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We identified SA1684 as a Staphylococcus aureus virulence gene
using a silkworm infection model. The SA1684 gene product car-
ried the DUF402 domain, which is found in RNA-binding proteins,
and had amino acid sequence similarity with a nucleoside diphos-
phatase, Streptomyces coelicolor SC4828 protein. The SA1684-de-
letion mutant exhibited drastically decreased virulence, in which
the LD50 against silkworms was more than 10 times that of
the parent strain. The SA1684-deletion mutant also exhibited
decreased exotoxin production and colony-spreading ability. Puri-
fied SA1684 protein had Mn2�- or Co2�-dependent hydrolyzing
activity against nucleoside diphosphates. Alanine substitutions of
Tyr-88, Asp-106, and Asp-123/Glu-124, which are conserved
between SA1684 and SC4828, diminished the nucleoside diphos-
phatase activity. Introduction of the wild-type SA1684 gene
restored the hemolysin production of the SA1684-deletion mu-
tant, whereas none of the alanine-substituted SA1684 mutant
genes restored the hemolysin production. RNA sequence analysis
revealed that SA1684 is required for the expression of the virulence
regulatory genes agr, sarZ, and sarX, as well as metabolic genes
involved in glycolysis and fermentation pathways. These findings
suggest that the novel nucleoside diphosphatase SA1684 links met-
abolic pathways and virulence gene expression and plays an impor-
tant role in S. aureus virulence.

Staphylococcus aureus is a human pathogen that causes var-
ious diseases, including impetigo, meningitis, pneumonia, and
sepsis. Methicillin-resistant S. aureus (MRSA)2 has been asso-
ciated with serious clinical problems since the 1960s. The
recent emergence of a new type of MRSA, called community-
acquired MRSA, has become an especially urgent clinical con-
cern. Only a few drugs, such as vancomycin, are available for
treating MRSA diseases and novel pharmacotherapies are in
high demand. S. aureus produces a wide array of virulence fac-
tors, including superantigens that interfere with host immune

responses, cell wall proteins that facilitate bacterial adherence
to host tissues, and extracellular toxins that damage host cells.
Expression of these virulence factors is regulated by various fac-
tors, including agr, arlRS, and saeRS (1–3). Further identification
of S. aureus virulence factors and their regulatory networks is
important for establishing effective therapeutic strategies.

Recent studies suggest that nucleotide metabolism has an
important role in S. aureus virulence gene expression. Muta-
tions in the thyA gene encoding thymidylate synthase lead to
growth defects, increased antibiotic resistance, and decreased
expression of agr, a master regulator of S. aureus virulence
genes, which are phenotypes of small colony variants (4 – 6).
Knock-out of the thyA gene attenuates S. aureus virulence in
mice and Caenorhabditis elegans (6). CodY is a transcription
factor that binds GTP and regulates the transcription of
S. aureus virulence genes (7). Two nucleotide-signaling mole-
cules, (p)ppGpp and cyclic-di-GMP, also have roles in S. aureus
virulence. The amount of (p)ppGpp increases when bacteria are
starved and regulates the expression of various metabolic
enzymes and virulence factors (8, 9). Cyclic di-GMP regulates
biofilm formation and the expression of virulence factors (10,
11). The factors that link nucleotide metabolism and virulence
gene expression, however, remain unclear.

We previously established an S. aureus infection model using
silkworms, larvae of Bombyx mori, a lepidopteran insect species
(12–14). Using this model, we revealed that virulence regula-
tory factors such as agr, arlRS, and saeRS are required for viru-
lence of S. aureus against silkworms, suggesting that the silk-
worm model is useful for evaluating S. aureus virulence (15).
We also identified virulence factors of S. aureus from hypothet-
ical genes that are widely conserved in bacteria (16, 17), includ-
ing a phosphodiesterase against RNA (18), an RNA-binding
protein (19, 20), a regulatory factor for the expression of thyA
(21), and rRNA methyltransferases (22, 23). These findings sug-
gest that factors interacting with nucleic acid molecules play
important functions in S. aureus virulence expression. In this
study, we found that a factor with similarity to the S. coelicolor
nucleoside diphosphatase, whose crystal structure was recently
deposited in the Protein Data Bank (code 3EXM), is promi-
nently involved in S. aureus virulence.

Results

Identification of S. aureus Virulence Factors by Evaluation of
the S. aureus Killing Ability against Silkworms—We selected
eight genes from the S. aureus “conserved hypothetical genes”
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that encode proteins predicted to interact with nucleic acid
molecules using an in silico database, pfam, and RefSeq
(www.ncbi.nlm.nih.gov). S. aureus deletion mutants of these
eight genes were constructed by double homologous recombi-
nation (24). The doubling time of seven of the gene-deletion
mutants was indistinguishable from that of the parent strain. In
contrast, the doubling time of the remaining deletion mutant,
SA1108, was 1.12-fold longer than that of the parent strain (Fig.
1A). We next examined whether these gene-deletion mutants
had attenuated killing abilities against silkworms by determin-
ing the LD50 values. The LD50 values of the gene-deletion
mutants of SA0649, SA0873, SA0949, and SA1292 were more
than 2-fold that of the parent strain (Fig. 1B). The LD50 value of

the SA1684-deletion mutant was 10 times that of the parent
strain (Fig. 1B). These findings suggest that SA0649, SA0873,
SA0949, and SA1292 contribute to S. aureus virulence and that
SA1684 plays a critical role in S. aureus virulence in silkworms.

