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Abstract

Helicobacter pylori are Gram-negative, spiral-shaped microaerophilic bacteria etiologically related to gastric cancer. Lactate
utilization has been implicated although no corresponding genes have been identified in the H. pylori genome. Here, we
report that gene products of hp0137–0139 (lldEFG), hp0140–0141 (lctP), and hp1222 (dld) contribute to D- and L-lactate
utilization in H. pylori. The three-gene unit hp0137–0139 in H. pylori 26695 encodes L-lactate dehydrogenase (LDH) that
catalyzes the conversion of lactate to pyruvate in an NAD-dependent manner. Isogenic mutants of these genes were unable
to grow on L-lactate-dependent medium. The hp1222 gene product functions as an NAD-independent D-LDH and also
contributes to the oxidation of L-lactate; the isogenic mutant of this gene failed to grow on D-lactate-dependent medium.
The parallel genes hp0140–0141 encode two nearly identical lactate permeases (LctP) that promote uptake of both D- and L-
lactate. Interestingly an alternate route must also exist for lactate transport as the knockout of genes did not completely
prevent growth on D- or L-lactate. Gene expression levels of hp0137–0139 and hp1222 were not enhanced by lactate as the
carbon source. Expression of hp0140–0141 was slightly suppressed in the presence of L-lactate but not D-lactate. This study
identified the genes contributing to the lactate utilization and demonstrated the ability of H. pylori to utilize both D- and L-
lactate.
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Introduction

Many aerobic and anaerobic bacteria are able to utilize D- and/

or L-lactate as carbon and electron sources for their metabolism

and respiration [1]. Helicobacter pylori are Gram-negative, spiral-

shaped microaerophilic bacterium associated with chronic gastric

infection leading to gastritis, peptic ulcer, and other gastric

disorders [2]. H. pylori are found within the gastric mucus layer

and attached to cells lining the stomach (i.e., sites where they

obtain some growth benefits from the host). For example, in vitro

studies have demonstrated that nutrients including L-lactic acid (L-

lactate) released by gastric epithelial cells enhanced the growth of

H. pylori [3–6]. However, a role for lactate in the metabolism of

H. pylori remains unclear as two early genome sequences of H.
pylori failed to identify a homologous gene to L-lactate dehydro-

genase (lldD) [7–9]. Lactate utilization genes are well character-

ized in Escherichia coli, where a specific permease (lctP), L-lactate

dehydrogenase (lctD, latter termed as lldD), and a dedicated

transcriptional reglator (lctR) are present as an overlapping cluster

arranged as an operon [10,11]. The lldD-encoding L-lactate

dehydrogenase (L-LDH) catalyzes the oxidation of L-lactate using

molecular oxygen to produce pyruvate and hydrogen peroxide

[12]. LldD shows homologies with several flavin mononucleotide

(FMN)-dependent enzymes in both prokaryotes and eukaryotes,

and orthologs have been found in both Gram-negative and Gram-

positive bacteria.

The whole genome sequences of H. pylori strains 26695 and J99

revealed a putative flavoprotein D-lactate dehydrogenase (Dld;

HP1222/JHP1143) and putative lactate permeases (LctP;

HP0140–0141/JHP0128–0129) [7,9]. More recent studies using

a comparative genomics approach have also uncovered some of

the genes required in bacterial utilization of lactate. Studies by

Pinchuk et al. in Shewanella oneidensis MR-1 revealed new genes

encoding another type of D- and L-LDH (Dld-II, LldEFG)

potentially involved in D- and L-lactate utilization of a variety of

bacteria [13], and there is increasing evidence that the orthologous

genes (lldEFG/lutABC or dld-II) are involved in D- and L-lactate

utilization in other bacteria [14–17]. Since L-lactate is the major

stereoisomer of lactate found in human-associated niche, it seems

likely that it would be involved in H. pylori metabolism.

In this study, we investigated the gene cluster, hp0137–0139,

that shows homologies with lldEFG described in recent reports

[13]. The functions of hp1222 and hp0140/0141 were also
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characterized with respect to D- and L-lactate utilization by H.
pylori.

Materials and Methods

Bacterial strains, media, and culture conditions
The bacterial strains and plasmids used in this study are shown

in Table 1. All H. pylori strains and Campylobacter jejuni
ATCC33292 were routinely grown on brain-heart infusion

(BHI, Difco) agar plate supplemented with 7% (v/v) defibrinated

horse blood, or in Brucella broth (Difco) containing 5% (v/v) fetal

bovine serum (FBS, Gibco) with rotatory shaking at 100 rpm. All

H. pylori cultures were grown at 37uC under microaerophilic

conditions [5% (v/v) oxygen, 10% (v/v) carbon dioxide and 85%

(v/v) nitrogen] in gas evacuation jars. E. coli strains were grown on

Luria-Bertani (LB, Difco) agar plates or in LB broth at 37uC with

shaking at 200 rpm. As necessary, bacterial cultures were

supplemented with appropriate antibiotics; chloramphenicol,

4 mg mL21 for H. pylori and 34 mg mL21 for E. coli; kanamycin,

20 mg mL21 for H. pylori and 50 mg mL21 for E. coli.

