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Abstract

Background: Microbial cell factories are widely used in the production of acidic products such as organic acids and
amino acids. However, the metabolic activity of microbial cells and their production efficiency are severely inhibited
with the accumulation of intracellular acidic metabolites. Therefore, it remains a key issue to enhance the acid toler-
ance of microbial cells. In this study, we investigated the effects of four ATP-binding cassette (ABC) transporters on
acid stress tolerance in Lactococcus lactis.

Results: Overexpressing the rbsA, rbsB, msmK, and dppA genes exhibited 5.8-, 12.2-,213.7-,and 5.2-fold higher sur-
vival rates than the control strain, respectively, after acid shock for 3 h at pH 4.0. Subsequently, transcriptional profile
alterations in recombinant strains were analyzed during acid stress. The differentially expressed genes associated
with cold-shock proteins (csp), fatty acid biosynthesis (fabH), and coenzyme A biosynthesis (coaD) were up-regulated
in the four recombinant strains during acid stress. Additionally, some genes were differentially expressed in specific
recombinant strains. For example, in L. lactis (RbsB), genes involved in the pyrimidine biosynthetic pathway (pyrCB-
DEK) and glycine or betaine transport process (busAA and busAB) were up-regulated during acid stress, and the argG
genes showed up-regulations in L. lactis (MsmK). Finally, we found that overexpression of the ABC transporters RbsB
and MsmK increased intracellular ATP concentrations to protect cells against acidic damage in the initial stage of acid
stress. Furthermore, L. lactis (MsmK) consistently maintained elevated ATP concentrations under acid stress.

Conclusions: This study elucidates the common and specific mechanisms underlying improved acid tolerance by
manipulating ABC transporters and provides a further understanding of the role of ABC transporters in acid-stress
tolerance.
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Background

As a microbial cell factory, Lactococcus lactis is a highly
useful bacterial species that is capable of producing
chemicals, including lactic acid and vitamins, and is
used for fermented foods. It shows stable fermenta-
tion performance and phage resistance, and contrib-
utes to flavor development [1]. Furthermore, L. lactis
is often used for genetic engineering due to its rapid
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growth, clear genetic background and abundant bio-
informatics resources [2]. The rapid development of
food-grade expression systems represented by sugar
and nisin induction has expanded the applications of
L. lactis in food processing [3, 4]. However, during
industrial fermentation and food processing, L. lactis
is frequently confronted with various stresses condi-
tions including oxidative, bile salt, and cold stresses,
especially acid stress because of the accumulation of
lactate and other acidic metabolites [5, 6]. The decrease
in pH values affects the growth and metabolic activity
of cells, thereby reducing the production efficiency of
the food and affecting the prebiotic functions [7]. Thus,
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enhancing the acid-stress tolerance of L. lactis can con-
tribute to the production of high-quality fermented
foods.

Several strategies have been proposed to increase the
acid-stress tolerance of bacterial strains. Evolutionary
engineering strategies are extensively used to improve
the acid tolerance of microbial cells [8]. The acid toler-
ance of Lactobacillus casei Zhang has been shown to be
increased by adaptive evolution, and the evolved mutant
exhibited a 318-fold higher survival rate than that of the
parent strain at pH 3.3 for 3 h [9]. Notably, genome shuf-
fling is an effective method to improve the acid tolerance
of Lactobacillus spp. and to facilitate the evolution of Lac-
tobacillus populations [10]. In addition, global transcrip-
tion machinery engineering (gTME) can improve cellular
phenotypes, especially in terms of cellular tolerance [11].
Moreover, based on biochemical engineering strategies,
the exogenous addition of various protective agents could
help microbial cells against acid stress. For example,
aspartate has been found to protect L. casei against acid
stress [12]. Recently, the development of systems biology
has accelerated our understanding of mechanisms under-
lying improved acid tolerance [13]. Based on this novel
method, various anti-acid components have been identi-
fied, and reverse metabolic engineering approaches have
been employed to improve acid resistance.

A series of anti-acid components has been found to
contribute to acid-stress tolerance. These anti-acid com-
ponents mainly include genes acting as regulatory fac-
tors, molecular chaperone proteins, non-coding sRNAs,
sigma factors and transport (membrane) proteins [14—
18]. Moreover, to maintain the equilibrium conditions
necessary for cell survival under acid stress, the trans-
port of various substrates including sugars, peptides,
amino acids, ions, and vitamins is required, which is
accomplished by transporters present on the cell mem-
brane. Of all the transport proteins, ABC transporters
comprise one of the largest protein superfamilies, and
they are known to mediate the transport of various sub-
strates across membranes [19]. These transporters power
the transport of a variety of substrates across mem-
branes through the binding and hydrolysis of ATP. The
ABC transporter is composed of two transmembrane
domains (TMD) and two nucleotide-binding domains
(NBD) [20]. Various transporters have been illustrated to
contribute to stress tolerance. Wang et al. found that oli-
gopeptide transporter substrate-binding protein (OppA)
could help to improve bile-, heat- and salt-stress toler-
ance in Lactobacillus salivarius Ren [21]. In addition, the
thiT gene, encoding thiamine uptake system, has been
found to be necessary for full acid tolerance in Listeria
monocytogenes; a thiT mutant strain resulted in signifi-
cantly higher acid sensitivity than the control strain [22].
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In Saccharomyces cerevisiae, the deletion of ADY2 gene,
encoding an acetate transporter, resulted in enhanced
acetic acid and hydrogen peroxide tolerance [23].