The functional domains of these five proteins were examined
and are summarized in Table 1. The SA0649 product carries
DUF296, which is found in DNA-binding proteins carrying an
AT hook motif. The SA0873 product carries a domain that is
found in 2�,5�-RNA ligase and shares 36% amino acid sequence
similarity with the Bacillus subtilis YjcG protein (25, 26). The
SA0949 product carries an HTH_3 domain, which is found in
bacterial proteins maintaining plasmid copy number, bacterial
DNA methylase, and bacterial transcription factor. The

FIGURE 1. Evaluation of the silkworm killing ability, exotoxin production, and colony-spreading ability of the deletion mutants of novel virulence
factors. A, overnight cultures of the S. aureus parent strain and gene-deletion mutants were inoculated to a 100-fold amount of fresh tryptic soy broth and
cultured at 27 °C. Doubling time was calculated by the growth curves. Data are presented as means � S.E. from two independent experiments. Asterisk
indicates a Student’s t test p value against the parent strain of less than 0.05. B, overnight cultures of S. aureus gene-deletion mutants were 2-fold serially diluted
and injected into the silkworm hemolymph (n � 5), and survival was determined at 24 h after the injection. The colony-forming unit values that cause 50% of
the silkworms to die (LD50) were determined from the survival curves. Data shown are means � S.E. from independent measurement of LD50 (n � 14 for parent
strain, n � 5 for gene-deletion mutants). Asterisks indicate the Student’s t test p value against the wild-type strain (*, p � 0.05; **, p � 0.01; *** p � 0.001). The
SA0003-deletion mutant had a significantly increased LD50 value, but it was less than 2-fold that of the parent strain. C, exotoxin production and colony-
spreading ability of the parent, �SA0649, �SA0873, �SA0949, �SA1292, and �SA1684 strains were evaluated. Hemolysin and nuclease production was
examined by spotting overnight cultures onto sheep blood agar plates or DNA agar plates (hemolysin, upper panel; nuclease, middle panel). Colony spreading
was examined by culturing S. aureus cells on soft agar plates (lower panel). Data are representative of three independent experiments. D, exotoxin production
and colony spreading of the parent strain transformed with empty vector (pND50) and �SA1684 strain transformed with empty vector or pSA1684 were
evaluated.
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SA1292 product carries a nucleotide pyrophosphohydrolase
domain found in MazG that hydrolyzes nucleoside triphos-
phate into nucleoside monophosphate and pyrophosphate.
Escherichia coli MazG interacts with GTPase Era, which has
multicellular functions (27) and is required for survival in an
amino acid-starved condition (28, 29). The SA1684 product
carries DUF402 domain, which is found in RNase E or RNase G.

Contribution of Novel Virulence Factors to Extracellular
Toxin Production and Colony Spreading—To reveal the func-
tions of novel virulence genes, we examined the amount of
S. aureus extracellular toxins, including hemolysin and
nuclease, and colony spreading, which is the expansion of the
S. aureus on soft agar surfaces (30). The SA1684-deletion
mutant had decreased hemolysin production, nuclease produc-
tion, and colony-spreading ability compared with the parent
strain (Fig. 1C). The SA0649-, SA0949-, and SA1292-deletion
mutants exhibited slightly decreased hemolysin production,
whereas the nuclease production and colony spreading did not
differ from that of the parent strain (Fig. 1C). The SA0873-
deletion mutant was indistinguishable from the parent strain
with regard to hemolysin and nuclease production and colony
spreading. Introduction of SA1684 to the SA1684-deletion
mutant restored the hemolysin production, nuclease produc-
tion, and the colony-spreading activity (Fig. 1D). These results
suggest that SA0649, SA0949, and SA1292 contribute only
slightly to S. aureus hemolysin production and that SA1684 is
required for hemolysin production, nuclease production, and
colony spreading.

In S. aureus, the transcription of hemolysin genes is posi-
tively regulated by the agr locus (31). The P2 transcript of the
agr locus encodes AgrD, AgrB, AgrC, and AgrA, which coordi-
nately function in quorum sensing. The P3 transcript of the agr
locus functions as a regulatory RNA, called RNAIII, and regu-
lates the expression of various virulence factors (1). To examine
whether the decreased hemolysin production of the SA0649-,
SA0949-, SA1292-, and SA1684-deletion mutants was due to
the decreased expression of agr, we measured the promoter
activities of agr and hla encoding �-hemolysin. In the SA1684-
deletion mutant, the activities of agr P2 and agr P3 were
decreased to less than 20% that of parent strain (Fig. 2, A and B).
In addition, in the SA1684-deletion mutant, the activity of the

hla promoter was decreased to less than 10% that of the parent
strain (Fig. 2C). Furthermore, the amounts of the P2 and P3
transcripts (RNAII and RNAIII) of the agr locus as well as the
amount of hla mRNA were decreased in the SA1684-deletion
mutant compared with the parent strain (Fig. 2D). In the
SA0949- and SA1292-deletion mutants, the activities of agr P2
and agr P3 were not decreased, but the activity of the hla pro-
moter was slightly decreased (Fig. 2, A–C). In the SA0649-de-
letion mutant, the activities of agr P2, agr P3, and the hla pro-
moter were not decreased (Fig. 2, A–C). These results suggest
that SA1684 is required for expression of the agr locus and the
hla gene, whereas SA0649, SA0949, and SA1292 are not
required for agr expression.

Based on the above results suggesting that SA1684 has a cru-
cial role in S. aureus virulence, we further investigated the func-
tion of SA1684. In S. aureus, the agr locus regulates the expres-
sion of various extracellular proteins and cell wall proteins. We
examined whether SA1684 contributes to the expression of
extracellular proteins, cell wall proteins, and cytosol/mem-
brane proteins. In the SA1684-deletion mutant, several pro-
teins in the extracellular fraction and cell wall fraction were
differentially expressed compared with the parent strain (Fig.
2E). In contrast, there were no differences between the parent
strain and the SA1684-deletion mutant in the cytosol/mem-
brane fraction (Fig. 2E). The differential expression of the extra-
cellular proteins and cell wall proteins in the SA1684-deletion
mutant was cancelled by introducing the intact SA1684 gene
(Fig. 2E). These results suggest that SA1684 contributes to the
expression of extracellular proteins and cell wall proteins. In
the agr-deletion background, the deletion of SA1684 affected
the expression of several extracellular proteins (Fig. 2E). The
results suggest that SA1684 contributes to the expression of
several extracellular proteins in an agr-independent manner.

SA1684 Protein Has Mn2�-dependent Hydrolyzing Activity
against NDPs—SA1684 protein has the DUF402 domain that is
found in RNA-binding proteins such as RNase E or RNase G
and exhibited 22% amino acid identity with S. coelicolor SC4828
protein, for which a cocrystal structure with phosphomethyl-
phosphonic acid guanosyl ester, a non-hydrolyzing GDP ana-
log, was recently deposited in the Protein Data Bank (3EXM)
(Fig. 3). We examined whether the SA1684 protein has nucle-

TABLE 1
Domains of novel virulence factors
Domains of novel virulence factors identified in this study were searched by the in silico programs pfam and Ref Seq. ORF No. is ID in the S. aureus N315 genome database.
In the search using the pfam program, domains with an e-value less than e-4 are presented.

