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Abstract
PprI is a general switch protein that regulates the expression of certain proteins involved in

pathways of cellular resistance in the extremophilic bacterium Deinococcus radiodurans. In
this study, we transformed pprI into Lactococcus lactis strain MG1363 using the lactococcal

shuttle vector pMG36e and investigated its effects on the tolerance and lactic acid produc-

tion of L. lactis while under stress. PprI was stably expressed in L. lactis as confirmed by

western blot assays. L. lactis expressing PprI exhibited significantly improved resistance to

oxidative stress and high osmotic pressure. This enhanced cellular tolerance to stressors

might be due to the regulation of resistance-related genes (e.g., recA, recO, sodA, and nah)
by pprI. Moreover, transformed L. lactis demonstrated increased lactic acid production,

attributed to enhanced lactate dehydrogenase activity. These results suggest that pprI can
improve the tolerance of L. lactis to environmental stresses, and this transformed bacterial

strain is a promising candidate for industrial applications of lactic acid production.

Introduction
Lactic acid is a glucose metabolite generally produced by lactic acid bacteria (LAB), e.g., Lacto-
coccus lactis, and is present in sour milk, molasses, various fruits, and wines. Lactic acid has
been widely used as a flavoring and preservative in foods and beverages and as a raw material
for pharmaceuticals [1]. However, LAB are exposed to osmotic pressures including salt and
acid stresses, during industrial fermentation and food processing, and the bacteria must over-
come various physical and chemical barriers, such as oxidation in the gastrointestinal tract
before they can provide a benefit to their host. In addition, facultative anaerobic LAB, which
lack catalases, are sensitive to oxidative stress during manufacturing processes [2]. Modifying
LAB strains via genetic engineering helps improve cellular tolerance and lactic acid production.
For instance, Abdullah-Al-Mahin et al. expressed the DnaK protein from Escherichia coli in
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L. lactis, and the engineered strain exhibited significantly higher tolerances to acid (0.5% lactic
acid, pH 5.47), salt (3% NaCl), and ethanol (5%) [3]. Tian et al. expressed small heat-shock
protein (sHSP) gene derived from S. thermophilus in L. lactis and found that the genetically
modified strain showed increased tolerance to acid, heat, ethanol, bile salts, and hydrogen
peroxide [4]. When RecO from Lactobacillus casei Zhang was heterologously over-expressed in
L. lactis, the biomass of the engineered strain increased by 22.03%, 37.04%, and 19.37%, respec-
tively, when exposed to acidic (pH 5.0), salt (3% NaCl), and oxidative stress (0.1 mMH2O2)
conditions [5]. Furthermore, RecO expression improved lactose dehydrogenase activity,
thereby increasing lactic acid production by approximately 1.42-fold. These results suggest that
the expression of exogenous genes might be an effective method for increasing cellular resis-
tance and lactic acid production in lactobacilli under stress conditions.

A unique regulatory protein, PprI (DR0167, also named IrrE), was identified in the extre-
mophilic bacterium D. radiodurans [6,7], which is known for its resistance to such stresses as
irradiation, oxidants, and desiccation. PprI acts as a general switch for the expression of a num-
ber of proteins, including recombinase A (RecA), in pathways of cellular resistance [8], and dis-
ruption of the remarkably increases the sensitivity of the mutant to γ-rays, UV radiation, and
mitomycin-C. Comparative proteomics analysis of the wild type and a pprI knock-out strain
(YR1) identified 31 proteins that are significantly induced after irradiation in the presence of
pprI [8,9]. These data suggest that pprImay play a key role in the regulation network of cellular
resistance. The expression of D. radiodurans pprI enhanced the radioresistance of E. coli by
approximately 1.6-fold, with significant increases in RecA expression [10]. The expression of
PprI also significantly enhanced the free radical scavenging ability of E. coli by inducing the
activity of catalase (KatG), indicating that exogenous expression of PprI promotes repair and
protection pathways in E. coli. Moreover, transgenic Brassica napus expressing PprI can toler-
ate 350 mM (2%) NaCl, a concentration that inhibits the growth of almost all crop plants [11],
suggesting that PprI can be used as a global regulator to improve stress tolerances in other
organisms.

