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HIGHLIGHTS

« Analyzed a Populus hydrolysate mutant and wild type strain of Clostridium thermocellum.
« Used a Monod based kinetic model for growth with and without Populus hydrolysate.
« Populus mutant had a faster growth rate and was less inhibited than wild type.

« Populus mutant is more tolerant to individual inhibitors than the wild type.

« Populus mutant has a lower ability to detoxify the hydrolysate than wild type.
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The extent of inhibition of two strains of Clostridium thermocellum by a Populus hydrolysate was investi-
gated. A Monod-based model of wild type (WT) and Populus hydrolysate tolerant mutant (PM) strains of
the cellulolytic bacterium C. thermocellum was developed to quantify growth kinetics in standard media
and the extent of inhibition to a Populus hydrolysate. The PM was characterized by a higher growth rate
(tmax = 1.223 vs. 0.571 h™') and less inhibition (Kjgen=0.991 vs. 0.757) in 10% v/v Populus hydrolysate
compared to the WT. In 17.5% v/v Populus hydrolysate inhibition of PM increased slightly (Kjge, = 0.888),
whereas the WT was strongly inhibited and did not grow in a reproducible manner. Of the individual
inhibitors tested, 4-hydroxybenzoic acid was the most inhibitory, followed by galacturonic acid. The
PM did not have a greater ability to detoxify the hydrolysate than the WT.

© 2013 Published by Elsevier Ltd.

1. Introduction

Lignocellulosic biomass provides an abundant and renewable
energy source. Lignocellulosic biomass contains sugars polymer-
ized in the form of cellulose and hemicelluloses, which can be lib-
erated by hydrolysis, and subsequently fermented to ethanol by
microorganisms, such as Clostridium thermocellum (Palmqvist and
Hahn-Hagerdal, 2000a). C. thermocellum is a Gram-positive, anaer-
obic, thermophilic, cellulolytic bacterium that can rapidly solubi-
lize biomass, use cellulose as the sole carbon and energy source,
and is under development for biofuel production (Brown et al.,
2011; Linville et al., submitted for publication; Riederer et al.,
2011; Yu et al., 2012). C. thermocellum’s cellulolytic ability gives
it an advantage over organisms that are currently used for bioeth-
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anol production (e.g., yeast and Zymomonas), which can only fer-
ment nonpolymeric carbohydrates (Roberts et al., 2010; Williams
et al., 2007). C. thermocellum produces a number of industrially
important fermentation products in addition to ethanol, including
acetic acid, formic acid, lactic acid, and hydrogen (Roberts et al.,
2010).

However, rapid and efficient fermentation of the lignocellulosic
biomass hydrolysate is a not yet achievable on an industrial scale.
While progress has been made in optimizing pretreatment meth-
ods to yield higher yields of fermentable sugars (Shao and Lynd,
2013), inhibition of fermentation by a range of toxic compounds
generated during steam pretreatment and hydrolysis (Palmqvist
and Hahn-Hagerdal, 2000a) remains a challenge. Inhibitory com-
pounds can be classified according to three main functional
groups: weak acids, furan derivatives, and phenolic compounds
(Palmqvist and Hahn-Hagerdal, 2000a). Xylose, mannose, acetic
acid, and galactose are liberated from hemicelluloses, and glucose
is liberated from cellulose (Palmqvist and Hahn-Hagerdal, 2000b).
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Furans are the primary aromatic inhibitor formed from sugar deg-
radation during pretreatment (Klinke et al., 2004). Xylose is further
degraded to 2-furfural and hexose is degraded to 5-hydroxymethyl
furfural (HMF) (Palmqvist and Hahn-Hagerdal, 2000b). Galact-
uronic acid is formed from the degradation of galactose. Phenolic
compounds are generated from the partial breakdown of lignin.
Vanillin and syringic acid are formed by the degradation of the
guaiacylpropane units and syringyl propane units of lignin, respec-
tively. In addition, 4-hydroxybenzoic acid constitutes a large frac-
tion of the lignin-derived compounds in hydrolysates from
hardwood poplar (Palmqvist and Hahn-Hagerdal, 2000b).

These compounds have potential inhibitory effects, which de-
creases the ethanol yield and growth rate of the microorganism
(Palmgqvist and Hahn-Hagerdal, 2000a,b). In order to obtain an eco-
nomically feasible conversion process, reduction in the inhibitory
effect of the toxic compounds is necessary (Klinke et al., 2004).
Current detoxification methods include biological, physical, and
chemical methods (Palmqvist and Hahn-Hagerdal, 2000a). Detoxi-
fication of pretreated hydrolysates has been shown to improve
their fermentability; however, processing options that minimize
inhibitor formation coupled with tolerant fermenting microorgan-
isms will likely be more cost effective.

