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ABSTRACT Chronic gastric infection with Helicobacter pylori can lead to progressive
tissue changes that culminate in cancer, but how H. pylori adapts to the changing
tissue environment during disease development is not fully understood. In a trans-
genic mouse gastric metaplasia model, we found that strains from unrelated individ-
uals differed in their ability to infect the stomach, to colonize metaplastic glands,
and to alter the expression of the metaplasia-associated protein TFF3. H. pylori iso-
lates from different stages of disease from a single individual had differential ability
to colonize healthy and metaplastic gastric glands. Exposure to the metaplastic envi-
ronment selected for high gastric colonization by one of these strains. Complete ge-
nome sequencing revealed a unique alteration in the frequency of a variant allele of
the putative adhesin sabB, arising from a recombination event with the related sialic
acid binding adhesin (SabA) gene. Mutation of sabB in multiple H. pylori strain back-
grounds strongly reduced adherence to both normal and metaplastic gastric tissue,
and highly attenuated stomach colonization in mice. Thus, the changing gastric envi-
ronment during disease development promotes bacterial adhesin gene variation
associated with enhanced gastric colonization.

IMPORTANCE Chronic infection with Helicobacter pylori is the primary risk factor for
developing stomach cancer. As disease progresses H. pylori must adapt to a chang-
ing host tissue environment that includes induction of new cell fates in the cells
that line the stomach. We tested representative H. pylori isolates collected from the
same patient during early and later stages of disease in a mouse model where we
can rapidly induce disease-associated tissue changes. Only the later-stage H. pylori
strains could robustly colonize the diseased stomach environment. We also found
that the ability to colonize the diseased stomach was associated with genetic varia-
tion in a putative cell surface adhesin gene called sabB. Additional experiments
revealed that SabB promotes binding to stomach tissue and is critical for stomach
colonization by the late-stage strains. Thus, H. pylori diversifies its genome during
disease progression and these genomic changes highlight critical factors for bacterial
persistence.

KEYWORDS gastric intestinal metaplasia, genetic variation, Helicobacter pylori, outer
membrane proteins, stomach

H elicobacter pylori stomach infection is the leading risk factor for the development
of gastric malignancies, with an estimated 75% of gastric cancer cases attributed

to active infection (1). Although the mechanisms by which H. pylori induces gastric can-
cer are incompletely understood, the tissue changes preceding cancer development
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have been well described (2). All infections lead to chronic inflammation of the stom-
ach lining (gastritis). A fraction of these cases progress to atrophic gastritis (loss of acid
secreting parietal cells), SPEM (spasmolytic polypeptide-expressing metaplasia) and/or
IM (intestinal metaplasia), which then can progress to dysplasia and finally gastric can-
cer (3, 4). Eradication of H. pylori prior to the development of metaplasia reduces the
risk of gastric cancer development (5), which supports a model in which H. pylori pro-
motes early tissue alterations leading to carcinogenesis.

The interactions between host and pathogen are dynamic throughout infection as
acid homeostasis, nutrient availability, and immune responses fluctuate (6). Infections
are typically established in the stomach antrum, where pH is closer to neutral.
However, loss of acid-secreting parietal cells due to atrophy of the stomach corpus
glands promotes expansion of H. pylori’s niche from the antrum to the corpus in both
human and animal models (7, 8). Within these different topographic regions, H. pylori
can be found in the protective mucus layer above the epithelium and within glands
(9–11). At the epithelial interface, H. pylori secretes effectors directly into host cells as
well as into the surrounding environment, resulting in a robust inflammatory response
(12). It is thought that by-products of inflammation generated from infection lead to
accumulation of mutations in gastric epithelial cells, which are sufficient to activate on-
cogenic pathways in some individuals (13).

We recently showed that H. pylori presence alters the trajectory of SPEM, IM, and
dysplasia (14), in addition to its previously described role in driving inflammation asso-
ciated with oncogenic mutations. These studies suggest that H. pylori modulates pre-
malignant tissue changes, which in turn can impose selective pressures on the infect-
ing bacterial populations. H. pylori persistence in response to tissue remodeling in the
gastric environment is facilitated by genomic diversification through mutation as well
as inter and intra genomic recombination (15). Comparisons of paired H. pylori isolates
collected longitudinally from the same individual document extensive genetic diver-
sity, suggesting adaptation to distinct niches within a single host (16–18). However,
few studies have characterized how H. pylori specifically interacts with, and may genet-
ically adapt to, the metaplastic tissue environment. Here, we utilized a mouse model of
KRAS-driven metaplasia to explore bacterial genotypes that promote colonization of
the metaplastic stomach.

