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A B S T R A C T

Furan aldehydes and phenolic compounds generated during biomass pretreatment can inhibit fermentation for
biofuel production. Efflux pumps actively transport small molecules out of cells, thus sustaining normal mi-
crobial metabolism. Pseudomonas putida has outstanding tolerance to butanol and other small molecules, and we
hypothesize that its efflux pump could play essential roles for such robustness. Here, we overexpressed efflux
pump genes from P. putida to enhance tolerance of hyper-butanol producing Clostridium sacchar-
operbutylacetonicum to fermentation inhibitors. Interestingly, overexpression of the whole unit resulted in de-
creased tolerance, while overexpression of the subunit (srpB) alone exerted significant enhanced robustness of
the strain. Compared to the control, the engineered strain had enhanced capability to grow in media containing
17% more furfural or 50% more ferulic acid, and produced ~14 g/L butanol (comparable to fermentation under
regular conditions without inhibitors). This study provided valuable reference for boosting microbial robustness
towards efficient biofuel production from lignocellulosic materials.
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1. Introduction

Biofuels produced through microbial fermentation are considered as
a potential solution for the exhaustion of fossil fuels and the associated
environmental problems. Recently, interests have been revitalized in
biobutanol production through acetone-butanol-ethanol (ABE) fer-
mentation with solventogenic clostridia, because n-butanol (butanol
hereafter) can not only be used as a superior biofuel to ethanol, but also
be employed as a chemical feedstock for various industries (Moon et al.,
2016). The ABE process for butanol production could be dated back to
1916, and has been a prominent industrial process in the history.
However, since 1950s, it started to be replaced by petrochemical pro-
cess for butanol production due to the quick development of petro-
chemical refineries (Moon et al., 2016). In order to make biobutanol
production through the ABE process be economically viable again,
various issues still need to be resolved, such as the low butanol pro-
duction titer due to the limited tolerance of the microorganism as well
as the high cost of the feedstock materials for the fermentation.

When the solvents reach high levels, they can disrupt cell envelope,
or deactivate protein functions making cells die. Butanol is more lipo-
philic than either acetone or ethanol, and thus has higher interaction
with the cell envelope, and is the most toxic among ABE (Jiménez-
Bonilla and Wang, 2018). Therefore, the improvement of butanol tol-
erance of the microorganism has remarkable benefits to enhance bu-
tanol production in order to bring about great significance for the
economics of the ABE process. Interestingly, some non-solventogenic
bacteria have shown natural high tolerance to aromatic and aliphatic
solvents including small alcohols such as butanol. For example, Lacto-
bacillus buchneri, and L. brevis can survive in 3% butanol, L. amylovorus
in 4% (Liu et al., 2012), and Pseudomonas putida in 6% (Rühl et al.,
2009). The exceptional tolerance of P. putida to butanol and other or-
ganic substances has been explained, besides other reasons, by its active
membrane transport systems (Dunlop et al., 2011).

The solvent resistant pump (srp) from P. putida belongs to the
Resistance-Nodulation-Division (RND) family of transporters, and con-
sists of three components: an inner membrane protein which is the
extrusion element, an outer pore, and an accessory lipoprotein for
stabilization attached to the peptidoglycan (Nikaido and Takatsuka,
2009; Ramos et al., 2015). Efflux pumps are complex systems, which
can extrude various toxic compounds from the cytoplasm out of the cell.
The expression level of the srp system increased remarkably when or-
ganic solvents (including aromatic, aliphatic and alcohols) are present.
Particularly, the expression level of the srp system was increased by 6.6
times when 3 mM butanol was added into the medium (Kieboom et al.,
1998). While the overexpression of efflux pump srpABC or the srpB
subunit alone in E. coli could both enhance the butanol tolerance of the
host strain by 20–35% (Bui et al., 2015).

On the other hand, lignocellulosic biomass is an ideal feedstock for
fermentative butanol (as well as other biofuels) production since it is
abundant, inexpensive, and does not compete with the food or feed
supplies. Besides some physical/chemical pretreatment steps, che-
mical/enzymatic hydrolysis are needed to convert the biomass feed-
stock into monomer sugars that microorganism can directly utilize for
the fermentation. During these processes, various fermentation in-
hibitors including furan aldehydes and phenolic compounds will be
generated due to the degradation of sugars, lignin, and extractives
under the harsh conditions for pretreatment/hydrolysis. Such inhibitors
can be detrimental to the cell growth and lead to low yield and pro-
ductivity of the desirable endproducts and even unsuccessful fermen-
tations.

