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Introduction

Lignocellulose provides an abundant renewable resource for 
production of biofuels and bio-based chemicals (Almeida 
et al. 2007; Jönsson et al. 2013). However, during pretreat-
ment of lignocellulosic biomass, a broad range of inhibitory 
compounds including phenolic compounds are produced 
(Almeida et al. 2007). These inhibitors greatly reduce micro-
bial fermentation into desired products due to their toxicity 
to microbes (Mills et al. 2009; Parawira and Tekere 2011). 
Therefore, understanding of the tolerance mechanisms of 
fermentative microbes to phenolic compounds would be cru-
cial for engineering of robust strains to toxic lignocellulosic 
hydrolysate-related inhibitors (Mills et al. 2009).

Corynebacterium glutamicum is one of the most impor-
tant microorganisms in industrial biotechnology widely 
used for the production of amino acids, nucleotides, vita-
mins and various bio-based chemicals. Intriguingly, C. 
glutamicum was recently found to utilize a large variety of 
lignin-derived aromatic compounds (e.g., ferulate, vanillin, 
phenol, benzoate, phenylacetic acid, 4-cresol) as sole car-
bon and energy source for growth (Shen et al. 2005, 2012; 
Merkens et al. 2005; Huang et al. 2008; Chen et al. 2012; 
Li et al. 2014; Ding et al. 2015; Kallscheuer et al. 2016; Du 
et  al. 2016). The remarkable capability of C. glutamicum 
in degradation of phenolic compounds as carbon source to 
sugars makes it a unique advantage in using hydrolysates 
of lignocellulose in industrial fermentation. A systematic 
and deeper identification of additional genes involved in 
the assimilation and tolerance to phenolic inhibitors and 
genetic engineering of strains seems to be a very promising 
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way to obtain efficient industrial strains in the use of 
renewable lignocellulosic biomass.

Due to its abundance in lignocellulosic biomass and 
chemical similarity to many phenolic acids, ferulic acid (a 
lignin-derived aromatic compound) was considered as an 
inhibitor model for studies on tolerance to phenolic com-
pounds (Winkler and Kao 2011). The degradation of feru-
lic acid by two-carbon cleavage to produce valuable flavor 
compounds—such as vanillic acid, protocatechuic acid and 
vanillin—has been reported in both fungi (Tsujiyama and 
Ueno 2008; Bonnina et al. 2001) and bacteria (Plaggenborg 
et  al. 2006; Abdelkafi et  al. 2006; Civolani et  al. 2000). 
Several gene clusters involved in degradation of ferulic 
acid have also been identified in C. glutamicum, for exam-
ple, the phd (Kallscheuer et  al. 2016), vanABK (Merkens 
et al. 2005) and pcaHGBC (Shen et al. 2012) gene clusters. 
However, although the response of Escherichia coli (Kot 
et al. 2015), Clostridium beijerinckii (Lee et al. 2015) and 
Lactobacillus brevis (Winkler and Kao 2011) to ferulic acid 
has been evaluated, the adaption and tolerance to ferulic 
acid in C. glutamicum have not been investigated. There-
fore, in this study, microarray analysis of the response of  
C. glutamicum to ferulic acid was conducted.

Materials and methods

Bacterial strains and culture conditions

Bacterial strains and plasmids used in this study are listed in 
Supplementary Table S1. Escherichia coli was grown aerobi-
cally on a rotary shaker (220 rpm) at 37 °C in Luria–Bertani 
(LB) broth or on LB plates with 1.5 % (wt/vol) agar. C. glu-
tamicum strains were routinely grown in LB medium or in 
mineral salts medium supplemented with 0.05 g l−1 of yeast 
extract to meet the requirement of vitamins for the strains on 
a rotary shaker at 30 °C (Shen et al. 2005). C. glutamicum 
RES167, a restriction-deficient strain derived from C. glu-
tamicum ATCC 13032, was the parent of all derivatives used 
in this study. For generation of mutants and maintenance of 
C. glutamicum, BHIS (brain heart broth with 0.5 M sorbi-
tol) medium was used. Cell growth was monitored by meas-
uring absorbance at 600 nm (A600). Antibiotics were added 
at the following concentrations: kanamycin, 50  μg  ml−1 
for E. coli and 25  μg  ml−1 for C. glutamicum; nalidixic 
acid, 40 μg ml−1 for C. glutamicum; and chloramphenicol, 
20 μg ml−1 for E. coli and 10 μg ml−1 for C. glutamicum.

