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ABSTRACT The concept of Helicobacter pylori biofilm formation is relatively new. To
help provide a foundation for future biofilm studies, we characterized the biofilm
formation ability of a common H. pylori lab strain, G27. The goal of this study was to
evaluate biofilm formation by G27 in response to common culture conditions and to
explore the biofilm matrix. Our results indicate that while various types of growth
media did not dramatically affect biofilm formation, surface selection had a signifi-
cant effect on the final biofilm mass. Furthermore, enzymatic assays and confocal
microscopy revealed that proteins appear to be the primary structural component of
the H. pylori extracellular matrix; extracellular DNA (eDNA) and polysaccharides were
also present but appear to play a secondary role. Finally, we found that two well-
characterized antibiofilm cationic peptides differentially affected early and late-stage
biofilms. Together these results provide interesting avenues for future investigations
that will seek to understand H. pylori biofilm formation.

IMPORTANCE The study of H. pylori biofilm formation is still in its infancy. As such,
there is great variability in how biofilm assays are performed across labs. While sev-
eral groups have begun to investigate factors that influence H. pylori biofilm forma-
tion, it is not yet understood how H. pylori biofilm formation may vary based on
commonly used conditions. These inconsistencies lead to difficulties in interpretation
and comparison between studies. Here, we set out to characterize biofilm formation
by a commonly available lab strain, G27. Our findings provide novel insight into op-
timal biofilm conditions, the biofilm matrix, and possible mechanisms to block or
disrupt biofilm formation.
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Helicobacter pylori is a Gram-negative pathogen that colonizes the gastric mucosa of
humans and nonhuman primates (1). An estimated 50% of the world’s population

is colonized (2), and unless treated, individuals remain colonized for life (3). Though
infection with H. pylori is most often asymptomatic, H. pylori-infected individuals are at
an increased risk for development of gastritis, peptic ulcers, and gastric cancer (4).
Given that gastric cancer is the fourth leading cause of cancer-related death (5),
research on this bacterium remains of significant interest.

Multiple research groups have recently shown that H. pylori has the ability to form
biofilms (6–9). A biofilm is defined as a collection of cells that are adhered to a surface
and encased by an extracellular matrix composed of polymeric substances created by
the bacteria (10). The polymeric substances found in the matrix of various taxa include
assorted proteins, polysaccharides, and extracellular DNA (eDNA) (11). The composition
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of the extracellular matrix is diverse, varying between species and even between strains
(11). Though the individual cells might compete for resources like space, existence in
a biofilm gives advantages for the bacteria found within; these advantages include
protection from the stresses of the environment, access to nutrients, etc. (12). In
particular, pathogenic bacteria found in biofilms display increased (adaptive) resistance
to antibiotic treatment even if the bacteria do not possess traditional resistance
mechanisms to the antibiotics being used (13). Equally important is that bacteria found
in biofilms are often resistant to clearance by the immune system (14–17), leading to
the establishment of chronic infections. Indeed, H. pylori biofilms have been found in
biopsy specimens from patients for whom treatment has failed (18), suggesting that the
ability to form biofilms might contribute to treatment failure. Thus, the study of H. pylori
biofilms and the mechanisms of their formation and maintenance may lead to a better
understanding of how to combat infections by this important pathogen.

Little is currently known about the molecular mechanisms that drive H. pylori biofilm
formation. However, with increased awareness that H. pylori can form biofilms comes
increased interest in the genes involved with biofilm formation and in their regulation.
Indeed, recent studies have examined the genes that contribute to biofilm formation
(19, 20). Given the relatively small genome of H. pylori (21, 22), there are probably many
genes that have been investigated in other contexts that also play a role in biofilm
formation. For example, the ArsRS two-component system was previously characterized
in the context of its response to acidic pH (23, 24). This two-component system is also
involved in biofilm formation; both deletion of arsS and the creation of a nonphos-
phorylatable form of ArsR (ArsR-D52N) result in a hyperbiofilm formation phenotype.
Notably, each of these strains shows visually distinct differences in biofilm architecture
when viewed by scanning electron microscopy (SEM), perhaps suggesting that the
change in the composition of the extracellular matrix may not be uniform across the
two mutant strains (9). Clearly, this two-component system appears to be important in
the regulation of biofilm formation in H. pylori. Given the small regulatory network of
H. pylori (25), there are likely additional regulatory factors that contribute to H. pylori
biofilm formation.

As investigations into H. pylori’s ability to live in a biofilm-associated state expand,
one obstacle in comparing studies is the diversity in how assays are performed in
different laboratories. In some instances, groups have focused on various clinical strains
(26) or have altered medium additives, such as fetal bovine serum (FBS) (20). For many
bacterial species that form biofilms, even small alterations in how the assay is per-
formed can lead to large changes in biofilm formation (27–29). Therefore, the H. pylori
field may benefit from an increased awareness of how differing conditions and assay
variations affect H. pylori biofilm formation.

To help lay a foundation for future H. pylori biofilm investigations, we sought to
characterize the biofilm-forming ability of a well-known H. pylori lab strain, G27, in
standard rich laboratory media and on commonly used surfaces. Under these condi-
tions, we characterized the extracellular matrix of the H. pylori biofilm via enzymatic
assays and using confocal microscopy. Additionally, we tested the effects of two
reported antibiofilm peptides during biofilm formation and on preformed biofilms.
Together, these data help to build a more complete picture of H. pylori biofilm
formation and help to expand the scientific communities’ understanding of H. pylori
biofilms.

