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Abstract Robustness of fermenting strains to lignocellulose
derived inhibitors is critical for efficient biofuel and biochem-
ical productions. In this study, the industrial fermenting strain
Corynebacterium glutamicum S9114 was evolved for im-
proved inhibitor tolerance using long-term adaptive evolution
by continuously transferring into the inhibitors containing
corn stover hydrolysate every 24 h, and finally a stably
evolved C. glutamicum was obtained after 128 days of serial
transfers. The evolved strain exhibited the highly increased
conversion rate to the typical lignocellulose derived inhibitors
including furfural, 5-hydroxymethylfurfural, vanillin,
syringaldehyde, 4-hydroxybenzaldehyde, and acetic acid.
Glucose consumption was obviously accelerated, and
22.4 g/L of glutamic acid was achieved in the corn stover
hydrolysate, approximately 68.4% greater than that by the
original strain. Whole genome re-sequencing revealed various
mutations with the potential connection to the improved per-
formance of the evolved strain. Transcriptional analysis fur-
ther demonstrated that the glucose-PTS transport and the pen-
tose phosphate pathway were significantly upregulated in the
evolved strain, which very likely contributed to the accelerat-
ed glucose consumption, as well as sufficient NAD(P)H sup-
ply for aldehyde inhibitors reduction conversion and thus

enhanced the inhibitor tolerance. This study provided impor-
tant experimental evidences and valuable genetic information
for robust strain construction and modification in lignocellu-
lose biorefining processes.

Keywords Corynebacterium glutamicum . Inhibitor
tolerance . Adaptive evolution . Lignocellulose .Whole
genome re-sequencing . Transcriptional analysis

Introduction

Biorecalcitrance of lignocellulose requires pretreatment step
to break its complex rigid structure and to release fermentable
sugars for subsequent microbial fermentation. During the
harsh pretreatment process, various small inhibitory com-
pounds are inevitably generated from partial overdegradation
of lignocellulose, and they are usually classified into three
categories, furan aldehydes such as furfural and 5-
hydroxymethylfurfural (HMF) from dehydration of pentose
and hexose, respectively; weak organic acids such as formic
acid, acetic acid, and levulinic acid from acetyl group hydro-
lysis or furans oxidation; as well as phenolic compounds such
as vanillin, syringaldehyde, and 4-hydroxybenzaldehyde from
partial breakdown of lignin components (Jönsson et al. 2013).
These undesirable inhibitors are known to severely impair the
fermentation process by inhibiting microbial cell growth and
metabolism (Mills et al. 2009; Taylor et al. 2012). Therefore, it
is essential to circumvent or alleviate the inhibitor toxicity on
microorganisms for efficient microbial fermentation of
biofuels and biochemicals from lignocellulose feedstocks.

Application of robust fermenting strains with improved
inhibitor tolerance is an effective approach to overcome the
inhibitory effects, and different strategies have been devel-
oped for this kind of strain construction. Among them,
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adaptive evolution is a classical and powerful method based
on the selection of advantageous cellular properties through
iterative genetic diversification (spontaneous or induced mu-
tation) and selective pressure by mimicking the natural selec-
tion (Sauer 2001). In contrast to the rational design and met-
abolic engineering, the main strategy for strain development,
adaptive evolution only requires a well-designed selection
procedure but does not need the detailed understanding about
the inhibitor action and responsible genes; it is therefore able
to optimize the process and more suitable for industrial appli-
cation (Almeida et al. 2007; Qin et al. 2016). Currently, many
different microorganisms with increased stress tolerance have
been obtained by employing such adaptive strategy, including
Escherichia coli (Arense et al. 2010; Mundhada et al. 2017;
Rajaraman et al. 2016), Saccharomyces cerevisiae (Koppram
et al. 2012; Wallace-Salinas and Gorwa-Grauslund 2013),
Zymomonas mobilis (Mohagheghi et al. 2015; Shui et al.
2015), and Crypthecodinium cohnii (Li et al. 2017). These
results provide evidences that the adaptive evolution can be
a faster and more convenient way to develop inhibitor-
tolerance strains. In addition, the advance of next-generation
sequencing technique which makes the correlation between
genotypic change and phenotypic change feasible also pro-
motes the strategy application (Mohagheghi et al. 2015).