ORF no.
Length in

amino acids Region
pfam

Ref. sequence protein functione-value pfamID Domain Function

SA0649 140 9-119 1.4 � e	18 DUF296 Domain of unknown function Predicted DNA-binding protein
SA0873 169 9-3 6.9 � e	9 LigT_PEase 2�,5�-RNA ligase

10-156 1.4 � e	19 2_5_RNA_ligase2
SA0949 179 4-65 4.8 � e	17 HTH_19 Helix-turn-helix domain Uncharacterized

4-60 1.6 � e	8 HTH_31
7-61 1.4 � e	14 HTH_3 Helix-turn-helix
106-173 8.2 � e	10 Cupin_2 Cupin domain
10-37 2.5 � e	5 Sigma70_r4 Sigma-70, region 4

SA1292 180 23-102 7.4 � e	22 MazG MazG nucleotide pyrophosphohydrolase
domain

Predicted pyrophosphatase

2-92 8.9 � e	5 dUTPase_2 dUTPase
SA1684 180 63-127 7.5 � e	18 DUF402 Protein of unknown function Associate with RNase E and RNase G
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oside diphosphatase activity by purifying a recombinant C-ter-
minal His-tagged SA1684 protein from E. coli that was trans-
formed with the SA1684-overproducing plasmid. SDS-PAGE
analysis revealed that the recombinant SA1684 protein was

purified to more than 90% purity, and the molecular mass was
28 kDa (Fig. 4A). Recombinant SA1684 protein hydrolyzed
UDP to UMP in the presence of Mn2� ions, whereas the protein
purified from E. coli transformed with empty plasmid did not

FIGURE 2. Expression of the agr locus and the hla gene in the deletion mutants of novel virulence genes. A–C, S. aureus parent, �SA0649, �SA0873,
�SA0949, �SA1292, and �SA1684 strains were transformed with reporter fusion plasmids carrying agr P2 (A), agr P3 (B), or hla promoter (C), and cultured to A600 �
1.0. Luciferase activities were measured. Data are presented as means � S.E. from three independent experiments. Asterisk represents the Student’s t test p
value between the gene-deletion mutant and the parent strain (*, p � 0.05; **, p � 0.01). D, S. aureus parent strain and �SA1684 strain were cultured to A600 �
1, and total RNA was extracted. Amounts of RNAII, RNAIII, hla mRNA, and 16S rRNA were measured by quantitative reverse transcription-PCR. Data were
normalized with the amount of 16S rRNA and are presented as relative value to that of the parent strain. Data are presented as means � S.E. from three
independent experiments. Asterisk represents the Student’s t test p value between the parent strain and �SA1684; (**, p � 0.01; *** p � 0.001). E, extracellular
proteins, cell wall proteins, and cytosol/membrane proteins of S. aureus overnight cultures were electrophoresed in SDS-polyacrylamide gel, and stained with
Coomassie Brilliant Blue. Left three gel panels show the result of the parent strain transformed with empty vector, �SA1684 strain transformed with empty
vector, or pSA1684. Right gel panel shows the result of �agr strain and �agr/�SA1684 strain. Asterisks indicate the protein band whose intensity differs between
Parent/pND50 and �SA1684/pND50 or between �agr and �agr/�SA1684.

FIGURE 3. Amino acid sequence similarity between SA1684 and SC4828 proteins. Amino acid sequences of SA1684 and SC4828 were aligned using
ClustalW. Identical amino acids are colored cyan. Asterisks indicate the amino acids important for the interaction with Ca2� ions or phosphomethylphosphonic
acid guanosyl ester in the crystal structure of SC4828. Orange-dotted region indicates the DUF402 domain. Arrowheads indicate the amino acid residues
substituted with alanine in this study.
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hydrolyze UDP (Fig. 4B). SA1684 protein hydrolyzed UDP in
both a dose-dependent manner (Fig. 4C) and a time-dependent
manner (Fig. 4D). The results suggest that SA1684 protein has
hydrolyzing activity against UDP. UDP hydrolysis by SA1684
was observed in the presence of Mn2� or Co2� ions but not in
the presence of Cu2�, Ni2�, Zn2�, Mg2�, or Ca2� ions at a 0.5
mM concentration (Fig. 4E). UDP hydrolysis occurred with
Mn2� ions at concentrations of 0.5–12.5 mM and slightly
occurred with Mg2� ions at a 12.5 mM concentration (Fig. 4F).

SA1684 protein hydrolyzed five NDPs (ADP, GDP, UDP,
CDP, and IDP) and four dNDPs (dADP, dGDP, TDP, and
dCDP) but did not hydrolyze nucleoside monophosphates or
nucleoside triphosphates (Fig. 5A). We determined the Km and
Vmax values for SA1684 protein hydrolysis of ADP, GDP, UDP,
CDP, and TDP. The Km values for these nucleotides ranged
between 96 and 300 �M, and the Vmax values ranged between
0.99 and 3.8 �mol/min/mg protein (Fig. 5B and Table 2).
Hydrolysis of UDP and GDP by SA1684 protein was inhibited
by high concentrations of the substrate (Fig. 5B).

To characterize the NDP hydrolysis by SA1684, we examined
whether GDP�S or GTP�S, which are, respectively, non-hy-
drolyzable analogs of GDP or GTP, inhibits GDP hydrolysis by
SA1684. Addition of a 3-fold molar amount of both analogs
inhibited the GDP hydrolysis by SA1684 (Fig. 5C).

Amino Acid Residues Tyr-88, Asp-106, and Asp-123/Glu-124
of SA1684 Protein Are Required for NDP Hydrolysis and
S. aureus Virulence—Crystal structure analysis of S. coelicolor
SC4828 protein provided clues to the amino acid residues
important for NDP hydrolysis (Protein Data Bank ID, 3EXM).
The Tyr-88 and Asp-106 residues of the SA1684 protein corre-
spond to the amino acid residues of SC4828 protein that are
involved in binding to the substrate or calcium ions (Fig. 3).
Asp-123 and Glu-124 form characteristic acidic amino acid res-
idues (DEDE) that are conserved between SA1684 and SC4828
(Fig. 3). To examine whether Tyr-88, Asp-106, and Asp-123/
Glu-124 are required for UDP hydrolysis by the SA1684 pro-
tein, we introduced alanine substitution mutations for these
amino acids and purified the mutated SA1684 proteins as in the
case of wild-type SA1684 protein (Fig. 6A). The Y88A, D106A,
and D123A/E124A mutant SA1684 proteins diminished UDP
hydrolysis activity (Fig. 6B). These results indicate that Tyr-88,
Asp-106, and Asp-123/Glu-124 of SA1684 protein are required
for the UDP hydrolysis activity.

