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ABSTRACT

IMPORTANCE

Despite a paucity of regulatory proteins, adaptation is key to the survival of H. pylori within the stomach. While prior studies have
focused on individual regulatory proteins, such as Fur, NikR, and ArsRS, few studies have examined the combined effect of these
factors. Analysis of isogenic mutant strains that contained all possible single, double, and triple regulatory mutations in Fur,
NikR, and ArsS revealed a previously unrecognized role for the acid-responsive two-component system ArsRS in biofilm formation.

H

elicobacter pylori is a Gram-negative pathogen that colonizes
the gastric mucosa of humans and nonhuman primates. Approximately 50% of the world’s population is infected with H.
pylori, and phylogeographic evidence suggests that the bacterium
may have been associated with mankind for more than 100,000
years (1). Given this long-standing association with its host and
the specificity of the gastric niche, it is not surprising that H. pylori
exhibits a minimalist genome indicative of reductive evolution (2,
3). As such, the H. pylori genome encodes approximately half the
number of regulatory proteins seen in Haemophilus influenzae,
which has a similar-size genome (3, 4); moreover, the closely related species Campylobacter jejuni also appears to encode a larger
repertoire of regulatory proteins (5). Within the human stomach,
H. pylori faces fluctuating stressors, such as acidity, nutrient availability, osmotic pressure, and host defenses. In order to adapt and
persist within this hostile niche, H. pylori has developed a complex
regulatory network that optimizes the activities of the few regulators carried in the genome (4, 6, 7). Three key nodes within this
regulatory structure are represented by the following regulatory
proteins: Fur, the ferric uptake regulator; NikR, a nickel response
regulator; and ArsRS, an acid-responsive two-component system
(7). The prominent roles of these regulators are highlighted by the
fact that all three are required for wild-type colonization levels in
animal models (8–11). The importance of the OmpR-like re-
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sponse regulator ArsR is further demonstrated by the fact that it is
essential for in vitro survival. Intriguingly, the cognate histidine
kinase ArsS is dispensable in vitro, and a nonphosphorylatable
form of ArsR (ArsR-D52N mutant) also supports viability of H.
pylori (12–14). Thus, the essentiality of ArsR must depend on the
regulation of essential genes by the nonphosphorylated form of
the protein (15). The nature of this regulation is not clearly understood, and despite the two states of ArsR, most transcriptional
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Helicobacter pylori must be able to rapidly respond to fluctuating conditions within the stomach. Despite this need for constant adaptation, H. pylori encodes few regulatory proteins. Of the identified regulators, the ferric uptake regulator (Fur), the nickel response regulator (NikR), and the two-component acid response system (ArsRS) are each paramount to the success of this pathogen. While numerous studies have individually examined these regulatory proteins, little is known about their combined effect.
Therefore, we constructed a series of isogenic mutant strains that contained all possible single, double, and triple regulatory mutations in Fur, NikR, and ArsS. A growth curve analysis revealed minor variation in growth kinetics across the strains; these were
most pronounced in the triple mutant and in strains lacking ArsS. Visual analysis showed that strains lacking ArsS formed large
aggregates and a biofilm-like matrix at the air-liquid interface. Biofilm quantification using crystal violet assays and visualization via scanning electron microscopy (SEM) showed that all strains lacking ArsS or containing a nonphosphorylatable form of
ArsR (ArsR-D52N mutant) formed significantly more biofilm than the wild-type strain. Molecular characterization of biofilm
formation showed that strains containing mutations in the ArsRS pathway displayed increased levels of cell aggregation and adherence, both of which are key to biofilm development. Furthermore, SEM analysis revealed prevalent coccoid cells and extracellular matrix formation in the ArsR-D52N, ⌬nikR ⌬arsS, and ⌬fur ⌬nikR ⌬arsS mutant strains, suggesting that these strains may
have an exacerbated stress response that further contributes to biofilm formation. Thus, H. pylori ArsRS has a previously unrecognized role in biofilm formation.
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between Fur, NikR, and ArsRS, herein, we describe the creation
and basic characterization of a series of isogenic H. pylori mutant
strains in which each regulatory protein was knocked out singularly or in combination. Basic characterization of these
strains led to the novel observation that the ArsRS system plays
a previously unappreciated role in biofilm formation in this
important pathogen.
MATERIALS AND METHODS
Bacterial strains and growth. The strains and plasmids used in the study
are listed in Table 1. All isogenic mutant strains were created using H.
pylori G27 as the parental strain (51, 52). Unless otherwise noted, H. pylori
strains were cultured as previously described (53). Briefly, all cultures
were grown at 37°C in gas evacuation jars under microaerobic conditions
(5% O2, 10% CO2, and 85% N2) generated with an Anoxomat gas evacuation and replacement system (Advanced Instruments, Inc.). For plate
cultures, strains were grown on horse blood agar (HBA) composed of 4%
Columbia agar (Neogen Corporation), 5% defibrinated horse blood
(HemoStat Laboratories, Dixon, CA), 2 mg/ml ␤-cyclodextrin (Sigma),
and an antibiotic-antifungal cocktail (10 g/ml vancomycin [Amresco], 5
g/ml cefsulodin [Sigma], 2.5 U/ml polymyxin B [Sigma], 5 g/ml trimethoprim [Sigma], and 8 g/ml amphotericin B [Amresco]). H. pylori
liquid medium consisted of brucella broth (Neogen Corporation) supplemented with 10% fetal bovine serum (FBS) (Gibco) and 10 g/ml vancomycin. Liquid cultures were grown with shaking at 100 rpm. H. pylori
strains were maintained as stock cultures at ⫺80°C. Stock cultures were
frozen in brain heart infusion broth (BD Biosciences) containing 10%
FBS and 20% glycerol (EMD Chemicals, Inc.).
