Yan et al. Microbial Cell Factories (2024) 23:256
https://doi.org/10.1186/512934-024-02524-9

RESEARCH

Engineering quorum sensing-based genetic

Microbial Cell Factories

Open Access

Check for
updates

circuits enhances growth and productivity
robustness of industrial E. coli at low pH

Xiaofang Yan', Angji Bu', Yanfei Yuan', Xin Zhang', Zhanglin Lin"*" and Xiaofeng Yang'"

Abstract

Background Microbial organisms hold significant potential for converting renewable substrates into valuable
chemicals. Low pH fermentation in industrial settings offers key advantages, including reduced neutralizer usage

and decreased wastewater generation, particularly in the production of amino acids and organic acids. Engineering
acid-tolerant strains represents a viable strategy to enhance productivity in acidic environments. Synthetic biology
provides dynamic regulatory tools, such as gene circuits, facilitating precise expression of acid resistance (AR) modules

in a just-in-time and just-enough manner.

Results In this study, we aimed to enhance the robustness and productivity of Escherichia coli, a workhorse for amino
acid and organic acid production, in industrial fermentation under mild acidic conditions. We employed an Esa-type
quorum sensing circuit to dynamically regulate the expression of an AR module (DsrA-Hfq) in a just-in-time and just-
enough manner. Through careful engineering of the critical promoter P_,c and stepwise evaluation, we developed

an optimal Esa-Pgp(L) circuit that conferred upon an industrial £. coli strain SCEcL3 comparable lysine productivity and
enhanced yield at pH 5.5 compared to the parent strain at pH 6.8.

Conclusions This study exemplifies the practical application of gene circuits in industrial environments, which
present challenges far beyond those of well-controlled laboratory conditions.
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Background

Microbial biomanufacturing has the potential to utilize
renewable substrates to produce value-added chemi-
cals in a sustainable and environment-friendly manner,
and bio-manufactured products are expected to replace
approximately 35% of petroleum and coal-based chemical
products until 2030 [1]. During industrial bioprocesses,
microbes often encounter multiple stresses such as heat,
acid, oxidative, and osmotic stresses, with acid stress
being a significant concern [2-4]. The accumulation of
acidic metabolic products lowers the pH of fermenta-
tion liquor, which damage cell growth and productivity
[5-7]. While adding bases during fed-batch fermentation
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can alleviate acid stress, it increases costs and gener-
ates excess waste streams [3, 7]. Thus, the engineering
of cellular resistance against acid stress to improve the
production robustness has been a long-standing critical
challenge for bioprocess economics.

In E. coli, acid resistance (AR) is a complex pheno-
type governed by a multi-layer hierarchical network [8]
through various mechanisms, including physiological
adaptations, metabolic responses, and proton-consuming
reactions [9]. Currently, two main strategies have been
used to enhance the acid resistance for microbial cells:
(1) manipulating AR-related global transcription regula-
tors [10] such as IrrE [11], H-NS (histone-like nucleoid
structuring factor) [12], and CRP (cAMP receptor pro-
tein) [13]; (2) developing synthetic acid stress-tolerance
modules controlled by acid-responsive promoters [14].
The latter modules encompass various genes involved in
multiple AR mechanisms, including proton-consump-
tion, protein protection, and ROS scavenging. How-
ever, the industrial application of transcription regulator
manipulation is constrained by the inefficient resource
consumption due to the continuous and simultaneous
perturbation of hundreds of genes throughout the cell
cycle [10, 15]. For synthetic acid stress-tolerance mod-
ules, our study showed one such module successfully
maintained the productivity of an industrial E. coli strain
at pH 6.0 to a level comparable to that of at pH 6.8, but it
failed at lower pH condition (e.g. pH 5.5), suggesting the
limited capacities of these modules in conferring stress
tolerance.