As a fast-growing and aerobic gram-positive microor-
ganism, Corynebacterium glutamicum is widely used for
industrial production of various amino acids, such as glu-
tamate and lysine (Kinoshita et al. 2004; Nakayama et al.
1961). Currently, C. glutamicum has also been used for
producing biofuels and other biochemicals, including eth-
anol, isobutanol, lactate, and succinate (Becker and
Wittmann 2012). The feedstocks traditionally used for
the industrial fermentation by C. glutamicum are sugars
from cane and starch hydrolysate from corn. Recent stud-
ies have suggested that renewable lignocellulosic biomass
could be used as the promising alternative feedstocks
(Gopinath et al. 2011). However, the problem of fermen-
tation inhibitors in lignocellulosic hydrolysate remains ur-
gent to be solved (Rumbold et al. 2009; Wang et al.
2014). Previous studies showed that C. glutamicum con-
verts furfural to furfuryl alcohol under anaerobic condi-
tion and further to furoic acid under aerobic condition
(Tsuge et al. 2014). Different from the conversion pattern
of furan aldehyde inhibitors, C. glutamicum is able to
utilize a large variety of phenolic compounds (Shen
et al. 2012), as well as acetic acid (Gerstmeir et al.
2003) as the sole carbon and energy source for cell
growth. Nevertheless, these typical inhibitors still
displayed strong growth inhibition to C. glutamicum even
at lower concentrations. More importantly, the inhibitor
mixtures in hydrolysate had much more toxic effects for
the additive or synergistic manner in combination (Sakai
et al. 2007; Xu et al. 2015). Therefore, it is crucial to

acquire the complete tolerance to fermentation inhibitors
for C. glutamicum to increase its utilization efficiency of
the practical lignocellulose feedstocks.

In the present study, a long-term adaptive evolution strate-
gy was used to develop a robust C. glutamicum strain with
high tolerance to various lignocellulose derived inhibitors by
continuously transferring into fresh non-detoxified corn stover
hydrolysate. The underlying molecular mechanism contribut-
ing to the improved inhibitor tolerance and accelerated sugar
utilization of the evolved strain was further elucidated by ge-
nome re-sequencing and transcriptional analysis. This study
provided the valuable guidance for the future metabolic engi-
neering of more robust fermenting strains.

Materials and methods

Raw materials and reagents

Corn stover was harvested in fall 2013 from Dancheng,
Henan, China. After collection, the corn stover was milled
and screened through a mesh with the circle diameter of
10 mm, then washed to remove field dirt, stones and metals,
finally dried at 105 °C until constant weight, and stored in
sealed plastic bags for use.

The cellulase enzyme Youtell no. 6 was purchased from
Hunan Youtell Biochemical Co., Yueyang, Hunan, China.
The filter paper activity was 135 FPU/g determined using
the National Renewable Energy Laboratory (NREL)
Laboratory Analytical Procedure (LAP) LAP-006 (Adney
and Baker 1996), and the cellobiase activity was 344 CBU/g
according to the method described by Ghose (1987). The pro-
tein concentration was 90 mg/g measured by Bradford
method.

Inhibitor chemicals furfural and HMFwere purchased from
Shanghai DEMO Medical Tech Co., Shanghai, China.
Vanillin, syringaldehyde, and 4-hydroxybenzaldehyde were
purchased from Sangon Biotech Co., Shanghai, China.
Acetic acid was from Lingfeng Chemical Reagent Co.,
Shanghai, China. Yeast extract was from Oxoid, Hampshire,
UK. Corn steep liquor was purchased from Xiwang Sugar
Co., Zouping, Shandong, China. Penicillin was purchased
from New Probe Biochem Co., Beijing, China, and the la-
beled titer was 1650 U/mg which finally diluted into the
50 mg/mL penicillin solution used for induction experiment.
All other chemical reagents were of analytical reagent grade
and from Lingfeng Chemical Reagents Co., Shanghai, China.

Pretreatment and hydrolysate preparation

The dry dilute acid pretreatment of corn stover was carried out
in a helical ribbon impeller-driven reactor by co-currently
feeding of dilute sulfuric acid solution and dry corn stover
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(He et al. 2014). The pretreatment condition was maintained at
175 °C for 5 min at a solid to liquid ratio of 2:1 (w/w) with
2.5 g of sulfuric acid per 100 g of dry corn stover (2.5% acid
usage). The raw corn stover contained 37.2% of cellulose and
19.9% of hemicellulose, and the pretreated corn stover
contained 39.9% of cellulose and 3.0% of hemicellulose de-
termined according to the two-step acid hydrolysis method
described in NREL LAP protocol (Sluiter et al. 2012).

The pretreated corn stover was enzymatically hydrolyzed
at 15% (w/w) solids loading in a 5-L bioreactor using 15 FPU/
g dry corn stover matter of cellulase at 50 °C, pH 4.8 for 48 h.
The hydrolysate slurry was centrifuged at 10,000 rpm for
10 min, autoclaved at 115 °C for 20 min, and filtered by filter
paper before use (Zhang et al. 2016). The non-detoxified hy-
drolysate prepared contained 33.69 g/L glucose, 19.51 g/L
xylose, 2.54 g/L acetic acid, 0.38 g/L furfural, 0.21 g/L
HMF, 0.29 g/L vanillin, 0.13 g/L syringaldehyde, and
0.03 g/L 4-hydroxybenzaldehyde. Before fermentation, addi-
tional glucose was added into corn stover hydrolysate to main-
tain the glucose concentration to 60 g/L, and the nutrient com-
positions including 1 g/L KH2PO4, 0.6 g/L MgSO4, 3 g/L
urea, 2 mg/L FeSO4, 2 mg/L MnSO4, and 0.5 g/L corn steep
liquor were added as well.

