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Abstract E. coli has the ability to ferment both C5 and
C6 sugars and produce mixture of acids along with small
amount of ethanol. In our previous study, we reported the
construction of an ethanologenic E. coli strain by modu-
lating flux through the endogenous pathways. In the cur-
rent study, we made further changes in the strain to make
the overall process industry friendly; the changes being (1)
removal of plasmid, (2) use of low-cost defined medium,
and (3) improvement in consumption rate of both C5 and
C6 sugars. We first constructed a plasmid-free strain SSY13
and passaged it on AM1—xylose minimal medium plate for
150 days. Further passaging was done for 56 days in liquid
AM1 medium containing either glucose or xylose on alter-
nate days. We observed an increase in specific growth rate
and carbon utilization rate with increase in passage numbers
until 42 days for both glucose and xylose. The 42nd day pas-
saged strain SSK42 fermented 113 g/L xylose in AM1 mini-
mal medium and produced 51.1 g/L ethanol in 72 h at 89%
of maximum theoretical yield with ethanol productivity of
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1.4 g/L/h during 24-48 h of fermentation. The ethanol titer,
yield and productivity were 49, 40 and 36% higher, respec-
tively, for SSK42 as compared to unevolved SSY13 strain.

Keywords E. coli - Native ethanol pathway - Glucose -
Xylose - Minimal media

Introduction

Agricultural biomass represents a promising source of ligno-
cellulosic carbon which can be converted into ethanol using
microbial biocatalysts. When compared to gasoline, gen-
eration of ethanol from lignocellulosic biomass can result
in 60-110% CO, emission avoidance, while this number is
reduced in the range of 10-60% when using corn as an etha-
nologenic substrate [28]. To make biomass carbon bioavail-
able for microbial metabolism, it needs to be treated by dif-
ferent physical and chemical methods followed by enzymatic
method to release the fermentable sugars [4, 10, 11, 29]. The
lignocellulosic biomass consists of cellulose (35-50%), hemi-
cellulose (25-30%) and lignin (15-30%). Cellulose is a linear
polymer of glucose while hemicellulose is a branched polymer
majorly consisting of xylose with minor amounts of arabinose,
mannose, galactose and glucose. Lignin is a phenolic poly-
mer responsible for protecting sugar polymers under changing
environmental condition [1, 10, 20, 30]. To make the process
economically viable it is necessary to efficiently recover both
hexose (mainly glucose) and pentose (mainly xylose) sugars
from the biomass. The recovery process involves either alkali
or acid pre-treatment to loosen the biomass fibres, followed by
addition of both cellulosic as well as hemicellulosic enzymes
to hydrolyze the sugar polymers [10, 25, 26].

Usually, naturally occurring microbes are not very
efficient at converting both hexose and pentose sugars
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into ethanol. For example, a typical ethanol-fermenting
organism Saccharomyces cerevisiae will only utilize hex-
ose sugar and not pentose sugar. There have been several
efforts to engineer microbes to convert both hexose and
pentose sugars into ethanol. This has been done by two
mechanisms—(1) by introducing pathway for pentose uti-
lization in the native ethanol producer and (2) by introduc-
ing or redirecting ethanol production pathway in the native
hexose and pentose utilizer. Effort on first mechanism has
been mainly directed towards S. cerevisiae [2, 23], while
second effort has been mainly implemented in E. coli [2,
8, 12, 31]. However, both these efforts have encountered
multiple problems, such as intermediate secretion in the
medium, low productivity, instability of the foreign genes
introduced, etc. [16]. Researchers have tried to resolve
some of these issues by rewiring of endogenous pathways
to direct flux towards ethanol production without the need
of foreign genes [17, 22]. However, low ethanol productiv-
ity on xylose was still an issue.

