Val Val Thr
235

Ile Arg Ala
250

Met Asp Leu
265

Gly Ser Leu

Ala Ala Glu

Glu Ile Asn
315

Arg Met Val
330

attttccagt
atatttggcet
attccageeg
cgctgeaatt
atcatattta
gaaaccgect
gaactggtcyg
caggccaage
gtggttaget

atagaccgte

Asn

Val

Ala

140

Val

Gly

Lys

Glu

Lys

220

Ala

Gly

Ser

Val

Gly

300

Gln

Val

Ala

Ala

125

Ser

Ser

Leu

Val

Leu

205

Ile

Val

Gly

Ile

Gly

285

Lys

Ile

Asp

Gly

110

Asp

Ser

Gln

Gly

Ile

190

Gly

Ile

Ala

Arg

Pro

270

Thr

Val

Phe

Phe

tgctecctgge

aaatctgceca

gaataacgct

ttcagcgeca

tcagtacttt

getttgagaa

gtgtcccage

gcaatggcgg

tcaatattca

gcagcategt

95

Tyr Thr

Tyr Ser

Ile Thr

Ile Gln
160

Asn Leu
175

Ala Ile

Ala Asp

Gln Glu

Lys Ser
240

Val Val
255

Arg Leu

Arg Glu

Lys Pro

Asp Glu
320

Thr His
335

gaccactcetg
gtgacatttg
gegegatgeg
acgccategt
gacgacgtac
tttcatacat
ccagttgege
tggctattte
gtttaatctc

aatcatattg

60

120

180

240

300

360

420

480

540

600
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atgtttggte ggttettgeg gttteggtte gataagcaac gtgccctgga aaccgatttt 660
atgtttatgc tcaaccacca tctgcataaa geggcccage tgttcacget cctggegcaa 720
gteggtattt aacagcgttt cgtaaccttc acgaccacce cacaggacat agttttcacce 780
geecaattta tgggttgcett ccatcgetgt aacaacttge gttgcegecc aactgaagac 840
ttcaggatct gggttegteg ccgcaccege gecatagega gggtttgtaa agcagttage 900
agttccccac agcagcettca cgccgetete ttettgettyg ccetgccagga catcaaccat 960
ttgcgcaaaa ttattgatgt actcttttaa cgacgcgccc tcaggggaaa catccacatce 1020
gtggaagcaa taaaatggca catgtaactt gtggaaaaac tcaaatgcga catctgettt 1080
acgcttcegee aacgccagtg cctcaccagg ctgctgcecac ggacgattaa acgcccccac 1140
accaaacata tccgeccegt tccagcagaa ggtgtgccag tagcaggegyg caaaacgcaa 1200
gtgctcttee atacgcttge ccaacaccag ttcgtecggga ttgtagtgac ggaatgctaa 1260
cgggtttgag gattttgagce cttcataacg aacgcgatcg agctggtcaa aataggcttg 1320
cat 1323
<210> SEQ ID NO 10
<211> LENGTH: 440
<212> TYPE: PRT
<213> ORGANISM: Escherichia coli
<220> FEATURE:
<221> NAME/KEY: misc_feature
<223> OTHER INFORMATION: Xylose isomerase
<400> SEQUENCE: 10
Met Gln Ala Tyr Phe Asp Gln Leu Asp Arg Val Arg Tyr Glu Gly Ser
1 5 10 15
Lys Ser Ser Asn Pro Leu Ala Phe Arg His Tyr Asn Pro Asp Glu Leu
20 25 30
Val Leu Gly Lys Arg Met Glu Glu His Leu Arg Phe Ala Ala Cys Tyr
35 40 45
Trp His Thr Phe Cys Trp Asn Gly Ala Asp Met Phe Gly Val Gly Ala
50 55 60
Phe Asn Arg Pro Trp Gln Gln Pro Gly Glu Ala Leu Ala Leu Ala Lys
65 70 75 80
Arg Lys Ala Asp Val Ala Phe Glu Phe Phe His Lys Leu His Val Pro
85 90 95
Phe Tyr Cys Phe His Asp Val Asp Val Ser Pro Glu Gly Ala Ser Leu
100 105 110
Lys Glu Tyr Ile Asn Asn Phe Ala Gln Met Val Asp Val Leu Ala Gly
115 120 125
Lys Gln Glu Glu Ser Gly Val Lys Leu Leu Trp Gly Thr Ala Asn Cys
130 135 140
Phe Thr Asn Pro Arg Tyr Gly Ala Gly Ala Ala Thr Asn Pro Asp Pro
145 150 155 160
Glu Val Phe Ser Trp Ala Ala Thr Gln Val Val Thr Ala Met Glu Ala
165 170 175
Thr His Lys Leu Gly Gly Glu Asn Tyr Val Leu Trp Gly Gly Arg Glu
180 185 190
Gly Tyr Glu Thr Leu Leu Asn Thr Asp Leu Arg Gln Glu Arg Glu Gln
195 200 205
Leu Gly Arg Phe Met Gln Met Val Val Glu His Lys His Lys Ile Gly
210 215 220
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-continued