DNA manipulation and plasmid construction

The genes coding for sigE was amplified by PCR using 
C. glutamicum genomic DNA as template with indicated 

primers listed in Supplementary Table S2. The ampli-
fied DNA fragments were digested and then subcloned 
into similar digested pXMJ19-His6 plasmid (Liu et  al. 
2014), obtaining plasmids pXMJ19-His6-sigE. pXMJ19-
His6-katA and pXMJ19-His6-sigB were constructed in a 
similar approach as pXMJ19-His6-sigE. To construct the 
deletion plasmid pK18mobsacB-sigE, a 996-bp upstream 
fragment and a 960-bp downstream fragment of sigE 
were amplified using primer pairs sigE-F1/sigE-R1 and 
sigE-F2/sigE-R2, respectively (Supplementary Table 
S2). In the next step, the upstream and downstream PCR 
fragments were fused together with the primer pair sigE-
F1/sigE-R2 by overlap PCR. The resulting DNA frag-
ments were digested with BamHI/HindIII and inserted 
into similar digested suicide plasmid pK18mobsacB to 
create pK18mobsacB-sigE (Supplementary Table S1). 
Plasmid pK18mobsacB-katA and pK18mobsacB-sigB 
were constructed in a similar approach using primer 
pairs katA-F1/katA-R1, katA-F2/katA-R2 and sigB-
F1/sigB-R1, sigB-F2/sigB-R2, respectively (Supplemen-
tary Table S2).

Construction of deletion mutants and complemented 
strains

To construct the sigE in-frame deletion mutant, the 
pK18mobsacB-sigE plasmid was transformed into C. glu-
tamicum wild type by electroporation. Integration of the 
introduced plasmid into C. glutamicum chromosome by 
single crossover was selected on BHIS plates contain-
ing 25 µg/ml kanamycin and 40 µg/ml nalidixic acid. The 
kanamycin-resistant (KmR) colonies were grown over-
night in LB allowing for a second crossover to occur. 
Selection for loss of the genome-integrated sacB-contain-
ing plasmid was performed on LB plates containing 20 % 
sucrose and 40  µg/ml nalidixic acid. Strains growing on 
this plate were tested for kanamycin sensitivity (KmS) by 
parallel picking on LB plates containing either kanamy-
cin or sucrose. Kanamycin-sensitive and sucrose-resistant 
strains were tested for deletion by PCR using the sigE-
F1/sigE-R2 primer pair (Supplementary Table S2) and 
confirmed by PCR and DNA sequencing as previously 
described (Shen et al. 2005; Si et al. 2015). The katA and 
sigB deletion mutant was similarly constructed by using 
the pK18mobsacB-katA plasmid and pK18mobsacB-sigB, 
respectively. For complementation, pXMJ19-His6-sigE, 
pXMJ19-His6-katA and pXMJ19-His6-sigB were trans-
formed into sigE, katA and sigB, respectively, by elec-
troporation and expression of each gene in C. glutamicum 
was induced by the direct addition of 0.5 mM isopropyl 
β-d-1-thiogalactopyranoside (IPTG) to cultures (Shen 
et al. 2005; Liu et al. 2014).
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Sensitivity assays to ferulic acid

To test the susceptibility of C. glutamicum strains to feru-
lic acid, overnight cell cultures were diluted 100-fold with 
fresh LB medium and exposed to 15 mM ferulic acid for 
30 min at 30  °C with shaking. The cultures were serially 
diluted and plated onto LB agar plates, and then, the sur-
vival percentage was calculated as [(CFU ml−1 with stress)/
(CFU ml−1 without stress)] × 100 (Liu et al. 2013; Si et al. 
2014). All assays were performed in triplicate.