Various strategies have been evaluated to enhance the cell tolerance
to hydrolysates inhibitors, including the overexpression of heat-shock
proteins (Hsps) (Patakova et al., 2018), modification of membrane
composition (Vinayavekhin and Vangnai, 2018), regulation of lysis and
sporulation processes (Kolek et al., 2017), quorum sensing (Steiner
et al., 2012), regulation of the acidogenesis/solventogenesis (Steiner

et al., 2012), membrane transporters, and other stress response pro-
teins. The efflux pumps are interesting membrane proteins that can
actively transport small molecules, such as aromatics, small alcohols or
aldehydes out of the cell. Overexpression of exogenous efflux pumps is
potentially an effective strategy to enhance the tolerance of the mi-
crobial hosts for more efficient biofuel production.

Clostridium saccharoperbutylacetonicum N1-4 is hyper-butanol pro-
ducing strain with outstanding robustness in terms of good tolerance to
hydrolysates inhibitors and active metabolism for various lig-
nocellulosic sugars (Yao et al., 2017). The further enhancement of such
robustness of the strain through metabolic engineering could poten-
tially enable more efficient butanol production from low-value lig-
nocellulosic biomass and ultimate economically viable biofuel in-
dustries. Therefore, in this study, efflux pump genes from P. putida
(which naturally demonstrated outstanding tolerance to butanol as
described above) were overexpressed in Clostridium sacchar-
operbutylacetonicum N1-4. The effects of heterologous efflux pump
genes on butanol production and the enhancement of tolerance of the
host strains to butanol and hydrolysates inhibitors were systematic
evaluated.

2. Materials and methods

2.1. Reagents, bacterial strains and strain cultivation

Butanol, furfural and ferulic acid (trans-ferulic acid) were purchased
from Alfa Aesar (Haverhill, MA), Merck chemicals (Burlington, MA),
and Sigma-Aldrich (St. Louis, MO), respectively. PCR reagents (Q5 and
Phusion Hi-Fi master mix for DNA cloning, Taq and LongAmp for
colony PCR (cPCR)) were all purchased from NEB (New England
Biolabs Inc., Ipswich, MA). The E. coli strain NEB express (New England
BioLabs Inc., Ipswich, MA) was used for the plasmid propagation. It was
cultivated in Luria-Bertani (LB) broth or LB agar plates, supplemented
with 100 µg/mL ampicillin when needed. C. saccharoperbutylacetonicum
N1-4 (HMT) (DSM 14923) was routinely cultivated in Tryptone-
Glucose-Yeast extract (TGY) medium containing 30 g/L tryptone, 20 g/
L glucose, 10 g/L of yeast extract, and 1 g/L of L-cysteine, or on TGY
agar plates (TGY + 1.5% agar) at 35 °C. The C. sacchar-
operbutylacetonicum recombinant strains were cultivated under the
same conditions except that 30 µg/mL clarithromycin was supple-
mented when needed. All manipulations of the anaerobes were per-
formed in an anaerobic chamber (N2-CO2-H2 with a volume ratio of
85:10:5). All strains were preserved in glycerol stock (20% v/v final
glycerol concentration) at −80 °C.

2.2. Genetic manipulation

The genomic DNA of P. putida S12 (ATCC 700801) was kindly
provided by Dr. Nick Wierckx from the RWTH Aachen University,
Germany. DNA fragments corresponding to the efflux pump subunit
srpB and the whole cluster srpABC were amplified through PCR, using
the pair of primers YW2197 & YW2198 (for srpB), and YW2199 &
YW2202 (for srpABC). Then the two DNA fragments were individually
inserted between the thiolase promoter (Pthl) and terminator (Tthl) in
pJZ100 (Zhang et al., 2018a) using Gibson Assembly (Gibson et al.,
2010), generating pPJB3 and pPJB5, respectively. The Pthl promoter
used here is from C. beijerinckii, which is known as a strong constitutive
promoter (Wang et al., 2012; Wang et al., 2016). All strains, plasmids
and primers utilized in this study are described in Table 1.