Over the years, it has been found that E. coli is sensi-
tive to acid stress in the exponential phase but becomes
tolerant in the stationary phase [16—18], and that the
over-expression of AR-related genes in the exponential
phase is the main contributor for the acid tolerant strains
[12, 19]. We therefore sought to overcome these limita-
tions by applying a gene circuit to dynamically regulate
the expression of AR-related genes. One particularly
interesting target would be the general stress sigma factor
RpoS [9, 19-21]. RpoS plays a crucial role as a mediator
between the AR-related global regulators and the spe-
cific stress response genes, either directly or indirectly
[22-24]. The translation of rpoS mRNA can be activated
by three small RNA (sRNAs), i.e., DsrA, ArcZ, and RprA,
either individually or in combination [20], in the presence
of the RNA chaperone Hfq. Our recent work has shown
that co-expression of DsrA and Hfq can significantly
enhance the acid growth performance of E. coli, and the
optimal DsrA-Hfq module variant can increase the bio-
mass of E. coli at pH 4.5 by 50~70% [19]. However, the
module failed to improve the productivity of the indus-
trial strain, likely because the expression of this module
was not coordinated with the cell growth and production
[25-27].
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In this study, we aimed to devise an “ON to OFF”
genetic circuit that enhances the expression of the
DsrA-Hfq module during the exponential phase, but
shuts down the expression during the stationary phase.
To date, only a handful of gene switches or circuits can
exhibit an “ON to OFF” output pattern, like riboswitches
[28], robust perfect adaptation (RPA) circuits [29], and
quorum sensing (QS) circuits [26, 30—-32]. These circuits
are typically employed for executing logical operations,
controlling pattern formation, or regulating metabolic
flux, often at theoretical or laboratory scales. However,
their utilization in industrial fermentation processes
has yet to be realized, likely due to the intricate nature
of cells within an industrial environment, encompass-
ing culture media and operational conditions [33, 34].
We selected the QS circuit [25] as it does not require an
externally supplied inducer, but instead depends on an
autoinducer, e.g., N-Acyl homoserine lactone (AHL). An
AHL-mediated QS circuit conceptually contains three
units: activation, inhibition, and response units [26, 35].
Figure 1A gives a brief description of our circuit design:
(1) The activation unit produces the transcriptional regu-
lator EsaRI70V [25, 36], the inhibition unit produces the
AHL synthase Esal, and the response unit expresses the
reporter module (sfGFP or mCherry) or the AR module
(DsrA-Hfq); (2) In the absence of AHL, the EsaRI70V
dimer binds to the P,,; promoter, and activates the
expression of the reporter module or the AR module. As
the cell grows, the AHL accumulates and competitively
binds to the EsaRI70V dimer, which disrupts its associa-
tion with the P, promoter and deactivate the expres-
sion of the AR module. Therefore, this circuit (hereinafter
referred to as the Esa-P, circuit) effectively suppresses
the gene expression of the AR module in response to
increasing cell density.

Here, we discovered that the P
acid-responsive, thereby interfering with its quorum
sensing function under acidic conditions. We system-
atically engineered the P, s promoter, effectively uncou-
pling this low-pH crosstalk and ensuring its exclusive
responsiveness to cell density. The optimized Esa-P,¢
circuit conferred an industrial E. coli strain with lysine
productivity at pH 5.5 comparable to that of the parent
strain at neutral in fed-batch fermentation. This show-
cases the utility of gene circuits in bioprocesses to bolster
the acid tolerance and productivity resilience of indus-
trial strains. Additionally, this approach shows promise
for addressing various stress-related challenges across
diverse applications.

promoter is also

Results

Construction and characterization of the Esa-P,, circuit
As shown in Fig. 1A, we constructed and characterized
the Esa-P, circuit in the E. coli DH10B strain with a
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Fig. 1 Design and characterization of the Esa-P,,,s circuit. (A)Schematic diagram of the Esa-P.,s circuit. The Esa-P,, circuit was constructed in a dual-
plasmid system. The activation unit and the inhibition unit were placed on pACYC184 plasmid, and the response unit was put on pCOLADuet-1 plasmid.
The basal state was measured from strain harboring only the response unit. The activation state was measured from strain harboring the activation unit
and response unit. The activation & inhibition state was measured from strain harboring the activation unit, the inhibition unit, and the response unit. (B)
The normalized peak fluorescence in three states of the Esa-P,s circuit in LBG medium (LB medium with 2% glucose) with different pH conditions (pH
7.0, pH 5.5,and pH 4.5). mCherry was used as reporter here to conduct continuous fluorescence measurements, and the fluorescence was normalized by
ODgqo- The normalized peak fluorescence in three states were used to calculate the activation fold and inhibition fold. The activation fold was defined as
the ratio of the normalized peak fluorescence in the activation state to that in the basal state. The inhibition fold was defined as the ratio of the normalized