Strains, media, and culture conditions

The industrial fermenting strain, C. glutamicum S9114, was
ob ta ined f rom Shangha i Indus t r i a l Ins t i tu te o f
Microorganisms (SIIM), Shanghai, China with the storage
number as SIIM B460, which has the same origin to
C. glutamicum CICC 20935 accessible in China Center of
Industrial Culture Collection (CICC) with the registration
number of CICC 20935. The strain was transferred from −
80 °C and maintained on LB-agar plates containing 5 g/L
yeast extract, 10 g/L peptone, 10 g/L NaCl, and 15 g/L agar.

The media used for C. glutamicum culture included the
following: (1) Preculture medium: 25 g/L glucose, 1.5 g/L
KH2PO4, 0.6 g/L MgSO4, 2.5 g/L urea, 2 mg/L FeSO4,
2 mg/L MnSO4, and 25 g/L corn steep liquor; (2) seed culture
medium: 25 g/L glucose, 1.5 g/L KH2PO4, 0.6 g/L MgSO4,
2.5 g/L urea, 2 mg/L FeSO4, 2 mg/L MnSO4, and 5 g/L corn
steep liquor; (3) fermentation medium: 60 g/L glucose, 1 g/L
KH2PO4, 0.6 g/L MgSO4, 3 g/L urea, 2 mg/L FeSO4, 2 mg/L
MnSO4, and 0.5 g/L corn steep liquor. All media were at pH 7
and sterilized at 115 °C for 20 min. FeSO4 and MnSO4 solu-
tions were separately filtrated for sterilization and then added
to the media.

One fresh colony was transferred into 30 mL of preculture
medium in the 250-mL Erlenmeyer flask and incubated at
30 °C, 200 rpm. After 12 h, 5% (v/v) of the culture was trans-
ferred into 30 mL of seed culture medium and incubated for
8 h at 30 °C, 200 rpm. The seed culture was used then as the
inoculum for all fermentation experiments.

Adaptive evolution

Adaptive evolution of C. glutamicum S9114 was carried out
in the 250-mL Erlenmeyer flask containing 30 mL of 15% (w/
w) corn stover hydrolysate at 30 °C, 200 rpm. Firstly, 5% (v/v)
of the seed culture was transferred into the hydrolysate and pH
was adjusted at 7.0 using 20% urea throughout the cultivation.
After 24 h, 5% (v/v) of the sub-culture was transferred into
fresh hydrolysate and incubated under the same conditions.
Serial transfer was repeated for 128 days until the fermenta-
tion performance tended to be constant. Samples were taken
prior to each transfer for the cell growth, the glutamic acid,
and the residual sugar analysis.

Inhibitor tolerance evaluation and glutamic acid
fermentation

Inhibitor tolerance of C. glutamicum was evaluated in 30 mL
of the fermentation medium in the 250-mL Erlenmeyer flask
adding different inhibitors of furfural, HMF, vanillin,
syringaldehyde, 4-hydroxybenzaldehyde, and acetic acid, re-
spectively. Five percent (v/v) of the seed culture was inoculat-
ed and incubated at 30 °C in the shaker at 200 rpm. The pH
was adjusted at 7.0 using 20% urea throughout the fermenta-
tion. Samples were taken periodically to detect the inhibitor
concentrations.

Glutamic acid fermentation was performed in 30 mL of the
fermentationmedium or corn stover hydrolysate with 5% (v/v)
or 20% (v/v) of seed culture inoculation. The culture was in-
cubated at 30 °C, 200 rpm, and the pH was adjusted at 7.0
with 20% urea. To induce glutamic acid production in the
hydrolysate, 60 μL of 50 mg/mL penicillin solution was
added at 8 and 16 h, respectively. Samples were collected
periodically to detect the cell growth and the concentration
of glucose and glutamic acid.

