©Copyright 1991 by The Humana Press Inc.
All rights of any nature whatsoever reserved.
0273-2289/91/2829-—-0221$03.20

Ethanol Production
by Recombinant Escherichia coli
Carrying Genes from Zymomonas mobilis

HUGH G. LAWFORD* AND JOYCE D. ROUSSEAU

Department of Biochemistry, University of Toronto
Toronto, Ontario, Canada M5S 1A8

ABSTRACT

Efficient utilization of lignocellulosic feedstocks offers an oppor-
tunity to reduce the cost of producing fuel ethanol. The fermentation
performance characteristics of recombinant Escherichia coli ATCC 11303
carrying the “‘PET plasmid”’ (pLOI297) with the lac operon controlling
the expression of pyruvate decarboxylase (pdc) and alcohol dehydro-
genase II (adhB) genes cloned from Zymomonas mobilis CP4 (Alterthum
& Ingram, 1989) were assessed in batch and continuous processes
with sugar mixtures designed to mimic process streams from ligno-
cellulosic hydrolysis systems.

Growth was pseudoexponential at a rate (generation time) of
1.28 h at pH 6.8 and 1.61 h at pH 6.0. The molar growth yields for
glucose and xylose were 17.28 and 7.65 g DW cell/mol, respectively
(at pH 6.3 and 30°C), suggesting that the net yield of ATP from xylose
metabolism is only 50% compared to glucose. In pH-stat batch fer-
mentations (Luria broth with 6% sugar, pH 6.3), glucose was con-
verted to ethanol 4-6 times faster than xylose, but the glucose conver-
sion rate was much less than can be achieved with comparable cell
densities of Zymomonas. Sugar-to-ethanol conversion efficiencies in
nutrient-rich, complex LB medium were near theoretical at 98 and 88%
for glucose and xylose, respectively. The yield was 10-20% less in a
defined-mineral-salts medium. Acetate at a concentration of 0.1M
.(present in lignocellulosic hydrolysates from thermochemical process-
ing) inhibited glucose utilization (about 50%) much more than xylose,
and caused a decrease in product yield of about 30% for both sugars.

* Author to whom all correspondence and reprint requests should be addressed.
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With phosphate-buffered media (pH 7), glucose was a preferred sub-
strate in mixtures with a ratio of hexose to pentose of 2.3 to 1. Xylose
was consumed after glucose, and the product yield was less (0.37 g/g).
Under steady-state conditions of continuous culture, the specific pro-
ductivity ranged from 0.76-1.24 g EtOH/g cell/h, and the maximum
volumetric productivity, 2.5 g EtOH/L/h, was achieved with a rich
complex LB medium (glucose) at pH 6.0 (30°C) and ethanol at 1.63%
(vlv). Growth and fermentation were poor in a buffered-wood (aspen)
“‘hemicellulose hydrolysate’’ containing 4% xylose and 0.1M acetate
with added thiamine and mineral salts.

Index Entries: Fuel ethanol, recombinant E. coli; genetic engi-
neering; xylose; lignocellulose; Zymomonas genes; hemicellulose
hydrolysate.

INTRODUCTION

The fuel-ethanol industry was born out of the energy crisis of the
1970s and was developed on the existing technology base of the alcoholic-
beverage industry, in which consumer acceptance, not process efficiency,
was the only motivation for technological innovation. The present low
cost of oil means that fuel alcohol derived from grain (starch) is economi-
cally feasible only because of government tax incentives or subsidies and
the value of byproduct credits. However, growing environmental concern
creates a renewed opportunity for fuel ethanol.

The fuel market potential for fermentation alcohol makes it by far the
largest of existing biotechnology products. Unlike the low-volume, high-
valued products produced by genetically engineered organisms in modern
biotech industries (e.g., pharmaceuticals), the large-volume market for
fuel ethanol demands that raw materials and processing costs be kept
very low (1-3).