Growth assay in conditioned media
For the exchange of primary carbon source, conditioned

medium (BB) was prepared by replicating the composition of

Brucella broth but without dextrose (D-glucose); namely, it

contained 2.0% (w/v) polypeptone peptone (Difco), 0.2% (w/v)

yeast extract (Difco), 0.5% (w/v) sodium chloride (Sigma-Aldrich)

and 0.01% (w/v) sodium bisulfite (Sigma-Aldrich) as basal

components. BB medium was alternatively supplemented with

5 mM D-glucose (Sigma-Aldrich) (BBG), 10 mM L-lactate (Sig-

ma-Aldrich) (BBL) or 10 mM D-lactate (Sigma-Aldrich) (BBD),

and was supplemented with 5% (v/v) FBS before use. Minimal

conditioned medium (PP) was prepared by reducing or eliminating

the components of BB medium and contained 0.5% (w/v)

polypeptone peptone, 0.5% (w/v) sodium chloride and 0.01%

(w/v) sodium bisulfite as minimal components. PP medium was

alternatively supplemented with 5 mM D-glucose (PPG), 10 mM

L-lactate (PPL), or 10 mM D-lactate (PPD). In addition, supple-

mental FBS was reduced to 1% (v/v) to minimize the concentra-

tion of glucose and L-LDH that are potentially contained in FBS.

For growth assay, bacterial strains from frozen stocks were

grown on a BHI blood agar plates for 48–72 h. The recovered

strains were then pre-cultured in 5 mL Brucella-FBS broth for

24 h. The exponentially growing cells were harvested and

resuspended in normal saline to adjust the optical density at

600 nm (OD600) to 0.2, and 100 mL of the resuspended cells were

inoculated into 10 mL of culture medium. Bacterial growth was

periodically monitored by measuring the OD600. All reported

values are the means and standard deviation (SD) of at least three

independent experiments.

Genetic manipulation and transformation
Cloning and other genetic manipulations were performed

according to the methods described by Sambrook & Russell

[18]. Extraction of bacterial chromosomal DNA was performed

Table 1. Bacterial strains and plasmids used in this study.

Strains or plasmids Characteristics or genotypes* Reference or source

Helicobacter pylori

26695 H. pylori wild-type strain, parental strain for mutants in this study ATCC
[9]

D140 hp0140–0141 disrupted derivative of 26695, Cmr This study

D138 hp0137–0139 disrupted derivative of 26695, Cmr This study

D1222 hp1222 disrupted derivative of 26695, Kanr This study

D138/D1222 hp0137–0139 and hp1222 disrupted derivative of 26695, Cmr, Kanr This study

J99 H. pylori wild-type strain [7]

NCTC 11637 H. pylori wild-type strain, identical to CCUG 17874 [39]

G27 H. pylori wild-type strain [40]

TN2GF4 H. pylori wild-type strain [41]

SS1 (Sydney strain) H. pylori wild-type strain (mouse-adapted) [42]

Campylobacter jejuni ATCC 33292 C. jejuni wild-type strain ATCC

Escherichia coli DH5a Host strain used for plasmid construction Takara

Plasmids

pCR Blunt II TOPO Blunt-end cloning vector; Zeor, Kanr Invitrogen

pGH32 pT7Blue vector with chloramphenicol resistance gene (cat); Ampr, Cmr lab collection

pGH84 pT7Blue vector with kanamycin resistance gene (aph3); Ampr, Kanr lab collection

pSI01 TOPO vector with 4.8 kb fragment containing hp0140-hp0141 This study

pSI02 pSI01 derivative with hp0140-hp0141::cat This study

pSI03 TOPO vector with 2.8 kb fragment containing hp1222. This study

pSI04 pSI03 derivative with hp1222::aph3 This study

pSI05 TOPO vector with 2.8 kb fragment containing hp0137-hp0139 This study

pSI06 pSI05 derivative with hp0137–0139::cat This study

*Cmr, chloramphenicol resistance; Kanr, kanamycin resistance; Zeor, zeocin resistance; Ampr, ampicillin resistance.
doi:10.1371/journal.pone.0103506.t001
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using QIAamp DNA mini kit (Qiagen). Plasmid DNAs were

purified from E. coli strains by using QIAprep spin miniprep kit

(Qiagen). Synthetic oligonucleotide primers were obtained from

Sigma-Aldrich and shown in Table S1. DNA-sequencing reactions

were performed by GENEWIZ, Inc. All the transformations of

both H. pylori and E. coli strains were carried out by

electroporation method following the protocol of Gene Pulser II

(Bio-Rad Laboratories).

Construction of H. pylori 26695 isogenic mutants
Target gene disruption with the insertion of antibiotic resistance

markers was performed using a PCR approach. A 4.8-kb gene

fragment containing hp0140–0141 (3.3 kb) and flanking regions

(59-732 bp, 39-769 bp) was amplified from H. pylori 26695

genomic DNA by PCR using Lct1-F and Lct2-R primers and

cloned into pCR Blunt II TOPO vector to produce pSI01. After

the sequence was confirmed, pSI01 was used as template for

inverse PCR using Lct3-F and Lct4-R primers to amplify the

complete plasmid excluding the two genes. The corresponding

PCR fragments were blunt-end ligated with non-polar chloram-

phenicol resistance gene (cat) from pGH32 (lab collection) and

introduced into E. coli DH5a. The resulting plasmid pSI02,

harboring hp0140–0141::cat cassette, was purified and the

sequence was confirmed. Similarly, the hp1222 gene fragment

(2.8 kb) was amplified by using hp1222-F0/hp1222-R0 primers

and cloned into TOPO vector (pSI03). Inverse PCR with hp1222-

F1/hp1222-R1 amplified the complete plasmid excluding the

central 1.3-kb part of hp1222. The amplified fragment was blunt-

end ligated with non-polar kanamycin resistance gene (aph3) from

pGH84 (lab collection) to generate a plasmid containing

hp1222::aph3 cassette (pSI04). Another 2.8-kb gene fragment

harboring hp0137–0139 was amplified by PCR with hp139-F0/

hp137-R0 primers. The primer HP0139-F0 was designed to have

one nucleotide substitution (A.T) so as to introduce a termination

codon in 59 region of hp0139. The PCR fragment was then cloned

into TOPO vector (pSI05), and pSI05 was used in inverse PCR

with hp137-F0/hp139-R0 primers to amplify the complete

plasmid excluding the first codon of hp0137, whole region of

hp0138, and the last codon of hp0139. The PCR fragment was

ligated with the cat fragment to produce pSI06, which has the

hp0137–0139::cat cassette to inactivate all the three genes.