2.3. DNA transformation

DNA transformation of C. saccharoperbutylacetonicum was carried
out with electroporation following our previous protocol with minor
modifications (Zhang et al., 2018b). C. saccharoperbutylacetonicum N1-4
was cultivated in TGY at 35 °C, until the culture reach the early
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exponential phase (OD600 = 0.6–0.8). The cells were harvested through
centrifugation at 4,200 × g at room temperature for 10 min. The cell
pellets were resuspended and washed once with the same volume (as
the original cell culture) of SMP buffer (270 mM sucrose, 1 mM MgCl2
and 7 mM Na2HPO3/NaH2PO3, pH adjusted to 6.5 and filter sterilized).
Then it was centrifuged again and resuspended in 1/20 vol of SMP
buffer. Afterwards, 400 μL of the competent cells was transferred into
an ice cold 0.2-cm electroporation cuvette in which 1.0 µg of plasmid
DNA was pre-loaded, and cooled down in ice for 20–30 min. Electro-
poration was carried out at a voltage of 1 kV, a capacitance of 25 µF,
and a resistance of 300 Ω using a Gene Pulser Xcell electroporation
system (Bio-Rad Laboratories, Hercules, CA) which was connected to
the anaerobic chamber. Subsequently, the cells were transferred into
1.6 mL of TGY medium and recovered at 35 °C until cell growth became
evident (generally 2–6 h after the electroporation). The recovered cells
were spinned down, resuspended in 100 µL TGY, and then spread onto
TGYC (TGY supplemented with 30µg/mL clarithromycin) agar plates.
The plates were incubated at 35 °C for about 24–48 h until colonies
appeared. Then cPCR was performed to verify the mutants, using pri-
mers YW32 & YW33.

2.4. Tolerance testing assays

For each strain, 50 mL culture at OD600 of 0.8 was split into 10 tubes
(5 mL each). Then inhibitors were added to make the final concentra-
tion as follows in various tubes: butanol of 0.8, 1, or 1.2%, furfural of
4.0, 4.5, or 5.0 g/L, or ferulic acid of 0.2, 0.5, or 0.8 g/L. Then, the
cultures were loaded into a 96-well plate, with 8 replicates of 150 µL
from each tube. The plate was sealed with a plastic film to keep the
anaerobic environment and incubated at 35 °C in an infinite M1000 Pro
microplate reader (Tecan, Männedorf, Switzerland) with orbital
shaking. The OD600 of the culture was quantified automatically with the
microplate reader every 15 min during a 9–12 h period. The relative
growth of each culture was calculated based on Eq. (1), whereas OD600,

[x] is the OD600 of the culture with the inhibitor concentration of x
(either in % or g/L as described above), and OD600,[0] is the OD600 of
the culture with no inhibitor added. The relative growth instead of the
absolute value was used in order to demonstrate the effect of gene
overexpression on the tolerance excluding other possible contributing
factors. Similar approach has been employed previously by Xu et al.
(2015).

= ×relative growth
OD
OD

% 100x600,[ ]

600,[0] (1)

2.5. Fermentation

Batch fermentation was carried out in 2.5 L BioFlo benchtop bior-
eactors (New Brunswick Scientific Co., Enfield, CT) with a 1.5 L
working volume using 80 g/L glucose, 6 g/L tryptone, 2 g/L yeast ex-
tract, and the P2 medium: 0.5 g/L KH2PO4, 0.5 g/L K2HPO4, 2.2 g/L
CH3COONH4, 0.2 g/L MgSO4·7H2O, 0.01 g/L MnSO4·H2O, 0.01 g/L
FeSO4·7H2O, 0.01 g/L NaCl, 0.001 g/L p-aminobenzoic acid, 0.001 g/L
thiamine-HCl, and 0.00001 g/L biotin. When the inhibitors were sup-
plemented, 3.0, 3.5 or 4.0 g/L of furfural (after the fermentation
medium was autoclaved), or 0.8, 1.0, 1.2 or 1.4 g/L of ferulic acid
(before the fermentation medium was autoclaved) were added. To
create an anaerobic condition, after the fermentation broth was auto-
claved, highly pure nitrogen gas was flushed through the bioreactor
starting before the inoculation until the fermentation culture started to
produce its own gases. To prepare the preculture, the glycerol stock of
C. saccharoperbutylacetonicum (either wild type or the mutant) was in-
oculated into TGY medium and incubated in the anaerobic chamber for
12–16 h until OD600 reached ~0.8. The preculture was then inoculated
into the bioreactor at a ratio of 5% (v/v). Fermentations were con-
ducted under following conditions: 50 rpm, 30 °C, with pH controlled
≥5.0 (with 4 M NaOH). 30 µg/mL of clarithromycin was supplemented
when needed. All fermentations were performed in duplicate.

