
CRISPR/Cas9-Assisted Seamless Genome Editing in
Lactobacillus plantarum and Its Application in
N-Acetylglucosamine Production

Ding Zhou,a Zhennan Jiang,b Qingxiao Pang,b Yuan Zhu,a Qian Wang,a,b Qingsheng Qib,c

aNational Glycoengineering Research Center, Shandong University, Qingdao, People’s Republic of China
bState Key Laboratory of Microbial Technology, Shandong University, Qingdao, People’s Republic of China
cCAS Key Lab of Biobased Materials, Qingdao Institute of Bioenergy and Bioprocess Technology, Chinese Academy of Sciences, Qingdao, People’s Republic of China

ABSTRACT Lactobacillus plantarum is a potential starter and health-promoting pro-
biotic bacterium. Effective, precise, and diverse genome editing of Lactobacillus plan-
tarum without introducing exogenous genes or plasmids is of great importance. In
this study, CRISPR/Cas9-assisted double-stranded DNA (dsDNA) and single-stranded
DNA (ssDNA) recombineering was established in L. plantarum WCFS1 to seamlessly
edit the genome, including gene knockouts, insertions, and point mutations. To op-
timize our editing method, phosphorothioate modification was used to improve the
dsDNA insertion, and adenine-specific methyltransferase was used to improve the
ssDNA recombination efficiency. These strategies were applied to engineer L. planta-
rum WCFS1 toward producing N-acetylglucosamine (GlcNAc). nagB was truncated
to eliminate the reverse reaction of fructose-6-phosphate (F6P) to glucosamine 6-
phosphate (GlcN-6P). Riboswitch replacement and point mutation in glmS1 were in-
troduced to relieve feedback repression. The resulting strain produced 797.3 mg/liter
GlcNAc without introducing exogenous genes or plasmids. This strategy may con-
tribute to the available methods for precise and diverse genetic engineering in lactic
acid bacteria and boost strain engineering for more applications.

IMPORTANCE CRISPR/Cas9-assisted recombineering is restricted in lactic acid bacte-
ria because of the lack of available antibiotics and vectors. In this study, a seamless
genome editing method was carried out in Lactobacillus plantarum using CRISPR/Cas9-
assisted double-stranded DNA (dsDNA) and single-stranded DNA (ssDNA) recombineer-
ing, and recombination efficiency was effectively improved by endogenous adenine-
specific methyltransferase overexpression. L. plantarum WCFS1 produced 797.3 mg/liter
N-acetylglucosamine (GlcNAc) through reinforcement of the GlcNAc pathway, without
introducing exogenous genes or plasmids. This seamless editing strategy, combined
with the potential exogenous GlcNAc-producing pathway, makes this strain an attractive
candidate for industrial use in the future.

KEYWORDS Lactobacillus plantarum WCFS1, CRISPR/Cas9, recombineering,
N-acetylglucosamine, metabolic engineering

Lactobacillus plantarum is a widespread member of the Gram-positive lactic acid
bacteria (LAB) and is commonly found in fermented food and in the gastrointestinal

tract. It is commonly used in the food industry as a potential starter probiotic, in the
pharmaceutical industry for its health-promoting and anti-inflammatory properties, and
as a delivery vehicle for therapeutic compounds (1). Comprehensive metabolic and
genetic data have been intensively studied for this bacterium (2). Through metabolic
engineering and synthetic biology, many species of lactic acid bacteria are now used as
cell factories for value-added chemical production (3–5). However, genetic manipula-
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tion of L. plantarum is in its early stages, especially regarding the tools used for
seamless engineering in the food and pharmaceutical industries.

