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Leveraging quorum sensing system
for automatic coordination of Escherichia coli
growth and lactic acid biosynthesis
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Abstract

Purpose: Overproduction of desired metabolites usually sacrifices cell growth. Here we report that quorum sensing
(QS) can be exploited to coordinate cell growth and lactic acid production in Escherichia coli.

Methods: We engineered two QS strains: one strain overexpressing acyl-homoserine lactone (AHL) synthesis genes
("ON"), the other strain overexpressing both AHL synthesis and degradation gene (aiiA) (“ON to semi-OFF"). To clarify
the impact of the QS system on lactic acid production, D-lactate dehydrogenase gene IdhA was deleted from the E.

coligenome, and Enhanced Green Fluorescence Protein (eGFP) was used as the reporter.

Results: Compared to the “ON"strain, the “ON to semi-OFF” strain showed delayed log growth and decreased egfp
expression at stationary phase. When egfp was replaced by IdhA for lactic acid production, compared to the wild-
type strain, the “ON to semi-OFF” strain demonstrated 231.9% and 117.3% increase in D-lactic acid titer and space-
time yield, respectively, while the “"ON" strain demonstrated 83.6%, 31%, and 36% increase in growth rate, maximum
ODgg0 and glucose consumption rate, respectively. Quantitative real-time PCR revealed that both /dhA and the genes
for phosphotransferase system were up-regulated in IdhA-overexpressing “ON" strain compared to the strain only
harboring QS system. Moreover, the “ON" strain showed considerable increase in glucose consumption after a short
lag phase. Compared to the reference strain harboring only IdhA gene in vector, both the “ON"and “ON to semi-OFF”
strains demonstrated synchronization between cell growth and D-lactic acid production.

Conclusions: Collectively, QS can be leveraged to coordinate microbial growth and product formation.
Keywords: £ coli, Quorum sensing, Lactic acid, Cell growth, Automatic regulation

Background

One primary mission of microbial metabolic engineer-
ing and synthetic biology is the high-level production of
intended metabolites. To this end, scientists have devel-
oped a set of strategies, including overexpression of key
enzymes, deletion or attenuation of competing path-
ways (Jiang et al. 2021; Wu et al., 2020a, b; Mazumdar
et al. 2010), management of ATP (Lan and Liao 2012),

*Correspondence: tianpf@mail.buct.edu.cn

Beijing Key Laboratory of Bioprocess, College of Life Science
and Technology, Beijing University of Chemical Technology,
Beijing 100029, People’s Republic of China

B BMC

and adjustment of cofactors (Ling et al. 2018). However,
these strategies, in most cases, compromise cell growth
and hamper product formation (Liu et al. 2019). To
coordinate cell growth and production formation, both
static and dynamic control approaches have been devel-
oped. Static control strategies include in situ recovery of
desired metabolites (Kaur et al. 2015), optimization of
fermentation conditions, improvement of cell tolerance
(Lou et al. 2018), enzyme immobilization, and enzyme
modification to circumvent feedback inhibition (Chen
et al. 2014). Unlike static control approaches that ignore
the changing environments, dynamic approaches enable
real-time sensing of changing settings (Zhou et al. 2012;
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Tan and Prather 2017; Harder et al. 2018). For instance,
metabolite-sensitive biosensors can timely mitigate met-
abolic stress (Xu et al. 2014; Peters et al. 2018).

Apart from the aforementioned strategies, microbes
have evolved exquisite mechanisms to coordinate cell
growth and metabolite accumulation. For instance,
quorum sensing (QS) represents a cell-to-cell commu-
nication tailored for governing cell density and other
biochemical events (You et al. 2004; Moreno-Gamez
et al.,, 2017). The LuxI/R QS system from Vibrio fischeri
relies on an extracellular signal molecule termed autoin-
ducers such as N-acyl homoserine lactone (AHL) (Pap-
enfort and Bassler 2016). AHL is a typical autoinducer
identified in bacteria-harboring enzymes LuxI (N-acyl
homoserine lactone synthase) and LuxR (AHL-binding
transcription inducer). The LuxI catalyzes the formation
of AHL, while luxR encodes an AHL-binding transcrip-
tion factor (Fuqua et al. 1994). Interestingly, the enzyme,
AiiA (N-acyl homoserine lactone hydrolase), from Bacil-
lus thuringiensis can degrade AHL and thereby quench
QS (Dong et al. 2000; Dong et al. 2001; Dong et al. 2002;
Thomas et al. 2005). AHL can pass through the cell mem-
brane, and when AHL concentration reaches a threshold,
cells start to orchestrate a series of biochemical events
including bioluminescence, biofilm formation, and signal
transduction. It is costly for a single cell to accomplish
all the aforementioned events. However, the QS mecha-
nism is cost-effective, as it is a collective behavior. The
LuxI/R QS represents a naturally occurring strategy to
balance cell growth and other events, and holds prom-
ise to switch gene expression. Apart from LuxI-type QS
system, other QS systems can also coordinate cell growth
and other events (Balestrino et al. 2005; Sun et al. 2016).

