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A B S T R A C T   

Lactate is an important monomer for the synthesis of poly-lactate (PLA), which is a substitute for the petro
chemical plastics. To achieve the goal of high lactate titer, rate, and yield for commercial production, efficient 
lactate production pathway is needed as well as genetic targets that affect high lactate production and tolerance. 
In this study, an LldR-based D-lactate biosensor with a broad dynamic range was first applied into Zymomonas 
mobilis to select mutant strains with strong GFP fluorescence, which could be the mutant strains with increased D- 
lactate production. Then, LldR-based D-lactate biosensor was combined with a genome-wide CRISPR interference 
(CRISPRi) library targeting the entire genome to generate thousands of mutants with gRNA targeting different 
genetic targets across the whole genome. Specifically, two mutant libraries were selected containing 105 and 104 

mutants with different interference sites from two rounds of fluorescence-activated cell sorting (FACS), 
respectively. Two genetic targets of ZMO1323 and ZMO1530 were characterized and confirmed to be associated 
with the increased D-lactate production, further knockout of ZMO1323 and ZMO1530 resulted in a 15% and 21% 
increase of D-lactate production, respectively. This work thus not only established a high-throughput approach 
that combines genome-scale CRISPRi and biosensor-assisted screening to identify genetic targets associated with 
D-lactate production in Z. mobilis, but also provided a feasible high-throughput screening approach for rapid 
identification of genetic targets associated with strain performance for other industrial microorganisms.   

1. Introduction 

Poly-lactate (PLA) is a biodegradable polymer with great potential to 
be a substitute of the petroleum-based plastics and help reduce envi
ronmental pollution [1]. As a building block for the production of PLA, 
lactate has gained increasing attentions. The global lactate market was 
estimated at USD 3.36 billion in 2023 and is projected to expand at a 
compound annual growth rate of 8.1% from 2024 to 2030 [2]. About 
90% of lactate is produced by microbial fermentation, but current 
lactate production is unable to meet the fast-growing market demand 
[3]. The abundant renewable raw feedstocks such as lignocellulosic 
biomass from agricultural residues [4] are promising substrates for 
economic lactate production at large scales [5]. However, these ligno
cellulosic materials are difficult for microbial fermentation because 
different inhibitors were produced during pretreatment, enzymatic 

hydrolysis, and fermentation processes [6], such as furan derivatives, 
weak acids, and phenolic compounds [7]. These inhibitors could reduce 
microbial cell viability and increase production costs [8]. Therefore, it is 
crucial to explore and develop robust microbial cell factories for eco
nomic lignocellulosic lactate production. 

Zymomonas mobilis has been developed as an ideal industrial mi
crobial chassis for lignocellulosic bioproducts [9,10] due to its attractive 
characteristics including inhibitor tolerance [11], acid resistance [12], 
high-temperature resistance [13], and rapid sugar catabolism with 
unique anaerobic Entner-Doudoroff (ED) pathway [9], which is bene
ficial for the production of industrial bioproducts using biomass re
sources. Multiple bioproducts including cellulosic ethanol, 2, 
3-butanediol, and D-lactate have been produced by Z. mobilis utilizing 
lignocellulosic hydrolysates as the carbon sources [14,15]. Furthermore, 
genome editing toolkits including both heterologous and native 
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CRISPR-Cas systems were continuously developed [16,17], and the 
establishment of CRISPRi system in diverse microorganisms also gives 
more genetic manipulation possibilities for synthetic microbial chassis 
development [18–23]. 