RESULTS
The model H. pylori strain PMSS1 robustly colonizes the gastric corpus during

gastric preneoplastic progression. We previously used Mist1-Kras mice to explore how
H. pylori infection could impact metaplasia development in the stomach corpus (14). In
these mice, administration of tamoxifen (TMX) induces expression of a constitutively active
Kras allele (G12D) in chief cells, leading to rapid onset of spasmolytic polypeptide-express-
ing metaplasia (SPEM) in the corpus within 4 weeks, which progresses to intestinal meta-
plasia (IM) and mild dysplasia by 12 weeks (19). In the present study, we either induced
active KRAS (KRAS1), or sham-induced mice (KRAS2), and then performed acute H. pylori
infections to assess how H. pylori interacted with metaplastic versus healthy glands
(Fig. 1A). We first tested H. pylori strain PMSS1, which robustly colonizes the healthy mouse
stomach (8, 20). Mice were infected for 1 week during SPEM (4 weeks after KRAS induc-
tion), SPEM with intestinalizing characteristics (SPEM-IC, 8 weeks after KRAS induction), or
IM (12 weeks after KRAS induction), with sham-induced mice as a control at each time
point (Fig. 1B). PMSS1 robustly colonized the KRAS2 mice at each time point, in keeping
with its previously established ability to colonize wild-type mice. This strain also robustly
colonized KRAS1 mice at each time point, demonstrating that it could survive in the meta-
plastic stomach. Interestingly, at 12 weeks, some KRAS1 mice had bacterial loads one to
two logs higher than sham-induced mice. We hypothesized that this could result from
H. pylori expansion from the antrum into corpus metaplastic glands.

In humans, H. pylori infection initially localizes to the antrum, which lacks acid-pro-
ducing parietal cells, and then gradually can spread to the corpus (main body of the
stomach) over a period of years to decades (21). A similar phenomenon was observed
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FIG 1 H. pylori colonizes the stomach corpus during gastric preneoplastic progression. (A) Mist1-Kras mice were given tamoxifen
(TMX) to induce constitutively active KRAS in the chief cells, which leads to metaplasia development, or were sham-induced with
vehicle (corn oil). After the onset of SPEM (4 weeks post-TMX), SPEM with intestinalizing characteristics (8 weeks), or intestinal
metaplasia (12 weeks), mice were infected with Helicobacter pylori for 1 week to assess acute H. pylori-tissue interactions. Illustration
created with BioRender.com. (B) At the indicated weeks after TMX treatment (1) or sham injection (2), mice were infected with
PMSS1 for 1 week. Bacterial titers of individual mice are shown, and a bar indicates the median. Data are from N = 2 independent
experiments with n = 7–13 mice per group. CFU, colony forming units; LOD, limit of detection. (C–E) Thick stomach sections
(200 mm) were stained for H. pylori and imaged via confocal microscopy. Z-stacks were collected along the entire length of the

(Continued on next page)
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in mice: PMSS1 localized to the antrum after 1 week of infection in wild-type C57BL/6
mice and then spread to the corpus within 1 month (8). To visualize bacteria within
glands, we used immunofluorescence microscopy to detect PMSS1 in thick sections
(200 mm) of formalin-fixed tissue (Fig. 1C, Movie S1). We previously used immunofluo-
rescence microscopy to detect and quantify H. pylori within gastric glands based on
fluorescent voxels (8). Here, we used this method to compare antral and corpus gland
occupation between KRAS2 and KRAS1 mice infected with PMSS1. We examined
stomach sections from two to three mice per time point. At each time point, more H.
pylori cells were present within the glands of KRAS1 mice than KRAS2 mice (Fig. 1D
to F; note that the range of the y axis differs between 1D and 1E), suggesting that the
metaplastic changes to the gland architecture and microenvironment may favor H. pylori
gland colonization. Consistent with our hypothesis, far more bacteria were detected in
corpus glands than antral glands of KRAS1 mice at each time point (Fig. 1F), whereas
KRAS2 mice maintained the expected antral predominance. Thus, H. pylori strain PMSS1
can robustly colonize metaplastic corpus glands.