Evolutionary adaptation had been shown to be a fairly
successful strategy in improving the desired trait in the
organism of choice [6, 18]. Here, strain improvement is
performed by changing the growth environment which
places evolutionary pressure on metabolically active cells.
It results in heritable changes in the host chromosomal
DNA. It was shown that on passaging E. coli strains defi-
cient in key glycolytic gene pgi in M9 medium with glu-
cose, the average increase in growth rate was 3.6-fold over
the starting unevolved strain [5]. This strategy was also
used to resolve catabolite repression. By alternate switch-
ing of carbon source between cellobiose and glucose the
cell concentration of Thermobifida fusca increased from
0.31 to 1.43 g/L, specific cellulase activity increased from
2.63 to 3.31 units/mg and the evolved strain showed a gen-
eralist phenotype by utilizing xylose, mannose, sucrose,
acetate and citrate as carbon source [7]. Separate passag-
ing of E. coli in M9 media using glycerol and lactate as
respective carbon source resulted in evolved strains char-
acterized by higher growth rates when grown in acetate,
a-ketoglutarate, glucose, glycerol, lactate, malate, pyru-
vate, ribose and succinate as carbon source [9]. Fermenter-
based passaging of ethanologenic E. coli strain in AMI
medium supplemented with xylose and increasing concen-
tration of furfural resulted in an evolved strain which had
higher robustness and ethanol productivity in the presence
of furfural. MIC of evolved strain to furfural was 2 g/L
while that of unevolved strain was 1 g/L and the evolved
strain had a higher rate of both xylose consumption and
ethanol production in the presence of furfural stress [19].
Evolution of E. coli strain deficient in phosphotransferase
system in the presence of glucose resulted in an evolved
phenotype where the mutants exhibited improved specific
growth rates (0.09-0.13/h) which were comparable to WT
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with functional PTS (0.11/h) [3]. In another study, passag-
ing araC-deficient E. coli strain with constitutive xylose
and arabinose operons on minimal media containing 2 g/L
each of arabinose and xylose resulted in an evolved strain
capable of co-utilizing glucose and xylose at a faster rate as
compared to a ptsG-deficient WT strain [14].

In our earlier studies, we constructed an ethanologenic
E. coli strain by internal pathway engineering [22] and used
this as host to produce cellulolytic enzymes for conversion
of cellobiose into ethanol [21]. In this study we attempted
to improve sugar utilization pattern of the ethanologenic
E. coli strain via adaptive evolution by successive growth
on glucose- and xylose-containing minimal media. This
strategy had allowed the cells to co-evolve on both carbon
sources and improve the rate of growth, sugar consumption
and ethanol formation on both sugars simultaneously.

Materials and methods
Bacterial strains and growth conditions

Basal E. coli strain used in this study was SSYO07 (geno-
type—E. coli B P, ,PDH AldhA AfrdA), which was
a derivative of E. coli B strain having native promoter of
pyruvate dehydrogenase (PDH) operon replaced with the
promoter of glyceraldehyde-3-phosphate dehydrogenase
gene for PDH expression under anaerobic condition and
deletion of IdhA and frdA genes for removing lactate and
succinate as byproduct (Table 1) [22]. pflB gene deletion
was carried out in SSY07 strain using the phage transduc-
tion method [27] with the help of single gene knockout
Keio strain from CGSC, Yale University, USA as donor.
Gene deletion was confirmed via PCR using primers
Phage pflB_fwd and Phage_pflB_rev (Table 1). Resulting
strain SSY 13 was used for evolutionary adaptation. Initially
SSY13 was passaged for 150 days on AMI1 agar plates
containing 2% xylose and the resultant strain is referred
to as SSKOI1. This evolved strain was subjected to second
round of adaptive laboratory experiments as explained in
the section below. The representative strains from adap-
tive laboratory experiments, referred as SSK14, SSK33,
SSK42 and SSK56, were selected for further experiments.
The last two digits refer to the passage number at which
the strain was selected for physiological analysis. Exclud-
ing carbon source, the AM1 media components were as
follows: (NH,),HPO, (19.92 mM), NH,H,PO, (7.56 mM),
KCI (2.00 mM), MgSO,.7H,0 (1.50 mM), betaine HCI
(1.00 mM), FeCl;.6H,0 (8.88 uM), CoCl,.6H,0 (1.26 uM),
CuCl,.2H,0 (0.88 uM), ZnCl, (2.20 uM), Na,M00,.2H,0
(1.24 uM), H;BO; (1.21 uM), MnCl,.4H,0 (2.50 uM)
and CaCl,.2H,0 (1.36 uM) [17]. Kanamycin was used at
50 mg/L in both LB and AM1 media.
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Table 1 Strains, plasmids and primers used in the study