RESULTS
Biofilm formation in G27 is unaffected by long-term serial passage or nutrient-

rich medium type. Previous work from our group demonstrated the ability of G27, a
common laboratory strain, to form biofilm at the air-liquid interface under standard
laboratory culture conditions (9). H. pylori is known for its frequent chromosomal
rearrangement and high mutation rate (30), leading to the possibility that the biofilm-
forming capability of the lab strain could have been altered due to long-term serial
passage. To address this concern, we compared the biofilm-forming ability of our lab’s
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particular strain, G27 (DSM 1), to that of a low-passage-number variant of strain G27
(DSM 359); DSM 359 represents the 12th passage of the original cultured G27 strain and
represents one passage beyond the strain used for genomic sequencing of G27 (31).
Despite the strain passages over the last 3 decades, we observed no appreciable
difference in biofilm formation between DSM 1 and DSM 359 (Fig. 1A). This finding
suggests that the biofilm phenotype observed with DSM 1 is not an artifact of
long-term in vitro passage.

Given the fastidious nature of H. pylori and the different media used for standard
culture, we assessed biofilm formation using several of the most-common nutrient-rich
H. pylori growth media (9, 26, 32). Despite variations in the medium compositions, DSM
1 formed similar levels of biofilm in each (Fig. 1B). Additionally, we examined the
response to the addition of various H. pylori preferred carbon sources (33) to the media
(see Fig. S1 in the supplemental material); again, H. pylori biofilm formation was similar
in each supplemented medium. These data suggest that slight variations between
standard H. pylori nutrient-rich growth media do not substantially affect H. pylori
biofilm formation and indicate that our observation of biofilm formation is not an
artifact of medium choice.

Substrate affects H. pylori biofilm formation. In addition to the medium selected,
another commonly cited environmental condition that affects biofilm formation is the
surface on which the biofilm is formed. In particular, precoating of a polystyrene plate
with different substrates can affect how some bacterial biofilms adhere to the plate in
an in vitro assay (34–36). However, it is unknown how H. pylori might change biofilm
development in response to different surfaces. Thus, to assess the importance of
surface to H. pylori biofilm development, we grew DSM 1 on three different substrates
that each had distinct properties: untreated polystyrene (hydrophobic surface), poly-

FIG 1 Biofilm development in the strain G27 background. (A) Comparison between G27 (DSM 1) and an
independent G27 low-passage-number isolate (DSM 359). (B) G27 (DSM 1) was grown in the indicated
media. For each time point, each bar indicates the mean OD590 of solubilized crystal violet for three
biological replicates at 24, 48, and 72 h; error bars display standard errors of the means.
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D-lysine-precoated polystyrene (hydrophilic, positive charge), or tissue culture-treated
polystyrene (hydrophilic, negative charge) (Fig. 2). Additionally, since H. pylori strains
containing mutations in the ArsRS two-component system have been shown to display
a hyperbiofilm-forming phenotype (9), we also tested strains containing a �arsS
mutation and an ArsR-D52N substitution in this assay to determine if biofilm formation
by the hyperbiofilm-forming strains would be similarly affected by changes in the
surface properties. We found that for all three tested strains, the most robust biofilms
grew on tissue culture-treated plates (Fig. 2). In contrast, significantly less biofilm
formation was observed for all three strains on either poly-D-lysine-precoated plates or
untreated plates (Fig. 2). These data suggest that for G27, an ionic surface alone was not
sufficient for maximal biofilm development. However, tissue culture treatment of the
surface enhanced G27 biofilm development.

FIG 2 Effects of alteration of the artificial substrate on H. pylori biofilm adherence. H. pylori strains G27
(A), PRINTER: this does not look like the standard uppercase Greek delta; please use standard delta as
usual ΔarsS mutant (B), and ArsR-D52N mutant (C) were grown in 24-well plates with different surface
properties: untreated polystyrene plate, poly-D-lysine-treated plate, and tissue culture-treated plate. The
mean OD590 values for solubilized crystal violet, which are representative of the density of the biofilm,
are shown; error bars show standard errors of the means. Each graph represents three biologically
independent experiments. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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Composition of the H. pylori biofilm extracellular matrix. The cells of a biofilm
are encased within a matrix of their own creation; this keeps the cells adhered to each
other and to the surface. Generally, the extracellular matrix of a biofilm formed by a
particular species of bacteria is composed of an assortment of proteins, polysaccha-
rides, and extracellular DNA (11). The composition of the extracellular matrix can be
evaluated in several ways. For this study, we chose to take a two-pronged approach and
used chemical/enzymatic disruption of the biofilm matrix as well as confocal micros-
copy combined with specific fluorescent probes to evaluate different components.

Identification of the components of the extracellular matrix of a biofilm via the
addition of enzymes or chemicals is a well-known tactic (29, 37, 38). If incubation with
a compound reduces the amount of biofilm in comparison to what is seen with the
control, then the target of the utilized substance is likely an important part of the
extracellular matrix. We individually assessed the effects of DNase I, proteinase K, and
sodium periodate on preformed H. pylori biofilms using a range of concentrations for
each of the substances (Fig. 3A to C). Though we observed a trend toward a dose-
dependent decrease in total biofilm mass, incubation with DNase I did not cause a
statistically significant reduction at any time or concentration tested (Fig. 3A). In
contrast, treatment with proteinase K had the most-dramatic effect; biofilm was com-
pletely eliminated even at the lowest tested concentration (Fig. 3B). Conversely,
incubation with sodium periodate to oxidize polysaccharides did not cause an observ-
able reduction in biofilm mass at any of the time points or concentrations examined
(Fig. 3C). Together, these data suggested that while eDNA may play a minor role,
proteins constitute the integral structural component of the extracellular matrix of
preformed H. pylori biofilms.

