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Abstract

Background: During fermentation, industrial microorganisms encounter multiple stresses that inhibit cell growth
and decrease fermentation yields, in particular acid stress, which is due to the accumulation of acidic metabolites in
the fermentation medium. Although the addition of a base to the medium can counteract the effect of acid accu-
mulation, the engineering of acid-tolerant strains is considered a more intelligent and cost-effective solution. While
synthetic biology theoretically provides a novel approach for devising such tolerance modules, in practice it is difficult
to assemble stress-tolerance modules from hundreds of stress-related genes.

Results: In this study, we designed a set of synthetic acid-tolerance modules for fine-tuning the expression of multi-
component gene blocks comprising a member of the proton-consuming acid resistance system (gadf), a periplasmic
chaperone (hdeB), and reactive oxygen species (ROS) scavengers (sodB and katE). Directed evolution was used to
construct an acid-responsive asr promoter library, from which four variants were selected and used in the synthetic
modules. The module variants were screened in a stepwise manner under mild acidic conditions (pH 5-6), first by

cell growth using the laboratory Escherichia coli strain MG1655 cultured in microplates, and then by lysine production
performance using the industrial lysine-producing E. coli strain MG1655 SCEcL3 cultured first in multiple 10-mL micro-
bioreactors, and then in 1.3-L parallel bioreactors. The procedure resulted in the identification of a best strain with
lysine titer and yield at pH 6.0 comparable to the parent strain at pH 6.8.

Conclusion: Our results demonstrate a promising synthetic-biology strategy to enhance the growth robustness
and productivity of £. coli upon the mildly acidic conditions, in both a general lab strain MG1655 and an industrial
lysine-producing strain SCEcL 3, by using the stress-responsive synthetic acid-tolerance modules comprising a limited
number of genes. This study provides a reliable and efficient method for achieving synthetic modules of interest,
particularly in improving the robustness and productivity of industrial strains.

Keywords: Synthetic modules, Acid tolerance, Acid-responsive promoter library, Stepwise screening, Lysine
production, Escherichia coli
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stressing conditions during industrial bioprocesses,
such as high and low temperatures, acid, oxidative and
osmotic stresses, and nutritional starvation, that nega-
tively affect cell growth and productivity [2—4]. For exam-
ple in amino acids or organic acids production, although
the issue can be addressed by adding base at the fermen-
tation broth, however, it would increase the downstream
separation costs, the use of neutralizing reagents, and
the waste streams [5-7]. In the large scale fermentation,
the addition of base can also cause pH fluctuation above
the neutral pH, and bring pH stresses to the cells in the
opposite direction [4]. Thus, engineering of cellular toler-
ance toward environmental stress has been a long-stand-
ing critical issue for bioprocess economics.

Over the years, several genome-wide evolution engi-
neering strategies have been widely used to enhance the
stress resistance for microbial cells [8]. Among them,
adaptive laboratory evolution (ALE) is a traditional and
commonly used strategy to enhance stress tolerance
[9-11]. However, it is difficult to identify the mutations
associated with the desired phenotype [12, 13]. A second
genome-wide engineering strategy, namely global tran-
scription machinery engineering (gTME), has also been
developed for engineering global transcription regula-
tors, like CRP, RpoD, IrrE and H-NS [12, 14—-16]. A num-
ber of strains with improved stress resistance has been
reported for this strategy, but their industrial application
has been limited, likely because of their inefficient con-
sumption of cellular energy and resources resulting from
the simultaneous perturbation of hundreds of non-essen-
tial genes [17, 18]. More recently, clustered regularly
interspaced short palindromic repeats (CRISPR) enabled
trackable genome engineering (CREATE) and synthetic
chromosome rearrangement and modification by loxP-
mediated evolution (SCRaMbLE) have been developed
for bacteria or yeast [19, 20]. These new tools are being
tested [8].

Synthetic biology offers a useful approach to design
synthetic acid-tolerance modules or other stress-toler-
ance modules based on stress resistance mechanisms
and stress-tolerance genes mining, in a systematic, pre-
dictable, and transferrable fashion [21, 22]. To date, a
handful of studies showed the feasibility of employ-
ing different combinations of multiple stress-tolerance
genes to assemble synthetic stress-tolerance modules
that enhance cell tolerance towards different stresses. For
example, in a study on yeast SyBE0O5, stress sensing pro-
moters were used to regulate the superoxide dismutase
gene SODI, the glutamate-cysteine ligase gene GSHI, the
glutathione-disulfide reductase gene GLRI of the anti-
oxidant system, the glucose-6-phosphate dehydrogenase
gene ZWFI of the glycolysis pathway, and the acetyl-CoA
synthase gene ACS1, which is involved in the acetyl-CoA
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synthesis, leading to an improved ethanol titer by 49.5%
at the shake flask scale [23]. In another study on Escheri-
chia coli DH10B, the DNA binding protein gene hu,
which is involved in DNA protection, the RNA bind-
ing protein gene rbp, which is involved in RNA protec-
tion, and the ATP-dependent serine protease gene clpP,
which is involved in misfolded protein degradation, were
overexpressed, leading to an increase in survival rate of
over 600-fold for the best strain upon acid shock at pH
1.9 [24]. It is noteworthy that many studies on acid tol-
erance have focused on cell survival under extreme pH
conditions, however efficient cell growth and productiv-
ity under moderate acidic conditions are more valuable
for industrial applications [15, 25].

The acid resistance (AR) of microorganisms is a com-
plex polygenic trait, e.g. E. coli uses a range of physiologi-
cal, metabolic, and proton-consuming AR mechanisms
to survive acid stress [26]. In our previous studies, which
were based on two different schemes, i.e. overexpressing
a mutated global transcriptional factor H-NS [15], or the
small RNA (sRNA) DsrA together with the sSRNA chaper-
one Hfq [25], we found that, in terms of growth at mod-
erate acidic pH (pH 4.5), a same set of three mechanisms,
including the proton-consuming acid resistance system,
periplasmic chaperones, and reactive oxygen species
(ROS) scavengers, were the most important contributors
for the acid-tolerant phenotype. We therefore suspected
that genes involved in these three systems may be the
most important factors that control acid resistance in E.
coli.

In this study, we designed a set of synthetic acid-tol-
erance modules to improve the acid resistance of E. coli
under mild acidic condition, by fine-tuning the expres-
sion of the genes involved in the proton-consuming acid
resistance system (gadE), a periplasmic chaperone (ideB)
and ROS scavengers (sodB and katE) which participate in
the aforementioned three stress resistance systems. The
transcriptional regulator GadE is the key activator of the
proton consumption system AR2 [27-31]. Periplasmic
chaperones HdeA and HdeB are both known to prevent
periplasmic proteins aggregation at low pH, the lat-
ter being more efficient under mild acid stress (pH 4—6)
[32, 33]. Superoxide dismutase and catalase catalyze the
conversion of superoxide radical to hydrogen peroxide,
which is then further converted into water and oxygen
[34, 35]. A previous study found that overexpressing sodB
and katE enhanced the titer of 5-aminolevulinic acid by
117% in a 5-L fermenter [36].

With the goal of achieving a just-enough and just-
in-time gene expression, we used directed evolution to
construct an acid-responsive promoter pool with a gra-
dient of strengths, from which four promoter variants
with different strengths were assembled with the four
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genes gadE, hdeB, sodB and katE into synthetic acid-
tolerance modules. The different modules variants were
cloned into the laboratory E. coli strain MG1655, and
were then screened and analyzed for cell growth at pH
5.0. Subsequently, 33 synthetic acid-tolerance modules
were evaluated in an industrial lysine-producing E. coli
strain, MG1655 SCEcL3, using multiple 10-mL micro-
bioreactors and 1.3-L parallel bioreactors, resulting in a
best strain with improved L-lysine yield at pH 6.0 com-
pared with the parent strain at pH 6.8. This work pro-
vides an example of semi-rational design of industrial E.
coli strains for improving the production robustness at
low fermentation pH.