In this study, we expressed the pprI gene from D. radiodurans in L. lactis and investigated
its effects on cellular tolerance and lactic acid production. The transcriptional regulations of
resistance-related genes and lactate dehydrogenase gene by heterologous PprI was also
evaluated.

Materials and Methods

Strains and growth conditions
Wild-type D. radiodurans strain R1 (lab stock) was grown in TGY broth (0.5% Bactotryptone,
0.1% glucose, 0.3% Bacto yeast extract) at 32°C with aeration or on TGY plates solidified with
1.5% agar. E. coli DH5a was purchased from Invitrogen (La Jolla, CA, USA). pGEM1-T Easy
vector was purchased from Promega (Madison, WI, USA). E. coli cells were grown at 37°C in
LB broth or on LB plates solidified with 1.5% agar and supplemented with 100 μg/mL ampicil-
lin when grown under selection. L. lactisMG1363 was cultivated anaerobically at 30°C using
GM17 medium (Difco Laboratories, Detroit, MI, USA) supplemented with 0.5% glucose. Bac-
terial growth was monitored by measuring the optical density (OD) at 600 nm.

PprI cloning, vector construction, and transformation
The pprI gene was cloned using the following primers: 50GAGCTCATGCCCAGTGCCAA
CGTCAGCCC30 (upstream primer; the SacI restriction enzyme site is underlined); 50 AAG
CTT GGGAAACCCGAAGGTCAGCTCG (downstream primer; theHindIII restriction
enzyme site is underlined). The PCR conditions used were as follows: initial denaturation at
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94°C for 5 min, 30 cycles of 94°C for 50 s, 60°C for 40 s and 72°C for 90 s, followed by 72°C for
5 min. The purified PCR product was cloned into pMD18-T vector and transformed into com-
petent E. coli DH5a. For antibiotic selection, agarose plates containing 100 μg/mL ampicillin
were used. E. coli cells were transformed using the modified CaCl2 technique. After screening
using ampicillin-containing agarose plates, positive clones were selected; plasmids were then
isolated, digested with restriction enzymes for identification, and sequenced. Clones with the
correct sequence were isolated and digested with SacI and HindIII to generate the pprI gene
fragment with overhanging ends. The shuttle vector pMG36e was digested with the same
enzymes, and the recovered vector fragment and target fragment were ligated overnight. The
ligated product was transformed into competent E. coliMC1061, and positive clones were
selected for expanded culture. Plasmids were isolated and digested with restriction enzymes for
identification by gel electrophoresis using a 1% agarose gel at 120 V for 50 min, followed by
DNA sequencing for verification (Shanghai Ruidi Co., China). The verified and correct clone
was transformed into L. lactisMG1363 by electroporation to obtain the MG(PprI+) strain for
further study. In parallel, an L. lactis strain transformed with the empty vector pMG36e was
obtained as a control and designated MG(Vector).

Western blot assay
To investigate the level of PprI expression in L. lactis, strains MG(PprI+) and MG(Vector) were
grown in GM17 medium containing 500 mg/mL erythromycin at 30°C. Cell cultures at OD600

1.0 were harvested by centrifugation at 4°C for 10 min. The cells were washed twice with ice-
cold PBS buffer, resuspended in the same buffer and disrupted ultrasonically at 4°C for 99
cycles of 3 s each. The cell extract was obtained after centrifugation at 4°C for 10 min to remove
cellular debris. The protein concentration was determined according to the Bradford method
using bovine serum albumin as the standard. For protein analysis, the cell extract was mixed
with a five-fold concentrated buffer; after being heated at 100°C for 10 min, a 15-μL aliquot of
each sample was subjected to 12% SDS-PAGE. The proteins in the gel were transferred onto a
polyvinylidene fluoride (PVDF) membrane (Amersham Pharmacia Biotech, Buckinghamshire,
England) and incubated with a rabbit anti-PprI polyclonal antibody (rabbit IgG, laboratory
stock). Chemiluminescent signals on the PVDF membrane were visualized and quantified
using a Gel Imager System (Bio-Rad Laboratories, Hercules, CA, USA) [12].