In our previous study, three acid-tolerant strains were
acquired using genome mutagenesis combined with
high-throughput technology. Then, several anti-acid
components were identified based on the comparative
transcriptomics analysis of parent and mutant strains.
However, among these potential targets, ABC transport-
ers have still not been explored. It will be interesting to
examine the roles of these transporters in acid tolerance
in Lactococcus species. In this study, we first investigated
the effect of four ABC transporters on acid tolerance.
Subsequently, comparative transcriptomics analysis was
performed to further investigate the mechanisms under-
lying improved acid tolerance by manipulating ABC
transporters.

Materials and methods

Bacterial strains, plasmids, and culture conditions

All the bacterial strains and plasmids used in this study
are listed in Table 1. L. lactis NZ9000 and E. coli MC1061
were used throughout this study. L. lactis cells were
grown in GM17 medium (M17 broth supplied with 0.5%
glucose) at 30 °C without shaking (Oxoid M17 broth;
Thermo Fisher Scientific, Waltham, MA, USA). E. coli
MC1061 was used as the host for plasmid construction.
E. coli was incubated in LB (Luria—Bertani) medium at
37 °C with shaking at 220 rpm. Media were supplemented
with chloramphenicol for the selection at concentrations
of 100 pg/ml for E. coli and 5 pg/ml for L. lactis.

Cloning and overexpression of ABC transporters

The rbsA, rbsB, msmK and dppA genes were ampli-
fied using L. lactis NZ9000 genomic DNA as a template,
and the Ncol and HindlIII (or Xbal) restriction sites were
simultaneously inserted into the amplified gene frag-
ments. The resulting fragments were digested with Ncol
and HindIll (or Xbal) and subsequently ligated into plas-
mid pNZ8148, which was digested with the corresponding
restriction enzymes. The ligated products were intro-
duced into Escherichia coli MC1061, then positive clones
were selected through colony PCR, followed by Sanger
sequencing. The recombinant plasmids were named
pNZ8148/RbsA, pNZ8148/RbsB, pNZ8148/MsmK, and
pNZ8148/DppA, respectively, and subsequently intro-
duced into L. lactis NZ9000 by electroporation [24]. The
resulting strains were named L. lactis (RbsA), L. lactis
(RbsB), L. lactis (MsmK) and L. lactis (DppA), respec-
tively. An empty pNZ8148 plasmid was also transformed
into L. lactis NZ9000 to construct the recombinant strain
L. lactis (Vector) as a control. All primers used in this
study are listed in Additional file 1: Table S1.
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Table 1 Strains and plasmids used in this study
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Strains or plasmids Relevant property?

Reference or source

Strains
L. lactis ssp. cremoris NZ9000 MG1363 pepN::nisRK [45]
L. lactis (Vector) L. lactis containing pNZ8148/Vector, Cm' [25]
L. lactis (RbsA) L. lactis containing pNZ8148/RbsA, Cm" This study
L. lactis (RbsB) L. lactis containing pNZ8148/RbsB, Cm" This study
L. lactis (MsmK) L. lactis containing pNZ8148/MsmK, Cm’ This study
L. lactis (DppA) L. lactis containing pNZ8148/DppA, Cm' This study
E. coliMC1061 araD139, A(ara, leu)7697, AlacX74, galU-, galK-, hsr-, hsm™, strA [46]
Plasmids
pNZ8148 Cm’; inducible expression vector with nisA promoter [47]
pNZ8148/RbsA Cm"; pNZ8148 derivative containing a rbsA gene This study
pNZ8148/RbsB Cm'; pNZ8148 derivative containing a rbsB gene This study
pNZ8148/MsmK Cm'; pNZ8148 derivative containing a msmkK gene This study
pNZ8148/DppA Cm'; pNZ8148 derivative containing an dppA gene This study

@ Cm', chloramphenicol resistant

Acid-stress tolerance assays

To measure L. lactis acid tolerance, the cells were
induced at ODg, of 0.5 by adding 10 ng/ml nisin, then
cultured for 6 h (exponential phase). The induced cells
were harvested and washed twice with 0.85% saline
solution, then resuspended in an equal volume of acidic
GM17 medium (adjusted to pH 4.0 with lactic acid)
with 10 ng/ml nisin and 10 pg/ml chloramphenicol.
Cell viability was determined at various time points
by counting the number of colonies after 10 pl of seri-
ally diluted cell suspension was spotted on GM17 agar
plates containing 10 pg/ml chloramphenicol and cul-
tured at 30 °C for 24 h [25]. Each sample was performed
in triplicate, and colonies containing between 20 and
200 CFU were counted.

RNA-Seq sample preparation and transcriptome analysis
After the induced cells reached the exponential phase,
an aliquot was harvested from the culture and used as
the unstressed group (0 h acid treatment). Meanwhile,
the remaining equal volume of culture was subjected to
acid stress (pH 4.0, adjusted with lactic acid) for 2.5 h,
followed by collection by centrifugation at 8000g for
4 min at 4 °C and washing twice with ice-cold 50 mM
phosphate-buffered saline (PBS). The pellets were quickly
placed in liquid nitrogen to quench cellular metabolism,
and the total RNA was extracted by using the RNAprep
pure bacteria kit (Tiangen, Beijing, China) according to
the manufacturer’s protocol. Purified RNA was quanti-
fied using the NanoDrop ND-2000 apparatus (Thermo
Fisher Scientific, Waltham, MA, USA). RNA samples
were stored at — 80 °C until transcriptome analysis.