High-level product formation, in most cases, imposes
a heavy burden on cell growth. For instance, buildup of
lactic acid impairs cell growth and therefore restricts its
overproduction (Zhou et al., 2006a, b). As an important
metabolism, the biosynthesis of D-lactic acid is mainly
accomplished by D-lactic acid dehydrogenase (LdhA)
(Bunch et al. 1997), a reversible enzyme in Escherichia
coli. While low concentration of lactic acid is benefi-
cial for cell growth, a high concentration of lactic acid
inhibits cell growth (Zhou et al.,, 2006a, b). Given the
close relation between QS and cell growth, the factors
influencing cell growth should also affect QS activity.
That is, the QS system functionally responds to metab-
olite stress. To date, QS has been exploited for meta-
bolic engineering and synthetic biology purposes. For
example, QS was exploited for an automatic switch of
metabolic states (Kim et al. 2017). Also, QS is capable
of spatial regulation of gene expression when coupled
with RNA interference (RNAi) (Williams et al. 2015) or
CRISPR-dCas9 (Gupta et al. 2017; Doong et al. 2018).
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More importantly, QS has been harnessed for automatic
drug delivery (Din et al. 2016).

Given the above information, we conjecture that
reengineering of the innate QS circuit holds prom-
ise to balance cell growth and lactic acid formation. To
test this hypothesis, lactic acid synthesis gene IdhA was
knocked out from the E. coli genome, leading to a chas-
sis cell. Next, two QS-based strains were engineered.
One strain harboring AHL synthesis genes was named
“ON’". The other strain harboring both AHL synthesis
and degradation genes was designated “ON to semi-OFF".
Enhanced green fluorescent protein (eGFP) was used as
the reporter to characterize the engineered QS systems.
Coexpression of ldhA and QS cassette was to dissect the
influences of two QS systems on lactic acid production.
Detailed analysis of protein expression, cell growth, glu-
cose consumption, D-lactic acid, and byproducts was to
decipher the impacts of QS circuits on microbial metab-
olisms. Quantitative real-time PCR (qRT-PCR) analysis
of the genes related to QS and glucose metabolisms was
to clarify the underlying mechanisms. Overall, this study
aims to develop a QS-based dynamic control approach
for coordinating cell growth and lactic acid production.

Materials and methods

Strain, vector, medium, and reagents

Strains and vectors used in this study are listed in
Table S1. E. coli BL21(DE3) was purchased from Biomed
Co. Ltd. Strains were stored in glycerol-containing Luria-
Bertani medium at — 20°C. Prior to culture, they were
incubated to test tubes containing 4 mL Luria-Bertani
medium and appropriate antibiotics, and shaken at 180 x
gand 37°C. For seed culture, E. coli was incubated in M9
minimal medium containing the following components
per liter: glucose, 3.1 g; NaCl, 0.5 g; Na,HPO,-7H,0,
12.8 g; KH,PO,, 3.0 g; NH,Cl, 1.0 g; MgSO,, 0.492 g;
CaCl,-6H,0, 0.0219 g. One percent (v/v) of seed culture
was transferred to a 250-mL flask containing 100 mL M9
minimal broth and appropriate antibiotics, and cultured
in a shaker at 150xg and 30 °C. The concentrations of
kanamycin and chloramphenicol were 50 pg/mL and 34
pg/mL, respectively. Vectors pKD46, pKD13, and pCP20
were used for gene knockout (Datsenko and Wanner,
2000). Other vectors used in this study were derived from
vector pACYC-Duetl or pET-28a. Restriction endo-
nucleases and DNA polymerase were purchased from
TaKaRa (Dalian, China). Kits for ligation were purchased
from Thermo (Beijing, China). Kits for plasmid isolation
and DNA purification were purchased from Biomed (Bei-
jing, China). DNA marker and other reagents were pur-
chased from Bioroyee (Beijing, China). Gene synthesis
and DNA sequencing were accomplished by BGI (Bei-
jing, China) and Beijing Syngentech Co., Ltd. Standards
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for metabolite assay were products of Sigma (Beijing,
China).

Gene knockout

The E. coli ldhA gene was knocked out using the reported
method (Datsenko and Wanner, 2000). To obtain cassette
52nt-FRT-Kan-FRT-50nt, PCR primers were designed
according to the 52-nt upstream and 50-nt downstream
sequence immediately flanking the /dhA gene (Table S2).
The kanamycin resistance gene (KanR) and two FRT (FLP
recognition target) sites were cloned by PCR from vector
pKD13. The 50-pL mixture for PCR reaction included 25
uL of Premix PrimeSTAR® HS, 1 ng of pKD13, 0.4 mM of
forward, and reverse primers of pKD13. The protocol for
PCR reaction includes initial denaturation at 98°C for 2
min, followed by 30 cycles of 98 °C for 10 s, 60 °C for 50 s,
72 °C for 110 s, and 72°C for 10 min. The Dpn I endonu-
clease was used to digest vector pKD13.

The competent E. coli BL21 cells were electro-trans-
formed with vector pKD46 and incubated in Luria-Ber-
tani medium at 30 °C for 1 h. Positive recombinants were
screened by Luria-Bertani ampicillin plates. After over-
night cultivation, positive recombinants were confirmed
by colony PCR. The strains harboring vector pKD46
were grown in Luria-Bertani medium to reach ODg, of
0.12-0.2. Next, 100 mM L-arabinose was used to induce
recombinase expression at 37°C for 1.5 h. The strains
were concentrated by 30-fold at 4 °C and washed twice
with cold distilled water. Electroporation was performed
in Bio-rad Micropulser with 100 pL competent cells and
5 uL PCR products added in a 0.2-cm cuvette. The trans-
formed cells were recovered in 890 pL Luria-Bertani
medium at 30°C for 2 h, and then grown in kanamycin
Luria-Bertani plate at 30 °C for 72 h. Positive clones were
confirmed by colony PCR and DNA sequencing.