To ensure that observations regarding biofilm composition were not a result of cell
death in the presence of the chosen additives, we also assessed the effects of each on
the cell viability of planktonic H. pylori. We chose to test the highest concentrations
used in the biofilm assays (Fig. 3D). Neither DNase I nor proteinase K altered H. pylori
viability compared to an untreated control, demonstrating that the effects of the
enzymes on biofilm disruption were not due to altered H. pylori cell viability. Con-
versely, treatment with sodium periodate reduced viability to below the limit of
detection (Fig. 3D); this was true even when dramatically lower concentrations were
assessed (see Fig. S2 in the supplemental material). Given that sodium periodate killed
cells in liquid culture but did not affect the total mass of preformed biofilms, either H.
pylori within the biofilm was protected against killing by sodium periodate, or the cells
within the biofilm were killed but the biofilm remained intact.

It is commonly accepted that the composition of the biofilm extracellular matrix
can change over time and that a component that is important at one stage of
development might not be as necessary at other stages (39). Thus, we evaluated the
effects of DNase I and proteinase K on H. pylori biofilm formation (Fig. 3E and F). We
did not include sodium periodate in this analysis due to the exquisite sensitivity of
H. pylori to this substance (Fig. 3D and S2). We found that the addition of DNase I
at the initiation of biofilm formation decreased the final biofilm mass in a dose-
dependent manner (Fig. 3E). Furthermore, this trend was noticeable by the first day
and statistically significant at both 48 and 72 h. Similar to the effect found on
preformed biofilms, the addition of proteinase K at time zero inhibited biofilm
formation at all concentrations tested (Fig. 3F). The effect was so profound that the
results were statistically significant by 24 h and across the duration of the experi-
ment. These data suggest that both eDNA and protein were necessary in the early
development of biofilms, as biofilm development was inhibited by their absence.
However, eDNA did not appear to be as important in a preformed biofilm (Fig. 3A).

We previously found that the H. pylori �arsS and ArsR-D52N mutant strains dis-
played hyperbiofilm formation and increased aggregation (9). Furthermore, the visually
different phenotypes displayed in SEM images of these strains (9) suggested that each
might show distinct changes in the extracellular matrix. To determine if the increased
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biofilm formation by these strains was due to alterations in the presence of eDNA,
protein, and/or polysaccharides in the extracellular matrix of the biofilm, we also
performed enzymatic/chemical disruption assays on �arsS and ArsR-D52N biofilms; a
single concentration for DNase I (190 �g/ml), proteinase K (100 �g/ml), and sodium

FIG 3 Effects of DNase I, proteinase K, and sodium periodate on H. pylori biofilms. (A to C) Biofilms were grown for 24, 48, or 72 h.
At the time points indicated on the x axis, biofilms were treated with DNase I (A), proteinase K (B), or sodium periodate (C) at the
indicated concentrations. The biofilms were incubated with the enzymes/chemical for another 24 h at 37°C. (D) The viability of
planktonic H. pylori was tested in response to the highest concentrations of DNase I, proteinase K, and sodium periodate utilized as
shown in panels A to C. (E, F) DNase I (E) and proteinase K (F) were added to the growth media at the start of the H. pylori biofilm
assays at the indicated concentrations. Biofilm development was monitored at 24, 48, or 72 h. The means for three biological replicates
are indicated on the bar graph; error bars represent standard errors of the means. *, P � 0.05; **, P � 0.01; ****, P � 0.0001.
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periodate (20 mM) was used (Fig. 4). While a noticeable decrease in biofilm mass was
observed after DNase I treatment of the �arsS mutant strain (Fig. 4A), this decrease was
not statistically significant. No differences between untreated and DNase I-treated
biofilms were observed for the ArsR-D52N strain (Fig. 4B). Similar to the effect on
wild-type (WT) G27 biofilms, the addition of sodium periodate did little to affect the
biofilms of either the �arsS or ArsR-D52N strain. Similar to the effect of proteinase K on
wild-type strains, we found that proteinase K eliminated the biofilm for both the �arsS
(Fig. 4A) and ArsR-D52N (Fig. 4B) mutant strains. En masse, these results lead us to
conclude that the hyperbiofilm phenotype of the �arsS and ArsR-D52N strains was not
due to alteration of the presence of eDNA or polysaccharides. Moreover, protein
remained the most important constituent of the H. pylori biofilm extracellular matrix.

As the second part of our two-pronged approach, we next observed H. pylori
biofilms by using confocal microscopy combined with fluorescent probes specific for
protein, eDNA, and polysaccharides, as well as a fluorescently labeled antibody specific
for H. pylori cells. We first simply observed H. pylori biofilm development (Fig. 5); G27
H. pylori biofilms were grown for 24, 48, and 72 h on glass coverslips before staining
with H. pylori-specific antibody. The first prominent observation was regarding the
location of the biofilm; the original position of the air-liquid interface could clearly be
seen by the presence of large aggregates of H. pylori cells that attached in a distinct line
in the 24-hour biofilm, though this line became less distinct as the biofilm increased in
age (Fig. 5). Furthermore, the biofilms at this point were quite heterogeneous; though
the majority of aggregates lay at the air-liquid interface, there were also many small