Samples were sent to Vazyme Biotech. (Nanjing,
China) for transcriptome sequencing. rRNA removal,
mRNA purification and fragmentation, cDNA syn-
thesis, adapter ligation, and PCR amplification were
performed to construct a cDNA library. Library quan-
tification was examined using an Agilent 2100 bioana-
lyzer (Agilent Technologies, Santa Clara, CA, USA).
Sequencing was performed on an Illumina HiSeq 2500
system (Illumina, San Diego, CA, USA).

The base composition of raw reads and quality distribu-
tion of the bases along the reads were analyzed to per-
form quality control. Then, the raw reads were filtered
into clean reads and aligned to the reference sequences
using HISAT2 [26]. Transcript assembly and the calcu-
lation of gene-expression levels were performed using
StringTie [27]. Analysis of differentially expressed genes
(DEGs) was performed using DEGseq [28]. The signifi-
cance of differences in gene expression was defined as
p<0.05 and fold changes>2. The Gene Ontology (GO)
analysis was performed with the phyper (Hypergeomet-
ric test) using the GO database (http://www.geneontolo

gy.org/).

Determination of intracellular ATP concentration

The induced cells (at 6 h) were subjected to acid stress
(pH 4.0, adjusted with lactic acid) and then sampled at
various time points (0, 1, and 2.5 h). Cellular metabo-
lism was quenched using liquid nitrogen, then cells were
harvested by centrifugation at 10,000¢ for 10 min at 4 °C.
The intracellular ATP concentration was measured by
using an ATP assay kit (Beyotime, Shanghai, China). The
prote in concentration of each sample was measured with
a bicinchoninic acid (BCA) protein assay kit (Tiangen,
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Beijing, China) using bovine serum albumin as a stand-
ard. The final ATP concentration was expressed as nmol/
mg protein.

Results

Overexpression of ABC transporters improves acid-stress
tolerance of L. lactis

To evaluate the acid stress tolerance of the ABC trans-
porters, four genes were overexpressed in L. lactis
NZ9000 (Table 2). Then, their survival rates were deter-
mined to clarify the effects of these recombinant strains
on acid tolerance. The four recombinant strains exhib-
ited higher survival rates after acid stress at various time
points (Fig. 1). After acid shock for 2.5 h, the recombi-
nant strains L. lactis (RbsA), L. lactis (RbsB), L. lac-
tis (MsmK), and L. lactis (DppA) exhibited 7.0-, 10.3-,
163.3-, and 2.0-fold higher survival rates than the control
strain, respectively. Moreover, after acid shock for 3 h,
the survival rates of recombinant strains were markedly
higher than that of the control strain (5.8-, 12.2-, 213.7-,
and 5.2-fold, respectively) (Fig. 1). Based on these results,
we can conclude that overexpression of the four ABC
transporters can confer acid stress tolerance on L. lactis.

Overall gene expression profiles in response to acid stress
Due to the remarkable improvement in the acid stress
tolerance of recombinant strains, we further investigated
the possible mechanisms underlying improved acid toler-
ance mediated by the ABC transporters. Thus, transcrip-
tome sequencing was performed to compare different
gene-expression profiles between the control and recom-
binant strains at 0 and 2.5 h.

For transcriptomic analysis, differential expression was
set at a threshold of p<0.05 and fold change>2. A total
of 30 and 33 DEGs were identified between the recom-
binant strain L. lactis (RbsA) and control strain L. lactis
(Vector) at 0 and 2.5 h, respectively (Additional file 1:
Fig. Sla and Table S2). For L. lactis (RbsB), 157 and 146
DEGs were identified compared to the control strain at
0 and 2.5 h, respectively (Additional file 1: Fig. S1b and
Table S2). In addition, 44 and 33 DEGs were identified
between strain L. lactis (MsmK) and L. lactis (Vector) at
0 and 2.5 h, respectively (Additional file 1: Fig. S1c and
Table S2). Finally, compared to the control strain, there

Table 2 Characteristics of ABC transporters
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were 43 and 44 DEGs in L. lactis (DppA) at 0 and 2.5 h,
respectively (Additional file 1: Fig. S1d and Table S2).

Subsequently, GO analysis was performed to deter-
mine significantly differentially expressed gene clusters.
We found here that the main changes in response to acid
stress occurred among regulation of biological process,
the establishment of localization, and small molecular
metabolic process under normal condition (0 h). In addi-
tion, GO groups involved in isomerase activity, regula-
tion of biological process, and small molecular metabolic
process were significantly affected by acid stress (2.5 h)
(Additional file 1: Fig. Sle).