Strain Description References
SSY07 E. coli B APDH-promoter::gapA gene promoter, AldhA, AfrdA; promoter of pdh operon replaced [18]
with promoter of gapA and /dhA and frdA gene deleted
SSY13 SSYO07 ApfiB::FRT—kan—FRT; deletion of pfiB gene in SSY07 host This study
SSKO1 SSY13 passaged on AM1 plate containing 2% xylose for 150 days This study
SSK14 SSKOI passaged in liquid AM1 media containing 0.2% glucose or 0.2% xylose as carbon source This study
on alternate days for 14 days
SSK33 SSKOI passaged on liquid AM1 media containing 0.2% glucose or 0.2% xylose as carbon source This study
on alternate days for 33 days
SSK42 SSKOI passaged on liquid AM1 media containing 0.2% glucose or 0.2% xylose as carbon source This study
on alternate days for 42 days
SSK56 SSKO1 passaged on liquid AM1 media containing 0.2% glucose or 0.2% xylose as carbon source This study
on alternate days for 56 days
Plasmids
pCP20 bla, flp, temperature-conditional replicon CGSC #7629
Primers
Phage pfiB_ 5'CTTAAGAAGGTAGGTGTTAC3/ This study
fwd
Phage_pflB_rev 5'TACGATTTCAGTCAAATCTAA3/ This study

Adaptive laboratory experiments

The strain passaged on AM1 agar plate, i.e. strain SSKOI,
was passaged further for 56 days in liquid AM1 medium
where the carbon source was alternately switched between
2 g/L glucose and 2 g/L xylose. Passaging was performed
under semi-anaerobic condition in 100-mL conical flasks
containing 25 mL of AM1 media with either 2 g/L glu-
cose or 2 g/L. xylose as carbon source. Cells were allowed
to grow till mid-log phase in one carbon source and then
the culture was passaged to other carbon source. Following
equation was used to determine the starting ODy, of the
culture so that ODg, of 0.25 is attained in approximately
24 h at each passage. The dilution of passage culture was
adjusted daily to account for enhanced growth rate due to
evolutionary adaptation.

Initial ODggo = Final ODggg/exp
(n x time taken to reach final ODgqp),

where u is the specific growth rate of the strain in the pre-
vious passaging in the same sugar source.

Comparative analysis of evolved strains

We selected SSY13, SSKO1 and strain passaged for
14 days (SSK14), 33 days (SSK33), 42 days (SSK42) and
56 days (SSK56) for further analysis of their growth, sugar
consumption and product formation rate. Glycerol stock
of SSY13 was revived on LB+ 2% xylose plate, while
stocks of SSKO1, SSK14, SSK33, SSK42 and SSKS56
were revived on AMI+ 2% xylose plates. All strains

were separately grown overnight in Hungate tubes (18 mL
capacity) containing 10 mL of AM1 media with both 2 g/LL
glucose and 2 g/L. xylose as carbon sources in a gyrorota-
tor. This primary culture was used to seed secondary cul-
ture in a similar Hungate tube at initial ODgj, of 0.1. Sam-
ples were extracted at required time points for absorbance
and HPLC measurements. Readings were recorded till nei-
ther sugar could be detected in the media.