Measurement of intracellular ROS levels

In vivo ROS levels were measured using the fluorogenic 
probe 2′,7′-dichlorofluorescein diacetate (DCFH-DA) as 
described (Schurig-Briccio et al. 2009; Wang et al. 2015), 
with the following modifications. Briefly, cells grown aer-
obically (OD600 = 1.6) were collected, washed and resus-
pended in 50 mM PBS (pH 7.4) prior to preincubation with 
2 μM DCFH-DA at 28 °C for 20 min. Ferulic acid at indi-
cated (3 mM) concentrations was added to these mixtures 
and incubated for another 30  min. After that, cells were 
washed two times with PBS, centrifuged and resuspended 
in PBS. The fluorescence intensity was measured using a 
SpectroMax spectrofluorimeter (excitation, 502 nm; emis-
sion, 521 nm).

Validation of microarray data by quantitative real‑time 
PCR (qRT‑PCR)

The expression levels of 14 representative genes were 
examined by qRT-PCR to validate the microarray data. The 
primers for qRT-PCR were designed using Primer 5. The 
sizes of PCR products were confirmed by electrophoresis 
on 2 % agarose gel. The RNA extraction was conducted the 
same as in RNA extraction and cDNA synthesis. Moreover, 
the cDNA synthesis was conducted using PrimeScript RT 
reagent Kit with gDNA Eraser (TaKaRa, Japan). qRT-PCR 
was conducted on BioRad CFX96 Real-Time System using 
SYBR Premix Ex Taq (TaKaRa). For each gene/sample 
combination, three replicate reactions were carried out. In 
addition, the 16 S rDNA gene was chosen as a reference 
gene.

Microarray experiments

The C. glutamicum DNA microarrays were custom 
designed using the Agilent eArray 5.0 program according 
to the manufacturer’s recommendations (Agilent Tech-
nologies, Santa Clara, CA, US). The chip specification 
was 8  ×  15  K (design ID: 045822). Samples were col-
lected during the mid-logarithmic growth phase in minimal 
medium with added glucose (control sample: 100 mM) or 

ferulic acid as the sole carbon source (3 mM), respectively 
(Supplementary Fig.  1). Total RNA was extracted using 
TRIzol Reagent (Life Technologies, Carlsbad, CA, USA). 
Total RNA was amplified and labeled using the Low Input 
Quick Amp Labeling Kit, One-Color (Agilent Technolo-
gies). Labeled cRNAs were purified using an RNeasy mini 
kit (Qiagen, GmBH, Germany). Each slide was hybridized 
with 600 ng Cy3-labeled cRNA using the Gene Expression 
Hybridization Kit (Agilent Technologies) in a hybridization 
oven (Agilent Technologies). After 17  h of hybridization, 
slides were washed in staining dishes (Thermo Shandon, 
Waltham, MA, US) with a Gene Expression Wash Buffer 
Kit (Agilent Technologies). Slides were scanned using an 
Agilent Microarray Scanner (Agilent Technologies) with 
the default settings: dye channel, green; scan resolution, 
3  μm; 20-bit color. Data were extracted using the Fea-
ture Extraction software version 10.7 (Agilent Technolo-
gies). Raw data were normalized using the quantile algo-
rithm in the Gene Spring Software version 11.0 (Agilent 
Technologies).

Results and discussions

Overview of microarray analysis

Gene expression patterns were assessed in the presence of 
ferulic acid and glucose as the sole carbon sources. To iden-
tify differentially expressed genes, bacteria in the mid-log-
arithmic growth phase were harvested for RNA extraction 
and further microarray experiment (hybridizations). A total 
of 517 genes were up-regulated and 521 down-regulated. 
qRT-PCR of 14 representative genes was chosen to verify 
the microarray data. The log2-transformed mean values of 
3 biological replicates for each gene were in good consist-
ency of the log2-transformed fold changes in the microar-
ray data (Fig. 1).

Further analysis of microarray data

We next identified the functions of the differentially 
expressed genes by KEGG pathway analysis (Figs.  2, 3). 
We were interested in the following pathways: degrada-
tion of aromatic compounds, biosynthesis of amino acids, 
nucleotide excision repair and DNA replication.

Differentially expressed genes related to ferulic acid 
degradation

The ferulic acid generated by lignocellulose treatment can 
affect the growth and production of microbial cells. How-
ever, bacteria such as C. glutamicum can adapt to the pres-
ence of this compound and use it as the sole carbon and 
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energy source for growth (Shen et al. 2012). C. glutamicum 
cells can survive by degrading ferulic acid; therefore, this 
degradation pathway was evaluated.