The heterologous D-lactate metabolic pathway has been constructed 
in Z. mobilis ZM4 through metabolic engineering, and the recombinant 
strain can produce 42.8 g/L D-lactate using the corncob residue hydro
lysate [15]. However, the capability of this recombinant strain to pro
duce D-lactate is rather limited, and the performance of this strain has to 
be improved for industrial production. Similar to other 
lactate-producing strains, the improvement of recombinant strains often 
involves the optimization of the gene expression levels of metabolic 
pathways and transport proteins [24,25]. Specifically, screening target 
genes and intentionally enhancing or deleting them to improve the 
D-lactate titer or tolerance of strains [26–29]. However, the limitations 
of this approach on design rationality, method universality, and data 
volume lead to the potential failure of the results to meet expectations 
because the scope of gene manipulation is often local rather than global 
while the metabolic network is often receiving complicated regulations 
[30]. Local modifications often fail to affect the overall metabolic and 
regulatory networks, and a high-throughput global network manipula
tion method is essential for efficient strain optimization. The construc
tion of a CRISPRi library at a genome-scale allows for the global 
regulation of the metabolic network, which can convert metabolite 
concentrations into fluorescent outputs by combining with metabolite 
biosensors, and therefore facilitating high-throughput screening of 
candidate strains with over-production phenotypes to provide a 
comprehensive solution for regulating the metabolic network. 

Biosensor-assisted CRISPRi high-throughput screening that com
bines a CRISPR interference and a biosensor-mediated screening is a 
global screening method that has been used to obtain recombinant 
strains for biochemical production such as coumaric acid and butyrate 
with high titer, rate, or yield [31]. Specifically, metabolite biosensors 
can convert metabolite compound concentrations into fluorescence 
output or cell growth advantages at a single-cell level, and then achieve 
high-throughput screening of specific high-yield strains through FACS 
[32–34]. CRISPRi library mediated stringent gene repression could 
obtain a variety of strains with different gene expressions. A 
high-throughput method screening for over-production phenotypes has 
been established in E. coli [31], and multiple target genes were identified 
with the assistance of metabolite biosensors through high-throughput 
screening and sequencing. 

Biosensors for lactate have been mined and characterized. The 
design principles of these biosensors can be roughly divided into lactate 
utilization (lld) operon-mediated biosensors and lactate binding pro
teins (BP) mediated biosensors. The former one based on a lactate 
catabolic operon (lldP-dld-II) that is negatively regulated through the 
inversely transcribed lldR (encoding a GntR-type regulator), where the 
repression is released by the supplementation of lactate. Operons to 
utilize lactate have been characterized from Escherichia coli, Cupriavidus 
necator and Pseudomonas species [35], and can be used to design a 
biosensor to sense lactate and then to activate gene expression in 
response to lactate induction. The latter one based on the combination of 
BP with the fluorescent protein (FP), binding to lactate causes a 
conformational change in the BP, thereby altering the chromophore 
environment and fluorescence intensity of the FP. A BP-based biosensor 
eLACCO1.1 was characterized with high performance in the extracel
lular milieu but have a strict requirement for Ca2+, and did not function 
in the cytosolic environment [36] In summary, lldR-based biosensors are 
more desirable as they exhibit enhanced responsiveness to intracellular 
lactate production. 

In this study, an LldR-based D-lactate biosensor was used to develop 
the biosensor-assisted CRISPRi high-throughput screening system, 
which was then applied to identify genetic targets with significant im
provements on D-lactate production. 

2. Materials and methods 

2.1. Strains, media, and chemicals 

All strains, plasmids, and primers used in this study are listed in 
Tables S1–S3. E. coli Trelief 5α (Tsingke, Beijing, China) was used for 
plasmid construction and storage. Z. mobilis ZM4 and its derivatives 
were cultivated in rich media supplemented with 5% glucose (RMG5, 
50 g/L glucose, 10 g/L yeast extract, 2 g/L KH2PO4) at 30 ◦C. E. coli 
Trelief 5α was cultured in Luria-Bertani (LB) medium (10 g/L NaCl, 10 g/ 
L tryptone, 5 g/L yeast extract) at 37 ◦C, 250 rpm. The antibiotics of 
spectinomycin (100 μg/mL) and chloramphenicol (100 μg/mL) were 
used for E. coli or Z. mobilis when required, respectively. 