Results

Construction and characterization of the acid-responsive
promoter library

As the promoter, we chose the acid-responsive acid
shock RNA (asr) promoter [37, 38], and randomized the
9 bp spacer region between the PhoB box and the — 10
nucleotide of the wild type asr sequence using degen-
erated primers (Additional file 1: Fig. S1). This region
has been reported to affect the promoter strength [39,
40]. The variants were cloned into the reporter plasmid
pACYC184 [41], upstream of a mCherry gene coding
for a red fluorescence protein that is stable between pH
4-8 [42], and screened in E. coli to determine the pH
response ratio in the fluorescence signals in LBG medium
at two pH values (pH 5.0 vs pH 7.0). About 6000 clones
were randomly picked for a first round of screening. It is
noteworthy that many of these variants lost the activity
or acid-responsiveness [40, 43]. 219 positive clones were
selected for re-screening in triplicate and sequencing,
from which 177 unique variants were found (Additional
file 1: Fig. S2). Finally, 49 asr promoter variants with
strengths ranging from 22 to 134% of the wild type (at
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pH 5.0), and the ratio above 1.8 were obtained (Fig. 1 and
Additional file 2: Table S1). For the wild type, this ratio
was 1.95. We also evaluated the mutations occurred in
these variants (Additional file 1: Fig. S3). Consistent with
the wild type asr promoter, adenine was the dominant
nucleotide at positions — 17 and — 13 with frequencies of
61% and 57%, respectively. Differently from the wild type
promoter, adenine was also the dominant nucleotide at
positions — 16, — 15 and — 14, with frequencies of 53%,
55%, and 57%, respectively.

Stepwise screening is an efficient strategy for engineer-
ing stress tolerant strain [44, 45]. Our study adopted the
following protocol: (1) first a cell growth-guided high-
throughput screening at mild acidic pH (5.0) performed
using a laboratory E. coli strain as the model organism,
a basic fermentation medium and the automated tur-
bidimeter Bioscreen C, which can handle 200 strains at
once; (2) then a medium-throughput screening guided by
lysine productivity performed using an industrial strain,
an industrial medium and the small-volume bioreac-
tor Micro-Matrix which can handle 24 strains at once;
(3) finally the industrial strain variants were analyzed
in a laboratory-scale parallel-bioreactor system, which
can handle 8 strains at once. We surmise that although
cell growth is not necessarily correlated with high pro-
duction, it is a prerequisite for high production [46, 47].
Thus, the cell growth assay helped to select candidates for
high production. Indeed, the most productive strains we
selected did also perform well in cell growth (see below).

Application of the acid-responsive promoter library

to the construction of acid-tolerance modules

In order to investigate the effect of selected genes on the
acid tolerance of E. coli under mild acidic condition (pH
5.0), we individually overexpressed the four genes gadE,
hdeB, sodB, katE, and the katE-sodB cascade, under the
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Fig. 1 Relative strengths of the synthetic asr promoter library entries, compared to the wild type asr promoter. The black dots represent the pH
response ratio of the fluorescence signals obtained in LBG medium at two different pH (pH 5.0 vs pH 7.0). Each experiment was performed in three
biological replicates
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control of three different asr promoter variants, P24ES,
P77C4 and P50G1, using plasmid pACYC184 backbone
(Fig. 2A). The relative strengths of these three promoter
variants at pH 5.0 were 133%, 77% and 22% of the wild
type asr promoter, and the corresponding pH response
ratios were 2.38, 1.83, and 1.91, respectively.

As shown in Fig. 2, the final ODgy, of P24E8-gadE,
P77C4-gadE and P50G1-gadE were 100%, 104% and
102% of that of the wild type strain (E. coli MG1655),
respectively, indicating that gadE alone conferred lit-
tle acid tolerance to E. coli. The overexpression of hdeB
enhanced the acid resistance, as the final ODy, of P24E8-
hdeB, P77C4-hdeB and P50G1-hdeB at pH 5.0 reached
99%, 106% and 134% of that of the wild type strain,
respectively. The overexpression of katE and katE-sodB
improved the cell growth at pH 5.0, as the final OD, of
P24E8-katE, P77C4-katE and P50G1-katE reached 105%,
133% and 110% of that of the wild type strain, respec-
tively, and the final ODy, of P24E8-katE-sodB, P77C4-
katE-sodB and P50G1-katE-sodB were 106%, 121% and
112% of that of the wild type strain, respectively. This
indicated that hdeB and katE-sodB can enhance acid
resistance of E. coli in mild acidic conditions under the
control of the selected asr promoter variants. On the
other hand, the overexpression of sodB alone did not
enhance the final OD, of the strains with any of the
promoters, and the lag phase was prolonged. These
results are consistent with the fact that the enzyme SodB
produces H,O, which might actually damage the intra-
cellular environment [34, 35]. Although the final OD,
of the strain harboring P77C4-katE-sodB was lower than
that of the strain harboring P77C4-katE, given that sodB
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and katE forms a cascade relationship [36], and that the
function of this cascade might not be fully realized dur-
ing this initial screening step using the laboratory strain
E. coli MG1655, we thus included this cascade in the fol-
lowing analyses, but used separate promoters in order to
individually fine tune the two genes (Fig. 3).

Construction, selection and analysis of acid-tolerant
recombination strains

We combined the four genes with the four asr promoter
variants P24E8, P10G6, P77C4 and P50G1. P10G6 was
included for the fine-tuning of the four genes into a
library of synthetic acid-tolerance modules (gadE-hdeB-
sodB-katE) (Fig. 3A). The relative strength of P10G6 was
100% of the wild type asr promoter, with a pH response
ratio of 1.83.

The four-gene synthetic acid-tolerance module
library had 256 possible distinct variants. We randomly
picked 832 clones in order to achieve approximately
a 95% coverage of the library, and we characterized
them by cell growth assay using an automated turbi-
dimeter (Bioscreen C) [48]. Among the clones selected,
244 unique strains were identified, corresponding to a
95.3% coverage of the library. The compositions of the
asr promoters in these 244 strains are shown in Addi-
tional file 3, along with the respective final ODy, ratios
and the maximum specific growth rate ratios, com-
pared with the wild type strain. The standard deviations
of the final ODy, ratio and maximum specific growth
rate ratio of each strain were mostly below 5%, with an
average of 2.3% for the final ODy, ratio and 1.5% for
the maximum specific growth rate ratio. In terms of
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Fig. 2 Schematic diagram and cell growth of the modules for the strains overexpressing gadE, hdeB, sodB, katE or katE-sodB. Schematic diagram
(A). Cell growth of E. coli strains overexpressing gadE, hdeB, sodB, katk, or katE-sodB under the control of different asr variants and wild type E. coli
MG1655 (WT) cultured for 24 h in LBG at pH 5.0 (B). The ODg, was measured every 30 min. Each experiment was performed in three biological
replicates
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Fig. 3 Schematic diagram of the modules and the naming rules for the libraries entries produced in this study and cell growth of the top five
strains harboring modules of the libraries. Schematic diagram of the modules in the gadE-hdeB-sodB-katE library (A) and in the hdeB-sodB-katE
library (C). Naming rules. Each name consists of a code in which the digit position i.e, first, second, third and fourth, indicates the gene to which a
promoter is associated i.e., gadE, hdeB, sodB, katE, respectively. The promoter identity is indicated with a different number: (1) P24ES; (2) P10G6; (3)
P77C4; (4) P50GT; 0 indicates the lack of the gene in the module. Cell growth of the top five recombinant strains in the gadE-hdeB-sodB-katE library
(B), in the hdeB-sodB-katE library (D) and wild type E. coli MG1655 (WT) cultured for 24 h in LBG at pH 5.0. The ODyg,, was measured every 30 min.

growth, 24 strains showed a final ODy, higher than
120% of that of the wild type strain. The maximum spe-
cific growth rates were 55-103% of that for the wild
type strain, indicating that the overexpression of the
four genes also brought burden to E. coli. The growth
curves of the top five recombinant strains and the wild
type at pH 5.0 are shown in Fig. 3B. The final ODg, of
the five best strains MG 1124, MG 3124, MG 1314, MG
1344 and MG 1321 were 0.71, 0.69, 0.68, 0.67 and 0.67,
which were 151%, 147%, 145%, 143% and 143% of the
ODg, of the wild type strain (i.e., 0.47), respectively
(see Fig. 3 for the naming rules applied to the strains
used in this study). Comparison of these data with the
ODg,, obtained when the genes were separately over-
expressed showed that the four-gene modules could
further enhance the acid tolerance of E. coli com-
pared with the individual overexpressed gadE, hdeB,
sodB, katE, or katE-sodB. The maximum growth rates
of the five best strains mentioned above were 0.99 h™%,
1.05h™!, 1.12 h™, 1.10 h™?, and 0.91 h™*', which were

73%, 78%, 83%, 82% and 67% of the growth rate of the
wild type strain (i.e., 1.35 h™1), respectively.