2.6. Analytical procedures

Concentrations of glucose, butanol, acetone and ethanol were de-
termined on a High Performance Liquid Chromatographer (Agilent
1260 series, Agilent Technologies, Santa Clara, CA, USA) with a re-
fraction index detector and Varian MetaCarb 87H column (set at 25 °C).
Aqueous 5 mM H2SO4 at a flow rate of 0.6 mL/min was used as the
mobile phase. Cell optical density (OD600) was quantified with a cell
density meter (Ultrospec 10, Biochrom Ltd., Cambridge, England).

3. Results and discussion

3.1. Effects of overexpression of efflux pump genes on strain tolerance based
on small-scale growth assays

Small-scale cell growth assays were conducted to evaluate the
capability of the recombinant PJB3 and PJB5 strains comparing to the
control (the wild type strain) to grow in media containing different
concentrations of inhibitors. Profiles of relative growth were con-
structed in order to exclude the factors other than gene overexpression

Table 1
List of primers, plasmids and strains used in this study.

Name Oligonucleotide sequence or Characteristics References or sources

Primers
YW32 5′-GTTTTCCCAGTCACGACGTT-3′
YW33 5′-TTGCTGCTCATGCAGATGAT-3′
YW2197 5′-AGAATTTTAGGAGGTCAAACATGTCTCGTTTCTTTATCGACAGG-3′
YW2198 5′-GTTGCGAATGTGAACTTGTATATTAAACTTCATGAGTCACCTCCTTG-3′
YW2199 5′-AGAATTTTAGGAGGTCAAACGTGAGACAGATACGATCCCCG-3′
YW2202 5′-GTTGCGAATGTGAACTTGTATATTAGTTTTGACTCACGCTCCAG-3′

Plasmids
pJZ100 pTJ1 derivative; for gene overexpression under the control of the thiolase promoter (Pthl) from Clostridium

saccharoperbutylacetonicum N1-4
(Zhang et al., 2018a)

pPJB3 pJZ100 derivative, for the overexpression of srpB This work
pPJB5 pJZ100 derivative, for the overexpression of srpABC This work

Strains
E. coli NEB express fhuA2 [lon] ompT gal sulA11 R(mcr-73::miniTn10–TetS)2 [dcm] R(zgb-210::Tn10–TetS) endA1 Δ(mcrCmrr) 114::IS10 New England Biolabs
C. saccharoperbutylacetonicum
N1-4 (HMT) DSM 14923 (=ATCC 27021), wild type strain DSMZ
Control N1-4 harboring pJZ100 (empty plasmid) This work
PJB3 N1-4 harboring pPJB3 This work
PJB5 N1-4 harboring pPJB5 This work
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on the cell growth. As shown in Fig. 1, in all cases, the cell growth
profiles showed a decline in the first two hours after the culture is
challenged with the inhibitor. Afterwards, the microorganism overcame
such inhibition, and started to recover for active growth. For the PJB3
strain (the top panel in Fig. 1 for all the three inhibitors-butanol, fur-
fural and ferulic acid-tested), although the cell growth in the initial
stage was slower than the control strain, it outgrew to much higher
level than the control in the late stage. By 12 h, the relative growth of
PJB3 is around 20–30% higher than the control. This means that the
strain is more tolerant to butanol, ferulic acid or furfural than the
control strain. For PJB5 (the bottom panel in Fig. 1), on the opposite,
the cell growth of the mutant was generally similar or lower than that of
the control during the time period for the tolerance test (by 12 h),
which suggested that the mutant strain was less tolerant to the in-
hibitors than the control strain. Based on these results, PJB3 was se-
lected for further characterization using larger scale fermentation in the
following steps.