Genetically diverse H. pylori strains colonize the metaplastic stomach environ-
ment.We tested a panel of H. pylori isolates to look for strains that might differ in their
ability to colonize the metaplastic versus healthy stomach (Fig. 2A). NSH57 is a mouse-
adapted version of the well-studied clinical isolate G27 but is a relatively poor colonizer
of mice (22, 23). This strain colonized 0/5 KRAS2 mice and 1/9 KRAS1 mice in our
study. Strain 7.13 is a gerbil-adapted carcinogenic H. pylori strain derived from the duo-
denal ulcer strain B128 (24). Titers of 7.13 did not differ between KRAS2 and KRAS1
mice. However, only 4/7 KRAS2 mice and 5/8 KRAS1 mice were colonized, and me-
dian titers were three to four logs lower than titers of PMSS1, demonstrating that 7.13
is overall not a robust colonizer of mice, regardless of gastric metaplasia status. Thus,
induction of metaplasia does not enhance stomach colonization by these strains.

We next tested infection with representative isolates from 4 distinct genetic sub-
groups within the J99 strain collection of H. pylori isolates taken from a single human
host (25, 26). Based on shared genetic variation, the J99 isolates cluster in four distinct

FIG 1 Legend (Continued)
stomach and volumetric analysis was used to enumerate bacteria based on fluorescent voxels. (C) Representative maximum intensity
projection of a stomach section from the corpus of a mouse infected with H. pylori strain PMSS1 for 1 week, 12 weeks after KRAS
induction. Gray, DAPI; yellow, Hp; blue, GS-II (metaplasia marker). Scale bar, 50 mm. (D–E) Shown are representative examples of
gland analysis for PMSS1 in KRAS2 (D) and KRAS1 (E) mice infected 8 weeks after induction or sham induction. The graphs show
the number of bacteria within glands as detected by fluorescent voxels, along the length of the stomach in millimeters (mm). Red
bars indicate the corpus and blue bars indicate the antrum. The range of the y axis differs between panels D and E. (F) Bacteria were
enumerated in thick stomach sections from two to three mice per treatment and time point depicted in panel 1B. Each dot
represents an individual mouse from panel 1B and lines connect values for the antrum (‘A’) and corpus (‘C’) from a given mouse.

FIG 2 The recent isolate C2 can adapt to better colonize the mouse stomach. Mist1-Kras mice were sham-induced
(2) or induced with TMX (1). After 8 weeks, mice were infected with H. pylori for 1 week. (A) Shown are stomach
titers after 1 week of infection. The percentage of total mice colonized above limit of detection (101 CFU/g of
stomach tissue) is listed below each isolate name. The mouse from which the C2 “adapted” strain was isolated is
indicated in red and used in additional experiments (B) in comparison to infection with the same C2-Stock culture
(“stock”). Data points represent actual values from each individual mouse, bars represent the median, and mice with
no detectable CFU are plotted below the limit of detection (LOD). Data are from N = 2–3 independent experiments.
*, P , 0.05; **, P , 0.01, Mann-Whitney U test.
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subgroups (27). Subgroups 1A and 1B represent single colony isolates collected from
an antral biopsy specimen obtained in 1994, when the patient first presented with a
duodenal ulcer. The patient refused to take the prescribed antibiotics to eradicate the
infection. Subgroups 2A and 2B single colony isolates come from biopsy specimens
taken 6 years later from the antrum, corpus and duodenum, when the patient pro-
gressed to atrophic gastritis (a precursor to metaplasia) with loss of acid secretion (28).
The strains J99, SC4, D1, and C2 are representative of subgroups 1A, 1B, 2A and 2B,
respectively.

The J99 strain was a relatively poor colonizer of mice, with titers recovered in only
4/10 KRAS2 mice and 3/11 KRAS1 mice (Fig. 2A). The other strain from 1994, SC4, was
likewise recovered from only 4/9 KRAS2 mice and 2/7 KRAS1 mice. Strain D1 was
recovered from 8/11 KRAS2 mice and 12/13 KRAS1 mice, demonstrating that it could
robustly colonize mice regardless of metaplasia status. D1 titers were about one log
higher in KRAS1 mice than in KRAS2 mice (P , 0.01, Mann-Whitney U test), suggest-
ing that this strain preferentially colonized the metaplastic stomach. The other strain
tested from the later biopsy specimens, C2, was recovered from 5/10 KRAS2 mice and
5/10 KRAS1 mice. We observed that the C2 strain was the most variable in overall bac-
terial burdens, with titers ranging from undetectable to greater than 106 CFU/g stom-
ach. We thus hypothesized that C2 might be poised to adapt to the metaplastic stom-
ach environment.