Our strategy for developing an economically competitive process for
fuel-alcohol production combines modern advances in biotechnology and
bioengineering to increase both the efficiency and the rate of bioconversion
using cost-effective feedstocks, such as ““waste’” lignocellulosic materials
(4,5). The engineering approach to improving process productivity involves
operating the bioreactors in a continuous mode (rather than the more tra-
ditional batch mode) and at higher cell densities, with systems employing
either cell retention or cell recycle; the biological approach addresses the
performance characteristics of the biocatalyst, or process microorganism
(6). The monopoly enjoyed by yeast is now being challenged by new
alternative alcohol producers that are tailored to the specific requirements
of the fuel-alcohol industry. Our patented, high-performance bacterial
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bioconversion process technologies have been developed over the last 10
years and are based on Zymomonas, whose superior kinetic and yield char-
acteristics have the potential to revolutionize the fuel-alcohol industry
(for review, see ref. 7). However, one limitation of Zymomonas is that it is
restricted to utilizing only glucose, fructose, and sucrose, thereby limiting
its usefulness to starch-based or sucrose (molasses) fermentations.

The increasing demand for ethanol as an environment-friendly fuel
means that the industry must expand beyond its present starch- and
yeast-based technology. The current practice of using carbohydrate
sources that can be used alternatively as either food or feed, means that
the fermentation feedstocks account for about two-thirds of the cost of
producing ethanol (7). If there is to be a reduction in cost, then additional,
lower-cost feedstocks are needed to supplement the present supply of
surplus corn and cereal grains. Lignocellulosic materials (biomass) are the
only renewable resource that is sufficiently abundant to produce the large
volumes of ethanol needed to replace petroleum-based transportation
fuels (8). The economic benefit to be derived from the efficient bioconver-
sion of biomass feedstocks relates to the low cost associated with such
lignocellulosic ““waste’” materials as agricultural residues (straw, corn
stover), forestry wastes (sawdust, pulp mill residues), and certain solid
municipal wastes (newsprint, paper and cardboard packing). However,
lignocellulose remains recalcitrant to bioconversion because the yeast cul-
tures presently employed in starch-based fermentations are unable to
utilize the five-carbon pentose sugars that make up the hemicellulose
component (10-40%) of biomass (8,9). Xylose (hemicellulose) conversion
offers the potential to increase yields by 30% (8).

Genetic engineering represents another aspect of the biological stra-
tegy for process improvement (10). Using rDNA technology, Escherichia
coli has been genetically transformed with the ““PET operon’’ carrying
pyruvate decarboxylase (pdc) and alcohol dehydrogenase II (adhB) genes
from Z. mobilis CP4 (11,12). E. coli can utilize all the sugar constituents of
lignocellulosic biomass (both hexoses and pentoses), and expression of
the Zymomonas genes in recombinant strains directs the flow of carbon
away from the production of organic acids to the production of ethanol
(13). However, with the exception of some preliminary reports (11,12),
the physiological characteristics of these lab strains is largely unknown.
The objective of this study was to quantitatively assess the fermentation
performance of one of the more promising recombinant ethanologenic
E. coli cultures, namely ATCC 11303 (pLOI297 (12), and to optimize oper-
ational parameters with respect to the identified key technoeconomic sen-
sitivity factors of yield and productivity (2), with a view to assessing the
potential for this type of organism, relative to that of various pentose-
utilizing yeasts (8,14-17) and thermophilic bacteria (24-26), in expanding
the raw-materials base of the fuel-ethanol industry.
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MATERIALS AND METHODS

Organisms

Escherichia coli (Luria strain B) ATCC 11303 was obtained from the
American Type Culture Collection (Rockville, MD) and E. coli ATCC 11303
(carrying the PET plasmid pLOI297) (12) was a gift from L. O. Ingram
(University of Florida, Gainsville, FL).