FIG 4 Effects of DNase I, proteinase K, and sodium periodate on preformed �arsS and ArsR-D52N
biofilms. DNase I, proteinase K, and sodium periodate were tested against preformed biofilms of �arsS
(A) and ArsR-D52N (B) mutant strains. At the time points indicated, biofilms were treated with the
indicated enzyme or chemical and incubated for another 24 h at 37°C. The means from the three
biologically independent experiments are plotted; error bars indicate the standard errors of the means.
*, P � 0.05; ***, P � 0.001.
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aggregates and individual H. pylori cells that adhered to the surface below the air-liquid
interface. This heterogeneity decreased as the biofilm grew older, leading to a more-
uniform appearance that extended below the air-liquid interface. To properly visualize
the extracellular matrix, we focused on the larger aggregates for additional staining
(Fig. 6). DNA and protein were easily detectable. Moreover, even though incubation
with sodium periodate suggested that polysaccharides were not an important struc-
tural component of the extracellular matrix (Fig. 3C), confocal microscopy revealed the
presence of polysaccharides in the larger aggregates of H. pylori cells. The varied
intensities of staining found within the biofilm likely suggested that eDNA, protein, and
polysaccharides were unevenly distributed throughout the biofilm at the 24-hour time
point. The distribution of these components did not seem to correspond to a recog-
nizable position within the biofilm, nor did it appear to be related to the distance from
the air-liquid interface. Rather, the extracellular matrix tended to occur in regions of the
greatest cell density. Similar to how H. pylori biofilms grew more homogenous over
time (Fig. 5), so too did the distribution of the extracellular matrix components. These
data would suggest that eDNA, protein, and polysaccharides are all found in the
extracellular matrix of H. pylori biofilms.

The antibiofilm peptides DJK-5 and IDR-1018 alter H. pylori biofilm formation.
Due to the recalcitrant nature of biofilm-associated bacteria in response to antimicro-
bial therapy, identification of potential biofilm dispersal agents is of significant interest
(40). The synthetic cationic peptides IDR-1018 and DJK-5 have each been shown to
have a broad spectrum of activity against the biofilms of multiple species of bacteria
(41, 42). We first assessed the effects of each peptide on the viability of H. pylori in liquid
culture (Fig. 7). We found that after 24 h of growth, neither peptide demonstrated an
appreciable effect on the viability of H. pylori at any concentration examined. We then
evaluated the effects of the cationic peptides against preformed H. pylori G27 biofilms.
We found that IDR-1018 decreased the final biofilm mass in relation to the control (Fig.
8A). Conversely, DJK-5 showed no appreciable effect on the preformed H. pylori biofilm
(Fig. 8B). In addition to disruption of preformed biofilms, we also tested the effects of
the two peptides on biofilm formation. When added at the start of the assay, IDR-1018
demonstrated a trend toward decreased biofilm formation, though this decrease was
not statistically significant (Fig. 8C). In contrast, DJK-5 inhibited biofilm formation by

FIG 5 H. pylori biofilm development. Immunofluorescent images of H. pylori biofilms were taken at 24, 48, and
72 h to visualize biofilm formation. Three representative images from different fields of a single coverslip per
time point are shown at a magnification of �10. Bar, 100 �m (scale is identical for all panels).
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wild-type G27 in a dose-dependent manner (Fig. 8D). Neither peptide had an effect
either on preformed biofilms or on biofilm formation of the hyperbiofilm-forming
strains (see Fig. S3 and S4 in the supplemental material). Together, these results
suggested that H. pylori utilizes mechanisms of biofilm attachment and growth similar
to those of other biofilm-forming species that can be targeted by antibiofilm peptides.
However, mutations in ArsRS alter the effectiveness of these molecules.

Lastly, we investigated how the peptides affected the number of H. pylori cells found
within the biofilm (see Fig. S5 in the supplemental material). While IDR-1018 disrupted
biofilm mass in the crystal violet assay, it did not affect the total CFU found within the
biofilm matrix (Fig. S5A). DJK-5 showed no effects on preformed biofilm mass or CFU
(Fig. S5B). When H. pylori cells were enumerated from biofilms that had been incubated
with the peptides from the start of the experiment, both IDR-1018 and DJK-5 resulted
in a dose-dependent reduction in the total biofilm mass (Fig. S5C and D). However, only
DJK-5 demonstrated a statistically significant reduction in the number of H. pylori cells
recovered from the biofilm (Fig. S5D).

DISCUSSION

The growing interest in the ability of H. pylori to form a biofilm is reflected by the
increased appearance of H. pylori biofilm-related studies in the literature. However, a
hurdle faced in the comparison of the studies from different laboratories is the use of
different H. pylori strains and the different conditions used to induce biofilm formation;
there is currently little information on the conditions that affect H. pylori biofilm
formation. To address this knowledge gap, we systemically analyzed the effects of
commonly utilized rich media and surfaces on H. pylori biofilm formation. Additionally,
we evaluated biofilm composition and the possible effects of two antibiofilm peptides.

Mutation of lab strains due to accidental selection imposed during in vitro serial
passage is a common concern for the field of microbiology (43). This is particularly true
for H. pylori, which has a tendency to mutate, change its chromosome, and acquire free

FIG 6 Visualization of eDNA, protein, and polysaccharides in the extracellular matrix of H. pylori biofilms. Staining of the H. pylori biofilm
matrix at 24, 48, and 72 h. Representative regions for areas with pronounced biofilm formation are shown. Bar, 100 �m (scale is identical
for all panels). Each dye was captured on a single channel, and the images show a compressed z-stack; merged images at a magnification
of �40 are shown on the far right. Biofilms were stained with H. pylori-specific antibodies labeled with Alexa Fluor 488 (H. pylori),
propidium iodide (DNA), FilmTracer Sypro Ruby biofilm matrix stain (protein), and calcofluor white (polysaccharides).