36

Phe

225

Phe

Thr

Leu

Gly

305

Val

Phe

Ile

Gln

385

Gly

Leu

Val

Gln Gly Thr Leu Leu Ile Glu Pro Lys Pro Gln Glu
230 235

Gln Tyr Asp Tyr Asp Ala Ala Thr Val Tyr Gly Phe
245 250

Gly Leu Glu Lys Glu Ile Lys Leu Asn Ile Glu Ala
260 265

Leu Ala Gly His Ser Phe His His Glu Ile Ala Thr
275 280 285

Gly Leu Phe Gly Ser Val Asp Ala Asn Arg Gly Asp
290 295 300

Trp Asp Thr Asp Gln Phe Pro Asn Ser Val Glu Glu
310 315

Met Tyr Glu Ile Leu Lys Ala Gly Gly Phe Thr Thr
325 330

Phe Asp Ala Lys Val Arg Arg Gln Ser Thr Asp Lys
340 345

Tyr Gly His Ile Gly Ala Met Asp Thr Met Ala Leu
355 360 365

Ala Ala Arg Met Ile Glu Asp Gly Glu Leu Asp Lys
370 375 380

Arg Tyr Ser Gly Trp Asn Ser Glu Leu Gly Gln Gln
390 395

Gln Met Ser Leu Ala Asp Leu Ala Lys Tyr Ala Gln
405 410

Ser Pro Val His Gln Ser Gly Arg Gln Glu Gln Leu
420 425

Asn His Tyr Leu Phe Asp Lys
435 440

<210> SEQ ID NO 11

<211> LENGTH: 37

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 11

aaactgcagg ttaaaagtat ttgagttttg atgtgga

<210> SEQ ID NO 12

<211> LENGTH: 47

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 12

ccaatgcatt ggttctgcag gtgtaaatat cagacgtaaa aagacca

<210> SEQ ID NO 13

<211> LENGTH: 48

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 13

aaaactgcag aaaacccggg ctettecttt ttcaatatta ttgaagca

Pro

Leu

Asn

270

Ala

Ala

Asn

Gly

Tyr

350

Ala

Arg

Ile

Glu

Glu
430

Thr

Lys

255

His

Ile

Gln

Ala

Gly

335

Asp

Leu

Ile

Leu

His

415

Asn

Lys

240

Gln

Ala

Ala

Leu

Leu

320

Leu

Leu

Lys

Ala

Lys

400

Asn

Leu

37

47

48
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-continued

<210> SEQ ID NO 14

<211> LENGTH: 59

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 14

tgcattgget gcagtttece gggtttttga attcatatgt tetgccaagg gttggtttyg 59

<210> SEQ ID NO 15

<211> LENGTH: 53

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 15

cccaagettt tgacagetta tcatcgataa getataatge ggtagtttat cac 53

<210> SEQ ID NO 16

<211> LENGTH: 34

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 16

cccaagctta tatgttctge caagggttgg tttg 34

<210> SEQ ID NO 17

<211> LENGTH: 29

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 17

ggcgaattce tgcaaggcga ttaagttgg 29

<210> SEQ ID NO 18

<211> LENGTH: 28

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 18

ggcgaattcc aaggcacacc tgaagacg 28

<210> SEQ ID NO 19

<211> LENGTH: 32

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 19

aaaggatccg cgcaacgtaa ttaatgtgag tt 32

<210> SEQ ID NO 20

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer
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39

40

-continued

<400> SEQUENCE: 20

tttggatcce caaatggcaa attatt

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 21

LENGTH: 29

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Primer
<400>

SEQUENCE: 21

ggcctegage tgcaaggcga ttaagttgg

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 22

LENGTH: 28

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Primer
<400>

SEQUENCE: 22

ggcctegage aaggcacacc tgaagacg

26

29

28

What is claimed is:

1. A method for increasing production of ethanol on a

cell-mass basis comprising:

(a) providing a microorganism of the genus Saccharomy-
ces which utilizes a carbon source to produce ethanol
wherein said microorganism expresses a Xylose
isomerase gene;

(b) genetically modifying said microorganism, wherein
said modifying comprises at least one genetic modifica-
tion which provides for expression of a hemoglobin gene
from a bacterium of the genus Vitreoscilla, and wherein
the expression of the hemoglobin gene from the bacte-
rium of the genus Vitreoscilla produces a concentration
of intracellular hemoglobin greater than 0 and less than
125 nmoles per gram wet weight of cells; and

(c) contacting the modified hemoglobin expressing micro-
organism of step (b) with at least one carbon source
comprising xylose under substantially anaerobic condi-
tions,

wherein production of ethanol is greater on a cell-mass
basis after said microorganism is genetically modified to
provide for expression of said hemoglobin than before
said microorganism is genetically modified to provide
for expression of said hemoglobin.

30

35

40

45

2. The method of claim 1, wherein the expression of the
hemoglobin gene from the bacterium of the genus Vitreoscilla
produces a concentration of intracellular hemoglobin greater
than 0 and less than 100 nmoles per gram wet weight of cells.

3. The method of claim 1, wherein the expression of the
hemoglobin gene from the bacterium of the genus Vitreoscilla
produces a concentration of intracellular hemoglobin greater
than 0 and less than 75 nmoles per gram wet weight of cells.

4. The method of claim 1, wherein the xylose isomerase
gene is an endogenously or heterologously gene.

5. The method of claim 4, wherein the xylose isomerase
gene is a wild-type gene, a mutated gene or a purposefully
modified gene.

6. The method of claim 4, wherein the xylose isomerase
gene is a heterologously gene and wherein said xylose
isomerase gene has been inserted into a chromosome of the
microorganism.

7. The method of claim 4, wherein the xylose isomerase
gene is a heterologously gene and wherein said xylose
isomerase gene is in a plasmid or vector.

8. The method of claim 1, wherein the carbon source is
derived from cellulosic biomass.

#* #* #* #* #*



