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Effects of process errors on the production of ethanol by
Escherichia coli KO11
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Escherichia coli KO11 was previously constructed for the production of ethanol from both hexose and pentose
sugars in hemicellulose hydrolysates by inserting the Zymomonas mobilis genes encoding pyruvate decarboxylase
(pdc) and alcohol dehydrogenase ( adhB). This biocatalyst appears relatively resistant to potential process errors
during fermentation. Antibiotics were not required to maintain the maximum catabolic activity of KO11 even after
deliberate contamination with up to 10% soil. Fermentations exposed to extremes of temperature (2 h at 5 °C or 50°C)
or pH (2 h at pH 3 or pH 10) recovered after re-adjustment to optimal fermentation conditions (35 °C, pH6) although
longer times were required for completion in most cases. Ethanol yields were not altered by exposure to extremes

in temperature but were reduced by exposure to extremes in pH. Re-inoculation with 5% (by volume) from control
fermentors reduced this delay after exposure to pH extremes.
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Introduction the industrial hardiness of large-scale processes using
coli has been gathered by industry but little is available in
the public domain.

Process errors are likely to occur in large-scale fermen-
tions which cause swings in pH or temperature, or result
in the accidental contamination of fermentations with other
rganisms. In this study we have determined the conse-
uences of potential process errors during the fermentation
(g xylose to ethanol by recombinaBt coli and examined

The commercial viability of biological processes for the
production of bulk chemicals is critically dependent upon
the development of robust engineering designs anqa
microbial catalysts. Species 8aiccharomycelsave proven

to be excellent biocatalysts for ethanol production from
grain-derived and cane-derived hexose sugars [14-17,19
Genetically engineered strains®$cherichia coliand other
bacteria have been used for the large-scale production
higher value products such as amino acids [8,12,22] an
recombinant proteins [9,13,21,23]. Although extensive
industrial experience has been gained with both systems,
E. coliis generally regarded by bioprocess engineers as thilaterials and methods
most desirable microbial platform for the development of Bacterial strains and media

new products (Engineering Foundation Conference, rDNﬁE. coli KO11 [20] was used in all fermentation studies.

Biotechnology: - Metabolic  Engineering, Danvers, MA, Chloramphenicol acyl transferaseaf) and theZ. mobilis

October 1996). enes for ethanol productiopdc, adhB are integrated into

D rcg:\:aes,rstggvgffg rr%g ni/(;?]rg’ﬂ?g;éantgirg?%iggg rifr?glf)sfseer?t e?ﬁge chromosome of this strain. Stock cultures were main-
bacteria for fuel ethanol production from lignocellulose ined on modified Luria-Bertani (LB) [2] agar containing

) er liter): 5 g NacCl, 5 g yeast extract, 10 g tryptone, 20 g
[4,10,11,24]. Genes encoding the ethanol pathway frongp :
Zymomonas mobiligere chromosomally integrated ino xylose, 15 g agar, and 600 mg chloramphenicol. Although

coli to redirect central metabolism and produce ethanol an zlgerzr?gr;%rggoélmﬁe?(g??g? elrnmse?:'ltgtir:)]r?g lum, none was
CO, as primary products of fermentation [20]. Although :
ethanol tolerance of the recombinaat coli is only half

that of conventional yeasts, the sugar content of most hem? atch fermentations by E. coli KO11 using

: : S aboratory ingredients
icellulose-derived syrups is limited to 80-100 g*Lland . . .
serves to limit expected product concentrations to belo Fermentations (350 ml working volume) were conducted in

50 g ethanol X [11]. Under optimal conditions (pH 6-7 Y500-ml beakers (Fleakers) fitted with a rubber cap and port-

and 32-37C), recombinan€. coli efficiently ferment all &S for sampling, gas escape, and a pH probe [3]. Unless

. stated otherwise, fermentations were conducted usin
hexose and pentose sugar components of lignocellulos 9