peak fluorescence in the activation state to that in the activation & inhibition

state. (C) The activation folds and inhibition folds of the Esa-P,,,s circuit at

pH 7.0, pH 5.5, and pH 4.5. Data are presented as mean +s.d. of three replicates

dual-plasmid system, which comprises of a regulator
plasmid carrying the activation/inhibition units on the
pACYC184 backbone, and a response plasmid carrying
the response unit on the pCOLADuet-1 backbone (refer
to the “Gene circuit construction” subsection in Meth-
ods and Materials) [25, 35-37]. The PJ23117 promoter
was selected from seven constitutive promoters [38] to
express EsaRI70V in the activation unit (Additional file
1: Fig. S1A and S1B). The P8 constitutive promoter was
employed to express the AHL synthase Esal in the inhibi-
tion unit as previously described [25]. For circuit charac-
terization, sSfGFP was used as the reporter in the response
unit. The basal state was measured from the strain har-
boring only the response unit, the activation state was
measured from the strain harboring the activation unit
and the response unit, and the activation & inhibition
state was measured from the strain harboring the activa-
tion unit, the inhibition unit, and the response unit [30].
Continuous fluorescence measurements were performed,
and the fluorescence was normalized by ODy,. The acti-
vation fold was defined as the ratio of normalized peak
fluorescence in the activation state to that in the basal
state, and the inhibition fold was defined as the ratio of
normalized peak fluorescence in the activation state to
that of the activation & inhibition state.

We first characterized the performance of the Esa-P, ¢
circuit in M9 medium at neutral pH (7.0) as shown in
Fig. S1C. The basal state showed a relatively low level of
normalized fluorescence, comparable to the autofluores-
cence measured from the cells alone. The activation state
exhibited constitutively increasing normalized fluores-
cence, as anticipated. The activation & inhibition state
displayed a desired pulse-like pattern of normalized fluo-
rescence, rising from the outset, peaking around 6 h, and
subsequently declining and stabilizing at approximately
12 h (Additional file 1: Fig. S1C). These results demon-
strated that the dual-plasmid based Esa-P,,s circuit
operated effectively in the E. coli DH10B strain under
neutral pH condition, achieving an activation fold of 52.2
and an inhibition fold of 15.5.

We then characterized the Esa-P, circuit in the E.
coli MG1655 in LBG medium under three different pH
conditions (i.e. pH 7.0, 5.5, and 4.5), commonly employed
for acid resistance evaluation [19, 20]. We used mCherry
as reporter due to its lower background fluorescence
and higher stability in acidic LBG mediums than sfGFP
[39]. As shown in Fig. 1B, under each pH condition, the
basal state exhibited the lowest normalized peak fluores-
cence, followed by the activation & inhibition state, with
the activation state showing the highest normalized peak
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fluorescence. The activation folds were 16.4, 4.2, and 1.9,
and inhibition folds were 5.8, 1.5, and 1.4, respectively, at
pH 7.0, 5.5, and 4.5 (Fig. 1C). These activation folds and
inhibition folds displayed a significant decrease as the pH
decreased, even dropping below 2 at pH 4.5, indicating a
loss of function of the Esa-P,g circuit. Ideally, the acti-
vation folds should surpass 10, and the inhibition folds
should exceed 2 [40-42].

We observed that the normalized peak fluorescence in
the activation state remained relatively stable across all
three pH conditions. However, the normalized peak fluo-
rescence in the basal state and the activation & inhibition
state exhibited significant increases in the pH response
ratios (defined as the ratio of normalized peak fluores-
cence in each state at pH 4.5 to that at pH 7.0) of 11.1-
fold and 5.2-fold, respectively (Fig. 1B). These findings

At" ---------------------------------
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indicated that the P, promoter was somehow activated
under low pH conditions in the absence or presence of
EsaRI70V.

Decoupling of the quorum sensing function of P,
promoter from low-pH crosstalk

Therefore, we analyzed and engineered the P,,s pro-
moter to decouple the quorum sensing function from the
low-pH crosstalk. Figure 2A illustrates the division of the
184 base pairs-long P s promoter into four segments
[25, 30, 43]: segment A, the upstream sequence (-184 to
-87, 98 bp); segment B, the essential esa box (-86 to -67,
20 bp); segment D, the core promoter (-45 to -1, 45 bp),
and segment C, the spacer (-66 to -46, 21 bp) that locates
between segments B and D.

S’bCT CACAACAGTGTAAGCGTATCCGTTATTGTTTGATTTTCAAGGAAAAAAGAAAACATTCAGGCTCCATGCTGCTTCTTT AC'I'I'AACGTGGACTI'A '
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Fig.2 Construction and characterization of P, variants. (A) Schematic diagram of P,,s and the variants. The P, promoter was divided into 4 segments
A, B, C, and D. Segment A is the upstream sequence of the esa box, segment B is esa box, segment C is the native spacer, and segment D is the core pro-
moter of Py,s. (B) The normalized peak fluorescence in basal states of circuits using Pe,s or the variants as response promoter in LBG medium at pH 7.0
and pH 4.5. (C) The normalized peak fluorescence in activation states of circuits using P,.,s or the variants as response promoter in LBG medium at pH 7.0
and pH 4.5. (D) The pH response ratios of P,.,s and the variants, and activation folds of circuits that utilized them as response promoter at pH 7.0 and pH