2.2. Plasmid and strain construction 

Gibson assembly method [38] was utilized for all plasmid con
struction. All constructs used in the study are listed in Tables S1–S2. 
Primers were designed to contain 15-20 nucleotides (nts) overlapping 
regions with adjacent DNA fragments. The oligonucleotides of primers 
were ordered from TsingKe Biotechnology Co., Ltd. (Beijing, China). 
Sequences of the primers are listed in Table S3. Plasmid DNA was 
extracted using Trelief plasmid mini kits plus (TsingKe, Beijing, China). 
DNA polymerase was purchased from PrimeSTAR (Takara, Kyoto, 
Japan). Recombinants were confirmed by PCR and Sanger sequencing 
(Sango, Shanghai, China). 

2.3. Electroporation transformation and strain selection 

The preparation of electrocompetent cells and electroporation for 
Z. mobilis was carried out following published procedures [39]. Briefly, a 
single colony was inoculated into 5 mL RMG5 and grown without 
shaking at 30 ◦C for 24 h as the seed culture. The seed culture was then 
transferred to a 250 mL conical flask containing 100 mL of RMG5. Cells 
were collected by centrifuging when OD600 nm reached 0.4–0.6. Cell 
pellets were washed once with sterile water, re-centrifuged, and washed 
twice in sterilized 10% (v/v) glycerol. These pellets were resuspended in 
10% glycerol at a concentration approximately 1000-fold higher than 
the starting culture. Competent cells were stored at − 80 ◦C as small 
aliquots for later use. Z. mobilis cells were transformed with plasmids by 
electroporation (Bio-Rad Gene Pulser, 0.1-cm gap cuvettes, 1.8 kV, 200 
Ω, 25 μF). After electroporation, 1 mL RMG5 was added to the electro
poration mixture and cells were allowed to be recovered at 30 ◦C for 4–6 
h. The revived culture was plated on RMG5 plates containing appro
priate antibiotics and then incubated at 30 ◦C for 2–3 days. Colonies 
with correct PCR product sizes were selected as candidates and 
confirmed using Sanger sequencing (Sangon, Shanghai, China). 

2.4. Biosensor dynamic range test 

To test the dynamic range or substrate scope of engineered biosensor 
systems, plasmids harboring the biosensor systems were transferred into 
ZM4-Cas12a Three independent colonies of each testing group were 
randomly picked and inoculated into 3 mL fresh RMG5 (with appro
priate antibiotics) as seed cultures. After 24 h cultivation in a 30 ◦C 
rotatory shaker at a speed of 100 rpm, seed cultures were transferred 
into 3 mL fresh RMG5 with an initial OD600 nm value of 0.1, gradient 
concentrations of D-lactate (0–10 g/L) were supplemented into the cul
tures. After 12 h cultivation, cultures were sampled and subjected to 
measurement of cell density (OD600 nm) using a UV spectrophotometer 
(UV-1800, Aoyi, Shanghai, China). 

Cells were washed with PBS twice and further resuspended into PBS, 
and then analyzed by Beckman CytoFLEX FCM flow cytometer (Beck
man Coulter, USA). The GFP fluorescence was excited with the 488 nm 
and detected with FITC, at least 20,000 events of each sample were 
analyzed to avoid rare events that could affect the population 
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distribution [40]. Data were processed via CytExpert 2.0 software 
(Beckman Coulter, USA). The mean fluorescence intensity of triplicates 
was calculated. 

2.5. FACS high-throughput screening 

CRISPRi plasmid library was transformed into Z. mobilis ZM4- 
Cas12a-Dldh (pEZ-lldR-Plldp-GFP) to construct a library for identifica
tion of genetic targets associated with D-lactate production, and the 
transformants were then washed twice and resuspended in 1 × PBS 
buffer with a final cell density of 107 cells. The 105 cells with the 
strongest fluorescence intensity were sorted using MoFlo XDP (Beckman 
Coulter, USA) high-speed flow cytometry sorter with gates set on 510:20 
nm emission filters. A 488 nm laser was used for excitation. Forward- 
scatter characteristics (FSC) was recorded as small-angle scatter, and 
side-scatter characteristics (SSC) was recorded as orthogonal scatter of 
the 488 nm laser [41,42]. Secondarily gated was performed using the 
0◦ detector to sort strains with high fluorescence intensities. The sorted 
cells were then cultivated in the test tubes and spread on RMG5 plates 
with the corresponding antibiotics. 