. . 0S8 o dified LB containing 90 g xyloset but omitting agar
(after hydrolysis) to ethanol [1,3]. Information concerning and chloramphenicol [1,3,18]. Sugars and complex nutri-

ents were autoclaved separately and mixed after cooling
Correspondence: LO Ingram, Dept of Microbiology and Cell Science,]ust before.mocmat'on' Seed culturgs_ were _grgwn Wlthom
IFAS, PO Box 110700, University of Florida, Gainesville, FL 32611, usA PH control in unshaken flasks containing a similar medium
Received 24 July 1997; accepted 16 April 1998 but with a lower concentration of xylose (50 g2\ and

e potential benefit of re-inoculation as a method to accel-
rate recovery.
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Figure 1 Effect of a 2-h exposure to temperature extremes on fermentations. Shifts in temperature were carried out 10 h after inoculation. Ferment
were returned to 3% water baths and fermentation continued. Symbols for all gra@hscontrol maintained at 3&; V¥, shifted to an alternative
temperature for 2 m, shifted to an alternative temperature for 2 h, returned t&€3&nd re-inoculated with 5% by volume from the control fermentation.

(a) Ethanol production after exposure taC5 (b) Growth after exposure td6. (c) Ethanol production after exposure t60(d) Growth after exposure

to 50°C.
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without agar. Seed cultures were harvested by centrifugBatch fermentations using hemicellulose hydrolysate

ation (5000x g, 5min, 5C) and used to inoculate fer- To investigate resistance to contamination further, fermen-
mentors to an initial density of 0.5 OD at 550 nm, approxi-tations were also conducted without sterilization using a
mately 0.16 gdw [*. KOH (2 N) was automatically added dilute sulfuric acid hydrolysate of sugar cane bagasse hem-
to prevent the pH from declining below pH 6.0 (&5. icellulose. This hydrolysate was kindly provided by BC
The temperature was controlled using a water bath witinternational (Hingham, MA, USA) and was reported to
circulating pump. This water bath was placed above aontain per liter: 14 g glucose, 72 g xylose, 4 g arabinose,
multiplace, magnetic stirrer which served to agitate each oand 1 g mannose in dilute sulfuric acid (91 g total sugar
the fermentors (100 rpm). No control was provided to pre-L™). Toxins were removed by adjusting to pH 10 with
vent an increase in pH. Shifts in temperature or pH wereCa(OH), followed by decanting to eliminate the larger gyp-
initiated after 10 h of fermentation and lasted for 2 h priorsum particles. The resulting hydrolysate was neutralized by
to readjustment to optimal conditions. Additions of freshthe addition of HCI. Dry LB nutrients (tryptone and yeast
soil as a source of contamination were made at the begirextract) were dissolved in lime-treated hydrolysate immedi-
ning of fermentation. ately before inoculation. Seed cultures were prepared as
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Table 1 Effect of simulated process errors on cell growth and ethanol prodéction

Treatment Maximum cell Base added = Maximum ethand! Ethanol yield
density (gdw L™) (mmoles %) (% theoretical)
Time (h) Conc. (g Y

None f = 14) control 3.3:0.2 45.7+ 8.2 48 42.6:1.9 93+ 4
50°C, 2 h 2.9 65.7 60 39.3 89

+ 5% inoculum 2.7 62.9 60 39.5 89
5°C, 2h 3.6 57.4 60 40.8 91

+ 5% inoculum 3.2 48.6 60 41.2 92
pH 10, 2h 3.6 97.1 96 34.4 79

+ 5% inoculum 4.0 103 48 375 86
pH 3, 2h 3.6 117 96 36.0 83

+ 5% inoculum 3.7 109 72 36.9 85
1 gdw soil L* nd 47.1 48 44.3 99
10 gdw soil L* nd 42.9 48 43.7 97
50 gdw soil Lt nd 38.6 48 42.3 94
100 gdw soil Lt nd 40.2 48 41.2 92
Hydrolysaté& nd 8.6 96 41.0 92

aResults represent an average of two or more fermentations with 90 g xylbsdntrol values are averages of 14 fermentations with standard deviations
(12 fermentations for cell mass).

