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Although Streptococcus anginosus constitutes a pro-
portion of the normal flora of the gastrointestinal
and genital tracts, and the oral cavity, it has been
reported that S. anginosus infection could be closely
associated with abscesses at various body sites, in-
fective endocarditis, and upper gastrointestinal
cancers. The colonization in an acidic environment
due to the aciduricity of S. anginosus could be the
etiology of the systemic infection of the bacteria.
To elucidate the aciduricity and acid tolerance
mechanisms of the microbe, we examined the vi-
ability and growth of S. anginosus under acidic
conditions. The viabilities of S. anginosus NCTC
10713 and Streptococcus mutans ATCC 25175 at pH
4.0 showed as being markedly higher than those of
Streptococcus sanguinis ATCC 10556, Streptococ-
cus gordonii ATCC 10558, and Streptococcus mitis
ATCC 49456; however, the viability was partially
inhibited by dicyclohexylcarbodiimide, an H*-AT-
Pase inhibitor, suggesting that H*-ATPase could
play a role in the viability of S. anginosus under
acidic conditions. In addition, S. anginosus NCTC
10713 could grow at pH 5.0 and showed a marked
arginine deiminase (ADI) activity, unlike its AarcA
mutant, deficient in the gene encoding ADI, and
other streptococcal species, which indicated that
ADI could also be associated with aciduricity. These
results suggest that S. anginosus has significant
aciduric properties, which can be attributed to
these enzyme activities.

Key Words: acid tolerance; arginine deiminase; H*-
ATPase; Streptococcus anginosus

Introduction

Streptococcus anginosus, one of the oral viridans strep-
tococci, is part of the normal flora found in the human
oral cavity, gastrointestinal and genital tracts (Rahman et
al., 2016; Whiley et al., 1992). The organism is generally
considered to have a low pathogenicity; however, it can
cause serious purulent abscesses at various body sites
(Terzi et al., 2016), subacute infective endocarditis
(Willcox, 1995), and upper gastrointestinal cancers
(Sasaki, H. et al., 1995; Sasaki, M. et al., 2005; Shiga et
al., 2001; Tateda et al., 2000). We have previously reported
a novel bioactive S. anginosus antigen (SAA), which in-
duced the expression of inducible nitric oxide synthase
(iNOS), TNFe, IL-1 and IL-6 in murine peritoneal exu-
dative cells (Sasaki, M. et al., 1995, 2001). Therefore, the
overgrowth of S. anginosus in these organs could induce
damage to these tissues by the continuous production of
NO or due to the inflammatory cytokines, which could
increase the risk of bacteremia, followed by infective en-
docarditis and abscesses. Further, iNOS upregulation has
been detected in cancer tissues (Doi et al., 1999; Marrogi
et al., 2000; Zhang et al., 1998) and could be a risk factor
for carcinogenesis (Ambs et al., 1999; Giardiello et al.,
1993; Iwasaki et al., 1997; Jadeski and Lala, 1999). Be-
cause the environments of these organs are generally mild
acidic conditions (Fallingborg, 1999; Hassen et al., 2015;
Khutoryanskiy, 2015; O’Hanlon et al., 2013), the
aciduricity of S. anginosus can be a pathogenicity trait,
allowing the microorganism to promote infection in an
acidic condition followed by an aberrant infection at other
body sites, or systemic infections (Mak et al., 2011; Shah
et al., 2017; Wenzler et al., 2015).

The human gastric pathogen Helicobactor pylori is ex-
tremely well adapted to the highly acidic conditions of
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the stomach (Karita et al., 2003; Wisniewska et al., 2002).
The pronounced acid resistance of H. pylori is mainly due
to the production of urease, an ammonia-producing en-
zyme (Scott et al., 2002; Wen et al., 2003). Bacterial H*-
ATPase is the enzyme to maintain intracellular pH near
neutral through expelling protons across the cell membrane
under low-pH conditions (Belli and Marquis, 1991; Bender
et al., 1986; Hamilton and Buckley, 1991; Kobayashi,
1985). In addition, many less acid-tolerant bacteria present
in dental plaque are able to catabolize arginine via the ar-
ginine deiminase (ADI) pathway. The major function of
this pathway appears to be the protection of the organ-
isms against acid damage through the production of a base
compound (ammonia) from arginine (Barcelona-Andrés
et al., 2002; Dong et al., 2002; Maghnouj et al., 1998;
Winterhoff et al., 2002). Thereby, these enzymes protect
cells from the bactericidal effects of acidic conditions.