Analysis and modification of the synthetic acid-tolerance
modules
To understand the contribution of each gene in the four-
gene modules for the acid tolerant phenotype, a multi-
factorial analysis of variance (ANOVA) was performed
[49] (Additional file 2: Table S2). In this analysis, the four
genes were set as the factors, the four asr promoter vari-
ants were set as the ordinal levels, and the final ODg,
ratios were set as the responses. The result showed that
hdeB and sodB were significantly correlated to the final
ODgy, (p<0.05), but the p-value for katE (0.056) was
slightly above the statistical threshold. Surprisingly, the
contribution of gadE to growth was not significant, with
a p-value of 0.862.

We then constructed a new recombination strain
library co-expressing just the three genes that showed
contribution to the phenotype in the ANOVA test (hdeB,
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sodB and katE), but with the same four asr promoter var-
iants used for the four-gene modules (Fig. 3C). Among
the 76 clones that were randomly picked and character-
ized by cell growth assay, 31 unique strains were identi-
fied (Additional file 4). The standard deviations of the
final ODg, ratio and maximum specific growth rate ratio
of each strain were mostly below 5%, with an average of
1.9% for the final ODg, and 1.5% for the maximum spe-
cific growth rate ratio. The growth curves of the top five
recombinant strains at pH 5.0 are shown in Fig. 3D, and
the final ODy, of these five strains, namely MG 0414,
MG 0314, MG 0323, MG 0333 and MG 0324, were 0.74,
0.69, 0.62, 0.58, and 0.58 respectively, which were 157%,
147%, 132%, 123%, and 123% of the ODy, of the wild
type strain (i.e., 0.47). Among these strains, MG 0414
and MG 0314 grew better than MG 1124 (i.e., the strain
with the highest OD,, among the strains in the gadE-
hdeB-sodB-katE module library). The maximum specific
growth rates of MG 0414, MG 0314, MG 0323, MG 0333
and MG 0324 were 0.77 h™', .11 h™",0.59 h ™!, 0.69 h ™",
and 0.72 h™!, which were 78%, 112%, 60%, 70%, and 73%
of that of MG 1124 (i.e., 0.99 h™?). The final ODg, of MG
0414 and MG 0314 were higher than their correspond-
ing four-gene counterparts harboring also gadE. These
results indicated that for the lab strain MG1655 used in
this step, the hdeB-sodB-katE modules were sufficient to
confer acid tolerance to the cells at pH 5.0, in terms of
final ODyy, or the further overexpression of gadE might
actually bring more burden to the strain.

The strains MG 1124, MG 0414, along with the wild
type strain were then tested at the shake flask scale. The
final ODg, of strains MG 1124 and MG 0414 were 2.96
and 3.20, which were 113% and 122% of the wild type
strain (i.e, 2.62), and the maximum specific growth
rates were 0.80 h™! and 0.77 h™!, which were 93% and
90% of that of the wild type strain (i.e., 0.86 h™!). Thus,
the two modified strains maintained advantages, albeit
of reduced extents, over the wild type in terms of cell
growth, whereas the maximum specific growth rates
were comparable to that of the wild type strain.

Biochemical analyses of the synthetic acid-tolerance
modules

In order to shed some light over the acid tolerance
mechanism, we determined the intracellular ROS lev-
els in strains MG 1124, MG 0414 (i.e., the best strains
of the four-gene and the three-gene module libraries in
terms of ODg, respectively) and the wild type at pH
5.0 by a DCFH-DA-based fluorescent assay [50]. The
results showed that in the wild type strain the ROS level
increased rapidly during the first 4 h, decreased gradually
until 12 h and then remained at a stable level (Additional
file 1: Fig. S3). Differently, strains MG 1124 and MG 0414,
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showed low ROS levels through 2-24 h, indicating that
the overexpression of the enzymes SodB and KatE did
effectively scavenge intracellular ROS.

In addition, we examined the releases of GABA and
ammonia in the strains during the growth at the shake
flask scale (Additional file 2: Table S3). At the exponential
phase (3 h), the releases of GABA in MG 1124 and MG
0414 were 18.9 pM/min and 12.8 pM/min, correspond-
ing to 3.0- and 2.1-fold that of the wild type strain (i.e.,
6.2 uM/min), respectively. At the stationary phase (16 h),
the releases of GABA in MG 1124, MG 0414 and the wild
type decreased to 1.7 uM/min, 7.9 uM/min, and 0.4 uM/
min, respectively. The increased GABA release in strain
MG 1124 can be rationalized as the consequence of the
overexpression gadE. On the other hand, in strain MG
0414, in which gadE was not overexpressed, the release
of GABA also increased, albeit to a lesser extent, thus
additional mechanisms might contribute to the increased
production of GABA other than the overexpression gadE.
The rate of ammonia release in MG 1124 and MG 0414
at the exponential phase (3 h) were 0.5 uM/min and
0.4 pM/min, respectively, essentially equivalent to that of
the wild type strain (0.5 uM/min). At the stationary phase
(16 h) the rates of ammonia release in MG 1124 and MG
0414 were 6.7 pM/min and 10.2 pM/min, which were
48% and 73% of that at wild type strain (13.9 pM/min).
These results indicated that in our design the expression
of ybaS was not involved in the mechanism of enhanced
acid tolerance.

Application of the synthetic acid-tolerance modules

for the production of lysine at low pH using 10-mL
micro-bioreactors and 1.3-L parallel bioreactors

In order to evaluate whether the synthetic acid-toler-
ance modules can enhance the productivity of industrial
E. coli, we tested the modules in the lysine-producing
strain E. coli MG1655 SCEcL3. A series of 33 acid-
tolerance modules were selected from the gadE-hdeB-
sodB-katE and the hdeB-sodB-katE libraries, using a
final ODgy,>120% of that of the wild type or a maxi-
mum specific growth rate >100% of that of the wild type
as selection criteria. The production robustness was
first evaluated using 10-mL micro-bioreactors (Micro-
Matrix), then the four best strains were further evaluated
in 1.3-L parallel bioreactors (T&]J-Minibox). The medium
used was an industrial medium provided by China
Oil & Foodstuffs Corporation (COFCO) (see “Meth-
ods and materials”). The initial pH of the fermentation
medium was pH 6.8, but during fermentation it would
drop to about 5.0, unless continuously adjusted to neu-
trality by adding a base (commonly aqueous ammonia)
[51]. The test fermentation pH was set at 6.0 since pre-
liminary experiments indicated that at lower pH values
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(i.e., pH 5.5 and pH 5) none of the strains could pro-
duce lysine titers and yields from glucose comparable to
those obtained with the parent strain at neutral pH. The
four acid-responsive promoters were therefore tested at
pH 6.0 (Additional file 1: Fig. S4). The relative strengths
resulted 91%, 88%, 52% and 22% of the wild type asr pro-
moter at pH 5.0, and their pH response ratio between pH
6.0 and pH 7.0 were 1.63, 1.60, 1.23 and 1.91, respectively.
These demonstrated that the promoters retained acid-
responsive capability at the mild acidic pH of 6.0.

The parent strain SCEcL3 was fermented at pH 6.0
or pH 6.8 for 48 h, while the other strains carrying the
synthetic modules were fermented at pH 6.0 for 48 h.
As shown in Fig. 4, in the Micro-Matrix format, the
lysine titer of the parent strain was 4.7 g/L at pH 6.0,
corresponding to 87% of that at pH 6.8 (i.e., 5.4 g/L),
and the yield at pH 6.0 was 0.43 g/g glucose, corre-
sponding to 78% of that at pH 6.8 (i.e., 0.55 g/g); the
final ODg,, was 2.1 at pH 6.0, corresponding to 58% of
that at pH 6.8 (i.e., 3.7). For strains harboring acid-tol-
erance modules, the lysine titers of the four best strains
SC 2121, SC 3124, SC 1344 and SC 3331 were 5.6 g/L,
5.4 g/L, 4.8 g/L and 4.7 g/L, which were 121%, 111%,
103% and 101% of that for the parent strain at pH 6.0
(i.e., 4.7 g/L), respectively. It is worth to note that the
titers of SC 2121 and SC 3124 at pH 6 were compara-
ble or higher than that of the parent strain at pH 6.8
(i.e., 5.4 g/L), indicating that the synthetic acid-toler-
ance modules could enhance the robustness of lysine
production at pH 6.0. In addition, the lysine yields of
the same four best strains were 110%, 113%, 90% and
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111% of that of the parent strain at pH 6.0 (i.e., 0.43 g/g
glucose), or 86%, 89%, 70% and 87% of that at pH 6.8
(i.e., 0.55 g/g glucose), respectively. The final ODg, of
the four strains were all higher than that of the par-
ent strain at pH 6.0 (i.e., 2.1), or 92%, 72%, 89% and
77% of that for the parent strain at pH 6.8 (i.e., 3.7),
respectively.