Analytical methods

Cell growth was determined by measuring optical density
(OD) at 600 nm. Samples taken during fermentation were
centrifuged at 12,000 rpm for 5 min, and then the supernatants
were filtered through a 0.22 μm filter before analysis. Glucose
and glutamic acid were monitored with a SBA-40D biosensor
(Shandong Academy of Sciences, Jinan, China). Furfural,
HMF, vanillin, syringaldehyde, and 4-hydroxybenzaldehyde
were analyzed using reverse-phase HPLC (LC-20AT, Japan),
equipped with a YMC-Pack ODS-A column (YMC, Tokyo,
Japan) and an SPD-20A UV detector (Shimadzu, Kyoto,
Japan). Furfural was analyzed using 50% acetonitrile solution
as the mobile phase at 35 °C with the flow rate of 1.0 mL/min
under the detection wavelength of 220 nm. HMF was ana-
lyzed using the following gradient: the initial flow phase
was composed of pure water (pump A) and acetonitrile (pump
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B) at a ratio of 95% to 5%; acetonitrile was first increased
from 5 to 100% over 0 to 15 min then decreased from 100
to 5% over 15 to 20 min, and finally, used at 5% over 20 to
30 min. The flow rate was 0.6 mL/min, the column tempera-
ture was 35 °C, and the detector wavelength was 230 nm.
Vanillin, syringaldehyde, and 4-hydroxybenzaldehyde were
analyzed using 100% acetonitrile solution (pump A) and
0.1% formic acid (pump B) at a ratio of 90 to 10% as the
mobile phase at 1.0 mL/min with the column temperature of
35 °C and the detection wavelength of 270 nm. Acetic acid
was determined by HPLC (LC-20AD, Japan) equipped with
an Aminex HPX-87H column (Bio-Rad, Hercules, CA, USA)
and a RI detector RID-10A (Shimadzu, Kyoto, Japan), oper-
ated at 65 °C at the flow rate of 0.6 mL/min using 5 mM
H2SO4 as the mobile phase.

Whole genome re-sequencing through NGS

Genomic DNA from the original and evolved C. glutamicum
strains were extracted using TIANamp Bacterial DNA Kit
(Tiangen Biotech Co., Beijing, China) according to the man-
ufacturer’s instruction. Genomic library construction and
whole-genome resequencing were performed at the Genome
Center at Wuxi AppTec Co., Shanghai, China using Illumina
Hiseq 2500 (Illumina, Inc. San Diego, CA, USA). The paired-
end reads from the two strains were mapped to the reference
genome sequence of C. glutamicum S9114 (Lv et al. 2011)
separately using the BWA software (Li 2013). The potential
mutations including point mutations and insertions/deletions
were identified using the Snippy software (Reumerman et al.
2013) and Breseq software (Barrick et al. 2014). The objective
mutations in the evolved strain were obtained after removing
the same mutations both in the two kinds of strains. All the
intragenic mutations considered causing amino acid substitu-
tions and the intergenic mutations were confirmed by PCR
amplification and followed by Sanger sequencing. The
primers used for this validation are listed in Table S1.

qRT-PCR analysis

Both the original and evolved C. glutamicum strains were
cultured in the fermentation medium at 30 °C, 200 rpm for
8 h. Cells were collected and centrifuged at 8000 rpm for
5 min at 4 °C and then stored at − 80 °C for subsequent
RNA extraction and qRT-PCR analysis.

The total RNA was extracted using RNAiso Plus reagent
(TAKARA, Otsu, Japan) after the cell mass were grinded.
Integrity and quantity of the RNA samples were detected by
a ratio of OD260/OD280 readings using a DU 800 spectropho-
tometer (Beckman Coulter, Fullerton, CA, USA). Reverse tran-
scription reactions were carried out using ReverTra Ace qPCR
RT Master Mix with gDNA Remover kit (TOYOBO, Osaka,
Japan) according to the manufacturer’s protocol. For each qRT-

PCR reaction, a SYBR Green Real-Time PCR Master Mix kit
(TOYOBO, Osaka, Japan) was used and the PCR reaction was
run on a Bio-Rad CFX 96 System (Bio-Rad, Hercules, CA).
Primers for qRT-PCR analysis are listed in Table S1. PCR
conditions were as follows: 95 °C for 1 min; 40 cycles of
95 °C for 15 s, 55 °C for 15 s, and 72 °C for 30 s; and a final
melting curve step by heating from 65 to 95 °C with a speed of
0.5 °C per 5 s. The original C. glutamicum was used as the
control strain. 16S rDNA gene (CGS9114_RS11955) was
served as an internal control to normalize for the difference in
total RNA quantity. Transcription levels of selected genes were
quantified using the formula 2−ΔΔCt.

Results

Inhibitor conversion of C. glutamicum after the adaptive
evolution

Adaptive evolution of C. glutamicum S9114 was carried out
in 15% (w/w) solids loading corn stover hydrolysate by con-
secutively transferring into fresh hydrolysate every 24 h. As
shown in Fig. 1, the cell growth and glucose consumption
fluctuated up to 70 transfers and then maintained stable with
only random shift. After 128 days (equivalent to 3072 h) of
serial transfers, the cell growth tended to be constant with
OD600 nm of 16.4 from the initial 8.7, and residual glucose
concentration was decreased and kept with 28.2 g/L from
the initial 36.6 g/L. Since biotin in the hydrolysate was exces-
sive and no additional penicillin or surfactant was added, al-
most no glutamic acid was observed during the whole adap-
tation process (Nara et al. 1964; Takinami et al. 1965).