Mathematical modeling is a proven tool in the quantitative anal-
ysis of complicated processes such as fermentative growth (Huang
and Wang, 2010). Mathematical models that accurately predict bio-
chemical phenomena are essential since the model provides the ba-
sis for design, control, optimization and scale-up of process systems
(Huang and Wang, 2010). Various approximate kinetic formula-
tions have proven useful to predict the performance of biochemical
conversion processes (Gnanapragasam et al, 2011). A kinetic
Monod-based model has the ability to accurately describe cell
growth and product formation rates (Gnanapragasam et al., 2011;
Ljunggren et al., 2011). Such models can also be extended to include
product and toxic compound inhibition (Bouguettoucha et al.,
2011; Boyer et al., 1992; Huang and Wang, 2010). Monod based
models can also be applied to complex systems, such as continuous
stirred-tanks reactors and activated sludge, to determine optimum
growth conditions (Song et al., 2011).

Improved tolerance to inhibitory compounds found in
pretreated biomass hydrolysate should improve the fermentation
process and increase economic feasibility of consolidated biopro-
cessing. Inhibitory compounds have been shown to reduce the rate
of ethanol production and the overall yield in C thermocellum
(DOE/SC-0095, 2006; Pienkos and Zhang, 2009). The purpose of
this study was to quantify the extent of inhibition caused by a Pop-
ulus hydrolysate with respect to growth, cellobiose utilization, and
ethanol production of a wild type (WT) and Populus hydrolysate
tolerant mutant (PM) strain of C. thermocellum in batch culture
using a Monod-based model. Studies of the growth on various con-
centrations of the full Populus hydrolysate and individual inhibitors
in the hydrolysate were also included to determine the relative
inhibitory effect of various compounds in the hydrolysate. Also, a
study was conducted to determine if the increased growth of the
PM strain of C. thermocellum was due to an improved ability to
detoxify the hydrolysate.

2. Methods
2.1. Strain and culture conditions

Clostridium thermocellum ATCC 27405 was obtained from Prof.
Herb Strobel, University of Kentucky collection and denoted as
the wild type (WT) strain. A Populus hydrolysate tolerant strain
(PM) was developed from the WT strain as described in (Linville
et al., submitted for publication). In all experiments, the cells were

grown in media for thermophilic clostridia (MTC) with a substrate
loading of 5 g/L cellobiose. The media was composed of 0.336 g/L
potassium chloride [KCl], 0.25 g/L ammonium chloride [NH4CI],
1.00 g/L magnesium sulfate heptahydrate [MgS0,4-7H,0], 1.70 g/L
potassium phosphate [KH,PO4], 0.50g/L MOPS [C;H14NO,4S],
0.15 g/L calcium chloride dihydrate [CaCl,-2H,0], 1.75 g/L triso-
dium citrate dehydrate [Na;CsO-2H,0], 0.6 g/L urea [CH4N,0],
1.00 g/L 1-cysteine HCl, 0.30 mg/L resazurin, 2.0 mL of 1000x
MTC minerals and 1.25 mL of 50x MTC vitamins (Ozkan et al.,
2001; Zhang and Lynd, 2003). All chemicals were reagent grade
and obtained from Sigma (St. Louis, MO, USA), unless otherwise
indicated. The inoculum culture was grown in Balch (Bellco Glass,
Inc., Vineland, NJ) tubes containing 9.5 mL of 5 g/L cellobiose MTC
and 0.5 mL of the frozen stock culture. Cultures were allowed to
reach exponential growth phase by incubation at 58 °C and
100 rpm, diluted to an optical density (ODggg) of 0.250 using ster-
ile, anaerobic Milli-Q water and injected into the test conditions
with an inoculum size of 10% by volume (Linville et al., submitted
for publication). Milled Populus trichocarpa hydrolysate was pre-
treated at the National Renewable Energy Lab (NREL) using a 20%
w/w solid loading and dilute concentrations of H,SO4 at tempera-
tures of 165-195 °C (Schell et al., 2003). Solids were removed by
filtration. The Populus hydrolysate was adjusted to a pH of 7.0
using 50% w/w NaOH and filter sterilized before being added to
the MTC media.

2.2. Fermentation

Batch fermentations were conducted in triplicate in 1.5 L Q-plus
jacketed glass fermentors (Sartorius Stedim Biotech, Bohemia, NY)
using a 1 L working volume of MTC medium at 58 °C and stirred at
a rate of 300 rpm, with pH controlled to 7.0 using 3 N NaOH. Fer-
mentors containing only 5 g/L cellobiose were sparged with a fil-
tered 20% CO,/80% N, gas mixture and vigorously agitated
overnight, followed by addition of the remaining medium compo-
nents and Populus hydrolysate. Populus hydrolysate was added to
the fermentors at 0%, 10% or 17.5% v/v concentration. The fermen-
tors were then sparged for an additional 4 h with a 20% CO,/80% N,
gas mixture. The inoculum was a bottle culture grown overnight
(11-13 h) in 5 g/L cellobiose, diluted to an ODggo of 0.200 + 0.013,
and added as 10% v/v to inoculate the fermenters. Well-mixed
5 mL aliquots of culture were harvested at regular intervals. Cell
growth was monitored based on an increase in the ODgg of the
culture blanked against a sterile sample of the same concentration
of Populus hydrolysate containing media that was stored in an
incubator at 58 °C. The ODgqg of the culture was measured in trip-
licate by a Spectramax Plus 384 spectrophotometer (Molecular De-
vices, Sunnyvale, CA). The corresponding dry cell weight was
obtained from a calibration curve. Metabolite analysis was per-
formed using HPLC. Metabolites were separated at a flow rate of
0.5 mL/min in 5mM H,SO4 using an Aminex HPX-87H column
(Bio-Rad Laboratories, Inc, Hercules, CA).