We then further evaluated the same four strains in
1.3-L parallel bioreactors. Compared to the parent
strain, the lysine titers of SC 2121, SC 3124, SC 1344 and
SC3331 were 68.0 g/L, 69.3 g/L, 62.0 g/L and 61.0 g/L,
which were 113%, 115%, 103% and 101% of that of the
parent strain at pH 6.0 (i.e., 60.3 g/L), or 116%, 118%,
106% and 104% of that of the parent strain at pH 6.8 (i.e.,
58.7 g/L), respectively (Fig. 5A). In addition, compared
to the parent strain, the lysine yields of the four strains
were 0.52 g/g, 0.56 g/g, 0.47 g/g and 0.46 g/g, which were
105%, 115%, 96%, 94% of that of the parent strain at pH
6.0 (i.e., 0.49 g/g glucose), or 97%, 105%, 88% and 87% of
that for the parent strain at pH 6.8 (0.53 g/g), respectively
(Fig. 5B). The final ODy, of the four strains were 23.4,
22.3, 22.9 and 19.5, which were 142%, 135%, 139% and
118% of that of the parent strain at pH 6.0 (i.e., 16.5), or
148%, 135%, 139% and 118% of that for the parent strain
at pH 6.8 (i.e., 15.8), respectively (Fig. 5C). Thus, at pH
6.0, SC 3124 performed best in terms of the lysine titer,
the yield, as well as the final ODg, (p<0.05, FDR cor-
rected), and with the lysine titer and yield comparable to
those of the parent strain at pH 6.8. Moreover, we also
evaluated SC 3124 at pH 6.8, and compared to the par-
ent strain, only the difference in biomass was significant
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Fig. 4 Influence of synthetic acid-tolerance modules on lysine titer in Micro-Matrix fermentations. The ODy, (black dots) and lysine titers (orange
bars) of £. coli MG1655 SCEcL3 harboring different synthetic acid-tolerance modules and the parent strain E. coli MG1655 SCEcL3 cultured for 48 h in
an industrial fermentation medium maintained at pH 6.8 or pH 6.0. Lysine titer and ODg, were measured at 48 h
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Fig. 5 Influence of synthetic acid-tolerance modules on lysine production in 1.3-L parallel bioreactors. The lysine titers (A), lysine yields (B) and
ODgq (C) of E. coli MG1655 SCEcL3 harboring different synthetic acid-tolerance modules and the parent strain E. coli MG1655 SCEcL3 cultured for
48 h in an industrial fermentation medium maintained at pH 6.8 or pH 6.0. The graph shows the results at 48 h. Each experiment was performed in
three biological replicates. * Represents significance (p < 0.05). ** represents significance (p <0.01)

(p<0.05, FDR corrected), suggesting that the synthetic
acid-tolerance module improved the performance of the
best strain by mostly enhancing the growth robustness.

Discussion

During industrial bioprocesses, the gradual decrease of
environmental pH causes multiple stresses that impair
cell growth and lower the fermentation yields [7, 52—55].
Engineering acid resistant strains is potentially an impor-
tant strategy to increase productivity, decrease base con-
sumption, and facilitate the downstream separations
[7]. Synthetic biology is an inspiring route to construct
acid-tolerance modules that are functional in industrial
strains. However, it is difficult to assemble reasonable
stress-tolerance modules from hundreds of stress-toler-
ant genes. For example, in E. coli, there are at least 274
genes involved in acid stress regulation [12], and 217
genes involved in oxidative stress regulation [56]. Based
on our previous observations [15, 25], in this study, we
focused our attention on the proton-consuming acid
resistance system AR2, periplasmic chaperones, and
ROS scavengers. We successfully obtained two improved
lysine-producing E. coli strains, namely SC 3124 and SC
2121, for which the lysine titers at pH 6.0 were 118% and
116% of that of the parent strain at pH 6.8, and the lysine
yields from glucose were 105% and 97% of that of the par-
ent strain at pH 6.8. In addition, the lysine yield for SC
3124 was 115% of the parent strain at pH 6.0. By a rough

estimation, this yield could save about 260 kg of glucose
per ton of lysine produced, while fermentation at pH 6.0
could save 5-10% of the amount of acid added during
purification of lysine in industrial settings.

This study strengthens the notion that periplasmic
molecular chaperons are important for acid resistance of
E. coli [15, 33]. This is likely because when the protons
from the acidic environment permeates into the cell,
the periplasmic space becomes the first line of defense
and the periplasmic proteins become vulnerable, thus
requiring the protection afforded by chaperones [26, 33].
Although the glutathione (GSH) system has been used
for ROS scavenging to increase the tolerance for bacte-
rial or yeast cells, it requires a complex engineering route
to balance the NADPH/NADP™ ratio [28, 57]. Thus, an
enzymatic system like SodB-KatE [44] rather than GSH
might be more advantageous.

Along this line, it is interesting to note that at the cell
growth assay level, we found that gadE was not a neces-
sary component for the synthetic acid tolerance modules,
but at the lysine productivity level, the best strains all
contained synthetic modules with this gene (in addition
to its genomic copy). As GadE is responsible for regu-
lating the AR2 system, we attempted to replace it with
the two AR2 component genes coding for GadB (vari-
ant GadB(dHT) which has enhanced activity at pH 4-6
[58]), and YbaS, but the effort only yielded strains with
lower performance both in terms of cell growth and
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lysine productivity (data not shown). There is a possibil-
ity that overexpressing gadE could up-regulate the lysine-
dependent acid resistance system (AR4) [30]. This remain
to be further investigated.

Recently, a combinatorial strategy was used for engi-
neering multiple-stress-tolerant ethanol-producing Sac-
charomyces cerevisiae strains [44]. The study involved a
much larger library of four sets of genes, more specifi-
cally, a set of 5 genes coding for heat shock proteins with
chaperone functions, 16 genes involved in the antioxi-
dant system, 5 genes coding for ubiquitins and autophagy
proteins that remove denatured proteins, and 6 tran-
scription factors that regulate stress-related networks
were combined via the golden gate assembly with 14
different promoters and screened at high temperatures
(35°C or 37°C). The best strain obtained in terms of etha-
nol titer was found to contain overexpressed sodA, sodB
from E. coli and an endogenous cAMP phosphodiester-
ase PDE2. It appeared that PDE2 alone activated a num-
ber of stress tolerance pathways, and thus the effects of
other factors like the heat shock proteins, ubiquitins and
autophagy proteins were likely masked under the over-
expression of PDE2 [59-61]. This study also hints that
PDE?2 like regulators with an appropriate activation range
could also be tested for E. coli. The best strain finally was
subjected to adaptive evolution by atmospheric and room
temperature plasmas (ARTP), yielding a final strain with
an enhanced ethanol titer of 6.9% in a large scale 200-L
fermenter.

In this work, we constructed a synthetic asr promoter
library with an enlarged operation range both in terms
of absolute promoter strength as well as of pH response
ratio at different pH (pH 5.0 vs pH 7.0). This promoter is
regulated by RstBA and PhoRB systems. The RstA box is
located at — 77 to — 55 of the promoter region, and the
PhoB is located at — 39 to — 22, thus overlaps the -35 ele-
ment (Additional file 1: Fig. S1) [37, 38]. RstBA induces
asr under mild acidic conditions, while PhoRB induces
asr at low inorganic phosphate concentrations [38, 62].
Previous saturation mutagenesis experiments performed
at the RstA box [63] produced only four notable variants
with strengths at pH 5.0 ranging from 1.6 to 40.0% of the
wild type, and the pH response ratios ranging from 0.7 to
14.4% of the wild type. Therefore, we chose to target the
9 bp spacer region between PhoB box and — 10 sequence,
which has been shown to affect the strengths of several
promoters [39, 40]. Our strategy proved to be success-
ful, and the resulting series of variants may be useful
for constructing other acid-responsive synthetic mod-
ules or circuits [8]. It is noteworthy that the mutations
in this region also can cause loss of the acid responsive-
ness of the promoter, even though it is located down-
stream of the RstA box. However, a previous study on the
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engineering of an osmic stress-responsive ect promoter
also showed that the mutations or deletions in the spacer
region of the promoter changed the osmotic responsive-
ness [43].

Conclusions

This study demonstrates a useful strategy to improve
growth robustness and productivity for industrial E. coli
in fermentation at mildly acidic pH, through the use of
synthetic acid tolerance modules, which involve only a
limited number of genes, in our case, periplasmic pro-
tein chaperone (hdeB), ROS scavenging enzymes (sodB
and katE), and a transcription factor for the AR system
(gadE). The functional optimization of these modules
can be realized by the use of acid-responsive promoters
of different strengths, and screened with a stepwise pro-
tocol, from a growth-guided high-throughput screen-
ing to a production performance-guided fermentation
evaluation.