Tolerance assays of transformed bacteria under hydrogen peroxide and
UV stress conditions
To determine the survival of bacteria under hydrogen peroxide stress, bacteria were cultured in
LB medium to the exponential phase (OD600 approximately 0.5) and the stationary phase
(OD600 approximately 1.5). H2O2 was added to final concentrations of 5, 10, and 20 mmol/L,
and cells were collected every 20 min up to 1 h. MG(PprI+) without H2O2 treatment and MG
(Vector) were used as the controls. The survival fraction was determined by counting the colo-
nies on agarose plates.

Cell survival fractions when exposed to UV radiation were determined following a previ-
ously described method [13,14]. Bacteria were cultured in GM17 medium until OD600 reached
approximately 1.0. 100 μL of cell culture were appropriately diluted in sterile phosphate-buff-
ered saline (PBS) and plated on GM17 agar plates containing 500 μg/mL erythromycin and
irradiated under UV light with a wavelength of 254 nm. Fluence rates were measured with a
UV radiometer (TAINA Co. China). The plates were then incubated at 32°C for 36 h. Survival
fraction was determined from the quotient of the number of colony formers after UV
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irradiation and the number of colony formers without UV irradiation. F10 value, indicating
the fluence of UV irradiation resulting in 10% survival, was used for comparisons.

Tolerance assays of transformed bacteria under osmotic pressure and
acid shock
For the osmotic pressure experiment, bacteria were transferred into fresh GM17 culture
medium to which 3% NaCl or 5% NaCl was added. The cells were cultured at 30°C, and sam-
pling was performed every 4 h. Cell growth (OD600) was monitored using a Biophotometer
(Eppendorf, Hamburg, Germany).

For the lactic acid tolerance assay, bacteria were transferred into GM17 culture media with
lactic acid concentrations of 3%–5% (pH 5–6). To investigate the effects of pH (1–12) on cell
survival, the bacteria were transferred into GM17 culture media with the pH adjusted by the
addition of hydrochloric acid or sodium hydroxide. Sampling was performed every 4 h, and
cell growth was monitored. As controls, MG(PprI+) without any stressors and MG(Vector)
were also transferred into GM17 medium for culturing at 30°C.

Analysis of lactic acid production
Cells grown to an OD600 of 1.0 were used as 2% inoculum (v/v) in fresh GM17 medium con-
taining 500 μg/mL erythromycin and 0%, 3%, or 5% NaCl. Culturing was performed for 48 h at
30°C.

Samples withdrawn at different time intervals were centrifuged (10,000 x g for 10 min), and
the supernatants were filtered through a 0.22 μm pore-size filter prior to analysis. The contents
of lactic acid in the supernatants were assessed by HPLC using a Waters Alliance series 2695
separation module equipped with a 2487 dual-absorbance detector, which was controlled by
Empower Pro software (Waters Corp., Milford, MA, USA). The HPLC conditions for lactic
acid were as follows: Waters Nova-Pak C18 column (300 mm × 3.9 mm inner diameter, 4 mm
particle size); mobile phase, 0.1 M KH2PO4 (pH adjusted to 2.5 with phosphoric acid); flow
rate, 0.5 mL/min. Lactic acid was identified by retention time compared with a standard com-
pound (lab stock). The amount of lactic acid was determined from the area under the peak
detected at 240 nm using a calibration curve of lactic acid [15].

