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ABSTRACT Corynebacterium glutamicum is frequently engineered to serve as a ver-
satile platform and model microorganism. However, due to its complex cell wall
structure, transformation of C. glutamicum with exogenous DNA is inefficient. Al-
though efforts have been devoted to improve the transformation efficiency by using
cell wall-weakening agents, direct genetic engineering of cell wall synthesis for en-
hancing cell competency has not been explored thus far. Herein, we reported that
engineering of peptidoglycan synthesis could significantly increase the transforma-
tion efficiency of C. glutamicum. Comparative analysis of C. glutamicum wild-type
strain ATCC 13869 and a mutant with high electrotransformation efficiency revealed
nine mutations in eight cell wall synthesis-related genes. Among them, the Y489C
mutation in bifunctional peptidoglycan glycosyltransferase/peptidoglycan pp-transpeptidase
PonA dramatically increased the electrotransformation of strain ATCC 13869 by
19.25-fold in the absence of cell wall-weakening agents, with no inhibition on
growth. The Y489C mutation had no effect on the membrane localization of PonA
but affected the peptidoglycan structure. Deletion of the ponA gene led to more
dramatic changes to the peptidoglycan structure but only increased the electro-
transformation by 4.89-fold, suggesting that appropriate inhibition of cell wall syn-
thesis benefited electrotransformation more. Finally, we demonstrated that the
PonAY489C mutation did not cause constitutive or enhanced glutamate excretion,
making its permanent existence in C. glutamicum ATCC 13869 acceptable. This study
demonstrates that genetic engineering of genes involved in cell wall synthesis, espe-
cially peptidoglycan synthesis, is a promising strategy to improve the electrotransfor-
mation efficiency of C. glutamicum.

IMPORTANCE Metabolic engineering and synthetic biology are now the key en-
abling technologies for manipulating microorganisms to suit the practical outcomes
desired by humankind. The introduction of exogenous DNA into cells is an indis-
pensable step for this purpose. However, some microorganisms, including the im-
portant industrial workhorse Corynebacterium glutamicum, possess a complex cell
wall structure to shield cells against exogenous DNA. Although genes responsible for
cell wall synthesis in C. glutamicum are known, engineering of related genes to im-
prove cell competency has not been explored yet. In this study, we demonstrate
that mutations in cell wall synthesis genes can significantly improve the electrotrans-
formation efficiency of C. glutamicum. Notably, the Y489C mutation in bifunctional
peptidoglycan glycosyltransferase/peptidoglycan pb-transpeptidase PonA increased
electrotransformation efficiency by 19.25-fold by affecting peptidoglycan synthesis.
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orynebacterium glutamicum, a Gram-positive and generally recognized as safe

(GRAS) soil bacterium, is widely used for the industrial production of various amino
acids, such as glutamate and lysine, the market sizes of which are approximately 3.1
million and 2.2 million tons per year, respectively (1, 2). With the availability of genome
sequences (3, 4) and the development of systems metabolic engineering and synthetic
biology, C. glutamicum has become an industrial platform organism for the production
of amino acids, chemicals, materials, fuels, and recombinant proteins (5-8). High-
efficiency introduction of exogenous DNA into cells is required for multiplex and
automated strain modification (9-11). Currently, electrotransformation is the most
frequently used method for C. glutamicum due to its simplicity and efficiency. However,
compared with another widely used platform strain Escherichia coli (about 10°
CFU ng~" DNA), the electrotransformation efficiency of C. glutamicum has only been
improved up to 107 CFU ug~" DNA (for C. glutamicum strain ATCC 13032), even though
a complicated competent cell treatment strategy was applied (12). CRISPR/Cas9 ge-
nome editing technologies recently reported in C. glutamicum also showed that low
transformation efficiency is a main limitation for improving editing efficiency and
performing multilocus editing (10, 11). Therefore, efforts are still indispensable to
further improve the electrotransformation efficiency of C. glutamicum.

It has been demonstrated that the restriction-modification (RM) system is one of the
key barriers for electrotransformation in C. glutamicum (13-15). The typical type Il RM
system cgIMRR was experimentally verified to mainly restrict foreign DNA in C. glutami-
cum (15). The effect of the RM system on electrotransformation can be avoided by
cgIMRR deletion or employing E. coli expressing methyltransferase CglM as a xenoge-
neic plasmid donor host (16, 17). Alternatively, a 6-min heat shock treatment at 46°C
immediately following electroporation has frequently been applied to deactivate the
restriction system (14). The complex cell wall structure of C. glutamicum (18, 19) is
another major barrier that significantly reduces transformation efficiency. The cell wall
core of Gram-positive C. glutamicum consists of a thicker peptidoglycan layer than with
E. coli, a mycolic acid layer that is unique to the Corynebacteriales order, and a
heteropolysaccharide arabinogalactan layer (20). To decrease the cell wall barrier and
consequently enhance the cell competency, different cell wall-weakening agents, such
as glycine, isonicotinic acid hydrazide (INH), and Tween 80, were added to the medium
used for preparing competent cells (21-24). Glycine is known to replace p-alanine in
peptidoglycan precursors and loosen the cross-linking between peptidoglycan chains
(13, 25, 26). INH is generally recognized to inhibit the synthesis of mycolic acids (22),
and Tween 80 changes the carbon chain length and the degree of unsaturation of
mycolic acids (27). After systematically optimizing their dosage, the contribution of cell
wall-weakening agents to the improvement in electrotransformation efficiency has
been fully explored (12). On the contrary, few efforts have been devoted toward
identifying and manipulating the genetic factors involved in cell wall synthesis to
improve cell competency. Jang and Britz isolated a cell surface mutant of C. glutamicum
MLB133 that diminished the proportion of mycolic acids attached to the cell surface
and the thickness of the cell wall (19). In combination with use of glycine and INH, the
mutant showed increased electrotransformation efficiency. Unfortunately, the under-
lying genetic mutations were not identified. Therefore, uncovering the genetic basis
and molecular mechanism for weakening the cell wall barrier is urgently demanded to
further improve electrotransformation efficiency.