Culture Media

Luria broth (27) consisted of tryptone (10 g/L), yeast extract (5 g/L),
NaCl (5 g/L), and a fermentable sugar, either glucose or xylose (Sigma
Chemical Co., St. Louis, MO). The sugars were autoclaved separately—
xylose solutions were neutralized before autoclaving to minimize brown-
ing and decomposition. The defined-mineral-salts medium contained
NH4CI (2.25 g/L), MgSO4 (0.2 g/L), FeSO4-7H,0 (0.5 mg/L), KH,PO4 (2.72
g/L), KOH (1.12 g/L), thiamine (0.05 mg/L), and citric acid (0.21 g/L). In
the case of flask cultures, the pH was adjusted using NaOH, whereas for
chemostat cultures, HCI was used initially to set the pH. In experiments
using a buffered medium, the concentration of phosphate was increased
to 0.2M (27.2 g KH,PO4/L). Different buffered media were solidified by
the addition of agar (20 g/L), and selective media contained the antibiotics
tetracycline and ampicillin (Sigma) at concentrations of 10 mg/L and 40
mg/L, respectively (11). Cultures were stored (-10°C) in LB/glycerol-
citrate, and were plated on selective media. Inocula were prepared in
media containing antibiotics, but fermentations (both batch and continu-
ous) were conducted without added antibiotics.

Batch Fermentations

Fermentations were conducted both in batch mode either in 250-ml
Erlenmyer flasks [100 mL of buffered media] in a temperature-controlled
water bath or in MultiGen [model F2000] bench-top stirred-tank bioreac-
tors [STR], and in continuous mode (in BioFlo C30 chemostats), both sys-
tems having agitation and pH (2N KOH) and temperature (30°C) control,
and being manufactured by New Brunswick Scientific Co. (Edison, NJ).

Wood Hemicellulose Hydrolysate

““Prehydrolyzed’” wood (aspen) was obtained from Bio-hol Develop-
ments (Toronto, Canada) and was prepared using a Wenger extruder and
with 50 as catalyst (19). The hemicellulose component was completely
hydrolyzed (process referred to as prehydrolysis) with the mass total of
sugars/dry wood being 23% (predominantly xylose). Cellulose was only
partially hydrolyzed under these conditions (19). The extruded wood
material was slurried in boiling water and filtered. The filtrate was con-
centrated under vacuum to achieve a xylose concentration in the range of
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Fig. 1. Analysis of fermentation broth by HPLC—typical chromatograms.
Details are given in Materials and Methods sections.

3-5% (w/v). Under these conditions the acetic acid is largely retained, but
can be removed by steam-stripping under atmospheric conditions (28).

Analytical Procedures

The concentration of fermentation substrates (glucose, xylose, and
wood hydrolysates) and products (ethanol and organic acids—acetic, suc-
cinic, lactic, and formic) were determined in cell-free supernatants using a
HPLC equipped with a refractive-index monitor and computer-interfaced
controller/integrator (Bio-Rad Labs, Richmond, CA). Separations were
performed at 65°C on an aminex HPX-87H column (Bio-Rad Labs) at a
flow rate of 0.6 mL/min of 6.7 mM phosphoric acid (injection vol 0.02
mL). Pure chemical standards were used to identify the various peaks.

Typical chromatograms from HPLC analysis of cell-free fermentation
broths are shown in Fig. 1, with peaks identified and retention times (min)
indicated. It is important to note that, in batch fermentations in which
phosphate was used to buffer the media, the assay for fermentable sugars
was complicated by the inorganic phosphate, which comigrates on the
column with glucose and xylose. Oligomers that are presumed to be di-
and trisaccharides (indicated as DP2 and DP3) were present in the aspen-
wood prehydrolysate, but the predominant fermentable sugar is xylose.
The concentrated APH contains about 40 g/L xylose, a slight amount of
glucose, and about 0.1M acetate. Alternatively, a Yellow Springs model
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Fig. 2. E. coli (Luria strain B ATCC 11303) and Ingram’s recombinant
strain carrying the “'PET plasmid,”” pLOI297: Cultures were streaked on LB agar
containing 2% glucose and incubated at 37°C for the same period of time before
being photographed. (Left) The parent E. coli ATCC 11303 (Luria strain B);
(Right) r E. coli ATCC 11303 (pLOI297)—this selective medium also contains anti-
biotics (tetracycline + ampicillin).

27 glucose analyzer (Yellow Springs, OH) was used to measure glucose,
since glucose and xylose are difficult to quantitatively distinguish by HPLC
under the conditions employed in this investigation.

Growth was measured turbidometrically at 550nm using a cuvet with
a 1-cm light path in a Unicam SP1800 spectrophometer (Canlab, Toronto,
Canada) and culture dry weight was measured by ultrafiltration, washing
and drying the filter to constant weight under an infrared heat-lamp.