Lactate dehydrogenase activity assay
Lactate dehydrogenase (LDH) activity in the cell extract was analyzed using a lactate dehydro-
genase assay kit (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China) following the
manufacturer’s protocol. One unit of LDH activity was defined as the amount of enzyme
required to convert the substrate to 1 μM pyruvate at 37°C in 15 min.

Quantitative real-time PCR
QRT-PCR was performed according to a previously described method [16]. Total RNA was
isolated using an RNA extraction kit (Invitrogen). The RNA samples were reverse-transcribed
using a Protoscript First Strand cDNA Synthesis Kit (New England Bio-Labs, Beverly, MA,
USA) as described in the manufacturer’s protocol. The expression of selected genes from differ-
ent treatments was quantified by quantitative real-time PCR using a Bio-Rad Real-Time PCR
System. The primers used were listed in S1 Table. First-strand cDNA was synthesized using a
cDNA synthesis kit and PCR amplification was detected by SYBR Green fluorescence dye
(Takara, Tokyo, Japan). Gene expression levels were normalized using housekeeping genes tuf
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and gyrA [17]. All real-time PCRs were performed as duplicates of three independent
experiments.

Statistical analysis
Results were assessed by Student’s t-test using PASW Statistics (Winwrap Basic.), and differ-
ences with P<0.05 was considered statistical significant.

Results

Expression of pprI in L. lactis enhanced cellular tolerance to hydrogen
peroxide and UV
The pprI gene was transformed into L. lactis strain MG1363 using the shuttle vector pMG36e,
and pprI transformation was verified by enzyme digestion of pMG36e isolated from L. lactis
MG(PprI+) (Fig 1A). The expression of PprI in L. lactisMG(PprI+) was confirmed by western
blot assay compared with the control strain L. lactisMG(Vector) (Fig 1B). As shown in Fig 1B,
pprI expression at 3% salt did not differ from that under salt-free conditions, consistent with a
previous report that pprI expression in D. radiodurans is constitutive and does not change
under various stresses [8,18].

The effects of PprI on the cellular tolerance of L. lactis to oxidative stresses (hydrogen
peroxide and UV) were investigated (Figs 2 and 3). Fig 2 shows the survival of MG(PprI+) and
MG(Vector) after treatment with different H2O2 concentrations at different growth phases. At
the exponential growth phase (OD600 approximately 0.5), the survival fraction of MG(PprI+)
was approximately 20% higher than that of the control MG(Vector) with 5 mM or 10 mM
H2O2 treatment for 1 h (P<0.05)(Fig 2A and 2B). After treatment for 1 h at a higher H2O2

Fig 1. Expression of pprI in L. lactis. (A) Verification of the transformation of pprI into L. lactisMG(PprI+) via enzyme digestion of the plasmid:. Lane 1, DNA
marker; lane 2, enzyme digestion of pMG36e isolated from L. lactisMG(PprI+) by SacI andHindIII; (B) Western blot assay of the expression of PprI in L. lactis
MG(PprI+) and MG(Vector).

doi:10.1371/journal.pone.0142918.g001
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concentration (20 mM), no control bacteria survived, whereas a small amount of MG(PprI+)
bacteria did survive (Fig 2C). However, at the stationary phase (OD600 approximately 1.0), the
cell survival curves decreased more gradually at each H2O2 concentration compared to those
during the exponential growth phase, suggesting that cells in the stationary phase are more
resistant to oxidative stress. After treatment with 5, 10, and 20 mmol/L H2O2 for 1 h, the sur-
vival fractions of MG(PprI+) were approximately 85%, 80%, and 70% (Fig 2D–2F), respectively,
which are all higher than those of the control MG(Vector)(P<0.05).