We previously isolated a glutamate-hyperproducing mutant of C. glutamicum ATCC
13869 (strain SL4) via physical and chemical mutagenesis and selection. In subsequent
studies, it was unexpectedly discovered that the electrotransformation efficiency of
strain SL4 was extremely high even in the absence of cell wall modifiers (1.94 X 10° +
0.48 X 10° CFU ug~—" DNA) (10). Since strain ATCC 13869 lacks the cg/MRR RM system, it
is speculated that the enhanced transformation efficiency is caused by mutations in cell
wall synthesis-related genes. In this study, nine mutations in cell wall synthesis-related
genes were discovered by comparative genome analysis, and their effects on transfor-
mation efficiency were characterized by introducing them individually into the wild-
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TABLE 1 Mutations related to cell wall synthesis in strain SL4

Gene name Locus_tag? Functional annotation® Nucleotide change Amino acid change Category
fli BBD29_RS00175 Flippase GCC/GTC A63V Peptidoglycan synthesis
ponA BBD29_RS01645 Penicillin binding protein 1A TAC/TGC Y489C
dd| BBD29_RS07135 p-Alanine-p-alanine ligase GGC/AGC G256S
murJ BBD29_RS15295 Lipid Il flippase MurJ/MviN CCG/TCG P373S

ACC/ATC T882I
emb BBD29_RS01155  Arabinosyl transferase GCC/ACC A962T Arabinogalactan synthesis
ufaA BBD29_RS07910  Cyclopropane fatty acid synthase ~ AGG/AAG R90K Mycolic acid synthesis
fadD4 BBD29_RS06420  Fatty-acid-CoA ligase GGC/AGC G32S
otsB BBD29_RS12855  Trehalose-6-phosphatase GTT/ATT V69l

9Locus_tag is the identifier of each gene in strain ATCC 13869 genome sequence from NCBI database (accession number NZ_CP016335).
bCoA, coenzyme A.

type strain ATCC 13869. Among two contributing mutations, a Y489C mutation in the
ponA gene encoding bifunctional peptidoglycan glycosyltransferase/peptidoglycan pp-
transpeptidase significantly increased the electrotransformation efficiency of strain
ATCC 13869 by 19.25-fold. Experimental evidence indicated that the Y489C mutation in
ponA affected peptidoglycan synthesis. The molecular mechanism reported here will
provide a new perspective to manipulate the cell wall synthesis of C. glutamicum and
improve its electrotransformation efficiency.

RESULTS

Comparative genome analysis between strains SL4 and ATCC 13869. The
genome of C. glutamicum SL4 was sequenced, and its sequence was compared with
that of ATCC 13869. The cell wall synthesis-related genes were identified according to
COG annotation and the published literature. For these genes, only 9 single nucleotide
polymorphisms (SNPs) located in 8 genes were discovered in the SL4 strain (Table 1),
with two mutations in the murJ gene. Insertions, deletions, and rearrangements were
not found. The products of the fli, ponA, ddl, and murJ genes are important enzymes
responsible for peptidoglycan biosynthesis (28-30). The gene emb, encoding arabinose
transferase, is crucial for arabinogalactan synthesis (31, 32). The genes ufaA, fadD4, and
otsB are involved in mycolic acid biosynthesis (28, 33).

Identification of mutations responsible for improved electrotransformation
efficiency. To evaluate the effects of the mutations on electrotransformation efficiency,
eight mutant strains harboring individual gene mutations were constructed from the
wild-type strain C. glutamicum ATCC 13869 by using the pK18mobsacB system via
homologous double-crossover recombination (34). Competent cells of the resulting
mutants and the wild-type strain were prepared using LBG medium (LB supplemented
with 0.5% [wt/vol] glucose) without cell wall modifiers, and the electrotransformation
efficiency was then determined (Fig. 1). The ponAY48°¢ mutant showed the highest
efficiency (6.36 X 10* = 1.00 X 10* CFU ug~"' DNA), 19.25-fold higher than that of the
wild-type strain (3.14 X 103 £ 0.32 X 103 CFU ug~"' DNA). Another mutant, the dd/52555
mutant, also achieved an improved efficiency (1.72 X 10* = 0.30 X 10* CFU ug~"'
DNA), 4.48-fold higher than that of the wild-type strain. On the other hand, the mutants
with ufaAR?°K and fadD4%325 had 1.34-fold and 1.82-fold lower efficiencies than that of
the wild-type strain, respectively. The rest of the mutants presented efficiencies
similar to that of the wild-type strain. These results showed that mutations in genes
ponA and ddl both improved the electrotransformation efficiency of C. glutamicum.
To test the combinational effect of ponAY48°C and ddI®25%5 mutations, the ponAY489¢
ddlIS2565 double-mutant strain was then constructed. However, combination of the
two mutations did not further increase the efficiency (5.51 X 104 = 0.24 X 104
CFU ng~"' DNA), which is only 16.55-fold higher than that of the wild-type strain.
Since the ponAY48°¢ mutant showed the highest transformation efficiency, it was
further studied in the subsequent experiments.

Different effects of Y489C point mutation and deletion of ponA on electro-
transformation efficiency. PonA, encoded by ponA (gene synonym, pbpla), is a
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FIG 1 Electrotransformation efficiencies of the ATCC 13869 wild-type (WT) strain and mutants. Compe-
tent cells were prepared using LBG medium without cell wall-weakening agents. The number of cells
used for each electrotransformation was approximately 108. Error bars indicate standard deviations from
the results from three parallel experiments. Asterisks indicate significant changes in electrotransforma-
tion efficiency based on a comparison between the mutants and the wild-type strain. **, P =< 0.01; ***,
P =0.007 (Student’s two-tailed t test).