Vector pCP20 harbors ampicillin and chloramphenicol
resistance genes (Amp® and Cm®), temperature-sensitive
replication, and FLP sequence for acting on two FRT
sites. After pCP20 was transformed into competent E.
coli cells, the kanamycin resistance gene on E. coli chro-
mosome was eliminated upon cultivation at 30°C for 24
h. The resulting Kan® mutant was continuously grown
in an antibiotics-free Luria-Bertani plate at 42°C for 3-5
generations of subculture, and then grew in Luria-Ber-
tani plate containing ampicillin and chloramphenicol to
examine whether the strains still harbored vector pCP20.
Mutant E. coliAldhA was confirmed by colony PCR and
DNA sequencing.

Construction of recombinants

The AHL synthesis gene cluster luxI-luxR from V. fischeri
ES114 (Papenfort and Bassler 2016) was cloned by PCR
and inserted into vector pACYCDuetl at BamH 1/EcoR
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I, leading to vector pluxIR which served as the common
vector for all recombinant strains (Fig.1). To construct an
AHL-responsive vector, the original T7 promoter in vec-
tor pET-28a(+) was replaced by an AHL-inducible [uxi
promoter, resulting in vector pET-P,,,,. To determine
the influence of AHL on lactic acid production, a set of
vectors were constructed. The genes—egfp (followed by
ssrA degradation tag: GCTGCTAACGACGAAAACTAC
GCTCTGGCTGCT), ldhA, and aiiA—were indepen-
dently inserted into vector pET-P,,,; at EcoRl/Hind III,
BamHI/EcoR], and HindIll/Xhol sites, resulting in vec-
tors pET-Py,:egfp, pET-P),,:ldhA, and pET-P,,;aiiA,
respectively. The aiiA gene tailored for AHL degradation
was cloned from B. thuringiensis.

To determine the effects of AiiA on egfp expression and
lactic acid production, its coding gene aiiA was equipped
with a moderate strength of RBS (AAGTTAAGAGGC
AAGA) and then inserted into vectors pET-P;,;:egfp and
pET-P,,,;:ldhA at Hind 111/Xho 1 sites, resulting in vec-
tors pET-P,, ;:egfp-aiiA and pET-P,, ;:ldhA-aiiA, respec-
tively. To vary aiiA expression, the aiiA gene with weak
or strong RBS (weak: CACCATACACTG; strong: AAG
GAGGTTTGGA) was independently inserted into vec-
tor pET-P,,;:ldhA at Hind III/Xho 1 sites, leading to
vector pET-P,, ;:ldhA-aiiA(weak) and pET-P;,:ldhA-
aiiA(strong), respectively. After the above vectors were
independently transformed into competent E. coliAldhA
cells, we obtained seven recombinant strains named QO01,
Q02, Q03, Q04, Q05, Q06, and Q07 (Table S1). To exploit
AHL for coordinated gene expression, the vector pluxIR
was transformed into above seven recombinant strains,
resulting in recombinant strains Q11, Q12, Q13, Q14,
Q15, Q16, and Q17, respectively. The control strains
were constructed using empty pET- and pACYC-series
vectors, including C01, C02, C03, C04, and C05. We
expected that the strains overexpressing AHL synthesis
gene exhibited “ON” state, while the strain coexpressing
AHL synthesis and degradation gene manifested “ON to
semi-OFF” state. All primers are listed in Table S2.

SDS-PAGE analysis

To determine whether the engineered QS cassette func-
tioned properly in E. coli, the strains were independently
inoculated in 250 mL shake-flasks, each containing 100
mL Luria-Bertani medium and antibiotics as appropri-
ate. After 3 h cultivation, 0.5 mM IPTG was added to
induce protein expression. After 16 h shaking cultiva-
tion at 150xg and 37 °C, cells were harvested by cen-
trifugation at 7379xg for 10 min, and then mixed with
4xSDS-polyacrylamide gel electrophoresis (SDS-PAGE)
loading buffer and boiled for 5 min. Protein expres-
sion was analyzed by 12% (w/v) SDS-PAGE with cell-
free extract under denaturing conditions. Mini-Protein
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III Electrophoresis System (Bio-Rad, USA) was used to
perform this operation. Coomassie Brilliant Blue R-250
(0.2%, w/v) was used to stain proteins on the gel, and pro-
tein concentration was measured by Bradford method
with bovine serum albumin (BSA) as standard protein
(Table S3).

Determination of relative fluorescence

To investigate eGFP expression, strains were grown in
shake-flasks at 37°C. Samples were taken every 2 h from
0 to 46 h, and 200 pL fermentation broth was added into
a 96-well microtiter plate (Corning, NY, USA). To avoid
fluorescence quenching, samples were stored in the dark
at 4°C before the instrument was ready. Fluorescence
intensity was measured using the Enspira microplate
reader (PerkinElmer, Singapore) at 485 nm excitation
wavelength and 9.5 mm measurement height. Relative
fluorescence intensity was defined as the fluorescence
value divided by ODy,.

Microscopic observation of fluorescence

To directly view eGFP expression, strains were indepen-
dently cultivated in shake-flasks, and fermentation broth
was sampled at 8 h, 20 h, and 32 h and stored in the dark
at — 20 °C before the microscope was ready. For micro-
scopic observation, 30 puL sample was added on a micro-
scope slide (Thermo Fisher Scientific, MA, USA), and an
equal volume of a mixture containing glycerol and phos-
phate buffer saline (PBS) at pH 7.4 was used as a sealant,
which was under a cover glass without air bubble. Leica
SP8 laser scanning confocal microscopes using Leica
DMC2900 imaging system (Leica, Wetzlar, Germany)
was set to eGFP mode with 40x objective and scale bar
of 20 pM.