Transcriptome analysis of the RbsA, RbsB, MsmK,

and DppA-overexpressing strain

Based on the GO analysis, various biological processes
including transport, metabolism, and transcriptional
regulation were shown to be affected by acid stress.
Thus, we analyzed the key DEGs involved in these bio-
logical processes. In L. lactis (RbsA), we found that the
rbsA gene showed dramatic 11.02- and 10.67-fold (log,
(fold change)) up-regulations, respectively, under normal
and acid-stress conditions (Fig. 2). Three genes related to
transport (LLNZ_RS07535, LLNZ_RS05225, and ecfA2)
were highly up-regulated under normal conditions, and
the genes LLNZ RS08250 and mtsC increased 7.62- and
2.71-fold, respectively, during acid stress. In addition,
the cspABD2 genes, which encode cold-shock proteins,
were consistently up-regulated under normal and acid-
stress conditions. However, genes associated with galac-
tose metabolism (ga/KMPT) were down-regulated under
both conditions. Moreover, the transcriptional regulator
rmal was up-regulated under normal conditions, while
the regulator spxA was up-regulated during acid stress.
Interestingly, the gene fabH (3-oxoacyl-ACP synthase
III), which involves in fatty acid biosynthesis pathway,
showed dramatic 10.20- and 8.99-fold upregulations,
respectively, under both conditions. We also found that
the genes LLNZ RS09385 (Asp23/Gls24 family enve-
lope stress response protein), coaD (phosphopantetheine
adenylyltransferase), and LLNZ_RS04965 (phosphoribo-
sylaminoimidazole-succinocarboxamide synthase) were
up-regulated in the recombinant strain during acid stress.

Gene name Gene ID Gene length (bp) Product

rbsA LLNZ_RS04075 1479 p-ribose ABC transporter ATP-binding protein

rbsB LLNZ_RS04085 975 p-ribose ABC transporter substrate-binding protein
msmK LLNZ_RS02280 1137 Sugar ABC transporter ATP-binding protein

dppA LLNZ_RS01875 1653 Oligopeptide ABC transporter substrate-binding protein
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lactis (DppA). Error bars represent the mean = standard deviation of three replicates
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Fig. 2 Heatmap of important differentially expressed genes in the recombinant strain [L. lactis (RbsA)] relative to the control strain [L. lactis (Vector)]
under normal (0 h) and acid-stress (2.5 h) conditions. Each gene shows the expression ratio (log,-fold change). NA represents the expression of
gene was upregulated or downregulated with a less than twofold change. Genes with at least a twofold change are shown. Adjusted p < 0.05 for all
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(See figure on next page.)

Fig. 3 Important differentially expressed genes in the recombinant strain (L. lactis (RbsB)) relative to the control strain (L. lactis (Vector)) under
normal (0 h) and acid-stress (2.5 h) conditions. a Differentially expressed genes involved in the galactose metabolism, starch and sucrose
metabolism, pyrimidine metabolism, purine metabolism, histidine metabolism, and valine and isoleucine biosynthesis. b Heatmap of differentially
expressed genes involved in another biological process. Each gene shows the expression ratio (log,-fold change). NA represents the expression of
gene was upregulated or downregulated with a less than twofold change. Genes with at least a twofold change are shown. Adjusted p <0.05 for all

data selected

Next, we found here that five genes related to transport
(rbsB, LLNZ_RS05225, mtsC, pacL, and queT) were highly
up-regulated in L. lactis (RbsB) under normal and acid-
stress conditions. Among these genes, the bsB gene exhib-
ited dramatic 11.37- and 11.29-fold upregulations under
both conditions (Fig. 3). However, most genes encoding
the enzymes responsible for the metabolism of galactose,
starch, sucrose, purine, and histidine, as well as those for
valine and isoleucine biosynthesis, showed reduced expres-
sion in recombinant strains under normal and acid-stress
conditions, which corresponded to the decreased expres-
sion of genes involved in sugar transport (ptcA, malFG,
fruA, and LLNZ _RS04080). Moreover, several genes
implicated in pyrimidine metabolism (pyrCBDEK) were
up-regulated during acid stress (Fig. 3a). Interestingly, the
¢spABCD?2 genes and multiple transcriptional regulators
were also consistently upregulated under both conditions.
Meanwhile, the genes fabH, busAA, and busAB, which
encode glycine/betaine ABC transporters, were also highly
up-regulated under both conditions (Fig. 3b).

Furthermore, in L. lactis (MsmK), we found that in addi-
tion to the up-regulation of cspABCD2 and the down-
regulation of galactose metabolism pathway-related genes
(galKMPT), genes related to transport (mtsC) and arginine
biosynthesis (argG) were also highly up-regulated under
normal and acid-stress conditions (Fig. 4). During acid
stress, we also found that fabH, LLNZ_RS09385, and coaD
genes were up-regulated in the recombinant strain.

Finally, we analyzed the key DEGs between the recom-
binant strain L. lactis (DppA) and the control strain
L. lactis (Vector). In addition to the c¢spABCD2 and
galKMPT DEGs, the genes pacL and fabH were up-reg-
ulated in the recombinant strain under both conditions
(Fig. 5). Among them, the fabH gene showed dramatic
11.14- and 9.91-fold up-regulations, respectively. Mean-
while, we found that the transcriptional regulators rmal
and spxA showed identical expression patterns to those
in the recombinant strain L. lactis (RbsA). Moreover, the
genes LLNZ_RS09385, coaD, and guaC were also up-
regulated in the recombinant strain during acid stress.

Integrated transcriptome analysis of the four recombinant
strains

Based on the key DEGs identified in the four recom-
binant strains, we can conclude that transport,

metabolism, and transcriptional regulation were the
most commonly affected processes under acid stress.
Furthermore, the four overexpressed genes are all
ABC family transporters, which may share some com-
mon acid-stress response mechanisms. Therefore,
we further analyzed the common DEGs among the
four recombinant strains compared to control strain,
respectively (Additional file 1: Fig. S2). The major csp
genes, which encode cold-shock proteins, were up-
regulated in all four recombinant strains under normal
and acid-stress conditions. Furthermore, the expres-
sion of galKMPT genes were significantly repressed
under both conditions. In addition, we found that the
fabH and coaD genes showed dramatic up-regulation
in these recombinant strains during acid stress. Based
on these results, it can be concluded that the four ABC
transporters confer acid-stress tolerance to L. lactis
through several shared response mechanisms, includ-
ing regulating the expression of related genes involved
in cold-shock proteins (csp), galactose metabolism
(galKMPT), fatty acid biosynthesis (fabH), and coen-
zyme A (coaD).