2.6. Construction of CRISPRi plasmid library 

CRISPRi plasmid library was designed based on the ZM4 genome 
annotation [43], targeting template strands and non-template strands of 
1946 genes and 1363 intergenic regions. The design criteria were as 
follows: all 5′-TTV sites in the genome were identified as PAM sites, and 
the 23-base sequences after the PAM site were designated as the crRNA 
sequence. Each gene coding region could be designed with a maximum 
of 15 crRNAs, and each intergenic region could be designed with a 
maximum of 6 crRNAs. A total of 2000 crRNAs were included in the 
negative control, resulting in a total of 69,093 crRNAs. The construction 
of the pEZ-sgr plasmid followed the previous protocol, and the con
struction of plasmid library pEZ-sgr-lib was performed by Genewiz 
(Suzhou, China). 

2.7. Deletion of target genes using native I–F CRISPR-Cas system 

Editing plasmid pl2r and derivatives were constructed following 
previous study [17]. Briefly, oligonucleotides were designed according 
to the targeting sequence, and the targeting crRNA sequence was 
annealed using two single− stranded oligonucleotides by first heating 
the reaction mixture to 95 ◦C for 5 min and subsequently cooling down 
gradually to room temperature. Then, the annealed spacer was ligated 
into pl2r that was digested with Bsa I. Gibson assembly method was 
utilized for donor construction. Donor sequences including extra ~800 
bp upstream and downstream flank sequences of the candidate gene 
were amplified using Primer STAR polymerase (Takara, Kyoto, Japan) 
with genomic DNA of Z. mobilis ZM4, and then cloned into corre
sponding pl2r plasmid. 

2.8. Identification of target gene deletion in Z. mobilis 

To confirm the deletion of target genes in Z. mobilis, mutant candi
dates were identified by colony PCR. A pair of primers was designed to 
amplify the region including upstream of the corresponding gene, tar
geting gene, and downstream of the corresponding gene. Candidate 
mutants with correct PCR product sizes were selected and confirmed by 
Sanger sequencing (Sangon, Shanghai, China). 

2.9. Curing of targeting plasmids 

In order to cure the editing plasmid, the mutant harboring the tar
geting plasmid after genome editing was inoculated into RMG5 medium 
without antibiotics selection pressure for 8–16 h, which was then spread 
on RMG5 plates without antibiotics. Colonies were confirmed as 

targeting plasmid cured by determining their sensitivity to the corre
sponding antibiotics. 

2.10. Analytical methods 

Cell growth was determined by measuring OD600 nm using a UV 
spectrophotometer (UV-1800, Aoyi, Shanghai, China). To analyze the 
profile of metabolites, 1 mL culture supernatants were collected and 
filtered through a 0.22 μm syringe filter. The concentrations of glucose, 
D-lactate, and ethanol were determined by high-performance liquid 
chromatography (HPLC) using the Shimadzu HPLC system (Kyoto, 
Japan) equipped with a Bio-Rad Aminex HPX-87H column (300 mm ×
7.8 mm, 5 μm, Bio-Rad, CA, USA) at 60 ◦C and refractive index (RI) 
detector for compound separation and detection, respectively. H2SO4 (5 
mM) at a flow rate of 0.5 mL/min was used as the mobile phase, 
following the previous protocol [39]. 

3. Results 

3.1. Establishment and evaluation of D-lactate biosensor system for lactate 
quantification 

A D-lactate inducible system from Pseudomonas fluorescens A506 [37] 
was selected for constructing a D-lactate biosensor in this study to reflect 
D-lactate concentration in Z. mobilis. This system consists of two main 
components, D-lldR encodes a GntR-type regulator that can bind to the 
Plldp promoter of D-lactate catabolic operon and repress gene expression. 
The repression will be released when D-lactate is supplemented and 
binds to D-lldR (Fig. 1A). The D-lldR gene is driven by a constitutive 
promoter, and GFP under the control of the Plldp promoter was assem
bled into pEZ15A, resulting in pEZ-lldR-Plldp-GFP. 

