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Abstract
Transporter proteins are of great importance for improving the tolerance of fermentation strains to lignocellulose-derived 
furans and phenolic inhibitors. Different from the documented transporter proteins responsible for the tolerance of furfural 
and 5-hydroxymethyl-furfural (HMF), transporters responsible for that of varied phenolic aldehyde inhibitors were less 
investigated and elucidated. Here, an interesting phenomenon was found that no phenolic alcohols were accumulated from 
phenolic aldehydes degradation in Zymomonas mobilis. A transcriptional profiling of transporter genes was established in Z. 
mobilis ZM4 under phenolic aldehydes stress using DNA microarray. Six transporter proteins were identified as the potential 
candidates responsible for the tolerance of phenolic aldehydes including ABC transporter (ZMO0799 and ZMO0800), MFS 
transporter (ZMO1288 and ZMO1856), and RND transporter (ZMO0282 and ZMO0798). Furthermore, the analysis showed 
that the key transporters were significantly correlated with oxidoreductases and transcriptional regulators. This work would 
provide several important transporter genes serving as synthetic biology tools for improving the robustness of biorefinery 
strains.
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Introduction

Phenolic compounds derived from partial breakdown of 
lignin components, a heterogeneous aromatic polymer, 
inhibit fermenting strains and cellulase activities during fer-
mentation by disrupting cell membrane and enzyme hydro-
phobic sites [1]. 4-Hydroxybenzaldehyde, syringaldehyde, 
and vanillin are the typical model phenolic compounds sepa-
rately with p-hydroxyphenyl group (H), syringyl group (S), 
and guaiacyl group (G) according to methoxyl and functional 
groups [2]. The growing evidence had proved that phenolic 
aldehydes are the most toxic inhibitors in biofuel fermenta-
tion [3–5]. Tolerance and detoxification of phenolic inhibi-
tors are the intractable barriers because of their poor water 
solubility and large numbers of derivatives. Expression of 

transporter genes is one of the practical methods to over-
come the damage of toxic phenolic inhibitors [3, 6].

Efflux of toxic substances is an important way to enhance 
inhibitor tolerance of microbial organisms [7]. Bacterial 
multidrug resistance (MDR) efflux pump proteins include 
five active transporters, adenosine triphosphate (ATP)-bind-
ing cassette (ABC), major facilitator superfamily (MFS), 
multidrug and toxin extrusion (MATE) families, resistance-
nodulation cell division (RND), and small multidrug resist-
ance (SMR) [8]. Modifying microbial efflux systems is one 
way to reduce cytotoxicity of lignocellulose-derived inhibi-
tors like furfural [9–11] and vanillin [6].

Ethanologenic bacterium Zymomonas mobilis ZM4 
behaves high tolerance to the phenolic acids and is able to 
thrive in the presence of high concentrations of phenolic 
aldehydes and produce the corresponding phenolic alcohols 
[3, 12, 13]. Carbohydrate transporters in Z. mobilis have 
been applied for ethanol production and sugar transporta-
tion [14–17]. In the previous study, it confirmed that the 
overexpression of ZMO1288 encoding a MFS transporter 
protein contributed to the increase of cell growth, glucose 
consumption, ethanol productivity, and phenolic aldehyde 
conversion in Z. mobilis ZM4 [3].
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In this study, it showed no phenolic aldehydes and phe-
nolic alcohols accumulated in the intracellular of Z. mobi-
lis. Just as good as the bioinformatic data available for the 
genome of Z. mobilis ZM4, the reliable and more cost effec-
tive high-throughput sequencing technology DNA microar-
ray was used to achieve the gene transcriptional profiling 
of the stress response to phenolic aldehydes. The compre-
hensive gene transcriptional landscapes of transporter pro-
teins responsible for the tolerant mechanism of phenolic 
aldehydes were established in Z. mobilis ZM4 using DNA 
microarray. ABC transporter (ZMO0799 and ZMO0800), 
MFS transporter (ZMO1288 and ZMO1856), and RND 
transporter (ZMO0282 and ZMO0798) were identified as the 
potential candidates for improving the tolerance of phenolic 
aldehydes in Z. mobilis ZM4. Meanwhile, the significant 
correlation was also constructed between the key transporter 
proteins with oxidoreductases and transcriptional regulators. 
This study would provide the important transporter genes 
serving as the synthetic tools for the robustness strengthen-
ing of biorefinery strains.