In Gram-positive LAB, recombineering was initially developed using the traditional
vector-based double-crossover method with endogenous RecA (6). Low vector excision
efficiency and an inherent allelic replacement frequency made it difficult to screen
prospective mutants using this method. Red/RecET-mediated double-stranded DNA
(dsDNA) recombineering has greatly facilitated rapid and precise functional genomic
manipulation in Escherichia coli and other microorganisms (7–10). However, applying
the Red/RecET system in many bacteria other than E. coli has seen limited success (11,
12). Only in the last 2 years has a double-crossover method using counterselectable
markers such as ddl or pheS* with the Red/RecET system or the temperature-sensitive
plasmid pG� host9 to efficiently mediate recombineering been developed in LAB (13,
14). Moreover, Yang et al. identified potential analogs of Gam, Beta, and Exo in L.
plantarum WCFS1 and demonstrated their effectiveness in dsDNA recombineering (15).
This dsDNA recombineering system has the advantage of easily screening mutants,
including gene deletions and insertions. However, this method employs loxP/Cre to
remove antibiotic genes. The phage protein Cre catalyzes site-specific recombination
between its two loxP recognition sites. DNA sequences flanked by loxP sites are excised
when the loxP sites are convergently oriented and inverted when the loxP sites are
divergently oriented (16, 17). This leaves a lox scar on the genome. Recent studies in
Lactobacillus casei developed a CRISPR/Cas9-assisted double-crossover system. Assisted
by CRISPR/Cas9, the double-crossover method in L. casei can only be used for gene
deletion/insertion (18).

In recent years, single-stranded DNA (ssDNA) recombineering that enables subtle
modification of the genome (e.g., point mutations) has been developed in Lactobacillus
reuteri and Lactococcus lactis (19, 20). When assisted by RecT (a prophage-derived
ssDNA-binding protein)-mediated recombineering, the efficiencies of introduced mu-
tagenesis ranged from 0.4 to 19%. Since ssDNA recombineering has been combined
with the type II CRISPR system of Streptococcus pyogenes and is widely used for
eliminating cells with unedited genomes (21, 22), recent studies in L. reuteri developed
CRISPR/Cas9-assisted ssDNA recombineering. ssDNA recombineering in L. reuteri is
highly efficient, but only for point mutations and short fragment deletions (�1 kb) (23).

CRISPR/Cas9-assisted recombineering is restricted in LAB species, including L. plan-
tarum, because of the lack of available antibiotics and vectors. A recent study devel-
oped Cas9-based editing methods for L. plantarum using two approaches, ssDNA
recombineering and vector-based double-crossover for genome editing in different L.
plantarum strains. The double-crossover method was only accomplished in strain WJL.
In strain WCFS1, only a point mutation was achieved (24). In metabolic engineering,
multiple genome manipulations must be achieved within one strain to acquire opti-
mized target pathway flux. In this study, we developed a set of seamless genome
manipulation methods via CRISPR/Cas9-assisted recombineering, comprising gene
knockouts, insertions, and point mutations in L. plantarum WCFS1. Using prophage
recombinase-based gene insertions and knockouts, introduction of DNA adenine meth-
ylase (Dam) effectively increased the point mutation recombination efficiency, and the
whole method was applied to metabolic engineering. To validate the effectiveness of
our methods, we modified the N-acetylglucosamine (GlcNAc) biosynthesis pathway.
GlcNAc is a precursor of glycosaminoglycan, which plays an important role in main-
taining healthy cartilage and joint tissue function (25). Thus, it is widely used as a food
supplement for managing osteoarthritis (26, 27) and in the cosmetic and pharmaceu-
tical fields (26). GlcNAc production via fermentation has been developed in E. coli (28)
and Bacillus subtilis (29) but not in LAB. Until now, no probiotics have been reported to
produce GlcNAc. GlcNAc can be synthesized from fructose-6-phosphate (F6P) by the
following three enzymes: (i) GlmS, an L-glutamine–F6P aminotransferase, which cata-
lyzes the conversion of F6P into glutamate and glutamine into glucosamine
6-phosphate (GlcN-6P); (ii) phosphoglucosamine mutase (GlmM), which catalyzes the
interconversion of glucosamine 1-phosphate (GlcN-1P) and GlcN-6P; and (iii) GlcN-1P
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acetyltransferase (GlmU), which catalyzes the conversion of GlcN-1P and acetyl-
coenzyme A (CoA) into N-acetylglucosamine-1-phosphate (GlcNAc-1P), which then can
be hydrolyzed into GlcNAc (Fig. 1). Here, by using the editing method we developed,
we designed and constructed a GlcNAc-producing L. plantarum engineered strain. By
inactivating nagB and replacing the riboswitch and promoter in front of glmS1 and the
point mutation of glmS1, GlcNAc was produced in the resulting strain without intro-
ducing exogenous genes or plasmids.