To evaluate the accuracy of the biosensor D-lldR-Plldp in D-lactate 
detection, the correlation between D-lactate concentrations and GFP 
fluorescence intensities was examined. The plasmid harboring biosensor 
system was transformed into Z. mobilis ZM4-Cas12a for the dynamic 
range test. The transformants were then cultivated with the supple
mentation of gradient concentrations of D-lactate (0, 2, 4, 6, 8, and 10 g/ 
L). Meanwhile, experiment was carried out to investigate potential 
cellular metabolism of lactate. Consistent with previous study [44], our 
results indicated that no lactate was produced or consumed in 
ZM4-Cas12a during anaerobic cultivation (Fig. S2). The fluorescence 
intensities increased gradually with the increase of D-lactate concen
trations within the range of 3–9 g/L, and the fluorescence intensity was 
23.5 times higher in the presence of 9 g/L D-lactate than that without 
lactate (Fig. 1B). Meanwhile, D-lactate concentrations and GFP fluores
cence intensities had a good correlation with a correlation coefficient of 
0.98 (Fig. 1C). Therefore, the biosensor system pEZ-lldR-Plldp-GFP is 
suitable to select recombinant strains with high titer of D-lactate pro
ducer in Z. mobilis. 

3.2. Design and establishment of D-lactate biosensor-assisted CRISPRi 
high-throughput screening system to identify genetic targets associated with 
high D-lactate production 

D-Lactate biosensor was further combined with a dCas12a mediated 
genome-wide CRISPRi library to establish a D-lactate biosensor-assisted 
CRISPRi high-throughput screening system. The dCas12a CRISPRi li
brary contains 69,093 crRNAs targeting 1946 genes in the Z. mobilis 
genome with an average coverage of 15 crRNAs per gene (Fig. 2A), 
which was transformed into the recombinant strain ZM4-Cas12a-Dldh 
(pEZ-lldR- Plldp -GFP) containing the D-lactate biosensor to perform 
genome-wide interference (Fig. 2B). 

Since the fluorescence intensity is linked to D-lactate titer in the D- 
lactate biosensor system, the potential recombinant strains with high 
GFP fluorescence intensities were sorted in the first round through 
FACS. The sorted cells were then undergone the second round of FACS 
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sorting. All sorted cells from above two rounds FACS sorting were 
selected as the candidates for high D-lactate production (Fig. 2C), which 
were then cultivated separately and spread on the plates supplemented 
with calcium carbonate. Colonies with large transparent zones were 
selected as the candidate high D-lactate production strains (Fig. 2D). 
These colonies were further fermented by shake flasks to determine D- 
lactate production (Fig. 2E and F). The crRNA sequences in strains with 
increased D-lactate titers were obtained by Sanger sequencing (Fig. 2G), 
and rational modifications were then carried out based on the identified 
genes (Fig. 2H). 

After the first round of FACS, 105 cells with the strongest fluores
cence intensities were selected, and 96 colonies with large transparent 
zones on the plate supplemented with calcium carbonate were further 
fermented in shake flasks. Approximately 62.5% of the strains had 
higher D-lactate titers than the control strain with 6.28 g/L (Fig. 3A). The 
average D-lactate titer of the selected strains is 6.63 g/L with the highest 
D-lactate titer of 9.31 g/L (Fig. 3B). 