Materials and methods

Strain and medium

Z. mobilis ZM4 (ATCC 31821) was from ATCC (American 
Type Culture Collection, Manassas, VA, USA). Yeast extract 
was purchased from Oxoid, Hampshire, UK. Phenolic alde-
hydes, including 4-hydroxybenzaldehyde, syringaldehyde, 
vanillin, and the corresponding phenolic alcohols were from 
Sangon Biotech Co. Ltd., Shanghai, China. All the other 
analytical grade chemicals were from Sinopharm Chemical 
Reagents (Shanghai, China).

Inoculum preparation and cell disrupt

Z. mobilis ZM4 was cultured in Rich medium (RM) con-
taining 20.0 g/L glucose, 10.0 g/L yeast extract, and 2.0 g/L 
 KH2PO4 at 30 °C without shaking. The degradation assays 
of phenolic aldehydes were carried out with the middle 
inhibitory concentration of 5.0 mM 4-hydroxybenzaldehyde, 
syringaldehyde, and vanillin separately added in RM. To 
determine the transport of phenolic compounds, inocula of 
Z. mobilis ZM4 were grown in 100 mL RM medium in a 

250 mL flask and harvested at 0 and 24 h of fermentation. 
Cell growth was determined at 600 nm.

The supernatants of Z. mobilis ZM4 culture were har-
vested after being centrifuged at 12,000 rpm for 1 min. The 
collected cells were lyophilized and stored at − 80 °C after 
being disrupted with three cycles of freezing and thawing. 
Prior to analysis, the freeze‐dried samples were re-sus-
pended and spin‐filtered with 0.22 μm filter.

Data analysis of DNA microarray

DNA microarray data under the stress of phenolic aldehyde 
inhibitors in Z. mobilis ZM4 was performed in the previ-
ous study [3]. In this study, the transporter genes were ana-
lyzed according to the threshold of the differently expressed 
genes (DEGs) with two foldchange and significantly DEGs 
combining two foldchange with p_ value < 0.05. It analyzed 
significance correlation of transporter genes following the 
threshold of | correlation | ≥ 0.95 (Pearson correlation coef-
ficient) and p_ value ≤ 0.05.

HPLC and GC/MS analysis

Phenolic aldehydes, including 4-hydroxybenzaldehyde, 
syringaldehyde, and vanillin, were determined at 35 °C using 
reverse-phase HPLC (SPD-20A, Shimadzu, Kyoto, Japan) 
with the YMC-Pack ODS-A column (Tokyo, Japan). Both 
4-hydroxybenzaldehyde and syringaldehyde were measured 
at 270 nm at 1.0 mL/min using 30% acetonitrile solution as 
mobile phase, and vanillin was measured at 320 nm using 
50% acetonitrile solution at 0.8 mL/min.

The same with the previous study [3], phenolic aldehydes 
and their intermediates in Z. mobilis ZM4 were determined 
using GC/MS. Samplings were at 0 and 24 h after inocula-
tion. The intracellular and extracellular phenolic compounds 
dissolved in ethyl acetate and acetonitrile solution (2:1, v/v) 
were silylated with NO-bis-trimethylsilyl trifluoro-acetamide 
after being concentrated by rotary evaporator with vacuum 
system [18]. The supernatant was analyzed using Agilent 
6890 GC/MS fitted from 80 °C for 4 min to 280 °C at 8 °C/
min with a HP-5 MS column (30 m × 0.25 mm × 0.25 μm) 
(Agilent Technologies, Santa Clara, CA, USA). One micro-
liter sample was used to perform splitless GC detection.

Results and discussion

No phenolic compounds accumulated 
in the intracellular of Z. mobilis ZM4

Reduction and transport of biological process were the 
main molecular mechanism responsible for the degrada-
tion of the phenolic aldehydes to the less toxic phenolic 