The above results indicated that the overexpression of the subunit
srpB could improve the host tolerance against butanol, furfural and
ferulic acid, while the overexpression of the whole srpABC unit failed to
do so. Most known efflux pumps associated with solvent extrusion,
including acrAB-tolC from E. coli, ttgABC and srpABC from P. putida,
belong to hydrophobic-amphiphilic efflux (HAE-1) subfamily from RND
superfamily, which only present in Gram-negative bacteria (Anes et al.,
2015; Nikaido, 2018). It is known that all the three subunits (Subunits
A, B and C) are necessary for the functionality of the whole system
(Anes et al., 2015); but when some of the components is missing, the
corresponding function could be substituted by some other transporters
(Tal and Schuldiner, 2009). Previously, Bui et al. reported that the ef-
fect of the overexpression of srpB was similar to the overexpression of
srpABC in E. coli, which could be explained by the above mechanism
(Bui et al., 2015). A typical structure of HAE-1 efflux pumps is shown in
Fig. 2a. The extruder element (srpB in this case) is located in the inner
membrane, while the element C in the outer membrane and the subunit

A in the intermembrane space. In Gram-positive bacteria, such as C.
saccharoperbutylacetonicum, there is no outer membrane, with a pepti-
doglycan cell wall as the counterpart instead (Fig. 2b).

HAE-2 family of efflux pumps is closely related to HAE-1. HAE-2 are
all expressed in Gram-positive bacteria, such as mmpL proteins in
Mycobacterium tuberculosis (Nikaido, 2018). The mechanism is not very
clear but the crystallized domains of mmpL11 showed similar pattern as
HAE-1 pumps (Nikaido, 2018). Four native putative transporters of C.
saccharoperbutylacetonicum N1-4: CSPA_RS22990, CSPA_RS18355,
CSPA_RS19385, and CSPA_RS10815 are highly homologous to srpB of P.
putida S12. The first three of them are closely homologous to acrB in E.
coli as well. All four genes are annotated as efflux RND transporter
permease subunits, and contained in operons with other units. The
operon of CSPA_RS22990 also encodes CSPA_RS22995, an efflux RND
transporter periplasmic adaptor subunit, and CSPA_RS22985, a tolC
family protein complement. This means that the endogenous systems is
very similar in structure to srpB, acrB, and other HAE-1 efflux pumps. In
a similar way, the operon of CSPA_RS18355 contains three subunits,
among which the other two are annotated as a biotin/lypoyl binding
protein (CSPA_RS18360), and an amidohydrolase complement
(CSPA_RS18350). Each pair of the following: CSPA_RS19385-
CSPA_RS10815, and CSPA_RS19380-CSPA_RS10810, is in the same
operons, respectively. Both CSPA_RS19380 and CSPA_RS10810 are
annotated as efflux RND transporter periplasmic adaptor subunits. This
level of homology suggests that srpB can work in coordination with the
native transporters, in a similar manner as it happens between other
RND transporters of Gram-negative bacteria.

3.2. Effects of the overexpression of efflux pump genes on the strain
tolerance to furan aldehyde inhibitors

Furan aldehydes are significant inhibitors that can be generated
during the conversion of lignocellulosic biomass into fermentable su-
gars. Here, we used furfural as a model compound to evaluate the

Butanol Ferulic acid Furfural

sr
pB

sr
pA

B
C

Control PJB3/PJB5 Control PJB3/PJB5 Control PJB3/PJB5
0.8% BuOH 0.2g/L ferulic 4.0g/L furfural
1.0% BuOH 0.5g/L ferulic 4.5g/L furfural
1.2% BuOH 0.8g/L ferulic 5.0g/L furfural

Fig. 1. Relative growth of PJB3 (A, C and E) and PJB5 (B, D and F), compared to the control strain when the strains were challenged with butanol (A, B), ferulic acid
(C, D) and furfural (E, F), respectively. BuOH: Butanol; ferulic: ferulic acid.
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Fig. 2. (A) The configuration of HAE-1 efflux pumps in Gram-negative bacteria, and (B) cell envelope structure of Gram-positive bacteria.

A B C D

E F G H

I J K L

M N O P

Fig. 3. Comparison of fermentation kinetics of the PJB3 strain (with the overexpressing of srpB) and the control strain in the presence of 0, 3, 3.5 and 4 g/L furfural,
respectively.
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effects of srpB overexpression on the strain tolerance to furan aldehydes
inhibitors during butanol fermentation. As shown in Fig. 3, when there
is no furfural added to the fermentation, PJB3 strain consumed similar
amount of glucose compared to the control, at similar consumption rate
(Fig. 3E), but generated higher cell biomass (by 19%, Fig. 3A). How-
ever, interestingly, butanol production in PJB3 was lower (14.2 g/L vs.
17.5 g/L in the control) (Fig. 3I). Similarly, the total solvent production
in PJB3 was also lower than that in the control strain. These results
confirmed that PJB3 had increased butanol tolerance which was re-
presented by the higher maximum OD600 that the strain could reach.
However, this did not lead to higher butanol production correspond-
ingly.