Finally, the plasmids pSI02, pSI04, and pSI06 were used to

amplify each gene knockout cassette with the initial primer sets

(Lct1-F/Lct2-R, hp1222-F0/hp1222-R0, and hp139-F0/hp137-

R0), and the PCR fragments were used to transform H. pylori
26695 by electroporation method. Appropriate antibiotic resistant

colonies were screened and the mutations were confirmed by

sequencing of those genomic DNAs.

RNA extraction and qRT-PCR
To verify the non-polar effects of those mutations and for

further quantification, total RNAs were extracted from H. pylori
strains using RNeasy mini kit (Qiagen) that were exponentially

growing in appropriate liquid media. The extracted RNAs were

then treated with DNase I (Invitrogen) to remove contaminating

genomic DNA, and reverse-transcribed with SuperScript III

(Invitrogen) to synthesize the first-strand cDNA. In conventional

RT-PCR, the primer sets hp138-qF/hp138-qR, hp140-qF/

hp140-qR, hp1222-qF/hp1222-qR, and Hp16S-F/Hp16S-R

were used to amplify 100–150 bp of each hp0138, hp0140,

hp1222, and 16S rRNA gene. Real-time quantitative PCRs were

performed in 7300 Real-Time PCR System (Applied Biosystems)

using Taqman-designed primers and probes (Life Technologies)

and the data were analyzed by the comparative Ct (DDCt)

method. All the quantifications of target genes were performed in

triplicate and were shown as the mean value 6 SD.

D- and L-lactate import/consumption assay
Exponentially growing H. pylori cells (OD600; 0.15–0.2) were

harvested from 30 mL of Brucella-FBS broth. The cell pellets were

washed once with phosphate buffer saline (PBS, pH 7.4) and

resuspended in PP medium to adjust the OD600 to 0.4. The

bacterial suspension was then mixed with an equal amount of PPL

or PPD medium, resulting in the mixture containing live bacterial

cells (OD600; 0.2) as well as 5 mM L-lactate or D-lactate. The

mixed media were incubated at 37uC in microaerophilic

conditions with rotatory shaking at 100 rpm. Culture supernatants

were collected after 3, 6, 9 hours of incubation and stored at 2

80uC until required. The concentration of lactate in supernatants

was measured by colorimetric assays using L-lactate assay kit

(Sigma-Aldrich) and D-lactate assay kit (Eton Bioscience) accord-

ing to the manufacture’s instructions. All the data represent means

6 SD of three independent experiments.

D- and L-lactate dehydrogenase activity assay
Exponentially growing H. pylori cells (OD600; 0.15–0.2) were

harvested from 30 mL of Brucella-FBS broth. The cell pellets were

washed twice with ice cold 10 mM Tris-HCl (pH 8.0), and

resuspended in the same buffer to adjust the OD600 to 0.5.

Bacterial cells were disrupted by sonication (VirSonic 60; 10 W

output, 5610 sec with 1 min interval on ice) and cell extracts were

obtained after removal of debris by centrifugation at 13,000 rpm,

4uC for 10 min. Total protein concentration of cell extract was

determined by the BCA method (Pierce) before the use for enzyme

activity assays. NAD-independent D- and L-lactate dehydrogenase

activities (D- and L-iLDH) were measured by the previously

described colorimetric assay (MTT assay) using 5 mM D- or L-

lactate as an electron donor and a mixture of phenazine

methosulfate (PMS) and 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyl-

tetrazolium bromide (MTT) as artificial acceptors [13,19,20].

Briefly, 5 mL of the cell extract (1.5–2.0 mg protein) was added to

200 mL of reaction mixture containing 50 mM Tris-HCl (pH 8.0),

0.5% (v/v) Triton X-100, 120 mg/mL PMS, 60 mg/mL MTT,

and 5 mM D- or L-lactate. The reaction was started by the

addition of substrate, and the increase in absorbance at 570 nm

was monitored by a microplate spectrophotometer (Epoch,

BioTek) with an automated correction of absorbance value to

reflect a path length of 1 cm (Gen5, BioTek). Specific activities

were calculated using an MTT extinction coefficient of

17 mM21cm21 at 570 nm, and normalized by the total protein

concentration in cell extract. NAD-dependent L-lactate dehydro-

genase activity (L-nLDH) was measured by using a colorimetric

assay kit (Sigma-Aldrich, MAK066). In this assay, L-nLDH

reduced NAD to NADH along with the conversion of L-lactate

into pyruvate which was specifically detected by colorimetric

(450 nm) assay and was calibrated based on enclosed NADH

standards. One unit of LDH activity is defined as the amount of

enzyme that catalyzes the conversion of lactate into pyruvate to

generate 1.0 mmole of NADH per minute at 37uC.