RESULTS AND DISCUSSION
Gene knockout via CRISPR/Cas9-assisted dsDNA recombineering. CRISPR/Cas9-

assisted dsDNA recombineering was developed in L. plantarum WCFS1 as per our
previous work. Genes lp_0642, lp_0641, and lp_0640, encoding an exonuclease ana-
logue, a single-stranded annealing protein, and a potential host-nuclease inhibitor,
respectively, were identified from a prophage P1 locus in L. plantarum WCFS1. Plasmid
pLP-gba (15), harboring these three genes, was first transformed into cells to mediate
effective homologous recombination between a heterologous dsDNA substrate and
the host genomic DNA (15). Here, we used the CRISPR/Cas9 system to induce double-
stranded breaks at the editing site and eliminate the unedited cells other than
antibiotic markers and loxP/Cre (Fig. 2A). An artificially designed chimeric single guide
RNA (sgRNA) (30) was adopted in this study to replace the complex and inconvenient
trans-activating CRISPR RNA (tracrRNA) and CRISPR RNA (crRNA) duplex (23). A 631-bp
DNA fragment of the nagB gene was knocked out. The nagB gene, which encodes
glucosamine-6-phosphate (GlcN-6P) isomerase/deaminase, catalyzes the reverse reac-
tion of fructose-6-phosphate (F6P) to GlcN-6P. A dsDNA was designed and named
dsDNA-ΔnagB (1.5-kb fragment flanking the 631-bp deletion region; Fig. 2B). A
protospacer-adjacent motif (PAM) site was selected in this nagB knockout fragment. An
sgRNA was designed from this PAM. cas9 and the designed sgRNA sequence were
cloned into plasmid pSIP403 (31) under the control of promoter-induced sppA (PsppA)
and endogenous constitutive promoter 3a (P3a), respectively, forming pSIP-C9(nagB).

Initially, about 2 �g of the dsDNA substrate and 0.2 �g of the CRISPR/Cas9 vector
were used for electroporation after inducing the pLP-gba-harboring cells via sakacin
P-inducing peptide (IP). Approximately 12 colonies were obtained per plate, with a
positive rate of approximately 25%. As a modification, phosphorothioate bonds were
added to the 5= ends of the dsDNA to protect against cleavage by intracellular
exonucleases. This modification greatly improved the efficiency. In total, 45 colonies

FIG 1 The schematic diagram of CRISPR/Cas9-assisted seamless genome editing for N-acetylglucosamine metabolic engineering in Lactobacillus plantarum.
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were obtained on the plate. We tested 15 colonies using colony PCR; among them, 8
were correct mutants (Fig. 2C). The positive rate was 53.3%.

Gene insertion via CRISPR/Cas9-assisted dsDNA recombineering. For DNA in-
sertion, we designed a one-step method to directly substitute/insert the DNA fragment
on the genome without using resistance genes or loxP sites. The dsDNA recombineer-
ing was performed by cotransforming the CRISPR/Cas9 system and the dsDNA into L.
plantarum expressing the three recombinases. However, we failed to directly substitute
the DNA fragment on the L. plantarum WCFS1 genome using dsDNA recombineering.
Very few strains grew, and no recombinant mutant was obtained. Thus, a two-step
recombineering method was adopted. First, antibiotic-dependent dsDNA recombineer-
ing was performed to insert the target DNA fragment with the antibiotic gene and loxP
site (Fig. 2D). After excising the antibiotic via the loxP/Cre system, we used the
CRISPR/Cas9-assisted gene knockout method to remove the loxP site. The sgRNA-
targeting loxP sites were cloned into plasmid pSIP-C9, forming pSIP-C9(lox). This
method was used to insert promoter 3a in front of glmS1 for high expression, while the
main functional area (108 bp, including the self-cleaved site) of the predicted glmS1
ribozyme was simultaneously deleted (32). The expression of glmS1 was enhanced and
relieved from ribozyme cleavage. This method may be somewhat complex, but it is a
practicable and efficient method for seamlessly inserting genes into L. plantarum.
Because sgRNA targets the loxP site, CRISPR-expressing plasmids do not require re-
building each time, making this method more convenient. The efficiency of the
two-step gene insertion was also divided into two parts. The chloramphenicol resis-