Bioreactor studies

Cultivation was performed in 0.5-L multi-vessel bioreac-
tor (Biostat Q plus, Sartorious) containing 300 mL of either
AMI1 or LB medium, 10% xylose and 50 mg/L kanamycin
under microaerobic conditions. Three strains, i.e. SSY13,
SSKO1 and SSK42, were selected for fermentation stud-
ies in the bioreactor using AM1 medium. For each strain
a patch of colonies were suspended in two Hungate tubes
(18 mL capacity) each containing 10 mL of AM1 medium
with 5% xylose and 50 mg/L kanamycin. Tubes were incu-
bated at 37 °C in a gyrorotator for 5-6 h. The culture was
pelleted at 5000 RPM for 2 min and supernatant was dis-
carded. Cell pellet was resuspended in 1 mL of 5% xylose
in AM1 medium and inoculated into the primary ves-
sel containing 300 ml of 5% xylose in AM1 medium and
grown for 14-16 h to reach an ODyy, of ~2. Thereafter, the
primary vessel culture was used to seed final bioreactor
containing 300 ml of 10% xylose in AM1 media with an
initial ODygy, of 0.1. Air was only supplied into the head-
space at 0.03—0.04 Ipm to maintain microaerobic condition.
pH was maintained at 6.5 using 2 N KOH. Samples were
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withdrawn from the bioreactor intermittently for growth
and metabolite analyses.

Analytical assay

Cell growth was observed by measuring optical density
at 600 nm using spectrophotometer (GE Healthcare). The
dry cell mass was calculated by drying cell pellet of defined
ODyg. An ODg, of 1 corresponded to ~0.5 g/L. dry cell mass.
The metabolites, such as glucose, xylose, acetic acid and etha-
nol, were estimated using HPLC as follows. At required time
point, samples were withdrawn from the culture, clarified
by centrifugation, diluted ten times in 4 mM H,SO, and fil-
tered via 0.22-um syringe filter. 10 pL of filtered sample was
injected via the autosampler in HPLC machine (Agilent) con-
nected with Aminex HPX 87H (300 x 7.8 mm) column and
RI detector. The column temperature was maintained at 40 °C
and 4 mM H,SO, was used as mobile phase at flow rate of
0.3 mL/min. The metabolites were quantitated using reference
standard of 1 g/L obtained from Absolute Standards, USA.

Results
Construction of plasmid-free ethanologenic strain

We constructed in our earlier study an E. coli strain SSY09
to produce ethanol by overexpressing pyruvate dehydroge-
nase enzyme under anaerobic condition through promoter
engineering and by deleting /dhA, frdA, ack and pflB genes
to prevent accumulation of lactate, succinate, acetate and for-
mate, respectively [22]. However, we observed in that study
that growth rate of the cells under anaerobic condition was
extremely poor upon deletion of ack gene. We thus intro-
duced ack gene back in SSY09 via pZSack plasmid to regain
the growth rate [22]. In this study, we constructed a strain
where ack gene in the genome was retained by introducing
deletion of pfiB in SSYO7 strain (Table 1). Thus, the final host
SSY13 constructed in this study had a genotype of Py, ,PDH
AldhA AfrdA ApflB in the background of E. coli B strain.
When grown in LB medium containing 105 g/L xylose, this
strain produced ~27 g/L of ethanol in 96 h with the yield
of 0.36 g/g xylose consumed and 31 g/L xylose remained
unutilized (Fig. 1). Ethanol concentration did not rise much
beyond 96 h of cultivation and ~ 25 g/L xylose still remained
unutilized even after 144 h of cultivation (Fig. 1).