The gene-transformed strain MG(PprI+) and control strain MG(Vector) were exposed to
UV at different fluences (Fig 3). The survival fraction of MG(PprI+) reached approximately
85% at UV fluence of 75 J/m2, compared with the control at approximately 70% survival.
When the fluence was increased to 150 J/m2, the survival fraction of MG(PprI+) was approxi-
mately 25% higher than the control (P<0.05), suggesting that L. lactis bacteria transformed
with PprI have enhanced resistance to UV radiation. The F10 value of MG(PprI+) was approxi-
mately 318 J/m2, which is higher than that of the control strain MG(Vector) (approximately
213 J/m2).

Effects of PprI on L. lactis tolerance to osmotic pressures
To determine the tolerances of MG(PprI+) and MG(Vector) at various osmotic pressures, cell
growth in the presence of salt and acid stresses was monitored (Figs 4 and 5). In the absence of
stress, no significant difference in cell growth was observed between MG(PprI+) and MG(Vec-
tor) (Fig 4A). However, at high concentrations of salt (3% NaCl, 5% NaCl), MG(PprI+) and

Fig 2. Survival fractions of L. lactisMG(PprI+) and MG(Vector) (carrying the empty vector pMG36e as a control) at different concentrations of H2O2.
(A–C) Cells at the growth phase (OD600 approximately 0.5) treated with 5, 10, and 20 mMH2O2, respectively. (D–F) Cells at the stationary phase (OD600

approximately 1.0) treated with 5, 10, and 20 mMH2O2, respectively. Values are presented as the mean±standard deviation (SD) of three independent
experiments.

doi:10.1371/journal.pone.0142918.g002
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MG(Vector) growth was inhibited compared with that in the absence of salt stress (Fig 4B and
4C). The OD600 of MG (PprI+) was seven times higher than that of the control when treated
with 5% NaCl for 50 h (P<0.05) (Fig 4C); thus, MG(PprI+) showed significantly higher cellular
tolerance than MG(Vector) under NaCl stress, suggesting that pprI enhances the resistance of
L. lactis under salt stress.

L. lactis fermentation can be inhibited by the accumulation of lactic acid in the culture.
Therefore, bacterial growth under high concentrations of lactic acid stress was measured. As
shown in Fig 5, MG(PprI+) growth was higher than that of the control strain at 3% and 5% lac-
tic acid, indicating that L. lactis expressing PprI exhibits enhanced tolerance to lactic acid.

Because lactic acid accumulation results in pH changes in cell culture, cell growth at differ-
ent pH values (5–10) was investigated (Fig 6). The L. lactis strains showed optimum cell growth
at pH 8.0, whereas low pH (5.0) and high pH (10.0) had negative effects on cell growth. MG

Fig 3. Survival fraction of L. lactisMG(PprI+) and MG(Vector) (carrying the empty vector pMG36e as a control) exposed to UV radiation.Cells plated
on GM17 agar plates were treated with UV light at a wavelength at 254 nm. Values are presented as the mean±SD of three independent experiments.

doi:10.1371/journal.pone.0142918.g003

Expression of PprI in Lactococcus lactis

PLOSONE | DOI:10.1371/journal.pone.0142918 November 12, 2015 7 / 15



(PprI+) exhibited enhanced cellular tolerance at pH 5.0 and pH 10.0 (Fig 6B), compared with
MG(Vector) (Fig 6A).

Expression of pprI in L. lactis increased lactic acid production
Cell growth and lactic acid production of both the transformed and control strains under high-
salt conditions were decreased compared to stress-free conditions (Figs 4 and 7), indicating
that growth and lactic acid metabolism might have been affected under high-salt concentra-
tions. However, MG(PprI+) showed a little higher lactic acid production than the control dur-
ing the cell cultures from 5-15h under stress-free conditions (Fig 7A and 7D), and under salt
stress, MG(PprI+) demonstrated significantly higher lactic acid production per cell culture vol-
ume than the control (Fig 7B, 7E, 7H and 7C, 7F, 7I). After 24 h, the lactic acid content in the
cell supernatant was three times higher than the control at 3% NaCl (Fig 7B). At increased salt
concentration (5% NaCl), the lactic acid content in the cell supernatant was not as high as that