FIG 2 Schematic of CRISPR/Cas9-assisted dsDNA recombineering. (A) Schematic diagram showing the CRISPR/Cas9-assisted dsDNA recombineering process. A
strain harboring pLP-gba that expressed the recombination system was induced by sakacin P-inducing peptide (IP), followed by the cotransformation of pSIP-C9
and dsDNA fragments containing mutations or gene deletions. The recombination system then mediated allelic replacement, resulting in mutations or gene
deletion. The Cas9 nucleases induced by IP and sgRNA were constitutively expressed. sgRNA guided Cas9 to the designated site and caused a double-strand
break. Cells survived Cas9 cleavage when the protospacer-adjacent motif (PAM) site was modified by dsDNA recombineering, whereas unmodified cells did not
survive. Differently colored dots represent different enzymes expressed from the correspondingly colored genes in plasmids. (B) Schematic diagram illustrating
the seamless deletion of the nagB gene. (C) PCR verification result of nagB knockout using primers nagB-cf and nagB-cr. Wild type, 2.3 kb; knockout strain, 1.6 kb.
(D) Insertion of promoter 3a in front of the glmS ribozyme by a two-step method. The result was verified by PCR using primers 3a-cf/3a-cr.
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tance gene, loxP sites, and the 3a promoter were inserted with a positive rate of 82%.
The second step was CRISPR-assisted seamless genome knockout of the loxP sites, in
which 57 colonies were obtained on the plate; 24 of these were tested, and 14 were
correct mutants as identified by colony PCR and sequencing, with a positive rate of
58.3% (Fig. S1).

Point mutations via CRISPR/Cas9-assisted ssDNA recombineering. CRISPR/Cas9-
assisted dsDNA recombineering without antibiotic markers performs poorly in point
mutations. After cotransforming the point mutation dsDNA and CRISPR system, the
positive rate was only approximately 1/20. Therefore, we attempted to develop an
efficient point mutation method. The CRISPR/Cas9-assisted ssDNA recombineering
system in L. reuteri has been successfully constructed (23). Thus, we used Lp0641, which
has 46% identity with the RecT of L. reuteri, to mediate ssDNA recombineering. Gene
Lp0641 was cloned into plasmid p411 to yield p411-RecT.

To validate this ssDNA recombineering method, we chose the glmS1 gene point
mutation as an example. Several point mutations in GlmS of E. coli were reported to
depress the feedback inhibition caused by GlcN-6P and improve the catalytic activity
and solubility (33). Comparing the glmS amino acid sequences revealed that the amino
acid was highly conserved in this alignment (see Fig. 5A), and G471S generated product
resistance. Therefore, we chose this conserved site mutation (G472 in Lactobacillus
plantarum WCFS1) to conduct recombineering using a designed ssDNA. The sgRNA was
designed to target the PAM sequence NGG (underlined in Fig. 3A), which landed in site
472 of glycine. The G472S mutant avoided the PAM site, and thus the cell escaped Cas9
cleavage. ssDNA [35 �g; ssDNA-472-5 and pSIP-C9(472)] was electrotransformed into