To test this hypothesis, mice were infected with the C2 “stock” strain (as in Fig. 2A)
or a C2 “adapted” strain recovered from a KRAS1 mouse, shown in red in Fig. 2A.
Strikingly, titers of the C2-Adapted strain were significantly higher than the C2-Stock
strain, regardless of KRAS expression (Fig. 2B). The C2-Stock strain was recovered from
2/5 KRAS2 mice and 2/7 KRAS1 mice, whereas the adapted strain was recovered from
all mice tested. Thus, C2 appears poised to adapt in vivo to efficiently colonize the
mouse stomach. Titers of C2-Adapated were significantly higher in KRAS1 mice than
KRAS2 mice (median CFU 5 �104 versus 9 �105, respectively, Fig. 2B), suggesting that
this adaptation may even favor the metaplastic environment. In these experiments we
cultured bacteria from a portion of the stomach containing both the corpus and
antrum. To explore whether there was a preferential niche for C2-Adapted, we cultured
the corpus and antrum separately. All the detectable CFU were found in the corpus
(Fig. S1).

H. pylori isolates vary in their ability to infect metaplastic glands. Because
PMSS1 exhibited robust colonization of corpus glands in KRAS1 mice (Fig. 1F), we
tested whether other H. pylori isolates could also colonize KRAS1 corpus glands. We
stained thin sections (4 mm) with an anti-H. pylori antibody (Fig. 3A) and semiquantita-
tively scored the extent of bacteria in glands in a blinded fashion, where 0 indicates no
bacteria detected in corpus glands, 1 indicates few bacteria detected in the corpus (0
to 5 per field of view), and 2 indicates moderate to abundant bacteria detected in the
corpus (>5 per field of view). Only mice with detectable CFU were included in these
experiments. As expected, based on our analysis of thick sections (Fig. 1E and F),
PMSS1 robustly colonized KRAS1 corpus glands (Fig. 3B and S1). Few bacteria of any
strain tested were seen in the antral glands (not shown).

Most KRAS1 mice infected with J99 and SC4 had undetectable bacterial loads (Fig. 2A).
In the few mice with detectable titers, few or no bacteria were observed within the glands
(Fig. 3B). Thus, J99 and SC4 are poor colonizers of mice and poor colonizers of metaplastic
glands. Interestingly, the D1 strain fared much better: only one mouse of 13 had an unde-
tectable bacterial titer, and bacteria were observed in KRAS1 corpus glands in 10/13 mice
(Fig. S2), while 2/13 mice had titers but did not have detectable bacteria in corpus glands.
Once again, the C2-Stock strain gave rise to the most variable phenotypes. Eight of 14
mice had no titers and were excluded from the analysis, but of the remaining six, three
had no bacteria observable in glands, one had sparse bacteria and two had abundant bac-
teria. Interestingly, this pattern was similar for the C2-Adapted strain. All eight mice had de-
tectable titers (Fig. 2B). We randomly chose five mice for gland analysis and observed that
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three had no bacteria in glands whereas one had sparse bacteria and one had abundant
bacteria. Thus, the C2-Adapted strain infects mice better than the C2-Stock strain does, but
in mice with detectable titers, both strains colonize metaplastic glands to a similar extent.