Evolutionary adaptation of ethanologenic E. coli SSY13
strain to improve specific growth rate

The yield and productivity of SSY13 on xylose was
considerably lower than the reported values of other
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Fig. 1 Fermentation profile of E. coli SSY13 in LB medium contain-
ing 100 g/L xylose. The data are presented as average and standard
deviation of two independent biological replicates

xylose-fermenting strains [24, 32]. We thus adopted an evo-
lutionary adaptation approach to improve the growth rate
and ethanol productivity. The adaptation was performed in
defined AM1 medium to save the fermentation cost. Ini-
tially, the colonies were very small on AM1—xylose plate
after 24 h. Thus, the cells were first adapted on agar plate
containing AM1+ 20 g/L xylose with daily passaging for
150 days. The second set of adaptation was performed in
liquid AM1 medium with 2 g/L xylose or glucose as car-
bon source on alternate days. This was done to achieve
high growth rate on both glucose and xylose and to help
in co-fermentation of both sugars. The growth curve sug-
gested that cells attained mid-log phase at ODg, of around
0.25 in both glucose and xylose-containing medium (Sup-
plementary Fig S1). Thus, culture was transferred to the
fresh medium every time when ODg, reached 0.25. The
initial ODg,, was maintained such that the desired final
0Dy reached at around 24 h. The initial ODg, was cal-
culated based on the specific growth rate of the cells during
previous passaging as mentioned in materials and methods
section and was readjusted on subsequent passaging as the
specific growth rate increased.

An increase in the specific growth rate (u) as a function
of increase in passage number in liquid culture is shown in
Fig. 2. After initial lag phase a gradual increase in u was
observed before reaching to saturation towards 50 passag-
ing. Since passaging was always done in mid-log phase, it
could be assumed that maximum specific growth rate was
maintained throughout the evolution process. A lowest spe-
cific growth rate of 0.22/h and the highest specific growth
rate of 0.96/h were observed during the passaging event.
Wider variation in specific growth rates was observed dur-
ing the middle phase of evolutionary adaptation, i.e. from
14 to 35 days of passaging, possibly because the mix
population of cells were responding with relatively higher
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glucose or 2 g/L xylose. The closed circle and open circle represent
specific growth of the cells when passaging was done in glucose-con-
taining and xylose-containing medium, respectively

variation during the adaptation process. However, as the
evolution progresses the favourable population is selected
which has narrow variation in the p values. The strains at
various stages of passaging, i.e. 14th passaging (SSK14),
33rd passaging (SSK33), 42nd passaging (SSK42) and
56th passaging (SSK56) were preserved at —80 °C. The
number of doublings these strains have gone through are as
follows: SSK14—187 doublings, SSK33—432 doublings,
SSK42—609 doublings and SSK56—922 doublings. Fur-
ther analysis of these strains was done to evaluate whether
alternate passaging in glucose and xylose-containing liquid
medium would improve the metabolizing ability of both
these sugars. We also wanted to check if alternate passag-
ing would circumvent the phenomenon of catabolic repres-
sion and allow the simultaneous utilization of both types of
carbon sources, as was observed in the previous study [7].

Performance of adapted cells at culture tube level

Cell growth and fermentation profiles of cells
with increased passaging

To test the above hypothesis, the strains at different stages
of evolutionary adaptation, i.e. SSY13 (unpassaged),
SSKO1 (plate passaged), SSK14 (14-day liquid passaged),
SSK33 (33-day liquid passaged), SSK42 (42-day liquid
passaged) and SSK56 (56-day liquid passaged) were grown
in AM1 medium having both glucose and xylose at 2 g/L
each in Hungate tube and analysed for their growth behav-
iour and sugar fermenting ability. Relatively higher bio-
mass was formed and sugar fermentation was improved
with the increase in passaging (Fig. 3a—f). Around 50%
glucose remained in the culture at the initial passaging
stage at 6 h of fermentation (Fig. 3a, b), while less than

10% glucose remained during later passaging at this time
(Fig. 3e, f). Xylose was utilized completely only by 15 h
in SSY13, SSKO1 and SSK14 (Fig. 3a—c), while it was
completely utilized by 12 h in SSK33 and later passaged
strains (Fig. 3d—f). It was observed from the fermentation
profiles that xylose utilization started in almost all strains
when glucose was nearing exhaustion. The biomass pro-
duction rate was lowest for SSKO1 and highest for both
SSK42 and SSK56 (Fig. 4a). The ethanol titer improved
with increased passaging and stabilized beyond 33rd pas-
saging (Fig. 3a—f).