4.5. Data are presented as mean +s.d. of three replicates
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We first constructed three truncated promoters, Pycp,
Pcp, and Pp, by progressively deleting segments A, B, and
C, and evaluating the pH response ratios and activation
folds in LBG medium at pH 7.0 and 4.5 (Fig. 2B and D).
As shown in Fig. 2D, only the P, promoter exhibited a
significantly lower pH response ratio of 1.5-fold, indi-
cating that segment C likely contributes to the low-pH
crosstalk of the P,.,c promoter. Besides, the Py, exhib-
ited a pH response ratio of 9.7-fold, comparable to that of
the P,,s (11.1-fold), and an activation fold of 26.9 at pH
7.0, even slightly surpassing that of the P, ¢ (16.4), sug-
gesting that segment A does not seem to influence the pH
response or the quorum sensing function. Consequently,
we reconstituted a new promoter, Py, by directly plac-
ing the esa box upstream of the core promoter. Fig-
ure 2D demonstrated that the Py, promoter yielded a pH
response ratio of 1.4-fold, and activation folds of 32.0 and
32.9 at pH 7.0 and 4.5, respectively. Additionally, at pH
5.5, the Py, promoter showed an activation fold of 26.3
(Additional file 1: Fig. S2B). These results elucidated that
segment B (the esa box) does not contribute to low pH
crosstalk, and that the Py, promoter restores the quorum
sensing function under acidic conditions. Further analy-
sis via the Position weight matrix (PWM) of the P
promoter sequence by Virtual Footprint [44] revealed
potential low-pH activation by YhiX (renamed GadX,
Additional file 2: Table S1), known to respond to low pH
and CRP [45, 46]. Our preliminary results showed that
this spacer could indeed enhance promoter strength at
pH 4.5 without altering strength at pH 7.0 (Additional file
1: Fig. S3).

To assess circuit robustness, we supplementally mea-
sured the activation folds and inhibition folds for both
the Esa-P,,q and the Esa-Ppp circuits in MG1655 in LB
and M9 mediums at pH 7.0, 5.5 and 4.5, and calculated
coefficient of variation (CV, the ratio of the standard
deviation to the mean) under the nine culture conditions
[47] (Additional file 1: Fig. S2). The Esa-Py, circuit exhib-
ited higher conservation than the Esa-P,,¢ circuit in both
activation folds (CV of 0.16 vs. 0.62) and inhibition folds
(CV of 0.06 vs. 0.50) cross these culture conditions, indi-
cating that the Esa-Pgjy circuit is more robust than the
Esa-P,g circuit.

Fine tuning of the Esa-Pgj, circuit

In 96-well plate experiments, we noticed that the
MG1655 strain harboring the activation and response
units showed a reduced growth rate, although the strain
containing the activation, inhibition, and response units
(or the complete Esa-Pyp circuit) remained unaffected.
In addition, when the Esa-Py, AR circuit was introduced
into an industrial lysine-producing strain E. coli SCEcL3,
the engineered strain exhibited a significantly lower
growth rate in a preliminary 5-L fermentation test (data
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not shown). We then replaced the backbone pACYC184
(p15A ori, 15 copies) for the regulator plasmid with
the lower-copy backbone pZS1 (pSC101 ori, 4 copies),
yielding the Esa-Pyp(L) circuit [37], which restored the
normal growth rate both for MG1655 in the 96-well for-
mat (Additional file 1: Fig. S4A), and for the industrial
SCEcL3 strain in a 5-L fermentation test (Additional file
1: Fig. S6).

To introduce greater diversity into the Esa-Pyp(L) cir-
cuit, we employed three additional growth phase-related
promoters (P38, P84, and P374) for the expression of
Esal. These promoters exhibit similar strength but theo-
retically differ in the induction times relative to the entry
time for the stationary phase (-1.5 h, +0.5 h, and +0.75 h,
respectively) [25, 48]. The Esa-Pgp(L) circuits employing
P8, P38, P84, and P374 exhibited inhibition folds of 4.4,
2.7, 4.8, and 2.0 (Additional file 1: Fig. S4B), respectively,
in LBG medium at pH 7.0.