Fig 4. Cell growth of MG(PprI+) and MG(Vector) under NaCl stress. (A–C) Cells were cultivated at 30°C in the presence of 0%, 3%, and 5%NaCl,
respectively. Values are presented as the mean±SD of three independent experiments.

doi:10.1371/journal.pone.0142918.g004

Fig 5. Cell growth curves of L. lactis in 3% lactic acid (A) and 5% lactic acid (B). Values are presented as the mean±SD of three independent
experiments.

doi:10.1371/journal.pone.0142918.g005
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at 3% NaCl (Fig 7C), which might be due to the reduction of biomass at the higher salt concen-
tration (Fig 4C). These results suggest that introduction of the pprI gene can induce lactic acid
production in L. lactis, especially under salt stress. The transformant MG(PprI+) shows poten-
tial for application in lactic acid fermentation.

PprI induced lactate dehydrogenase activity
To investigate how PprI increased lactic acid production in L. lactis, we measured the lactate
dehydrogenase activity of L. lactis under stress-free, 3% NaCl, and 5% NaCl conditions. Under
stress-free conditions, the lactate dehydrogenase activity of MG(PprI+) was only slightly higher
than that of the control (Fig 8) but was 2.98-fold and 3.14-fold higher than that of the control
at 3% and 5% NaCl (P<0.05), respectively. This result suggests that the lactate dehydrogenase
activity of MG(PprI+) was significantly induced by the presence of PprI under high osmotic
pressures. These results were in consistence with those of the lactic acid production assay.

Transcriptional levels of L. lactis stress-related genes in the presence of
PprI
PprI is a global regulator of various response genes. In the present study, the L. lactis transfor-
mant harboring the pprI gene demonstrated enhanced cellular tolerance to oxidative, salt, and
acid stresses, as well as increased lactic acid production. Genes involved in oxidative, salt, and
acid resistance were selected to evaluate changes in transcription to elucidate the roles of exoge-
nous pprI in the transformant. The expressions of relevant genes in MG(PprI+) and the control
strain was analyzed by RT-PCR. Under salt stress, some of the genes involved in ion metabo-
lism, amino acid metabolism, and DNA repair were up-regulated in MG(PprI+). As shown in
Fig 9, ion transport genes were significantly elevated under conditions of 3% salt. The Na+/H+

transport system (nah and nha) plays an important role in intracellular Na+ homeostasis
[19,20], and expression of the two genes encoding Na+/H+ ion pumps (nah and nha) was
increased by approximately two-fold in MG(PprI+) compared to the control. This result

Fig 6. Cell growth curves of MG(Vector) (A) and MG(PprI+) (B) at pH 5, 8, and 10, respectively. Values are presented as the mean±SD of three
independent experiments.

doi:10.1371/journal.pone.0142918.g006
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suggests that the transformant strain utilizes the Na+/H+ transport system to maintain intracel-
lular Na+ homeostasis.

The transcription of an LDH gene homolog was induced by approximately two-fold in MG
(PprI+) under salt stress (3% NaCl) (Fig 9), consistent with the results of induced lactate dehy-
drogenase activity in MG(PprI+). Certain genes involved in amino acid metabolism (ctrA) and
glutamate metabolism (gltQ and gltP) were also moderately increased in MG(PprI+) compared
to the control (S1 Table and Fig 9). The enhanced tolerance of MG(PprI+) to high environmen-
tal salt and acid concentrations indicated that pprl confers resistance to osmotic pressures to
this L. lactis, possibly via the regulation of transport and metabolism systems of ions and
metabolites.

In addition, the transcription of a series of stress-response genes, such as those encoding
recombinant protein RecA, molecular chaperone DnaK, DNA repair protein RecO, and super-
oxide dismutase (SodA), was also induced in MG(PprI+) compared to the control strain.