Construction of G27 ⌬fur ⌬nikR mutant. The G27 ⌬fur ⌬nikR mutant strain was constructed by naturally transforming DSM145 (⌬fur::
kan) (54) with pDSM924 (53), which carries a ⌬nikR::cat cassette. Transformants were selected on HBA plates supplemented with 25 g/ml
kanamycin (Kan) (Gibco) and 8 g/ml chloramphenicol (Cm) (EMD
Chemicals, Inc.) to ensure colonies selected were lacking both fur
(Kan) and nikR (Cm). Integration and subsequent deletion of nikR
were confirmed by PCR using primers HP1338_Del_Conf_F and
HP1338_Del_Conf_R. The sequences of the primers used are listed in
Table 1. Colonies with amplicons of the expected size for nikR::cat were
sequenced to verify the deletion of nikR. Fur deletion confirmation primers Fur-expressF1 and Fur-expressR1 are modified versions of 1027-F1
(SalI) and 1027-R6 (NotI), respectively (10), in which the restriction site
has been removed. Fur-expressF1 and Fur-expressR1 were used in PCR
and sequencing to verify that the ⌬fur mutation was unaltered, and the
G27 ⌬fur ⌬nikR mutant strain was archived as DSM986.
Construction of G27 ⌬fur ⌬arsS mutant. The G27 ⌬fur ⌬arsS mutant strain was constructed by naturally transforming pDSM920 (55),
carrying a ⌬arsS::kan cassette, into DSM300 (⌬fur::Cmr) (54). Transformants were selected on HBA plates supplemented with 25 g/ml Kan and
8 g/ml Cm. Kan/Cm-resistant colonies were verified by PCR using
primer pairs HP0165_del_ver_F/HP0165_del_ver_R and Fur-expressF1/
Fur-expressR1 for the ⌬arsS and ⌬fur mutants, respectively. Products
displaying the expected size change for the deletion of arsS and fur were
sequenced using the primers described above, and the ⌬fur ⌬arsS mutant
strain was archived as DSM987.
Construction of G27 ⌬fur ⌬nikR ⌬arsS mutant. The G27 mutant
strain containing the combined deletions of fur, nikR, and arsS was constructed by transforming DSM1071 (⌬nikR ⌬arsS mutant) (53) with
p⌬HP1027-K7 (10), which contains a ⌬fur::kan cassette. Transformants were selected on 25 g/ml Kan. PCR with the primer sets FurexpressF1/Fur-expressR1, HP1338_Del_Conf_F/HP1338_Del_Conf_R,
and HP0165_del_ver_F/HP0165_del_ver_R was used to screen Kan-resistant colonies for the deletion of fur, nikR, and arsS, respectively. The
Fur deletion mutant was further confirmed by sequencing with FurexpressF1/Fur-expressR1, and the resulting ⌬fur ⌬nikR ⌬arsS mutant
strain was archived as DSM1441.
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studies focus on elucidating the targets of the pH-dependent
phosphorylated ArsR (ArsR⬃P) regulon. Based upon this literature, current evidence indicates that ArsR⬃P can act to repress or
activate the expression of different sets of genes (16, 17).
In an effort to understand adaptation, numerous studies have
sought to define the regulon of genes controlled by Fur, NikR, and
ArsRS (10, 16–22). Examination of these transcriptome studies en
masse demonstrates the vast and overlapping nature of the Fur,
NikR, and ArsRS regulons. Furthermore, evidence suggests that
these regulators affect expression of each other; nikR and arsR are
part of the Fur regulon (23, 24), whereas NikR appears to regulate
fur (20, 25). Given the overlapping nature of these regulatory cascades, it is likely not surprising that the role of each of these factors
appears to be expanded compared to what is seen in other bacteria. For example, although Fur and NikR are classically thought of
as metallo-regulators, in H. pylori, they also play an important role
in acid acclimation (10, 26). Furthermore, Fur has been shown to
be important for adaptation to oxidative, nitrosative, and osmotic
stress (27–29). Thus, further study of the intricate interaction between each of these regulatory factors may provide increased information about the adaptation process of H. pylori.
One general adaptive mechanism used by many bacteria is the
formation of biofilm structures that provide increased protection
from a number of different stresses. Biofilm formation by H. pylori
has been demonstrated both in vitro (30–32) and in vivo (33–37).
While it is unclear exactly what drives biofilm formation in H.
pylori, protection from antibiotics and host defenses during infection (35, 38, 39) and/or protection in putative environmental reservoir (40–43) have been proposed. Basic characterization has
shown that in vitro biofilm formation is varied across strains (32) and
appears to be induced under conditions, such as serum/nutrient starvation (44, 45). Initial investigations of the extracellular polymeric
substances (EPS) matrix observed in in vitro biofilms revealed the
presence of lipids, amino acids, and monosaccharides. Further
investigation of the EPS matrix demonstrated the presence of extracellular DNA (eDNA); however, in contrast to what has been
shown for other Gram-negative species, eDNA does not appear to
play a structural role in H. pylori biofilms (46). An increased number of outer membrane vesicles (OMVs) are associated with H.
pylori found within a biofilm compared to planktonic bacteria,
suggesting a potential link between OMV production and biofilm
formation (47, 48). Interestingly, OMVs have been observed in
association with other Gram-negative biofilms, such as those
formed by Pseudomonas aeruginosa (49).
Apart from what can be inferred from the descriptive biofilm
studies, little is known about the molecular mechanisms that drive
biofilm formation or the genes that are required for biofilms in H.
pylori. Notable exceptions include studies that indicate that the
deletion of cagE and luxS results in increased biofilm formation,
whereas the deletion of additional genes (crdR, clpA, ppk, and hpA)
known to contribute to biofilm development in other bacteria had
no effect on biofilm formation by H. pylori (31). Proteomic analysis designed to identify proteins involved in biofilm formation
identified numerous proteins that were differentially regulated
between biofilm and planktonic H. pylori; intriguingly, ArsR was
among the proteins upregulated (⬎2-fold) in the biofilm community (50). Overall, relatively little is understood about the molecular mechanisms that lead to biofilm formation in this important
pathogen.
In an effort to understand the complex regulatory interaction
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TABLE 1 Primers, plasmids, and bacterial strains used in this study
Sequence or descriptiona