Incorporation of AR module into the Esa-Pgp(L) circuits

As previously stated, the AR module used in our study
consists of Hfq and DsrA. To simplify the co-expres-
sion, we placed them under a single Py, promoter, and
inserted a classic hammerhead ribozyme [49] (Additional
file 1: Fig. S5A). The Hammerhead (HH) ribozyme self-
cleaves at the 3’-end of its mRNA to release the SRNA
DsrA, with a cleavage efficiency of approximately 74% as
demonstrated by real-time quantitative PCR [50] (Addi-
tional file 2: Table S2).

Subsequently, these Esa-Pp(L) AR circuits were intro-
duced into the MG1655 strain, yielding four MG/AR(XX)
strains (XX represents the different promoters used for
the expression of Esal, i.e., XX=P8, P38, P84, P374, Addi-
tional file 2: Table S3). The growth performance of these
engineered strains was evaluated in LBG medium at pH
5.5 and 4.5. As shown in Fig. S5B, all four strains showed
improved growth compared to the MG1655 strain, with
final ODy, values increased by 19-36% at pH 4.5, and
14—-44% at pH 5.5, respectively. Additionally, MG/AR(P8)
and MG/AR(P374) demonstrated higher maximum
growth rates (4,,,,), enhanced by 9.7% and 9.4% at pH
4.5, and 9.5% and 10.9% at pH 5.5, respectively. We also
evaluated strain containing the AR module in activation
state (MG/AR(AS) strain). While the final OD, of MG/
AR(AS) increased by 15.2% at pH 4.5 and 37.9% at pH
5.5 compared to MG1655, the y4,,,,. decreased by 16.8%
at pH 4.5 and 12.2% at pH 5.5, suggesting potentially det-
rimental effects on cell growth with AR module keeping
expressing. These results indicated that Esa-Pgp(L) AR
circuits effectively conferred acidic resistance to the labo-
ratory model strain E. coli MG1655 under moderate acid
stress.
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Application of the Esa-Pg(L) AR circuits for enhancing
productivity of an industrial E. coli strain at pH 5.5

To evaluate the potential of Esa-Pyp(L) AR circuits in
enhancing the productivity of the industrial E. coli strain
under acidic condition in a scaled-up process, we intro-
duced the Esa-Pyp(L) AR circuits into the industrial
lysine-producing strain E. coli SCEcL3, yielding four SC/
AR(XX) strains (XX=P8, P38, P84, P374, Additional file
2: Table S3). Fermentation was conducted in fed-batch
mode in 5-L parallel bioreactors using an industrial-
grade lysine fermentation medium (LFM) provided by
China Oil & Foodstuffs Corporation (COFCO).

As the control, the parent strain SCEcL3 was cultured
at pH 6.8 and 5.5 for 48 h in fed-batch mode, with the
initial pH of the medium set at 6.8 (Fig. 3, and Additional
file 1: Fig. S6). SCEcL3 achieved a lysine titer of 103 g/L, a
yield of 0.51 g/g, a productivity of 2.15 g/(L-h), an ammo-
nia consumption of 505 mL, and a final ODyy, of 30, at pH
6.8. And these values were 92 g/L, 0.47 g/g, 1.92 g/(L-h),
397 mL, and 37 at pH 5.5, respectively, corresponding
to 89%, 92%, 89%, 79%, and 123% respectively, of those
observed for SCEcL3 at pH 6.8. Subsequently, the four
engineered SC/AR(XX) strains (XX=P8, P38, P84, P374)
were fermented in fed-batch mode at pH 5.5. As shown
in Fig. 3, SC/AR(P8) achieved a lysine titer of 102 g/L, a
yield of 0.53 g/g, a productivity of 2.13 g/(L-h), an ammo-
nia consumption of 398 mL, and a final OD4, of 30 at pH
5.5. These values corresponded to 99%, 104%, 99%, 79%,
and 100% respectively, of those observed for SCEcL3 at
pH 6.8, or 111%, 113%, 111%, 100%, and 81% respectively,
of those observed for SCEcL3 at pH 5.5. Similar, albeit
less pronounced, trends were observed for SC/AR(P38)
and SC/AR(P84). However, SC/AR(P374) did not show
enhanced fermentation performance at pH 5.5 compared
to SCEcL3. Fed-batch fermentations of SCEcL3 and three
engineered strains SC/AR(P8), SC/AR(P38), and SC/
AR(P84) at pH 5.0 were also conducted. Though perfor-
mance of three engineered strains were superior to that
of SCEcL3, all were inferior to that of SCEcL3 at pH 6.8
(data not shown). These results demonstrated that the
AR module, under the robust gene expression control
of the Esa-Pgp(L) circuits, effectively enhances acid tol-
erance and preserves the productivity robustness for the
industrial lysine-producing strain E. coli SCEcL3 under
acidic stress.