H. pylori strains differentially impact metaplasia development. We previously
used Mist1-Kras mice to determine whether chronic infection with H. pylori strain
PMSS1 impacted metaplasia development in KRAS1 mice, compared to mock-infected
mice (14). In these experiments, mice are infected or mock-infected prior to tamoxifen
administration to induce active KRAS. We found that at 6 weeks, the expression of
SPEM markers and the cell proliferation marker Ki-67 differed between PMSS1-infected
and mock-infected mice. Mice with concomitant PMSS1 infection and active KRAS had
greater expression of Ki-67 and the SPEM marker CD44v10 (orthologous to human
CD44v9, referred to herein as CD44v) and less expression of the IM marker TFF3 (14).
Here, we tested whether strains that had evolved during colonization of the human
stomach, D1 and C2, could elicit similar phenotypes. Mice were infected with D1, C2-
Stock or C2-Adapted prior to induction of active KRAS and euthanized at 6 weeks
(Fig. S3). The median stomach loads were similar among the different H. pylori strains
(Fig. 4A) and similar to what we previously reported for PMSS1 (14). Interestingly, titers

FIG 3 H. pylori strains can be detected in corpus glands at different densities. Thin stomach sections
(4 mm) were stained for H. pylori and the corpus was assessed for bacterial colonization. (A) Shown is
a representative image of a mouse infected with PMSS1 with a score of 2 (robust gland colonization).
Yellow, Hp; gray, DAPI; scale bars, 50 mm. (B) Shown is the corpus gland colonization score for each
H. pylori strain tested. The number of mice is given at the top of the graph. Blue indicates robust
gland colonization, black indicates sparse gland colonization, and gray indicates no observable gland
colonization. White indicates mice with undetectable Hp loads by gastric culture, which were not
included in staining experiments.
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FIG 4 H. pylori isolates modulate expression of the metaplasia marker TFF3 in a strain-dependent manner. Mice were
infected with the indicated H. pylori strains or mock-infected and active KRAS was induced. At 6 weeks, mice were
euthanized and stomachs were assessed. (A) Stomach loads are shown. Data points represent actual values from each
individual mouse, bars represent the median, and mice with no detectable CFU are plotted below the limit of detection
(LOD). (B–F) IHC was used to detect expression of the indicated disease markers in thin stomach sections. Data are from
N = 2–3 independent experiments. (B–D) Gastric metaplasia marker expression was assessed in mock-infected and H. pylori-
infected mice. Three to five representative images per mouse were quantitatively or semiquantitatively assessed and the
median value for each mouse is plotted. Bars on the graphs indicate the median value for each treatment group. *,
P , 0.05; **, P , 0.01, ns, not significant, Mann-Whitney U test. In B–D, each H. pylori group was compared against the
mock-infected group. (B) Ki-671/DAPI1 nuclei were enumerated and normalized to the DAPI content (total number of
DAPI1 pixels) of each image. (C) The number of GS-II1, CD44v1 (dual-positive) pixels per image was quantified. (D) TFF3
staining was semiquantitatively scored in a blinded fashion. (E–F) Representative images are shown. Scale bars, 100 mm. (E)
Stomachs were stained with antibodies against Ki-67 (red) and pan-cytokeratin (blue), the lectin GS-II (green), and DAPI (gray).
(F) Stomachs were stained with antibodies against CD44v (green) and TFF3 (red), the lectin GS-II (blue) and DAPI (gray).
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of the C2-Adapted strain were significantly greater than D1 titers. We noted that loads
were lower after 6 weeks of infection than after 1 week (compare to Fig. 1B, 2A), con-
sistent with the onset of adaptive immunity to infection.

We next used immunohistochemistry (IHC) to assess the expression of Ki-67 (normalized
to total DAPI content), CD44v and TFF3 in mouse corpus tissue. For comparison, we also
tested KRAS1mice with PMSS1 or mock infection (from a previous study (14) and two addi-
tional replicates for this study). In the corpus of healthy mice, Ki-67 is expressed at the isth-
mus of the glands (near the lumen); the lectin GS-II binds the mucin MUC6, which is
expressed by cells in the neck region; and CD44v and TFF3 are not expressed. During meta-
plasia driven by active KRAS induction, Ki-671 cells expand down from the isthmus; GS-II
and CD44v label cells at the base of the glands; and TFF3 is expressed throughout the cor-
pus. As we previously reported, Ki-67 and CD44v expression were elevated in mice with
PMSS1 infection compared to mock-infected mice, whereas TFF3 expression was decreased
(Fig. 4B to F). The other H. pylori strains also caused elevated Ki-67 and CD44v expression,
demonstrating that these phenotypes may be a common response to H. pylori infection in
the context of metaplasia. However, only H. pylori strain PMSS1 reduced TFF3 expression.
Thus, some features of gastric preneoplastic progression are shared among different H.
pylori strains, whereas other features may be strain-dependent.