The inhibitor tolerance of the evolved C. glutamicum was
compared with the original strain in the synthetic fermentation
medium under the stress of six typical inhibitor compounds
commonly derived from lignocellulose pretreatment, includ-
ing furfura l , HMF, vani l l in , syr ingaldehyde, 4-
hydroxybenzaldehyde, and acetic acid. Just similar to other
C. glutamicum strains, the evolved and original strains both
exhibited inhibitor degradation capacity, including converting
furfural, HMF, and syringaldehyde into corresponding alco-
hols and acids, degrading 4-hydroxybenzaldehyde and vanil-
lin finally into the tricarboxylic acid (TCA) cycle through the
corresponding alcohols and acids and completely utilizing
acetic acid as the sole carbon and energy source (unpublished
data). The evolved strain showed a slight increase for the cell
growth (data not shown), but more importantly, it presented an
obviously accelerated conversion rate to each inhibitor. As
shown in Fig. 2, when 1 g/L of furfural was added, about
0.9 g/L was converted at 2 h by the evolved strain, half-time
shorter than that for the original strain; when 0.7 g/L of HMF
was added, 0.44 g/L of HMF was reduced at 2 h by the
evolved strain, while 0.45 g/L of HMF was still left by the
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original strain at the same time. For the phenolic compounds,
0.17 g/L of vanillin, 0.14 g/L of syringaldehyde, and 0.21 g/L
of 4-hydroxybenzaldehyde were reduced at 4 h by the evolved
strain, leading to an apparently conversion increase compared
to the original strain at 26.3, 27.2, and 30.9%, respectively.
For 6 g/L of acetic acid added initially, it was completely
reduced at 48 h, 16 h shorter than the time for complete con-
version by the original strain. These results indicated that the
inhibitor tolerance and conversion rate of C. glutamicum
S9114 were improved significantly after the adaptive evolu-
tion in corn stover hydrolysate.

Glutamic acid fermentation by the evolved C. glutamicum

Glutamic acid fermentation performance of the evolved
C. glutamicum was conducted in liquid synthetic medium
and corn stover hydrolysate, respectively. Figure 3 compares
the fermentation profiles of the evolved strain to original strain
in the simplified fermentation medium. Although the growth
rate of the evolved strain in the synthetic medium was lower
than that of the original strain (0.54 vs 0.68 for OD600 nm/h),
the specific growth rates of the two strains were practically
similar (0.43/h), and both strains reached the stationary
growth phase after approximately 12 h (Fig. 3a; Table 1).
Figure 3a also shows that the maximal cell mass of the
evolved strain was slightly lower than that of the original
strain (7.4 vs 8.6 for OD600 nm). The glucose consumption rate
was significantly increased for the evolved strain with only
5.5 g/L of residual glucose left at the end of the fermentation,
in contrast with 17.0 g/L left by the original strain (Fig. 3b).
Glutamic acid was accumulated with the decrease of glucose.
Unexpectedly, the faster glucose metabolism in the evolved
strain did not bring about a higher glutamic acid generation.
As shown in Fig. 3b, only 15.6 g/L of glutamic acid was
observed by the evolved strain, 25.7% less than that by the
original strain.

Figure 4 shows the glutamic acid fermentability of the
evolved strain in 15% solids loading corn stover hydrolysate.
As the inhibitors existence, cell growth of the evolved strain
was obviously improved in the hydrolysate, and the maximum
cell mass (OD600 nm) reached 15.0, compared to the original
strain of 12.4. Glucose consumption rate of the evolved strain
was accelerated distinctly as well in the hydrolysate, and
completely consumed at 48 h, in contrast with 27.3% of re-
sidual glucose left even after 72-h culture by the original
strain. After penicillin was added at 8 and 16 h for induction,
glutamic acid production was finally accumulated to 22.4 g/L,
68.4% higher than that for the original strain and also signif-
icantly higher than that in synthetic medium by the two kinds
of strains, and glutamic acid yield increased to 0.48 g/g glu-
cose, 35.3% higher than that for the original strain and very
close to that for the original strain in synthetic medium
(0.53 g/g glucose) (Fig. 4b; Table 1). These results indicated

that the adaptive evolution strongly improved inhibitor toler-
ance and fermentation of C. glutamicum strain, making the
evolved C. glutamicum very suitable for glutamic acid pro-
duction using the lignocellulose hydrolysate. Previous studies
on ethanol production (Gu et al. 2014; Qureshi et al. 2015)
also proved that the ethanol fermentation performance was
improved using the inhibitor-containing hydrolysate adapta-
tion process, and similar results were obtained in the present
study.

Genome re-sequencing and mutation mining
of C. glutamicum

After the adaptive evolution, the evolved C. glutamicum ex-
hibited enhanced inhibitor conversion rate (Fig. 2) and im-
proved cell growth and glutamic acid fermentation perfor-
mance in corn stover hydrolysate (Fig. 4). In particular, we
observed the accelerated glucose consumption and an unex-
pected lower glutamic acid production in synthetic medium
(Fig. 3). To identify the underlying genetic changes responsi-
ble for the altered phenotypes, the whole genome of the orig-
inal and the evolved strains were re-sequenced. After both
al ignment to the published genome sequence of
C. glutamicum S9114 (Lv et al. 2011) and excluding the same
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mutations, a total of seven mutations including two intragenic
deletions and five single-nucleotide polymorphisms (SNPs)
were found in the evolved strain (Table 2). Of the five SNPs,
one was located in intergenic region, while four occurred in
intragenic regions with only one of non-synonymous
mutation.