2.3. Parameter estimation

The lag time was determined from a plot of log(biomass) as a
function of time and removed from the experimental data before
parameter optimization. The lag time was the same for the WT
and PM strains; 4 h in standard media and 6 h in Populus hydroly-
sate media. Ethanol concentrations during the exponential growth
phase were adjusted to include the ethanol found in the water trap
in proportion to mass of ethanol measured in solution at each time
point. Model simulations were conducted in Matlab 7.10.0
(R2010a) (The Mathworks, Inc., Natick MA). The model parameters
were optimized using simulated annealing to minimize the
weighted least square errors for the biomass, substrate and
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fermentation products at each time point of the experiment in
standard media. In Populus hydrolysate media the weighted least
square errors for furfural and 5-HMF were also minimized to deter-
mine values of the inhibitor biodegradation parameters.

2.4. Populus hydrolysate tolerance

The WT and PM strains were cultured in cellobiose MTC media
containing 0%, 10%, 20%, and 30% v/v Populus hydrolysate in 25 mL
Balch tubes. The ODgqg of the culture was measured in triplicate by
a Spectramax Plus 384 spectrophotometer (Molecular Devices,
Sunnyvale, CA). The ODgoo was blanked using a sterile sample of
medium with the same concentration of Populus hydrolysate
stored in the incubator with the samples. The ODggo Was used to
determine the increase in cell growth over time.

2.5. Individual inhibitor tolerance

The WT and PM strains were cultured in cellobiose MTC media
containing a single inhibitor at a concentration equivalent to its
concentration in 17.5% and 35% v/v Populus hydrolysate. The six
individual inhibitors chosen were furfural, 5-hydroxymethlyfurf-
ural, vanillin, syringic acid, galacturonic acid, and 4-hydroxybenzo-
ic acid (Sigma-Aldrich Co., St. Louis, MO). In addition, the six
inhibitors were combined at the appropriate concentrations to
make a 17.5% and 35% v/v model hydrolysate. The preparation of
individual inhibitor media and model hydrolysate media was the
same as the Populus hydrolysate media above except the pH was
not adjusted for the individual inhibitor media. Samples were ta-
ken at 12, 24, and 48 h for ODgg and product concentrations. Mea-
surement of the ODggg of the culture and metabolite analysis was
performed as described above.

2.6. Detoxification

The ability of the WT and PM strains to detoxify Populus hydro-
lysate was tested by conducting fermentation re-growth experi-
ments in media obtained from previous fermentations. To
produce the media for the re-growth experiments, the WT and
PM strains were grown uninterrupted for 72 h in 17.5% v/v Populus
hydrolysate with 5 g/L cellobiose-MTC media. The concentration of
the metabolites and inhibitors were measured before (T =0 h) and
after (T=72 h) growth by HPLC. Cells were removed from the li-
quid media after the 72 h growth period by 0.2 um filtration. The
concentration of sugars and inhibitors were adjusted for both the
PM and WT detoxified liquids so that the concentrations were
roughly the same in both media. Both the PM and WT were re-
grown in each of these detoxified media. Biological triplicate
experiments were conducted except for the WT-WT which was
conducted in duplicate because one of the series did not grow.
Measurements of the ODggg of the culture and metabolite analysis
were performed as described above.

3. Results and discussion
3.1. Modeling of fermentative growth

Batch fermentations were conducted in fermentors to compare
the performance of the PM and WT C. thermocellum strains in dif-
ferent concentrations of Populus hydrolysate. The PM was grown
in three test conditions: standard medium (0% v/v Populus hydro-
lysate), 10% v/v and 17.5% v/v Populus hydrolysate media. The
WT was grown in two test conditions: standard medium and 10%
v/v Populus hydrolysate medium. Attempts to grow the WT strain
in the presence of 17.5% v/v Populus hydrolysate resulted in a

severely inhibited and non-reproducible growth pattern (data not
shown). Samples were taken at regular intervals from each fermen-
tation unit based on their growth rate.

Most models of biochemical processes are empirical and based
on Monod’s equations (Huang and Wang, 2010). In this work, the
Monod model as formulated below was used to fit the experimen-
tal results:

K (ko) 1)
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where X is the cell biomass concentration (g/L); p is the specific
growth rate (h™1); kp is the first-order cell decay constant (h™!); S
is the substrate concentration (g/L); Pg and P, are the product con-
centrations of ethanol and acetate, respectively (g/L); and Yxs, Yg/s
and Yy/s are the yields of biomass, ethanol, and acetate per unit sub-
strate consumed, respectively (g/g). For growth in standard condi-
tions, the specific growth rate is described by Monod’s equation:

S
= Hpax * <m> (5

where fimax is the maximum specific growth rate (h™1), and ks is the
half saturation concentrations for substrate S (g/L) (Bouguettoucha
et al., 2011; Huang and Wang, 2010). Ethanol inhibition was not in-
cluded in the model since it has been shown that ethanol inhibition
is not significant at ethanol concentrations below low 1 g/L (Baska-
ran et al., 1995) and including this process did not improve the
model.The first-order cell decay constant, kp, was estimated directly
from the decay portion of the growth curves of each strain in stan-
dard conditions by:

ky — Ui %_) (6)

where Xnax is the maximum biomass concentration (g/L) and Xgpna
is the biomass concentration at the final time point (g/L) and At
is the difference in time between the two biomass concentrations
(Fig. 1). The cell decay constant was calculated as 0.12 h™! for both
strains. The decay constant is of the same order as another model of
C. thermocellum grown on crystalline cellulose (Avicel) (Holwerda
and Lynd, 2013). Initial guesses of the five model parameters (max,
ks, Yxss, Yg/s, and Yys) were determined by manual adjustment of the
parameters to obtain a reasonable visual fit to the data. The maxi-
mum specific growth rate and the half saturation constant for the
substrate can also be estimated by various linearization methods
such as the Eadie-Hofstee diagram, Hanes—Woolf plot and Linewe-
aver-Burk plot (Shuler and Kargi, 2002). Of those, the Hanes-Woolf
plot is the most accurate (Shuler and Kargi, 2002). The simulated
annealing function in Matlab was used to optimize the parameters
(P) by minimizing the weighted least square errors:

Py P) )
minXZ(P):ZZ<(y” giy' ))) 7)
i 1

where y;; is the averaged value, fj(y;,P) is the calculated value, and
0; is the sample standard deviation of variable j at time point i
(Marquardt, 1963). Values of f(y,P) were calculated using the
ode45 function in Matlab. The confidence interval and



608

WT in 0% Hydrolysate

Cellobiose (g/L)
Biomass and End Product (g/L)

0 2 4 6 8

Time (hours)

12

Cellobiose (g/L)

J.L. Linville et al. /Bioresource Technology 147 (2013) 605-613

PM in 0% Hydrolysate

Biomass and End product (g/L)

Time (hour)

Fig. 1. Comparison of model-calculated and experimental results for the (A) WT in 0% v/v Populus hydrolysate and (B) PM in 0% v/v Populus hydrolysate for cellobiose
utilization ([]), biomass formation (<), and ethanol (A), and acetic acid (o) production. Experimental data are represented by points; model results are represented by solid

lines.

codependence of each variable were determined from the covari-
ance matrix. Derivative terms in the covariance matrix were deter-
mined numerically.

The optimized parameters and the 95% confidence intervals for
both strains in standard media are shown in Table 1. The optimal
model-calculated profiles for the WT and PM strains can be seen
in Fig. 1. The model was able to accurately describe most of the
variance found in the data as evidenced by the R? values of the en-
tire system (Table 1). The model parameters suggest that the PM
mutant has twice the specific growth rate, pmax, which could be
due to the mutation in the SpoOA homologue (Cthe_3087) (Linville
et al., submitted for publication). SpoOA mutants, which are unable
to go into sporulation, are thought to be locked in exponential
growth since they continue to grow under nutritional conditions
that would normally induce sporulation. Essentially they appear
to maintain growth until the nutrients are exhausted, whereupon
cell lysis occurs (Hoch, 1993). The PM has a mutation in the non-
coding region 127 bp upstream of the first gene in the operon
(Cthe_2602-09) which codes for the ATPase complex (Linville
et al., submitted for publication). The ATPase is believed to help
with the electron flux in the cell by pumping protons across the
cell membrane (Raman et al., 2011). The mutation in the ATPase
may also be a contributing factor to the increased growth rate of
the PM. The biomass yield, Yys, is similar between the two strains
and similar to a recent model of C. thermocellum grown on crystal-
line cellulose (Avicel) (Holwerda and Lynd, 2013). The yield is also
approximately 10-times as great as hydrogen producing strains of
Clostridia (Song et al., 2011). This further suggests that the in-
creased tolerance is due to a faster growth rate for the PM. The
PM has a statistically significant lower yield of acetate, Yy, but
the yield of ethanol, Y, is similar between the two strains. This
difference might be caused by the mutation in the non-coding re-
gion upstream of the Cthe_0422-3 operon which encodes the Rex
(redox) repressor and adhE (Linville et al., submitted for

publication; Wietzke and Bahl, 2012). This may cause a switch
from acetic acid production to ethanol production which would
further help to balance the electron flux in the cell (Linville et al.,
submitted for publication). Controlling for pH, as was done on
these fermentations, allows for a better metabolic flux distribution
by reducing the effect of acid formation (Song et al., 2011).