To determine whether Tyr-88, Asp-106, and Asp-123/Glu-
124 of SA1684 protein are required for S. aureus virulence, we
examined whether transformation with the mutant genes
encoding the mutated SA1684 proteins restored the virulence
of the SA1684-deletion mutant. Transformation with the
wild-type SA1684 gene restored the hemolysin production of
the SA1684-deletion mutant, whereas transformation of the
mutated SA1684 genes encoding Y88A, D106A, D123A/E123A
proteins did not restore the hemolysin production of the
SA1684-deletion mutant (Fig. 6C). These results suggest that
Tyr-88, Asp-106, and Asp-123/Glu-124 of SA1684 protein are
required for S. aureus virulence.

Deletion of the SA1684 Gene Affects the Expression of Genes
Involved in Glycolytic and Fermentation Pathways—To reveal
the effects of SA1684 protein against S. aureus gene expression,

FIGURE 4. SA1684 protein has hydrolytic activity against UDP in the pres-
ence of Mn2� ions. A, protein was purified using a nickel affinity column from
an E. coli strain transformed with empty vector or pOp-SA1684. Proteins were
electrophoresed in 15% SDS-polyacrylamide gel and stained with Coomassie
Brilliant Blue. Lanes 1– 4 indicates fraction numbers eluted with imidazole. M
indicates marker proteins. B, purified protein from E. coli transformed with
empty vector (2.7 �g/ml) or with pOp-SA1684 (50 �g/ml) was reacted with 1
mM UDP in the presence of Mn2� for 240 min at 26 °C. The reaction product
was analyzed by TLC. UDP or UMP was visualized by UV light. Buffer indicates
the sample without protein addition. C, dose dependence of SA1684 on UDP
hydrolysis was examined. Different amounts of SA1684 protein were reacted
with 1 mM UDP in the presence of Mn2� ions for 2, 4, 6, or 8 min at 26 °C.
Phosphate released per min was measured. Data are presented as means �
standard errors from three independent experiments. D, time dependence of
UDP hydrolysis by SA1684 was examined. SA1684 protein (50 �g/ml) was
reacted with 1 mM UDP in the presence of Mn2� ions for 2, 4, 6, or 8 min at
26 °C. Phosphate released was measured. Data are presented as means � S.E.
from three independent experiments. E, metal dependence of UDP hydrolysis
by SA1684 was examined. SA1684 protein (50 �g/ml) was reacted with 1 mM

UDP in the presence of 0.5 mM various metal ions for 8 min at 22 °C. Released
phosphates per min were measured. Data are presented as means � S.E. from
triplicate assays. F, dose response of Mn2� or Mg2� ions on UDP hydrolysis by
SA1684 was examined. SA1684 protein (50 �g/ml) was reacted with 1 mM

UDP in the presence of different concentrations of Mn2� or Mg2� ions (0.02,
0.1, 0.5, 2.5, or 12.5 mM). Phosphate released per min was measured. Data are
presented as means � S.E. from triplicate assays.
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FIGURE 5. Substrate specificity of SA1684. A, SA1684 protein (50 �g/ml) was reacted with 1 mM nucleoside monophosphate (AMP, GMP, UMP, and CMP),
deoxynucleoside monophosphate (TMP), nucleoside diphosphate (ADP, GDP, UDP, CDP, and IDP), deoxynucleoside diphosphate (dADP, dGDP, TDP, and
dCDP), nucleoside triphosphate (ATP, GTP, UTP, and CTP), or deoxynucleoside triphosphate (TTP) in the presence of Mn2� ions for 8 min at 26 °C. Phosphates
released per min were measured. Data are presented as means � S.E. from three independent experiments. B, 2-fold serial concentrations (62.5, 125, 250, 500,
and 1000 �M) of ADP, UDP, CDP, GDP, and TDP were reacted with SA1684 protein (12.5 �g/ml) in the presence of Mn2� ions for 2, 4, or 6 min at 26 °C.
Phosphates released per min were measured. Data are presented as means � S.E. from three independent experiments and were fitted to Michaelis-Menten
kinetics using nonlinear regression analysis. The data for UDP and GDP hydrolyzed at 1000 �M concentration could not be fitted to Michaelis-Menten kinetics
or substrate inhibition kinetics. C, SA1684 protein (50 �g/ml) was reacted with 250 �M GDP in the absence or presence of 750 �M GDP�S or GTP�S for 8 min at
26 °C. Data are presented as means � S.E. from triplicate assays.

Role of NDPase in S. aureus Virulence

SEPTEMBER 2, 2016 • VOLUME 291 • NUMBER 36 JOURNAL OF BIOLOGICAL CHEMISTRY 18613



we performed RNA sequence analysis using the S. aureus par-
ent strain and the SA1684-deletion mutant, and we identified
pathways affected by the SA1684 deletion based on gene
enrichment analysis. In the SA1684-deletion mutant, a two-
component system as well as several metabolic pathways,
including those for glycolysis and pyrimidine metabolism, were
affected (Table 3). We further identified individual genes whose
expression was increased or decreased more than 2-fold in the
SA1684-deletion mutant compared with the parent strain, and

the effects were cancelled by introducing the SA1684 gene
(supplemental Tables S1 and S2). Genetic manipulations of the
SA1684 gene in the SA1684-deletion mutant and the SA1684-
complemented strain were confirmed by the finding that the
amount of SA1684 mRNA was considerably decreased in the
SA1684-deletion mutant and restored in the SA1684-comple-
mented strain (supplemental Table S1). Consistent with the
results obtained by quantitative reverse transcription-PCR
analysis (Fig. 2D) and gene enrichment analysis (Table 3), the
RNA amounts of agrB, agrC, and hld (RNAIII), which encode a
two-component system involved in virulence regulation, were
decreased in the SA1684-deletion mutant compared with the
parent strain, and the decreased expression was restored in the
complemented strain (supplemental Table S1). The RNA levels
of sarX and sarZ, which encode transcription factors that reg-
ulate the expression of virulence genes (17, 33), were decreased
in the SA1684-deletion mutant compared with the parent
strain (supplemental Table S1). In addition to these virulence
regulatory factors, the RNA levels of pgk and tpiA, which
encode enzymes of glycolysis, and adh1, ldh1, and ldh2, which
encode enzymes of the fermentation pathway, were decreased
in the SA1684-deletion mutant compared with the parent
strain (supplemental Table S1). In contrast, the RNA amounts
of purE and purK involved in inosine monophosphate synthesis
and that of pfs, which encodes an enzyme to produce adeno-
sine from 5�-methylthioadenosine or S-adenosylhomocysteine,
were increased in the SA1684-deletion mutant compared with
the parent strain (supplemental Table S2). These results sug-
gest that deletion of the SA1684 gene alters the expression of
various genes, such as genes involved in nucleotide metabolism,
glycolysis, the fermentation pathway, and virulence regulation.