Effects of overexpressing ABC transporters on intracellular
ATP concentration under acid stress

Since most acid-stress processes require energy con-
sumption, we further measured the intracellular ATP
concentration to investigate the changes in intracellular
energy production during acid stress. Time-course meas-
urements of the intracellular ATP concentration exhib-
ited that the recombinant strains L. lactis (RbsB) and L.
lactis (MsmK) maintained a higher ATP concentration
than the control strain after acid shock for 1 h at pH 4.0,
which increase of 25.7% and 18.9%, respectively, com-
pared to the control strain (Fig. 6). Thereafter, the ATP
concentration began to decline gradually, and the recom-
binant strain L. lactis (MsmK) displayed higher ATP level
that was 1.2-fold higher than that in the control strain
after acid shock for 2.5 h. These results demonstrated
that the overexpression of the ABC transporters RbsB
and MsmK increased intracellular ATP concentrations
to protect cells against acid stress in the initial stage of
acid stress. Meanwhile, the recombinant strain L. lactis
(MsmK) maintained elevated ATP concentrations during
acid stress.



Zhu et al. Microb Cell Fact ~ (2019) 18:136 Page 8 of 14

a
D-Galactose*** Thiamine metabolism
galP ; A
Galactose metabolism purl purQ e rerzs | LLNZ_RS04965
w % -—s.aa 540 = '
v GAR —» FGAI FGAM N AIR CAIR(—)SAICAR(—)AICAR
D-Gala A Purs purl LLNZ_ R805105 l i DU purH
i Fonfeasalsal ) Sy
4 LLNZ_RS05090 5-Carboxyam|no-1 (5-phos-
a-D-Galactose UDP-glucose = pho-D-ribosyl)imidazole FAICAR
galK | [-s21]-s58] Ribosylaming-5Pg.-..- ;\lljtg'rr;:tzsmngsnzﬁ ourH
y EEoE
a-D-Galactose-1P a-D-Glucose-1P LNz RS04985 ] ;
= Purine metabolism
M—L-Glutamine
PRPR
UDP-galactose -- -)Sucroseﬁ D-Fructose 1
ag
m Phosphorib Phosphonbulo—
amyY. v LLNZ RS08715 Phosphori- Phosphori-_his{_~hosphoribo hlsA o
Mattodextrin 222 Mart >D-Glucose«——Cellobiose-6P | 1, IpATP _>bosyl-AMP_> syl-formim- ——> Syk-formim-
Sl o BT 0SS ino-AlCAR-P '"ﬁ?,_lICAﬁiéF;;
Sta,ch_jamyy > Dextrin Histidine metabolism [25]
gig8 hisK Imidaz- hisB |midazole-glyc-
pgmi BD Gl . |,.7HEI)STIdIn0|<— L-Histidinol-P <€—>» - P<_ erol-3P
<—> ucose -2.71 - 3 :
iy loae B-D-Glucose-1P =2 —_fisD TR
: L-Histidinal—> |-Histidine
Starch and sucrose metabolism p ruzl Ra)t ?z-Mem_ 2 Methyl- Derythro-3- 2 Oxobu
N-Carbam- pyrDB [T 27 ~ b malate. > maleate > Methylmalate” > tanoate [eaning
<—>(S) D|hydroorotate<—> Orotate Orotidine-5P ¥ zlvB]—[—M =
oyl-L-aspartate pyrC pyrK pyrE S)-2-Acetod
itp (ii)- e
i(S) -2-Acetolactate h dro‘ <ybutanoate
Carbamoy|-5P «----- Arginine biosynthesis ump Acetyl-CoA llv(‘i s} \WVC
Pyrimidine metabolism y 3-Hydroxy-3- (R)-3-HYdroxy-3-
methyl-2-oxopentanoate methyl-2-oxopentanoate

Alanine, aspartate and
glutamate metabolism

ivC
(R)-2,3-Dihydroxy-

L-Glutamine «--»

(R)-2,3-Dihydroxy-

b 3-methylpentanoate g meth*y!pentanoate
Oh 25h GenelD Gene name Description z_o;l;ii'k (S)-3-Methyl-
Transport : : : : : 2-oxopentanoate
-330 | -3.15| LLNZ_RS04075] rbsA  [sugar ABC transporter ATP-binding protein L-Valine L Ine and isoleucine biosynthesis | v
I LLNz_Rs04085| rbsB  [D-ribose ABC transporter substrate-binding protein
-374 -4.41 LLNZ_RS04070| rbsD |D-ribose pyranase
NA  -3.88 LLNZ_RS04065| rbsK [ribokinase