RESULTS AND DISCUSSION

Figure 2 is a photograph of agar plates (LB with 2% glucose) illustrating
the very obvious phenotypic differences with respect to size and colony
morphology between E. coli ATCC 11303 and the recombinant E. coli carry-
ing the “"PET operon’’ (portable ethanol production) constructed from
cloned ‘“alcohol-production’’ genes (pdc and adhB) from Zymomonas mobilis

CP4 and expressed under the control of the lac promoter (12). Because
this is not a color reproduction, it does not show that the recombinant
culture is also distinctly more opaque and yellow in color when grown on
a selective (with antibiotics), rich medium with a fermentable sugar (glu-
cose). During the course of this investigation we routinely used this diag-
nostic method to screen for plasmid stability.

One of the recognized advantages of operating yeast-based fermenta-
tions at relatively low pH (range 4-5.5) is the decreased opportunity for
bacterial infection. For this reason, we examined the effect of pH on the
physiology of the recombinant bacterial culture, with a view to operating
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Fig. 3. Effect of pH on growth rate: Growth of E. coli ATCC 11303 (pLOI297)
in STR pH-stat in Luria broth (2% glucose) with pH controlled by the addition of
2N KOH.

at a pH as low as possible. Figure 3 shows the effect of pH (over the range
6.0-6.8) on the growth rate of E. coli ATCC 11303 (pLOI297). The results
of this preliminary investigation do not permit us to recommend an ““opti-
mal’’ operating condition with respect to pH. The effect of pH over a
more extended range (< 6.0) is the subject of ongoing studies.

In complex rich media, such as Luria broth (at very low glucose con-
centrations), E. coli grows exponentially, with a mean generation time on
the order of 20-30 min (13). However, we observed that growth of the
recombinant culture was not always truly exponential, but could be more
properly described as pseudoexponential or linear. The latter was particu-
larly true when higher sugar concentrations were employed (> 3%). The
doubling times observed for anaerobic growth in LB (glucose) medium for
this PET-plasmid-bearing strain of E. coli B (Fig. 3) are significantly
slower than those reported for another E. coli K12 strain (TC4), for which
the mean generation times ranged from 38 to 48 min (11). Nevertheless,
the growth rates observed in this study (at low sugar concentrations,
< 3%) were comparable to those for both Zymomonas and Saccharomyces

(6). At pH 6.0, the doubling time for Z. mobilis is 1.4 h (6).

The pH over the range tested (6.8-6.0) also appeared to have very little
effect on productivity at low glucose concentrations (Fig. 4). For glucose
(1.5-2%), the observed values for the specific productivity (g, 2.2 g EtOH/g
cell/h) and volumetric productivity (Qp 1.2 g EtOH/L/h) (Table 1) are com-
parable to the average values reported for batch fermentation in buffered
LB medium and 12% glucose (12).

Figure 5 demonstrates that, whereas the growth rate is independent
of glucose concentration, the final cell density (biomass concentration) is
proportional to the amount of glucose. In plots of cell density vs sugar
concentration (glucose or xylose), the dry cell mass was found to be directly
proportional to the amount of sugar consumed, up to 3.3% (w/v). Beyond
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Fig. 4. Effect of pH on the rate of glucose utilization and ethanol production.

Table 1
Operational Parameters For Baich Fermentations
Glucose and Xylose Conversion by Recombinant E. coli ATCC 11303 (pLOI297)

SUBSTRATE [PRODUCT] PRODUCTIVITY YIELD
Culture Medium {S] |[Biomass] [EtOH] q, Qp Yp,s Conversion

Luria Broth g/l gDW/L gL gP/gcelllhr gPL/Mmr gP/gSused Effic%
GLUCOSE 23 2.43 13.0 2.20 1.20 0.57 112
58 3.50 29.0 1.43 1.60 0.50 98
148 2.65 46.0 0.16 0.35 0.35 69
XYLOSE 40 2.04 17.5 0.27 0.36 0.44 86
80 2.40 36.0 0.27 0.47 0.45 88