Fig. 1  The extracellular and intracellular phenolic compounds for 
ethanol fermentation under the stress of phenolic aldehydes in Z. 
mobilis ZM4. a Cell growth measured at 600  nm; b glucose con-
sumption; c ethanol production; d extracellular phenolic compounds; 
e intracellular phenolic compounds. Error bars indicate the standard 
deviations (SD) of three replicates
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alcohols [3]. The phenolic aldehydes tolerance was inves-
tigated by assaying the accumulation of the three model 
phenolic aldehydes in the culture broth of Z. mobilis ZM4 
(Fig.  1). Compared with the non-phenolic aldehydes-
treated control, the cell growth of Z. mobilis ZM4 was 
brought down approximately 49.43, 20.10, and 28.03% 
under the stress of 4-hydroxybenzaldehyde, syringal-
dehyde, and vanillin, respectively (Fig. 1a). Except for 
the stress of 4-hydroxybenzaldehyde, Z. mobilis ZM4 
completely consumed glucose at 24 h (Fig. 1b). Ethanol 
productivity was decreased from 0.35 to 0.23, 0.34, and 
0.34 g/L/h when separately adding 4-hydroxybenzalde-
hyde, syringaldehyde, and vanillin (Fig. 1c). Degradation 
of phenolic aldehydes to the intermediates phenolic alco-
hols occurred in the extracellular rather than intracellular 
space of Z. mobilis ZM4 at 24 h (Fig. 1d–e). Furthermore, 
the decrease of phenolic aldehydes was almost equal to the 
increase of phenolic alcohols. The results indicated that 
less accumulation in the intracellular space of Z. mobilis 
ZM4 was beneficial for the tolerance of Z. mobilis ZM4 
to the toxic microenvironment caused by phenolic com-
pounds. The poor water solubility led to the low concen-
tration of phenolic aldehyde inhibitors in extracellular 
environment and simply not easy to undertake by ferment-
ing strains as the sole carbon source for cell growth on 
phenolic aldehydes. It is necessary to make the further 
adjustments (including metabolic engineering and syn-
thetic biology) for phenolic aldehydes degradation in Z. 
mobilis [3].

Gene transcriptional profiling of transporter 
proteins under phenolic aldehydes stress

To determine the contribution of transporter proteins to 
the tolerance of phenolic aldehyde inhibitors in Z. mobi-
lis ZM4, it analyzed the gene transcriptional profiling of 
transporter proteins in the genome and plasmid of Z. mobi-
lis ZM4, including ABC, MATE, MFS, RND, and SMR. 
It showed that 15, 8, and 15 genes differentially expressed 
separately under the stress of 4-hydroxybenzaldehyde, 
syringaldehyde, and vanillin (Fig. 2). Except for MATE 
and SMR, other transporter genes covered the DEGs under 
the stress of the above three model phenolic aldehydes, for 
example ZMO0799 and ZMO0800 for ABC, ZMO1288 and 
ZMO1856 for MFS, ZMO0282 and ZMO0798 for RND. 
GO analysis also showed that the screened DEGs mostly 
enriched in protein localization, protein transport, and 
establishment of protein localization of biological process 
(Table 1). In summary, the transcriptional profiling sug-
gested that the genes encoding transporter proteins were 
in response to the stress of phenolic aldehydes.

ABC transporters for the tolerance of phenolic 
aldehydes

ABC transporters contain both uptake and efflux transport 
systems as the primary active membrane proteins translo-
cating solutes across lipid bilayers [19]. There’re totally 
29 genes encoding ABC transporter proteins in the plas-
mid and genome of Z. mobilis ZM4. Among the genes, 
ZMO0799 and ZMO0800 were significantly differentially 
expressed in response to the stress of the three phenolic 

Fig. 2  Transcriptional profiling of transporter genes in response to 
4-hydroxybenzaldehyde (H), syringaldehyde (S), and vanillin (V), in 
Z. mobilis ZM4
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aldehydes. ZMO0799 was differentially down-regulated by 
2.35-, 3.64-, and 2.17-fold, under the stress of 4-hydroxy-
benzaldehyde, syringaldehyde, and vanillin, respectively, 
and ZMO0800 was separately differentially up-regulated by 
2.23-, 2.19-, and 3.99-fold. Both ZMO0799 and ZMO0800 
were the members of the gene cluster ZMO0797-ZMO0798-
ZMO0799-ZMO0800-ZMO0801 in respect of phenolic 
aldehydes degradation according to the previous study [3]. 
ABC transporters prevented Saccharomyces cerevisiae from 
HMF damage by exporting excessive HMF [20]. The promo-
tion by ABC transporter was also found for the production 
of biofuels or chemicals from cellulose in Gram positive 
strain Ruminiclostridium cellulolyticum [21]. Importantly, 
ZMO0799 and ZMO0800, especially the gene cluster of 
ZMO0799-ZMO0800, would be an alternative for genetic 
engineering of lignocellulosic inhibitor tolerance for fermen-
tation strains in biorefinery fields.