The free radicals generated under high-salt stress induce the damage to DNA and proteins
[21]. Free radical accumulation can be induced by salt stress and protection against oxidative
injury is an important mechanism in salinity tolerance of plants and animals [22,23]. The accu-
mulation of reactive oxygen species (ROS) induced by abiotic stresses, including salt stress, is

Fig 7. Lactic acid production of cell cultures from 0–24 h at 0%, 3%, and 5%NaCl. (A–C). Values are presented as the mean±SD of three independent
experiments. (D–F) HPLC analysis of lactic acid content in MG(Vector) cultures at 0%, 3%, and 5% NaCl, respectively, after 18 h. (G–I) HPLC analysis of
lactic acid content in MG(PprI+) cultures at 0%, 3%, and 5% NaCl, respectively, after 18 h. Representative HPLC results from three independent analyses are
shown. Lactic acid was identified by retention time compared with standard compound (lab stock). The amount of lactic acid was determined from the area
under the peak detected at 240 nm using a calibration curve of lactic acid.

doi:10.1371/journal.pone.0142918.g007
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toxic to cells [24]. Therefore, increased sodA and DNA repair genes might contribute to the
enhanced cell tolerance of MG(PprI+) to oxidative stress.

Discussion
LAB are gram-positive, low-GC, microaerophilic, non-sporulating, rod- or coccus-shaped bac-
teria that convert carbohydrates into lactic acid. L. lactis in particular is used for lactic acid pro-
duction in the food and feed industries [1,25]. As LAB are anaerobes that lack catalase and are
sensitive to salt and acid stress during manufacturing processes [26,27], the antioxidant mecha-
nism present in LAB is an interesting issue deserving further investigation. In the present
study, L. lactisMG1363 transformed with the pprI gene demonstrated strong tolerance to oxi-
dative stress. PprI, identified in the extremophilic bacterium D. radiodurans, is a switch gene
that regulates many resistance-related genes (recA, ddrO, pprA, etc.) [8]. It has been reported

Fig 8. Lactate dehydrogenase activity of L. lactis under stress-free, 3% NaCl, and 5%NaCl conditions, respectively. *, P<0.05, indicating significant
difference compared with the control strain.

doi:10.1371/journal.pone.0142918.g008
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that the transformation of L. lactis with a recO homolog from Lactobacillus casei enhances the
bacterium’s resistance to salt stress [5,28]. As the upstream regulator of recO and recA genes,
the pprI gene product might function to further modulate bacterial tolerance. Transcription
analysis showed that some of the genes involved in DNA repair, ion metabolism, and amino
acid metabolism were indeed up-regulated by the presence of Pprl in MG(PprI+) under salt
stress.

Previous studies on PprI by our lab and other groups revealed that this protein plays impor-
tant roles in regulating functional proteins involved in DNA repair and protection pathways of
D. radiodurans, including RecA, pleiotropic protein promoting DNA repair A (PprA) and cat-
alase [6,7,9]. PprI was found to specifically bind to the promoters of recA and pprA but does
not bind to nonspecific double-stranded DNA; in addition, and loss of the DNA binding activ-
ity of PprI resulted in the failure of RecA induction after radiation [8]. The status of PprI may
change in response to DNA damage, and its conformation may also be altered. Recently, the
regulatory mechanism of PprI with regard to its protease activity toward DdrO, a novel tran-
scription factor that represses the expression of DNA damage response genes, was elucidated
in D. radiodurans by our group [29] and in D. deserti by another group [30], respectively. After
ionizing irradiation, PprI interacts with DdrO via the PprI-catalyzed cleavage of DdrO, which
regulates DNA damage response (DDR) genes. Truncated DdrO then dissociates from its
DNA target, relieving its repression of DDR genes. However, no DdrO homologs have been
detected in the genome of L. lactis, suggesting that PprI might interact with an undiscovered
protein with a function similar to DdrO or utilize an alternative regulatory mechanism in
transformed L. lactis.