FIG 3 CRISPR/Cas9-assisted ssDNA recombineering in Lactobacillus plantarum WCFS1. (A) The gene sequences of
wild-type glmS1 and mutant glmS1G472S are shown as two alphabetic strings. The ssDNA as lagging strand is shown
under the genome of the wild type, using an alphabetic string and solid line, and the mutated bases are marked
in red. (B) The operation process of ssDNA recombineering is similar to that of dsDNA recombineering; only the
recombinase and exogenous DNA are different. The strain harboring plasmid p411-recT-cm expresses RecT protein
induced by IP, followed by the cotransformation of the plasmid expressing Cas9 and sgRNA by the inducing of IP
along with the ssDNA fragment containing desired mutations. Then, the single-strand annealing protein RecT
bonds and protects the ssDNA from degradation by host nucleases and promotes annealing of cDNA strands.
The sgRNA guides the Cas9 to the designated site and causes a double-strand break. Strains whose genomes
are modified by ssDNA recombineering survive the Cas9 incision, while those not modified by ssDNA
recombineering are nonviable. The result was verified by PCR using primers 472-cf and 472-cr. Sequencing
results are shown in Fig. S2.
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cells expressing p411-RecT. By sequencing the PCR amplicon, we obtained 32 mono-
clonal strains per plate, including 20 mutants, with a positive rate of near 62.5%.

Redesign of ssDNA recombineering using adenine-specific methyltransferase.
The CRISPR/Cas9-assisted ssDNA recombineering efficiency has been designed to be
improved. Mutation of DNA-directed RNA polymerase (rpoB) (H487R or T486S/H487R)
yielded a rifampin-resistant strain (34). Thus, the rpoB gene was targeted for point
mutation through ssDNA recombineering, and the rifampin-resistant recombinants
represent the recombination efficiency. Recombineering efficiency is often affected by
the methyl-directed mismatch repair system (MMR) in E. coli; however, multiple adja-
cent mismatches can avoid the MMR. Thus, a series of ssDNAs were designed (Fig. 4A)
with one to five consecutive mismatches. Five consecutive mismatches had the best
recombination efficiency among the tested mismatches and obtained 595 rifampin-
resistant colonies. The number of colonies with five consecutive mismatches was 5-fold
higher than the number of colonies with the other consecutive mismatches (Fig. 4C).
We also tried the designed ssDNA with interval mismatches, but with less recombina-
tion efficiency (Fig. S3).

Consecutive nucleotide mismatches of greater than 5 bases can improve effi-
ciency, while in some circumstances, fewer nucleotide changes are needed (e.g., 1,
2, or 3). Previous reports showed that the destroyed MMR increased the ssDNA
recombineering efficiency, but the strain with defective MMR had approximately
1,000-fold-higher spontaneous mutation rates than the wild type (35, 36). Hong et
al. used conditionally activated mutations of the MMR proteins MutS and MutL to
generate temperature-sensitive mismatch repair activity (37). Thus, recombineering
can be achieved by adjusting the temperature. A recent report showed that DNA
adenine methylase (Dam) may improve ssDNA recombineering efficiency (38).
Therefore, the L. plantarum WCFS1 endogenous adenine-specific methyltransferase
subunit gene (lp_2243) was cloned into plasmid p411-RecT under the control of the
sakacin P-inducing peptide, resulting in plasmid p411-RecT-Dam. The results showed
that Dam remarkably improved the mutation efficiencies of ssDNA recombineering of

FIG 4 The optimization design of ssDNA recombineering. (A) The ssDNA with various mutant bases (marked in red) was
used to mutate the rpoB gene on the genome, resulting in a rifampin-resistant phenotype. The number of consecutive
mismatches from 1 to 5 was designed. (B) The DNA adenine methylase gene dam was cloned into vector p411-RecT-cm
to yield p411-RecT-Dam-cm. The promoter of Dam is the same as that of RecT and is induced by IP. (C) The efficiency of
ssDNA recombineering resulting in various mismatches is assumed by the CFU of mutants with rifampin resistance. The
5 consecutive mismatches are the most efficient when only expressing RecT. With the help of the methylase Dam,
efficiency was obviously enhanced, especially that with 3 consecutive mismatches. (D) The recombination efficiency
improved as the ssDNA concentration increased.
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all five consecutive mismatches, especially that of the ssDNA with three consecutive
mismatches (Fig. 4C). Dam overexpression can transiently disable MMR during induc-
tion because Dam binds the mismatched bases or its adjacent bases faster than does
MMR. Thus, the MMR could not repair the mismatched bases in the methylated DNA
chain (28).