bifunctional enzyme acting as both transpeptidase and transglycosylase in the pepti-
doglycan synthesis (Fig. 2A). To verify whether the Y489C mutation in ponA improved
electrotransformation efficiency by deactivating PonA, a ponA-deleted mutant (AponA)
was constructed. The transformation efficiency of the AponA mutant was compared
with those of the wild-type strain and ponAY48°C mutant. Similar to the result shown in
Fig. 1, the efficiency of ponAY48°C mutant (5.05 X 10* = 0.78 X 10* CFU ug—"' DNA) was
17.04-fold higher than that of the wild-type strain (2.8 X 10® = 0.46 X 103 CFU ug~"
DNA). Surprisingly, the efficiency of the AponA mutant (1.65 X 10* = 0.46 X 10*
CFU ng~' DNA) was only 4.89-fold higher than that of the wild-type strain (Fig. 2B),
which was much lower than that of the ponAY48°C mutant. Since ponA plays an
important dual role in cell wall synthesis, its deletion may make cells more susceptible
to electroporation or affect cell growth, which consequently have negative effects on
the electrotransformation efficiency. To investigate these possibilities, the cell viability
after electroporation was first determined. However, no significant decrease in cell
viability was observed in the case of ponA deletion (Fig. 2B). Then, the growth curves
of the ATCC 13869, ponAY48°C mutant, and AponA mutant strains were determined. The
ponAY489C¢ mutant had the same growth rate as the wild-type strain, and the AponA
mutant exhibited a slight but nonsignificant decrease in growth, suggesting that the
transformation efficiency changes were not caused by different growth characteristics
(Fig. 2C). These results demonstrate that the site mutation Y489C does not disrupt the
function of PonA, at least not completely.

Although the ponAY489¢ mutant shows enhanced electrotransformation efficiency
compared with the wild-type ATCC 13869 strain, the efficiency is still lower than that of
mutant SL4 (1.94 X 10° = 0.48 X 10° CFU ug~" DNA). Next, we tested whether the
combinational use of the ponAY48°¢ mutation and cell wall-weakening agents could
further boost the electrotransformation efficiency. By using the cell wall-weakening
agents described by Ruan et al. (12), the electrotransformation efficiencies of all the
ATCC 13869 wild-type strain and its derivatives increased. Notably, the use of ponAY489¢
mutation along with cell wall-weakening agents boosts the electrotransformation
efficiency to 2.36 X 10° £ 0.53 X 10° CFU ug~"' DNA, which was approximately 50-fold
higher than the efficiency obtained without cell wall-weakening agents (Fig. 2D). These
results suggest that the combined use of genetic modification and cell wall-weakening
agents is a promising strategy to improve the electrotransformation efficiency of C.
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FIG 2 Effects of Y489C point mutation and deletion of ponA on electrotransformation efficiency. (A) Function of PonA in transglycosylation
and transpeptidation of cell wall synthesis. (B) Electrotransformation efficiency and susceptibility to electroporation of the wild-type (WT),
ponAY489C, and AponA strains in the absence of cell wall-weakening agents. Competent cells were prepared using LBG medium without
cell wall-weakening agents. The cells used for each electrotransformation were approximately 108. After electroporation and recovery, cells
were spread on selective LBG plates supplemented with 25 ug/ml kanamycin to determine the electrotransformation efficiency and LBG
plates without kanamycin to determine the susceptibility to electroporation. (C) Growth curves of wild-type (WT), ponAY48°C, and AponA
strains. Cells were cultured in LBG medium with an initial OD,, value of 0.2. The cell density was determined every 3 hours. (D)
Electrotransformation efficiency of wild-type (WT), ponAY48°C, and AponA strains in the presence of cell wall-weakening agents. Competent
cells were prepared using NCM medium supplemented with glycine, threonine, INH and Tween 80 according to the protocol described
previously (12). Error bars indicate standard deviations from three parallel experiments. Asterisks indicate significant changes in
electrotransformation efficiency and susceptibility to electroporation based on a comparison between the mutants and the wild-type
strain. **, P < 0.01; ***, P =< 0.001 (Student’s two-tailed t test). NS indicates nonsignificant change between the wild-type strain and the

mutant based on Student’s two-tailed t test (P > 0.05).

glutamicum. It should be noted that although the protocol described by Ruan et al. (12)
was also useful for strain ATCC 13869 and its derivatives, the electrotransformation
efficiencies obtained were not as high as that of strain ATCC 13032 (107 CFU pug~"
DNA). This might be because the protocol was optimized for strain ATCC 13032 rather
than strain ATCC 13869. There should still be room for improvement in the electro-
transformation efficiency of strain ATCC 13869.

Detecting membrane localization of the PonAY48°C mutant. In a previous study,
Valbuena and coworkers constructed and overexpressed a green fluorescent protein
(GFP)-PonA fusion protein in C. glutamicum to investigate the localization of PonA (enzyme
synonym penicillin-binding protein 1a [PBP1a]). The results suggest that PonA is a
membrane-bound enzyme with a transmembrane region (29). According to the motif
analysis of PonA in C. glutamicum (KEGG; http://www.kegg.jp/ssdb-bin/ssdb_motif?kid=cgl:
NCgl0274), the point mutation Y489C was located on the transpeptidase domain of
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Visible light

Fluorescence

FIG 3 Membrane localization of GFP-PonA and GFP-PonAY48°C fusion proteins in the AponA mutant.
Microscope images under visible light and fluorescence are shown. White arrows point out the typical
membrane localization of GFP-PonA and GFP-PonAY48°C fusion proteins. Bars represent 5 um. Fluores-
cence was excited at 480 nm, and the emission was monitored at 527 nm.

PonA but not the conserved active sites (35). To determine whether the mutation
would affect the membrane localization of PonA, we constructed gfp-ponA and gfp-
ponAY489C fusion genes according to the design by Valbuena and coworkers, which was
fusing gfp to the 5’ end of the ponA gene. The gfp-ponA and gfp-ponAY48°C fusion genes
were overexpressed by plasmids in the ponA-deleted C. glutamicum host, and cells in
the exponential phase of growth were collected for observation. As shown in Fig. 3,
there was no obvious difference in the localization between the GFP-PonA and GFP-
PonAY48°C fusion proteins. More fluorescence was localized at the cell division septa,
which was consistent with previous reports (29). This result suggests that the Y489C
mutation has no obvious effect on the membrane localization of PonA.