To further screen out strains with strong fluorescence intensities, the 
cells sorted from the first round of FACS were cultured for another round 
of FACS following the procedures mentioned above. Approximately 104 

cells with the strongest fluorescence intensities were sorted. And then 96 
colonies with obvious transparent zones were picked for the fermenta
tion test. Approximately 97.9% of the strains have higher D-lactate titer 
than the control with 6.31 g/L (Fig. 3C). The average D-lactate titer of 
the selected strains in the second round is 7.99 g/L with the highest D- 
lactate titer of 11.1 g/L (Fig. 3D), the results showed a 20.51% and 
19.23% increase in the average and highest D-lactate titer, respectively. 
With the assistance of biosensor, a strain library with better D-lactate 
performance was obtained through further selection. Our results indi
cated that D-lactate concentration was positively converted into fluo
rescence output, and strains with higher D-lactate titer have been 
effectively selected by FACS. 

Fig. 1. Design and performance of the D-lactate biosensor system. The D-lldR gene is driven by a constitutive promoter, and sfGFP is under the control of the promoter 
Plldp. D-lldR binds and occupies the promoter Plldp repressing the expression of sfGFP gene. The repression is relieved by the supplementation of D-lactate, which can 
bind with D-lldR releasing it from binding with Plldp (A). Dynamic range test (B) and correlation of GFP induction with different concentrations of D-lactate (C) for the 
D-lldR-Plldp biosensor system. Values are the means of experiments with three technical replicates, error bars are standard deviations. 

Fig. 2. Schematic diagram of establishment and application of D-lldR-Plldp biosensor-assisted CRISPRi high-throughput screening system. The establishment and 
application of biosensor-assisted genome-wide CRISPRi library involves crRNA library establishment (A), genome-wide interference (B), two rounds of FACS 
screening (blue arrows represent the second round) (C), plate transparent zone screening(D), strain culturing (E), fermentation test (F), data analysis (G), genetic 
target identification (H), and rational modification (I). 
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3.3. Validation of selected crRNA 

To further evaluate that high D-lactate titers of the screened strains 
were the result of CRISPRi, we cured CRISPRi plasmids and further 
verified their D-lactate production. 13 strains with a significant increase 
in D-lactate titers were selected for validation and further analysis. 
Fermentation experiments were conducted between the superior strains 

with or without the CRISPRi plasmid to evaluate whether the change in 
D-lactate titer is caused by CRISPRi. With the presence of interfering 
plasmid, the D-lactate titer of these strains varies from 8.61 g/L to 11.3 
g/L, improved by 38%–54% compared to the control. With the absence 
of interfering plasmid, the D-lactate titer of these strains was reduced to 
about 6.31 g/L, which was similar to that of the control (Fig. 4). Our 
results thus demonstrated that the interference on specific targets 

Fig. 3. Titers of D-lactate of mutant D-lactate producers with selected crRNA variants in shake flasks. D-lactate titers (A) and the statistical analysis of D-lactate titers 
(B) of the mutant strains sorted from the first round of FACS, as well as D-lactate titers (C) and the statistical analysis of D-lactate titers (D) of the mutant strains sorted 
from the second round of FACS. 

Fig. 4. Comparison of D-lactate titer among the 13 strains containing the CRIPSRi plasmid (shown in green) and the corresponding strains with the CRISPRi plasmid 
cured (shown in gray). Values are the means of experiments with three technical replicates, error bars are standard deviations. 
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through CRISPRi led to an improvement in the D-lactate titer. 

3.4. Application of target genes 

To make a thorough inquiry into the changes in D-lactate titer of 
these superior strains, PCR amplification and Sanger sequencing were 
conducted. Thirteen target genes were identified and evaluated with 
gene-knockout experiments (Table S4). The functions of these genes 
include transport proteins, signal transduction, and metabolic regula
tion. CRISPRi on these genes therefore may facilitate the extracellular 
transport of lactate, enhance resistance to biological stress, and reduce 
the competing metabolic pathways or other non-essential functions to 
enhance the D-lactate metabolic pathway, resulting in the increase of D- 
lactate titer. The relatively high-titer D-lactate producing strain HAPL 
obtained through metabolic engineering from our early study was 
applied to further verify and explore the impact of knocking out these 
genes on D-lactate production. 