When 3 g/L furfural was supplemented in the fermentation, there
was a lag phase of about 24 h before the cells (for both PJB3 and the
control) started to grow. However, PJB3 generally demonstrated very
similar dynamics as the control strain for glucose consumption; the cell
growth of PJB3 was slightly faster than the control in the exponential

phase, but finally reached the similar maximum OD600. PJB3 also
produced slightly higher butanol (14.8 g/L vs. 14.0 g/L) and total
solvent (23.6 g/L vs. 22.9 g/L) than the control. When furfural was
further increased to 3.5 g/L, the control strain cannot grow any more,
while PJB3 can still grow to the similar maximum OD600 as when 3.0 g/
L furfural was added, although a longer lag phase (about 36 h) was
observed before the cell started to grow. Correspondingly, PJB3 was
still able to consume 52.2 g/L glucose within 96 h, and produced
12.8 g/L butanol and 19.8 g/L total ABE. When 4.0 g/L furfural was
added into the fermentation, neither PJB3 nor the control strain could
grow.

We previously reported that C. saccharoperbutylacetonicum N1-4 can
tolerate up to 3.0 g/L furfural (Yao et al., 2017), which is consistent as
shown in Fig. 3 for the control strain. Meanwhile, the results here de-
monstrated that the overexpression of srpB could enhance the tolerance
of the strain to furfural up to 3.5 g/L. However, interestingly, when
there was no furfural present, the PJB3 strain produced less butanol or

A B C D

E F G H

I J K L

M N O P

Fig. 4. Comparison of fermentation kinetics of the PJB3 strain (with the overexpressing of srpB) and the control strain in the presence of 0.8, 1.0, 1.2, and 1.4 g/L
ferulic acid, respectively.
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total solvent than the control strain (Fig. 3I & 3 M). High levels of ex-
pression of efflux pump genes can lead to a toxic effect on cells, as
reported previously (Patakova et al., 2018), probably because the efflux
pump can occupy a big fraction of the space on the membrane, limiting
the expression of other genes of membrane functions or changing the
membrane composition due to more protein contents. Therefore, the
expression level of efflux pumps is critical in order to obtain optimum
results (enhanced tolerance of the strain with improved solvent pro-
duction).

Efflux pump genes from P. putida such as srpABC and ttgABC (an-
other efflux pump gene cluster also related to butanol tolerance) (Basler
et al., 2018), have complex regulation systems. The ttgABC gene is also
assumed to be induced by butanol, and works in combination with ef-
flux systems ttgDEF and ttgGHI (Basler et al., 2018). ttgGHI is the most
similar to srpABC among the transporters mentioned above, in terms of
their function and the repression-related clusters (Basler et al., 2018).
ttgGHI is locally regulated by the repressor ttgV. The genes ttgV and ttgW
(an inactive pseudogene) are located upstream from the structural
genes ttgGHI and are transcribed divergently from this operon; ttgV is a
repressor for the promoter of ttgGHI, derepressed by small alcohols and
other compounds (Sun et al., 2011). The genes srpSR are homologous to
ttgVW, whereas srpS is a repressor of srpA, but srpR has been identified
as an antirepressor regulated by solvents (Sun et al., 2011). Therefore, it
is not trivial to optimize the expression level of efflux pumps; such
regulation systems as descried above need to be carefully investigated
and manipulated. Manipulation of such repression/antirepression sys-
tems has great potentials, because it can dynamically control the ex-
pression level of the toxic genes to respond to different inhibitor con-
centrations over time, thus minimizing the toxicity. This cannot be
easily achieved using the regulation systems previously reported such
as plasmids of different copy number (Bui et al., 2015), general in-
ducible promoters (Dunlop et al., 2011), stress induced promoters
(Boyarskiy et al., 2016), or a combination of the above.