NA " LLNZ_RS07535| |ABC transporter permease 0h 25h GenelD Gene name Description

365 LLNZ_RS05225| |vacuolar iron transporter family protein Transcriptional regulation
-355 -372 LLNZ_RS05785| mtsA |metal ABC transporter substrate-binding protein | 555 | 397 LLNZ_RS03350| spxA |transcriptional regulator Spx
794 689 LLNZ_RS05780| mtsC |metal ABC transporter permease 29 | NA LLNZ_RS00640| [MarR family transcriptional regulator
552 559 LLNZ RS03360| pacL |magnesium-transporting ATPase 283 | 332 LLNZ_RS03670| |PadR family transcriptional regulator
4%  NA  LLNZ_RS07365| |ABC transporter permease -3.33 | -3.20 LLNZ_RS04060| rbsR |Lacl family transcriptional regulator
288  NA LLNZ_RS08415| |ABC transporter ATP-binding protein 314 | 318 LLNZ_RS10795| |PspC domain—containing protein
287 NA LLNZ_RS08420| |ABC transporter permease 313 | 321 LLNZ_RS10800| |PspC domain-containing protein

-416 -4.08 LLNZ_RS02240| ptcA |PTS lactose/cellobiose transporter subunit IIA
-395 -409 LLNZ_RS03830| malF |sugar ABC transporter permease

-483 -470 LLNZ_RS03825| malG |sugar ABC transporter permease

-317 -3.60 LLNZ_RS04080| |sugar ABC transporter permease

[E9E B LLNZ_Rs07900| fruA  [PTS fructose transporter subunit IIC

306 302 LLNZ_RS08825| queT |queuosine precursor transporter QueT

Cold shock proteins

453 333 LLNZ_RS09230| cspA |cold-shock protein

441 | 456 LLNZ_RS06360| cspD2 |cold-shock protein

425 | 435 LLNZ_RS06355| cspC |cold shock domain—containing protein
399 | 331 LLNZ_RS09225| cspB |cold-shock protein

379 | 313 LLNZ_RS06265| cspD2 |cold-shock protein

302 NA LLNZ_RS00350| |SulP family inorganic anion transporter
302 NA LLNZ_RS02015| |putative sulfate exporter family transporter
Others 0
-3.08 | NA LLNZ_RS05500| uspA2 |universal stress protein g f10
NA  LLNZ_RS09385| |Asp23/Gls24 family envelope stress response protein Left: O h; L. lactis (RbsB) VS L. lactis (Vector) 5 5
LLNZ_RS08945| fabH  [3-oxoacyl-ACP synthase I Right: 2.5 h; L. lactis (RbsB) VIS L. lactis (Vector) 8 O
324 | 351 LLNZ_RS11005| |aspartate protease = -5
NA 794 LLNZ_RS12245| coaD |phosphopantetheine adenylyltransferase 8 u-10
853 NA LLNZ_RS09860| |cysteine desulfurase

288 | 292 LLNZ_RS06260| ceo  |N(5)—(carboxyethyl)ornithine synthase

392 | 386 LLNZ_RS05340| busAA |glycine betaine/L-proline ABC transporter ATP-binding protein
324 | 340 LLNZ_RS05345| busAB |glycine/betaine ABC transporter permease

-3.22 | -325 LLNZ_RS03630| oppA [oligopeptide—binding protein oppA

274 | NA LLNZ_RS09965| |glutamate/gamma-aminobutyrate family transporter YjeM




Zhu et al. Microb Cell Fact

(2019) 18:136

Page 9 of 14

rbsD |D-ribose pyranase

rbsK |ribokinase

msmK|sugar ABC transporter ATP-binding protein

mtsA |metal ABC transporter substrate—binding protein
mtsC |metal ABC transporter permease

malG |sugar ABC transporter permease

Oh 25h Gene ID Gene name Description
Transport

-3.20 -3.28 LLNZ_RS04070|
-2.95 -2.71 LLNZ_RS04065|
5.85 6.15 LLNZ_RS02280|
-3.08 -3.15 LLNZ_RS05785|

7.23 LLNZ_RS05780|
-3.85 -3.32 LLNZ_RS03825]|
-3.06 NA LLNZ_RS04080|

Cold shock proteins

4.89 3.63 LLNZ_RS09230|
4.13 4.28 LLNZ_RS06360|
4.07 3.39 LLNZ_RS09225|
3.61 2.83 LLNZ_RS06265|
3.53 3.41 LLNZ_RS06355|

Transcriptional regul

-4.21

ation

LLNZ_RS08550|

|sugar ABC transporter permease

cspA |cold-shock protein
cspD2 |cold-shock protein
cspB  |cold-shock protein
cspD2 |cold-shock protein
cspC |cold shock domain—containing protein

|transcriptional regulator Spx

log, (fold change)
o

3.19 NA LLNZ_RS04930| rmal |MarR family transcriptional regulator
-2.86 ’ -2.77 LLNZ_RS07940| hrcA |HrcA family transcriptional regulator
Galactose metabolism
LLNZ_RS11190| galT |galactose-1-phosphate uridylyltransferase
LLNZ_RS11195| galK |galactokinase
LLNZ_RS11200] galM |galactose mutarotase
LLNZ_RS11205| galP |MFS transporter
Others
NA LLNZ_RS08945| fabH |3—oxoacyl-ACP synthase Il
NA LLNZ_RS09385| |Asp23/Gls24 family envelope stress response protein
NA LLNZ_RS12245| coaD |phosphopantetheine adenylyltransferase
NA LLNZ_RS00930| gatC |Asp—-tRNA(Asn)/Glu—tRNA(GIn) amidotransferase GatCAB subunit C
2.91 3.16 LLNZ_RS00750| argG |argininosuccinate synthase

Left: O h; L. lactis (MsmK) VS L. lactis (Vector)
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Fig. 4 Heatmap of important differentially expressed genes in the recombinant strain (L. lactis (MsmK)) relative to the control strain (L. lactis
(Vector)) under normal (0 h) and acid-stress (2.5 h) conditions. Each gene shows the expression ratio (log,-fold change). NA represents the
expression of gene was upregulated or downregulated with a less than twofold change. Genes with at least a twofold change are shown. Adjusted
p <0.05 for all data selected

|cysteine desulfurase

Discussion

The ABC protein family is one of the most abundant
protein superfamilies, and its members mainly medi-
ate the transport of nutrients and other molecules into
cells or the pumping of toxins and lipids across mem-
branes. Moreover, during acid stress, microbial cells
need to import more nutrients and export toxins across
the membrane to protect the cells against acid stress.