The phdA-E gene cluster showed increased expression 
in response to ferulic acid (Table  1). phdR, the regulator 
of this cluster, was up-regulated (Table  1). phdT, which 
encodes a ferulic acid transporter, was up-regulated. The 
enzymes encoded by this cluster catalyze the conversion of 
ferulic acid to vanillate (Kallscheuer et al. 2016).

Our microarray data showed that vanA and vanB were 
up-regulated. vanK, a major facilitator superfamily per-
mease was up-regulated. vanAB, which encodes vanillate 
demethylase, catalyzes the conversion of vanillate to proto-
catechuate (Merkens et al. 2005).

pcaGH, which encode two subunits of protocatechuate 
3,4-dioxygenase, were up-regulated. This enzyme catalyzes 
conversion of protocatechuate to β-carboxy-cis, cis-muco-
nate by a ring-cleavage reaction (Shen et al. 2012).

Fig. 1   Validation of micro-
array results by qRT-PCR. 
Fourteen representative genes 
were evaluated for validation 
of the microarray data using 
qRT-PCR. White bars show the 
log2-transformed fold changes 
of qRT-PCR from three biologi-
cal replicates, and error bars 
indicate the standard deviations. 
Black bars represent log2-
transformed fold changes of 
microarray data

Fig. 2   KEGG pathway analysis of differentially expressed genes. Summary of the number of differentially expressed genes in each KEGG 
pathway. The percentage of the differentially expressed genes account for the predicted genes are shown above the bars
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Differentially expressed genes related to the stress 
response

Stress responses are very important to microbes, and osmo-
larity, temperature and nutrient availability are highly varia-
ble environment factors to them (Estruch 2000). Therefore, 
under environmental stresses, such as heat, cold, heavy 
metal or oxidative agent exposure, transcription factors are 
activated to regulate production of functional proteins to 
prevent further damage.

The extracytoplasmic function (ECF) σ factors contain 
many alternative σ factors, and in numerous organisms, the 
ECF σ factor genes have been identified (Helmann 2002). 
In the C. glutamicum genome, several putative ECF σ fac-
tor genes have been detected; some are related to the stress 

response. In our microarray data, the alternative σ factor 
genes sigB and sigE were up-regulated (Table 2).

sigB encodes the nonessential σ factor SigB, which plays 
a role in the stress response (Larisch et al. 2007). However, 
the survival rate showed no significant difference between 
wild type (WT) and ΔsigB mutant under the stress of feru-
lic acid (data not shown).

The ECF σ factor sigE, an alternative sigma factor in 
C. glutamicum, is involved in the response to cell surface 
stressors (Park et al. 2008). The strain of ΔsigE was more 
sensitive to stressors of cell surface, nitric oxide (NO), 
and acidic pH in Corynebacterium pseudotuberculosis 
(Pacheco et  al. 2012). sigE expression was increased by 
ferulic acid in C. glutamicum (Table 2). Moreover, the sigE 
mutant was more sensitive to ferulic acid stress (15 mM) 

Fig. 3   Differentially expressed 
genes (ferulic acid vs. glucose). 
The red and blue bars represent 
up- and down-regulated genes, 
respectively, and the numeric 
labels represent the number 
of genes with that function 
pathway

Table 1   Differentially expressed genes of ferulic acid degradation

Locus tag Gene name Gene description Fold change

ncgl0278 phdT Major facilitator superfamily permease 2.24

ncgl0279 phdA Acyl-coA synthetase 4.71

ncgl0280 phdR Transcription regulator protein 2.42

ncgl0281 phdB Dehydrogenase 7.92

ncgl0282 phdC Metal-dependent hydrolase of the TIM-barrel fold 6.56

ncgl0283 phdD Acyl-coA dehydrogenase 2.79

ncgl0284 phdE Acyl dehydratase 4.41

ncgl2300 vanA Ferredoxin subunits of nitrite reductase and ring-hydroxylating dioxygenase 44.68

ncgl2301 vanB Flavodoxin reductase 1 3.57

ncgl2302 vanK Major facilitator superfamily permease 5.17

ncgl2314 pcaG Protocatechuate 3,4-dioxygenase subunit alpha 4.48

ncgl2315 pcaH Protocatechuate 3,4-dioxygenase subunit beta 10.88
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than was the WT strain, while the complemented strain had 
a survival rate similar to that of the WT (Fig. 4).