As shown in Table 2, one intragenic deletion mutation was
located within the encoding sequence of CGS9114_RS08730,
deleting seven amino acids at the position 228 by inserting
another serine. CGS9114_RS08730 encodes the ATP-binding
subunit ClpX of the ATP-dependent Clp protease, which is
involved in responses to environmental and cellular stresses
by degrading abnormal and damaged proteins to further pre-
vent the build-up of protein aggregates in cells (Ambro et al.
2012; Hou et al. 2014). The mutated CGS9114_RS08730 was
supposed to enhance its ATP-binding activity and strengthen
the degradation ability of the Clp protease on damaged pro-
teins impaired by the inhibitors. The non-synonymous SNP in
the evolved strain occurred in CGS9114_RS14945, which en-
codes TetR family transcriptional regulator McbR, leading to
a change of aspartate to alanine at the position 47. McbR
negatively regulates the expression of at least 45 genes, and
these genes play a variety of functions for (S-adenosyl) methi-
onine and cysteine biosynthesis, sulfate reduction, sulfur-
containing compounds uptake and utilization, as well as tran-
scriptional regulation (Rey et al. 2005; Rey et al. 2003).
Previous studies reported that the expression of sulfur amino
acid biosynthesis genes was increased in response to furfural
and the supplementation of cysteine and methionine was ef-
fective in increasing inhibitor tolerance (Kanna and
Matsumura 2015; Miller et al. 2009). Accordingly, the
evolved CGS9114_RS14945 might release the repression on
sulfur amino acid biosynthesis and then heighten the inhibitor
tolerance to furan aldehydes.

The intergenic SNP located within the promoter region
between the divergently expressed CGS9114_RS11050 and
CGS9114_RS11055 . CGS9114_RS11050 encodes
phosphoenolpyruvate-protein phosphotransferase, and
CGS9114_RS11055 encodes DeoR family transcriptional reg-
ulator FruR. Both the two genes are involved in the sugar
transport system, the phosphoenolpyruvate (PEP)-dependent
sugar phosphotransferase system (PTS) in C. glutamicum
(Ikeda 2012; Tanaka et al. 2008). The C. glutamicum strain

Table 1 Cell growth rate and
glutamic acid yield of the original
and evolved C. glutamicum in
synthetic medium and corn stover
hydrolysate

Culture condition Strain Growth rate
(OD600 nm/h)

a
Specific growth
rate (/h)b

Glutamic acid yield
(g/g glucose)c

Synthetic medium Original 0.68 ± 0.03 0.43 ± 0.01 0.53 ± 0.06

Evolved 0.54 ± 0.01 0.43 ± 0.00 0.30 ± 0.04

Corn stover hydrolysate Original – – 0.36 ± 0.03

Evolved – – 0.48 ± 0.02

– not suitable for calculation due to the effect on growth by the penicillin addition in hydrolysate
a Growth rate was calculated associated with the exponential growth (0–4 h in synthetic medium), the value was
determined from the slope of OD600 nm plotted against the fermentation time
b Specific growth rate was calculated associated with the exponential growth (0–4 h in synthetic medium), the
value was determined from the slope of ln(OD600 nm) plotted against the fermentation time
cGlutamic acid yield was calculated from the total net glutamic acid production against the glucose consumption
through the whole fermentation process
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has been reported to have its specific PTS for glucose, which
consists of glucose-specific EII component (EIIGlc) encoded
by ptsG (CGS9114_RS14440) and the two general compo-
nents EI and HPr encoded by ptsI (CGS9114_RS11050) and
ptsH (CGS9114_RS11070), respectively. Except for ptsG, ptsI
and ptsH are both under the negative regulation of FruR reg-
ulator. Considering the clearly increased glucose consumption
in the evolved strain (Figs. 3 and 4), the intergenic SNP might
influence the glucose transport by regulating the transcription-
al activities of the glucose-PTS system.

Table 2 also shows that one intragenic deletion was within
CGS9114_RS03450 which encodes E1 subunit of the 2-
oxoglutarate dehydrogenase complex (ODHC). ODHC is a
key enzyme associated with glutamic acid production, which
located at the branch point between the TCA cycle and the
glutamate biosynthesis pathway (Asakura et al. 2007; Kim
et al. 2009). In the original strain, CGS9114_RS03450 is a
pseudogene with total length of 3667 bp, which partly blocks
the TCA cycle and is beneficial for carbon source flowing into
glutamic acid production. Nevertheless, in the evolved strain,
the single nucleotide deletion at the position 140 of
CGS9114_RS03450 led it to be a normal gene. It might result
in the 2-oxoglutarate competition by the functional ODHC
with glutamate dehydrogenase at this branch point, making
less carbon source direction toward glutamate biosynthesis,
which is consistent with the result of the lower accumulation
of glutamic acid in the evolved strain in synthetic medium
(Fig. 3).