CONDITIONS: pH-stat batch culture with pH controlled at 6.3 by addition of KOH; temperature
controlled at 30°C; cell density ([biomass]) was determined as dry weight at maximum ODggq (ie.
onset of stationary-phase); 9% calculated as average over initial period of growth phase; Qp calculated
as final ethanol concentration divided by total time of fermentation; Y, calculated as amount of
ethanol produced per mass of sugar consumed. S = fermentable sugar, either glucose or xylose. P =
ethanol

that point it was constant at a maximum value of about 3.5 g/L in LB
medium (results not shown). The cell yield in LB without fermentable
sugar was 0.4 g DW/L. From the slope of these plots (not shown), the
molar growth yields for glucose and xylose were determined to be 17.28
and 7.65, respectively. From a knowledge of sugar metabolism in E. coli,
where lactic acid (or ethanol, in the case of the recombinant culture) is the
major metabolic end product and very little acetic acid is produced, it has
been generally assumed that the net molar yield of energy (ATP) from
glucose is 2, whereas for xylose is it only five-sixths as much (1.67 mol
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Fig. 5. Growth rate and cell yield of recombinant E. coli: Growth rate
and cell yield are shown as a function of glucose concentration in LB medium
(variable glucose) in pH-stat controlled at pH 6.3 (Temperature 30°C).

ATP/mol xylose). Assuming that growth yield with respect to ATP (Yarp)
is constant for both sugars, it could be expected that the molar growth
yield for each sugar would be proportional to the net yield of ATP for each
sugar. In fact, this was not the case, and our observations on growth yields
with glucose and xylose suggest that the net yield of energy (ATP) derived
from Cs sugars by this culture is only about one-half the amount obtained
from the metabolism of Cs sugars. To our knowledge, this has not been
reported by others. This difference in energy yield could explain the slower
rates observed with xylose compared to glucose (Fig. 7A, Table 1).

The performance of this culture was assessed at high sugar concen-
trations (15% glucose; 4 and 8% xylose) that are more realistic in terms of
an industrial operation, and the results are represented in Fig. 6. The
important operational parameters for productivity, final product concen-
tration, and yield for these batch fermentations (pH controlled at 6.3 and
temperature at 30°C) are summarized in Table 1. For the most part, these
observations serve to confirm those made earlier by Alterthum and Ingram
(12) in buffered LB media (only 12% glucose), with the notable exception
of the batch with 15% glucose, which perhaps surpassed the tolerable
limit of this culture. The observed g, for xylose (0.27 g EtOH/g cell/h) was
only about 20% of that previously observed (12).

In contrast to the biological approach to process improvement (includ-
ing genetic engineering), the engineering approach involves the transfor-
mation of the batch fermentation to a more productive continuous process
(6). Table 2 summarizes our preliminary chemostat studies, in which we
explored the fermentation performance characteristics of E. coli ATCC
11303 (pLOI297) in both a complex and a defined-mineral-salts medium
with glucose. Functional parameters determined under the steady-state
conditions of continuous culture are more reliable than those estimated
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Fig. 6. Comparative rates of glucose and xylose utilization and ethanol
production by recombinant E. coli: Batch fermentations were conducted in STR
pH-stats controlled at pH 6.3 at a temperature of 30°C. The numbers in brackets
in B represent the product yield based on sugar utilized.

from batch fermentations for which the environment is not kept constant.
The objective of improved productivity has clearly not yet been achieved,
since the values observed are comparable to those observed in batch fer-
mentations both by us and by others (12). We were surprised to note that
the best Qp value was achieved at the lowest pH (Table 2, line 3). We have
experienced a great deal of difficulty in operating the continuous-flow bio-
reactors under a condition of complete substrate utilization, even at rela-
tively low sugar concentrations ( <5%) and at dilution rates that were only
50% of the anticipated maximal rate (0.4/h), based on the observed specific
growth rates at these pH values (Fig. 3). The experiments with a defined-
salts-medium in which glucose is the sole source of carbon show that the
ethanol yield is lower than that for the rich complex Luria broth (Table 2).
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Table 2
Operational Parameters For Continuous Fermentations
Glucose Conversion by Recombinant E. coli ATCC 11303 (pLOI1297)
with Complex and Defined Mineral Salts Media