Enzyme activity assay

To measure the LdhA activity of Q12, Q15, Q16, and
Q17, broths were sampled at different time points (8
h, 14 h, 20 h, 32 h, and 48 h), and then centrifuged at
7379xg for 10 min. The harvested cells were washed
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twice using 100 mM PBS (pH 6.5), and then sonicated
and centrifuged at 10,625xg for 10 min. Proteins were
quantified using Bicinchoninic acid (BCA) assay kit
(Bioroyee, Beijing, China). 20 pL supernatant was mixed
with 200 pL BCA assay solution and incubated at 60°C
for 30 min. When the mixture was cooled to room tem-
perature, absorbance at 570 nm was measured using a
microplate reader. The LdhA activity was determined
by lactate dehydrogenase (LDH) kit (Beijing Xinhualvy-
uan Science and Technology, Beijing, China), which
can spectrophotometrically analyze the decrease rate
of absorbance at 340 nm corresponding to NADH oxi-
dation at 37°C. This decrease rate is named as AA/min.
The reaction mixture consisted of 0.05 mL supernatant,
2.0 mL LDH assay solution, and 0.2 mL pyruvate solu-
tion. After pyruvate solution was added into the reaction
mixture, enzyme activity was immediately measured.
The specific activity formula is LdhA(U/mg)=AA/
min*(106/6220)*(2.25/0.05)/protein concentration=AA/
min*7235/protein concentration, and the molar extinc-
tion coefficient is 6220 M-1 cm-1 at 340 nm.

Determination of relative transcriptional levels

To clarify how the “ON” mode of LdhA expression
affected glycolysis and glucose phosphotransferase sys-
tem (PTS) and to confirm the AiiA expression under dif-
ferent strength of RBS, qRT-PCR was performed. The
strain Q12 and the reference strains C01 and C02 were
sampled at different time points and harvested by cen-
trifugation. RNA was isolated using QIAamp RNA Blood
Mini Kit (Qiagen, Duesseldorf, Germany). The same
RNA extraction was also performed for Q15, Q16, and
Q17. After RNase-free DNase was added, cDNA was syn-
thesized through SuperScript III Reverse Transcriptase
(Invitrogen, CA, USA). Next, qRT-PCR analysis was car-
ried out using the resultant cDNA by ABI ViiA 7 Real-
Time PCR System (Thermo Fisher Scientific, MA, USA).
The 16S rRNA coding gene was used as the control to
determine the relative expression levels of genes ldhA,
gapA, gapC, ptsH, ptsl, pykF, and aiiA.

Analytical methods

Cell concentration was determined by microplate reader
at 600 nm with 200 pL fermentation broth added in
a cuvette. The fermentation broth was centrifuged at
10,625xg for 10 min, and the supernatant was filtered
through a 0.22-uM PES membrane. Metabolites includ-
ing lactic acid and acetic acid were measured by a high-
performance liquid chromatography (HPLC) system
(Shimazu, Kyoto, Japan) equipped with a C;3 column
and an SPD-20A UV detector at 210 nm. Column tem-
perature was maintained at 25 °C, and the mobile phase
was 0.05% phosphoric acid at a flow rate of 0.8 mL
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min~!. Injection volume was 20 L. Glucose and L-lactic
acid were measured by SBA-40E biosensor (Shandong,
China). The reaction and cleaning time were 20 s and 10
s, respectively. The injection volume was 25 pL. D-lactic
acid is the total lactic acid minus L-lactic acid.

To analyze AHL and its derivatives, cell-free superna-
tant was extracted with acidified ethyl acetate (by 0.05%
formic acid). The extraction was performed in triplicate,
and mixture was evaporated to dryness. The extract was
dissolved in methanol, filtered through a 0.45-um organic
membrane and followed by UPLC-MS/MS analysis
(Waters ACQUITY UPLC/Quattro Premier, USA, Mas-
sachusetts). A Waters ACQUITY SDS C,; column was
utilized as the solid phase and maintained at 45°C. Mobile
phase consists of 0.1% acetic acid (A) and acetonitrile (B).
Gradient elution was conducted with the profile of 99%
A at the first 1 min, 40% A from 2 to 4 min, 100% B from
5 to 8 min, 100% B from 9 to 11 min, and 99% A from 12
to 13 min. Flow rate was 0.3 mL/min. Mass detection was
performed in ES+ ionization mode and data were ana-
lyzed by Masslynx V4.1 software.