Discussion

In this study, we searched for S. aureus virulence factors from
hypothetical proteins interacting with nucleic acid molecules
and identified a novel nucleoside diphosphatase necessary for
S. aureus virulence. Amino acid-substituted mutant SA1684
proteins lost both their nucleoside diphosphatase activity and
complementation activity against hemolysin production of the
SA1684-deletion mutant, suggesting that the nucleoside
diphosphatase activity of the SA1684 protein is required for
S. aureus virulence. This study is the first to reveal the require-
ment of nucleoside diphosphatase in S. aureus virulence
expression.

In the SA1684-deletion mutant, hemolysin production and
colony-spreading activity were decreased. In addition, the pro-
moter activities of the agr locus were decreased, and the
amounts of agr transcripts (RNAII and RNAIII) were decreased
in the SA1684-deletion mutant. Because the agr locus is
required for hemolysin production and colony-spreading activ-
ity (34, 35), decreased expression of the agr locus is a plausible

TABLE 2
Kinetic parameters of NDP hydrolysis by SA1684 protein
The kinetic parameters for GDP and UDP are based on the plots of lower substrate concentration (0 –500 �M).

ADP GDP CDP UDP TDP

Km (�M) 96.3 � 34.1 102 � 31 303 � 54 221 � 105 203 � 59
Vmax (�mol/min/mg protein) 1.15 � 0.11 0.985 � 0.100 2.11 � 0.15 3.84 � 0.82 1.88 � 0.19
kcat (min) 24.9 � 2.4 21.4 � 2.2 45.8 � 3.3 83.3 � 17.8 40.8 � 4.2

FIGURE 6. Effects of amino acid substitutions of SA1684 protein on the
UDP hydrolysis and complementation activity against hemolysin pro-
duction in the SA1684-deletion mutant. A, alanine-substituted SA1684
mutant proteins (Y88A, D106A, and D123A/E124A) were purified from E. coli-
overproducing strains by the same method for wild-type SA1684 protein
(WT). The purified proteins (1 �g) were electrophoresed in 15% SDS-poly-
acrylamide gels and stained with Coomassie Brilliant Blue. B, UDP hydrolytic
activities of mutant SA1684 proteins and wild-type SA1684 protein were mea-
sured at 26 °C in the presence of Mn2� ions. Data are presented as means �
S.E. from three independent experiments. ND means not detected. C,
S. aureus parent strain transformed with empty vector and SA1684-deletion
mutant transformed with empty vector, wild-type SA1684 gene (WT), or
mutant SA1684 genes encoding Y88A, D106A, D123A/E124A mutant pro-
teins were cultured overnight. Hemolytic activity against sheep erythrocytes
in the culture supernatant was measured. Data are presented as means � S.E.
from 3 to 5 independent experiments.
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explanation for the decreased hemolysin production and the
decreased colony-spreading activity of the SA1684-deletion
mutant. Based on the finding that the nucleoside diphosphatase
activity of SA1684 is required for S. aureus hemolysin produc-
tion, we assume that alterations of the nucleotide amount by
SA1684 protein is important for maintaining agr expression in
S. aureus. Additional studies to measure the nucleotide pool in
the SA1684-deletion mutant will be important to identify the
nucleotide molecules important for the regulation of S. aureus
virulence.

RNA sequence analysis revealed that deletion of SA1684
increases the expression of purE, purK, and pfs, which are
involved in nucleotide metabolism. The purE and purK genes
are involved in inosine monophosphate synthesis, which is a
starting material for purine nucleotide synthesis. pfs encodes
5�-methylthioadenosine/S-adenosylhomocysteine nucleotid-
ase to produce adenine from 5�-methylthioadenosine or S-ad-
enosylhomocysteine, respectively. The increased expression of
these nucleotide synthetic genes may be due to a compensatory
reaction to the deficiency of nucleotides caused by the absence
of nucleoside diphosphatase in the SA1684-deletion mutant. In
addition to the nucleotide metabolic genes, expression of pgk,
tpiA, adh1, ldh1, and ldh2, which are involved in glycolysis and
fermentation pathways, was decreased in the SA1684-deletion
mutant, suggesting that alterations of nucleotide metabolism
lead to a decrease in the enzymes involved in glycolysis and
fermentation pathways. Interestingly, in the deletion mutant of
the cvfA gene encoding the RNA modification enzyme neces-
sary for S. aureus virulence (16, 36), expression of adh1 and
ldh2, which is involved in the fermentation pathway as well as
expression of the virulence regulatory factors agr, sarX, and
sarZ, is decreased compared with the parent strain (17, 37).
Furthermore, in the hemB or menD mutant with the small col-
ony variant phenotype of S. aureus, the expressions of pgk and
tpi involved in glycolysis, ldh1 and pflB involved in the fermen-
tation pathway, and the agr locus are decreased (38). In con-
trast, the deletion of agr does not decrease the expression of
genes involved in the glycolysis and fermentation pathways
(39 – 41). These findings suggest that the decreased gene
expression involved in the glycolysis and fermentation path-
ways causes a decrease in agr expression. CodY regulates agr
expression by binding to GTP (42, 43) or by responding to

nutrient levels (44). Based on these previous findings and our
present finding, we assume that CodY or other transcription
factors recognize(s) alterations of the nucleotide pool or some
metabolites in the glycolysis or fermentation pathways in the
SA1684-deletion mutant, leading to the decreased agr tran-
scription. Further investigation is required to reveal the molec-
ular mechanisms by which alterations of the nucleotide pool
lead to transcriptional regulation of the agr locus.