Sequence comparison of D1 and C2 strains reveals mutations in outer mem-
brane proteins. Isolates from the J99 collection exhibited differential colonization pat-
terns in KRAS1 and KRAS2 mice (Fig. 2A), despite these strains having relatively few
polymorphisms compared to isolates from different individuals; that is to say, D1 is
more genetically similar to C2 than it is to PMSS1, for example. In order to investigate
potential genetic determinants of colonization, we used our previously reported
whole-genome sequencing data (27) to examine the 349 polymorphic loci between
isolates D1 and C2. For this study, we focused on the 175 polymorphisms that resulted
in alterations to amino acid sequence, which includes 123 nonsynonymous single nu-
cleotide polymorphisms (SNPs) and 52 indels detected across 68 genes, including
outer membrane proteins (OMPs) and predicted OMPs.

The H. pylori genome is enriched for repetitive regions, particularly in the genes
encoding OMPs, which allow for high rates of recombination (29, 30). Therefore, we
predicted that many of these alterations reflect inter- or intragenomic recombination
events or mis-mapping of short reads to paralogs with high sequence identity. We
leveraged ClonalFrameML to bioinformatically predict genes with mutations predicted
to be introduced through importation of divergent DNA (31). As expected, more than
half of these alterations (65%) were predicted to have been introduced via recombina-
tion events and were detected across only 14 genes. The remaining 46 SNPs and 16
indels differentiating C2 and D1, which are not predicted to arise from recombination,
are listed in Table S1 and S2.

To further address the limitations of mapping short read data to extended repeats in the
reference, we generated long read assemblies of isolate D1 using Pacific Biosciences
(PacBio) single-molecule real-time (SMRT) sequencing technology (32). Long read assemblies
revealed that some of these polymorphisms predicted to be introduced through recombi-
nation were a result of short reads misaligning to the reference strain in repetitive regions.
However, 10 of the 14 genes did have mutations or significant structural differences that
were detected using both short and long read data (Table S3). Six out of 10 encode outer
membrane proteins: sabA, sabB, homA, hopJ, hopK, and hopQ. Genes jhp0440, jhp1031, and
hopQ had significantly altered protein lengths. Isolate D1 had an alternate start site render-
ing the protein 17 amino acids shorter than the C2 HopQ protein.

The sabB locus undergoes dynamic gene conversion events in vivo. C2-Adapted,
which colonized the metaplastic stomach more robustly than C2-Stock (Fig. 2B), was
also sequenced using the PacBio SMRT sequencing platform to test if genetic changes
occurred during acute colonization of the metaplastic stomach environment. Notably,
the only region that differed between the two strains was the C terminus of the outer
membrane protein SabB. The consensus sequence of C2-Adapted differed from C2-
Stock at five positions, all within a short 50 nucleotide region. Only one of these
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polymorphisms results in an amino acid change: a mutation from threonine, an amino
acid with a polar side chain, to alanine, an amino acid with a hydrophobic side chain,
at position 553 (Fig. 5A, red asterisk). Further analysis of the individual C2-Stock
Illumina reads revealed that the five polymorphisms detected in C2-Adapted strain
were present at a low frequency, indicating that there may be two alleles present in
this population (Fig. 5A). The predominant allele (variant 1) is estimated to be present
at a frequency of ;80% compared to 20% frequency of the minor allele (variant 2).
Similar analysis of the PacBio sequencing reads demonstrated that in the C2-Adapted

FIG 5 The C2 strain is a mixed population with two alleles at the sabB locus that change in frequency during in vivo infection. (A) Sequence logos depict
the probability of each base appearing at each position of the C-terminal region of sabB in C2-Stock (top) and C2-Adapted (bottom). Asterisks highlight
positions with nucleotide variants. The red asterisk indicates the nonsynonymous change. (B) Schema for amplifying and sequencing sabB from mouse
gastric homogenate supernatant. Illustration created with BioRender.com. (C) The proportion of TOPO clones of sabB variant 1 (gray) and variant 2 (black)
is depicted for gastric homogenate supernatants from the indicated mice infected with C2-Stock for 6 weeks. (D) The sequence alignment shows the C-
terminal region of sabB in strains D1, C2 variant 1, and C2 variant 2, with nucleotide variants highlighted in gray. The red asterisk indicates a
nonsynonymous change. The homologous region of sabA from C2-Stock is also shown.
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strain, variant 2 increased in abundance to ;40 to 50% (Fig. 5A). Therefore, we
hypothesized that variant 2 was selected for during gastric infection.