Discussion

Improving acid resistance and productivity robustness
of strains under moderate acid conditions presents an
enduring challenge in industrial bioprocesses [12, 19, 51].
In this study, we successfully constructed the Esa-Pyp(L)
AR circuits, which conferred an E. coli industrial strain
with comparable fermentation performance at pH 5.5
to that of the parent strain at pH 6.8 in fed-batch mode.
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Rough estimates suggest that fermenting at pH 5.5 led to
approximately a 4% reduction in glucose consumption
and a 10% reduction in ammonia consumption, along
with a 16% reduction in acid usage needed for extrac-
tion [52] (Fig. 3). To our knowledge, this is the lowest pH
condition reported so far tolerable for a lysine-producing
industrial E. coli strain in 5-L bioreactors, while main-
taining productivity. This work serves as an example of
how to employ gene circuits in scaled-up bioprocesses to
enhance the stress tolerance and productivity robustness
of industrial strains.

As mentioned in the background section, E. coli is
more sensitive to acid stress in the exponential phase, but
becomes more acid-tolerant in the stationary phase [16—
18]. In this study, we engineered an “ON to OFF” genetic
circuit that enhances the expression of AR-related genes
during the exponential phase while suppressing this
enhanced expression during the stationary phase. Our
results from 5-L fed-batch fermentation validated this
design.

The applications of genetic circuits in industrial envi-
ronments remain challenging due to their inherently
greater complexity compared to well-controlled labo-
ratory conditions [34]. These circuits are typically con-
structed using regulatory parts derived from natural
organisms, such as the P, promoter utilized in our
study, which are often influenced by multiple biotic and
abiotic factors [53—57]. Consequently, these circuits may
exhibit markedly different behavior outside of labora-
tory settings. Our work provides an illustration of how
a genetic circuit can become dysfunctional under acidic
conditions, as the P,.c promoter contained an unknown
element responsive to acidity. However, our success in
devising the Esa-Ppp(L) AR circuits suggests that the
complexity issues can be addressed through further syn-
thetic design. This involves decoupling co-regulation and
insulating circuit function from more complex environ-
mental conditions. Lastly, this study reaffirms the utility
of a stepwise evaluation scheme for assessing stress toler-
ance modules or circuits [14]. This includes (1) initially
screening their functions in laboratory model strains in
microplates to enhance throughput, and (2) selectively
evaluating their functions in the intended industrial
strains in bioreactors.

Conclusion

This study demonstrates an effective strategy to enhance
the acid tolerance and productivity of an industrial E.
coli strain in scaled-up bioprocesses employing quorum
sensing-based gene circuits. By engineering the P, ¢ pro-
moter to restore quorum sensing function, and incor-
porating the AR module into the Esa-Pyp(L) circuit, we
achieved robust lysine production at pH 5.5. The Esa-
Pgp(L) AR circuits were fine-tuned and validated through
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Fig. 3 Application of Esa-Pgp(L) AR circuits in industrial strain SCEcL3 in 5-L bioreactor. lysine titer (A), yield (B), productivity (C), ammonia consumption
(D), and ODsg;, (E) of the industrial lysine-producing strain E. coli SCEcL3 harboring different Esa-Pgp(L) AR circuits and the parent strain SCEcL3 fermented
in fed-batch mode in 5-L bioreactor in an industrial grade fermentation medium for 48 h. Fermentation performance of the parent strain SCEcL3 was
evaluated at pH 6.8 and pH 5.5, respectively. Fermentation performances of four engineered strains SC/AR(P8), SC/AR(P38), SC/AR(P84), and SC/AR(P374)

were evaluated at pH 5.5

* Represents significance (p<0.1), and ** represents significance (p <0.01). Data are presented as mean +s.d. of three replicates

a stepwise evaluation, starting with high-throughput
screenings in laboratory strain and progressing to fer-
mentation performance evaluations in industrial strain.
This approach highlights the potential of synthetic biol-
ogy to address stress-related challenges in industrial
bioprocessing, offering a scalable solution to improve

process efficiency and sustainability.