MFS transporters for the tolerance of phenolic 
aldehydes

MFS, the largest class of secondary active transporters, was 
found the interaction between protonation and the negative-
inside membrane potential [22]. Among thirteen MFS genes 
in the genome of Z. mobilis ZM4, ZMO1288 was signifi-
cantly down-regulated by 4.07-, 4.18-, and 3.44-fold under 
the stress of 4-hydroxybenzaldehyde, syringaldehyde, and 
vanillin, respectively, and ZMO1856 was separately down-
regulated by 4.40, 2.44, and 3.30-fold. It should be noted 
that the overexpression of ZMO1288 facilitated cell growth, 

glucose consumption, ethanol productivity, and the con-
version of phenolic aldehydes in the previous study [3]. It 
predicted that the enhanced expression of ZMO1288 would 
accelerate the transport of phenolic compounds out of intra-
cellular space and no harm was for the intracellular activ-
ity of the Z. mobilis ZM4. Membrane transport protein was 
also involved with the enhancement of phenolic compounds 
tolerance in Clostridium beijerinckii NCIMB 8052 [23]. 
Indeed, the gene expression of MFS transporter proteins 
improved the metabolite production [24, 25]. Therefore, 
ZMO1288 and ZMO1856 encoding MFS transporters would 
be the candidates for the genetic strengthening of phenolic 
aldehydes tolerance in Z. mobilis ZM4.

RND transporters for the tolerance of phenolic 
aldehydes

RND transporters, the most efficient mechanism of solvent 
tolerance in Gram-negative bacteria expulsing compounds, 
are characterized to catalyze substrate efflux via the mecha-
nism of a substrate/H+ antiport [26]. In this study, among 
12 genes (ZMO0282, ZMO0285, ZMO0287, ZMO0779, 
ZMO0780, ZMO0798, ZMO0964, ZMO1429, ZMO1430, 
ZMO1525, ZMO1529, and ZMO1599) encoding RND 
efflux pumps in the genome of Z. mobilis ZM4, ZMO0282 
was separately significantly differentially up-regulated by 
6.05, 2.55, and 7.14 folds under the stress of 4-hydroxyben-
zaldehyde, syringaldehyde, and vanillin, respectively, and 
ZMO0798 was separately up-regulated by 2.27, 2.54, and 
4.58 folds (Fig. 2). It suggested that RND transporter genes 

Table 1  GO analysis of 
transporter proteins in Z. 
mobilis ZM4

GO Genes

Protein localization ZMO0282, ZMO0287, ZMO0458, ZMO0779, ZMO1430, ZMO1529
Protein transport ZMO0282, ZMO0287, ZMO0458, ZMO0779, ZMO1430, ZMO1529
Establishment of protein localization ZMO0282, ZMO0287, ZMO0458, ZMO0779, ZMO1430, ZMO1529
Protein secretion ZMO0282, ZMO0287, ZMO0779, ZMO1430, ZMO1529
Secretion by cell ZMO0282, ZMO0287, ZMO0779, ZMO1430, ZMO1529
Secretion ZMO0282, ZMO0287, ZMO0779, ZMO1430, ZMO1529
Ion transport ZMO1047, ZMO1048, ZMO1049, ZMO1050
Phosphate transport ZMO1047, ZMO1048, ZMO1049, ZMO1050
Anion transport ZMO1047, ZMO1048, ZMO1049, ZMO1050
Inorganic anion transport ZMO1047, ZMO1048, ZMO1049, ZMO1050
Drug transport ZMO0214, ZMO1196, ZMO1639, ZMO1977
Response to drug ZMO0214, ZMO1196, ZMO1639, ZMO1977
Multidrug transport ZMO0214, ZMO1639
Organic alcohol transport ZMO1196, ZMO1977
Tetracycline transport ZMO1196, ZMO1977
Antibiotic transport ZMO1196, ZMO1977
Response to antibiotic ZMO1196, ZMO1977
Transmembrane transport ZMO0214, ZMO1639
Lipoprotein transport ZMO0458
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were in response to the stress of phenolic aldehydes. RND 
was important for the efficient production of ethanol and 
free fatty acid using genetically engineered cyanobacteria 
Synechococcus elongatus strain PCC 7942 and Thermoa-
naerobacter sp. X514 [27, 28]. RND would be a rational 
choice for the gene engineering of Gram-negative bacteria 
Z. mobilis ZM4 characteristically surrounded by the addi-
tional membrane layer, an outer membrane (OM) serving 
as the most important function of a selective permeation 
barrier [29, 30].