Methods and materials

Strains, plasmids, and materials

The strains and plasmids used in this study are listed in
Additional file 2: Table S4. The DNA sequences of the
primers used in this study are listed in Additional file 2:
Table S5, and genes used in this study are listed in Addi-
tional file 2: Table S6. Restriction enzymes, Q5 DNA pol-
ymerase and T4 DNA ligase were purchased from New
England Biolabs (Beverly, MA, USA). pMDTM19T Vector
Cloning Kit was purchased from TakaRa (Dalian, China).
Oligonucleotides synthesis and sequence analysis were
performed by Sangon Biotech (Shanghai, China). The kits
for DNA purification, gel recovery, genomic DNA extrac-
tion and plasmid mini-prep were purchased from Tian-
gen (Beijing, China). The 96 well black flat clear bottom
polystyrene microplates were purchased from Corning
(New York, USA). All chemicals were purchased from
Sigma-Aldrich (Shanghai, China) or Sangon Biotech
(Shanghai, China).

Culture media

For cloning, all E. coli MG1655 strains were cultured
in lysogeny broth (LB) medium at 37 °C [50]. All E. coli
MG1655 strains were tested in LB supplemented with
20 g/L glucose (LBG medium) for the cell growth assay.
For fermentation of E. coli MG1655 SCEcL3 strains, the
seed medium consisted of sucrose (3 g/L), yeast extract
(5 g/L), tryptone (7 g/L), ammonium sulfate (5 g/L),
potassium dihydrogen phosphate (5 g/L), magnesium
sulfate (0.5 g/L), ferrous sulphate (0.012 g/L), manganous
sulfate (0.012 g/L), sodium glutamate (5 g/L), L-threo-
nine (0.3 g/L), L-methionine (0.3 g/L) and pyruvic acid
(0.3 g/L), and the fermentation medium consisted of
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glucose (30 g/L), phosphoric acid (0.6 g/L), magnesium
sulfate (2 g/L), ammonium sulfate (10 g/L), corn steep
liquor (0.325 g/L), potassium chloride (0.5 g/L), betaine
(2.2 g/L), ferrous sulphate (0.032 g/L), manganous sul-
fate (0.032 g/L), L-threonine (0.25 g/L), cupric sul-
fate (6.8 mg/L), zinc sulfate (7.65 mg/L), and thiamine
(5.6 mg/L). For the strains harboring plasmids with chlo-
ramphenicol or ampicillin resistance, 34 pg/mL chlo-
ramphenicol or 50 pg/mL ampicillin was added to the
medium.

Promoter library construction and screening

The synthetic asr promoter library was constructed by the
Gibson assembly [64], based on plasmid pAm that was
constructed in house based using plasmid pACYC184
as the backbone. Two assembling fragments were PCR-
amplified by two pairs of primers Pasrlib-mCherrygil-F/
Pasrlib-mCherrygil-R (containing the randomly mutated
region of the promoter), and Pasrlib-mCherrygi2-F/Pasr-
lib-mCherrygi2-R from plasmid pAm. After purification,
the two fragments were assembled and transformed by
electroporation into E. coli XL1-Blue. Transformed cells
were cultivated on LB agar plates overnight at 37 °C. The
library size was estimated to be 10°. Plasmids were then
extracted and transformed by electroporation into E. coli
MG1655 for screening.

For the screening of the asr promoter variants, the
cells were grown overnight (about 16 h) in LBG medium
(pH 7.0) at 37 °C. Then the cultures were diluted to ini-
tial ODg, 0.05 in 200 uL LBG medium (pH 7.0) or LBG
medium (pH 5.0) which was acidified by HCI in 96-well
black flat clear bottom polystyrene microplates. The cul-
tures were grown at 37 °C for 16 h, and ODg,, and fluo-
rescence of mCherry (AEx: 553 nm, AEm: 583 nm) were
determined by a Tecan infinite 200 pro microplate reader
(Tecan Group Ltd., Ménnedorf, Switzerland). The clones
with a fold of the fluorescence/ODg, ratio between pH
5.0 and pH 7.0, i.e. pH response ratio, above 1.8 were
selected to perform the second screening to verify the
performance. Each experiment was performed in three
biological replicates. Sequences of the mutated region at
asr promoter variants in this study are available in Addi-
tional file 2: Table S7.

Construction of recombinant strains library

with acid-tolerance modules

For evaluating gadE, hdeB, sodB and katE individually, the
plasmids (total 12 plasmids) containing individual genes
with three Pasr variants (P24E8, P77C4 and P50G1, these
were numbered 1, 3, 4, respectively, also see below) and
the rrnB terminator were constructed using the Gibson
assembly based on the pAm plasmid series containing
different Pasr variants (Fig. 2A). Take the construction

Page 10 of 14

of gadE-containing plasmids pAgl, pAg3 and pAg4 as
examples, the gadE gene fragment with two homologous
arms was PCR-amplified from E. coli MG1655 genomic
DNA by a pair of primers gadEgi-F/gadEgi-R, and the
other two assembling fragments were PCR-amplificated
by two pairs of primers Pasr-comgil-F/Pasr-mCherrygil-
R and Pasr-comgi2-F/Pasr-comgi2-R from pAm1l, pAm3
and pAm4. These three sets of fragments were then
assembled to generate plasmids pAgl, pAg3 and pAg4,
respectively. The plasmids (total three plasmids) overex-
pressing the katE-sodB cassette were constructed based
on plasmids pAkl, pAk3 and pAk4 containing katE in a
similar fashion (Fig. 2A).

The gadE-hdeB-sodB-katE and hdeB-sodB-katE acid-
tolerance modules were constructed using Golden
Gate assembly [65]. First, a fourth promoter P10G6
was introduced, and this promoter was numbered 2, in
addition to P24E8, P77C4 and P50G1, a new set of plas-
mids containing the four individual genes placed under
the control of this promoter, pAg2, pAh2, pAs2 and
pAk2 were then constructed using the aforementioned
Gibson assembly method. Then a series of pMDI19T-
derived plasmids (total 16 plasmids) were constructed
for use in the Golden Gate assembly. Take the construc-
tion of gadE-containing plasmids pMgl, pMg2, pMg3
and pMg4 for examples, the fragments of gadE with
Pasr variants (P24E8, P10G6, P77C4 and P50G1) and
the rrnB terminator were PCR-amplificated by a pair
of primers Bsal-fl1-f2-F/Bsal-f1-f2-R with Bsal restric-
tion sites from plasmids pAgl, pAg2, pAg3 and pAg4,
respectively. Then the fragments were inserted into the
pMD19T vector using the pMD 19T Vector Cloning
Kit, to generate plasmids pMgl, pMg2, pMg3 and pMg4.
For the gadE-hdeB-sodB-katE acid-tolerance modules,
all the pMD19T-derived plasmids (total 16 plasmids)
and the destination plasmid pAccl (constructed in house
based on plasmid pACYC184) were assembled using the
Golden Gate assembly. For the hdeB-sodB-katE acid-
tolerance modules, all the pMD19T-derived plasmids
except for pMgl, pMg2, pMg3 and pMg4 (total 12 plas-
mids) and the destination plasmid pAcc2 (constructed
in house based on plasmid pACYC184) were assembled.
Then the plasmids were transformed by electroporation
into E. coli MG1655, and the transformed cells were cul-
tivated on LB agar plates overnight at 37 °C.

Cell growth assay

The cell growth assays on were performed using a modifi-
cation of the protocol as described in our pervious study
[25]. Wild type E. coli MG1655 and strains harboring
acid-tolerance modules were grown overnight (about
16 h) in LBG medium (pH 7.0) at 37 °C, and then the
cultures were diluted to initial OD, 0.05 in 300 pL LBG
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medium (pH 5.0) which was acidified by HCIL. Then the
cultures were incubated at 37 °C in 100-well Honeycomb
microplates monitor by automated turbidimeter (Bio-
screen C, Oy Growth Curves Ab Ltd., Helsinki, Finland)
for online monitoring of ODy, for 24 h. Each experiment
was performed in three biological replicates.

Statistics analysis

The Analysis of Variance (ANOVA) was performed using
Design Expert software version 10 for Windows (Stat-
Ease Inc.). The ANOVA F-statistics test and the general
linear regression model were used [49]. Briefly, the lin-
ear regression model of four factorial ANOVA can be
described as:
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were taken for measuring optical density, residual glucose
and lysine titer. ODg, was measured by ultraviolet spec-
trophotometer and the titers of glucose and lysine were
measured by SBA-40D biosensor analyzer (Shandong
Academy of Science, Shandong Province, China) [66].