The LD50 value of the SA1684-deletion mutant against silk-
worms was more than 10-fold that of the parent strain. In con-
trast, agr deletion leads to a 3-fold increase in the LD50 value in
the NCTC8325-4 strain, which expresses high amounts of agr
(15). Thus, decreased virulence of the SA1684-deletion mutant
against silkworms is not due only to decreased agr expression.
Furthermore, deletion of SA1684 affected the expression of
several extracellular proteins by an agr-independent pathway.
The molecular mechanism underlying the nucleotide metabo-
lism by SA1684 protein that leads to the agr-independent viru-
lence expression remains to be clarified.

Biochemical characterization of SA1684 protein revealed
that SA1684 shows hydrolytic activity to NDPs, but not to
NMPs and NTPs. Because the GDP hydrolysis by SA1684 pro-
tein was inhibited by GDP�S as well as GTP�S, SA1684 might
capture NTP but not hydrolyze it. The S. coelicolor SC4828 pro-
tein has been crystallized with Ca2� ions and phosphomethyl-
phosphonic acid guanosyl ester. The SA1684 protein has amino
acid sequence similarity with SC4828 protein and hydrolytic
activity against NDPs in the presence of Mn2� ions but not in
the presence of Ca2� ions. Further studies on the biochemical
characteristics of SC4828 are needed to compare the functions
of SA1684 and SC4828. A BLASTP search revealed that SA1684
or SC4828 are conserved among various pathogenic bacteria
and non-pathogenic bacteria, including Bacillus, Staphylococ-
cus, Listeria, Lactobacillus, Streptococcus, Mycoplasma,
Frankia, Brachybacterium, Salinispora, Saccharopolyspora,
Actinosynnema, and Streptomyces. These points might be
important clues toward understanding the molecular functions
of this novel nucleoside diphosphatase family and the physio-
logical role beyond bacterial virulence. Eukaryotic nucleoside
diphosphatases called apyrase, ecto-ATPase, and ATP-diphos-
phohydrolase have hydrolyzing activity against NTPs and
NDPs in the presence of Ca2� and Mg2� ions (45). A few bac-

TABLE 3
Gene enrichment analysis of differentially expressed genes in the SA1684-deletion mutant
FDR indicates false discovery rate.

KEGG pathway
No. of genes
in pathway

Normalized
enrichment score

Normalized
p value

FDR
q-value

Down-regulated pathways in the SA1684 deletion
mutant compared with the parent strain

Oxidative phosphorylation 22 	2.23 0.000 0.000
Pyrimidine metabolism 46 	1.84 0.000 0.011
Two-component system 63 	1.82 0.000 0.009
Alanine, aspartate and glutamate metabolism 18 	1.60 0.036 0.034
Glycolysis/gluconeogenesis 38 	1.44 0.022 0.073

Up-regulated pathways in the SA1684-deletion
mutant compared with the parent strain

Ribosome 54 1.72 0.000 0.044
Protein export 16 1.55 0.016 0.185
Folate biosynthesis 18 1.54 0.029 0.139
Fatty acid metabolism 18 1.52 0.023 0.140
ABC transporters 99 1.46 0.007 0.207
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terial counterparts for apyrase have been discovered in Sulfolo-
bus acidocaldarius (46), Shigella flexneri (47, 48), enteroin-
vasive E. coli (49), and Legionella pneumophila (50). The S. aci-
docaldarius enzyme hydrolyzes ATP and ADP in the absence of
divalent cations (46). The L. pneumophila enzyme hydrolyzes
ATP, GTP, ADP, and GDP in the presence of Mg2�, Ca2�, and
Zn2� ions. These biochemical characteristics of the apyrase
family proteins differ from those of SA1684 and the primary
sequences of apyrase and SA1684 also differ, indicating that the
SA1684 protein could be a promising target of antimicrobial
chemotherapy.

In this study, we identified five novel virulence genes, includ-
ing the SA1684 gene, from among eight hypothetical genes
using the silkworm infection model. Further investigation of
these novel virulence factors will enhance our understanding of
the bacterial virulence regulatory system.

Experimental Procedures

Bacterial Strains and Growth Conditions—The E. coli JM109
strain was used as the plasmid host. E. coli strains transformed
with plasmids were aerobically cultured at 37 °C in Luria-Ber-
tani broth containing 25 �g/ml chloramphenicol. S. aureus
strains were aerobically cultured in tryptic soy broth at 37 °C,
and 12.5 �g/ml chloramphenicol was added when culturing
transformants with plasmids. The bacterial strains and plas-
mids used in this study are listed in Table 4.

DNA Manipulation—Transformation of S. aureus with plas-
mids was performed by electroporation (51). Phage transduc-
tion was performed using phage 80� (52). Transformation of
E. coli, extraction of plasmid DNA, PCR, and Southern blot

hybridization were performed according to previously reported
methods (53). Genomic DNA of S. aureus cells was extracted
using a QIAamp DNA blood kit (Qiagen) after digesting the cell
wall components using lysostaphin (Wako Chemicals, Tokyo,
Japan).

Construction of S. aureus Gene-deletion Mutants by Double
Crossover Homologous Recombination—A vector for allelic
replacement in S. aureus, pKOR1 (24), was modified by remov-
ing the ccdB gene that is toxic to normal E. coli cells, resulting in
pKOR3a (54). The DNA regions (
800 bp) upstream and
downstream of the target gene were amplified by PCR using
primer pairs (Table 5) and genomic DNA of RN4220 strain as a
template. The two amplified DNA fragments and a DNA frag-
ment containing the erythromycin-resistant gene were spliced
together by overlapped extension PCR. The amplified fragment
was inserted into the SmaI site of pKOR3a to obtain the target-
ing vector. S. aureus RN4220 strain was transformed with the
targeting vector and cultured at 43 °C, resulting in integration
of the targeting vector into the chromosome. The strain was
cultured on agar plates containing anhydrotetracycline to kill
the bacteria harboring the plasmid, and the developing colony
was examined for sensitivity against chloramphenicol and resis-
tance against erythromycin. The deletion was transferred to the
RN4220 strain by phage 80�, resulting in a new erythromycin-
resistant mutant. The gene deletion was confirmed by Southern
blot analysis.

Silkworm Infection Experiment—Silkworms were raised in
our laboratory (12). Fifth instar larvae were fed an antibiotic-
free diet (Sysmex Corp., Kobe, Japan) for 1 day and then

TABLE 4
List of bacterial strains and plasmids used
The following abbreviations are used: Erm, erythromycin; Tet, tetracycline; Cm, chloramphenicol; Km, kanamycin.