Effects of Y489C point mutation and deletion of ponA on peptidoglycan
structure. To investigate the mechanism of ponA mutation/deletion-induced efficient
electrotransformation, unincorporated peptidoglycan precursors of the wild-type strain
and mutants were analyzed using vancomycin fluorescence (Van-FL) staining. Vanco-
mycin can bind to the un-cross-linked p-Ala-p-Ala termini within peptidoglycan at the
outer site of the cell surface. Therefore, the labeled vancomycin staining can be used
to detect the distribution and amount of un-cross-linked p-Ala-p-Ala termini in the cell
wall (36). Wild-type C. glutamicum cells were stained exclusively at the cell poles and
later in the cell cycle at midcell (Fig. 4A), which was consistent with previous studies (29,
37). The ponAY489¢ and AponA mutants showed the same Van-FL staining patterns on
the cell wall as the wild-type strain (Fig. 4A). However, the fluorescence intensities of
vancomycin stained ponAY#8°¢ and AponA mutants were 38.9% and 82.0% stronger
compared than the wild-type strain, respectively, suggesting that the mutation and
deletion of ponA result in changes in peptidoglycan structure (Fig. 4B). Changes in the
cell wall structure may affect the susceptibility of cells to beta-lactam antibiotics (38).
Therefore, the susceptibility to penicillin, a beta-lactam antibiotic, was investigated for
the wild-type strain and ponA mutants by determining the MIC. Tetracycline that
inhibits protein synthesis was used as a control. The ponAY48°¢ mutation or deletion of
ponA made cells more susceptible to penicillin than was the wild-type strain, while the
ponA-deleted mutant had the lowest MIC (Fig. 4C and D). No difference in the MIC of
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FIG 4 Vancomycin fluorescence (Van-FL) staining and penicillin susceptibility of the WT, ponAY48°¢ mutant, and AponA mutant strains. (A)
Microscope images of Van-FL-stained cells under fluorescence. Bars represent 5 um. (B) Fluorescence intensities of Van-FL stained cells.
When the ODq, of the culture reached 1.0, Van-FL was added to the culture with a final concentration of 100 ug/ml. The mixture was
incubated for another 30 min at 30°C. After washing 3 times with PBS buffer, the Van-FL-stained cells were used for fluorescence
microscope observation (A excitation = 480 nm, A emission = 527 nm) and fluorescence intensity determination by using a fluorimeter
(A excitation = 490 nm, A emission = 520 nm). Error bars indicate standard deviations from the results from three parallel experiments.
Asterisks indicate significant changes in fluorescence intensity based on a comparison between the mutants and the wild-type strain. ***,
P =0.001 (Student’s two-tailed t test). (C) MICs of penicillin and tetracycline for different strains. Three parallel experiments were
conducted, and the same MIC was obtained. (D) Determination of penicillin MIC using M.I.C.Evaluator strips (256 to 0.015 ug/ml). One of
the three parallel experiments is shown here.

tetracycline was observed for the three strains (Fig. 4C). The results are consistent with
the Van-FL data, suggesting that ponA deletion alters the cell wall structure more
dramatically than does the ponAY48°¢ mutation.

Effects of ponAY48°C mutation on glutamate production. According to previous
studies, modifications in cell wall synthesis, such as treatment with penicillin, caused
glutamate excretion (39). Since the ponAY48°C mutation affected the peptidoglycan
synthesis, its effects on glutamate production were investigated. In shake flasks, no
glutamate production was observed under biotin-rich conditions for both the wild-type
strain and the ponAY48°C mutant, suggesting that the ponAY48°¢ mutation did not cause
constitutive glutamate secretion (Fig. 5A). Under biotin limitation, extracellular gluta-
mate was accumulated by both the wild-type strain (10.7 = 1.5 g/liter) and the
ponAY489C mutant (9.3 = 1.5 g/liter). No significant differences in glutamate titers, cell
growth, or glucose consumption were observed for these two strains (Fig. 5A). Then,
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FIG 5 Glutamate fermentation by the WT strain and the ponAY48°¢ mutant. (A) Glutamate fermentation in shake flasks. Strains were
cultivated in biotin-rich or biotin-poor fermentation medium supplemented with 80 g/liter glucose at 30°C and 220 rpm. OD,,
glucose consumption, and glutamate production were detected after 24 h of fermentation. Error bars indicate standard deviations
from the results from three parallel experiments. NS indicates a nonsignificant change based on Student’s two-tailed t test (P > 0.05).
(B) Glutamate fermentation in 5-liter bioreactors. Strains were cultivated in biotin-poor fermentation medium supplemented with 140
g/liter glucose. Samples were picked periodically, and the OD,,, glucose consumption, and glutamate production were detected. The

data shown are the average and standard deviations of the results from three parallel determinations.

fermentations in bioreactors were conducted to further investigate the effects of
ponAY489C mutation on glutamate production. After 38 h of fermentation, the wild-type
strain produced 65.7 g/liter glutamate, with a conversion yield of 0.52 g/g. The final
glutamate titer and conversion yield obtained by the ponAY48°¢ mutant were 71.7 g/
liter and 0.51 g/g, respectively (Fig. 5B). The slight advantage of the ponAY48°¢ mutant
in glutamate titer was due to its slightly higher biomass (optical density at 600 nm
[ODgo0l, 38.3) than that of the wild-type strain (ODgqo, 41.1). However, the amount of
glutamate produced per ODg,, was almost the same for these two strains (1.7 g
glutamate/ODg,). The results suggest that the ponAY489C mutation is unlikely to cause
dramatic changes to metabolic flux, which is important for further metabolic engineer-
ing of C. glutamicum strains harboring this mutation.