PMaximum cell density in grams (dry weight) per liter.

°Base (2 N KOH) added to maintain fermentation at pH 6 or above.

%alues represent total ethanol per liter of original fermentation broth and have been adjusted for dilution by added base.

°The theoretical yield from 90 g xylose is 45.9 g of ethanol.

nd, not determined.

9Hydrolysate and nutrients were not sterilized. The maximum theoretical yield from 86.9 g sugar is 44.3 g ethanol.

described above. Fermentations were inoculated by addingtely after a 2-h shift to 5@, growth was reduced by 80%
10% seed (by volume) and maintained at pH 6 by the autoand ethanol production was reduced by 50% in comparison
matic addition of 2 N KOH. Since seed was grown into the control fermentation maintained at°85 The time
medium containing 50 g 1 xylose, the total sugar input required to complete fermentation was increased by 24 h
in the fermentation broth was calculated as follows: (Figure 1c) after exposure to 80 although the final yields
of ethanol and cell mass after thermal stress (high and low
01LGBOgLY+09L (91glL'=86.99gL*total temperature) were equivalent to those of the control (Table

sugar. 1). More base was required to maintain pH 6 after exposure
to 5¢°C than was required in the control or after exposure
Analytical methods to 5°C.

Ethanol was measured by gas chromatography [3,18]. Cell Re-inoculation (5% by volume from control fermentors)
mass was estimated by converting optical density at 550 nrafter exposure to high or low temperature had no effect on
to cell dry weight (3.3 gdw 2 = 10 OD at 550 nm) based performance after either thermal stress.
on a standard curve. Data presented represent an average
of two or more fermentations. With the glycolytic pathways Effect of pH shifts on fermentation
in E. coli, the maximum theoretical yield from 1 kg xylose Although ethanologenic derivatives &. coli B ferment
is 510 g of ethanol and 490 g of GO efficiently between pH 5.8 and pH 7.5 [3], pH 6.0 has
been used as a practical optimum which minimizes solubil-
ization of CQ. To examine the effects of pH stress, fer-
mentors (10 h after inoculation) were adjusted to pH 3 with
Effects of temperature shifts on fermentation 12 N HClI (ca2 ml) or to pH 10 with 10 N KOH ¢a 3 ml),
Previous studies have identified “85as the optimal tem- held for 2 h, and re-adjusted to pH 6.0 with 10 N KOH or
perature for ethanol production usiig coli B containing 12 N HCI, respectively.
ethanol genes fronZ. mobilis [1,3]. During commercial Exposure to high or low pH was quite detrimental to
operation, it is likely that errors will occur sporadically growth and ethanol production (Figure 2). Cell growth was
which result in large shifts in temperature. We have simu-arrested and did not resume for 12 h after exposure to pH
lated these process errors by shifting fermentors from & or for 22 h after exposure to pH 10. The time required
35°C water bath to an adjacent D water bath or to an to complete fermentation increased by 36 h after exposure
adjacent 3C water bath. Temperature shifts were conduc-to pH 3 but was increased by over 60 h after exposure to
ted 10 h after inoculation and lasted for 2 h, after whichpH 10. Ethanol yields were lower after a 2-h exposure to
fermentors were returned to 35. For comparison, control either pH 3 or pH 10 (Table 1). After re-adjustment to pH
fermentations were maintained at°85 6, pH-stressed fermentations required approximately twice
A shift to 50°C was more disturbing to fermentation than as much base to prevent acidification as control fermen-
a shift to 3C (Figure 1). During the 12-h period immedi- tations.