Intracellular reactive oxygen species (ROS), which 
are generated by environmental factors, can cause oxida-
tive stress. Microbes must evolve mechanisms to protect 
them against oxidative stress. These mechanisms involve 
enzymes such as superoxide dismutase and catalase, small 
proteins such as thioredoxin and glutaredoxin and other 
molecules such as glutathione. Catalase is responsible for 
clearing H2O2, the breakdown of which yields H2O and O2. 
The catalase gene (katA) was up-regulated by ferulic acid 
stress. The mutant was more sensitive to ferulic acid stress 
(15  mM) than was the WT, and the complemented strain 
had a survival rate similar to that of the WT (Fig.  5). To 
evaluate the function of KatA in ROS reduction in the pres-
ence of ferulic acid stress, ROS levels were examined using 
DCFH-DA, a membrane-permeable dye that diffuses pas-
sively into cells. As shown in Fig. 6, the katA mutant had 
significantly higher ROS levels than those of the WT after 
ferulic acid stress treatment. However, ROS levels in the 
katA mutant were restored completely by complementation 
to levels in the WT (Fig. 6). ncgl0455 and ncgl2955, which 

encode two oxidoreductases, were up-regulated by ferulic 
acid stress.

Differentially expressed genes related to protein 
protection/degradation and DNA repair (the SOS 
response)

Microorganisms evolve some proteins to reduce damaged 
DNA/proteins or protect functional proteins to maintain 
normal metabolism (Jiang et  al. 1999). Protein disulfide 
isomerase (PDI) is useful for correct folding and formation 
of disulfide bond to functional proteins (Jiang et al. 1999). 
ncgl0877, which encodes a thiol–disulfide isomerase in C. 
glutamicum, was up-regulated, which could protect proteins 

Table 2   Differentially expressed genes on stress response

Locus tag Gene 
name

Gene description Fold change

ncgl1844 sigB RNA polymerase sigma factor 
sigB

4.06

ncgl1075 sigE RNA polymerase sigma factor 
sigE

4.21

ncgl0251 katA Catalase 11.13

ncgl0455 cgl0472 Oxidoreductase 2.01

ncgl2955 cgl3060 Oxidoreductase 2.16

Fig. 4   Mutant lacking SigE was highly sensitive to ferulic acid 
stress. Survival of the C. glutamicum WT(pXMJ19), ΔsigE(pXMJ19) 
and ΔsigE(pXMJ19-His6-sigE) strains was assessed after exposure to 
ferulic acid (15 mM) for 30 min. Mean values with standard devia-
tions (error bars) from at least three replicates are shown. *P ≤ 0.05

Fig. 5   Mutant lacking KatA was highly sensitive to ferulic acid 
stress. Survival of the C. glutamicum WT(pXMJ19), ΔkatA(pXMJ19) 
and ΔkatA(pXMJ19-His6-katA) strains was assessed after challenge 
with ferulic acid (15  mM) for 30  min. Mean values with stand-
ard deviations (error bars) from at least three replicates are shown. 
*P ≤ 0.05

Fig. 6   Mutant lacking KatA exhibited increased ROS production 
under ferulic acid stress. A quantitative assay of intracellular ROS 
under ferulic acid stress was performed. Mean values with stand-
ard deviations (error bars) from at least three replicates are shown. 
*P ≤ 0.05. The ROS levels in the indicated C. glutamicum strains are 
measured by a DCFH-DA fluorescence assay after exposure to oxida-
tive stress-inducing reagents. AU arbitrary units
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from further damage by ferulic acid stress. Microbes pro-
duce some ATP-dependent enzymes to degrade harmful or 
damaged proteins for preventing accumulation of these pro-
teins and making precursors for protein synthesis of a new 
round (Engels et al. 2005). The holoenzyme of Clp contains 
two separate and functionally distinct subunits (Engels et al. 
2004). The proteolytic subunits of ClpP can hydrolyze sub-
strates, but their active sites are buried within the proteo-
lytic core, formed by fourteen ClpP subunits (Engels et al. 
2004). Therefore, associate with the core, the members of 
the Clp/Hsp100 superfamily: ClpS, ClpC or ClpX (hexam-
ers of ATPase subunits) (Schirmer et  al. 1996), which are 
needed for substrates recognition, unfolding and ultimately 
translocation (Hlavácek and Váchová 2002). In C. glutami-
cum (Engels et al. 2005) and Streptomyces coelicolor (Bel-
lier and Mazodier 2004), the transcriptional activator ClgR 
induces expression of clpCP genes. Our transcriptomic 
analysis showed that clpP, clpX, clpS, clpC and clgR were 
up-regulated by ferulic acid stress (Table 3). Therefore, the 
up-regulation of clp genes suggests increased degradation of 
damaged proteins under ferulic acid stress.