Source or reference

Primers
Primers for ArsR-D52N mutant construction
Up1F
Up2R
Dn1F
Dn2R
Dn3F
Dn4R
KanF
KanR

GGGGATTTTTTGAGCGTTGAG
gttagtcacccgggtaccgagctcCACTCTGTGTTTTCTCGCTCC
ctagagtcgacctgcaggcatgcaagCCATGAAAACAAAGCCTTAATTTCC
CTAAATTAGGCAAAGTCAAATtCAACAACAACAAATC
GATTTGTTGTTGTTGaATTTGACTTTGCCTAATTTAG
CGCAAACGGCCAATGATCAC
GTTAGTCACCCGGGTACCGAGCTC
CTAGAGTCGACCTGCAGGCATGCAAG

This study
This study
This study
This study
This study
This study
This study
This study

Primers for ⌬fur mutant confirmation
Fur-expressF1
Fur-expressR1

ATGAAAAGATTAGAAACTTTGGAA
ACATTCACTCTCTTGGCATTC

This study
This study

Primers for ⌬nikR mutant confirmation
HP1338_Del_Conf_F
HP1338_Del_Conf_R

GGCCAACCATTTAAATCCAG
GTTTTGATAAGCGGGCAAGA

This study
This study

Primers for ⌬arsS mutant confirmation
HP0165_del_ver_F
HP0165_del_ver_R

TGAAAGCATTGCGATTGAGA
AAAACGGCTTTGATGCCTAA

This study
This study

GGGGTTTTGCGTTTCTCTATC
AATTCCGCGGTTATTGTTTTTCTTTAACCCCAC
AATTTCTAGATTAAGATATTTTCAAGGTATCTTTAATAATAAAA
TGCTAGAATTAGTCCCTTAAAACATTAGCAAAGTTAATCGTT
TTTAAAGTTGCAGAAATCATTGAAGGAGTTAATTGAAGTttgcgttt
ctctatcttttttaagg
AATTTCTAGATTAAGATATTTTCAAGGTATC

This study
This study
This study

Plasmids
pDSM924
pDSM920
p⌬HP1027-K7
pDSM1525

pGEM T-easy::⌬nikR::cat
pBluescript::⌬arsS::kan
pCRII-Topo::⌬fur::kan
pTM117::arsSC

53
55
10
This study

Strains
DSM1
DSM41
DSM145
DSM300
DSM975
DSM983
DSM986
DSM987
DSM1071
DSM1441
DSM1446
DSM1526

WT G27
G27 ⌬flgR::cat Cmr
G27 ⌬fur::kan Kanr
G27 ⌬fur::cat Cmr
G27 ⌬nikR::cat Cmr
G27 ⌬arsS markerless
G27 ⌬fur::kan or ⌬nikR::cat, Kanr Cmr
G27 ⌬fur::cat or ⌬arsS::kan, Kanr Cmr
G27 ⌬arsS or nikR::cat, Cmr
G27 ⌬arsS or ⌬fur::kan or ⌬nikR::cat, Kanr Cmr
G27 ArsR-D52N, unphosphorylatable, Kanr
G27 ⌬arsS markerless/pTM117::arsSC

51
14
54
54
53
53
This study
This study
53
This study
This study
This study

Primers for ⌬arsS mutant complementation
ArsS_F
ArsS_compR
ArsS_compF

ArsRProm_F

This study

a
Lowercase letters indicate regions of overlap sequence for SOE PCR. Underlined lowercase nucleotides indicate the point mutation that encodes the D52N mutation. Bold
italicized nucleotides correspond to restriction digestion sites. Cmr, chloramphenicol resistance; Kanr, kanamycin resistance.