Results

Inactivation of the candidate genes for lactate permease
and D- and L-LDH in H. pylori 26695

The H. pylori 26695 genome contains three-gene unit hp0137–
0138–0139 at 230-bp upstream of hp0140–0141 genes that are

seemingly duplicated and tandemly located in opposite direction,

while hp1222 is located at a distance away from the former five

Lactate Utilization in Helicobacter pylori
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genes (Fig. 1A). It was previously reported that the gene cluster

lldEFG functioned as a unit, and the disruption of each of three

genes resulted in the loss of the L-LDH ability [15,17]. Thus, all

the genes of hp0137–0139 were disrupted collectively in the

mutant D138 just as described in Materials and Methods. The

gene products HP0140 and HP0141 share 72% identity with 85%

positive residues suggesting each product plays much the same role

in function; thereby, we entirely disrupted the two genes in the

mutant D140. The hp1222 gene was disrupted with the insertion

of another antibiotic resistance marker (aph3) so that the single

gene mutant (D1222) as well as the multiple genes mutant (D138/

D1222) could be generated. The RT-PCR products amplified

from total RNAs of 26695 mutants clearly demonstrated the

missing transcripts of target genes (Fig. 1B).

HP0137–0139 are required for growth on L-lactate, while
HP1222 is required for growth on D-lactate

To investigate the effect of primary carbon source on the growth

of H. pylori, we cultured 26695 wild-type (WT) strain in

conditioned medium with/without different carbon sources (BB,

BBG, BBL, or BBD, see Materials and Methods). However, none

of the carbon-supplemented media (BBG, BBL, and BBD)

improved bacterial growth compared to basal medium (BB). We

hypothesized that carbon supplied by the basal components such

Figure 1. Gene organization of H. pylori 26695 wild type and isogenic mutants (A), and RT-PCR products of relevant genes (B).
Colored arrows indicate intact genes, and void arrows indicate inactivated genes. cat; chloramphenicol resistance gene, aph3; kanamycin resistance
gene. RT-PCR products were obtained from 30 cycles of amplification.
doi:10.1371/journal.pone.0103506.g001

Figure 2. Growths of H. pylori 26695 wild type (A), the D140 mutant (B), the D138 mutant (C), the D1222 mutant (D), and the D138/
D1222 mutant (E) cultured in PP medium with/without a particular carbon source; no primary carbon source (blue circle), 5 mM D-
glucose (red diamond), 10 mM L-lactate (green triangle), 10 mM D-lactate (purple square). The cell growth was monitored by measuring
the optical density at 600 nm. The data points and error bars represent the means 6 SD of three independent experiments.
doi:10.1371/journal.pone.0103506.g002

Lactate Utilization in Helicobacter pylori

PLOS ONE | www.plosone.org 4 July 2014 | Volume 9 | Issue 7 | e103506



as peptone, yeast extract, and/or FBS was sufficient so that H.
pylori 26695 growth was independent of the additional carbon

source. Therefore, a minimal conditioned medium (PP, see

Materials and Methods) was prepared in order to minimize the

effects of the basal composition to allow the potential benefits of

additional carbon sources to be identified. When cultured in PP,

26695 WT strain showed relatively weak growth rate, which was

further improved in the addition of 5 mM glucose (PPG), 10 mM

L-lactate (PPL), or 10 mM D-lactate (PPD), suggesting that H.
pylori 26695 could utilize D- and L-lactate as well as glucose

(Fig. 2A). Similarly, the D140 mutant showed improved growth

with glucose and D- and L-lactate but retained relatively higher

growth rates compared to the WT strain (Fig. 2B). The ability to

grow with L-lactate was significantly decreased in the D138

mutant. Interestingly, the growth of this mutant was more

favorable with D-lactate than with glucose (Fig. 2C). In contrast,

the D1222 mutant grew relatively better with L-lactate, but failed

to grow with D-lactate (Fig. 2D). When the two sets of genes

(hp0137–0139 and hp1222) were disrupted, the D138/D1222

mutant failed to grow with either D- or L-lactate (Fig. 2E).

D- and L-lactate uptake is partially blocked by Dhp0140–
0141, but it is still permeable to H. pylori cells

To confirm lactate importation/consumption by the mutants,

we measured whether there was a shift of D- and L-lactate

concentrations following incubation with exponentially growing

H. pylori cells. As shown in Fig. 3A, the L-lactate concentration in

supernatants was steadily reduced by 26695 WT strain and by the

D1222 mutant in a similar manner. This consumption of L-lactate

was, however, abolished in both the D138 mutant and the D138/

D1222 double mutant, which is consistent with the observation of

these mutants have impaired in growth with L-lactate. As

expected, the reduction of L-lactate concentration was slower in

the D140 mutant that lacks the putative lactate permease gene

(lctP; hp0140–0141); however, the uptake of L-lactate was not

totally blocked in this mutant which may explain the growth of this

mutant in the presence of L-lactate as a primary carbon source. In

a similar manner, the D140 mutant moderately reduced the

concentration of D-lactate, but less than observed with the 26695

WT strain (Fig. 3B) which we interpret as D-lactate being partially

blocked by Dhp0140–0141. The D138 mutant consumed D-

lactate faster than the WT strain providing clear evidence for

enhanced growth of this mutant with D-lactate.