3.3. Effects of the overexpression of efflux pump genes on the strain
tolerance to phenolic inhibitors

Phenolic compounds are another group of inhibitors for the fer-
mentation that could be generated from the lignin degradation during
the biomass pretreatment process. Ferulic acid has been reported pre-
viously as a model compound for phenolic biomass inhibitors (Winkler
and Kao, 2011), and thus we selected it as a representative to evaluate
the effects of srpB overexpression on the strain tolerate to phenolic
inhibitors. As shown in Fig. 4, with 0.8 g/L ferulic acid, the dynamics in
terms of the glucose consumption, cell growth, and solvent production
for PJB3 were all slightly faster than that of the control strain. Also,
PJB3 produced slightly higher butanol and total solvent (Fig. 4I & 4 M),
and the lag phase is shorter (41 h vs. 47 h in the control, Table 2). When
the concentration of ferulic acid was increased to 1.0 g/L, the control
could not grow any more, while PJB3 could still grow to about the
similar OD600, and produced the similar level of butanol (14.1 g/L vs
14.5 g/L at 0.8 g/L ferulic acid) and slightly lower total solvent (18.0 g/
L vs 23.0 g/L at 0.8 g/L ferulic acid) than the fermentation at 0.8 g/L
ferulic acid. Further, when the concentration of ferulic acid increased to
1.2 g/L, PJB3 could still grow to the similar OD600, and produced about
the same amount butanol and solvent as the fermentation at 0.8 g/L
ferulic acid. The major difference in the fermentation profiles of PJB3
with 0.8, 1.0 or 1.2 g/L ferulic acid (Fig. 4I, 4J, & 4K) is the increase in
the lag phase with the supplementation of increased concentrations of
ferulic acid. When 1.4 g/L ferulic acid was added, neither PJB3 nor the
control strain could grow. Overall, the results are consistent with our
previous report that C. saccharoperbutylacetonicum N1-4 can tolerate up
to 0.8 g/L furfural. While the overexpression of srpB could enhance the
strain to tolerate up to 1.2 g/L ferulic acid.

It has been reported that the inhibition severity of the phenolic
inhibitors on C. saccharoperbutylacetonicum N1-4 is in the order of p-

coumaric acid > syringaldehyde > ferulic acid (Cho et al., 2009). In
addition, it has been deduced that the cellular detoxification me-
chanism for phenolic inhibitors probably involves a biotransformation
process; however, the corresponding endproducts have not been iden-
tified yet (Liu et al., 2018). In the real biomass hydrolysates, phenolic
compounds with various chemical properties are generated, and thus
the inhibition mechanism could be much more complicated and war-
rants more systematic investigation.

3.4. Model fitting of the fermentation profiles in the presence of inhibitors

The investigation of the tolerance of host strains to inhibitors has
been carried out by various researchers. However, the experimental
design was not all the same. For example, Xu et al. (2015) added in-
hibitors from the very beginning of the fermentation and evaluated the
strain tolerance by monitoring the cell growth curve; Alsaker et al.
(2010) grew the culture to a certain stage and then challenged the cells
by adding butanol and other inhibitors; Schwartz and Keller (1982)
added increasing amounts of inhibitors along the fermentation process.
Such different approaches make the results hardly comparable with
each other and lead to very different (or even controversial) conclu-
sions. So, in order to provide a better understanding of the inhibition
phenomena, in this study, we attempted to employ appropriate models
to explain our fermentation results in the presence of inhibitors.

Models have been applied to fit the fermentation data of the mutant
vs. the control with various levels of inhibitors were added, following a
procedure as described previously (Chen and Zeng, 2018). We decided
to model butanol production instead of cell growth, because generally
the Clostridium growth does not fit the models very well since the model
cannot take into account the cell autolytic activity. Values of the
parameters λ (lag time, h), µ(t) (cumulative butanol production, g/L, at
time t), B (maximum titer, g/L) and µmax (maximum butanol production
rate, g/L-h) were determined and adjusted with a good fit to either the
Gompertz (Eq. (2)) or logistic (Eq. (3)) model.

= −
×

− +
μ t Be( ) e

μmax e
B λ t( ) 1

(2)

=
+ − +

× ×μ t B

e
( )

1 λ t( ) 2
μmax e

B
4

(3)

Meanwhile, the inhibition of B was modelled using Eq. (4), whereas
µmax,i is the maximum production rate with inhibitors, µmax,0 is the
maximum production rate without inhibitors; I is the inhibitor

Table 2
Summary of parameter values in the simulation models based on the fermen-
tation results at different concentrations of inhibitors.*

Inhibitor Strain Cn(g/L) µmax (g/L-h) λ (h) B (g/L) n (µ) n (B)