Construction of G27 ArsR-D52N mutant. Site-directed mutagenesis
was used to create a nonphosphorylatable ArsR mutant strain (ArsRD52N) (13, 15). The ArsR-D52N mutant strain was constructed in a stepwise manner using consecutive splicing by overlap extension (SOE) PCR,
followed by allelic exchange. The initial SOE PCR was performed to introduce an adenine at position 154 of arsR, which results in an asparagine
at amino acid position 52 in lieu of an aspartic acid. To accomplish this,
arsR was amplified in two fragments: fragment one was amplified with
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Dn1F and Dn2R and included the arsR promoter and about 1/4 of the
coding region (nucleotides 169811 to 170269, gpCP001173.1), and fragment two was amplified with Dn3F and Dn4R and included a 30-bp overlap with fragment one in addition to a majority of arsR 3= region (nucleotides 170234 to 170584). Dn2R and Dn3F both contain the G¡A
transition, which is introduced into arsR during SOE PCR of the two arsR
fragments. The resulting arsR construct, which carries the single-basepair modification, was then used as the downstream section for the sub-
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differentiation solution for 15 min, 1 ml of solubilized crystal violet solution was then transferred to a cuvette, and the absorbance (OD590) for
each sample was read. The data shown represent three biologically independent experiments (see Fig. 3).
SEM. Stock cultures (OD600, 0.3 to 0.7) were inoculated 1:10 into fresh
brucella broth in 12- or 24-well plates. Biofilms were captured on cell
culture-treated coverslips at the bottom of the wells and analyzed by scanning electron microscopy, as previously described (56). Briefly, samples
were fixed with 2.0% paraformaldehyde (Electron Microscopy Sciences)
and 2.5% glutaraldehyde (Electron Microscopy Sciences) in 0.05 M sodium cacodylate (pH 7.4; Electron Microscopy Sciences) buffer for 24 h.
After primary fixation, samples were washed three times with 0.05 M
sodium cacodylate buffer before sequential dehydration with increasing
concentrations of ethanol. After ethanol dehydration, samples were dried
at the critical point using a Tousimis critical point dryer machine,
mounted onto aluminum SEM sample stubs (Electron Microscopy Sciences), and sputter coated with 5 nm of gold-palladium. Afterward, samples were painted with a thin strip of colloidal silver (Electron Microscopy
Sciences) at the edge to facilitate charge dissipation. Biofilms were imaged
with an FEI Quanta 250 field-emission gun scanning electron microscope.
The micrographs shown are representative of three biological replicates
(see Fig. 4).
Motility assay. H. pylori cultures were started as described in the
growth curve assay. After approximately 20 h of growth, each culture was
passed through a 30-G needle to disrupt large aggregates that form in
some strains, which could influence OD measurement. After passage
through the needle, 0.5 ODU of each culture was pelleted and resuspended in 50 l of H. pylori liquid medium. From this suspension, 2 l
was inoculated into motility agar plates with a 10-l pipette tip. Motility
agar consisted of 2.5% brucella broth, 0.3% agar-agar (EMD Chemicals),
10% FBS, and 10 g/ml vancomycin. Plates were incubated at 37°C under
microaerobic conditions, and the area of the halo of motility was measured 3, 5, and 7 days postinoculation. At each time point, plates were
removed and imaged on an ImageQuant Las4000 (GE). Area measurements were completed in ImageJ version 1.48 (http://imagej.nih.gov/ij/)
using a scale set by the known dimensions of the plate. The data presented
represent three independent biological replicates (see Fig. 5).
Bacterial aggregation assay. Bacterial autoaggregation was assessed as
previously described (32), with the following modifications. H. pylori cultures were prepared as described in the bacterial motility assay. One optical density unit of each culture was pelleted, washed with PBS, and resuspended in 2 ml of PBS in 12 by 75-mm glass tubes, and an initial OD600
reading was taken (T0). The tubes were then placed in a shaking incubator
(190 rpm, 37°C), and additional OD readings at 600 nm were taken after
2 h. Percent autoaggregation was calculated as follows: [(OD600T0 ⫺
OD600T2)/OD600T0)] ⫻ 100. The data shown represent a minimum of
three biological replicates (see Fig. 6A).
Plate adherence assay. The plate adherence assay was conducted as
previously described (57), with several modifications. Overnight liquid
cultures of each strain were inoculated into 6 separate wells of a 96-well
tissue culture-treated plate (Corning) at an OD600 of 0.1 ODU per well in
100 l of H. pylori liquid medium. At various time points postinoculation,
the liquid was aspirated from three wells per strain. These same wells were
washed three times with PBS, after which 200 l of 5% alamarBlue (Invitrogen) diluted in H. pylori liquid medium was added to each well. The
5% alamarBlue solution was also added to three empty wells to serve as the
blank. In the three remaining wells for each strain, 100 l of 10% alamarBlue in H. pylori liquid medium was added. These wells were used to
determine the number of starting bacteria. After the addition of alamarBlue, the plates were wrapped in foil to prevent light exposure and
were incubated at 37°C, under microaerobic conditions, in a static
incubator for 2 h. The plate was then read using an excitation wavelength of 544 nm and emission wavelength of 590 nm, which resulted
in relative fluorescence units (RFU) for each well. Triplicate wells for
each experiment were averaged. From the averaged values, percent adherence
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sequent SOE PCRs. In addition to the arsR construct, two standard PCRs
were run to amplify the region upstream of arsR (nucleotides 170645 to
171164, amplified with Up1F and Up2R) and a Kan resistance (Kanr)
cassette (amplified with KanF and KanR). Next, the upstream fragment
was fused to the 5= end of the Kanr cassette through SOE PCR with Up1F
and KanR. In the final step, the upstream Kanr PCR product was fused the
5= end of the arsR construct by SOE PCR using Up1F and Dn4R. The
resulting SOE PCR product was used to transform G27 (DSM1) (51).
Transformants were selected on 25 g/ml Kan. Dn1F and Dn4R primers
were used to PCR amplify Kan-resistant colonies, and the resulting amplicons were screened by restriction digestion with Apo1; the G¡A transition introduces an Apo1 site. Dn1F and Dn4R were used to sequence the
ArsR region of colonies for which PCR products yielded the correct Apo1
digestion pattern. Twofold sequence coverage for the region was obtained
to confirm the transition mutation, and the resulting strain was archived
as DSM1446.
Construction of the complemented G27 ⌬arsS-arsSC strain. The
arsS deletion was complemented in trans. Since arsS is the second gene in
an operon with arsR, the promoter region of arsR was fused upstream of
arsS using SOE PCR. Briefly, the arsR promoter region was synthesized as
an oligonucleotide named ArsS_compF; this oligonucleotide was designed to contain an overlapping complementary sequence to arsS. The
arsS coding region was amplified with primers ArsS_F and ArsS_compR.
The promoter fragment and the arsS fragment were then mixed together and
fused in a SOE PCR that employed the ArsR_promF and ArsS_compR primers; these primers were designed to incorporate restriction sites needed for
downstream cloning. The resulting fragment was digested with XbaI and
SacII and ligated into the similarly digested pTM117 vector (54). The
ligation was then transformed into TOP10 chemically competent Escherichia coli, and transformants were selected on LB containing 25 g/ml
Kan. pTM117::arsS-positive colonies were confirmed by PCR, and the
resulting pTM117::arsS complementation construct was transformed
into the G27 ⌬arsS mutant strain. Transformants were selected on HBA
containing 25 g/ml Kan. To prove reproducibility, five separate complementation colonies (designated ⌬arsS-arsSC) were selected, were shown
to express arsS by quantitative real-time PCR (qRT-PCR), and were tested
in the biofilm assay. Given that all 5 isolates behaved similarly, one isolate
was archived as DSM1526.
Growth curves. Bacterial cultures were patched from freezer stocks
onto HBA plates. After 48 h, sterile swabs were used to inoculate a 10-ml
liquid starter culture in H. pylori liquid medium. Liquid starter cultures
were grown for 20 to 24 h, and then 60-ml liquid cultures were standardized to a starting optical density at 600 nm (OD600) of 0.05 optical density
units (ODU) from the overnight starter culture. Each 60-ml culture was
then divided in half into two separate 125-ml flasks and grown under
standard lab conditions; CFU counts and OD readings were taken from
alternating culture flasks at 0, 6, 12, 20, 30, and 48 h postinoculation.
The data shown represent three biologically independent experiments
(see Fig. 1).
Biofilm quantification. Bacterial cultures were started according to
the same procedure used in the growth curves; however, biofilm assays
were conducted in 24-well tissue culture plates (Corning, Inc.). Starter
cultures were used to inoculate 1 ml of liquid medium per well to an
OD600 of 0.1 ODU. A separate plate was used for each of the five time
points, T6, T12, T24, T48, and T72. At each time point, the medium was
aspirated, and each well was washed two times with phosphate-buffered
saline (PBS). Plates were dried for 5 min at 37°C, and biofilms were subsequently fixed with methanol (J.T. Baker). One percent Gram’s crystal
violet solution (Sigma-Aldrich) was then added to each well until full
(approximately 2 ml), including one empty control well to serve as a
blank. The plates were incubated on the benchtop for 15 min, after which
crystal violet was removed from the wells, and each well was washed three
times with distilled water. The plates were again dried for 5 min at 37°C. At
this point, 1.5 ml of differentiation solution (Sigma) was added to solubilize the dye contained within the biofilms. Plates were incubated with
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was calculated as follows: (RFU of the washed wells/RFU inoculum) ⫻ 100.
The data shown represent a minimum of three biologically independent
experiments (see Fig. 6B).
Statistical analysis. Statistical analyses were conducted using GraphPad Prism version 6.0g (GraphPad Software, Inc.). A two-way analysis of
variance (ANOVA) with Tukey’s correction for multiple comparisons was
used to analyze increases in biofilm formation over time for individual
strains and also for differences in biofilm formation between strains at
each time point. For aggregation and adherence assays, wild-type G27 was
compared to either the ⌬arsS or ArsR-D52N mutant using a one-way
ANOVA with Dunnett’s multiple-comparison test.