The acid tolerance related to streptococcal pathogenic-
ity, and the properties of the key enzymes, H"-ATPase and
ADI, of S. mutans, S. pyogenes, and S. suis have been con-
siderably studied (Belli and Marquis, 1991; Cusumano and
Caparon, 2015; Fulde et al., 2014); however, to the best
of our knowledge, the aciduricity and the role of these
enzymes of S. anginosus have not been investigated.
Therefore, in this study, we investigated the H*-ATPase
and ADI activities of S. anginosus to elucidate the roles
of these enzymes in the acid tolerance of the bacterium
and its ability to grow in the acid environment.

Materials and Methods

Bacterial strains and culture conditions. We used the
following S. anginosus strains: S. anginosus NCTC 10713
(wild type); a AarcA mutant deficient in the gene encod-
ing ADI, which was obtained by homologous recombina-
tion from S. anginosus NCTC 10713, designated as S.
anginosus AarcA; and an S. anginosus from the dental
plaque of a healthy volunteer, designated as S. anginosus
DP. In addition, the strains isolated from humans of Strep-
tococcus mutans ATCC 25175, Streptococcus sanguinis
ATCC 10556, Streptococcus gordonii ATCC 10558, and
Streptococcus mitis ATCC 49456 were also used. These
bacteria were cultured anaerobically at 37°C and main-
tained in Todd Hewitt broth (THB; Difco Laboratories,
Detroit, MI, USA).

Identification of arcA and preparation of an arcA-defi-
cient mutant (AarcA). A partial sequence (1,150 bp) of
the coding region of the arcA gene of S. anginosus NCTC
10713 was determined by direct sequencing of PCR prod-
ucts of genomic DNA, amplified with the S1 (5’-
ATGTCTACACATCCAATTCATGTT-3") and AS2 (5'-
TTAGATTTCTTTCACGTTCGAATGGC-3") primers.
The sequence corresponded to well-conserved regions
within the streptococcal ADI-encoding gene (Streptococ-
cus pyogenes, accession number NC 011375, and S.
gordonii, accession number NC 009785), which were ob-
tained from GenBank by an Entrez cross-database search
on the National Center for Biotechnology Information
website. The unknown sequence of the 5’ coding region
of arcA was determined by genome sequencing (ABI
PRISM 310 Genetic Analyzer, Applied Biosystems, Fos-

ter City, CA, USA) using genomic DNA as a template and
ASW (5’-CTGGCAATTCTGCTTTTTGG-3’; positions
82—-101 bp) as an upstream sequencing primer. The com-
plete nucleotide sequence (1,230 bp) of the arcA gene of
S. anginosus NCTC 10713 was submitted to the DNA Data
Bank of Japan database under the accession number
AB818535.

To construct an arcA-deficient mutant strain, an 866 bp
fragment (positions 81-946 bp in the coding sequence of
arcA) was amplified by PCR from genomic DNA of S.
anginosus NCTC 10713 using primers ArcFl1 (5’-
GGAAAACTTGATGCCGGATC-3’) and ArcR1 (5'-
CGCCTTTTTCTTCTGCAA-3"). After blunt-end treat-
ment of the PCR product using the Sure Clone Ligation
kit (GE Healthcare Japan, Tokyo, Japan), the fragment was
cloned into the Smal site of pResEmBBN. The plasmid
can be used as an integration vector for gene inactivation
by a single crossover with the streptococcal chromosome
because it cannot replicate in streptococcal species
(Shibata et al., 2005). Erythromycin (300 pg/mL)-resist-
ant colonies were selected following transformation of the
recombinant plasmid into Escherichia coli strain XL-1
Blue (Agilent Technologies, Santa Clara, CA, USA). Then,
S. anginosus NCTC 10713 was transformed with a puri-
fied resultant plasmid. The insertion of the vector was
confirmed by PCR with primers ArcF1 and BBN-N (5’-
GATTTGAGCGTCAGATTTCG-3"), which is an internal
sequence of pPResEmBBN, and the mutant phenotype was
confirmed by an ADI enzyme activity test.

Bacterial cell viability and growth assay. Bacterial cells
were harvested by a centrifugation at 4°C for 10 min, and
washed three times with sterile phosphate-buffered saline
(pH 7.4). The portion of the cells [10° colony-forming units
(CFU)] were resuspended in 1 mL of THB, whose pH was
adjusted to 4.0 or 7.5, with or without 10 uM of
dicyclohexylcarbodiimide (DCCD; Kanto Chemical Co.,
Inc., Tokyo, Japan), an H"-ATPase inhibitor. After incu-
bation at 37°C for 1.5 h, the number of surviving bacteria
was measured by counting the colony on Trypticase soy
agar (Difco Laboratories). Results were expressed as the
percentage of survival relative to the CFU count of the
initial inoculum.