Attempts to use Sanger sequencing to detect the sabB variant 2 in genomic DNA iso-
lated from either the C2-Stock or Adapted strains were unsuccessful, possibly because cul-
turing the bacteria on plates prior to DNA extraction selected for variant 1. To circumvent
this issue, we isolated DNA directly from gastric homogenate supernatants (Fig. 5B) from
mice infected with the C2-Stock strain for 6 weeks (from Fig. 4A). After PCR amplification of
sabB, we used TOPO cloning and sequencing to test for the frequencies of variant 1 and 2
in each mouse. We found that the frequency of variant 2 ranged from 5 to;50% in differ-
ent mice, confirming there are two alleles of sabB present in the C2-Stock and that this
genetic variation is dynamic during in vivo colonization (Fig. 5C).

SabB has paralogs SabA and HopQ, which facilitate binding to sialic acid and
CEACAMs, respectively (33, 34). Gene conversion events among these adhesins and pu-
tative adhesins are thought to modulate adherence to inflamed tissue during chronic
infection (35, 36). All five SNPs in C2 sabB variant 2 were shared with the homologous
region of sabA, suggesting that a recombination event gave rise to sabB variant 2
(Fig. 5D). Strikingly, the sabB C-terminal region from the D1 strain also shared the five
SNPs with C2 variant 2 and sabA, though D1 SabB was overall highly divergent from C2
SabB (Fig. S4). Thus, variant 2 of sabB is associated with robust mouse infection and
likely arose from a sabA recombination.

SabB promotes tissue adherence and colonization of the mouse stomach.
Because our in silico analysis suggested that sabB may be important during infection, we
investigated this gene further. To test whether SabB, like its paralogues, could promote ad-
herence of H. pylori to gastric tissue, we generated DsabB mutants in the C2-Adapted and
D1 strains and tested their ability to adhere to ex vivo gastric tissue compared to the paren-
tal strains. In KRAS2 gastric tissue, adherence of both parental strains was greater than ad-
herence of the isogenic DsabB mutants, both in the corpus and the antrum (Fig. 6A). The
same was true in KRAS1 stomachs (Fig. 6B), and notably, the parental strains bound about
twice as well to KRAS1 tissue than to KRAS2 tissue. Interestingly, the C2-Adapted strain
was more adherent than D1 in KRAS2 tissue, but the two strains were similar in KRAS1 tis-
sue. We also generated a DsabB mutation in a derivative of G27, a highly tractable model
H. pylori strain (37). Loss of sabB in this strain background also significantly reduced adher-
ence to KRAS1 corpus and antrum tissue, and the defect could be rescued by expressing
sabB at a neutral intergenic locus (38) (Fig. 6C).

Finally, to test whether SabB is necessary in vivo, we infected mice with the DsabB
mutants and/or parental strains. First, 8 weeks after active KRAS induction or sham
induction, mice were infected with a 1:1 mixture of the C2-Adapted strain and DsabB
mutant (Fig. 6D). The DsabB mutant was somewhat attenuated in KRAS2 mice and
highly attenuated in KRAS1 mice, demonstrating that SabB promotes gastric coloniza-
tion. Because the DsabB mutant had a phenotype in KRAS2 (i.e., healthy) mice, we used
C57BL/6 mice to further probe the role of SabB in gastric infection. The C2-Adapted
DsabBmutant performed worse than the parental strain in single infection (Fig. 6E), dem-
onstrating that its in vivo attenuation occurs whether or not the wild-type strain is pres-
ent. Strikingly, the D1DsabB strain was not recovered from any mice in competitive infec-
tions (Fig. 6F) and only from one out of five mice in single infections (Fig. 6G). A second
clone was not recovered from any mice (Fig. 6G), which suggests that the colonization
defect was due to the lack of sabB, not due to an off-target effect with the constructed
strain. Taken together, these findings demonstrate that SabB promotes H. pylori adher-
ence to tissue and stomach infection.