H. pylori cell extract exhibited D-iLDH but not L-iLDH
To provide biochemical evidence for the lactate utilizing

activity, we measured D- and L-iLDH activities in cell extracts

of 26695 WT strain using PMS and MTT as artificial electron

acceptors. D-iLDH activity but not L-iLDH activity was detected

in the first 30 minutes of the reaction. We measured D- and L-

iLDH activities of 5 other H. pylori strains as well as C. jejuni
ATCC 33292 to confirm the validity of the experiment. C. jejuni,
another human gastrointestinal pathogen, shares a high degree of

phylogenetic similarity with H. pylori and is known to exhibit both

D- and L-iLDH activities [17] and was used as the positive control

in the assay. None of the H. pylori strains demonststrated L-iLDH

activity despite extending the period of 120 minutes. In contrast,

all of these strains exhibited various levels of D-iLDH activities

Figure 3. Concentrations of L-lactate (A) and D-lactate (B) in
culture supernatants of H. pylori 26695 wild type and isogenic
mutants. Exponentially growing 26695 wild type (blue), the D140
mutant (red), the D138 mutant (green), the D1222 mutant (purple), the
D138/D1222 mutant (aqua), as well as blank medium (orange) were
incubated with 5 mM L- or D-lactate, and lactate concentrations were
determined by biochemical assay kits as in Materials and Methods. The
data points and error bars represent the means 6 SD of three
independent experiments.
doi:10.1371/journal.pone.0103506.g003

Figure 4. NAD-independent D- and L-lactate dehydrogenase
(D- and L-iLDH) activities in cell extracts of H. pylori strains
26695, J99, NCTC 11637, G27, TN2GF4, SS1, and C. jejuni ATCC
33292. The activity was measured in cell extracts by a coupled
colorimetric assay using 5 mM D- or L-lactate as an electron donor and
a mixture of artificial acceptors, MTT and PMS. The activity in the first
30 min was spectrophotometrically monitored at 570 nm, and was
normalized by the total protein concentration in cell extract. All the
data represent the means 6 SD of three independent experiments.
doi:10.1371/journal.pone.0103506.g004
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within the first 30 minutes. Moreover, both D- and L-iLDH

activities were detected in cell extract of C. jejuni cultured under

exactly the same condition as the H. pylori strains (Fig. 4).

HP0137–0139 play a main role in L-nLDH activity,
whereas HP1222 contributes to both the D-iLDH and L-
nLDH activities

The MTT assay was used with cell extracts of 26695 mutants in

order to verify the contributions of candidate genes to D-iLDH

activity. Under the conditions described above, a dramatic

decrease in D-iLDH activity (.95%) was observed in both the

D1222 single mutant and the D138/D1222 double mutant

compared to the WT strain (Fig. 5A). These confirm the function

of HP1222 as a D-iLDH of H. pylori. Almost the same level of D-

iLDH activity was observed in the D1222 and D140 mutants,

whereas the D-iLDH activity was slightly increased in theD138

mutant, which was in accordance with the results of the growth

experiments and lactate uptake assay using this mutant (Fig. 2C

and Fig. 3B).

Since no L-iLDH activity was detected in the cell extract of the

26695 WT strain, we assessed L-nLDH activity in the same cell

extract. As described in Methods, an increase of NADH, which is

proportional to the amount of NAD reduced in the conversion of

L-lactate into pyruvate, was detected. In this assay, the cell extract

of 26695 WT strain exhibited activities of 21.660.9 mU mg

protein21. A nearly 7-fold decrease in the activity was observed

using the D138 mutant compared to the WT strain. The L-nLDH

activity was unaffected in the D140 mutant, while the activity was

partially decreased in the D1222 mutant; moreover, the L-nLDH

activity decreased to an undetectable level in the D138/D1222

double mutant (Fig. 5B).

Lactate utilization genes are constitutively expressed in
H. pylori

To analyze whether lactate was involved in the regulation of

lactate utilization genes in H. pylori, we quantified the expression

levels of hp0138, hp0140, and hp1222 in the 26695 WT strain

that was cultured in BB medium with a variety of carbon sources

[5 mM D-glucose; 10 mM L-lactate; 10 mM D-lactate; 2.5 mM

D-glucose+5 mM L-lactate; 2.5 mM D-glucose+5 mM D-lactate;

5 mM L-lactate+5 mM D-lactate]. Despite the carbon source(s)

supplemented, 26695 WT strain showed similar patterns of growth

curves (data not shown). Total RNAs were extracted from

exponentially growing cells in each culture batch and the

hp0138 and hp1222 genes were constitutively expressed irrespec-

tive of the carbon source(s) added. In contrast, the expression of

hp0140 was not dramatically, but was significantly (P,0.001)

suppressed in the presence of L-lactate (Fig. 6). Moreover, the

suppressed expression of hp0140 was only present with L-lactate

but not with D-lactate.

Discussion

Studies of H. pylori energy metabolism, including substrate

oxidation and primary dehydrogenase, has been studied [8] and

although some metabolic studies have demonstrated the oxidation

of D- and L-lactate in intact H. pylori cells [21,22] the

corresponding genes and their detailed function remain unknown

and no isogenic mutants have been previously described. Here, we

report the construction of isogenic mutants of the candidate genes

Dhp0137–0139, Dhp0140–0141, and Dhp1222 in parental H.
pylori strain 26695. We show that hp0140–0141 encode a lactate

permease (LctP) which imports both D- and L-lactate. However,

moderate uptake of D- and L-lactate was observed in the D140

mutant suggesting the presence of an alternative route(s) for lactate

transport in H. pylori. In E. coli, the lctP-encoding permease

protein shares a high degree of similarity to the product of yghK
(glcA) gene in glycolate utilization operon. Because of structural

and functional similarities, both LctP and GlcA are able to

transport glycolate as well as D- and L-lactate in a proton motive

force dependent manner [23,24]. This mechanism is likely not

applicable to H. pylori as no GlcA orthologue has been found in its

genome; conversely, in H. pylori LctP could function in glycolate

transport as glycolate oxidase is present in this bacterium (GlcD;