RESULTS
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Growth characteristics of Fur, NikR, and ArsRS mutant strains.
Growth curve analysis under standard laboratory conditions was
conducted for each of the single, double, and triple regulatory
mutants as a means to identify any substantial changes in strain
health. While some minor differences were evident (Fig. 1), no
overt growth defects were observed for the single or double regulatory knockout strains. However, DSM1441, the strain which
lacks Fur, NikR, and ArsR, appeared to grow more slowly (Fig. 1)
and took longer to recover from the frozen stock (data not
shown). Moreover, visually, this strain appeared more stressed
and transitioned to the coccoid form more quickly than the other
strains (data not shown). For the remaining strains, while growth
was fairly similar throughout exponential phase (through T24),
strains lacking ArsS appeared to plateau at a lower CFU and ODU
than the other strains. The difference in ODU and CFU for strains
lacking ArsS was most pronounced between 24 and 30 h of
growth, as cultures entered stationary phase. Around the same
time point, noticeable clumping was observed in these cultures as
well as a biofilm-like ring at the air-liquid interface (Fig. 2). Given
this phenotype, it is possible that the slight differences in growth
observed for the ⌬arsS, ⌬fur ⌬arsS, ⌬nikR ⌬arsS, and ⌬fur ⌬nikR
⌬arsS mutants is partially the result of bacterial clumping that
skewed both optical density reading and CFU enumeration. To
determine the nature of the bacterial clumping, liquid bacterial
cultures were viewed using bright field microscopy; aggregates
composed primarily of spiral H. pylori with some extracellular
material were observed (see Fig. S1 in the supplemental material).
Loss of ArsRS in G27 exacerbates biofilm formation. Based
on the observations made during the growth curve analyses, we
decided to further investigate the biofilm-like phenotypes observed with the isogenic strains. First, we conducted a time course
study in which biofilm formation was visually monitored over 72
h (see Fig. S2A in the supplemental material). Three distinct biofilm types were observed during this assay, and some strains displayed multiple types of biofilm formation. The major phenotypes
observed were biofilm formation at the air-liquid interface, biofilm formation on the bottom of the well, and formation of a
pellicle. For wild-type G27, biofilm formation was not apparent at
early time points but first became visible after 24 h at the air-liquid
interface (data not shown). At 48 and 72 h of growth, noticeable
biofilm had developed at the air-liquid interface; additionally, by
72 h, wild-type G27 also exhibited pellicle formation (see Fig.
S2A). The ⌬nikR mutant strain showed similar patterns of biofilm
formation. Conversely, the ⌬fur and ⌬fur ⌬nikR mutants appeared to show decreased biofilm formation at the air-liquid interface and did not form a pellicle. In contrast, the ⌬arsS, ArsRD52N, ⌬fur ⌬arsS, ⌬nikR ⌬arsS, and ⌬fur ⌬nikR ⌬arsS mutants
formed biofilms at the air-liquid interface as well as showed vari-

ous degrees of biofilm formation that extended to the bottom of
the well; in some cases, the entire surface of the well was covered
with biofilm (see Fig. S2B; also data not shown). In comparison,
little to no biofilm was observed on the bottom of the well with
wild-type G27. Strains carrying the arsS or ArsR-D52N mutation
also had a granular appearance indicative of the aforementioned
aggregates (see Fig. S2A).
To quantitate biofilm differences across strains, biofilm formation was monitored using crystal violet staining. This analysis was
conducted temporally in order to identify any differences in rate
of biofilm formation as well as the absolute quantity of biofilm
formation. For the purposes of this study, the rate of biofilm formation was defined as the first time point that showed significantly increased crystal violet staining compared to that at T6,
which was the earliest time point for which biofilm was quantified.
Based on this definition, a strain that showed significant biofilm
formation after 24 h would have an accelerated rate compared to a
strain that did not show significant biofilm formation until 48 h.
As shown in Fig. 3A, wild-type G27 developed a significant biofilm
after 48 h; very little biofilm at the air-liquid interface was visible
before 48 h (data not shown). In comparison, all strains carrying
the ⌬arsS or ArsR-D52N mutation showed significant biofilm development after only 24 h of growth, indicating that they formed
biofilm at an accelerated rate (Fig. 3A). Conversely, the ⌬fur,
⌬nikR, and ⌬fur ⌬nikR mutants showed delayed biofilm development and did not show significant biofilm formation until 72 h of
growth (Fig. 3A).
In addition to rate analysis, we also directly compared the total
amount of biofilm formed at each time point across all of the
strains (see Table S1 in the supplemental material). In light of the
accelerated rate of biofilm formation observed for the ⌬arsS mutant, it is perhaps not surprising that this strain also formed significantly more biofilm than the wild-type G27, ⌬fur mutant,
⌬nikR mutant, and ⌬fur ⌬nikR mutant strains at 24 h (see Table
S1). Similarly, the ⌬fur ⌬arsS, ⌬nikR ⌬arsS, and ⌬fur ⌬nikR ⌬arsS
mutants all showed increased amounts of biofilm at 24 h (see
Table S1). We found that the ArsR-D52N mutant did not form
significantly more biofilm than wild-type G27 until after 48 h,
suggesting slight phenotypic differences between the various ArsS
mutant strains (see Table S1). Further support of this difference is
provided by the finding that while the ⌬arsS mutant no longer
showed a higher level of biofilm than the wild type at 72 h, the
ArsR-D52N mutant still had a significantly higher level of biofilm
than G27 at this time point. Also of note, while the ⌬nikR ⌬arsS
mutant formed significantly more biofilm than wild-type G27 at
24 h, the increase in biofilm formation plateaued by 48 h and was
not significantly different than that of wild-type G27 at the later
time points (Fig. 3A; see also Table S1). Even though the difference
was not significant, we note that the G27 ⌬fur, ⌬nikR and ⌬fur
⌬nikR mutants seem to plateau at lower levels of biofilm formation than the wild type (Fig. 3A). Finally, while biofilm staining
intensity for the ⌬arsS, ArsR-D52N, ⌬fur ⌬arsS, ⌬nikR ⌬arsS, and
⌬fur ⌬nikR ⌬arsS mutants plateau by 48 h, wild-type G27 biofilm
appeared to steadily increase even at 72 h (Fig. 3A). In fact, at 72 h,
only the ArsR-D52N and ⌬fur ⌬nikR ⌬arsS mutants have significantly more biofilm than wild-type G27 (see Table S1).
To confirm that a mutation of arsS was responsible for the
hyperbiofilm phenotype, we constructed a strain in which the
⌬arsS mutation was complemented by arsS carried on the lowcopy-number pTM117 vector (54). The expression of arsS in
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FIG 1 Characterization of wild-type G27 and isogenic regulatory mutant strain growth phenotypes. (A) OD600 readings were taken after 6, 12, 20, and 48 h. Mean
ODU for each strain and time point is indicated by the respective symbols; error bars display standard error of the mean. The graph is representative of the results
from three biologically independent experiments. (B) Enumeration of CFU was performed after 6, 12, 20, 20, and 48 h, corresponding to the OD values graphed
in panel A. The mean CFU was calculated for each time point and is indicated by the respective symbols; error bars display standard error of the mean. The graph
is representative of the results from three biologically independent experiments.