Lysine fermentation at parallel bioreactors

Fermentation test was performed in T&J-Mini-
box 1.3-L x 8 parallel bioreactors (T&]J Bio-engineering
Co., Ltd., Shanghai, China). Briefly, cells were acti-
vated in seed medium and inoculated at 1% (v/v) into
500 mL flasks containing 100 mL seed medium at
37 °C, 250 rpm until the ODg, reaching 2.0-3.0, and
75 mL seed inoculum was then inoculated into 425 mL

Yijktr = wtai+Bityit+8i+@f) i+ )i+ @8+ By )+ (B8)+(y i+ @By ) j+(@Bd) j+(ay 8) g+ (By 8)ju+(@By §) jy+e

where 4 is the population mean, a;, §;, y; and §; are main
effects of four factors due to the ith, jth, kth and lth level
of the factors, ¢ is the random error, and the other param-
eters accounting for the interactions among the factors.
In this study, &, 3, y and § denoted the genes gadE, hdeB,
sodB and katE as the four factors, and the levels of the
factors were the four asr promoter variants of different
strengths, P24E8, P10G6, P77C4 and P50GL1.

Statistical significance analysis was performed using
the two-tailed Student’s t-test with a confidence interval
of 95%, and p-value (which was corrected by false-discov-
ery rate (FDR)) below 0.05 indicates significance.

Selection of lysine producing strains harboring synthetic
acid-tolerance modules by 10-mL micro-bioreactor
(Micro-Matrix) fermentation

The lysine producing parent strain E. coli MG1655
SCEcL3 was provided by Nutrition and Health Research
Institute (Beijing, China), a unit of COFCO. E. coli
MG1655 SCEcL3 and SCEcL3 harboring synthetic acid-
tolerance modules were grown overnight at 37 °C in seed
medium. The overnight cultures were diluted (1.5:10) into
24-well Micro-Matrix plates containing 3.6 mL fermenta-
tion medium (pH 7.0, adjusted by 25% (w/v) ammonia)
in Micro-Matrix (Applikon Biotechnology, Heertjeslaan,
Netherland). The fermentation was performed at 37 °C,
300 rpm for 48 h. The dissolved oxygen (DO), pH and
temperature were monitored online. The initial pH of the
fermentation medium for all the strains was pH 6.8, and
after the pH gradually decreased during fermentation,
the wild type strains were controlled at pH 6.8 or pH 6.0,
while other strains were controlled at pH 6.0, using 5%
(w/v) ammonia. DO and temperature were controlled at
40-60%, and 37.0£0.1 °C, respectively, during the 48 h
fermentation period. After 48 h fermentation, samples

fermentation medium in the 1.3-L parallel bioreactors.
The DO, pH and temperature were monitored online.
The pH of the cultures was controlled at 6.8 or 6.0 by
the addition of 5% (w/v) ammonia. DO, temperature,
and glucose were controlled at 40-60%, 37.0+0.1 °C,
and 0.4-1.0% (w/v), respectively, during the 48 h fer-
mentation period. DO was monitored online and was
controlled by adjusting the agitation rate from 200 to
1000 rpm with an aeration rate of 0.5 vvm. Samples
were taken periodically for measuring optical density,
residual glucose and lysine. Each experiment was per-
formed in three biological replicates.

GABA and ammonia release assays

The assays of GABA and ammonia release were fol-
lowed as previously described with minor modifica-
tions [15]. For the GABA release assay, cultures grown
in LBG medium were harvested in exponential phase
(3 h) or in stationary phase (16 h). The pellet was
washed twice with citrate buffer (25 mM, pH 5.0) and
resuspended to 1 ODg,,/mL with 1 mL citrate buffer
(25 mM, pH 5.0, containing 10 mM vr-glutamate). After
incubation at 37 °C for 1 h, the cultures were harvested
by centrifugation and the supernatant was used for sub-
sequent analysis. Briefly, in a 100 pL reaction mixture,
10 pL of supernatant was mixed with 0.5 mM NADPT,
0.5 mM dithiothreitol, 0.5 mM «a-ketoglutarate and
10 pg GABase (Sigma-Aldrich, Shanghai, China). The
reaction mixture was incubated at 37 °C for 1 h, and
then measured at 340 nm using a Tecan infinite 200 pro
microplate reader (Tecan Group Ltd., Mdnnedorf, Swit-
zerland). The concentration of GABA was calculated
using a standard curve obtained with a set of GABA
standard solutions of different concentrations.
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For the ammonia release determination assay, cul-
tures grown in LBG medium were harvested in expo-
nential phase (3 h) or in stationary phase (16 h). The
pellet was washed twice with citrate buffer (25 mM, pH
5.0) and resuspended to 1 OD,,/mL with 20 mL citrate
buffer (25 mM, pH 5.0, containing 10 mM L-glutamine).
The concentration of ammonium ions was continuously
monitor using a SevenCompac = $220 electrochemical
analytical meter (Mettler-Toledo AG, Schwerzenbach,
Switzerland) with an ammonia ion selective electrode
(model DX218-NH4+, Mettler-Toledo GmbH, Schwer-
zenbach, Switerland).

Measurement of intracellular ROS level

The 2/, 7’-dichlorofluorescein diacetate (DCFH-DA) based
assay for measurement of the intracellular ROS level was
followed as previously described [36]. The samples were
prepared as follows. Wild type E. coli MG1655, MG
1124 and MG 0414 were grown overnight (16 h) in LBG
medium (pH 7.0) at 37 °C, and then the cultures were
diluted to initial ODg, 0.05 in 250 mL LBG medium (pH
5.0) which was acidified by HCl in shake flasks. Then the
cultures were incubated at 37 °C, 250 rpm. The cultures
of different time points (2 h, 4 h, 8 h, 12 h and 24 h) were
harvested and washed twice with 50 mM PBS (pH 7.4).

Abbreviations

ALE: Adaptive laboratory evolution; ANOVA: Analysis of variance; AR: Acid
resistance; AR2: Acid resistance system 2; ARTP: Atmospheric and room
temperature plasmas; asr: Acid shock RNA; COFCO: China Oil & Foodstuffs
Corporation; CREATE: CRISPR enabled trackable genome engineering; CRISPR:
Clustered regularly interspaced short palindromic repeats; DCFH-DA: 2/,7"-
Dichlorofluorescein diacetate; DO: Dissolved oxygen; E. coli: Escherichia coli; EP:
Exponential phase; GABA: y-Amino butyric acid; GDP: Gross domestic product;
gTME: Global transcription machinery engineering; ODg,: Optical density at
600 nm; ROS: Reactive oxygen species; SCRaMbLE: Synthetic chromosome
rearrangement and modification by loxP-mediated evolution; SP: Stationary
phase; SRNA: Small RNA.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512934-022-01795-4.

Additional file 1: Figure S1. Schematic diagram of the construction of
the synthetic asr promoter library. Figure S2. Distribution of 177 unique
asr promoter variants in terms of fluoresce/ODgy, at pH 5.0 and 7.0. Figure
S3. Statistics of nucleotide frequency in N9 sequences of two groups of
asr promoter variants with the pH response ratios above 1.8. Figure S4.
Intracellular ROS level in strains MG 1124, MG 0414 and E. coli MG1655
(WT) cultured for 24 h in LBG at pH 5.0. Figure S5. Relative strength of the
synthetic asr promoter library entries at different pH.

Additional file 2: Table S1. Summary of the relative strengths of the asr
promoter library entries at pH 5.0. Table S2. Multi-factorial ANOVA analysis
of the recombinant strains in gadE-hdeB-sodB-katE library. Table S3.The
release of GABA and ammonia in the exponential phase and in the sta-
tionary phase. Table S4. Strains and plasmids used in this study. Table S5.
Primers used in this study. Table S6. Sequence of DNA fragments or

Page 12 of 14

genes used in this study. Table S7. Sequences of the mutated region at
asr promoter variants in this study with relative strength at pH 5.0 and pH
response ratio.

Additional file 3. Growth characteristics (final ODgy, ratio and maximum
specific growth rate ratio) of the strains containing the gadE-hdeB-sodB-
katE acid-tolerance modules.

Additional file 4. Growth characteristics (final ODg, ratio and maximum
specific growth rate ratio) of the strains containing the hdeB-sodB-katE
acid-tolerance modules.

Acknowledgements
We thank Dr. Marco Pistolozzi, International School, Jinan University for revis-
ing the manuscript.