Strain or plasmid Genotypes or characteristics Source or ref.

Strains
S. aureus

RN4220 NCTC8325-4, restriction mutant 34
M0003 RN4220 SA0003::ermAM; Ermr This study
M0649 RN4220 SA0649::ermAM; Ermr This study
M0873 RN4220 SA0873::ermAM; Ermr This study
M0949 RN4220 SA0949::ermAM; Ermr This study
M1108 RN4220 SA1108::ermAM; Ermr This study
M1125 RN4220 SA1125::ermAM; Ermr This study
M1292 RN4220 SA1292::ermAM; Ermr This study
M1684 RN4220 SA1684::ermAM; Ermr This study
CK3 RN4220 �agr::tetM; Tetr 16
CK3D1684 RN4220 �agr::tetM, SA1684::ermAM; Tetr, Ermr This study

E. coli
JM109 Host strain for cloning Takara Bio
BL21(DE3)-RIPL Host strain for protein overproduction Agilent Technologies

Plasmids
pKOR3a Vector for allelic replacement in S. aureus, Cmr 54
pND50 S. aureus-E. coli shuttle vector; Cmr 32
pSA1684 pND50 with intact SA1684 This study
pY88A pND50 with SA1684 Y88A This study
pD106A pND50 with SA1684 D106A This study
pD123A/E124A pND50 with SA1684 D123A/E124A This study
pET28b E. coli vector for protein overproduction; Kmr Novagen
pOp-SA1684 pET28b with intact SA1684 This study
pOp-Y88A pET28b with SA1684 Y88A This study
pOp-D106A pET28b with SA1684 D106A This study
pOp-D123A/E124A pET28b with SA1684 D123A/E124A This study
pCK5000 pND50 with luc� gene from pGL3 19
pCK5001 pCK5000 with agr P2 promoter from RN4220 19
pCK5002 pCK5000 with agr P3 promoter from RN4220 19
pCK5003 pCK5000 with hla promoter from RN4220 19
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injected with 50 �l of bacterial solution using a 1-ml syringe
equipped with a 27-gauge needle. Surviving silkworms were
counted at 24 h post-infection. Infection experiments were per-
formed at 27 °C.

Colony Spreading Assay—Tryptic soy broth containing 0.24%
agar (Nacalai Tesque, Kyoto, Japan) was autoclaved, and the
sterile medium was poured into 8-cm plates (30). The plates
were dried for 20 min in a safety cabinet and then spotted with
2 �l of S. aureus overnight culture and dried further for 20 min.
The plates were incubated at 37 °C for 8 h.

Measurement of Hemolysin and Nuclease Production—To
measure S. aureus hemolysin production, S. aureus overnight
cultures were spotted onto tryptic soy broth agar plates con-
taining 5% sheep erythrocytes and incubated overnight. Quan-
titative measurement of the hemolytic activity was performed
according to a previous method (19). Briefly, 2-fold serial diluted
supernatants of S. aureus overnight cultures were mixed with
sheep blood erythrocytes for 1 h at 37 °C in a 96-well microplate.
The plate was centrifuged, and absorbance of the supernatants at
450 nm was measured. The reciprocal of the dilution that caused
50% lysis were determined as the hemolytic unit.

To measure S. aureus nuclease production, S. aureus over-
night cultures were spotted onto a DNA agar plate (Eiken,
Japan) and incubated overnight. The plate was reacted with 1.5
N HCl, and the clear zone around the bacterial colony was
measured.

Reporter Assay—S. aureus RN4220 strain and the gene-dele-
tion mutants were transformed with reporter plasmids (Table
4). They were cultured to A600 � 1, collected by centrifugation,
and lysed in a buffer (20 mM potassium phosphate buffer (pH
7.8), 0.04% Triton X-100, 100 �M DTT, 10 �g/ml lysostaphin, 1
tablet of protease inhibitor/50 ml (Complete, Roche Applied

Science). Cell lysate supernatant (100 �l) was incubated with
an equal volume of luciferase substrate (Promega, Madison,
WI), and luminescence was measured using a luminometer
(Berthold Technologies, Bad Wildbad, Germany). The pro-
moter activity was calculated as luminescence units/mg of
protein.

Analysis of Extracellular Proteins, Cell Wall Proteins, and
Cytosol/Membrane Proteins—S. aureus extracellular proteins,
cell wall proteins, and cytosol/membrane proteins were frac-
tionated according to a previous method (19, 55) with minor
modifications. S. aureus overnight culture (50 �l) was inocu-
lated into 5 ml of fresh tryptic soy broth and aerobically cul-
tured for 15 h at 37 °C. The culture was centrifuged at 20,400 �
g for 5 min, and the supernatant was mixed with TCA (final
concentration, 10%). The sample was incubated on ice for 30
min and centrifuged at 20,400 � g for 25 min at 4 °C. The pre-
cipitate was washed twice with ice-cold ethanol. The precipi-
tate was dissolved in SDS sample buffer and analyzed by SDS-
PAGE. To obtain the cell wall proteins and cytosol/membrane
proteins, the 15-h culture was centrifuged at 20,400 � g for 5
min, and the precipitated bacterial cells were suspended in a
digestion solution (50 mM Tris-HCl (pH 7.5), 145 mM NaCl,
30% raffinose, lysostaphin 200 �g/ml, DNase I 10 �g/ml) and
incubated at 37 °C for 30 min. The sample was centrifuged at
9560 � g for 10 min at 4 °C. The precipitate was dissolved in
SDS sample buffer and analyzed as cytosol/membrane proteins.
The centrifuged supernatant was mixed with TCA (final con-
centration, 10%) and centrifuged at 20,400 � g for 25 min at
4 °C. The precipitate was washed with ice-cold ethanol, dis-
solved in SDS sample buffer, and analyzed as cell wall proteins.