In microorganisms, some environmental agents that may 
damage DNA can induce several genes responsible for 
DNA repair (Davis et al. 2002). This process is termed the 
SOS response. LexA is an important regulator of the SOS 
response, and it was up-regulated by ferulic acid stress. 
Moreover, recO and dnaE2, which encode DNA damage 
repair proteins, were up-regulated by ferulic acid stress.

Differentially expressed genes related to replication, 
transcription and translation

Ferulic acid as a growth inhibitor could make a stress situ-
ation for C. glutamicum that causes the slower metabo-
lism of the cells. The microarray analysis showed that 
the gene encoding DNA polymerase III subunit beta 
(ncgl0002), which is related to DNA replication, was 
down-regulated. ncgl0540, which encodes DNA-directed 
RNA polymerase subunit alpha, was down-regulated. 
The transcription elongation factor greA (ncgl0946), the 
encoded protein of which induces the nucleolytic activity 
of bacterial RNA polymerase (RNAP) (Stepanova et  al. 
2007), was down-regulated. In prokaryotes and archaea, 
the N-utilizing substance A protein (NusA) is an essential 
transcription factor (Li et  al. 2013). NusA plays impor-
tant roles in transcriptional anti-termination, termination, 
pausing and elongation (Li et al. 2013). The NusA-RNA 
complex structures in Mycobacterium tuberculosis show 
that like the function of many cold-shock proteins, as an 
RNA chaperone function, it can bind to nascently form-
ing RNA (Beuth et  al. 2005). Our transcriptomic data 
showed that the C. glutamicum NusA (ncgl1912) was 
down-regulated by ferulic acid stress. Two genes related 
to translation were differentially expressed. The transla-
tion initiation inhibitor ncgl0277 was up-regulated, and 
the translation initiation factor IF-1 gene (ncgl0536) was 
down-regulated by ferulic acid stress (Table 4).

Table 3   Differentially 
expressed genes related to 
protein protection/degradation 
and DNA repair (the SOS 
response)

Locus tag Gene name Gene description Fold change

ncgl0877 cgl0914 Thiol–disulfide isomerase 6.24

ncgl1887 clgR Transcriptional regulator 2.35

ncgl2328 clpP ATP-dependent Clp protease proteolytic subunit 3.30

ncgl2304 clpX ATP-dependent protease ATP-binding subunit ClpX 3.10

ncgl2585 clpC ATP-dependent protease ATP-binding subunit ClpC 4.18

ncgl2429 clpS ATP-dependent Clp protease adaptor protein ClpS 2.14

ncgl1855 lexA LexA repressor 2.87

ncgl0611 dnaE2 Error-prone DNA polymerase 2.52

ncgl2204 recO DNA repair protein RecO 2.81

Table 4   Differentially 
expressed genes related to 
replication, transcription and 
translation

Locus tag Gene name Gene description Fold change

ncgl0002 cgl0003 DNA polymerase III subunit beta 0.44

ncgl0540 cgl0564 DNA-directed RNA polymerase subunit alpha 0.29

ncgl0946 greA Transcription elongation factor GreA 0.36

ncgl1912 nusA Transcription elongation factor NusA 0.40

ncgl0277 cgl0282 Translation initiation inhibitor 2.40

ncgl0536 infA Translation initiation factor IF-1 0.14
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Therefore, replication, transcription and translation 
were down-regulated. This represents a mechanism of C. 
glutamicum to reduce the effect of ferulic acid stress and 
the damage to DNA, RNA and proteins under unfavorable 
conditions.