Therefore, in this study, we performed a detailed anal-
ysis of ABC superfamily proteins in L. lactis to deter-
mine their relevance to acid stress.

The ribose transporters in L. lactis is a complex con-
sisting of an ATP-binding cassette protein, RbsA; a sub-
strate binding protein, RbsB; and RbsCD. In E. coli, the
ribose transporter is critical for the uptake of ribose,
while the rbsA and rbsB genes form a part of the rbs
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Fig. 5 Heatmap of important differentially expressed genes in the recombinant strain (L. lactis (DppA)) relative to the control strain (L. lactis (Vector))
under normal (0 h) and acid-stress (2.5 h) conditions. Each gene shows the expression ratio (log,-fold change). NA represents the expression of
gene was upregulated or downregulated with a less than twofold change. Genes with at least a twofold change are shown. Adjusted p <0.05 for all

data selected

operon, whose products are involved in the transmit-
ting of molecular precursors for nucleic acid synthesis
[29]. However, in L. lactis, it is still unclear how the
ribose transporter protects cells against acid stress.
Thus, we overexpressed the rbsA and rbsB genes in L.
lactis, respectively, which their expression showed sig-
nificant difference in our previous study. In addition,
the rbsA and rbsB genes were also co-expressed in L.
lactis to investigate whether acid stress tolerance could

be further improved. Unfortunately, the co-expressing
strains did not exhibit higher survival rates compared
to single gene-expressing strains (data not shown).

In response to acid stress, the carbohydrate metabolism
can be strengthened to produce more energy, and micro-
bial cells can consume the energy to against acid stress
[30]. The acquisition and metabolism of carbohydrates
is essential for the survival of L. lactis under acid stress.
However, excessive transport of carbohydrates may result
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Fig. 6 Effects of over-expressed ABC transporters on the intracellular
ATP concentrations during acid stress. All strains were exposed to acid
stress at pH 4.0 for various times (0, 1 and 2.5 h). Error bars represent
the mean =+ standard deviation of three replicates

in a rapid accumulation of toxic glycolysis intermediates,
acidification of intracellular environment and osmotic
stress [31]. Therefore, microbial cells need to adjust their
metabolism and gene expression patterns to achieve opti-
mal utilization of carbohydrates [32]. The MsmK protein
is an ATPase that is responsible for the utilization of vari-
ous carbohydrates. It has been shown in Streptococcus
suis that MsmK is essential not only for the utilization
of various carbohydrates, but also for successful sur-
vival and colonization [33]. Interestingly, two sugar ABC
transporters (malG, and LLNZ_RS04080) were downreg-
ulated in L. lactis (MsmK). Therefore, we speculate that
L. lactis may have developed a self-regulatory mechanism
to achieve optimal flow of metabolism and transport of
carbohydrates, and the MsmK protein may contribute to
acid stress by regulating the utilization of carbohydrates
during acid stress.

Peptide metabolism and transport have been widely
investigated in Gram-positive bacteria. The most com-
mon peptide transporters are binding-protein-dependent
transporters, which mainly includes oligopeptides (Opp),
dipeptides (Dpp), and tripeptides (TPP) [34]. Among
these transport systems, the Opp systems have been
extensively characterized and were found to be associated
with stress tolerance. The Opp systems have been found
to transport various peptides and are involved in recy-
cling the cell wall peptides for the synthesis of new pepti-
doglycan in some Streptococcus spp. [35]. In addition, the
OppA protein was found to be up-regulated under acid
stress in a proteomics analysis of L. reuteri ATCC 23272
[36]. In this work, we investigated the DppA protein, a
Dpp-binding protein precursor that belongs to the Opp
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transport system substrate-binding protein family. How-
ever, little is known about its functional role in L. lactis
during acid stress.

In this study, we performed transcriptome analysis
in four recombinant strains to study the mechanisms
underlying improved acid tolerance mediated by the
ABC transporters. In addition, we also further analyzed
the common DEGs among the four recombinant strains
when compared to the control strain, respectively (Addi-
tional file 1: Fig. S2). Several csp genes were up-regulated
in all four recombinant strains under normal and acid-
stress conditions. The main classes of bacterial molecu-
lar chaperones include DnaK/Hsp70, GroEL/Hsp60, and
the heat/cold shock proteins; and molecular chaperones
are implicated in protein folding, protein renaturation
or degradation under stress, protein targeting to mem-
branes, and the control of protein—protein interactions
[37]. Moreover, the binding proteins were found to inter-
act with unfolding and denatured proteins, such as the
molecular chaperones. In addition to their function in
transport, binding proteins were shown to help in pro-
tein folding and protection from stress [38]. Thus, we
proposed that these recombinant strains could help cells
withstand acid stress by up-regulating the expression
of genes encoding cold-shock proteins. In addition, the
genes fabH and coaD also showed highly up-regulations
in the recombinant strains during acid stress. In L. lac-
tis, the process of fatty acids elongation is initiated by
FabH by condensing an acetyl-CoA with malonyl-ACP
[39]. The up-regulation of the fabH gene may improve the
fluidity and permeability of cell membranes by regulat-
ing the composition of fatty acids, thereby maintaining
cell homeostasis and efficient transmembrane transport
processes. Moreover, the CoaD protein is one of the key
enzymes of coenzyme A biosynthesis pathway, and coen-
zyme A is mainly involved in fatty acids and pyruvate
metabolism. Thus, we may conclude that the enhance-
ment of coenzyme A biosynthesis regulates intracellular
fatty acid and pyruvate metabolism, thereby helping cells
resist acid stress.