Purification of SA1684 Protein—E. coli BL21(DE3)-RIPL
strain was transformed with pET28b or pOp-SA1684 and cul-
tured in Terrific broth containing 1 M sorbitol and 10 mM beta-
ine at 37 °C overnight. Ten milliliters of the overnight culture
was inoculated into 1 liter of the same fresh medium and cul-
tured to A600 � 0.4 at 37 °C. The culture was supplemented
with isopropyl �-D-1-thiogalactopyranoside (final concentra-
tion, 0.5 mM) and cultured overnight at 16 °C. The culture was
centrifuged at 12,020 � g for 10 min, and the precipitated bac-
terial cells were suspended in a lysis buffer (20 mM Tris-HCl
(pH 7.2), 500 mM NaCl, 5 mM imidazole) and frozen in liquid
nitrogen. The frozen cells were dissolved, lysed by sonication,
and centrifuged at 91,287 � g for 1 h. The supernatant was
mixed with nickel affinity resin (ProBond resin, Life Technolo-
gies, Inc.) for 1 h at 4 °C. The resin was washed with a wash
buffer (20 mM Tris-HCl (pH 7.2), 500 mM NaCl, 67.2 mM imid-
azole). Protein was eluted from the resin with an elution buffer
(20 mM Tris-HCl (pH 7.2), 500 mM NaCl, 1 M imidazole). The
protein concentration was determined by the Bradford assay.

Measurement of Nucleoside Diphosphate Hydrolysis—Nucle-
oside diphosphate was mixed with protein solution in a reac-
tion buffer (20 mM HEPES-KOH (pH 7.5), 50 mM NaCl, 0.5 mM

MnCl2). The reaction product was analyzed by TLC on PEI-
Cellulose F plates (Merck) by a solvent (saturated ammonium
sulfate:3 M sodium acetate:isopropyl alcohol � 40:3:1). The
reaction product was visualized under UV light (254 nm). To
quantitatively measure the NDP hydrolysis, the reaction was
stopped by EDTA (final concentration: 5 mM), and the free

TABLE 5
Primers used in this study
F indicates forward; R indicates reverse.

Primer Sequence

SA0003L-F ATGCACAGCGACTGACTCAC
SA0003L-R ATTCTTGAAGACGAATGTCACAAATTTCATTTAAAATAGAGG
SA0003R-F TTTGTAAATTTGGAATTAATCATTCATCAAGGTGAACA
SA0003R-R GGACAAAGCCGTTGTACGTT
SA0649L-F TTGGAAAAGTGCCCCAAATA
SA0649L-R ATTCTTGAAGACGAATGATCAATCCCCTTTATTTTAATATGT
SA0649R-F TTTGTAAATTTGGAATCAATAGCACTTTACTTTTTAGTTGAA
SA0649R-R CCTAGTCCAAATGGCAGCAT
SA0873L-F TGATGCGATCATTGTTGGAT
SA0873L-R ATTCTTGAAGACGAATTCCTCCTTTGTTTAACCTATTGC
SA0873R-F TTTGTAAATTTGGAAAGATAAATGGAAAGTTATTGAAACG
SA0873R-R GTGGCAAACAAATGGGCTAT
SA0949L-F GGTTATTCAGAAGCGCAAGC
SA0949L-R ATTCTTGAAGACGAACCTATGTTCATTTATTTTTCCACCT
SA0949R-F TTTGTAAATTTGGAAGCGACAGCTTCATATTTATAGGG
SA0949R-R TAACCATGCGTCCTTCAACA
SA1108L-F CATGCAGCAGCATACGTTTT
SA1108L-R ATTCTTGAAGACGAAACAGGCCTCCCTTTTTGG
SA1108R-F TTTGTAAATTTGGAAAACGTGATGAGGAGGAAAAA
SA1108R-R AACACATGCACCAACAGCAT
SA1125L-F GGTGAGGTTCACCATGACAG
SA1125L-R ATTCTTGAAGACGAACGTTTTCAATTCATAGCCTCCT
SA1125R-F TTTGTAAATTTGGAACAGAAATAAATTAGTGAGAAATGAGGA
SA1125R-R CCGTTGGTATTAGCGATTTGA
SA1292L-F TCCTTTATGGGCACAACACA
SA1292L-R ATTCTTGAAGACGAATTCTACGTTCTCCTTATATTGCATTTC
SA1292R-F TTTGTAAATTTGGAAAAAATCGATTCGAAAGAAAGTGA
SA1292R-R GACGCATTGGCACTAATTCA
SA1684L-F ACAATCGACGAGGAAATCGT
SA1684L-R ATTCTTGAAGACGAAACTCCACACCACCTTCTGTT
SA1684R-F TTTGTAAATTTGGAATTTTATCAAAGTTTGGAAAGAACG
SA1684R-R CGCTTCATTGTCTTCAATCG
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phosphate in the reaction sample was measured by the mala-
chite green-based method (56). KH2PO4 was used as a stan-
dard. The kinetic parameters of the enzyme reaction were
determined by nonlinear regression analysis using Graph Pad
Prism version 5.0c.

Quantitative Reverse Transcription-PCR Analysis—S. aureus
overnight cultures (50 �l) were inoculated into 5 ml of tryptic
soy broth and cultured to A600 � 1 at 37 °C. Total RNA was
extracted using RNAprotect bacteria reagent (Qiagen) and an
RNeasy mini kit (Qiagen). cDNA was synthesized from total
RNA using a random hexamer and MultiScribe Reverse Tran-
scriptase (Applied Biosystems). Quantitative PCR analysis was
performed as described previously (57).

RNA Sequence Analysis—Total RNA was extracted as
described above and RNA-seq template was prepared using an
Agilent strand-Specific RNA prep kit (Agilent) without poly(A)
selection. Sequencing was performed using a Hiseq2500 plat-
form (Illumina). At least 10 million sequences of 36-base single
end reads were generated per sample. The data were analyzed
using CLC Genomics Workbench software, version 8.5.1 (CLC
Bio, Aarhus, Denmark). The number of reads per kilobase per
million mapped reads was compared between the parent strain
and the SA1684-deletion mutant or between the SA1684-dele-
tion mutant and the complemented strain. Experiments were
performed three times independently, and the differential gene
expression was statistically analyzed using “Empirical Analysis
of DGE (differential gene expression).” Genes with more than
2-fold differential expression and with a false discovery rate p
value less than 0.05 were identified.

Gene enrichment analysis was performed according to the
previously described method (58, 59). Normalized RNA
sequence data of the parent strain and the SA1684-deletion
mutant were formatted as a .gct and .chip file. The S. aureus
NCTC8325 genome contains 2844 genes, of which 935 genes
are categorized in 106 pathways in the KEGG database and
were formatted as a .gmt file. The analysis was performed using
Gene Set Enrichment Analysis (GESA) software. Differences in
the pathways were considered significant if the normalized p
value was less than 0.05.
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