To measure cell growth at pH 5.0, streptococcal cultures
were statically incubated overnight to the stationary phase
in THB at 37°C. Ten microliters of the cultures (103 CFU)
was inoculated into 1 mL of fresh THB (pH 7.5) or THB
with pH adjusted to 5.0 with citric acid. The cultures were
incubated at 37°C, and the optical density (ODg,,) was
monitored at 600 nm from 0 to 48 h of cultivation.

Enzyme activities. The H*-ATPase assay was performed
by the method of Takahashi and Yamada (Takahashi and
Yamada, 1998). Briefly, cells were harvested by a cen-
trifugation at 5,000 X g for 10 min at 4°C, washed three
times with sterilized 75 mM Tris-HCI buffer (pH 7.0) con-
taining 10 mM MgSO,, and resuspended in the same
buffer. The cells were permeabilized by mixing vigorously
with a 0.01% (v/v) of toluene for 90 s at room tempera-
ture. After a centrifugation at 5,000 X g for 10 min at 4°C,
the supernatant was removed, and the pellet was
resuspended in the same buffer. The assay mixture con-
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tained 5 mM ATP (Sigma-Aldrich, St. Louis, MO, USA),
10 mM MgSO,, and 0.1 mg (dry weight) of permeabilized
cells in 100 mM Tris-malate buffer (pH 5.5) with or with-
out 10 uM DCCD. After incubation at 37°C for 1 h, the
inorganic phosphate derived from ATP hydrolysis was
measured using an ATPase/GTPase assay kit (BioAssay
Systems, Hayward, CA, USA), according to the manufac-
turer’s instructions.

The ADI activity was measured by monitoring the cit-
rulline production from arginine by the method of Degnan
etal. (1998). Briefly, bacteria were grown in THB at 37°C
to an ODg, of 1.0, then harvested by centrifugation at
5,000 x g for 10 min, washed once with Tris-HCI buffer
(pH 7.0), and resuspended in 1/10 of the original volume
of the same buffer. The cells were disrupted by sonication
for five times at a frequency of 20 kHz with a power den-
sity of 50 W for 1 min on ice, and soluble fractions were
recovered after a centrifugation at 5,000 x g for 10 min.
After dialysis of the fraction against distilled water, the
protein contents were determined by a protein assay (Bio-
Rad, Hercules, CA, USA) based on the method of Brad-
ford (1976). The assay mixture containing 10 mM L-ar-
ginine and 10 mM MgCl, in 100 mM Tris-maleate buffer
(pH 6.5) was incubated at 37°C. The reaction was started
by adding the cell lysate and was terminated after 2 h by
adding a mixture of H;PO, and H,SO, (3:1, v/v). Citrul-
line could be quantified by colorimetric determination of
its reaction product using diacetyl-monoxime according
to the method of Oginsky (1957).

Effect of arginine metabolism on the growth and pH of
culture media of S. anginosus NCTC 10713 and S.
anginosus AarcA. S. anginosus NCTC 10713 and S.
anginosus AarcA were cultured at 37°C in THB (pH 7.5)
with or without 10 mM L-arginine hydrochloride. The
ODyg, and pH of the culture media were measured at 0—
48 h after inoculation.

Statistical analysis. Results are expressed as means *
standard deviation. Statistical differences were determined
using a Student’s ¢-test.

Results

Cell viabilities in acidic conditions and H*-ATPase ac-
tivities of streptococcal species

The viabilities of the S. anginosus strains and strepto-
coccal species used in this study after cultivation at 37°C
for 1.5 h under acidic conditions at the lethal pH 4.0 are
shown in Fig. 1a. The survival rates of S. anginosus NCTC
10713, S. anginosus DP, and S. mutans ATCC 25175 were
73.3%,74.8%, and 64.7%, respectively, while those of the
other streptococcal species ranged from 20.8% to 29.2%.
Among the five oral streptococcal species, S. anginosus
NCTC 10713, S. anginosus DP and S. mutans ATCC 25175
showed a markedly higher viability under acidic condi-
tions. All viabilities were decreased by the addition of
DCCD under the culture at pH 4.0; however, the depres-
sions were not recognized at pH 7.5 (Fig. 1b). Further-
more, S. anginosus showed an H*-ATPase activity at pH
4.0, which was inhibited by DCCD, similar to that in the
other streptococcal species (Fig. 1c).
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Fig. 1. Viabilities under acidic conditions (a), (b) and ATPase activity
(c) of streptococcal species.