Characterization of recombinants

In this study, QS was exploited to coordinate cell growth
and lactic acid production in E. coli. In doing so, we con-
structed two vectors carrying different resistance genes
and replicons. The medium-copy vector, pluxIR, car-
ries luxI-luxR gene cluster to automatically synthesize
AHL and constitutively express AHL-binding protein
LuxR (Fig.1B). The high-copy vector pET-P,,,; harbors a
P,,.; promoter and a pET-28a(+) backbone, where gene
expression is controlled by QS. Due to this architecture,
the vector pluxIR could express LuxR-AHL, which in
turn induced the expression of gene on vector pET-P,, ;.
With the increase of cell density, the transcriptional regu-
lator LuxR-AHL would bind P;,,; promoter and elicit the
transcription of downstream gene. Apart from this induc-
ible expression, the QS-based “ON to semi-OFF” expres-
sion was realized by using pluxIR and pET-P,, ;aiiA,
where the aiiA gene was inserted downstream of the P,
promoter on vector pET-P,,,,. Since pluxIR was used to
express the LuxR-AHL complex which in turn initiated
the transcription of aiiA on vector pET-P,, ;aiiA, the
resulting AiiA would repress the transcription of P, ;
promoter-driven luxi and aiiA due to AiiA-mediated
AHL degradation, therefore leading to “OFF” state. Nota-
bly, this “OFF” state was transient because AiiA expres-
sion was rapidly turned off. When AiiA concentration
decreased to a threshold at which AHL could not be
completely degraded, QS was then turned on and gene
expression was restarted. The above architecture was
designated as “ON to semi-OFF” In such an architecture,
the LuxR-AHL complex activated gene transcription and
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thereby led to constant “ON” state (Fig. 1). By contrast,
the combination of LuxR-AHL and AiiA triggered not
only AHL synthesis but also its degradation, leading to
“ON to semi-OFF” state (Fig. 1).

This engineered system would dynamically control the
expression of gene downstream of P,,; promoter on vec-
tor pET-P,,,; or the gene between P,,; promoter and aiiA
gene on vector pET-P;, ;:aiiA where the transcription ini-
tiation of target gene is earlier than aiiA gene. RBS was
inserted upstream of aiiA to allow aiiA and target gene
sharing a cassette. To test the two engineered QS circuits,
eGFP was employed as the reporter (Fig. 1, strain A and
B). To confirm the QS circuits, egfp was replaced by ldhA
(Fig. 1, strain C and D). To exclude the influence of native
ldhA gene on QS circuits, it was deleted from E. coli
genome through A Red recombination method. To do so,
three vectors, viz, pkD13, pkD46, and pCP20 were used
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(Table S1). The vector, pKD13, was used as PCR template
including FRT, kanamycin resistance gene, and homology
arms of l/dhA gene. After pkD46 and PCR products were
electro-transformed into strains, the resulting colonies
were screened by kanamycin plates. Next, vector pCP20
was transformed into positive clones, and kanamycin
resistance gene was eliminated. Positive clones were
screened by colony PCR, and /dhA mutant was acquired
(Fig. 2B). All plasmids and mutants were confirmed by
DNA sequencing. The primers used for PCR amplifica-
tion are shown in Table S2.

Results

Performance of eGFP

Compared with Green Fluorescent Protein (GFP), eGFP
manifests stronger fluorescence and has been widely
used for protein labeling. The plasmids pET-P,,,;:egfp and
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pET-P,, ;:egfp-aiiA were constructed for gene expression
in “ON” and “ON to semi-OFF” mode, respectively. To
examine the “ON” mode, the strain Q11 was incubated
in M9 medium. After centrifugation at 10,625 x g and
resuspension with PBS, the “ON” strain demonstrated
clear yellow-green light, whereas the control strains, Q01
and CO02 did not (Fig. S1). This pre-experiment confirmed
that the “ON” mode could trigger reporter gene expres-
sion. Next, we investigated the “ON to semi-OFF” strain
Q14. As shown by the lane 1 and lane 2 in Fig. 2A, two
significant bands exhibited molecular weight similar to
eGFP (approximately 26.9 kDa), and the band in lane 2
was larger than that in lane 1, suggesting that eGFP was
properly expressed in E. coliAldhA, and its expression
level in “ON” strain was higher than that in “ON to semi-
OFF” strain. No significant band similar to eGFP was
observed in lane 3, lane 4, lane 5, and lane 6 of the con-
trol groups (Fig. 2A), indicating that an intact QS circuit
is required for driving eGFP expression.

To determine how long eGFP expression lasted, Q14
(“ON to semi-OFF”) and Q11 (“ON”) were cultivated
and observed using a laser scanning confocal micro-
scope (Fig. 2B). Results showed that both “ON to semi-
OFF” and “ON” strains did not show fluorescence at 8 h
(Fig. 2B, picture a and d), with a significant increase at 20
h (Fig. 2B, picture b and e). The “ON” strain showed con-
tinuous increase of fluorescence level from 20 to 32 h and
eventually exceeded “ON to semi-OFF” strain (Fig. 2B,
picture e, f, and ¢). Unlike “ON” strain, the “ON to semi-
OFF” strain showed decline of fluorescence from 20 h
to 32 h (Fig. 2B, picture b and ¢). To precisely determine
eGFP expression, we investigated the relative fluores-
cence levels (fluorescence/ODg,). As shown in Fig. 2C,
the “ON” strain manifested high relative fluorescence
and maintained it till 49 h. This constant eGFP expres-
sion was induced by the accumulating AHL. Unlike “ON”
strain, the “ON to semi-OFF” strain manifested less fluo-
rescence. In particular, its relative fluorescence level was
increasing until 22 h and then decreasing, which was pos-
sibly due to AHL degradation by AiiA. This decrease of
fluorescence level lasted until 34 h, and then maintained
a relatively stable state called “semi-OFF” Such a state
might be ascribed to incomplete AHL degradation. To
confirm this prediction, UPLC-MS/MS was used to mon-
itor AHL (3-oxo-C6-HSL) and its derivative (ring opening
of 3-0x0-C6-HSL) in the broth of Q14 (Supplementary
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Fig. 2D). The molecular ion ([M+H]"=214.10, 232.11)
peaks were recorded by UPLC-MS. The peak of 214.10
at 3.49 min was further analyzed by tandem mass spec-
trometry (MS/MS) and then recorded two ion fragment
([M+H]*t=102.05, 113.06) peaks, suggesting that these
peaks belong to AHL (3-oxo-C6-HSL). The existing AHL
and their ring opening derivatives in broth indicated that
QS-controlled AiiA could not completely degrade AHL
and thereby failed to completely shut down eGFP expres-
sion, leading to “semi-OFF” state.