Author contributions

ZL, and XiY conceived the ideas and designed the experiments. XW, BC and FT
supervised the fermentation experiment. XuY and PL performed most of the
experiments. ZL, XiY and XuY analyzed the data, and all authors discussed the
results. XiY and XuY prepared the initial draft of the manuscript. ZL revised the
manuscript. All authors read and approved the final manuscript.

Funding

This work is supported by National Key R&D Program of China
(2018YFA0901000), National Natural Science Foundation of China (21808068)
and the Fundamental Research Funds for the Central Universities, SCUT
(D2190890).

Availability of data and materials
All data generated or analyzed during this study are included in this published
article and its additional files.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
A patent application (CN202111585143.X) has been filed for this study.

Author details

'School of Biology and Biological Engineering, South China University

of Technology, 382 East Outer Loop Road, University Park, Guangzhou 510006,
Guangdong, China. ?COFCO Nutrition & Health Research Institute, Bei-

jing 102209, China. 3State Key Laboratory of Microbial Metabolism, Joint
International Research Laboratory of Metabolic and Developmental Sciences,
School of Life Sciences and Biotechnology, Shanghai Jiao Tong University,
Shanghai 200240, China.

Received: 16 January 2022 Accepted: 10 April 2022
Published online: 22 April 2022

References

1. Carlson R. Estimating the biotech sector’s contribution to the US
economy. Nat Biotechnol. 2016;34:247-55.

2. LinZ ZhangY,Wang J. Engineering of transcriptional regulators
enhances microbial stress tolerance. Biotechnol Adv. 2013;31:986-91.

3. Rutherford BJ, Dahl RH, Price RE, Szmidt HL, Benke PI, Mukhopadhyay A,
Keasling JD. Functional genomic study of exogenous n-butanol stress in
Escherichia coli. Appl Environ Microbiol. 2010;76:1935-45.

4. Cortes JT, Flores N, Bolivar F, Lara AR, Ramirez OT. Physiological effects of
pH gradients on Escherichia coli during plasmid DNA production. Biotech-
nol Bioeng. 2016;113:598-611.


https://doi.org/10.1186/s12934-022-01795-4
https://doi.org/10.1186/s12934-022-01795-4

Yao et al. Microbial Cell Factories

20.

21

22.

23.

24.

25.

26.

27.

28.

(2022) 21:68

Zaldivar J, Ingram LO. Effect of organic acids on the growth and
fermentation of ethanologenic Escherichia coli LYO1. Biotechnol Bioeng.
1999;66:203-10.

Russell JB, DiezGonzalez F. The effects of fermentation acids on bacterial
growth. Adv Microb Physiol. 1998;39:205-34.

Warnecke T, Gill RT. Organic acid toxicity, tolerance, and production in
Escherichia coli biorefining applications. Microb Cell Fact. 2005;4:25.

Gao XP, Xu K, Ahmad N, Qin L, Li C. Recent advances in engineering

of microbial cell factories for intelligent pH regulation and tolerance.
Biotechnol J. 2021;16:2100151.

Du B, Olson CA, Sastry AV, Fang X, Phaneuf PV, Chen K, Wu M, Szubin R, Xu
S, GaoYY, et al. Adaptive laboratory evolution of Escherichia coli under acid
stress. Microbiology (Reading, Engl). 2020;166:141-8.

Sandberg TE, Salazar MJ, Weng LL, Palsson BO, Feist AM. The emergence
of adaptive laboratory evolution as an efficient tool for biological discov-
ery and industrial biotechnology. Metab Eng. 2019;56:1-16.

. Harden MM, He A, Creamer K, Clark MW, Hamdallah |, Martinez KA Il

Kresslein RL, Bush SP, Slonczewski JL. Acid-adapted strains of Escherichia
coli K-12 obtained by experimental evolution. Appl Environ Microbiol.
2015;81:1932-41.

Gao X, Jiang L, Zhu L, Xu Q, Xu X, Huang H. Tailoring of global transcrip-
tion sigma D factor by random mutagenesis to improve Escherichia coli
tolerance towards low-pHs. J Biotechnol. 2016;224:55-63.
Fernandez-Cabezon L, Cros A, Nikel PI. Evolutionary approaches for
engineering industrially relevant phenotypes in bacterial cell factories.
Biotechnol J. 2019;14:21800439.

Basak S, Geng H, Jiang R. Rewiring global regulator cAMP receptor
protein (CRP) to improve E. coli tolerance towards low pH. J Biotechnol.
2014;173:68-75.

Gao X, Yang X, Li J, Zhang Y, Chen P, Lin Z. Engineered global regulator
H-NS improves the acid tolerance of £. coli. Microb Cell Fact. 2018;17:118.
ChenT,Wang J,Yang R, Li J, Lin M, Lin Z. Laboratory-evolved mutants
of an exogenous global regulator, IrrE from Deinococcus radiodurans,
enhance stress tolerances of Escherichia coli. PLoS ONE. 2011;6:e16228.
Alper H, Stephanopoulos G. Global transcription machinery engineer-
ing: a new approach for improving cellular phenotype. Metab Eng.
2007;9:258-67.

Kim HJ, Turner TL, Jin YS. Combinatorial genetic perturbation to refine
metabolic circuits for producing biofuels and biochemicals. Biotechnol
Adv. 2013;31:976-85.

Luo ZQ, Wang LH, Wang Y, Zhang WM, Guo YK, Shen'Y, Jiang LH, Wu

QY, Zhang C, Cai YZ, Dai JB. Identifying and characterizing SCRaMbLEd
synthetic yeast using ReSCUES. Nat Commun. 2018;9:1930.

Garst AD, Bassalo MC, Pines G, Lynch SA, Halweg-Edwards AL, Liu R, Liang
L, Wang Z, Zeitoun R, Alexander WG, Gill RT. Genome-wide mapping of
mutations at single-nucleotide resolution for protein, metabolic and
genome engineering. Nat Biotechnol. 2017;35:48-55.

Wang YH, Wei KY, Smolke CD. Synthetic biology: advancing the design of
diverse genetic systems. Annu Rev Chem Biomol. 2013;4:69-102.

Jia H, Fan'Y, Feng X, Li C. Enhancing stress-resistance for efficient micro-
bial biotransformations by synthetic biology. Front Bioeng Biotechnol.
2014;2:44.

QinL, Dong S, Yu J,Ning X, Xu K, Zhang SJ, Xu L, Li BZ, Li J, Yuan YJ, Li C.
Stress-driven dynamic regulation of multiple tolerance genes improves
robustness and productive capacity of Saccharomyces cerevisiae in indus-
trial lignocellulose fermentation. Metab Eng. 2020;61:160-70.

de Siqueira GMV, Silva-Rocha R, Guazzaroni M-E. Turning the screw: engi-
neering extreme pH resistance in Escherichia coli through combinatorial
synthetic operons. ACS Synth Biol. 2020;9:1254-62.

Lin Z, Li J,Yan X, Yang J, Li X, Chen P, Yang X. Engineering of the small
noncoding RNA (sRNA) DsrA together with the sRNA chaperone Hfq
enhances the acid tolerance of Escherichia coli. Appl Environ Microbiol.
2021,87:202923-02920.

Kanjee U, Houry WA. Mechanisms of acid resistance in Escherichia coli.
Annu Rev Microbiol. 2013;67:65-81.

Tucker DL, Tucker N, Ma Z, Foster JW, Miranda RL, Cohen PS, Conway

T. Genes of the GadX-GadW regulon in Escherichia coli. J Bacteriol.
2003;185:3190-201.

Ask M, Mapelli V, Hock H, Olsson L, Bettiga M. Engineering glutathione
biosynthesis of Saccharomyces cerevisiae increases robustness to inhibi-
tors in pretreated lignocellulosic materials. Microb Cell Fact. 2013;12:87.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 13 of 14

Seo SW, Kim D, O'Brien EJ, Szubin R, Palsson BO. Decoding genome-wide
GadEWX-transcriptional regulatory networks reveals multifaceted cellular
responses to acid stress in Escherichia coli. Nat Commun. 2015;6:7970.
Hommais F, Krin E, Coppee JY, Lacroix C, Yeramian E, Danchin A, Bertin P.
GadE (YhiE): a novel activator involved in the response to acid environ-
ment in Escherichia coli. Microbiology. 2004;150:61-72.

Ma Z, Gong S, Richard H, Tucker DL, Conway T, Foster JW. GadE (YhiE) acti-
vates glutamate decarboxylase-dependent acid resistance in Escherichia
coli K-12. Mol Microbiol. 2003;49:1309-20.