The biological actions of PprI when expressed in other organisms have been studied in
recent years. Heterogeneous expression of the pprI gene significantly increased the resistance
of E. coli to gamma irradiation and oxidative stress via PprI-induced RecA and the enzymatic
activity of catalase [10]. In addition, the expression of PprI confers significantly enhanced salt
tolerance in both E. coli and B. napus [11], and PprI regulates resistance proteins, including
antioxidant enzymes as shown by comparative proteomic and transcriptomic analyses [11,31].
Moreover, PprI improves the growth and ethanol production of Zymomonas mobilis under
ethanol and acid stresses by enhancing the activities of pyruvate decarboxylase and alcohol
dehydrogenase [32]. In the present study, exogenous transformation of the pprI gene increased
the antioxidant activity of L. lactis, and the induction of sodAmight contribute to the enhanced

Fig 9. Real-time PCR analysis of gene expression under 3% NaCl salt stress compared with expression under no stress.Gene expression levels
were normalized using the housekeeping genes tuf and gyrA. All real-time PCRs were performed as duplicates of three independent experiments.

doi:10.1371/journal.pone.0142918.g009
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cell tolerance of MG(PprI+) to oxidative stress. Expression of the pprI gene also significantly
increased the resistance of L. lactis to UV radiation, which might be attributed to its induction
of recA and recO that act in the repair of DNA damage.

L. lactis is generally exposed to high osmotic pressure, including salt and acid stresses, dur-
ing lactic acid fermentation, such as in the preparation of cheese and pickles [33,34]. Addi-
tional sugar and salt are often needed during lactic acid fermentation, which might expose LAB
to high osmotic pressure. Improvement of L. lactis tolerance to high osmotic pressures via
genetic engineering is a promising strategy for the lactic acid fermentation industry. Here, we
showed that L. lactis expressing the PprI protein displayed enhanced cellular tolerance to high
osmotic pressure. The growth of L. lactis was inhibited by high concentrations of H2O2, NaCl,
and lactic acid (Fig 2), which is consistent with a previous report on the inhibitory effects of
lactic acid and oxidative metabolites in fermentation liquid [28]. High osmotic pressure (NaCl)
during the production of cheese and pickles also affects the growth of L. lactis strains. However,
transgenic B. napus expressing the PprI protein can tolerate salt stress [11]. The general
response of LAB to such stress is to induce the expression of anti-osmotic stress proteins or to
accumulate miscible solutes, such as K+, glutamic acid, proline, glycine, and betaine. The Na+/
H+ transport systems (nah and nha) in MG(PprI+) were significantly elevated under salt stress,
suggesting that pprI plays an important role in maintaining intracellular ion homeostasis.
Genes involved in glutamine metabolism were also moderately increased in MG(PprI+) com-
pared to the control, indicating that pprI increases the cellular resistance of LAB to osmotic
pressure through its regulation of metabolite transport and metabolism. Although the detailed
mechanisms underlying the increased tolerance of MG(PprI+) to osmotic pressure and oxida-
tive stress are unclear, we hypothesized that PprI might directly regulate the transcription of
related genes, or function indirectly as a protease interacting with an undiscovered protein.
Future biochemical studies will be helpful in elucidating the regulatory roles of pprI in related
pathways in LAB.

PprI-expressing L. lactis displayed an enhanced production of lactic acid due to increased
lactate dehydrogenase activity, especially under salt stress. As the transcription level of lactate
dehydrogenase gene was induced in the presence of pprI, the use of PprI-expressing L. lactis
will most likely result in improved production of lactic acid in the food industry. Indeed,
genetic engineering through the expression of genes from D. radiodurans, including pprI in L.
lactis is a potential strategy to reduce the susceptibility of fermentation strains to osmotic pres-
sure and oxidative stress during industrial fermentation and food processing. This genetically
engineered strain with improved tolerance to environmental stresses is a promising candidate
for industrial applications of lactic acid production and food fermentation.
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