Helicobacter pylori Biofilm Formation Applied and Environmental Microbiology

July 2018 Volume 84 Issue 14 e00391-18 aem.asm.org 9

http://aem.asm.org


DNA (30). Despite this, we found no appreciable difference in biofilm formation
between low- and high-passage-number G27 isolates (Fig. 1A). Additionally, while it has
been well established that alteration of the media can affect biofilm formation of many
species (9, 26, 32), we found no significant effects in H. pylori biofilm formation in any
of the commonly utilized rich media used for H. pylori culture (Fig. 1B); this was true
even when additional preferred carbon sources were added (Fig. S1). While somewhat
surprising, this lack of effect of carbon source might be due to a key difference between
H. pylori and other bacterial species; often, when the addition of a preferred carbon
source alters biofilm formation, carbon catabolite repression is involved (29, 44).
However, no form of carbon catabolite repression has been identified in H. pylori.
Indeed, investigation of the H. pylori genome suggests that the genes involved in
carbon catabolite repression are absent (25). Thus, it is perhaps no surprise that H. pylori
did not alter biofilm formation in response to the available carbon source. Despite this
fact, it was clear that regulation in response to various stimuli does play a role in the
biofilm formation of this organism. For example, we previously found that the ArsRS
two-component system, which responds to acidic pH (24), also plays a role in regulating
biofilm formation (9). Additionally, zinc depletion has been shown to promote H. pylori
biofilm formation (45). While the ArsRS contribution appears to involve transcriptional
regulation (9), the zinc effect appears to be posttranscriptional (45). Thus, regulation of

FIG 7 Effects of antibiofilm peptides on planktonic H. pylori. H. pylori viability after 24-hour incubation
with IDR-1018 (A) and DJK-5 (B) was assayed. Bars represent the mean CFU from three biologically
independent experiments; error bars display standard errors of the means. LOD, limit of detection.

Windham et al. Applied and Environmental Microbiology

July 2018 Volume 84 Issue 14 e00391-18 aem.asm.org 10

http://aem.asm.org


biofilm formation in H. pylori is likely a complex process that will need to be investi-
gated in greater detail in future studies.

Of the conducted characterization experiments, only modification of the properties
of the surface had a significant impact on biofilm formation (Fig. 2); while there was
little difference between biofilms grown in untreated polystyrene plates and those
grown in plates coated with poly-D-lysine, tissue culture-treated plates supported the
most-robust biofilm formation. This observation was consistent for G27 and the iso-
genic PRINTER: this does not look like the standard uppercase Greek delta; please use
standard delta as usual ΔarsS and ArsR-D52N mutant strains, suggesting that surface
properties are important even for the hyperbiofilm-forming strains (Fig. 2). Though not
exhaustive, the tested surfaces were chosen because they possess different properties:
untreated polystyrene wells are hydrophobic, poly-D-lysine wells are hydrophilic and
positively charged, and tissue culture-treated surfaces are hydrophilic and negatively
charged. Given the specific difference between the poly-D-lysine- and tissue culture-
treated plates, the data suggested that H. pylori biofilm formation and adherence were
mediated, at least in part, by surface charge in this assay; a negative charge appeared
to promote optimal biofilm formation. This is in keeping with literature that suggests
that negatively charged surfaces promote more biofilm accumulation than positively
charged surfaces for Gram-negative bacteria (46).

Characterization of the biofilm matrix components revealed that the addition of
proteinase K both disrupted preformed H. pylori biofilm (Fig. 3B) and inhibited H. pylori

FIG 8 Effects of the antibiofilm peptides IDR-1018 and DJK-5 on G27 H. pylori biofilm formation. IDR-1018 and DJK-5 were added to
preformed wild-type G27 biofilms at the time points indicated and incubated for another 24 h (Disruption) (A and B) or were added to
the media when biofilm growth was started (Formation) (C and D). Biofilm formation was measured by crystal violet staining, and the
mean OD590 values from three biologically independent replicates are shown; error bars display standard errors of the means. *, P � 0.05;
**, P � 0.01.
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biofilm formation (Fig. 3F); these findings strongly suggest that proteins are a primary
component of the H. pylori biofilm matrix. The same was true for biofilms formed by the
hyperbiofilm-forming �arsS and ArsR-D52N strains; protein appears to be the primary
constituent of the extracellular matrix (Fig. 4). While the identity of the protein(s) that
is critical for biofilm formation remains to be elucidated, we note that the H. pylori
genome encodes more than 60 outer membrane proteins (47) that could play a role in
H. pylori aggregation or adherence to the surface. Of note, several of the genes
encoding these proteins have been suggested to be regulated by the ArsRS system (24,
48). Thus, dysregulation of one or several of these outer membrane proteins could
explain the hyperbiofilm-forming phenotype of strains bearing mutations in the ArsRS
system. Further studies will be required to determine the identity of the proteins found
within the extracellular matrix of H. pylori biofilms and to define the contribution of
these proteins to biofilm formation.