trans completely suppressed the enhanced biofilm phenotype
observed in the ⌬arsS mutant strain (Fig. 3B). In fact, the complementation strain exhibited levels of biofilm formation that
were less than those seen with the wild-type strain (Fig. 3B; see
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also Fig. S2B in the supplemental material). This decrease may
indicate that higher levels of ArsS are produced from the plasmid system.
In addition to the quantitative analysis, the parental strain G27
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those used for the growth curve analyses are shown. From left to right, flasks
containing WT G27, ⌬fur mutant, ⌬nikR mutant, and ⌬arsS mutant strains
were imaged after 72 h of growth. In comparison to the other strains, a biofilmlike rim (arrow) can be seen on the flask containing the ⌬arsS strain. (B)
Close-up image of the ⌬arsS mutant strain shows formation of the biofilm-like
ring (arrow) at the air-liquid interface.

and the isogenic mutants were also analyzed by high-resolution
scanning electron microscopy (SEM) to evaluate changes in biofilm architecture on an abiotic substrate. SEM analyses revealed
numerous cell-to-cell interactions occurring in biofilms and several cell morphologies, including rod, curved rod/helix, and coccoid cells (Fig. 4). Furthermore, numerous cell surface features
(such as small vesicles, flagella, and branched extracellular matrix
[ECM]) could be appreciated in the biofilm samples (Fig. 4). After
48 h, H. pylori G27 exhibited minimal adherence to the abiotic
substrate. Conversely, the ⌬arsS isogenic mutant exhibited enhanced biofilm formation and tertiary architecture compared to
the parental strain (Fig. 4). The double mutants ⌬fur ⌬arsS and
⌬nikR ⌬arsS, and the triple mutant ⌬fur ⌬nikR ⌬arsS all displayed
enhanced biofilm formation compared to the wild-type parental
strain (Fig. 4). As expected given the crystal violet results (Fig. 3A),
the ArsR-D52N mutant formed a dense biofilm similar to the
⌬arsS mutant strains; however, in contrast to the biofilms observed for the ⌬arsS mutant, more coccoid cells were present, and
there appeared to be an increase in the ECM present for the ArsR-
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FIG 2 Biofilm formation at air-liquid interface. (A) Glass flasks similar to