Figure 5. NAD-independent D-lactate dehydrogenase (D-iLDH)
and NAD-dependent L-lactate dehydrogenase (L-nLDH) activ-
ities in cell extracts of H. pylori 26695 wild type and isogenic
mutants. (A) D-iLDH activity was measured as described above. (B) L-
nLDH activity was measured by monitoring the reduction of NAD to
NADH, arising from the conversion of L-lactate to pyruvate, which was
spectrophotometrically detected at 450 nm, and was calibrated based
on enclosed NADH standards. All the data represent the means 6 SD of
three independent experiments, and one unit of the activity is defined
as the amount of enzyme that catalyzes the conversion of lactate into
pyruvate to generate 1.0 mmole of NADH per minute at 37uC.
doi:10.1371/journal.pone.0103506.g005
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HP0509/JHP459) [7,9]. The D140 mutant grew well in PPL or

PPD media probably because this alternative route(s) provided

sufficient amount of lactate for the cell growth. Considering the

fact that we did not recognize any growth advantage of H. pylori
26695 WT in other conditional media (BBG, BBL, BBD in

comparison to BB), H. pylori may not require a large amount of

carbon source if its metabolism is working properly. According to

the genetic organizations of other Helicobacter sp., the presence of

two parallel lctP genes (lctP1 and lctP2) may be a unique feature

of H. pylori as only one lctP gene is recognized in other

Helicobacter sp. (GenBank).

Inactivation of hp0137–0139 genes resulted in the mutant

being unable to consume and thus grow on L-lactate. In general,

lactate transport across cell membrane is bidirectional, and it

contributes to the balance of extracellular and intracellular lactate

concentrations. As the D138 mutant is unable to consume L-

lactate, there was apparently no decrease of extracellular lactate.

Interestingly, the D138 mutant consumed D-lactate faster than the

WT strain. This was consistent with the increased D-iLDH activity

detected in its cell extract compared to the WT strain. This

suggests the possibility of an antagonistic effect between D- and L-

lactate or between the functions of enzymes (D- and L-LDH)

either in a direct or indirect manner. Given that LldEFG

(LutABC) orthologues are known to oxidize L-lactate in an

NAD-independent manner (L-iLDHs) [13,17], it was unexpected

that we did not detect L-iLDH activities in any of the H. pylori
strains tested. We enriched the concentration of protein extracts,

prolonged the reaction period, and/or enlarged the number of

strains tested in order to many any improvement on this method;

however, only D-iLDH activity but not L-iLDH activity was

detected from H. pylori strains. In other bacteria, lldEFG-

encoding L-iLDH is sometimes inactive and another L-iLDH or

L-nLDH catalyze the oxidation of L-lactate [25,26]. Thus, we

measured NAD-dependent LDH activity in H. pylori, which

catalyzes the conversion of L-lactate to pyruvate, by reducing

NAD to NADH. The results clearly demonstrated the contribution

of HP0137–0139 to the L-nLDH activity in this bacterium. We

currently have no clear explanation for this cofactor dependency

as none of the HP0137–0139 proteins is predicted to contain a

NAD-binding domain. However, based on our experimental data,

we conclude that HP0137–0139 contributes to the oxidation of L-

lactate with NAD as a potential mediator. NAD-dependent LDHs

are generally called fermentative LDHs and known to convert

pyruvate to lactate in glycolysis; in addition, many of these

enzymes catalyze reversible reactions at the same time [1].

Previous metabolic studies of H. pylori have revealed that this

bacterium is capable of producing lactate as one of the end

products of glucose and pyruvate metabolism [27–29]. Because no

other candidate for L-LDH has been found in the H. pylori
genome, it is possible that HP0137–0139 also contributes to the

production of lactate, although this remains to be proven.

HP1222, initially annotated as Dld, was re-categorized as Dld-II

in recent study based on the presence of an additional C-terminal

4Fe-4S-binding domain that is not present in classic Dld [13].

Although Dld-II orthologues are assumed to oxidize D-lactate, the

stereoisomer specificity of this enzyme is somewhat controversial

as the orthologue in C. jejuni (Cj1585c) was identified as L-iLDH

but not D-iLDH [17]. Cj1585c is one of the highly similar

orthologues of HP1222 sharing ca. 50% identity with each other.

This similarity may explain the decreased L-LDH activity

observed in the D1222 mutant. In either case, HP1222 is clearly

dedicated to the D-lactate utilization in H. pylori, and is less

important in its L-lactate utilization as the mutant showed

sufficient growth in the L-lactate-dependent medium. Unlike the

other bacteria that have a lactate-specific transcriptional regulator,

the expression of both hp1222 and hp0137–0139 in H. pylori are

apparently constitutive and not inducible by lactate. A previous

study using a microarray approach found hp1222 to be up-

regulated in acidic conditions [30], although this gene was not

involved in the regulation under low-pH condition in another

microarray study [31]. None of the hp0137–0139 genes were

detected in either two microarray study. However hp0140 gene

Figure 6. The relative gene expressions of hp0138, hp0140, and hp1222 in H. pylori 26695 wild type grown in a variety of carbon
sources (5 mM glucose, 10 mM L-lactate, 10 mM D-lactate, 2.5 mM glucose+5 mM L-lactate, 2.5 mM glucose+5 mM D-lactate, or
5 mM L-lactate+5 mM D-lactate). Real-time quantitative PCRs were performed in 7300 Real-Time PCR System (Applied Biosystems) using
Taqman-designed primers and probes (Life technologies), and the data were analyzed by comparative Ct (DDCt) method with 16S rRNA as the
reference gene. All the quantifications were performed in triplicate and were shown as the means 6 SD.
doi:10.1371/journal.pone.0103506.g006
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expression was slightly suppressed in the presence of L-lactate but

not D-lactate. Although the details remain unclear, there may be a

sensor-like mechanism present in H. pylori that adjusts the

concentration of intracellular and extracellular lactate by modu-

lating the expression of the permease. It was previously reported

that hp0140 was up-regulated under iron starvation condition [32]

which is consistent with the multiple 4Fe-4S binding cluster

domains involved in HP0137–0139 and HP1222 structures.