We suspected that different bases have different mismatch repair efficiencies. The
fourth base of the four consecutive mismatches in ssDNAs is a degenerate base;
therefore, we designed ssDNAs in which the fourth base is A, G, C, or T (Fig. S4A). After
transforming the ssDNA, colonies growing on rifampin plates were counted to obtain
the mutation frequency toward different bases. The highest mismatch efficiency of the
fourth base was A, for which approximately 800 colonies were obtained on the
rifampin-resistant plates, followed by C, T, and G, with 710, 430, and 330 rifampin-
resistant colonies, respectively. We then determined the mismatch efficiency of differ-
ent bases at other sites. We designed an ssDNA named ssDNA-rpoB-3�N (N � A, G, C,
or T) to calculate the mismatch efficiency of this site. The mismatch efficiency of base
C was the highest, while that of base G was the lowest (Fig. S4B).

There are eight possible mismatch pairs. Costantino and Court reported that the
efficiency of the eight mismatches was retained in the following order: G·T, A·C, A·A,
G·G � T·T, T·C, A·G � C·C (39). Our experiment was consistent with this result, where the
C·T mismatch was the most easily retained, with the highest recombination efficiency
among these mutations. Therefore, if conditions permit, the mutation efficiency can be
effectively increased by changing the mismatched base to one more likely to be
retained.

To further verify the function of Dam, GlmS1 G472S was again chosen as the
recombineering target. ssDNA with three consecutive mismatches was used for CRISPR/
Cas9-assisted recombineering under Dam overexpression. We obtained 35 monoclonal
strains per plate, with a positive rate of approximately 71.4%. This method was much
more efficient than that without Dam.

Seamless engineering of L. plantarum toward GlcNAc production. First, we
knocked out the nagB gene, whose product catalyzes the reversal reaction of GlmS, via
CRISPR/Cas9-assisted dsDNA recombineering. The strain was named WG1, and GlcNAc
production increased to 193 mg/liter from 105 mg/liter. The glmS ribozyme in front of
the glmS1 gene inhibits glmS1 expression via mRNA self-cleavage when sufficient
GlcN-6P bonds to the ribozyme (32). We deleted the core region of the glmS ribozyme,
including the cleavage site, and replaced it with the endogenous strong promoter 3a
in a two-step method (Fig. 2D), resulting in strain WG2. The production was not further
improved. We suspect that GlmS is the rate-limiting enzyme in GlcNAc production (33)
and is tightly regulated at both the transcriptional and posttranscriptional levels.
Mutations in glmS in E. coli can depress feedback inhibition (33). Compared with other
homologous proteins, glycine 472 of GlmS1 in L. plantarum WCFS1 was highly con-
served in the compared strains (Fig. 5A). Product feedback inhibition can be eliminated
by mutating this site in E. coli; therefore, G472S was mutated to improve GlmS1
catalytic capacity. The resulting WG3 accumulated 456 mg/liter of GlcNAc. GlcNAc
synthesis requires one precursor, acetyl-CoA, which is transferred onto GlcN-1P and
forms GlcNAc-1P. Excess NADH generated through pyruvate decarboxylation to acetyl-
CoA cannot be oxidized because L. plantarum normally relies on a fermentative
metabolism. Reports have shown that L. plantarum WCFS1 induces respiration-like
behavior when heme and menaquinone are in the fermentation medium (36, 37). The
redundant NADH can be consumed by the electron transport chain as shown in Fig. 5B.
By optimizing the cultivation conditions, this engineered strain produced 797.3 mg/liter
of GlcNAc using glucose as the sole carbon source (Fig. 5D).