Experiments with Populus hydrolysate could be modeled using
the same Monod model adapted to include a general unit-less inhi-
bition factor Kigen (0 < Kjgen < 1) as follows:

S
W= Hpax * <m> * Kl.gen

Inhibition terms that were dependent on the concentration of
the Populus hydrolysate or of individual inhibitors were not found
to describe the data well. The WT and PM strains have the ability to
degrade two of the inhibitors in the hydrolysate that can be easily
monitored during the growth period: furfural and HMF (Boyer
et al., 1992; Palmqvist et al., 1999). The furfural reduction rate
has been shown to increase with increasing specific growth rate
and increasing furfural concentrations (Palmqvist and Hahn-Hag-
erdal, 2000b). Therefore, degradation was modeled as a pseudo-
second order rate equation by being a first order equation with re-
spect to both inhibitor concentration and biomass as follows:

(8)

di
(IZ‘VIF = 7kI,HMF * IHMF * X (9)
%:—kLF*IF * X (10)

dt

where Iiyvr and I are the inhibitor concentrations of HMF and fur-
fural, respectively (g/L); and k; yyr and k; r are the kinetic constants
for each compound (L/g h). The matrix of model parameters from
the standard condition optimized model was supplied to the Popu-
lus hydrolysate model along with a new matrix of guessed values of

Table 1
Optimal parameter estimates for Monod model in standard conditions and hydrolysate.
Umax (h71) Ks (g/L) Yx/s (g/g) Yess (g/2) Yass (8/g) Kigen (h71) K1 umre Kir R?

WT in 0% hydrolysate 0.571+£0.007 0.915+0.044 0.234+0.002 0.067 £0.004 0.273 £ 0.002 - - - 0.995
WT in 10% hydrolysate 0.571+£0.007 0.915+0.044 0.234+0.002 0.097 +0.008 0.330+0.027 0.757 £0.003 2.020+0.060 11.057+1.159 0.968
PM in 0% hydrolysate 1.223+0.029 2.217+0.094 0.244+0.008 0.088 £0.003  0.254 + 0.009 - - - 0.972
PM in 10% hydrolysate 1.223+0.029 2.217+0.094 0.244+0.008 0.109+£0.009 0.308 £0.009 0.991+0.003 2.060 +0.152 8.826 +0.683  0.979
PM in 17.5% hydrolysate = 1.223+0.029 2.217+0.094 0.244+0.008 0.119+0.004 0.436+0.015 0.888+0.002 2.131+0.028 10.565+0.112 0.952
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inhibition parameters. The parameters were optimized in a similar
manner where the weighted least square errors of the six variables
(biomass, substrate, ethanol, acetate, HMF, and furfural) were min-
imized. When the Monod parameters were held constant, the mod-
el consistently under predicted the formation of end products;
therefore, the model was also adjusted to allow for possible changes
in product yields. All other model parameters estimated from the
0% v|v Populus hydrolysate experiments (fmax ks, and Yxs) were
held constant.

The optimal parameters estimated for the Populus hydrolysate
conditions are shown in Table 1 and the model-calculated profiles
for the WT and PM strains using these parameters are shown in
Fig. 2. The model accurately describes the experimental data based
on the R? value for the entire system (Table 1). Less inhibition is
indicated as values of kjg.n, increase. As to be expected, the WT
in 10% v/v Populus hydrolysate is the most inhibited, followed by
the PM in 17.5% v/v Populus hydrolysate, and PM in 10% v/v Populus
hydrolysate. The degradation rate constants k;yyr and k; r are very
similar for the WT and PM (Table 1) which suggests that the PM
does not have a greater ability to detoxify the hydrolysate. The ini-
tial concentration of furfural and HMF were similar for the WT and
PM strains. However, comparison of the lag time in biomass
growth versus the degradation of the inhibitors for the WT and
PM further suggests that the WT dedicates more resources to the
degradation of furfural and HMF than the PM does. Both the WT
and PM reach the exponential growth phase 6 h into the fermenta-
tion. At the end of the lag phase, the WT in 10% v/v Populus hydro-
lysate has degraded 40% of the furfural and 12% of the HMF. The
PM in 10% v/v Populus hydrolysate only degraded 12% of the furfu-

A WT in 10% Hydrolysate B

Cellbiose and Acetic acid (g/L)
Cellobiose and Acetic Acid(g/L)

Biomass and Ethanol (g/L)

PM in 10% Hydrolysate C

ral and 5% of the HMF in the lag phase. In 17.5% v/v Populus hydro-
lysate, the PM degrades 23% of the furfural and 7% of the HMF by
the end of the lag phase. Furthermore, the WT in 10% v/v Populus
hydrolysate does not reach a biomass concentration of greater than
0.1 g/L until approximately 4.6 h after it reaches the exponential
growth phase (10.6 h total fermentation time); at that point 90%
of the furfural and 71% of the HMF have been degraded. The PM
reaches a biomass concentration of greater than 0.1 g/L in approx-
imately 3.25 and 3.5 h after it reaches the exponential growth
phase in 10% and 17.5% v/v Populus hydrolysate (9.25 and 9.5 h to-
tal fermentation time), respectively. At approximately 3.25 h into
the exponential growth phase, the PM has only degraded 68% of
the furfural and 23% of the HMF in 10% v/v Populus hydrolysate,
and 81% of the furfural and 27% of the HMF in 17.5% v/v Populus
hydrolysate. Similarly, increased furfural tolerance in an Esche-
richia. coli EMFR9 strain was accompanied by a decrease in the rate
of furfural reduction in vivo and a decrease in the NADPH-depen-
dent furfural reductase activity in vivo (Miller et al., 2009). Reduc-
ing the NADPH-dependent furfural reducase activity permitted
increased growth in the presence of furfural by slowing the deple-
tion of NADPH that is required for biosynthesis (Miller et al., 2009).