Results
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Figure 2 Effect of a 2-h exposure to extremes of pH on fermentation (pH 6). Shifts in pH were carried out 10 h after inoculation followed by re-
adjustment to pH 6. Symbols for all grapt®; control maintained at pH 6 or abov¥,, shifted to an alternative pH for 2 I, shifted to an alternative

pH for 2 h, adjusted to pH 6, and re-inoculated with 5% by volume from the control fermentation. (a) Ethanol production after exposure to pH 3. (k
Growth after exposure to pH 3. (c) Ethanol production after exposure to pH 10. (d) Growth after exposure to pH 10.

Fermentations stressed by exposure to pH 3 or pH l@arge-scale bioconversion facility. To investigate this prob-
were improved by re-inoculation with cell suspensions (5%dem, we have added freshly collected soil from an adjacent
by volume) from the control fermentor (Figure 2). Cell field at the time of inoculation witle. coli KO11 (Figure
growth resumed immediately upon re-adjustment to pH a). No detrimental effects were observed with soil concen-
and re-inoculation. After re-inoculation, pH-stressed fer-trations from 1-100 gdw 1. Indeed, ethanol yields with
mentations required approximately 12 h longer to reachl-10 gdw L* were slightly higher than the average yield
completion than the unstressed control maintained at pH @ithout soil. Growth was not monitored due to turbidity
(Figure 2). However, ethanol yields remained lower in pH-resulting from added soil.
stressed fermentations than in the control. Taken as a group, Additional studies were also conducted to investigate the
the modest reduction in ethanol yield after pH stress is siglack of an apparent requirement for sterility. LB nutrients
nificant P < 0.05) when compared to the control. This were added directly to lime-treated hemicellulose hydrolys-
may be due in part to the reactivity of reducing sugars withate and fermented directly without sterilization (Figure 3b).
amino acids or peptides which is promoted by extremes irAlthough this fermentation required longer to complete
pH [6,7]. Interestingly, cell growth in fermentors exposedthan fermentations with pure laboratory sugars, the ethanol
to pH shifts consistently exceeded that of the pH 6 controlyields for both were equivalent.

Effects of contamination with soil on fermentation Discussion
Accidental contamination of fermentors with soil organismsAntibiotics were not required to maintain the dominance of
associated with lignocellulosic biomass is inevitable in aE. coli KO11 even when fermentations were deliberately
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Figure 3 Effect of microbial contamination. Symbols®—, no dirt (control); -A—, 0.1% dirt; -¥—, 1.0% dirt; -¢—, 5.0% dirt; -@—, 10.0% dirt;
——, unsterilized hemicellulose hydrolysate. (a) Addition of fresh, unsterilized soil to fermentations. Soil was addeded at the time of ingllation.
Fermentation of unsterilized hemicellulose hydrolysate containing LB nutrients.

contaminated with up to 10% fresh soil (by weight) or whenSufficient nutrients remained after exposure to different
hemicellulose hydrolysate with LB nutrients was fermentedtemperatures, high pH, and low pH to allow further growth
without sterilization (Figure 3). Ethanol production Iy  of the biocatalyst. No microbial toxins appear to be gener-
coli KO11 was surprisingly resistant to errors in tempera-ated by these treatments which prevent the growtlt of
ture control (Figure 1). A 2-h exposure t6G had little  coli KO11. It is likely that the increase in fermentation
effect on the rate of ethanol production or ethanol yield.times after pH or temperature stress (Table 1) could be
Re-inoculation with 5% (by volume) from control fer- further reduced by adding larger amounts of catalysts from
mentors was not required. Exposure to’6G0delayed the control fermentations or by blending the broth from

completion of fermentation regardless of re-inoculation. Instressed fermentations with fresh substrates and nutrients.

contrast, exposure to extremes of pH was very detrimentakHlowever, all approaches will cause a temporary reduction
reducing the rate of ethanol production and ethanol yieldin the volumetric productivity of the plant.
Exposure to extremes in pH (Figure 2) caused long delays
in growth indicating damage to the biocatalylst coli
KO11. These delays in growth appear responsible for th@cknowledgements
increased time required to complete fermentation afteiThis research was supported in part by the Florida Agricul-
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