DISCUSSION

Metabolic engineering and synthetic biology are the mainly used strategies for
rational or semirational design of industrial strains (1, 2, 8). However, the low transfor-
mation efficiency mainly caused by cell wall barriers severely limits efficient genetic
engineering of C. glutamicum, an important industrial workhorse (8). Although exploit-
ing cell wall-weakening agents can weaken the barrier and improve the electrotrans-
formation efficiency to a certain extent (13), it is very difficult for further improvement
due to unclear molecular mechanisms. In this study, the ponA gene encoding bifunc-
tional peptidoglycan glycosyltransferase/peptidoglycan pp-transpeptidase was identi-
fied as an effective target for increasing the cell competency of C. glutamicum by
altering the cell wall structure. The point mutation (Y489C) and deletion of ponA
improved the electrotransformation efficiency by 19.25-fold and 4.89-fold, respectively
(Fig. 1 and 2B). The ponAY48°¢ mutant can be used as an industrial chassis due to its
higher electrotransformation efficiency and no obvious effects on growth and meta-
bolic flux (Fig. 2C and 5). We demonstrate that genetic modification of genes involved
in cell wall synthesis is a useful strategy to improve the cell competency of C
glutamicum.

The mechanism for ponA mutation-induced efficient electrotransformation is prob-
ably relevant to the changes in peptidoglycan structure. A Van-FL staining assay
suggested that the point mutation (Y489C) and deletion of ponA showed increased
fluorescence intensity (Fig. 4B). There are several possible interpretations for this
phenomenon. Because Van-FL can bind to the un-cross-linked p-Ala-p-Ala termini
within peptidoglycan (36), the obvious interpretation is that the amount of un-cross-
linked p-Ala-p-Ala termini within peptidoglycan increases due to ponA mutations. That
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means that ponA mutations may directly affect the transpeptidation degree of pepti-
doglycan. Second, the cross-linking reaction may be decelerated by ponA mutations,
resulting in more un-cross-linked p-Ala-p-Ala termini bound by Van-FL. Third, ponA
mutations may allow more Van-FL to contact with p-Ala-p-Ala termini due to structure
changes in peptidoglycan. Overall, ponA mutations affected the cell wall synthesis,
specifically peptidoglycan synthesis, and improved the electrotransformation efficiency
of C. glutamicum.

Besides the ponA gene, there are four paralogous genes of ponA in C. glutamicum,
including the pbp1b gene encoding an enzyme with both transpeptidase and trans-
glycosylase activities and other three genes (pbp2a, pbp2b, and pbp3) encoding en-
zymes with only transpeptidase activity (29). These genes are very important for polar
cell wall synthesis and cell division. It has been proven that pbp3 is an essential gene
for C. glutamicum (40). The deletion of pbp2b resulted in elongated cells with multiple
septa and reduced polar growth. Although a single deletion of ponA, pbp1b, and pbp2a
did not cause significant change in cell morphology, double deletion of any two of
ponA, pbp1b, pbp2a, and pbp2b gave rise to noticeable changes in cell morphology and
growth (29). Therefore, effects of the four paralogous genes on electrotransformation
efficiency of C. glutamicum deserve to be deeply analyzed in future work. In addition to
genes encoding transpeptidase and transglycosylase, a mutation in the dd/ gene that
encodes p-alanine-p-alanine ligase, another key enzyme involved in peptidoglycan
synthesis, also achieved an improved electrotransformation efficiency (4.48-fold higher;
Fig. 1). Therefore, there is reason to believe that genetic modification targeting genes
involved in peptidoglycan synthesis is a promising strategy to improve the electro-
transformation efficiency of C. glutamicum.

MATERIALS AND METHODS

Comparative genome analysis. The complete genome sequence of C. glutamicum ATCC 13869 was
obtained from the NCBI database (GenBank accession number NZ_CP016335). Insertions, deletions, and
rearrangements in the genome sequence of strain SL4 were determined by aligning the genome
sequences of strains SL4 and ATCC 13869 using progressiveMauve (41). The mutations, including indels
and SNPs between strains SL4 and ATCC 13869, were analyzed by using the SAMtools package (42) with
second-generation sequencing data of strain SL4 after quality filtering. COG annotation of the strain
ATCC 13869 genome sequence was performed by using the COG functional classification system
(https://www.ncbi.nlm.nih.gov/COG/). Genes belonging to the COG functional category “cell wall/mem-
brane/envelope biogenesis” were extracted, and the cell wall synthesis-related genes were selected
based on their specialized functions. The functions of other genes involved in the synthesis of mycolic
acid and arabinogalactan were obtained from published literature (20, 28, 43).

Bacterial strains, cultivation conditions, plasmids, and general methods. All bacterial strains
used in this study are listed in Table 2. E. coli DH5« was used for general cloning and was cultivated
aerobically in Luria-Bertani broth (LB) (10 g/liter tryptone, 5 g/liter yeast extract, 10 g/liter NaCl) at 37°C.
Kanamycin (50 ug/ml) was added to LB broth as required. C. glutamicum ATCC 13869 and its derivatives
were cultivated aerobically at 30°C in LBG (LB supplemented with 0.5% [wt/vol] glucose). Kanamycin
(25 ng/ml) was added to the medium as required. All plasmids used in this study (Table 2) were
constructed using the ClonExpress Il one-step cloning kit or ClonExpress MultiS one-step cloning kit
(Vazyme, Nanjing, China), which facilitated the ligation of two or more DNA fragments through 15- to
20-bp overlaps. The primers used for genetic manipulation are listed in Table 3.

Construction of C. glutamicum ATCC 13869 mutants. To construct the fliA53V, ponAY489C, dd|G2565,
emb”262T, ufaARoK, fadD45325, and otsBV®®' single-point mutants by using the sacB-based system (34),
plasmids pK-flis3V, pK-ponAY48°C, pK-ddIc256%, pK-emb°62T, pK-ufaAR°°K, pK-fadD4%325, and pK-otsBVe®!
were constructed, respectively. The homologous sequences containing single-nucleotide substitutions in
the fli, ponA, ddl, emb, ufaA, fadD4, and otsB genes were amplified by PCR from the genomic DNA of C.
glutamicum SL4 using the specific primer pairs Hfli-F/Hfli-R, HponA-F/HponA-R, HddI-F/HddI-R, Hemb-F/
Hemb-R, HufaA-F/HufaA-R, HfadD4-F/HfadD4-R, and HotsB-F/HotsB-R, respectively. The homologous seg-
ments were subcloned into the Hindlll and BamHlI sites of pK18mobsacB, respectively. The recombinant
plasmids were individually introduced into C. glutamicum ATCC 13869 through electrotransformation,
according to the previously described procedure (12). Mutants were finally confirmed by sequencing
with the fliA63V-F/fliA63V-R, ponAY489C-F/ponAY489C-R, dd[G2565-F/ddIG2565-R, embA962T-F/embA962T-R,
ufaAR9°K-F/ufaARo%K-R, fadD4%325-F/fadD4%325-R, and otsBVe'-F/otsBV°'-R primer pairs, respectively.