(a), (b) Cells (10° CFU) were inoculated into 1 mL of THB at pH 4.0 (a)
or at pH 7.5 (b) and incubated at 37°C for 1.5 h, with or without 1 mM
DCCD. The viable number of surviving bacteria was measured by count-
ing the colony on Trypticase soy agar, followed by cultivation at 37°C
for 24 h. (c) The assay mixture contained 5 mM ATP, 10 mM MgSO,,
and 0.1 mg (dry weight) of permeabilized cells in 100 mM Tris-malatel
buffer (pH 5.5) with or without 1 mM DCCD. After incubation at 37°C
for 1 h, the inorganic phosphate derived from ATP hydrolysis was meas-
ured by an ATPase/GTPase assay. Values and error bars represent means
and SD from three independent experiments performed in triplicate.
Statistically significant differences are indicated. *, without DCCD
versus with DCCD; #, S. anginosus NCTC 10713 versus the other Strep-
tococcus species; 2 symbols, P < 0.01; 1 symbol, P < 0.05.

Growth of streptococci under acidic conditions

To examine the growth of streptococcal species under
acidic conditions, bacteria were cultured in THB at the
initial pH values of 5.0 and 7.5. S. anginosus NCTC 10713
and S. anginosus DP were able to grow at both pH 5.0 and
7.5. In contrast, the growth of S. mutans ATCC 25175 was
partially depressed and that of the other streptococci was
strongly depressed or delayed at pH 5.0 (Fig. 2).

Effect of arcA deletion on ADI activity and the growth
under acidic conditions

The ADI activities of S. anginosus NCTC 10713, S.
anginosus DP, S. anginosus AarcA and other streptococ-
cal species used in this study are shown in Fig. 3a. Marked
ADI activities were observed in S. anginosus NCTC 10713
and S. anginosus DP but not in the S. anginosus AarcA
and the other streptococci. Furthermore, the growth of the
S. anginosus AarcA was partially depressed under the
acidic condition (pH 5.0) (Fig. 3b).
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Fig. 2. Growth of streptococci under acidic conditions.

THB at pH 5.0 or 7.5 was inoculated with 10° CFU of streptococcal
cells and incubated anaerobically at 37°C for 48 h. The cultures were
periodically monitored for their ODg, values from O to 48 h after in-
oculation. Values and error bars represent means and SD from three
independent experiments performed in triplicate. Statistically signifi-
cant differences are indicated. *, pH 7.5 versus pH 5.0; 2 symbols, P <
0.01.

Effect of arginine metabolism on the growth and pH of
the culture media of S. anginosus NCTC 10713 and S.
anginosus AarcA

The growth of S. anginosus NCTC 10713 (Fig. 4a), but
not that of the S. anginosus AarcA (Fig. 4b), was increased
by the addition of 0.5% L-arginine to the culture medium.
The reduced pH of the S. anginosus NCTC 10713 culture
medium was restored after 6 h when the medium contained
L-arginine (Fig. 4c). S. anginosus NCTC 10713 could in-
crease the pH of the culture medium by producing an al-
kali by arginine metabolism via the ADI pathway, which
could result in the induction of S. anginosus growth.

Discussion

An acidic environment is one of the most common
stresses encountered by bacteria in infected tissues (Cot-
ter and Hill, 2003); therefore, bacteria are equipped with
various acid tolerance mechanisms to grow even in acidic
environments for the establishment of infection. Bacte-
rial H*-ATPase is the enzyme that actively expels protons
out of the cell (Kobayashi, 1985), and ADI catalyzes the
conversion of arginine to ornithine, ammonia, and CO,,
with the concomitant production of ATP (Zeng et al.,
2006). Although acid resistance mechanisms of numerous
streptococcal species associated with the establishment of
infection has been clarified (Belli and Marquis, 1991;
Cusumano and Caparon, 2015; Fulde et al., 2014; Liu and
Burne, 2009; Xu et al., 2016), this remains unknown re-
garding S. anginosus. Therefore, in this paper, we investi-
gated the two major acid tolerance mechanisms of S.
anginosus by which the H*-ATPase and ADI activities
contribute to the viability and growth under low pH envi-
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Fig. 3. ADI activity (a) of S. anginosus strains and Streptococcus spe-
cies, and growth under acidic conditions (b) of S. anginosus
NCTC 10713 and S. anginosus AarcA.