Rate of glucose utilization across strains with increased
passaging

Rate of disappearance of glucose as a function of time
was determined in AM1 medium containing both glucose
and xylose (Fig. 4b). Interestingly, the lowest consump-
tion rate during 3—6 h of growth was for SSKO1, coincid-
ing with lowest biomass formation rate (Fig. 4a), indicating
continuous passaging on xylose plate led to reduction in
growth rate of SSKO1 on glucose as compared to unpas-
saged strain SSY13. The alternate passaging on glucose
and xylose medium subsequently improved the glucose
consumption rate of strains, with SSK14 showing similar
and SSK33 showing higher consumption rate to SSY13.
Both SSK42 and SSK56 showed maximum rate of glucose
utilization at 3—6 h of growth (Fig. 4b), indicating that pas-
saging beyond 42 days was not very useful in improving
glucose consumption rate. The glucose consumption rate of
SSK42 increased by 1.58-fold, i.e. from 0.34 to 0.58 g/L/h,
as compared to SSY 13 at 6 h. The strains having lower glu-
cose consumption rate during 3—6 h improved their con-
sumption rate during 6-9 h of growth. Thus, the pattern of
glucose consumption rate almost reversed during 6-9 h of
growth as compared to 3—-6 h of growth. No glucose was
left unutilized beyond 12 h of growth.

Rate of xylose utilization across strains with increased
passaging

Significant xylose utilization started between 6 and 9 h of
cultivation (Fig. 4c). Only SSK42 showed some xylose uti-
lization (0.07 g/L/h) during 3—6 h of cultivation. SSY13,
SSKO1 and SSK14 showed low rate of xylose utilization
(0-0.05 g/L/h), while SSK33, SSK42 and SSK56 showed
equally high rate of xylose utilization (~0.33 g/L/h) dur-
ing this period. Strains having low rate of xylose utiliza-
tion during 6-9 h increased their utilization rate during
9-12 h of cultivation time and finished xylose by 12 h,
except SSY13 and SSKOI that continued xylose utiliza-
tion at the rate of 0.21 and 0.34 g/L/h, respectively, until
15 h (Fig. 4c). This suggested that rate of xylose utilization
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in Hungate tube containing 2 g/L glucose and 2 g/L xylose in AM1
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increased with increase in liquid culture passaging and sta-
bilized near 33rd passaging. However, strain at 42nd pas-
saging had slight edge in initiating the xylose utilization at
relatively early stage as compared to all other strains. The
xylose consumption rate of SSK42 increased by 5.6-fold,
i.e. from 0.06 to 0.34 g/L/h, as compared to SSY13 at 9 h.

Rate of ethanol production of passaged strain

The unpassaged strain SSY13, the plate-passaged strain
SSKO1 and liquid-passaged SSK14 strains showed very lit-
tle ethanol formation until 9 h of growth. Ethanol formation
rate significantly increased from 33rd passaging onward in
liquid and reached maximum upon 42nd passaging as both
SSK42 and SSK56 showed similar high ethanol forma-
tion rate (0.041 g/L/h) during 3-6 h of growth. The other
strains improved their ethanol formation rate during 9—12 h
of cultivation. Thus, we observed that with increase in the
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medium with 2 g/L glucose and 2 g/L xylose as carbon sources. The
data are presented as average and standard deviation of two independ-
ent biological replicates

number of liquid passages ethanol detection could be made
in the media at an earlier time point.