Transcriptional analysis by qRT-PCR

To determine whether the glucose specific PTS transport was
affected by the intergenic SNP, the quantitative real-time PCR
(qRT-PCR) was performed on the glucose-PTS related genes.
As shown in Fig. 5, the transcriptional regulator gene fruR
(CGS9114_RS11055) which probably directly regulated by
the intergenic SNPwas highly repressed (close to zero expres-
sion). Among the three key glucose-PTS genes, ptsG
(CGS9114_RS14440) and ptsH (CGS9114_RS11070) were
not significantly changed at the transcriptional level; however,
for the ptsI (CGS9114_RS11050), it showed obviously upreg-
ulated expression with 2.24-fold change. This data suggested
that the intergenic mutation in the promoter region might
function via two patterns: firstly, depressing the expression
of gene fruR and then releasing the negative regulation on
genes ptsH and ptsI, and secondly, directly affecting the pro-
moter of gene ptsI and then regulating its transcriptional level.

Since the glucose-PTS gene ptsIwas highly upregulated in
the evolved strain which might affect the glucose transport
and further cause accelerated glucose consumption, the ex-
pression of the central carbon metabolism was also investigat-
ed at the transcriptional level. Figure 5 shows that most of the
glycolytic genes were not differentially expressed comparedT
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to the original strain, except for the glyceraldehyde-3-
phosphate dehydrogenase gene (CGS9114_RS09335) which
was upregulated by 2.23-fold. Pentose phosphate pathway
(PPP)-related genes, including glucose-6-phosphate dehydro-
genase gene (CGS9114_RS06460), 6-phosphogluconate de-
hydrogenase gene (CGS9114_RS07055), transketolase gene
(CGS9114_RS06470 ) , a nd t r a n s a l do l a s e g en e
(CGS9114_RS06465), all showed upregulated expression
with 2.02-, 1.50-, 1.48-, and 1.79-fold changes, respectively.
Figure 5 also indicates that the TCA cycle was slightly en-
hanced and the glyoxylate cycle was inhibited, such that
isocitrate dehydrogenase gene (CGS9114_RS02730), 2-
oxoglutarate dehydrogenase E1 component gene
(CGS9114_RS03450), and succinate dehydrogenase genes
(CGS9114_RS04935, CGS9114_RS04940) were upregulated,
while isocitrate lyase gene (CGS9114_RS09005) and malate
synthase gene (CGS9114_RS09010) were both downregulat-
ed. Consistent with the fermentation observation of the lower
glutamic acid accumulation for the evolved strain in the syn-
thetic medium (Fig. 3), glutamate dehydrogenase genes
CGS9114_RS07420 and CGS9114_RS12025 were all highly
downregulated.

Discussion

In the present study, the adaptive evolution strategy was de-
veloped by successively culturing the industrial strain
C. glutamicum S9114 in fresh corn stover hydrolysate (15%,
w/w). After approximately 4 months of serial transferring, the
evolved strain presented obvious improvement in glucose me-
tabolism and inhibitor conversion rate to the six model inhib-
itor compounds, including furfural, HMF, vanillin,
syringaldehyde, 4-hydroxybenzaldehyde, and acetic acid. As
a result of the enhanced inhibitor tolerance, glutamic acid
production of the evolved strain in the non-detoxified hydro-
lysate was significantly increased as well, with the concentra-
tion of 22.4 g/L under penicillin-trigger condition, and this is
the very meaningful result of cellulosic glutamic acid produc-
tion using the practical lignocellulose feedstock. This study
demonstrated that adaptive evolution is a powerful tool for
robust C. glutamicum strain development, especially for mul-
tiple inhibitor-stress tolerance improvement.

Genome re-sequencing analysis revealed that the intergenic
SNP within CGS9114_RS11050 and CGS9114_RS11055
might be responsible for the accelerated glucose consumption