Performance of the recombinant strains overexpressing
IdhA
Given that the two QS circuits (“ON” and “ON to semi-
OFF”) worked properly in E. coli, we next applied them
to regulate /dhA expression. To evaluate LdhA expres-
sion, we measured the specific activity of LdhA in Q12
(“ON”) and Q15 (“ON to semi-OFF”). We found that
the LdhA specific activity of Q15 increased in the first
20 h and then remarkably decreased, while that of Q12
increased in this first 32 h and then slightly decreased
(Fig. 3A). Clearly, the fluctuation of LdhA specific activ-
ity was roughly consistent with the expression level of
eGFP shown in Fig. 2B. Moreover, the ldhA-overexpress-
ing “ON” strain entered the logarithmic growth phase
slowly, with ODy,, of 0.205 at 10 h, but its maximum
ODg, was 0.722 which was only lower than the strain
harboring empty vector (Fig. 3B). In contrast, the “ON to
semi-OFF” strain showed a shorter lag phase and lower
growth rate compared to the “ON” strain. This “ON to
semi-OFF” strain presented an ODg, value similar to the
strain harboring empty vector in the first 8 h, and this
ODg, value was exceeded by the “ON” strain at 16 h. As
for glucose consumption, except for the strains harboring
empty vector, all other strains did not demonstrate a sig-
nificant difference in the first 6 h (Fig. 3C). This finding
is consistent with lag phase growth, and the glucose con-
sumption of Q12 was higher than that of C02, C01, and
“ON to semi-OFF” strains. Furthermore, the strain Q12
exhibited 0.1163 g h™! of glucose consumption, which is
the highest except for the strains harboring empty vector.
Given the increase of growth rate and glucose con-
sumption of Q12, we speculated that QS-dependent
dynamic regulation of [dhA expression might affect glu-
cose metabolism. Quantitative real-time PCR was thus
conducted to determine the relative transcriptional levels

(See figure on next page.)

Fig. 3 Shake-flask cultivation of the recombinant E. coli strains. A Comparison of LdhA specific activities in two different mode strains that Q12 and
Q15. B Cell growth in shake flask of strains. C Glucose consumption in shake flask. D Gene transcription of the strain overexpressing IdhA by “ON”
mode. IdhA, D-lactate dehydrogenase coding gene; gapA and gapC, GAPDH coding genes; ptsH, PTS phosphocarrier protein coding genes; pts/, PTS
enzyme | coding gene; pykf, pyruvate kinase coding gene. E Comparison of gene transcription in Q12 upon 12 h and 22 h seed culture. F D-lactic
acid. G Acetic acid. All data are presented as mean =+ s.d. from three independent experiments. The statistical analysis is based on Mann-Whitney U

test. *P < 0.05 and **P < 0.01
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of key enzyme genes related to glucose utilization. The
key enzyme genes include ptsH and ptsI that encode
enzyme I (EI) and histidine phosphocarrier protein (Hpr)
in PTS, respectively, and the genes that encode pyruvate
kinase I (PykF) and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH, an isoenzyme of GapA and GapC).
PykF and GAPDH are key for E. coli glycolysis. As shown
in Fig. 3D, almost all examined genes in strains Q12 and
Q15 displayed enhanced transcription compared to those
in control strains (*P < 0.05 and **P < 0.01), suggesting
that the LdhA expression in “ON” and “ON to semi-OFF”
strains activated PTS system and glycolysis, which there-
fore accelerated glucose uptake. This might compensate
the decreased cell growth due to production formation
in lag phase. Apart from the above experiments, we also
investigated the gene expression of Q12 and Q15 at 12 h
and 22 h. Results showed that the genes /dhA and pykF in
both Q12 and Q15 were up-regulated from 12 h to 22 h,
while other genes in Q12 were down-regulated (Fig. 3E),
indicating that QS-mediated ldhA expression signifi-
cantly up-regulated the key enzyme genes related to gly-
colysis and PTS system in a non-proportional way.
Furthermore, we investigated the formation of acids
under QS-based dynamic control. As shown in Fig. 3F,
the ldhA mutants harboring vector pluxIR (for AHL syn-
thesis) but without overexpressing ldhA produced less
D-lactic acid, as compared with the [dhA mutants over-
expressing both AHL synthesis gene and ldhA. For the
reference strains, the /dhA mutant strain C05 produced
only 28.23% D-lactic acid as compared to the strain C04,
indicating that /dhA was key for D-lactic acid produc-
tion. To determine whether /dhA was solely controlled
by the engineered QS circuit, [dhA was deleted from
the E. coli genome but inserted into downstream of QS
promoter, leading to vector pET-P,,,:ldhA, or inserted
between the promoter and aiiA gene, resulting in vec-
tor pET-Py,;:ldhA-aiiA. The corresponding recombi-
nant strains were named Q12 and Q15, respectively.
We found that Q15 (“ON to semi-OFF”) produced more
D-lactic acid, and presented the highest yield and space-
time yield compared with Q12 (“ON”) and the control
strains. In addition, while the strain Q12 (“ON”) pre-
sented 0.2295 g/L of maximum vyield and 0.005526 g/h/L
of space-time yield, the strain Q15 (“ON to semi-OFF”)
presented 0.4464 g/L of maximum yield and 0.01488
g/h/L of space-time yield, which were 94.5% and 169.2%
increase in maximum yield and space-time yield, respec-
tively, as compared with Q12 (“ON”). Surprisingly, com-
pared with the “ON” strain Q12, the “ON to semi-OFF”
strain Q15 demonstrated 2.3-fold increase in maximum
D-lactic acid titer. As the main byproduct in lactic acid
production, acetic acid occupies a lot of carbon flux from
pyruvate. As shown in Fig. 3G, acetic acid formation was
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associated with growth conditions, and Q12 and Q15
showed similar fluctuation in levels of acetic acid and
D-lactic acid.