Nine deletion mutants were then successfully constructed to inves
tigate the effect of these genes on D-lactate titer using type I–F CRISPR- 
Cas system. The results showed that the D-lactate titer, glucose con
sumption rate, and biomass of ZMO1323 deletion strain were all 
improved, while the ZMO1044, ZMO0876 and ZMO0902 deletion strains 
showed no significant change compared with the control (Table 1, 
Fig. 5A). Moreover, ZMO0062, ZMO0023, and ZMO0010 deletion mu
tants showed a slight decrease in biomass and growth rate with an in
crease of D-lactate titer. Knockout of the ZMO1278 did not improve the 
performance of the strain, but instead affected its growth and D-lactate 
production (Table 1, Fig. 5B). Interestingly, the ZMO1530 deletion 
mutant strain showed a significant decrease in biomass and growth rate 
but an increase in D-lactate production (Table 1, Fig. 5C). These results 
indicated that manipulation of ZMO0902, ZMO1323, ZMO1044, 
ZMO0023, ZMO0010, ZMO0876, and ZMO1530 can improve the D- 
lactate production performance in Z. mobilis. Of all the mutants, D-lactate 
titers of ZMO1323 and ZMO1530 deletion mutant strains showed a 
significant 15% and 21% increase than that of the control strain 
(Table 1), respectively. 

4. Discussion 

Identification of gene targets and optimization of their expression are 
critical to achieving high titers and yields of the desired bioproducts 
through metabolic engineering [45]. However, gene-by-gene manipu
lation is time-consuming and inefficient due to our limitations on un
derstanding of the metabolic and regulatory networks. Here, we 
established a biosensor-assisted CRISPRi high-throughput screening to 
identify potential genetic targets that play crucial roles in high D-lactate 
production quickly. The biosensor D-lldR-Plldp could detect D-lactate in 
the range of 3~9 g/L with high correlations between fluorescence in
tensity and D-lactate concentrations (R2 > 0.98). Coupled with 
genome-wide interference conducted by a CRISPRi library containing 
69,093 crRNAs, we rapidly screened two strain libraries containing 105 

and 104 mutants respectively from two rounds of FACS sorting, which is 
more efficient and comprehensive compared with gene-by-gene 
manipulation. These findings provide valuable insights into the under
lying mechanisms and genetic components to facilitate the construction 
of recombinant strains with high titer of D-lactate production. The 
lldR-based biosensor used in this study can be directly employed for 
screening high D-lactate producer with a broad dynamic range for 
detecting low concentration of intracellular D-lactate. However, the 
ability of this biosensor can be further improved to detect D-lactic acid at 
high concentrations. Future research will focus on optimizing the 
biosensor using methods that have been developed recently including 
rational or semi-rational engineering based on protein structures [46], 
random mutant library generated by error-prone polymerase chain re
action (PCR) [47], laboratory directed evolution, in vivo continuous 
mutagenesis [48], transcriptional modifications [49–52], RBS sequences 
optimization at post-transcriptional level [53], and codon optimization 
[54]. 

Among the genes identified in this study, CRISPRi or deletion of 
ZMO1323 and ZMO1530 significantly improved D-lactate production. A 
BLASTP analysis of ZMO1323 (Fig. S1A) and ZMO1530 (Fig. S1B) using 
the NCBI database [55] showed that multiple species have homologous 
genes with high similarity with ZMO1323 (Table S5) or ZMO1530 
(Table S6), respectively. ZMO1323 encodes histidine protein kinase 
HPrK, which is involved in the regulation of sugar uptake and carbon 
metabolism [56]. HPrK catalyzes the phosphorylation of Ser46 of HPr to 
form P-Ser46-HPr, which acts as a co-repressor of the transcription of 
genes involved in carbohydrate transport and catabolism, including 
glycolysis [57,58]. A mutation of HPrK was found in a D-lactate tolerant 
C. thermocellum strain obtained through evolutionary engineering, 
indicating that HPrK might affect carbohydrate and/or phosphate 
metabolism [59]. We therefore proposed that the interference or dele
tion of HPrK in Z. mobilis released the repression of genes involved in 
carbohydrate transport and catabolism [56], thus enhancing the trans
port of D-lactate to the extracellular and D-lactate production. While 
ZMO1530 encodes KpsF/GutQ family protein and participates in the 
carbohydrate metabolic process. Interference or deletion of ZMO1530 
might help redirect metabolic carbon flux towards D-lactate production. 