Though our results suggested that protein is the most important component of the
extracellular matrix of H. pylori biofilms, it is not the only component; eDNA is also
present. Although incubation with DNase I did not result in a statistically significant
disruption of preformed biofilms (Fig. 3A), there was a clear trend toward biofilm
reduction. Furthermore, confocal microscopy revealed the presence of eDNA in H. pylori
biofilms at 24, 48, and 72 h (Fig. 6). Additionally, the formation of total biofilm mass was
significantly prevented when the effect of DNase I on biofilm formation was assessed
(Fig. 3E). eDNA may also be structurally important for the biofilms of the �arsS mutant
strain; though the decrease was not statistically significant, there was a noticeable
decrease in biofilm mass after DNase I treatment (Fig. 4A). However, the ArsR-D52N
mutant strain was unaffected by the addition of DNase I (Fig. 4B). Together, the data
suggest that eDNA is important for early development of the H. pylori biofilm but does
not play as great a structural role in older biofilms. A possible reason for the shift in the
structural importance of eDNA may involve a change in function. For example, others
have shown the presence of eDNA in the H. pylori biofilm (32) and have found that
extensive recombination occurs within the biofilm (49). This led Grande et al. (49) to
propose that the H. pylori biofilm acts as an environmental niche that promotes
recombination. It follows then that perhaps H. pylori eDNA, repurposed as an adhesin
and structural component of the extracellular matrix at early stages, is returned to the
role of genetic material as the biofilm matures and other components take on the
structural roles. Perhaps the ArsR-D52N mutant strain may have made this switch earlier
than the �arsS mutant strain, thus explaining the differential sensitivity to DNase
treatment. It is also worth noting that the biofilms formed by the �arsS and ArsR-D52N
mutant strains are visually (9) and quantitatively (Fig. 4) different. Therefore, the
differential effects of DNase treatment may be attributable simply to variations in the
biofilms of these mutant strains.

The final potential component of the extracellular matrix that we investigated was
polysaccharides. Confocal microscopy and calcofluor white staining revealed the pres-
ence of polysaccharides in the H. pylori biofilm (Fig. 6). This was an intriguing result,
given that sodium periodate did not significantly alter H. pylori biofilm mass in strain
G27 (Fig. 3C) or the �arsS and ArsR-D52N mutant strains (Fig. 4); loss of biofilm mass
would be expected if the polysaccharides played a crucial structural role. Indeed, the
data suggest either that polysaccharides do not play an important structural role in the
extracellular matrix or that any polysaccharides that are present are somehow pro-
tected from the effects of sodium periodate. It is also possible that, like eDNA,
polysaccharides are important for early biofilm development and then lose structural
prominence as the biofilm matures. Unfortunately, we could not test this possibility
given the exquisite sensitivity of H. pylori to sodium periodate (Fig. 3D). Future research
using defined exoglycosidases or N- or O-linked glycosidases will likely help to more
clearly define the constituency and contribution of polysaccharides to the H. pylori
biofilm.

Targeted disruption of biofilms has important medical implications. Thus, we were
interested to know whether the H. pylori biofilm would be affected by treatment with
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two synthetic antibiofilm peptides, IDR-1018 and DJK-5, each of which has been shown
to be effective against the biofilms of a number of different bacterial species (50, 51).
In these prior studies, it was noted that these peptides are effective in promoting
biofilm disruption but do not affect planktonic bacteria (41, 42). Similarly, we saw no
effect of either peptide on planktonic H. pylori (Fig. 7). Conversely, the two peptides
displayed different effects on H. pylori biofilms. While IDR-1018 caused disruption of
preformed biofilm (Fig. 8A) and trended toward inhibited biofilm formation (Fig. 8C),
DJK-5 had little effect on preformed biofilm (Fig. 8B) but was highly effective at
blocking H. pylori biofilm development (Fig. 8D). Unexpectedly, IDR-1018 did not alter
the CFU that could be recovered from biofilms, either via disruption of a preformed
biofilm (Fig. S5A) or when tested against biofilm formation (Fig. S5A). Since there was
not a change in CFU, these data likely suggest that the reduction in biofilm demon-
strated by IDR-1018 was likely due to a decrease in the extracellular matrix. Similar to
the lack of effect of DJK-5 on preformed biofilm (Fig. 8B), no significant alteration in
recovered CFU was detected (Fig. S5B). However, DJK-5 did decrease the CFU that could
be recovered from the biofilm when tested against formation (Fig. S5D). Though the
decrease appeared small when presented on a logarithmic scale, the decrease in CFU
was 75% or greater for the concentrations of DJK-5 tested. While the exact reason that
the two peptides displayed differential effects on H. pylori biofilms is currently un-
known, recent studies have proposed that both IDR-1018 and DJK-5 promote degra-
dation of the secondary messenger ppGpp, which is involved in the stringent stress
response (50, 51). Indeed, the stringent response has been found to be important for
biofilm formation in other bacterial species (52, 53). Whether IDR-1018 and DJK-5 were
able to target ppGpp in H. pylori remains to be determined. However, given the effects
of the two peptides in our assays, it is intriguing to speculate that the stringent
response is important for H. pylori biofilm development. Regardless of the precise
mechanism of action of these peptides, the data suggest that DJK-5 may be the most
effective one to prevent H. pylori biofilm formation. This being said, we note that
neither peptide was able to disrupt preformed biofilms formed by the �arsS and
ArsR-D52N mutant strains or to prevent biofilm formation of these strains (Fig. S3 and
S4). These results suggest that the ΔarsS and ArsR-D52N mutations modify H. pylori
biofilm development in such a way that the antibiofilm peptides are less effective.
Resistance to cationic peptides is often characterized by modifications that lead to a
change in the surface charge of the bacterium (54). Like that of most bacteria, the
surface of the H. pylori cell is negatively charged (55, 56). In fact, modification of H. pylori
lipid A was shown to impart increased resistance to antimicrobial peptides (57). Thus,
the lack of effect of IDR-1018 and DJK-5 against the mutant strains further supports the
possibility that modulation of ArsRS regulation may lead to changes in outer membrane
protein expression, which would result in changes to the surface charge of H. pylori.
Alternatively, it is also possible that these strains have an altered stringent response.
Both of these possibilities could lead to enhanced biofilm formation as well as reduced
susceptibility to the antibiofilm peptides. Further studies will be required to fully
understand the hyperbiofilm phenotype.