Furthermore, furfural and HMF directly inhibit adhE, resulting
in NAD(P)H depletion due to their reduction to their corresponding
alcohols thereby affecting glycolysis and TCA fluxes (Almeida et al.,
2007; He et al., 2012; Zhang et al., 2011). The PM has a mutation in
the non-coding region upstream of the Cthe_0422-3 operon which
encodes the Rex (redox) repressor and adhE (Linville et al., submit-
ted for publication). The mutation resulted in a slightly higher
expression level of both genes in all test conditions for the PM

PM in 17.5% Hydrolysate

Biomass and Ethanol (g/L)

Biomass and Ethanol (g/L)
Cellobiose and Acetic Acid (g/L)

0 2 4 6 8 10 12 14
Time (hour) Time (hour) Time (hour)
D WT in 10% hydrolysate E PM in 10% Hydrolysate F PM in 17.5% Hydrolysate
0.14 0.14
0.12 0.12
0.1 +
o oy =
= = 3
C = 008 + C:
2 5 $
] 3 006 + 2
£ £ £
0.04
+
0.02
0 Xk
0 2 4 6 8 10 12 14 o > 4 6 8
Time (hours) Time (hour) Time (hour)

Fig. 2. The model-calculated and experimental results for the (A) WT in 10% v/v Populus hydrolysate, (B) PM in 10% v/v Populus hydrolysate and (C) PM in 17.5% v/v Populus
hydrolysate for cellobiose utilization ([]), biomass formation (<), and ethanol (A), and acetic acid (o) production. The estimated and experimental results for (D) WT in 10% v/
v Populus hydrolysate, (E) PM in 10% v/v Populus hydrolysate, and (F) PM in 17.5% v/v Populus hydrolysate for furfural (+) and HMF (*). Experimental data are represented by

points; model results are represented by solid lines.
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whereas the WT had significant decreased expression of these
genes in Populus hydrolysate media (Linville et al., submitted for
publication). Therefore, it is surprising that both strains similarly
increased the ethanol yield in the Populus hydrolysate conditions
(Table 1). Comparative proteomics indicate that the central carbon
metabolism, levels of alcohol dehydrogenase, the redox balance,
and other general stress responses are needed to tolerate furfural
inhibition (He et al., 2012). The increased ethanol production for
the WT may be due to the need to balance the electron flow while
converting the furfural and HMF into their corresponding alcohols.
However, since the WT lacks the mutation of the PM, the increased
ethanol may come at the expense of other cellular functions. The
PM strain also has a number of mutations affecting genes related
to DNA repair (Cthe_2376), and RNA transcription (Cthe_2724),
translation (Cthe_2727) and degradation (Cthe_0158) (Linville
et al., submitted for publication). These mutations may increase
the tolerance of the PM strain to the inhibitory compounds found
in the Populus hydrolysate or may contribute to faster growth of
the PM through energy conservation.

The codependence between the optimized parameters, as
shown by their correlation, was determined from the covariance
matrix. The correlation matrix for the WT in 0% and 10% v/v Popu-
lus hydrolysate can be seen in Table 2. The maximum specific
growth rate, pmax, the half saturation constant, ks, and the yield
of ethanol, Ygs, are all strongly correlated among one another.
The parameters in the Populus hydrolysate media calculations are
less correlated. The furfural degradation constant, kg, is correlated
to the yield of both ethanol, Yg/, and acetate, Ya/s. The PM has sim-
ilar correlation between the parameters for the standard and Pop-
ulus hydrolysate calculations (data not shown).

3.2. Populus hydrolysate tolerance

In order to further determine the inhibitory effects of the hydro-
lysate, both strains were grown in selected concentrations of Pop-
ulus hydrolysate (0%, 10%, 20%, and 30% v/v Populus hydrolysate).
Fig. 3 shows the ODggp over time. The Populus hydrolysate is a dark
brown color whose intensity increased with concentration. As the
strain grows in the presence of hydrolysate, the color lightens due
to degradation of some of the compounds and becomes milky as
the biomass increases. This color change accounts for the negative
ODggp seen at the higher concentrations of hydrolysate. For any gi-
ven concentration of hydrolysate, the PM has a higher ODgoo than
the WT strain. The largest difference is in standard media (0% v/v
Populus hydrolysate) with the PM having 3-times greater ODggo
than the WT strain. The WT strain is completely inhibited at 20%
v/v Populus hydrolysate whereas the PM strain is completely inhib-
ited at 30% v/v Populus hydrolysate.

3.3. Individual inhibitors
In order to determine the inhibition contributed to the hydroly-

sate by the individual compounds, both the WT and PM strain of C.
thermocellum were grown in six individual inhibitors (furfural,

Table 2
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Fig. 3. ODggo of the PM ([]) and WT (). Solid line is 0% v/v Populus hydrolysate,
long dash line is 10% v/v Populus hydrolysate, short dash line is 20% v/v Populus
hydrolysate and dotted line is 30% v/v Populus hydrolysate. Error bars represent
standard deviation of triplicate results.