Furfural
Control 0.0 0.65 14.7 17.5 4.4 10.4

3.0 0.32 29.8 14.0
3.5 0.00 ∞ 0.0

PJB3 0.0 0.70 19.3 14.2 2.3 15.7
3.0 0.33 28.1 14.7
3.5 0.29 40.7 12.4
4.0 0.00 ∞ 0.0

Ferulic acid
Control 0.0 0.65 14.7 17.5 2.4 3.8

0.8 0.27 47.1 13.9
1.0 0.00 ∞ 0.0

PJB3 0.0 0.70 19.3 14.2 1.8 90.1
0.8 0.36 41.5 14.6
1.0 0.28 56.6 14.1
1.2 0.32 65.6 14.4
1.4 0.00 ∞ 0.0

*Abbreviations: Cn: Concentration; µmax: maximum production rate of butanol;
λ: lag time; B: maximum concentration of butanol; n (µ) and n (B): exponential
factor of the inhibition model for µ and B, respectively.
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concentration (g/L); Ilethal is the lethal inhibitor concentration (g/L); n is
a constant, related to the severity of inhibition. Eq. (5) is used for the
modeling of B, which is the same as Eq. (4), but just replacing para-
meters related to μ with parameters related to B.

⎜ ⎟= ⎡
⎣⎢

− ⎛
⎝

⎞
⎠

⎤
⎦⎥

μ μ I
I

1max i max
lethal

n

, ,0
(4)

⎜ ⎟= ⎡
⎣⎢

− ⎛
⎝

⎞
⎠

⎤
⎦⎥

B B I
I

1i
lethal

n

0
(5)

Finally, lag time was approximated and applied into Eq. (6).

⎜ ⎟= − ⎡
⎣⎢

⎛
⎝

−
−

+ ⎞
⎠

− ⎤
⎦⎥

λ λ k
I I I

1 1i
lethal lethal

0
(6)

Fig. 5 shows the trend of these parameters with the increase of in-
hibitor concentrations based on the fermentation results vs. the values
of the same parameters obtained based on the model simulation. The
parameter values were summarized in Table 2. The experimental data
generally fit the model well except for μmax of PJB3. The μmax value for
the PJB3 strain decreased significantly from the fermentation with 0 g/
L furfural to the fermentation with 3 g/L furfural. Similar trend was
observed for the fermentation with ferulic acid (that is, the μmax value
for the PJB3 strain decreased significantly from the fermentation with
0 g/L ferulic acid to the fermentation with 1.2 g/L ferulic acid). This
indicated that the efflux pumps could play a more significant role in the
fermentation with high concentrations of inhibitors presented. Thus,
the engineered strain with the overexpression of efflux pump genes
could be employed for efficient fermentation using lignocellulosic
biomass hydrolysates with high levels of inhibitors.

The lag time shows an increasing trend with the increase of the
inhibitor concentrations. It is worthwhile to mention that, lag time
during the fermentation with inhibition is also influenced by the initial
inoculum volume for the fermentation (Pereira et al., 2016). This means
that the microorganism could survive at higher concentrations of in-
hibitors if it is allowed to reach a higher cell density before the in-
hibition challenge is applied. Such a strategy, although does not re-
present the actual case for the fermentation with hydrolysates, could

help explain why in some cases the strain could tolerate to higher
concentrations of inhibitors (Chen and Zeng, 2018). In addition, this
indicates that, during the fermentation with inhibitory conditions, it is
critical to make the culture survive at the beginning of the fermenta-
tion, in order to let the microorganism thrive and produce high levels of
the desirable bioproducts. Thus, for future studies, it would be inter-
esting to elucidate the cell metabolism and inhibitory mechanism at the
beginning of the fermentation. A possible explanation about why the
lag phase demonstrated a greater change than B or µ is that the main
cellular detoxification mechanism for many of these compounds is their
transformation into the corresponding alcohol, as reported previously
(Yao et al., 2017). Furan alcohols are significant less toxic than their
analogue aldehydes. This process usually occurs during the beginning
of the fermentation.

4. Conclusion

The overexpression of efflux pump gene srpB from P. putida in C.
saccharoperbutylacetonicum enhanced the tolerance of the strain against
butanol, furfural and ferulic acid. Compared to the control strain, al-
though the mutant strain produced slightly decreased butanol under
regular fermentation conditions with no inhibitors, it was capable to
grow in media containing up to 3.5 g/L furfural (the control can only
tolerate to 3.0 g/L) or 1.2 g/L ferulic acid (the control can only tolerate
to 0.8 g/L), and still produce high levels of butanol (> 14 g/L).
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