SUBSTRATE [PRODUCT] PRODUCTIVITY YIELD
Medium Comp. [Glu] Feedstock [EtOH] q Op sz Conversion
Glucose (pH) gL Ut (%) gL gPgcellhr gPAMr gP/igGlu Effic (%)
COMPLEX
LurlaBroth  (6.3) 21 88 8.7 0.92 1.91 0.47 92
(6.3) 38 94 127 0.69 127 0.35 69
(6.0} 38 70 12.9 1.24 258 048 94
(6.3) 50 68 16.6 0.76 1.66 0.49 96
DEFINED
Mineral Salts (6.8)* 36 81 120 0.86 0.96 0.42 82
6.3) 50 53 105 1.10 0.95 0.40 78
(6.3) 50 13 29 0.97 0.58 0.45 88

CONDITIONS: continuous fermentations were conducted in NBS BioFlo C30 bench-top
chemostats with pH (2N KOH), temp. control (30°C) and agitation (minimally at approx.150
RPM). Steady-state was assumed only after a minimum of § volume turnovers.

The volumetric productivity, Qp was caiculated as steady-state ethanol conc'n times the dilution
rate; the specific productivity, q, was obtained by dividing the value for Q, by the steady-state
biomass concentration; cell derisity (biomass) was determined as dry weight by microfiltration
method; the product yield, Yp,s was calculated as the steady-state ethanol conc'n divided by the
mass of sugar utilized.

No antibiotics were added to either the LB or minerals salts media. P = steady-state [ethanol].

* The mineral saits medium, defined in Materials & Methods, was modified by the addition of

0.01M phosphate and 1mM citric acid.
Again, our observations on yields with minimal media (Table 2, see also
Figs. 8B [glu] and 8C [xyl]) provide evidence to confirm the suggestion
made by Alterthum and Ingram that ‘‘the unusually high ethanol yields. . .
(over 100% of theoretical values) may include ethanol derived from the
catabolism of complex nutrients”” (e.g., amino acids in tryptone) (12).

The hydrolysis of lignocellulosic feedstocks produces a mixture of
hexoses and pentoses, and it was of interest to examine the behavior of
this recombinant ethanologen in media (designed to mimic the Cs-Cs ratio
of complete hydrolysates) containing glucose and xylose as the sole carbon
sources for growth and ethanol production. Figure 7A shows that, with
buffered media (0.2M phosphate, initially at pH 7), the rate of xylose
metabolism is about 50% of the rate of glucose metabolism and that glu-
cose is a preferred substrate, since it disappears before the xylose is con-
sumed. The yield of 0.37 (based on complete utilization of the sugars
added after 72 h) is also lower in the case of the glucose/xylose (Fig. 8A).
From studies with other pentose-fermenting yeasts and bacteria, ligno-
cellulosic hydrolysates are also known to contain various inhibitory sub-

Applied Biochemistry and Biotechnology Vol. 28/29, 1991



232 Lawford and Rousseau

A 6
. Flask Ferm.
5 M Buffered Min. Med. (7.0) [ g Glucose
—_ B Xylose
g 4 A GU(G+X)
— 3 A Xyl (G+X)
o
3
@ 2
1
0 v T ' ¥ T T T Y
0 20 40 60 80
Time (hrs)
B 5
g Glu + Acetate
4 3 B Xyl + Acetate
L Added [Acetate] =0.IM
g 27
3
@
1..
0
0

Time (hrs)

Fig. 7. (A) Comparative rates of glucose and xylose utilization: Glucose
and xylose separately and as a mixture (Glu:Xyl=2.3:1) to mimic lignocellulosic
hydrolysate. (B) Comparative effect of acetate on glucose and xylose utilization
by r E. coli: The concentration of sodium acetate added was 8g/L (0.1M) to mimic
concentration of aspen-wood prehydrolysate (APH). Fermentations were con-
ducted in shake-flasks with buffered defined-salts medium, initially at pH 7.