Conclusions. In this study, a series of CRISPR/Cas9-assisted genome engineering
methods were developed. Using CRISPR/Cas9 as the screening tool simplified the entire
genetic manipulation process, and combining dsDNA/ssDNA recombineering yielded
seamless genome modifications. Introducing DNA adenine methylase (Dam) signifi-

Seamless Genome Editing of Lactobacillus plantarum Applied and Environmental Microbiology

November 2019 Volume 85 Issue 21 e01367-19 aem.asm.org 7

https://aem.asm.org


FIG 5 Increase of GlcNAc production by strain and process optimization. (A) Amino acid sequence
comparison of GlmS to six other bacterial strains. In E. coli, G471S was proved to effectively relieve
product resistance. By comparison of the amino acid sequences of glmS, G471 is highly conserved
in these alignments. Therefore, we chose this conserved site (G472 in Lactobacillus plantarum
WCFS1) mutation to conduct recombineering using a designed ssDNA. The G472 site is indicated by
a red arrow. Organism abbreviations: Eco, E. coli K-12 MG1655; Ecj, E. coli K-12 W3110; Lpl, L.
plantarum WCFS1; Lin, Listeria innocua (serotype 6a); Bsu, Bacillus subtilis subsp. subtilis 168; Bha,
Bacillus halodurans. (B) Optimized metabolic pathways for GlcNAc production. Optimization was
accomplished via mutation of glmS1 and knockout of nagB. Heme and menaquinone were external
sources and are shown in red. (C) Fermentation production of GlcNAc in each individual engineered
strain. Aerobic fermentation was conducted in MRS medium at 37°C and 220 rpm, and pH was
maintained at approximately 6.5. Results are averages from three independent experiments. (D)
Fermentation profiles of wild-type (WT) L. plantarum WCFS1 under anaerobic conditions and WG3
under aerobic conditions.
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cantly improved ssDNA recombineering efficiency in L. plantarum WCFS1. Using this
genome editing tool, we constructed a GlcNAc-producing L. plantarum strain. The final
strain yielded 797.3 mg/liter of GlcNAc without introducing exogenous marker genes or
plasmids. Our strategy is a powerful method of extending the food and medical
applications of L. plantarum.

MATERIALS AND METHODS
Bacterial strains, plasmids, and media. Table S1 lists all plasmids and bacterial strains used in this

study. L. plantarum WCFS1 was cultivated in de Man, Rogosa, and Sharpe (MRS) broth (Oxoid, England)
at 37°C under static conditions. L. lactis MG1363 was used for pSIP411-based (31) plasmid amplification
and was cultivated in M17 broth (Oxoid) supplemented with 1% glucose at 30°C under static conditions.
E. coli XL1-Blue was used for shuttle vector construction and was cultivated in Luria-Bertani (LB) medium
at 37°C and 220 rpm. For Lactobacillus and E. coli, the erythromycin concentrations were 5 �g/ml and
250 �g/ml and the chloramphenicol concentrations were 5 �g/ml and 10 �g/ml, respectively. Sakacin
P-inducing peptide (GenScript) was added to the medium at 50 ng/ml.

Molecular techniques. Plasmid DNA was extracted using plasmid minikits from Tiangen (Beijing,
China). The genome was extracted using the TIANamp bacteria DNA kit from Tiangen (Beijing, China). E.
coli competent cells were purchased from TransGen (Beijing, China). Phanta Max super-fidelity DNA
Polymerase from Vazyme (Nanjing, China) was used for the PCR amplifications and assays. DNA was
purified by the gel extraction kit and Cycle-Pure kit from Omega (USA). The DNA restriction enzymes for
cloning were from Thermo Fisher Scientific (USA). The Gibson assembly method was used to assemble
DNA fragments.

Lactobacillus plasmids and DNA fragments were electrotransformed as follows. Briefly, 100 �l of
overnight cultures and induction peptide were inoculated into 5 ml SGMRS (MRS with 0.75 M sorbitol
and 1% glycine) and cultivated at 37°C until the cell density at an optical density at 600 nm (OD600)
reached 0.6. Then the cells were centrifuged and washed twice using SM buffer (952 mM sucrose and
3.5 mM MgCl2). Finally, the cells were centrifuged and resuspended in 80 �l SM buffer for electrotrans-
formation. After standing on ice for 10 min, plasmids and/or DNA fragments mixed with the competent
cells were added into 0.2-cm cuvettes (Bio-Rad) and electroporated with a Gene Pulser (2,000 V, 25 �F,
400 �; Bio-Rad). The mixture was then transferred to 1 ml SMRS broth (MRS with 0.5 M sucrose and 0.1
M MgCl2) and cultured at 37°C for 2h to recover unless otherwise indicated. Finally, the recovery medium
that contained cells was plated onto MRS agar plates with the required antibiotics after being centri-
fuged and resuspended.