In this study, we established a biosensor-assisted CRISPRi high- 
throughput screening approach to identify genetic targets associated 
with high D-lactate production with two genes (ZMO1323 and 
ZMO1530) contributing to high lactate production identified and 
confirmed, which can be applied to other microorganisms and extended 
for biochemicals with corresponding biosensors, such as butanol [60], 
citrate [61], L-glutamate [62], malate [63], methanol [64], resveratrol 
[65], pyruvate [66], and erythritol [67]. 

5. Conclusion 

In this study, we developed a D-lactate biosensor-assisted CRISPRi 
high-throughput screening in Z. mobilis to identify potential genetic 
targets for high D-lactate production with two libraries containing 105 

Table 1 
Fermentation profiles of ZMO0062, ZMO1044, ZMO1323, ZMO0023, ZMO0876, ZMO1278, ZMO0010, ZMO0902 and ZMO1530 deficiency mutants. Mean values for 
triplicate repeats are shown for each condition ± standard deviation.  

Strains Growth rate Glucose consumption (g.L− 1) Ethanol titer (g.L− 1) Lactate titer (g.L− 1) Lactate productivity (g.L− 1.h− 1) Carbon conversion rate (%) 

HAPL 0.19 ± 0.01 80.99 ± 0.01 26.05 ± 0.03 27.71 ± 0.05 2.03 ± 0.02 98.6 ± 0.00 
HAPLΔ0062 0.17 ± 0.01 79.33 ± 0.02 25.25 ± 0.24 27.92 ± 0.02 1.88 ± 0.03 98.9 ± 0.01 
HAPLΔ1044 0.19 ± 0.02 82.17 ± 0.04 26.39 ± 0.21 28.34 ± 0.01 1.93 ± 0.02 98.7 ± 0.02 
HAPLΔ1323 0.19 ± 0.02 81.92 ± 0.01 24.33 ± 0.02 31.85 ± 0.01 2.11 ± 0.01 98.3 ± 0.00 
HAPLΔ0023 0.16 ± 0.01 82.13 ± 0.04 25.25 ± 0.34 29.92 ± 0.08 1.83 ± 0.03 97.9 ± 0.01 
HAPLΔ0876 0.19 ± 0.02 78.93 ± 0.05 23.79 ± 0.25 30.36 ± 0.05 2.00 ± 0.02 98.8 ± 0.01 
HAPLΔ1278 0.17 ± 0.01 83.27 ± 0.04 26.98 ± 1.02 27.05 ± 0.01 1.87 ± 0.01 97.3 ± 0.02 
HAPLΔ0010 0.17 ± 0.02 81.99 ± 0.02 25.03 ± 0.04 30.11 ± 0.05 1.82 ± 0.02 97.8 ± 0.00 
HAPLΔ0902 0.17 ± 0.01 82.14 ± 0.01 25.33 ± 0.04 29.89 ± 0.06 2.01 ± 0.03 98.1 ± 0.00 
HAPLΔ1530 0.14 ± 0.01 80.96 ± 0.02 22.80 ± 0.02 33.52 ± 0.03 1.91 ± 0.02 97.7 ± 0.00  
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and 104 mutants obtained from two rounds of FACS screening respec
tively. Among them, 13 mutants with significant improvement in D- 
lactate production were then characterized, and two key genes were 
further confirmed to be associated with high D-lactate production by 
deletion or interference of their expression. This work thus established a 
D-lactate biosensor-assisted CRISPRi high-throughput screening to 
identify genetic targets associated with D-lactate production in Z. mobilis, 
which can not only be extended for other biochemicals with corre
sponding biosensors, but also provided a feasible high-throughput 
screening approach for rapid identification of genetic targets associ
ated with strain performance in other microorganisms. 
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