stances, and acetic acid (a byproduct of thermochemical processing [19,28])
is recognized as one of these toxic compounds. Our assay of the concen-
trated aspen-wood hemicellulose hydrolysate (so-called prehydrolysate)
showed it to contain about 0.1M acetate. The effect of this amount of ace-
tate on the fermentation performance of r E.coli with 0.2M phosphate
buffer is shown in Figure 7B. Whereas the rate of glucose metabolism is
inhibited, the rate of xylose utilization appears little affected by this con-
centration of exogenous acetate (Fig. 7B). The effect of acetate on ethanol
production is shown in Figs. 8B and 8C for glucose and xylose, respec-

Applied Biochemistry and Biotechnology Vol. 28729, 1991



Ethanol Production by Recombinant E. coli 233

A 20
~ (0.37)
3 1.5
®
— 104
‘©
H
£ 054 &A
W
1 & 35%Gh+15%xy |
0.0 Y T T
0 20 40 60 80
Time (hrs)
B 30 C 30
= z.sj1 (0.44) 5 251 (0.43)
F S
: 2.0
& 20 2 y = -0.008 + 0.029x
- 151 = 151 (0.29)
3 e 1
S 104 & 101
£ ] £
W o5+ B 5% Glucose W os- = 5% Xylose
| _4%GlusyAc| ® 4% Xyl+Ac
Ofo M T v ¥ 0.0 Y T T g
0 20 40 60 80 0 20 40 60 80
Time (hrs) Time (hrs)

Fig. 8. (A) Ethanol production by recombinant E. coli from a mixture of
glucose and xylose: Fermentation conditions were as described in Fig. 7. The
value for Ypss is shown in brackets. (B) Effect of acetate on ethanol production
from glucose. (C) Effect of acetate on ethanol production from xylose.

tively). Acetate causes the product yield to be dramatically decreased
with both sugars—a 28% reduction for glucose and 33% for xylose.

Figure 9 represents our first attempt at a “*hemicellulose’” fermenta-
tion with Ingram’s recombinant E. coli. The conditions of this test case
were not designed to be particularly favorable, since they were designed
to model that of an industrial fermentation with lignocellulose prehydroly-
sate (19), with a minimum of added nutrients to reduce cost. The xylose
concentration was about 4% (w/v) and the acetate was 0.1M—only thia-
mine (50 pg/L) and mineral salts (as in the ““defined’” medium) were added
to the hemicellulose hydrolysate concentrate filtrate. The inoculation cell
density was not high, and, therefore, the rather poor performance is not
too surprising, considering the nonconducive nature of the test environ-
ment. Experiments are ongoing to test the effect of much higher initial
cell loadings and immobilized cell systems with added nutrients.

This organism was not designed to compete with or replace the effi-
cient yeasts that are presently employed in the starch-based fuel-ethanol
industry. The specific productivity exhibited by this recombinant is better
than that of Saccharomyces yeast, but the organism is neither as fast nor as
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Fig. 9. Ethanol fermentation by r E. coli in wood hemicellulose hydroly-
sate: Flasks were inoculated at relatively low cell density (10% v/v). The defined-
salts medium was initially buffered at pH 7. The xylose concentration of the
aspen wood prehydrolysate (APH) (open circles) was about 40 g/L; closed circles
represent an experiment with a small amount of added glucose (4 g/L). The con-
centration of acetic acid was 0.1M. The “‘process yield’’ is based on the amount
of ethanol produced and the total amount of fermentable sugars.

efficient as Zymomonas (based on glucose) (7). However, since neither the
yeast presently used for the production of fermentation alcohol nor Z.
mobilis can convert pentose sugars to ethanol, this PET-plasmid-contain-
ing strain of E. coli (12) will find its competition only from those pentose-
fermenting organisms that have been claimed to have potential for the
bioconversion of lignocellulosic (biomass) feedstocks (14-16).

Our observations with Ingram’s recombinant E. coli both confirm the
claims already in the literature (12) and easily provide a justification for
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further research with this and other related genetic constructs, since the
pentose-utilizing yeasts and bacteria are all generally characterized by in-
ferior yields (8,14-17) or conversion rates (productivities) (20-22), or, in
the case of the thermophilic bacteria, by a low tolerance to ethanol (24-26).
There are always, however, possible exceptions, as perhaps is the case
with the ““adapted’” strains (R) of P. stipitis (18,19,28,29).
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