Given that the “ON to semi-OFF” strain outperformed
“ON” strain in the production of lactic acid (Fig. 3F), we
next ameliorated the tunability of “ON to semi-OFF” cir-
cuit and investigated its impact on lactic acid production.
Since AiiA degrades AHL, we conjecture that the tran-
scription level of aiiA might affect QS-mediated “On”
and “Off” of gene expression. Moreover, considering
ribosome binding site (RBS) markedly affects transcrip-
tion (Salis et al. 2009; Pfleger et al. 2006), we adjusted the
AiiA expression level by altering RBS. In doing so, two
distinct RBS, which are respectively stronger and weaker
than the previously validated aiiA RBS in vector pET-
P,.ildhA-aiiA (Levin-Karp et al. 2013), were separately
inserted the upstream of aiiA gene, leading to two recom-
binant plasmids pET-P,,;:ldhA-aiiA(strong) and pET-
P.ildhA-aiiA(weak), respectively. Afterwards, the two
recombinant plasmids were separately co-transformed
with vector pluxIR into E. coli, leading to two “ON to
semi-OFF” strains named Q17 and Q16 (Fig. 4A). The two
“ON to semi-OFF” strains were compared with the afore-
mentioned strain Q15. Real-time PCR showed that after
30 h cultivation, the transcription level of the strain Q17
was 4.2 and 40.9 times that of the control strains Q15 and
Q16, respectively (Fig. 4B), indicating that RBS positively
affected aiiA transcription. To disentangle the impact of
aiiA transcription on ldhA expression, the aforementioned
three strains were investigated for their LdhA activity. As
shown in Fig. 4C, in the first 20 h, all three strains showed
rapid increase in LdhA activity, and the enhancement in
descending order was Q16, Q15, and Q17. These results
suggested that QS system manifested “ON” state, and ldhA
was rapidly expressed. Notably, the strain Q16 showed
the highest level of ldhA expression (Fig. 4C). After 20 h
cultivation, the strains Q15 and Q17 showed a decline in
LdhA activity, and the latter strain exhibited lower LdhA
activity. Interestingly, the LdhA activity of strain Q16 did
not decline until 32 h. These results suggested that after
20 h cultivation the strain employing moderate or strong
aiiA RBS showed a decrease in LdhA activity because the
expressed AiiA repressed the QS-driven /dhA expression
earlier, and QS was switched to “semi-OFF” state. By con-
trast, the strain employing weak aiiA RBS showed LdhA
degradation after 32 h, which was similar to the behavior
of “ON” strain, indicating that the QS circuit employing
weak aiiA RBS was less switched to “semi-OFF” state com-
pared to the QS circuit employing moderate or strong aiiA
RBS. Lastly, we investigated D-lactic acid formation at 30 h
(Fig. 4D). Compared with reference strain E. coli (AldhA/
pET-P,,,;:ldhA-aiiA/pluxIR), the strains Q17 and Q16
demonstrated 55.6% and 35.2% decrease in the production
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of D-lactic acid, respectively. These results indicated that
the transcriptional up-regulation of aiiA led to a signifi-
cant decrease in [dhA expression and lactic acid formation.
On the other hand, the transcriptional down-regulation of
aiiA resulted in a transcription level of ldhA similar to the
“ON” state, which also constrained D-lactic acid forma-
tion. Taken together, the “ON to semi-OFF” outperformed
“ON” in the production of D-lactic acid, as it demonstrated
moderate aiiA transcription.

Lastly, we systematically assessed the performance of
“ON” and “ON to semi-OFF” strains in cell growth, glu-
cose consumption, and production of D-lactic acid and
byproducts. The “ON” strain consumed more glucose
and grew faster, while the “ON to semi-OFF” strain
produced less acetic acid (byproduct) but more D-lactic
acid (Fig. 5). In other words, the QS-based “ON” and
“ON to semi-OFF” strains have their pros and cons in
dynamic regulation of LdhA expression.
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Discussion