(a) Cells were disrupted by sonication, and soluble fractions (cell lysates)
were recovered. The assay mixture contained 10 mM L-arginine and 10
mM MgCl, in 100 mM Tris-maleate buffer (pH 6.5). The reaction was
started by the addition of the cell lysate. After 1 h of incubation at 37°C,
aliquots of the reaction mixture were taken and assayed for the citrul-
line produced from arginine. Statistically significant differences are
indicated. *, S. anginosus NCTC 10713 versus the other Streptococcus
species; 2 symbols, P < 0.01. (b) The cultures were periodically moni-
tored by measuring ODgj, values from O to 48 h after inoculation. Val-
ues and error bars represent means and SD from three independent ex-
periments performed in triplicate. Statistically significant differences
are indicated. *, pH 7.5 versus pH 5.0; 2 symbols, P < 0.01.; NS, not
significant.

ronments. Among the five streptococcal species used in
this study, S. anginosus NCTC 10713, S. anginosus DP,
and S. mutans ATCC 25175 showed markedly higher
viabilities under acidic conditions. Furthermore, the tol-
erance of S. anginosus NCTC 10713 and S. anginosus DP
to the killing by lethal acidification decreased significantly
by DCCD only at pH 4.0, but not at pH 7.5. Datta and
Benjamin indicated that DCCD inhibits the survival of
Listeria monocytogenes at pH 3.0 but had no effect on the
survival at pH 7.3, suggesting that the H"-ATPase may be
more essential for survival under acidic conditions (Datta
and Benjamin, 1997). Our data also demonstrated that H*-
ATPase of S. anginosus could be the key player for acid
tolerance, especially under low-pH induced lethality.

Xu et al. suggested that ADI in Streptococcus equi spp.
zooepidemicus contributes to environmental adaptability
via ammonia synthesis to reduce pH stress (Xu et al.,
2016). Furthermore, Cusumano and Caparon suggested
that the upregulation of S. pyogenes ADI activity promoted
growth in a mouse model with soft tissue infection and in
human blood (Cusumano and Caparon, 2015). S. anginosus
NCTC 10713 and S. anginosus DP showed significant ADI
activity and growth under acidic conditions (pH 5.0),
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Fig. 4. Effect of L-arginine metabolism on the growth of S. anginosus.

S. anginosus strains were grown in THB medium with or without 0.5%
L-arginine. The growth of S. anginosus was evaluated by measurement
of ODg (a), (b). The changes in pH values of the culture media (c), (d)
were periodically monitored from O h to 48 h. The symbols indicate: S.
anginosus NCTC 10713 cultured without (closed square) or with 0.5%
L-arginine (open square); the S. anginosus AarcA mutant cultured with-
out (closed circle) or with 0.5% vL-arginine (open circle). Values and
error bars represent means and SD from three independent experiments
performed in triplicate. Statistically significant differences are indicated.
*, the culture with L-arginine versus without L-arginine; 2 symbols, P <
0.01.

which were significantly suppressed in other streptococ-
cal species used in this study, including the AarcA mutant
of S. anginosus AarcA. In our study, we used only one
strain of bacterial species except for S. anginosus, but sev-
eral streptococcal strains should be considered for bacte-
rial diversity in future studies. Further, the growth of S.
anginosus NCTC 10713, but not that of the S. anginosus
AarcA, was induced by the exogenous supplementation of
L-arginine. Besides, the decreased pH of the culture me-
dium containing L-arginine was increased up to pH 7.0
upon growth of S. anginosus NCTC 10713, which could
neutralize the culture medium by metabolizing the
substrate to produce an alkali. These properties of S.
anginosus, which is able to adapt and not only grow but
also upregulate its growth under acidic conditions, could
be attributed, at least in part, to acid tolerance mechanisms.
Furthermore, the cell viability of S. anginosus AarcA is
observed to be similar to that of S. anginosus NCTC 10713
with DCCD at pH 4.0 (data not shown), suggesting that
ADI plays a critical role in growth, rather than survival,
under acidic conditions.

In conclusion, S. anginosus showed significant aciduric
properties similar to that of S. mutans or S. pyogenes which
may be attributed to its H*-ATPase and/or ADI activities.
It has been suggested that the acid tolerance of S. mutans,
S. pyogenes, or S. suis have contributions to virulence
during an infection (Ajami et al., 2015; Cusumano and

Caparon, 2015; Fulde et al., 2014; Nemoto et al., 2008).
Therefore, the acid tolerance exhibited by S. anginosus
may facilitate the infection of the oral cavity or
gastrointestinal organs by the microorganism, which can
lead to chronic inflammation, and, consequently, give rise
to infective endocarditis, and abscesses at various body
sites.
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