HMF, syringic acid, vanillin, galacturonic acid, and hydroxybenzoic
acid) at concentrations equal to those found in media containing
17.5% and 35% v/v Populus hydrolysate. The six inhibitors were
combined to make a model hydrolysate representative of the
17.5% v|v and 35% v/v concentrations. Table 3 lists the concentra-
tions of individual and combined inhibitors in the media. Samples
were taken at 12, 24 and 48 h after inoculation. The optical density,
cellobiose consumption, and ethanol and acetic acid production at
each time point are shown in Fig. 4. Overall, the PM is less inhibited
in all conditions than the WT strain as demonstrated by its greater
ODgqo (Fig. 4A), cellobiose consumption (Fig. 4B), and ethanol pro-
duction (Fig. 4C). However, the PM strain produced roughly the
same amount of acetic acid (Fig. 4D), which could be due to muta-
tions in the PM strain in the non-coding region upstream of
Cthe_0442-3 as discussed above (Linville et al., submitted for pub-
lication). There is no significant reduction (less than 10%) in ODggg
for the PM in the furfural, HMF, or syringic acid conditions when
compared to the ODggg of the PM in standard medium based on
the average maximum value over the time course (Fig. 4A). Also,
there is no significant reduction in ODgg for the model or actual
17.5% v/v hydrolysate conditions. There is a slight reduction (10-
25%) in ODggp in both vanillin and the lower concentration of
galacturonic acid, moderate reduction (25-75%) in ODggo for the
lower concentration of 4-hydroxybenzonic acid and the 35% v/v
model hydrolysate, and sever reduction (greater than 75%) in the
higher concentration of galacturonic acid and 4-hydrolxybenzoic
acid. For the WT strain, furfural, HMF, syringic acid, vanillin and

Correlation matrix for optimized parameters of the WT in 0% and 10% hydrolysate media showing strong correlation between a number of parameters. The PM has similar

correlations between the optimized parameters (data not shown).

WT in 0% hydrolysate

WT in 10% hydrolysate

Hmax Ks Yx/s Ye/x Yax Ky amr Kir Ki gen Ye/x Ya/x
Hmax 1.00 0.90 0.36 -0.93 —0.08 Kiumvr 1.00 -0.22 -0.26 —0.03 —0.04
Ks 0.90 1.00 0.16 —0.98 0.13 Kir —0.22 1.00 0.19 —0.60 —0.65
Yx/s 0.36 0.16 1.00 -0.32 0.01 Kigen —0.26 0.19 1.00 -0.10 -0.12
Yex -0.93 —0.98 -0.32 1.00 —0.18 Ye/x —-0.03 —0.60 -0.10 1.00 —0.16
Yax —0.08 0.13 0.01 —0.18 1.00 Yax —0.04 —0.65 -0.12 -0.16 1.00
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Table 3

Concentrations of individual inhibitors representing 17.5% and 35% v/v Populus hydrolysate, combined inhibitor concentration for 17.5% and 35% v/v model hydrolysate and the
actual concentration in 17.5% v/v Populus hydrolysate where used to determine the toxicity of the individual compounds. GA is galacturonic acid and HBA is 4-hydroxybenzoic

acid.
Cellobiose (g/L)  Glucose (g/L) Furfural (mg/L) HMF (mg/L) Syringic acid (mg/L) Vanillin (mg/L) GA (g/L) HBA (g/L)
0% Populus Hydrolysate 497 0.04
150 mg/L Furfural 4.66 0.02 108.6
300 mg/L Furfural 4.67 0.02 2338
75 mg/L HMF 4.81 0.02 67.6
150 mg/L HMF 4.75 0.03 136.0
50 mg/L Syringic acid 5.38 0.02 50.4
75 mg/L Syringic acid 4.90 0.02 73.0
25 mg/L Vanillin 4.61 0.02 24.2
50 mg/L Vanillin 4.77 0.02 50.4
2 g/L GA* 5.23 0.03 2.2
4g/L GA* 5.55 0.06 4.3
1.5 g/L HBA* 5.14 0.03 1.7
3 g/L HBA* 437 0.03 2.8
17.5% v/v Model hydrolysate 6.24 4.02 165.5 54.8 50.0 25.0 2.6 1.9
35% v/v Model hydrolysate 7.46 7.82 314.8 121.6 75.0 50.0 4.5 3.6
17.5% v|v Populus hydrolysate  5.98 3.98 193.6 78.5 40.0 15.0 1.1 0.2

the 17.5% v/v model hydrolysate all caused similar moderate
reductions in ODggo. There is also moderate reduction in ODggg
for the lower concentrations of galacturonic acid. There is severe
reduction in growth for both hydroxylbenzoic acid concentrations,
the higher concentration of galacturonic acid, the 35% v/v model
hydrolysate, and the 17.5% v/v Populus hydrolysate.