MATE transporters for the tolerance of phenolic 
aldehydes

MATE transporters conserved in biology and functioned in 
the efflux of cationic and lipophilic substances and xenobi-
otics with an electrochemical gradient of  H+ or  Na+ across 
the cell membrane [31]. In Z. mobilis ZM4, ZMO0214 and 
ZMO1639 encoding MATE were not differentially expressed 
under the stress of the three phenolic aldehydes. It showed 
that more DEGs of the other transporters, especially for 
ABC, MFS, and RND transporter, than MATE transporter. 
However, MATE transporter gene worked after co-expressed 
with biosynthetic gene cluster [32]. This suggested that 
transporter genes combining with functional genes would 
be a favorite for inhibitor tolerance enhancement in Z. mobi-
lis ZM4.

SMR transporters for the tolerance of phenolic 
aldehydes

SMR family of membrane proteins, prominent for its rare 
dual-topology architecture, exhibited low substrate specifi-
cities and was resistant to the large hydrophobic and cati-
onic molecules [33]. Two genes, ZMO0108 and ZMO0697, 
encoding SMR in the genome of Z. mobilis ZM4, were just 
differentially down-regulated under the stress of the more 
toxic 4-hydroxybenzaldehyde and vanillin in Z. mobilis 
ZM4 (Fig. 2). The expression of the SMR pump potentially 
enhanced furfural tolerance in ethanologenic Escherichia 
coli [10]. In few, SMR would be the other synthetic tools for 
the increase of the lignocellulose-derived inhibitor tolerance 
in biorefinery field.

Significance correlation analysis of transporter 
proteins

To determine the expression network in Z. mobilis ZM4, 
the significance correlation between transporters and their 
corresponding targets was established (Fig. 3). Among the 
screened key transporters, ABC transporter (ZMO0799 and 
ZMO0800), MFS transporter (ZMO1288 and ZMO1856), 
and RND transporter (ZMO0282 and ZMO0798) just 

significantly connected with oxidoreductases (ZMO0090, 
ZMO1116, ZMO1237, and ZMO1885) and transcrip-
tional regulators (ZMO0190, ZMO1574, ZMO1857, and 
ZMO2030) besides hypothetical proteins (ZMO0020, 
ZMO0021, ZMO0286, ZMO1215, ZMO1750, ZZM4_0101, 
and ZZM4_0169). The growing evidence of transporter 
proteins working as a trigger in transport and regulation to 
increase transport and stress tolerance had been established, 
such as transcriptional regulator with ABC transporter [6, 
33–35], MFS transporter [37, 38], and RND [39, 40].

Specially, ZMO1116 encoding NAD(P)-dependent 
oxidoreductase was one of the targets of RND trans-
porter (ZMO0798) and ABC transporter (ZMO0799 and 
ZMO0800), the members of the gene cluster ZMO0797-
ZMO0798-ZMO0799-ZMO0800-ZMO0801 [3]. The over-
expression of ZMO1116 raised the fermenting parameters 
including 4-hydroxybenzaldehyde conversion. ZMO0282 for 
RND transporter was also tightly linked to ZMO1116. The 
establishment of the significant correlation between trans-
porters and their targets would well elucidate the accelera-
tion mechanism of ethanol fermentability under phenolic 
aldehydes stress in Z. mobilis ZM4 and provide synthetic 
tools for the genetic modification of bioethanol production.

Conclusion

Taken together, a globally detailed gene transcrip-
tional profiling for transporter proteins in Gram-nega-
tive ethanologenic bacterium Z. mobilis ZM4 was pre-
sented under the stress of the model phenolic aldehydes 

Fig. 3  Significant correlation analysis of transporter proteins under 
the stress of phenolic aldehydes in Z. mobilis ZM4. Red and blue line 
separately indicated the positive and negative correlation, and red and 
green circles were the up- and down-regulated genes, respectively. 
The transcriptional level of relating genes was listed in the previous 
study [3]
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4-hydroxybenzaldehyde, syringaldehyde, and vanillin 
using DNA microarray. No phenolic aldehydes and phe-
nolic alcohols were accumulated in the intracellular of Z. 
mobilis ZM4. Among five bacterial transporter proteins, 
ABC transporter (ZMO0799 and ZMO0800), MFS trans-
porter (ZMO1288 and ZMO1856), and RND transporter 
(ZMO0282 and ZMO0798) were identified as the potential 
candidates for improving phenolic aldehydes tolerance in Z. 
mobilis ZM4. Meanwhile, it showed that these key transport-
ers were significantly correlated with oxidoreductases and 
transcriptional regulators. This work would provide the key 
transporter proteins as synthetic biology tools for the robust-
ness enhancement of biorefinery strains.
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