In addition to the common acid-stress-response mech-
anisms mediated by ABC transporters, some specific
DEGs were found in individual recombinant strains. In L.
lactis (RbsB), the genes involved in the pyrimidine bio-
synthetic pathway (pyrCBDEK) were up-regulated under
acid stress (Fig. 3a). The pyrCBDEK genes mainly medi-
ate in the conversion of glutamine to UMP, which can be
further converted into UTP, CTP, dCTP, and dTTP. In
addition, the pyrimidine biosynthetic pathway is linked
to arginine biosynthesis by carbamoyl phosphate [15].
Therefore, the up-regulation of pyrCBDEK genes may
affect the arginine biosynthesis pathway. In addition,
betaine has been shown to protect cells from acid stress,
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and bacterial cells can improve their acid-stress tolerance
by strengthening the transport of betaine (busAA, AB)
during acid stress [40] (Fig. 3b).

Interestingly, we found that various genes encoding
cell well anchor proteins were abundant. As the primary
barrier for nutrients or ions entering into cells, cell well
is closely related to microbial acid tolerance. Bacte-
ria need to sustain a robust cell wall to provide optimal
environment for cell growth and metabolism during acid
stress. Cell wall has been found to play important roles
in resisting acid stress and nisin production in L. lactis.
Increasing O-acetylation and N-deacetylation in cell wall
improved autolysis resistance by decreasing the suscep-
tibility to PG hydrolases, and therefore contributed to
cell wall integrity and the improved acid tolerance of L.
lactis F44 [41]. In addition, the acid tolerance and nisin
production could be improved by genetically increasing
D-Asp amidation level in cell wall in L. lactis F44 [42]. In
this study, the LLNZ RS12985 gene was downregulated
in L. lactis (RbsA) and L. lactis (RbsB) during acid stress.
Nevertheless, the LLNZ RS13320 gene showed upregu-
lation in L. lactis (MsmK) and L. lactis (DppA) during
acid stress (Additional file 2). The differential expression
of these genes may contribute to cell wall integrity and
help cells resist acid stress.

ABC proteins are ATP dependent membrane-bound
transporters that use the binding and hydrolysis of ATP
to transport a wide variety of substrates, ranging from
ions to macromolecules, across membranes [43], and
this process requires the hydrolysis of ATP. Therefore,
we measured the intracellular ATP concentrations of
the recombinant and control strains during acid stress
(Fig. 6). In this work, the results indicated that intracel-
lular ATP concentrations increased within the first 1 h
of stress, then gradually decreased. This may have been
caused by cell sensing in the early stages of stress, thereby
allowing more ATP to be generated in response to acid
stress [25]. Interestingly, we found that the recombinant
strain L. lactis (MsmK) showed the highest survival rates
than the other three strains. Meanwhile, overexpression
of MsmK protein up-regulated the expression of sev-
eral genes (argG, coaD) involved in pathways of energy
generation (Fig. 4), and L. lactis (MsmK) maintained an
elevated ATP concentration than the control strain dur-
ing acid stress (Fig. 6). In our previous study, the ArgG
protein (argininosuccinate synthase) had been found to
enhance the acid tolerance of L. lactis. Overexpression of
ArgG protein could enhance the metabolic flux of argi-
nine deiminase (ADI) pathway, which could generate
more ATP, and the recombinant strain maintained higher
ATP level than control strain during acid stress [44].
Therefore, we speculate that the highest survival rate
exhibited by overexpression of MsmK protein may be
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due in part to the up-regulated expression of argG gene,
which was associated with elevated ATP level.

Conclusions

An ideal cell factory should demonstrate the efficient
production of targeted products, and this requires the
host to maintain high metabolic activity in an acidic
environment during the process of producing acidic
products. In this study, the overexpression of ABC trans-
porters was performed to enhance the acid tolerance of
L. lactis. Here, we showed that the four overexpressing
strains exhibited higher survival rates than the control
strain under acid stress. Moreover, by means of compara-
tive transcriptomics, this study elucidated the transcrip-
tional response mechanisms of the recombinant strains
during acid stress. The four recombinant strains not only
share several response mechanisms, such as enhancing
the expression of genes involved in cold-shock proteins
(csp), fatty acid biosynthesis (fabH), and coenzyme A bio-
synthesis (coaD), but certain specific recombinant strains
also showed unique acid-stress response mechanisms.
This study indicates that genetic engineering through
overexpression of ABC transporters is a promising
strategy to improve the acid tolerance of L. lactis. These
genetically engineered strains with improved tolerance to
acid stress are promising candidates for food and indus-
trial applications.
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