Differentially expressed genes related to the cell 
envelope

The cell envelope of C. glutamicum consists of plasma 
membrane, thick arabinogalactan–peptidoglycan polymer, 
mycomembrane and outer lipid layer (Bayan et al. 2003). 
This can enhance tolerance to some stress conditions 
including ferulic acid.

The transcriptional profile of Lactobacillus brevis 
revealed that ferulic acid induces the expression of some 
membrane proteins, possibly to reduce ferulic acid-
induced effects on ion leakage and fluidity of membrane 
(Winkler and Kao 2011). Therefore, the effect of ferulic 
acid on the C. glutamicum cell envelope was determined. 
The microarray data suggested that some genes related to 
the cell envelope were differentially expressed. ncgl0995, 
which encodes a glycosyltransferase (likely involved in 
cell wall biogenesis), was up-regulated. This suggests 
strengthening of the cell wall to resist the effect of ferulic 
acid. Moreover, numerous membrane proteins were dif-
ferentially expressed (Table  5), which may influence the 
membrane fluidity.

Table 5   Differentially 
expressed genes on cell 
envelope

Locus tag Gene name Gene description Fold change

ncgl0995 cgl1039 Glycosyltransferase, probably involved in cell wall biogenesis 2.01

ncgl2802 cgl2902 Cell envelope-related transcriptional regulator 0.33

ncgl0626 cgl0654 Carbon starvation protein, membrane protein 4.76

ncgl0192 cgl0195 Membrane protein 3.80

ncgl2498 cgl2587 Membrane protein 3.42

cg1910 – Membrane protein 2.55

cg0231 – Membrane protein 0.19

ncgl0680 cgl0710 Membrane protein 0.15

ncgl0824 cgl0858 Metalloendopeptidase-like membrane protein 0.14

cg2147 – BioY family membrane protein 0.12

ncgl1476 cgl1534 Membrane protein 0.20

Fig. 7   Response of Corynebac-
terium glutamicum to ferulic 
acid. Schematic diagram of the 
gene regulatory networks and 
significant regulatory elements 
involved in the response of C. 
glutamicum to ferulic acid stress
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Conclusions

The mechanisms of tolerance to an inhibitor generated by 
lignocellulose pretreatment of C. glutamicum were as fol-
lows: First, C. glutamicum was able to degrade ferulic acid. 
Second, the C. glutamicum cell envelope has a greater pro-
tective effect than do those of other bacteria. Third, growth 
of C. glutamicum cells was slower (genes related to repli-
cation, transcription and translation were down-regulated) 
than that under control conditions, which could reduce the 
damage to DNA, RNA and proteins. Fourth, cells activated 
various mechanisms to cope with the effect of ferulic acid 
(induction of the SOS response, production of Clp family 
proteins to degrade damaged proteins and protein modifica-
tions) (Fig. 7). The sigE and katA mutants were more sen-
sitive to ferulic acid stress. Therefore, C. glutamicum can 
degrade ferulic acid to reduce the damage caused. More-
over, this microorganism possesses defense and damage 
repair mechanisms.

In previous studies, ferulic acid was reported to reduce 
biofilm formation in E. coli (Kot et  al. 2015), up-regulate 
the expression of heat shock proteins, efflux systems and the 
groESL operon in C. beijerinckii (Lee et al. 2015), induce the 
expression of currently uncharacterized membrane proteins 
(possibly affecting ion leakage and membrane fluidity) and 
trigger generalized stress responses in L. brevis (Winkler 
and Kao 2011). In this study, several stress response genes 
and genes encoding membrane proteins were differentially 
expressed under ferulic acid stress in C. glutamicum.

As a soil bacterium, C. glutamicum may be exposed to 
aromatic compounds, which are important soil pollutants 
and difficult to biodegrade. C. glutamicum may adapt to the 
presence of aromatic compounds, including ferulic acid, 
and acquire gene clusters that allow it to degrade this com-
pound. The results provide insight into the mechanisms of 
C. glutamicum adaptation and tolerance to ferulic acid, an 
important lignocellulose-derived inhibitor. This provides 
a theoretical foundation for the engineering of industrial 
strains tolerant to ferulic acid in the future.
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