There are clear limitations to our study. For example, there are distinct differences
between the polystyrene plate assays (Fig. 3, 4, and 8) and the glass coverslip confocal
assays (Fig. 5 and 6). Though the biofilms were grown under the same temperature and
aeration conditions and in the same media, the target substrates differ; the tissue
culture-treated polystyrene plates used in the crystal violet assays have been altered by
gas plasma treatment, leaving the surface hydrophilic and negatively charged to better
promote attachment. In contrast, the glass coverslips used in the confocal assays have
been coated with poly-D-lysine, resulting in a positive surface charge. Since the nega-
tive charge of the tissue culture-treated plates was found to better promote H. pylori
biofilm formation (Fig. 2), the biofilm seen in the confocal assays was likely not as
robust as it could have been. Despite this limitation, the results are congruent; the
biofilm formed at the air-liquid interface in both assays, and both assays demonstrated
the importance of protein and eDNA in the extracellular matrix. En masse, these results
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provide novel information about the H. pylori biofilm that will likely help to better
develop a robust future biofilm model.

Given the newness of H. pylori biofilm research, two major questions are (i) how life
in a biofilm is compatible with what is currently understood about H. pylori infection
and (ii) what the purpose of the biofilm is in the H. pylori life cycle. While these
questions remain to be answered, it is possible that biofilm formation helps H. pylori to
evade aspects of the immune system, facilitates genetic diversity via providing a niche
for enhanced recombination, provides protection from the harsh environment of the
gastric niche, etc. Indeed, H. pylori may form biofilms for any of these reasons or for all
of them. Future research that is focused on identification of conditions, environmental
stressors, metabolites, and regulatory elements that promote biofilm formation will
help to answer key questions about the importance of H. pylori biofilms. Hopefully, the
in vitro characterization studies presented here will provide a foundation for future
mechanistic studies of H. pylori biofilm formation.

MATERIALS AND METHODS
Bacterial strains and growth. The strains used in this study are listed in Table 1. H. pylori strains were

grown as previously described (58). Briefly, all cultures were grown at 37°C in a microaerobic environ-
ment (5% O2, 10% CO2, and 85% N2) generated using the Anoxomat system (Advanced Instruments, Inc.).
Strains grown on solid media were cultured 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-Aldrich), and an antibiotic-antifungal cocktail (10 mg/ml vancomycin [Amresco], 5
�g/ml cefsulodin [Sigma-Aldrich], 2.5 �g/ml polymyxin B [Sigma], 5 �g/ml trimethoprim [Sigma-Aldrich],
and 8 �g/ml amphotericin B [Amresco]). H. pylori liquid cultures were grown in medium consisting of
Brucella broth (BB) (Neogen Corporation) supplemented with 10% fetal bovine serum (FBS; Gibco) and
10 �g/ml vancomycin, unless otherwise noted. Liquid growth was carried out at 37°C with shaking (110
rpm). Stock cultures of H. pylori strains were maintained at �80°C in brain heart infusion broth (BD
Biosciences) containing 10% FBS and 20% glycerol (EMD Chemicals, Inc.).

Crystal violet biofilm quantification. Biofilm quantification assays were performed as described
previously (9). Briefly, 1 ml of BB–10% FBS per well was inoculated from an overnight liquid culture to
an optical density at 600 nm (OD600) of 0.1. Three separate 24-well tissue culture-treated plates (Corning)
were used for time points T24, T48, and T72. The plates were grown at 37°C in a microaerobic environment
with shaking at 110 rpm. At each time point, the medium was aspirated, and wells were washed with
phosphate-buffered saline (PBS; EMD chemicals) and then dried prior to methanol fixation (J. T. Baker).
Gram’s crystal violet solution (Sigma-Aldrich) diluted to one percent with water was then added to each
well, including to one empty control well that served as a blank, and plates were incubated for 15 min.
Following incubation, wells were washed with distilled water and air dried for 5 min at 37°C, and then
crystal violet was solubilized with a differentiation solution (Sigma-Aldrich) for 15 min. To quantify biofilm
formation, solubilized crystal violet solution was read at an absorbance of 590 (OD590) for each sample.
The data shown represent results from three biologically independent experiments.

In addition to standard biofilm assays, some minor modifications were included to assay different
media, carbon sources, or surface coatings. We evaluated standard rich H. pylori growth media: BB
supplemented with 10% FBS and 10 �g/ml vancomycin, (9), brain heart infusion medium supplemented
with 0.1% beta-cyclodextrin and 10 �g/ml vancomycin (26), and BB supplemented with 2% FBS, 10
�g/ml vancomycin, and 0.2% glucose (Sigma-Aldrich) (32). Additionally, we assessed the addition of
various carbon sources (arabinose, sodium pyruvate, alanine, asparagine) to BB supplemented with 10%
FBS and 10 �g/ml vancomycin. Overnight cultures were all grown in BB–10% FBS–vancomycin. Aliquots
of the starter culture were centrifuged and resuspended in different media. The resuspended cells were
then used to inoculate 1 ml of liquid medium per well to an OD600 of 0.1, and the experiment was
conducted as described above. To test different surfaces, assays were performed as described above,
except that the standard 24-well tissue culture-treated plates were replaced by either untreated
(Corning) or poly-D-lysine (Corning)-treated 24-well plates. For these experiments, poly-D-lysine-coated
plates were prepared per the protocol recommended by Corning.