Methods and materials

Strains, plasmids, and materials

The strains and plasmids used in this study are summa-
rized in Additional file 2: Table S3. The DNA sequences
of primers used in this study are listed in Additional file
2: Table S4, and sequences for linear DNA templates
used in this study are listed in Additional file 2: Table
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S5. Q5 DNA polymerase and Gibson Assembly Master
Mix were purchased from New England Biolabs (Bev-
erly, MA, USA). pCOLA-T7-WspR and pZS1-1TIrLLtCL
were purchased from Addgene (Watertown, MA, USA)
for cloning the pCOLADuet-1 and the pZS1 backbone.
Oligonucleotides synthesis and sequence analysis were
performed by Sangon Biotech (Shanghai, China) and
RuiBiotech (Beijing, China). The kits for DNA purifica-
tion, gel recovery, and plasmid mini-prep were purchased
from Tiangen (Beijing, China) and Magen (Guangzhou,
China). The 96 well black flat clear bottom polystyrene
microplates were purchased from Corning (New York,
USA). The 100 well Honeycomb microplates were pur-
chased from OY (Oy Growth Curves Ab Ltd., Helsinki,
Finland). All chemicals were purchased from Sigma-
Aldrich (Shanghai, China) or Sangon Biotech (Shanghai,
China).

Culture media

For cloning, all E. coli DH10B and E. coli MG1655
strains were cultured in Luria-Bertani (LB) medium
at 37 °C [19]. For the circuit characterization, all E. coli
DH10B strains were tested in M9 medium, and all E. coli
MG@G1655 strains were tested in LB medium supplemented
with 20 g/L glucose (LBG medium), which was also acidi-
fied by HCl to pH 5.5 or pH 4.5. For the cell growth assay,
all E. coli MG1655 strains were tested in LBG medium
at three pH conditions, too. 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 phos-
phate (5 g/L), magnesium sulfate (0.5 g/L), ferrous sulfate
(0.012 g/L), manganous sulfate (0.012 g/L), sodium gluta-
mate (5 g/L), I-threonine (0.3 g/L), I-methionine (0.3 g/L)
and pyruvic acid (0.3 g/L), and the fermentation medium
consisted of glucose (30 g/L), phosphoric acid (0.6 g/L),
magnesium sulfate (2 g/L), ammonium sulfate (10 g/L),
corn steep liquor (6.5 g/L), hydrolyzed feather meal
(6.5 g/L), potassium chloride (0.5 g/L), betaine (2.2 g/L),
ferrous sulfate (0.032 g/L), manganous sulfate (0.032 g/L),
1-threonine (0.25 g/L), cupric sulfate (6.8 mg/L), zinc sul-
fate (7.65 mg/L), and thiamine (5.6 mg/L). For the strains
harboring plasmids with chloramphenicol, kanamycin
or carbenicillin resistance, 34 pg/mL chloramphenicol,
50 pg/mL kanamycin, or 100 pg/mL carbenicillin was
added to the medium.

Gene circuit construction

The dual-plasmid system used in this study contained
the regulator and response plasmids. For the regulator
plasmid, the medium-copy plasmid pACYC184 (~15
copies per cell) or the low-copy plasmid pZS1 (~4 cop-
ies per cell) was used as the backbone [37]. To fine tune
the expression level of EsaRI70V, esaRI70V was placed

Page 8 of 11

under a series of PJ231XX promoters [38] with the con-
stant Bujard RBS [58]. To fine tune the expression level
of Esal, esal was placed under a constant P8 promoter
[59] or the growth related P38, P84, and P374 promoter
[48] with a constant BCD22 RBS [59]. For the response
plasmid, the low-copy plasmid pCOLADuet-1 (~5 copies
per cell) was used as the backbone [25, 37]. The P, pro-
moter or P,,c-derived variants with the constant Bujard
RBS were placed upstream of the reporter gene, sfGFP
or mCherry to construct response plasmids. Specifically,
for decoupling the quorum sensing function of the P,
promoter from the low-pH crosstalk, some variants were
designed and constructed by corresponding primers, and
then incorporated into the corresponding backbones. All
plasmids were constructed using the Gibson assembly
method [60].

Gene circuit characterization

For characterizing Esa QS circuits, in vivo OD and fluo-
rescence measurement were conducted by plate reader
experiment. Engineered strains were firstly inoculated
in 2 mL LB medium with corresponding antibiotics
and grown overnight at 37 °C with 220 rpm. The over-
night cultures were diluted to ODg, of 0.01 with tested
medium, and then 4 pL diluted cultures were added into
196 pL tested medium in 96-well black flat clear bot-
tom polystyrene microplates [61]. The cultures were
grown at 37 °C for 24 h, and OD, and fluorescence were
determined by Tecan infinite 200 pro microplate reader
(Tecan Group Ltd., Méannedorf, Switzerland). The emis-
sion and excitation wavelengths were 514 mm, 385 nm
for sfGFP, and 635 mm, 588 nm for mCherry. For plate
reader experiments, each experiment was performed
in triplicate through inoculating into different wells in
96-well microplates and the averaged values were used
for analysis. Each experiment was performed in three
biological replicates.