Performance of passaged strains in the bioreactor
for fermentation of xylose to ethanol

The SSK42 was proven to be the best strain for xylose fer-
mentation based on the performance of strains in Hungate
tube. We thus selected SSK42 for fermentation of 10%
xylose in AM1 medium in the bioreactor. We used SSY13
and SSKO1 as control for comparison purpose. We observed
highest rate of xylose utilization for SSK42 (Fig. 5a), with
8.1 mmol/L/h utilized during first 24 h and 20 mmol/L/h
during next 24 h of growth (Table 2). The lowest xylose
utilization rate during 48 h was observed for SSY13, fol-
lowed by SSKO1. Both SSKO1 and SSK42 could consume
all xylose (~115 g/L) within 72 h of growth, while 16 g/L
xylose remained unutilized in case of SSY13 by this time
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Fig. 5 Fermentation profiles of E. coli strains SSY13, SSKO1 and
SSK42 grown in AM1 medium with 115 g/L xylose in the bioreactor.
a Profiles for utilization of xylose (solid lines) and formation of etha-
nol (dotted lines) as function of cultivation time. b Profiles for opti-
cal density at 600 nm (dotted lines) and acetic acid formation (solid
lines) as function of cultivation time. The data are presented as aver-
age and standard deviation of two independent biological replicates

(Fig. 5a). The increase in cell density as measured by ODg,
was highest for SSK42 at 24 h as compared to SSY13 and
SSKO1 (Fig. 5b). While the cell density of SSKO1 picked

up at 48 h, the cell density of SSY13 remained low. The
final cell yield with respect to xylose was highest for
SSK42 and lowest for SSY13 (Table 2). The highest etha-
nol titer achieved was 1109 mmol/L (51.1 g/L) in case of
SSK42, followed by 1028 mmol/L (47.4 g/L) for SSKO1
and 744 mmol/L (34.3 g/L) for SSY13 (Fig. 5a; Table 2).
This indicated 49% increase in ethanol titer after evolu-
tionary adaptation. The corresponding yield of ethanol for
SSK42 also improved reaching 89% of theoretical yield
with respect to xylose utilized (Table 2). The volumetric
xylose consumption rate and ethanol formation rate was
maximum during 24-48 h for all the strains. The SSK42
recorded highest substrate consumption rate as well as
ethanol formation rate for both 0-24 and 24-48 h duration
(Table 2), with xylose utilization rate and ethanol forma-
tion rate reaching 20 mmol/L/h (3 g/L/h) and 30 mmol/L/h
(1.4 g/L/h), respectively, during 2448 h of batch cultiva-
tion (Table 2).

Discussion

E. coli is a model organism which harbours native cellular
machinery to metabolize both pentoses and hexoses, which
makes it possible to avoid the complexities associated with
foreign gene expression. In our previous study, we had
taken advantage of this feature and modulated endogenous
pathways to divert major carbon flux towards ethanol [22].
In this study, we attempted to improve the properties of the
ethanologenic strain SSY09 (pZSack), by (i) removing the
plasmid carrying endogenous ack gene, (ii) avoiding use
of expensive rich medium for growth and (iii) improving
growth rate and productivity in minimal medium by adap-
tive evolution.

The strain constructed in this study, SSY13, was
devoid of any plasmid or foreign gene for ethanol forma-
tion. Xylose fermentation in LB medium using SSY13
resulted in low ethanol yield and productivity, thus this
strain was evolved in AM1 medium to improve the yield
and productivity. The strain was first serially passaged in

Table 2 Fermentation parameters of sugar utilization and product synthesis at the bioreactor level

Maximum product titer (mmol/L) Product yield

(mmol per mmol xylose)

% Theoretical yield of ethanol

Volumetric productivity (mmol/L/h)

Strain Cells* Acetate Ethanol Cells Acetate Ethanol Xylose Ethanol

0-24h 24-28h 0-24h 24-28h
SSY13 48 39 744 0.20  0.06 1.05 6.1 17 6.9 22
SSKO1 62 27 1028 0.24  0.04 1.34 52 20 6.2 28
SSK42 64 33 1109 0.26  0.04 1.47 8.1 20 10.3 30