D52N mutant strain. Likewise, an increase in coccoid cells and
ECM was also seen for the ⌬fur ⌬nikR ⌬arsS and ⌬nikR ⌬arsS
mutants, perhaps reflecting slight differences in the fitness of these
strains (Fig. 4). En masse, these results indicate that the ArsRS
signaling pathway may play an important role in the regulation of
biofilm formation.
Loss of ArsRS does not influence H. pylori motility. In an
attempt to gain some insight into the increased biofilm formation
exhibited by the ArsRS mutant strains, we next considered mechanisms known to affect biofilm formation. Previous studies suggest that flagellar genes and motility may play a significant role in
adherence and/or biofilm formation in H. pylori and the closely
related Campylobacter jejuni (46, 58, 59). Thus, to determine if
mutations in the ArsRS system lead to alterations in H. pylori
motility, swimming motility was assessed for wild-type G27 and
the enhanced biofilm-forming ⌬arsS and ArsR-D52N mutants. As
a control, a nonmotile mutant (⌬flgR) (14), which contains a deletion in the gene encoding the master flagellar regulator FlgR, was
also included. At all time points assessed (days 3, 5, and 7 after
inoculation in soft agar), there were no overt difference in the area
of motility observed for the wild-type and ArsRS mutant strains
(Fig. 5). Thus, mutation of the ArsRS system does not appear to
affect motility in H. pylori G27.
Enhanced surface adherence and autoaggregation in strains
with a mutated ArsRS system. Two additional factors that have
been shown to contribute to biofilm formation are bacterial aggregation and initial attachment to a surface. Given the large bacterial aggregates that were observed during both the growth curve
and biofilm assays (see Fig. S1 and S2 in the supplemental material), we reasoned that increased aggregation in strains lacking
ArsS or containing the nonphosphorylatable ArsR-D52N mutation could contribute to the enhanced biofilm formation seen
with these strains. Therefore, we assessed bacterial aggregation
using a quantitative aggregation assay (32). Since biofilm formation occurs as early as 24 h for some strains, 20-h cultures were
used for this assessment. While the observed differences were not
statistically significant, we did observe increased autoaggregation
for the ⌬arsS and ArsR-D52N mutant strains compared to the
wild-type strain (Fig. 6A). Thus, mutation of the ArsRS system
appears to affect bacterial autoaggregation.
Another important step in biofilm formation is adherence to
surfaces. To determine if changes in initial adherence contribute
to increased biofilm formation for the ⌬arsS and ArsR-D52N mutant strains, bacterial adherence to tissue culture-treated polystyrene plates were assessed. After 2 h of incubation on the plate, very
few wild-type G27 were adherent (Fig. 6B). In contrast, approximately 20% of the G27 ArsR-D52N mutant inoculum had adhered to the plate by 2 h. The difference in adherence was even
more pronounced with the ⌬arsS mutant strain; approximately
48% of the inoculum was adherent to the plate (Fig. 6B), which
was significantly more than wild-type G27 (P ⫽ 0.0057). After 4 h
of incubation, the wild-type strain began adhering to the plates,
with an average of 28% adherence (Fig. 6B). At the same time
point, adherence of the ArsR-D52N and ⌬arsS mutant strains increased to approximately 50% (Fig. 6B). These data suggest that
an increase in speed and efficiency of bacterial surface adherence
may contribute to the enhanced biofilm formation seen with the
strains containing mutations in the ArsRS system.
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FIG 3 Biofilm quantification. (A) Absorbance of crystal violet staining of biofilms was read at OD590 and plotted over time. ^ designates the point at which
wild-type G27 displayed significant biofilm formation (P ⫽ 0.041). ⬃ indicates the point at which the ⌬arsS (P ⬍ 0.0001), ⌬fur ⌬arsS (P ⫽ 0.0045), ⌬nikR ⌬arsS
(P ⫽ 0.0012), ⌬fur ⌬nikR ⌬arsS (P ⫽ 0.0067), and ArsR-D52N (P ⫽ 0.0403) mutants displayed significant biofilm formation. # identifies the point at which the
⌬fur (P ⫽ 0.0082), ⌬nikR (P ⫽ 0.0092), and ⌬fur ⌬nikR (P ⫽ 0.0451) mutants displayed significant biofilm formation. The data for each strain are plotted as the
mean of the results from three biologically independent experiments; error bars show the standard error of the mean. (B) Absorbance of crystal violet staining
of biofilms was read at OD590 and plotted over time. Biofilm formation by the ⌬arsS-arsSC mutant is shown in comparison to the ⌬arsS mutant and wild-type
G27 strains. ^ designates the point at which wild-type G27 displayed significant biofilm formation (P ⫽ 0.0027); ⬃ indicates the point at which the ⌬arsS mutant
displayed significant biofilm formation (P ⬍ 0.0001). The data for wild-type G27 and the ⌬arsS mutant are plotted as the mean of at least three independent
experiments. The mean plotted for the ⌬arsS-arsSC mutant represents 5 isolates tested in up to two biologically independent experiments. For all data sets, error
bars show the standard error of the mean.
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comparison to the G27 wild-type, ⌬fur mutant, ⌬nikR mutant, and ⌬fur ⌬nikR mutant, which show sporadic adherent cells in small clusters, the ⌬arsS,
ArsR-D52N, ⌬fur ⌬arsS, ⌬nikR ⌬arsS, and ⌬fur ⌬nikR ⌬arsS mutants all contain mats of cells arranged in three-dimensional (3D) architectures. The 3D
structure is especially apparent in the representative image of the ⌬nikR ⌬arsS mutant. Biofilm-forming strains are shown in comparison to wild-type in the lower
half of the figure at ⫻10,000 magnification. Of note, black arrows indicate flagella, white triangles show areas of extracellular matrix, and white arrows show
coccoid cells. Coccoid cells were more prevalent in the ArsR-D52N, ⌬nikR ⌬arsS, and ⌬fur ⌬nikR ⌬arsS mutants.

DISCUSSION

Given the paucity of regulatory proteins encoded in the H. pylori
genome (3, 4), numerous studies have sought to define the roles of
Fur, NikR, and ArsRS in the biology of H. pylori. The vast majority
of these studies have focused on resistance to various stressful
environments (10, 18, 27, 60), identification of the regulon of
genes controlled by each regulatory factor (16, 17, 19–21, 23, 61),
or elucidation of the contribution of each regulator to colonization in an animal model (8–11). Despite the evidence supporting
the fact that the Fur, NikR, and ArsRS regulons show considerable
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overlap, very few studies (8, 17, 25, 53) have attempted to analyze
the combined effect of these regulatory factors in H. pylori biology.
Herein, we constructed a series of isogenic regulatory knockout
strains and evaluated H. pylori growth in vitro. We found that while
differences in growth were minimal over the first 24 h, at later time
points, strains containing a ⌬arsS mutation began to behave differently than the other strains; both CFU counts and OD600 readings for
strains lacking ArsS began to plateau and even decline after 24 h (Fig.
1A and B). Upon further examination, significant cellular aggregation (see Fig. S1 in the supplemental material) and adherence to the
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FIG 4 Scanning electron micrographs of biofilm formation after 48 h. Representative micrographs from all 9 strains are shown at ⫻1,000 magnification. In

ArsRS Regulation of H. pylori Bioﬁlm Formation

mutant strains. The motility of wild-type G27 and the ⌬arsS and ArsR-D52N
mutant strains was compared using a soft agar assay. The area of the halo was
measured at days 3, 5, and 7. The bar graph shows the cumulative area of
motility as measured over 7 days; the solid black section corresponds to growth
through day 3, the hatched segment shows additional area covered between
days 3 and 5, and the checkered portion represents the increase from day 5
through 7. The bars represent the mean area of the results from three independent biological replicates.

flask at the air-liquid interface (Fig. 2B) were observed for the ⌬arsS
mutant strains. Indeed, it is likely that the aggregation and adherence
of these bacterial strains skewed both the CFU counts and OD readings due to loss of planktonic bacteria from the medium. SEM analysis verified increased biofilm formation in the ⌬arsS mutant strains
(Fig. 4), as well as in the strain carrying the ArsR-D52N mutation. In
addition to the biofilm phenotype, the SEM images also showed an
increase in the number of coccoid cells in strains carrying the ArsRD52N mutation or containing a deletion of NikR and ArsS in combination (Fig. 4). In conjunction with the lower CFU counts observed