To construct the murJP3735-7882! dinucleotide mutant, plasmid pK-murJP3735-T8821 was constructed.
The homologous fragment containing dinucleotide substitution of gene murJ was amplified by PCR
from the genomic DNA of C. glutamicum SL4 using the specific primer pair HmurJ-F/HmurJ-R and
inserted into the Hindlll and BamHI sites of pK18mobsacB. Plasmid pK-murJP3735-T8821 was introduced
into C. glutamicum ATCC 13869, and the murJP373s single-nucleotide mutant was first obtained. Then,
plasmid pK-murJP373578821 was further introduced into the murJ/P373 mutant to construct the murJP373s5-T882!
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TABLE 2 Bacterial strains and plasmids used in this study?

Source or
Strain or plasmid Relevant genotype or description reference
Strains
E. coli
DH5a F~ supE44 AlacU169 (¢80lacZAM15)hsdR17 recAl endA1 gyrA96 thi-1 relA1 CWBiotech
C. glutamicum
ATCC 13869 Wild-type C. glutamicum ATCC
SL4 Mutant strain derived from ATCC 13869 Lab stock
fliA63V mutant ATCC 13869 derivative with A63V mutation of fli This work
ponAY489C mutant ATCC 13869 derivative with Y489C mutation of ponA This work
ddI5?565 mutant ATCC 13869 derivative with G256S mutation of dd/ This work
murJP3735T8821 mutant ATCC 13869 derivative with P373S and T882I mutations of murJ This work
embA262T mutant ATCC 13869 derivative with A962T mutation of emb This work
ufaARo%K mutant ATCC 13869 derivative with R90K mutation of ufaA This work
fadD4%325 mutant ATCC 13869 derivative with G32S mutation of fadD4 This work
otsBVe®' mutant ATCC 13869 derivative with V69l mutation of otsB This work
ponAY489C dd|G2565 mutant ATCC 13869 derivative with both Y489C mutation of ponA and G256S mutation of dd/ This work
AponA mutant ATCC 13869 with ponA deletion This work
AponA(pEC-gfp-ponA) mutant AponA derivative harboring pEC-gfp-ponA This work
AponA(pEC-gfp-ponAY489C) mutant AponA derivative harboring pEC-gfp-ponAY489¢ This work
Plasmid
pK18mobsacB Vector for allelic exchange in C. glutamicum, pK18 oriVg. ., sacB lacZa (Kan") 44
pEC-XK99E E. coli-C. glutamicum shuttle expression vector (Kan') 13
pTRCmob-egfp pTRCmob derivative carrying gfp 39
pK-flire3v pK18mobsacB harboring a 1.9-kb homologous fragment for fliA%3V construction This work
pK-ponAY489¢ pK18mobsacB harboring a 2.3-kb homologous fragment for ponAY48°¢ construction This work
pK-ddI&2565 pK18mobsacB harboring a 2.0-kb homologous fragment for dd/52565 construction This work
pK-murJP373s.1882! pK18mobsacB harboring a 3.8-kb homologous fragment for murJP373.7882! construction This work
pK-embA262T pK18mobsacB harboring a 2.4-kb homologous fragment for embA®2T construction This work
pK-ufaARS0K pK18mobsacB harboring a 2.4-kb homologous fragment for ufaAR®°¥ construction This work
pK-fadD4%325 pK18mobsacB harboring a 2.1-kb homologous fragment for fadD432> construction This work
pK-otsBVe?! pK18mobsacB harboring a 1.6-kb homologous fragment for otsBV6°' construction This work
pK-AponA pK18mobsacB harboring a 2.1-kb homologous fragment for ponA deletion This work
pEC-gfp-ponA pEC-XK99E derivative containing gfp-ponA under P, . promoter This work
pEC-gfp-ponAY489¢ pEC-XK99E derivative containing gfp-ponAY48°¢ under P, . promoter This work

aATCC, American Type Culture Collection. Kan", kanamycin resistance.

dinucleotide mutant. The murJP373% mutant and murJP3735-78821 dinucleotide mutant were confirmed
by sequencing with the murJP3735-T8821_.F1/myrJP3735-T8821.R1 and murJP3735-T8821-F2 /muyrJP3735-T8821.R2
primer pairs, respectively. To construct the ponAY48°C dd[5256S dinucleotide mutant, pK-dd[525%5 was
introduced into the ponAY48°¢ mutant, and the ponAY489C dd[G2565 mutant was verified using the same set
of primers for dd[G256s,

To construct the AponA mutant, plasmid pK-AponA was constructed. The left and right homologous
fragments for deleting ponA were amplified from the genomic DNA of C. glutamicum ATCC 13869 by PCR
using the LHAponA-F/LHAponA-R and RHAponA-F/RHAponA-R primer pairs, respectively. The left and
right homologous fragments were then subcloned into the Hindlll and BamHI sites of pK18mobsacB.
Then, plasmid pK-AponA was introduced into strain ATCC 13869 to construct the AponA mutant, which
was confirmed by colony PCR with the AponA-F/AponA-R primer pair.