Robustness analysis

The activation folds and inhibition folds of the Esa-P,,¢
and Esa-Ppy, circuits in nine culture conditions (LBG, LB,
and M9 mediums with pH 7.0, 5.5, and 4.5 each) were
used to calculate CV values by GraphPad Prism 9.0.0.

Hammerhead Ribozyme cleavage efficiency analysis

The MG/AR(P8) strain was cultured in LBG medium,
and sampled at exponential phase (EP) and stationary
phase (SP), respectively. The total RNAs were extracted
from 2 OD units of cells by using the TRIzol reagent kit
(Invitrogen, CA, USA), and the cDNAs were obtained
by using the PrimeScript RT reagent kit gDNA Eraser
(TaKaRa, Dalian, China) according to the manufacturer’s
instructions as previous described [19]. Primer loca-
tions were indicated in Additional file 1: Fig. S5A, and
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DNA sequences of primers were listed in Additional file
2: Table S4. The RT-qPCR assays were performed using
the CEX Connect Real-Time PCR Detection System (Bio-
Rad). Three technical replicates of each gene and three
biological replicates of each strain were analyzed to allow
for statistical analysis. The relative amounts of Hfq and
HD (the Hfq-HH-DsrA module) were normalized by the
16s RNA of each sample, and the ratio of Hfq to HD was
determined using the comparative threshold cycle num-
ber (2"22¢T) method,

RatiO(qu/UD) — 2*((CTqu*CTws)*(CTHD*CTmS))

and cleavage efficiency was calculated as following for-
mula described previously [50]:

1
Cleavage ef ficiency = 100% — 100%* =———
Ratw(qu/HD)

Acid resistance engineered strains construction and cell
growth assay

For constructing Esa-Ppp(L)-based acid resistance
gene circuits, we placed the AR module under the Py
promoter and the Bujard RBS. In the AR module, we
inserted the HH ribozyme between genes of kfg and
dsrA, and the dsrA gene contains its native terminator.
Specifically, the design of the HH ribozyme followed the
previously described method [49, 62]. Then Esa-Pgy(L)
AR circuits were introduced into MG1655 strain. The
cell growth assay was performed using a modification of
the protocol as described in our pervious study [12, 14,
19]. E. coli MG1655 and strains harboring Esa-Ppp(L)
AR circuit were cultured overnight in LBG medium (pH
7.0) at 37 °C, and then the cultures were diluted to ini-
tial ODg, of 0.05 in 300 pL LBG medium at pH 5.5 and
pH 4.5. Then the cultures were incubated at 37 °C in 100-
well Honeycomb microplates and ODg,, was determined
by automated turbidimeter (Bioscreen C, Oy Growth
Curves Ab Ltd., Helsinki, Finland) for 24 h. Each experi-
ment was performed in three biological replicates.

Lysine fermentation in 5-L bioreactors

Fermentation test was performed in 5-L parallel-biore-
actors (T&]J Bio-engineering Co. LTD, Shanghai). Engi-
neered strains harboring Esa-Ppp(L) AR circuit were
inoculated in 10 mL seed medium and cultured for 14 h
at 37 °C with 220 rpm. Then 6 mL seed inoculums were
inoculated into 300 mL fresh seed medium and grown
overnight at 37 °C with 220 rpm for enlarged culture.
Then 300 mL seed inoculums were inoculated into 1700
mL fermentation medium in bioreactors. The tempera-
ture, pH and DO were monitored online during the 48 h
fermentation period. The DO, pH and temperature were
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monitored online. The pH of culture was set at 6.8 at the
beginning, and controlled at 6.8 or 5.5 by the addition
of 12.5% (w/v) ammonia during the fermentation. DO,
temperature, and glucose were controlled at 40-60%,
37.010.1 °C, and 0.4-0.8% (w/v), respectively, during the
48 h fermentation 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. The optical density was measured
at 562 nm (ODyg,) [63] by ultraviolet spectrophotom-
eter (UV755B, Yoke Instrument, Shanghai, China), and
residual glucose, and lysine were measured by using SBA-
40D biosensor analyzer (Shandong Academy of Science,
Shandong Province, China). Each experiment was per-
formed in three biological replicates.

Abbreviations

E. coli Escherichia coli

AR Acid resistance

Qs Quorum sensing

AHL N-Acyl homoserine lactone
DO Dissolved oxygen

ODgg0 Optical density at 600 nm
ODsg; Optical density at 562 nm
RT-gPCR  Real-time quantitative PCR
PWM Position weight matrix
SRNA Small RNA
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