Lactate utilization is associated with the pathogenicity of some

bacteria such as Neisseria gonorrhoeae, N. meningitides, and

Haemophilus influenzae. In those bacteria, lactate is incorporated

into the energy cycle as well as the synthetic pathway of some

pathogenic determinants such as lipopolysaccharide and polysialic

acid capsule [33,34]. The inability to utilize lactate significantly

decreases the abilities of those pathogenic bacteria to colonize and

survive in vivo [35–37]. It is noteworthy that a previous study

using transposon mutagenesis confirmed hp0137 as one of the

genes that contribute to the colonization of H. pylori in mouse

stomach [38]. At that time HP0137 was described as an

uncharacterized hypothetical protein.

In the current study, we demonstrated that H. pylori can utilize

both D- and L-lactate which involves the gene products of

hp0140–0141 (lctP), hp0137–0139 (lldEFG), and hp1222 (dld-
II). To explore how this ability affects the pathogenicity of H.
pylori in vivo, an animal infection model using currently

constructed H. pylori mutants is under investigation.

Supporting Information

Table S1 Primers used in this study.

(DOCX)

Author Contributions

Conceived and designed the experiments: SI DYG YY. Performed the

experiments: SI HN RR. Analyzed the data: SI HN SS DYG YY.

Contributed reagents/materials/analysis tools: SI HN RR. Contributed to

the writing of the manuscript: SI DYG YY.

References

1. Garvie EI (1980) Bacterial lactate dehydrogenases. Microbiol Rev 44: 106–139.

2. Rimbara E, Fischbach LA, Graham DY (2011) Optimal therapy for Helicobacter
pylori infections. Nat Rev Gastroenterol Hepatol 8: 79–88.

3. Matsumoto T, Takahashi T, Yamada H (2008) A novel approach for screening

of new anti-Helicobacter pylori substances. Biol Pharm Bull 31: 143–145.

4. Nakajima N, Kuwayama H, Ito Y, Iwasaki A, Arakawa Y (1998) Gastric

epithelial cells stimulate Helicobacter pylori growth. J Clin Gastroenterol 27

Suppl 1: S138–140.

5. Takahashi T, Matsumoto T, Nakamura M, Matsui H, Tsuchimoto K (2007) L-

lactic acid secreted from gastric mucosal cells enhances growth of Helicobacter
pylori. Helicobacter 12: 532–540.

6. van Amsterdam K, van der Ende A (2004) Nutrients released by gastric

epithelial cells enhance Helicobacter pylori growth. Helicobacter 9: 614–621.

7. Alm RA, Ling LS, Moir DT, King BL, Brown ED, et al. (1999) Genomic-

sequence comparison of two unrelated isolates of the human gastric pathogen

Helicobacter pylori. Nature 397: 176–180.

8. Marais A, Mendz GL, Hazell SL, Megraud F (1999) Metabolism and genetics of

Helicobacter pylori: the genome era. Microbiol Mol Biol Rev 63: 642–674.

9. Tomb JF, White O, Kerlavage AR, Clayton RA, Sutton GG, et al. (1997) The

complete genome sequence of the gastric pathogen Helicobacter pylori. Nature

388: 539–547.

10. Aguilera L, Campos E, Gimenez R, Badia J, Aguilar J, et al. (2008) Dual role of

LldR in regulation of the lldPRD operon, involved in L-lactate metabolism in

Escherichia coli. J Bacteriol 190: 2997–3005.

11. Dong JM, Taylor JS, Latour DJ, Iuchi S, Lin EC (1993) Three overlapping lct
genes involved in L-lactate utilization by Escherichia coli. J Bacteriol 175: 6671–

6678.

12. Duncan JD, Wallis JO, Azari MR (1989) Purification and properties of

Aerococcus viridans lactate oxidase. Biochem Biophys Res Commun 164: 919–

926.

13. Pinchuk GE, Rodionov DA, Yang C, Li X, Osterman AL, et al. (2009) Genomic

reconstruction of Shewanella oneidensis MR-1 metabolism reveals a previously

uncharacterized machinery for lactate utilization. Proc Natl Acad Sci U S A

106: 2874–2879.

14. Brutinel ED, Gralnick JA (2012) Preferential utilization of D-lactate by

Shewanella oneidensis. Appl Environ Microbiol 78: 8474–8476.

15. Chai Y, Kolter R, Losick R (2009) A widely conserved gene cluster required for

lactate utilization in Bacillus subtilis and its involvement in biofilm formation.

J Bacteriol 191: 2423–2430.

16. Pinchuk GE, Geydebrekht OV, Hill EA, Reed JL, Konopka AE, et al. (2011)

Pyruvate and lactate metabolism by Shewanella oneidensis MR-1 under

fermentation, oxygen limitation, and fumarate respiration conditions. Appl

Environ Microbiol 77: 8234–8240.

17. Thomas MT, Shepherd M, Poole RK, van Vliet AH, Kelly DJ, et al. (2011) Two

respiratory enzyme systems in Campylobacter jejuni NCTC 11168 contribute to

growth on L-lactate. Environ Microbiol 13: 48–61.

18. Sambrook J, Russell DW (2001) Molecular Cloning: a Laboratory Manual. Cold

Spring Harbor, NY: Cold Spring Harbor Laboratory 3rd edn.

19. Erwin AL, Gotschlich EC (1993) Oxidation of D-lactate and L-lactate by

Neisseria meningitidis: purification and cloning of meningococcal D-lactate

dehydrogenase. J Bacteriol 175: 6382–6391.