 The values are represented in terms of total mmol of xylose consumed to make observed dry cell mass by considering yield Y, as 0.5
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xylose-containing minimal medium on agar plate, and
then shifted to liquid passaging. The liquid passaging was
performed alternately in glucose and xylose to retain the
metabolizing ability of both sugars. Selected strains from
the plate and liquid passage were analysed for metaboliz-
ing ability of glucose and xylose. SSY13 and its deriva-
tive strains exhibited a classic diauxic sugar utilization
pattern where glucose was preferentially metabolized
followed by xylose (Fig. 3). With increase in the passage
number, metabolism of respective sugar shifted to one
earlier time point (Fig. 3a—f). The SSK42 strain showed
best utilization rate of both sugars and there appeared no
significant advantage with further passaged strain SSK52.
SSK14 showed high xylose utilization and ethanol for-
mation rate during later hour of cultivation in Hungate
tube, i.e. at 12 h. When this strain was cultivated in the
bioreactor with high xylose concentration, both xylose
utilization and ethanol formation rates were lower than
SSK42 (Supplementary Fig S2).

Serial passaging of SSY13, thus, resulted in selection
of a metabolically active cell population which was able
to utilize both sugars and produce metabolite of interest
at a faster rate. A study along similar experiment lines
reported both alleviation of catabolite repression by glu-
cose over cellobiose and increase in specific cellulose
activity by Thermobifida fusca strain when passaged
alternately on glucose and cellobiose [7]. For the evolved
strains we did not detect loss of catabolite repression
by glucose over xylose metabolism which would have
resulted in co-utilization of both sugars. For a more
robust evaluation of physiological performance we tested
performance of SSY13, SSKO1 and SSK42 at bioreactor
level using xylose as sole carbon source.

In the bioreactor studies we observed significant
improvement in xylose utilization and ethanol produc-
tion upon plate passaging of SSY13. At 72 h, xylose was
detected only in unevolved SSY13 while SSKO1 and
SSK42 had completely metabolized the sugar (Fig. 4).
Both rate of xylose utilization and ethanol production
was higher in the evolved strains evaluated as com-
pared to the unevolved SSY13. Maximum ethanol titer
of 1109 mmol/L (51.1 g/L) and yield of 1.47 mmol/
mmol xylose (0.45 g/g xylose) was observed in SSK42
which was about 49 and 40%, respectively, higher than
unevolved SSY13 (Fig. 4a; Table 2). Further investiga-
tion at genetic level is needed to explore the reason for
improved characteristics of SSK42. We hypothesize that
improved sugar transport efficiency, better redox balance
and relieved product inhibition of downstream enzymes,
such as pyruvate dehydrogenase, could be some of the
factors having beneficial impact on xylose fermentation
to ethanol.

Substantial information in the literature exists which
highlights the different strategies being adopted to increase
the ethanol titers in E. coli strains, but they were mostly
done with the help of rich media. Using glucose as carbon
source in LB medium with plasmid-based heterologous
expression of pdc and adhB genes from Zymomonas mobi-
lis in E. coli resulted in ethanol titers of 750 mM (34.5 g/L)
[13], while chromosomal integration of same genes in E.
coli with LB medium containing xylose as carbon source
resulted in ethanol yield representing 104% of maximum
theoretical yield and productivity of 1.3 g/L/h [24].

Among the homoethanologenic pathway-based strate-
gies, deletion of competitive product pathways led to titers
of 360 mM (16.58 g/L) ethanol in LB media supplemented
with 50 g/L xylose representing 90% of ethanol yield at
192 h [33]. Another study on homoethanol pathway using
xylose as a carbon source in complex rich medium reported
maximum ethanol productivity of 0.53 g/L/h [15]. We
achieved in the present study a higher titer and productiv-
ity in minimal media which is relatively more cost effec-
tive when compared to complex or rich media. SSK42 pro-
duced 1109 mmol/L (51.1 g/L) ethanol in minimal media
at 89% of the maximum theoretical yield and productivity
of 30 mmol/L/h (1.4 g/L/h) during 24-48 h of batch culti-
vation. Ethanologenic strains with higher productivity also
lower the operation cost of a fermenter thus contributing to
the reduced costs of ethanol production.
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