Both the WT and PM strain may be able to grow better in the
model hydrolysate than the galacturonic acid and 4-hydroxyben-
zoic acid conditions likely because the solution was neutralized

A Cumulative OD

IS L LsES555388sz¢C
\°?a?a:\::|:—'—'>>_._.:|::|:§2
S 0 S S i T T R
L A W w W PHFFnw
c © W w3 N BB m
mmo-gg n oM o
N = - O = = —
o
C Cumulative EtOH Production (g/L)

to a pH of 7.0 in the model hydrolysate before the addition of
the other media components. The pH of the media has been shown
to have a significant effect on the growth of the culture (Song et al.,
2011). Furthermore, based of the growth of the WT in the 17.5% v/v
model hydrolysate and actual hydrolysate, the six inhibitors cho-
sen do not represent the full inhibitory effect of the hydrolysate.
Similar trends were seen in the cellobiose consumption and etha-
nol production (Fig. 4B and C, respectively). The PM consumes the
smallest amount of cellobiose per unit growth in the 17.5% v/v

B Cumulative Cellobiose Consumption (g/L)
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Fig. 4. Effect of various inhibitors on fermentation. For each inhibitor, stacked bars represent cumulative consumption or production at 12, 24, and 48 h. (A) ODgqo, (B)

cellobiose consumption, (C) ethanol production, (D) acetate production.
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Populus hydrolysate. One possible explanation is that the Populus
hydrolysate triggers a stress response in which non-essential path-
ways are turned off to conserve energy. The highest amount of eth-
anol and acetic acid produced was in the 17.5% v/v Populus
hydrolysate followed by the 17.5% v/v model hydrolysate concen-
trations. Although, the cellobiose consumption is low, the high eth-
anol and acetic production could be triggered by the need to
balance the electron flow to increase the availability of ATP as
the cell responds to the inhibitors in the hydrolysate (Linville
et al., submitted for publication). The WT strain lacks the ability
to increase ethanol and acetic acid production under these condi-
tions which may explain its greater level of inhibition.

3.4. Detoxification

Biotransformation of the inhibitory compounds in the hydroly-
sate (detoxification) was investigated as a mechanism of tolerance
by re-growth experiments in which the PM and WT strains were
grown in media reused from earlier fermentation experiments.
The initial hydrolysate media (T = 0) contained 5.9 g/L cellobiose,
4.1 g/L glucose and 5 g/L acetic acid. Of the various inhibitors, the
two that can be most readily measured by HPLC are furfural and
HMEF with initial concentrations of 58 and 163 mg/L, respectively.
During the 72 h preparatory fermentation the PM strain utilized
3.7 g/L cellobiose and 2.4 g/L glucose and produced 0.14 g/L lactic
acid, 0.76 g/L ethanol and 3.38 g/L acetic acid. However, the WT
strain utilized only 1.9 g/L cellobiose and 0.9 g/L glucose and pro-
duced 0.1 g/L lactic acid, 0.25 g/L ethanol and 1.46 g/L acetic acid.
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Both strains degraded almost all of the furfural and 5-HMF present
in the hydrolysate. The cells were removed via filter sterilization
with a 0.2 um filter and the metabolites were adjusted to roughly
the same concentration; 3.75 g/L cellobiose, 2.86 g/L glucose,
0.09 g/L lactic acid, and 0.47 g/L ethanol. The acetic acid concentra-
tion was not adjusted. Both the WT and PM strains were grown in
the adjusted media detoxified by either the WT or PM strain.
Fig. 5A-D shows the cell growth, glucan utilization, ethanol pro-
duction, and acetic acid production over time for each of the four
regrowth experiments. The initial ethanol and acetic acid concen-
trations were subtracted from the final concentrations measured
at the end of the experiment for better comparison. Neither strain
produced significant concentrations of lactic acid. The fermenta-
tion profiles of both strains showed very little dependence on the
type of media (WT-detoxified or PM-detoxified) used for the re-
growth experiment. The PM had approximately twice the maxi-
mum optical density of the WT strain and reached it sooner
(15 h compared to 24 h). Furthermore, in both conditions the PM
utilized approximately 2.9 g/L cellobiose, 2.1 g/L glucose and pro-
duced 0.73 g/L ethanol and 3.0 g/L acetic acid. The WT strain uti-
lized 2.7 g/L cellobiose but only 0.2 g/L glucose and produced
0.35 g/L ethanol and 1.8 g/L acetic acid. The WT strain performed
better in the detoxified hydrolysate than in 17.5% v/v Populus
hydrolysate; however, the PM did not (data not shown). This
may be due to the higher acetic acid concentration in the PM
detoxified media. The results show that the PM does not have a
better ability to detoxify the hydrolysate and that this is not the
primary mechanism of tolerance.
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Fig. 5. Results of the re-growth detoxification experiments (A) biomass growth shown as ODggo, (B) glucan utilization, (C) ethanol and (D) acetic acid production showing

equal detoxification for the WT and PM strain.



J.L. Linville et al./Bioresource Technology 147 (2013) 605-613 613

4. Conclusions

The results from batch fermentations of C. thermocellum on cel-
lobiose were successfully simulated using Monod kinetics. The PM
had a higher maximum growth rate and was less inhibited by the
hydrolysate than the WT strain; furthermore, the PM is less inhib-
ited by individual compounds than the WT strain. This study also
found that the PM does not have a greater ability to detoxify the
Populus hydrolysate than the WT. Therefore, the increased toler-
ance to the hydrolysate is apparently due to the combined effects
of several mutations in the PM that increased its growth rate
(Linville et al., submitted for publication).
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