FIG 6 Autoaggregation and adherence of the ⌬arsS and ArsR-D52N mutant strains. (A) Autoaggregation was assessed in wild-type G27 and the ⌬arsS and
ArsR-D52N mutant strains. Horizontal bars indicate the means of the results from three biological replicates, and the error bars represent the standard error of
the mean. (B) Surface adherence was assessed for wild-type G27 and the ⌬arsS and ArsR-D52N mutant strains after 2 and 4 h of incubation. ** indicates
significantly more adherence by the ⌬arsS mutant strain (P ⫽ 0.0057) than the wild type. Horizontal bars indicate the means of the results from three biological
replicates, and error bars represent the standard error of the mean.
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FIG 5 Swimming motility of wild-type G27, ⌬arsS mutant, and ArsR-D52N

for these three strains (Fig. 1B), it is likely that these strains show a
quicker transition to the coccoid form. Indeed, it has been shown that
in wild-type H. pylori cells, the coccoid phenotype is triggered by
environmental stressors, such as nutrient deprivation (62). Therefore, one potential explanation for the increase in the coccoid state
seen with the ArsR-D52N, ⌬nikR ⌬arsS, and ⌬fur ⌬nikR ⌬arsS
mutant strains may be the induction of an aberrant stress response
due to the loss of key regulatory factors required to sense the
environment. Intriguingly, biofilm formation has also been proposed as a mechanism to cope with stressful conditions (63). Together, these data suggest that strains lacking a functional ArsRS
system display an exacerbated stress response that results in enhanced and accelerated biofilm formation. Combining the arsS
deletion with the nikR deletion further limits the ability of H.
pylori to function normally and results in an increase in coccoid
bacteria in addition to biofilm formation. These findings not only
highlight the benefit of utilizing combined isogenic regulatory
mutants to tease out the coordinated regulation of H. pylori’s
stress response but also suggest a role for the ArsRS system in the
regulation of biofilm formation.
Of note, a similar phenomenon has been seen in C. jejuni upon
deletion of the CprS histidine kinase; loss of CprS led to bacterial
aggregation and biofilm formation (64). Similar to the ArsRS system in H. pylori, CprR, which is the cognate response regulator to
CprS, is essential in C. jejuni (64). Further investigation of the
CprRS system showed that CprS mutants display increased expression of the flagellar filament protein (FlaA), the major outer
membrane protein (MOMP), and many other cellular envelope
components (64, 65). Given the parallels between the ⌬CprS mutant in C. jejuni and the ⌬arsS mutant in H. pylori, we investigated
motility and other phenotypes that may reflect changes to the
outer membrane composition. We found that neither the ⌬arsS
nor ArsR-D52N mutant strain showed changes in motility compared to the wild-type strain (Fig. 5); this finding may not be
entirely surprising, given that previous studies have suggested that
flagella do not contribute directly to H. pylori’s adhesive proper-
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ties (44, 46, 58). In contrast to the motility phenotype, both the
⌬arsS and ArsR-D52N mutant strains showed an increase in aggregation and adherence compared to wild-type G27 (Fig. 6).
Both adherence and autoaggregation in H. pylori are mediated by
numerous cellular components, including lipopolysaccharide
(LPS) and an extensive list of OMPs (reviewed in reference 66).
Early exploration of the cell surface of H. pylori revealed that this
bacterium is antigenically unique (67). A major contributor to this
finding may be that, compared to many other Gram-negative bacteria, H. pylori’s OMP profile lacks the highly abundant nonspecific porins and is composed of numerous less-abundant species
(68). Indeed, H. pylori encodes more than 60 OMPs, representing
approximately 4% of the genome (68). Interestingly, transcriptomic studies of H. pylori strains lacking ArsS indicate that numerous OMPs are regulated by the ArsRS system; the majority of these
OMPs appear to be repressed (16, 17). Therefore, the observed
increases in adherence and autoaggregation seen in the ⌬arsS mutant strains may be due to the derepression and subsequent overexpression of OMP(s) in these strains.
Biofilm formation in H. pylori-infected individuals is well documented (33–36), and a recent publication identified biofilm formation in an animal model of infection (37). H. pylori colonizes
the gastric niche, which is highly acidic; however, H. pylori is a
neutrophile and employs several mechanism to neutralize the immediate environment (69). Additionally, the pH in the stomach is
not uniform; while the pH of the lumen can be as low as 1.0, the
protective mucus layer covering the gastric mucosa acts as a buffer
and maintains a more neutral environment (18, 70). In order to
successfully colonize the stomach, H. pylori employs the use of
flagella to burrow through the mucus layer and upon reaching the
gastric mucosa uses several proposed adhesins to anchor itself to
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the epithelium (71). Thus, it seems plausible that H. pylori may
utilize pH changes as an environmental indicator of proximity to
the epithelial layer. Upon exposure to the highly acidic environment in the gastric lumen, ArsS phosphorylates ArsR (18), and
then phosphorylated ArsR targets specific promoters for gene regulation (15, 72). Conversely, as H. pylori enters the gastric mucus
layer, it experiences increasing pH. Under these conditions, ArsRS
is no longer phosphorylated, which leads to the derepression of
ArsR⬃P-specific targets. In this model, the ArsRS system could be
one mechanism by which H. pylori senses it is nearing the gastric
epithelium as a way to modify the expression of components that
promote colonization (Fig. 7). Deletion of ArsS or mutation of the
phosphate-accepting aspartic (D) residue at position 52 nullifies
the response to changing pH of the ArsRS two-component system
(13). Thus, in either of the mutant strains, ArsR will remain in an
unphosphorylated state, which leads to the deregulated expression of protein(s) that may contribute to enhanced biofilm formation, aggregation, and adherence observed in this investigation.
This study opens several areas for future study; these include identification of the specific target(s) of ArsR⬃P that leads to the observed phenotypes, determination of the effect of environmental
stressors, such as acidic pH on biofilm formation, and investigation of biofilm formation in additional H. pylori strain backgrounds.
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FIG 7 Model of ArsRS regulation of colonization factors. When located in the gastric lumen (top), H. pylori is exposed to an acidic environment, which leads to
autophosphorylation of ArsS and phosphotransfer to ArsR. Subsequently, ArsR⬃P will bind and inhibit ArsR⬃P target genes. Once H. pylori has reached the
more neutral gastric epithelium (bottom), ArsRS remains unphosphorylated. This results in alleviation of repression and expression of various factors, depicted
here by the various shapes, which aid in colonization and biofilm formation.
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