20. Pratt EA, Fung LW, Flowers JA, Ho C (1979) Membrane-bound D-lactate

dehydrogenase from Escherichia coli: purification and properties. Biochemistry

18: 312–316. PubMed: 369599.

21. Baer W, Koopmann H, Wagner S (1993) Effects of substances inhibiting or

uncoupling respiratory-chain phosphorylation of Helicobacter pylori. Zentralbl
Bakteriol 280: 253–258.

22. Chang HT, Marcelli SW, Davison AA, Chalk PA, Poole RK, et al. (1995)
Kinetics of substrate oxidation by whole cells and cell membranes of

Helicobacter pylori. FEMS Microbiol Lett 129: 33–38.

23. Nunez MF, Kwon O, Wilson TH, Aguilar J, Baldoma L, et al. (2002) Transport

of L-Lactate, D-Lactate, and glycolate by the LldP and GlcA membrane carriers

of Escherichia coli. Biochem Biophys Res Commun 290: 824–829.

24. Nunez MF, Pellicer MT, Badia J, Aguilar J, Baldoma L (2001) The gene yghK
linked to the glc operon of Escherichia coli encodes a permease for glycolate that
is structurally and functionally similar to L-lactate permease. Microbiology 147:

1069–1077.

25. Goffin P, Lorquet F, Kleerebezem M, Hols P (2004) Major role of NAD-

dependent lactate dehydrogenases in aerobic lactate utilization in Lactobacillus
plantarum during early stationary phase. J Bacteriol 186: 6661–6666.

26. Zhao R, Zheng S, Duan C, Liu F, Yang L, et al. (2013) NAD-dependent lactate

dehydrogenase catalyses the first step in respiratory utilization of lactate by
Lactococcus lactis. FEBS Open Bio 3: 379–386.

27. Chalk PA, Roberts AD, Blows WM (1994) Metabolism of pyruvate and glucose
by intact cells of Helicobacter pylori studied by 13C NMR spectroscopy.

Microbiology 140: 2085–2092.

28. Mendz GL, Hazell SL, Burns BP (1993) Glucose utilization and lactate
production by Helicobacter pylori. J Gen Microbiol 139: 3023–3028.

29. Mendz GL, Hazell SL, van Gorkom L (1994) Pyruvate metabolism in
Helicobacter pylori. Arch Microbiol 162: 187–192.

30. Wen Y, Marcus EA, Matrubutham U, Gleeson MA, Scott DR, et al. (2003)
Acid-adaptive genes of Helicobacter pylori. Infect Immun 71: 5921–5939.

31. Merrell DS, Goodrich ML, Otto G, Tompkins LS, Falkow S (2003) pH-

regulated gene expression of the gastric pathogen Helicobacter pylori. InfectI
mmun 71: 3529–3539.

32. Merrell DS, Thompson LJ, Kim CC, Mitchell H, Tompkins LS, et al. (2003)
Growth phase-dependent response of Helicobacter pylori to iron starvation.

Infect Immun 71: 6510–6525.

33. Exley RM, Shaw J, Mowe E, Sun YH, West NP, et al. (2005) Available carbon

source influences the resistance of Neisseria meningitidis against complement.

J Exp Med 201: 1637–1645.

34. Gill MJ, McQuillen DP, van Putten JP, Wetzler LM, Bramley J, et al. (1996)

Functional characterization of a sialyltransferase-deficient mutant of Neisseria
gonorrhoeae. Infect Immun 64: 3374–3378.

35. Exley RM, Goodwin L, Mowe E, Shaw J, Smith H, et al. (2005) Neisseria
meningitidis lactate permease is required for nasopharyngeal colonization. Infect
Immun 73: 5762–5766.

36. Exley RM, Wu H, Shaw J, Schneider MC, Smith H, et al. (2007) Lactate
acquisition promotes successful colonization of the murine genital tract by

Neisseria gonorrhoeae. Infect Immun 75: 1318–1324.

37. Herbert MA, Hayes S, Deadman ME, Tang CM, Hood DW, et al. (2002)

Signature tagged mutagenesis of Haemophilus influenzae identifies genes

required for in vivo survival. Microb Pathog 33: 211–223.

38. Baldwin DN, Shepherd B, Kraemer P, Hall MK, Sycuro LK, et al. (2007)

Identification of Helicobacter pylori genes that contribute to stomach
colonization. Infect Immun 75: 1005–1016.

39. Clancy CD, Forde BM, Moore SA, O’Toole PW (2012) Draft genome sequences
of Helicobacter pylori strains 17874 and P79. J Bacteriol 194: 2402.

40. Covacci A, Censini S, Bugnoli M, Petracca R, Burroni D, et al. (1993) Molecular

characterization of the 128-kDa immunodominant antigen of Helicobacter pylori

Lactate Utilization in Helicobacter pylori

PLOS ONE | www.plosone.org 8 July 2014 | Volume 9 | Issue 7 | e103506



associated with cytotoxicity and duodenal ulcer. Proc Natl Acad Sci U S A 90:

5791–5795.
41. Kudo T, Lu H, Wu JY, Ohno T, Wu MJ, et al. (2007) Pattern of transcription

factor activation in Helicobacter pylori-infected Mongolian gerbils. Gastroenter-

ology 132: 1024–1038.

42. Lee A, O’Rourke J, De Ungria MC, Robertson B, Daskalopoulos G, et al. (1997)

A standardized mouse model of Helicobacter pylori infection: introducing the

Sydney strain. Gastroenterology 112: 1386–1397.

Lactate Utilization in Helicobacter pylori

PLOS ONE | www.plosone.org 9 July 2014 | Volume 9 | Issue 7 | e103506