Kern R, Malki A, Abdallah J, Tagourti J, Richarme G. Escherichia coli HdeB is
an acid stress chaperone. J Bacteriol. 2007;189:603-10.

Dahl JU, Koldewey P, Salmon L, Horowitz S, Bardwell JC, Jakob U. HdeB
functions as an acid-protective chaperone in bacteria. J Biol Chem.
2015;290:65-75.

Cabiscol E, Tamarit J, Ros J. Oxidative stress in bacteria and protein dam-
age by reactive oxygen species. Int Microbiol. 2000;3:3-8.

Jung IL, Kim IG. Transcription of ahpC, katG, and katE genes in Escherichia
coliis regulated by polyamines: polyamine-deficient mutant sensitive

to H,0,-induced oxidative damage. Biochem Biophys Res Commun.
2003;301:915-22.

Zhu C, Chen J,Wang Y, Wang L, Guo X, Chen N, Zheng P, Sun J, Ma .
Enhancing 5-aminolevulinic acid tolerance and production by engineer-
ing the antioxidant defense system of Escherichia coli. Biotechnol Bioeng.
2019;116:2018-28.

Ogasawara H, Hasegawa A, Kanda E, Miki T, Yamamoto K, Ishihama A.
Genomic SELEX search for target promoters under the control of the
PhoQP-RstBA signal relay cascade. J Bacteriol. 2007;189:4791-9.
Suziedeliené E, Suziedélis K, Garbencitté V, Normark S. The acid-inducible
asr gene in Escherichia coli: transcriptional control by the phoBR operon. J
Bacteriol. 1999;181:2084-93.

Liu D, Mao Z, Guo J, Wei L, Ma H, Tang Y, Chen T, Wang Z, Zhao X.
Construction, model-based analysis, and characterization of a promoter
library for fine-tuned gene expression in Bacillus subtilis. ACS Synth Biol.
2018;7:1785-97.

Hwang HJ, Sang YL, Lee PC. Engineering and application of synthetic nar
promoter for fine-tuning the expression of metabolic pathway genes in
Escherichia coli. Biotechnol Biofuels. 2018;11:103.

Chang A, Cohen S. Construction and characterization of amplifiable mul-
ticopy DNA cloning vehicles derived from the P15A cryptic miniplasmid.
JBacteriol. 1978;134:1141-56.

Botman D, De Groot DH, Schmidt P, Goedhart J, Teusink B. In vivo charac-
terisation of fluorescent proteins in budding yeast. Sci Rep. 2018;9:2234.
Czech L, Poehl S, Hub P, Stoveken N, Bremer E. Tinkering with osmotically
controlled transcription allows enhanced production and excretion of
ectoine and hydroxyectoine from a microbial cell factory. Appl Environ
Microbiol. 2018;84:e01772-01717.

Xu K, Qin L, Bai W, Wang X, Li F, Ren S, Gao X, Chen B, Tong Y, Li J, et al.

M (MDS) relieves multiple stresses for economically boosting ethanol
production of industrial Saccharomyces cerevisiae. ACS Energy Lett.
2020;5:572-82.

Demeke MM, Dumortier F, Li YY, Broeckx T, Foulquie-Moreno MR,
Thevelein JM. Combining inhibitor tolerance and D-xylose fermentation
in industrial Saccharomyces cerevisiae for efficient lignocellulose-based
bioethanol production. Biotechnol Biofuels. 2013;6:120.

Mohedano MT, Konzock O, Chen'Y. Strategies to increase tolerance

and robustness of industrial microorganisms. Synth Syst Biotechnol.
2022;7:533-40.

QiY, Liu H, Chen X, Liu L. Engineering microbial membranes to increase
stress tolerance of industrial strains. Metab Eng. 2019;53:24-34.

Reetz MT, Kahakeaw D, Lohmer R. Addressing the numbers problem in
directed evolution. ChemBioChem. 2008;9:1797-804.

Gertheiss J. ANOVA for factors eith ordered levels. J Agric Biol Environ Stat.
2014;19:258-77.

He F. Standard DNA cloning. Bio-Protoc. 2011;1:e52.

Tovar M, Mahler L, Buchheim S, Roth M, Rosenbaum MA. Monitoring and
external control of pH in microfluidic droplets during microbial culturing.
Microb Cell Fact. 2020;19:16.

Trcek J, Mira NP, Jarboe LR. Adaptation and tolerance of bacteria against
acetic acid. Appl Microbiol Biotechnol. 2015;99:6215-29.

Jarboe LR, Royce LA, Liu P. Understanding biocatalyst inhibition by car-
boxylic acids. Front Microbiol. 2013;4:272.



Yao et al. Microbial Cell Factories

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

(2022) 21:68

Dien BS, Nichols NN, Bothast RJ. Recombinant Escherichia coli engineered
for production of L-lactic acid from hexose and pentose sugars. J Ind
Microbiol Biotechnol. 2001,27:259-64.

Marzan LW, Hasan CM, Shimizu K. Effect of acidic condition on the meta-
bolic regulation of Escherichia coli and its phoB mutant. Arch Microbiol.
2013;195:161-71.

Chen H, Wilson J, Ercanbrack C, Smith H, Gan Q, Fan C. Genome-wide
screening of oxidizing agent resistance genes in Escherichia coli. Antioxi-
dants (Basel). 2021;10:861.

Li M, Huang W, Yang Q, Liu XG, Wu QY. Expression and oxidative stress
tolerance studies of glutaredoxin from cyanobacterium Synechocystis sp
PCC 6803 in Eseherichia coli. Protein Expres Purif. 2005;42:85-91.

Thu Ho NA, Hou CY, Kim WH, Kang TJ. Expanding the active pH range of
Escherichia coli glutamate decarboxylase by breaking the cooperative-
ness. J Biosci Bioeng. 2013;115:154-8.

Sakurai H, Ota A. Regulation of chaperone gene expression by heat shock
transcription factor in Saccharomyces cerevisiae: importance in normal
cell growth, stress resistance, and longevity. FEBS Lett. 2011;585:2744-8.
Irniger S, Baumer M, Braus GH. Glucose and Ras activity influence the
ubiquitin ligases APC/C and SCF in Saccharomyces cerevisiae. Genetics.
2000;154:1509-21.

Zhang A, Shen'Y, Gao W, Dong J. Role of Sch9 in regulating Ras-cAMP
signal pathway in Saccharomyces cerevisiae. FEBS Lett. 2011;585:3026-32.
Hagiwara D, Yamashino T, Mizuno T. A Genome-wide view of the Escheri-
chia coli BasS-BasR two-component system implicated in iron-responses.
Biosci Biotechnol Biochem. 2004;68:1758-67.

Hoynes-O'Connor A, Shopera T, Hinman K, Creamer JP, Moon TS. Enabling
complex genetic circuits to respond to extrinsic environmental signals.
Biotechnol Bioeng. 2017;114:1626-31.

Gibson DG, Young L, Chuang RY, Venter JC, Hutchison CA 3rd, Smith HO.
Enzymatic assembly of DNA molecules up to several hundred kilobases.
Nat Methods. 2009;6:343-5.

Engler C, Marillonnet S. Generation of families of construct variants using
golden gate shuffling. Methods Mol Biol. 2011;729:167-81.

Geng F, Chen Z, Zheng P, Sun J, Zeng AP. Exploring the allosteric mecha-
nism of dihydrodipicolinate synthase by reverse engineering of the
allosteric inhibitor binding sites and its application for lysine production.
Appl Microbiol Biotechnol. 2013;97:1963-71.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Synthetic acid stress-tolerance modules improve growth robustness and lysine productivity of industrial Escherichia coli in fermentation at low pH
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results
	Construction and characterization of the acid-responsive promoter library
	Application of the acid-responsive promoter library to the construction of acid-tolerance modules
	Construction, selection and analysis of acid-tolerant recombination strains
	Analysis and modification of the synthetic acid-tolerance modules
	Biochemical analyses of the synthetic acid-tolerance modules
	Application of the synthetic acid-tolerance modules for the production of lysine at low pH using 10-mL micro-bioreactors and 1.3-L parallel bioreactors

	Discussion
	Conclusions
	Methods and materials
	Strains, plasmids, and materials
	Culture media
	Promoter library construction and screening
	Construction of recombinant strains library with acid-tolerance modules
	Cell growth assay
	Statistics analysis
	Selection of lysine producing strains harboring synthetic acid-tolerance modules by 10-mL micro-bioreactor (Micro-Matrix) fermentation
	Lysine fermentation at parallel bioreactors
	GABA and ammonia release assays
	Measurement of intracellular ROS level

	Acknowledgements
	References