Plasmid construction and DNA fragment amplification. Table S2 shows the sequences of all
oligonucleotides used in this study. The CRISPR/Cas9-assisting plasmid was constructed as follows. The
cas9 gene and sgRNA sequence from plasmid p99S-Cas9 were amplified by the primer pairs 403-Cas9-
f/Cas9-3a-r and 3a-sgRNA(472)-f/sgRNA-403-r, respectively. The two fragments were cloned into pSIP403,
digested with NcoI and XhoI by Gibson assembly to generate pSIP-C9(472), and transformed in E. coli
XL1-Blue cells. The Cas9-3a-r and 3a-sgRNA(472) primers contained the endogenous constitutively
expressed promoter 3a, and 3a-sgRNA(472) contained a 30-bp spacer. Plasmid pSIP-C9(nagB) and
pSIP-C9(lox) construction was similar to that for pSIP-C9(472); only the spacer sequences differed.
Plasmids used for recombineering were constructed as follows. The RecT gene and plasmid pSIP411 were
amplified via RecT-f/RecT-r and p411-f/p411-r, respectively. The two amplicons were fused by Gibson
assembly to generate plasmid p411-RecT-em. The erythromycin resistance gene was replaced by the
chloramphenicol resistance gene with primers cm-f/cm-r and p411-cm-f/p411-cm-r, generating
p411-RecT-cm. The adenine-specific methyltransferase subunit gene (lp_2243) was amplified by the
primer pair Dam-f/Dam-r and was inserted into the p411-RecT-cm cut with EcoRI, generating
p411-RecT-Dam-cm.

The dsDNA fragment was amplified as follows. dsDNA-ΔnagB was amplified and overlapped by
primers nagB-f/nagB-r and nagB-f2/nagB-r2. dsDNA-ΔP3a was amplified and overlapped by primers
3a-f1/3a-r1, 3a-f2/3a-r2, and 3a-f3/3a-r3. dsDNA-Δlox was amplified and overlapped by primers 3a-f1/
lox-r1 and lox-f2/3a-r3.

Strain cultivation. To perform GlcNAc batch fermentation, a single colony was inoculated into 5 ml
of MRS medium containing the appropriate antibiotics and incubated for 12 h at 37°C without shaking.
The preculture was then inoculated into 50 ml of fresh MRS medium containing 30 g/liter glucose.
Fermentation was performed at 37°C without shaking, and the pH was maintained at approximately 6.5
using 30% NH4OH and 4 mM H2SO4. The inducing peptides were added after 12 h.

GlcNAc synthesis requires acetyl-CoA as a precursor. Acetyl-CoA, which is derived from pyruvate
decarboxylation, is transferred to GlcN-1P to form GlcNAc-1P. L. plantarum normally relies on fermen-
tative metabolism, of which respiration (the electron transport chain) is not activated; thus, excess NADH
generated through pyruvate decarboxylation cannot be oxidized. LAB can respire when hemin (an
essential cofactor of cytochrome oxidase) and methylnaphthoquinone are present (40, 41). Thus,
redundant NADH can be consumed by the electron transport chain, as shown in Fig. 5B (42, 43). L.
plantarum aerobic culture conditions were cultivated in medium containing heme (20 �M) and menaqui-
none (10 �M) at 37°C and 220 rpm.

Analytical methods. Samples were centrifuged at 12,000 rpm for 5 min; the cells were then
resuspended with distilled water. The cell density was measured at 600 nm using a spectrophotometer
(Shimazu, Japan). The supernatant was used to detect extracellular metabolites. Glucose, pyruvate, and
GlcNAc were quantitatively determined via a high-performance liquid chromatograph (Shimadzu, Japan)
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equipped with a refractive index detector (RID-10A; Shimadzu, Japan) and an Aminex HPX-87H ion
exclusion column (Bio-Rad, USA), as described previously (44, 45).

SUPPLEMENTAL MATERIAL
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