Testing electrotransformation efficiency of C. glutamicum. C. glutamicum ATCC 13869 and its
derivatives cultivated overnight in LBG medium were inoculated into 100 ml fresh LBG medium to an
optical density at 600 nm (ODg,,) of 0.2. When the ODy, of the culture reached ~1.0, cells were chilled
on ice for 15 min and harvested by centrifugation at 4°C and 5,000 X g for 5 min. After washing with
ice-cold deionized distilled water twice and then with 10% (vol/vol) glycerol twice, cells were resus-
pended in 0.8 ml of 10% (vol/vol) glycerol, and 100-ul aliquots (approximately 108 cells) of competent
cells were obtained. Plasmid DNA (100 ng, ~2 ul) was added to the competent cells and transferred to
a precooled 2-mm electroporation cuvette (Bio-Rad). Electroporation was performed using the Eppen-
dorf Electroporator 2510, with parameters set at 2,500V and 5 ms. After electroporation, 1 ml LBG
medium was added immediately, and the suspension was quickly incubated at 46°C for 6 min. Cells were
incubated for 1 h at 30°C and spread on selective LBG medium supplemented with 25 ug/ml kanamycin.
The number of colonies was counted from selective plate after 36 h of culture at 30°C.

To investigate the synergy between the ponAY48°¢ mutation and cell wall-weakening agents on
electrotransformation efficiency, competent cells of C. glutamicum ATCC 13869 and its derivatives were
prepared using non-colony type monolayer culture (NCM) medium supplemented with glycine, threo-
nine, INH, and Tween 80, according to the protocol described previously (12). After electroporation and
recovery, cells were spread on selective LBHIS (5 g/liter tryptone, 5 g/liter NaCl, 2.5 g/liter yeast extract,
18.5 g brain heart infusion [BHI], 91 g/liter sorbitol, 18 g/liter agar, pH 7.2) plates supplemented with
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TABLE 3 Primers used in this study

Primer Sequence (5’ to 3')

Hfli-F GAGCTCGGTACCCGGGGATCCTTTTTGCTCGCTCTGACACATCTTC
Hfli-R ACGACGGCCAGTGCCAAGCTTACGAGGTTGAGCACCACATTGAGTA
HponA-F GAGCTCGGTACCCGGGGATCCGCGTACCAATGACACGATGCAGACC
HponA-R ACGACGGCCAGTGCCAAGCTTTTGAGCAACTAGGTATTTCTAGCGG
Hddl-F GAGCTCGGTACCCGGGGATCCACTGAAATCGGTGGTGCGTGTAAGA
HddI-R ACGACGGCCAGTGCCAAGCTTATGCACTTCGCTTTTCGACGCCCTC
HmurJ-F GAGCTCGGTACCCGGGGATCCGCCACCAACCCACTAACGTA
HmurJ-R ACGACGGCCAGTGCCAAGCTTTGGAAAATGCCCTGGAATCG
Hemb-F GAGCTCGGTACCCGGGGATCCACCACGAATATGTGCGCTACCAAAC
Hemb-R ACGACGGCCAGTGCCAAGCTTGGTTAGAAACCAGATAGCACAGATG
HufaA-F GAGCTCGGTACCCGGGGATCCTCAGCTGGATCCTCGCAGATCTCAG
HufaA-R ACGACGGCCAGTGCCAAGCTTGTGCAGCTATTGCACCGTTCATCGC
HfadD4-F GAGCTCGGTACCCGGGGATCCCGGACTCCTTCGCTGCAACA
HfadD4-R ACGACGGCCAGTGCCAAGCTTGCCCTGGGAGACTCGATAATTCCAC
HotsB-F GAGCTCGGTACCCGGGGATCCGGCAGCTGTCCATGATTTGAAG
HotsB-R ACGACGGCCAGTGCCAAGCTTGATCTCACCACCGTCATCCAAC
fliA63V-F CAAGCCTGGGAAACTAGCACTTA

flir63V-R CCGGAATTTAGGATCCAACAACTTCG

ponAY489C_ F
ponAY489C_ R

CGGTGTCCTCCCACGTTGATCC
GCAGTTCCGCTGACCGTATCCTT

dd[52565-F AGCCTGTATGCCACCGCTGAT
dd[G2565-R GCTGCACCAACACATCTAGCAAT
murJP3735T8821F1 GCGTGGGCACCTGTTGTCAA
murJP3735T8821.R1 CAACAGGGACAGCACGACCTT
murJP3735 188212 CAACGGTTGCCTCATTGTG

murJP3735,T882I_RD

ATCTGTTCCTGCACCGTCATCC

embA962T-F ACCATCAATCAGCCAGGACCAAG
embA962T-R TTTCGTAGGCGTTGTTTACTGTTT
ufaAROK-F ATCGCCGGATTAAACCCACTTCG
ufaARSOK-R CACTGCTGGGAAACTCCAACACA

fadD4%325-F
fadD4%325-R

CCCCTTCAGCAATTCTCAGTCACA
CGCTAGAGAAATCATTCGGTCCAA

otsBVeI-F CTGCCTGGTTCTTTTGAAATCTC

otsBVe9-R ATTCCTTCAGCCAGGTGCCCTT

LHAponA-F GAGCTCGGTACCCGGGGATCCGTTAGTAATGTGCGGCTTCT
LHAponA-R TCCAACAGCCTAGCGATAAC

RHAponA-F GGTTATCGCTAGGCTGTTGGAACAACCATTGAAGACGCCAT
RHAponA-R ACGACGGCCAGTGCCAAGCTTCCATCCGTGTTCGATGAAAG
AponA-F GAGCCAAATATTCAGCCC

AponA-R CTTTTGGTTGGCGTCTTG

gfp-F ACAGGCCAAAGGAGTTGAGAATGAGTAAAGGAGAAGAACTTTTCA
gfp-R ATGTTTGTATAGTTCATCCATGCCA

ponA-F TGGATGAACTATACAAACATGTGTCCACCACGAATTCTCTGA
ponA-R CCAAGCTTGCATGCCTGCAGCTAGCGGAAGAACTGGTTGATG
pEC-F CTGCAGGCATGCAAGCTTGG

pEC-R TCTCAACTCCTTTGGCCTGTGTGAAATTGTTATC

25 ug/ml kanamycin (12). The number of colonies was counted from the selective plates after 36 h

culture at 30°C.