Fig. 5 Metabolic pathway of the
central carbon metabolism in the
evolved C. glutamicum S9114.
Black dash arrowed line indicates
the negative regulation of FruR
regulator on the glucose-PTS
transport. The value in parenthe-
ses indicates the fold change of
the gene expression for the
evolved strain compared to the
original strain. Red and green in-
dicate upregulation and downreg-
ulation respectively with a fold
change between 1.5-fold and 2-
fold; bold colored with red and
green indicates the levels changed
significantly with a fold change
greater than 2-fold. Blue triangle
indicates key reactions for
NAD(P)H regeneration (color
figure online)
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in the evolved strain. As illustrated in Fig. 5, transcriptional
analysis confirmed that the intergenic SNP promoted the glu-
cose transport in C. glutamicum through upregulating ptsI
(CGS9114_RS11050). The upregulation of the glucose trans-
port in the evolved strain could further reprogram the transcrip-
tion profile and alter metabolic pathways. The earlier steps of
glycolysis for catalyzing glucose to glyceraldehyde-3-
phosphate maintained constant, while the PPP pathway was
highly upregulated, suggesting that more glucose was probably
metabolized via the PPP pathway in the evolved strain which is
consistent with the accelerated glucose consumption as shown
in Figs. 3 and 4. On the other hand, the upregulation of ptsI
which catalyzes phosphoenolpyruvate to pyruvate would inev-
itably lead to the accumulation of pyruvate. The enhanced in-
tracellular pyruvate pool possibly resulted in increased activi-
ties of lactate dehydrogenase and drove more carbon flux to-
ward lactic acid (Mei et al. 2016), leading to a reduced glutamic
acid production (Fig. 3b). In fact, we had observed that the
lactate dehydrogenase gene (CGS9114_RS02700) was upregu-
lated (2.21-fold) in the evolved strain (data not shown).
Considering the lower cell mass on the evolved strain evenwith
the faster glucose consumption (Fig. 3), one reason might be
highly related to the by-product production of lactic acid. In
addition, we also supposed that the evolved strain might be
much more suitable under the inhibitor condition than the syn-
thetic medium condition after the long-term adaptation in the
hydrolysate.

I n a d d i t i o n , t h e d e l e t i o n mu t a t i o n w i t h i n
CGS9114_RS03450 with encoding the E1 component of
ODHC made this original pseudogene to be a normal
gene, which could compete for 2-oxoglutarate with gluta-
mate biosynthesis and redistribute metabolic pathways as
well. Transcriptional analysis (Fig. 5) further revealed that
the mutated CGS9114_RS03450 and other TCA cycle-
related genes in the evolved strain were upregulated, and
the glutamate dehydrogenase genes were repressed, indi-
cating that more glucose was shifted to the TCA cycle
while glutamic acid biosynthesis was partly blocked.
Therefore, when cultured in the simplified synthetic me-
dium without inhibitor addition, the evolved strain
showed accelerated glucose consumption and lower
glutamic acid production compared to the original strain
(Fig. 3). However, when cultured in the liquid corn stover
hydrolysate with penicillin induction, much more
glutamic acid was accumulated (Fig. 4). It is probably
because the activity of the normal ODHC in the evolved
strain was severely reduced by the oxoglutarate dehydro-
genase inhibitor protein OdhI (CGS9114_RS07110)
which was significantly increased upon penicillin treat-
ment as reported in previous studies (Kim et al. 2010;
Schultz et al. 2007), and then the carbon metabolic flux
more likely directed to glutamic acid biosynthesis again.
This phenomenon makes the evolved strain very suitable

for glutamic acid production using the non-detoxified lig-
nocellulose hydrolysate.

Gene expression analysis indicated that the accelerated
glucose consumption strengthened the PPP pathway in
the evolved strain. The key gene responsible for
NAD(P)H regeneration in this process, glucose-6-
phosphate dehydrogenase gene (CGS9114_RS06460), as
well as glyceraldehyde-3-phosphate dehydrogenase gene
(CGS9114_RS09335) in glycolysis were both obviously
upregulated by more than 2-fold, and therefore, it could
supply sufficient cofactors needed for the reduction con-
version of furan aldehyde and phenolic aldehyde inhibi-
tors (Gorsich et al. 2006; Liu 2011; Nguyen et al. 2014;
Wang et al. 2017). Other than the NAD(P)H regenera-
tion, the CGS9114_RS02660, being directly regulated by
McbR and encoding homoserine O-acetyltransferase in
the methionine biosynthesis, was upregulated by 5.48-
fold in the evolved strain (data not shown), indicating
that the mutant regulator McbR probably promotes the
S-adenosylmethionine biosynthesis and further improves
the inhibitor tolerance individually or synergistically with
the accelerated NAD(P)H production (Miller et al. 2009).
Another mutated gene CGS9114_RS08730 (Table 2)
which probably protect the cell against environmental
stress might also play important roles in inhibitor toler-
ance improvement in the evolved strain, as the stress
tolerance of strain is always the results of multi-gene
regulation.

In conclusion, a robust industrial strain C. glutamicum for
glutamic acid production was successfully developed by
adaptive evolution approach with high tolerance to different
inhibitors from pretreated lignocellulosic feedstocks. Genome
re-sequencing and transcriptional analysis were performed to
determine the underlying genetic changes responsible for the
improvement inhibitor tolerance and fermentation perfor-
mance in the evolved strain. Further works such as overex-
pression or co-overexpression of different mutant relevant
genes, as well as directly introducing the mutations in the
original strain or reverting to the wild-type allele in the
evolved strain, should be performed to fully understand the
mechanisms involved in the phenotypes alteration. However,
the mutated genes identified in the present study can be con-
sidered as the candidate genes for robust strains modification
in the future. The present study also provided a practical meth-
od for improving fermentability of microorganisms used in
industrial lignocellulose biorefinery.
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