Microbial production of D-lactic acid suffers growth
inhibition due largely to overexpression. Dynamic regu-
lation of gene expression can mitigate metabolic stress
(Xu et al. 2014; Zhou et al. 2012). QS represents a typi-
cal dynamic gene regulation. Inspired by this, we engi-
neered two recombinant E. coli strains harboring QS
circuits. The “ON” strain harbors the expression cas-
sette ldhA-LuxIR for the production of both lactic acid
and AHL, while the “ON to semi-OFF” strain harbors
both [dhA-luxIR and aiiA gene for the production of
not only lactic acid and AHL but also AiiA which is an
enzyme for AHL degradation (Fig. 1). Compared with the
strain without LuxI-LuxR cassette, the “ON” strain coex-
pressing LuxI-LuxR and /dhA showed 83.6% and 31.0%
increase in growth rate and ODg, respectively (Fig. 3).
Although the “ON to semi-OFF” strain grew slower than
“ON” strain, it demonstrated a higher titer and produc-
tivity of D-lactic acid (Fig. 5). Compared with the refer-
ence strain harboring only /dhA gene in vector, both
the “ON” and “ON to semi-OFF” strains demonstrated
synchronization between cell growth and D-lactic acid
production. Although there exists a native LuxS/auto-
inducer 2 (AI-2) system in E. coli, which regulates cell
density via AI-2 (Surette and Bassler, 1998), however, our

experiment showed that the promoter P;,,; did not work
in the absence of LuxI and LuxR. The above results indi-
cated that QS can be exploited to coordinate cell growth
and product formation. Compared with the “ON” strain,
the “ON to semi-OFF” strain seems to be more appropri-
ate for the production of lactic acid.

Active cell growth is a prerequisite for high-level
production of desired metabolites. In this study, both
“ON” and “ON to semi-OFF” strains showed enhanced
cell growth when compared with the reference strain
without the engineered QS circuit. This was primar-
ily attributed to QS-dependent dynamic regulation
of ldhA expression. Since LdhA catalyzes pyruvate
to D-lactic acid, the excessive D-lactic acid leads to
growth inhibition (Wang et al. 2018). The “ON” strain
mitigated acid stress through the intensification of PTS
and glycolysis, which thereby benefited cell growth. E.
coli stringently controls lactic acid synthesis. Despite
up to 5.55x10*fold increase in the relative expression
of LdhA (Fig. 3D), only limited lactic acid was produced
(Fig. 3F). By contrast, the QS-based “ON to semi-OFF”
strain showed improved production of D-lactic acid.
This was ascribed largely to the switch of /dhA expres-
sion from “On” to “partial Off’, thereby constraining
acetic acid production (Fig. 3G). Compared with static
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strategies to coordinate cell growth and product for-
mation, this QS-dependent dynamic strategy relies on
timely sensing of cell density, and thus is appropriate
for modulating the formation of metabolites especially
those toxic to cells.

In this study, both “ON” and “ON to semi-OFF” strains
produced a small amount of D-lactic acid (Figs. 3F,
4D, and 5). The reasons may be the follows: (1) vectors
imposed heavily on host cell due to consumption of cel-
lular resources; (2) the AHL-inducible Py ; is a weaker
promoter compared to T7, tac and lac promoters; and
(3) fermentation conditions were not optimized. To boost
D-lactic acid production, the following may be consid-
ered. First, to minimize plasmid burden, the genes for
AHL synthesis and degradation could be integrated into
host genome, and only /dhA gene is left in vector. Second,
tandem repetitive P}, ; promoter could be employed to
intensify LdhA expression and thereby divert pyruvate to
D-lactic acid. Third, fermentation conditions including
carbon source, nitrogen source, pH value, and dissolved
oxygen could be systematically optimized. Finally, acid
stress should be attenuated. To achieve this, in situ recov-
ery of D-lactic acid from fermentation broth could be
implemented. In addition, feedback inhibition could be
minimized by engineering gene circuit (Kelly et al. 2018)
or recruiting feedback inhibition-insensitive enzymes
(Chen et al. 2014; Takpho et al. 2018).

Cell tolerance is usually controlled by multiple genes.
CRISPR tools, especially CRISPR interference (CRISPRi),
can be used to improve cell tolerance (Wang et al. 2019;
Xu et al. 2019), as sgRNA array can lead dCas9 to mul-
tiple genes (Bikard et al. 2013). It has been shown that
sgRNAs can be designed and synthesized to target multi-
ple lactic acid pathways (Wang et al. 2018). CRISPRi can
also regulate gene expression when combined with other
tools. Indeed, microbes have bridged the gap between
QS and CRISPR-Cas system. For instance, wild-type
Pseudomonas aeruginosa recruits QS to govern CRISPR-
Cas adaptive immune system (Patterson et al. 2016;
Hoyland-Kroghsbo et al,, 2017), indicating the intrinsic
connection between QS and CRISPR system. Inspired
by this rationale, a pathway-independent genetic con-
trol module was constructed by linking QS to CRISPR.
This engineered module can dynamically modulate gene
expression (Gupta et al. 2017). More broadly, when this
QS-based module was linked to metabolite sensor, a two-
layered regulatory circuit was engineered (Doong et al.
2018). Apart from CRISPRi, RNAi can also be linked to
QS circuit for dynamic control of the metabolic pathways
in eukaryotes (Williams et al. 2015). Since QS is common
in both bacteria and fungi, the method developed in the
present study could prove useful for metabolic engineer-
ing of other species as well.
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Conclusions

To coordinate cell growth and lactic acid synthesis in E.
coli, we constructed two QS-based strains: one strain
overexpressing AHL synthesis genes (“ON”), the other
strain overexpressing both AHL synthesis and degrada-
tion gene (aiiA) (“ON to semi-OFF”). Compared to the
reference strain harboring only /dhA gene in vector, both
“ON” and “ON to semi-OFF” strains showed synchroni-
zation between cell growth and D-lactic acid production,
indicating that QS can be exploited to coordinate cell
growth and product formation.
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