Antibiofilm peptide, enzymatic, and chemical assays. To evaluate the composition of the H. pylori
biofilm extracellular matrix, we used treatments with different enzymes/chemicals to target matrix
components. For these assays, we chose DNase I (Sigma-Aldrich), proteinase K (Sigma-Aldrich), and
sodium periodate (Sigma-Aldrich); sodium periodate was chosen to test for polysaccharides because,

TABLE 1 Bacterial strains used in this paper

H. pylori strain Description Source or reference

DSM 1 G27, WT lab-passaged strain 61
DSM 359 G27, low passage 31
DSM 983 G27 �arsS, markerless 58
DSM 1446 G27 ArsR-D52N, nonphosphorylatable, Kanr 9
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unlike commonly used enzymes like dispersin B (59) and alginate lyase (60), the chemical is not specific
to the linkages in polysaccharides. We also tested the effects of two previously described synthetic
peptides, IDR-1018 and DJK-5 (41, 42), on H. pylori biofilms.

To determine the composition of biofilms over time, we assessed the effects of the above-mentioned
compounds on preformed biofilms that were 24, 48, or 72 h old. Multiple concentrations of DNase I (47.5
�g/ml to 380 �g/ml), proteinase K (25 �g/ml to 200 �g/ml), sodium periodate (5 mM to 40 mM),
IDR-1018 (4 �g/ml to 64 �g/ml), or DJK-5 (4 �g/ml to 64 �g/ml) were added to the media. Following
treatment, the wells were incubated for a further 24 h before biofilm quantification by crystal violet
staining as detailed above. Additionally, to determine if any of the compounds would affect biofilm
formation, DNase I, proteinase K, IDR-1018, or DJK-5 was added to the media when the 24-well assays
were initiated (T0). Biofilm development was monitored then over 24, 48, or 72 h by crystal violet staining.
To verify that the compounds affected the biofilm and not cell viability, we assessed the viability of
planktonic H. pylori cells exposed to either the antibiofilm peptides, the enzymes, or the chemicals at the
concentrations listed above. Overnight starter cultures of H. pylori were used to inoculate a master
culture adjusted to an OD600 of 0.05. The master culture was then split into 1-ml volumes in test tubes.
Antibiofilm peptides or enzymes were added at the same concentrations as those used in the biofilm
assays, and cultures were incubated at 37°C in gas evacuation jars under microaerobic conditions for 24
h, after which the CFU were enumerated.

To quantitate CFU for the peptide experiment (Fig. S5), two sets of wells were prepared. One set of
wells was developed by crystal violet staining as detailed above. The second set of wells was aspirated
and washed twice with 2 ml of warm BB–10% FBS to remove any cells left over from the liquid culture.
To remove the cells from the surface of the polystyrene plate, the wells were then filled with 1 ml of
BB–10% FBS supplemented with 200 �g/ml proteinase K and incubated for 1 h. To further break up
cellular aggregates, the 1-ml cultures were then supplemented with 2 �M EDTA and sonicated for 10 min
in a benchtop water bath (Branson 1510 ultrasonic cleaner). The cells were then diluted and plated onto
HBA plates for later enumeration.

Confocal microscopy, immunofluorescence, and antibodies. Overnight cultures of DSM 1 (G27)
were adjusted to a starting OD600 of 0.1 in a 16- by 100-mm glass tube to a total volume of 0.4 ml. Two
circular glass coverslips (Corning poly-L-lysine) were placed back to back and suspended upright within
the tube to allow for formation of a biofilm at the air-liquid interface of the exposed side of each
coverslip. After 24, 48, and 72 h of growth, coverslips were carefully removed and placed into 500 �l of
filter-sterilized PBS in a 12-well plate. Slips were rinsed 3 times in filtered PBS and then stained using the
subsequent parameters. First, 500 �l of 1� FilmTracer Sypro Ruby biofilm matrix stain (Thermo Fisher
Scientific) was added, and plates were incubated for 20 min. Sypro Ruby was removed, and wells were
washed 2 times with filtered PBS. Next, blocking buffer (1� PBS, 3% bovine serum albumin [BSA], 0.05%
sodium azide) was added for 45 min without rocking. Following blocking, coverslips were incubated with
a polyclonal rabbit anti-H. pylori antibody (ab20459; Abcam) at a 1:400 dilution in blocking buffer for 45
min. After 45 min, cells were washed 3 times for 5 min each in blocking buffer and then incubated for
45 min with anti-rabbit Alexa Fluor 488 (1:800 dilution). After 40 min in the secondary antibody, 500 nM
propidium iodide (Thermo Fisher Scientific) was added with the secondary antibody and incubated for
the final 5 min. Cells were then washed 3 times with filtered PBS, and the final stain, 0.1% calcofluor white
(fluorescent brightener 28; Sigma), was added for 30 min. After the final incubation, cells were washed
3 times with distilled water and then affixed to a slide with Vectashield mounting medium (Vector
Laboratories). Confocal images were collected via a Zeiss 710 microscope (Carl Zeiss, Jena, Germany) and
analyzed with Zen Black software (Zeiss).

Statistical analysis. Statistical analyses were conducted using GraphPad Prism version 7 (Graph Pad
Software, Inc.). A two-way analysis of variance (ANOVA) with Dunnett’s correction for multiple compar-
isons was used to analyze increases in biofilm formation over time for individual strains and also to
identify differences in biofilm formation between strains at each time point. Ordinary one-way ANOVA
with Dunnett’s correction was utilized for enumerating CFU within the biofilm (Fig. S5).
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