Membrane localization analysis of PonA. To analyze the membrane localization of PonA and

PonAY489C, the gfp-ponA and gfp-ponA¥48°C fusion genes were constructed by fusing gfp to the 5" ends
of ponA and ponAY48°€, respectively. First, gfp was amplified from pTRCmob-egfp with the gfp-F/gfp-R
primer pair. The stop codon of gfp was removed, and a 20-bp overlap with the pEC-XK99E backbone was
added to the 5’ end of the PCR product. Second, the wild-type and mutant ponA were PCR amplified
from the genomic DNAs of C. glutamicum strains ATCC 13869 and SL4, respectively, using the AponA-
F/AponA-R primer pair. Meanwhile, 20-bp overlaps with the gfp gene and the pEC-XK99E backbone were
added to the 5’ end and the 3’ end of the PCR product, respectively. Third, the pEC-XK99E backbone was
amplified from the circular plasmid using the pEC-F/pEC-R primer pair. Finally, the three fragments were
assembled using the ClonExpress MultiS one-step cloning kit (Vazyme, Nanjing, China). The resulting
plasmids, pEC-gfp-ponA and pEC-gfp-ponAY48°C, were separately introduced into the AponA mutant
through electrotransformation. The transformants were cultivated in LBG medium containing 25 pg/ml
kanamycin and 0.1 mM isopropy! thio-B-p-galactopyranoside (IPTG). Cells of the exponential-growth
phase were observed with a Leica DM5000B fluorescence microscope equipped with an HCX PL APO
X100/1.40-0.70 oil objective. Images were taken with a DN100 Nikon digital camera and assembled using
the Corel Draw software. Fluorescence was excited at 480 nm, and the emission was monitored at
527 nm.
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Van-FL staining and fluorescence measurement. Vancomycin (Sigma, USA) and 5(6)-carboxy-
fluorescein-N-hydroxysuccinimide ester (FLUOS; Thermo Fisher Scientific, USA) were used to prepare
Van-FL (vancomycin-FLUOS) solution according to the procedure described by Daniel and Errington (36).
Cells were grown in 20 ml LBG medium with an initial OD,,, of 0.3. When the OD,, of the culture
reached 1.0, Van-FL was added to a final concentration of 100 wg/ml. The culture was then incubated
at 30°C for another 30 min to allow absorption of Van-FL. Then, the Van-FL stained cells were washed
with phosphate-buffered saline (PBS) buffer for three times and observed by using a Leica DM5000B
fluorescence microscope equipped with an HCX PL APO X100/1.40-0.70 oil objective. Images were
taken with a DN100 Nikon digital camera and assembled using the Corel Draw software. Fluores-
cence was excited at 480 nm, and the emission was monitored at 527 nm. The fluorescence intensity
of the Van-FL-stained cells was determined by using a FluoroMax-3 fluorimeter (Horiba, Japan) (A
excitation = 490 nm, A emission = 520 nm).

Determination of MIC of antibiotics. M.I.C.Evaluator strips (Oxoid; penicillin, 256 to 0.015 pg/ml,
product no. MA0101D; tetracycline, 256 to 0.015 ug/ml, product no. MA0105D) were used for determin-
ing the MICs of penicillin and tetracycline. C. glutamicum strains cultivated in LBG medium were used as
seed cultures to inoculate shake flasks containing fresh LBG medium with an initial ODg, of 0.2. The cells
were cultivated at 30°C and with shaking at 220 rpom. When the OD,, of the culture reached approxi-
mately 1.0, 100 ul culture was spread on LBG plates with the MIC strip placed in the center. After 10 to
14 h of cultivation, the MIC was determined.

Glutamate fermentation in shake flasks. Seed cultures of C. glutamicum strains were prepared by
transferring the overnight cultures prepared in LBG medium into 500-ml shake flasks containing 50 ml
seed medium at an initial OD,,, of 0.2. Cells at the exponential-growth phase were transferred into
500-ml shake flasks containing 20 ml fermentation medium with an inoculum size of 5% (vol/vol). The
cells were cultivated at 30°C and with shaking at 220 rpm. The pH of the medium was adjusted by
supplementation with 20% urea solution. The seed medium contains the following, per liter: 30 g
glucose, 30 g corn steep liquor, 5.6 g urea, and 1.6 g K,HPO,:3H,0. The pH of the medium was 6.7. The
fermentation medium contains the following, per liter: 80 g glucose, 0.8 g MgSO,-7H,0, 0.7 g H,PO,, 1.2 g
KCl, 40 g 3-(N-morpholino) propanesulfonic acid (MOPS), and 2 ml of 1% phenol red solution. The pH of
the medium was 6.7. When biotin-rich fermentation medium was used, 200 ng/liter biotin was added.

Glutamate fermentation in bioreactors. Seed cultures of C. glutamicum strains were prepared by
transferring the overnight cultures prepared in LBG medium into 500-ml shake flasks containing 50 ml
seed medium at an initial ODg, of 0.2. Cells at the exponential-growth phase were transferred into 5-liter
bioreactors containing 2 liters of fermentation medium, with an inoculum size of 0.05% (vol/vol). The
temperature of bioreactors was set at 34°C for 0 to 16 h, 35°C for 17 to 22 h, 36°C for 23 to 28 h, and 37°C
for 29 to 38 h. The dissolved oxygen was set at 30% by adjusting the aeration rate and agitation speed.
The pH of the medium was adjusted by supplementation with ammonium hydroxide. The seed medium
contains the following, per liter: 30 g glucose, 30 g corn steep liquor, 5.6 g urea, and 1.6 g K,HPO,-3H,0.
The pH of the medium was 6.7. The fermentation medium contains the following, per liter: 140 g glucose,
3 g corn steep liquor, 1 g molasses, 0.87 g MgSO,-7H,0, 0.7 g H;PO,, 1.45 g KCl, 2.4 mg MnSO,-H,0, and
0.15 mg thiamine hydrochloride. The pH of the medium was 7.0.
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