DISCUSSION

It has been well established that prolonged H. pylori infection can induce premalig-
nant tissue changes, but little is known about the dynamics between host and patho-
gen at later stages of disease development. In this study, we used the Mist1-Kras
mouse model to examine H. pylori strain-specific determinants of stomach and gland
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colonization during the development of gastric metaplasia. We found that H. pylori
strains have different propensities for infecting the stomach with and without metapla-
sia (1/2 KRAS). Strains that can robustly colonize KRAS1 mice have an expanded
niche in the corpus glands, similar to what is observed with long term (>4 wks) chronic
infections in mice (8, 10). The putative adhesin SabB promotes colonization of both the
healthy and metaplastic stomach environment and seems especially important in the
metaplastic (KRAS1) tissue environment. Furthermore, the ability of H. pylori to infect
KRAS1 mice can be selected for during acute infection of metaplastic tissue via chang-
ing sabB allele frequencies.

J99 strains, originating from the same patient at two different stages of disease
(25, 26), exhibited differential colonization in KRAS1 mice. J99 is a relatively poor colo-
nizer of both KRAS2 and KRAS1mice. SC4, isolated at the early time point but belong-
ing to a different genetic subgroup from J99, was also a relatively poor colonizer of
KRAS 1/2 mice. D1, collected from the patient during a period of gastric atrophy,
robustly colonized both KRAS2 and KRAS1 mice, and titers were greater in KRAS1
stomachs than KRAS2 stomachs. In contrast, C2, originating from the same time point
as D1, had relatively poor colonization in some mice but very robust colonization in
others. We showed that C2 could be adapted to in vivo colonization through just 1
week of infection in the KRAS1 stomach by selecting for a lower frequency allele at
the sabB locus.

FIG 6 SabB promotes colonization of healthy and metaplastic stomach by the D1 and C2-Adapted strains. (A–C) Tissue adherence
was assessed using a previously described ex vivo binding assay (36). The indicated H. pylori strains were labeled with fluorescein
isothiocyanate (FITC), applied to mouse tissue sections and the number of bacterial spots per field of view (FOV) was quantified. Each
data point indicates one FOV and bars indicate the median value. Two to three technical replicates were performed with bacteria
labeled on two different days and a representative experiment is shown. (A) The indicated strains were adhered to KRAS2 tissue.
C2A, the C2-Adapted strain. (B–C) The indicated strains were adhered to KRAS1 tissue. (C) A sabB mutation (DsabB) was generated in
a derivative of G27 (LSH100) and complemented (“comp.”) at a neutral intergenic locus. (D–F) Single infections and competitions
were performed to compare wild-type and isogenic DsabB strains. (D) In Mist1-Kras mice, active KRAS was induced or sham-induced.
8 weeks later, mice were infected with a 1:1 mixture of C2-Adapted and an isogenic DsabB mutant for 1 week. (E–G) C57BL/6 mice
were infected with the indicated strains for 1 week. Data are from N = 2 independent experiments. Data points represent actual
values from each individual mouse, bars represent the median, and mice with no detectable CFU are plotted below the limit of
detection. In D and F, lines connect wild-type and mutant titers from the same mouse. *, P , 0.05; **, P , 0.01; ***, P , 0.001. For
A–F, statistical significance was assessed with a Mann-Whitney U test; for G, significance was assessed with a Kruskal-Wallis test.
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Not all of the clinical isolates we tested colonized the metaplastic stomach of
KRAS1 mice, indicating there are bacterial determinants of metaplastic colonization.
The host environment where clinical strains were isolated from may make certain iso-
lates better adapted for colonization. Complete genome sequencing suggests that
changes in the outer membrane protein SabB facilitated quick adaptation to the meta-
plastic stomach environment in isolate C2.

Prior to this study, little was known about the role of SabB. Work by other groups has
suggested that sabB presence and phase variation state contribute to increased host expres-
sion of sirt7 (39) and PREX2 (40), as well as increased mouse colonization (41). It has also
been suggested that “off” status of sabB through phase variation is associated with increased
likelihood of duodenal ulcers (42). However, our study suggests that in vitro growth can alter
the genotype of sabB, which may influence the data underlying some of these conclusions.

SabB is a protein that is part of a paralogous family, including HopQ, which binds to
CEACAMs, and SabA, which binds to sialic acid (33, 34). SabA was previously reported to
mediate H. pylori interactions with SPEM (metaplastic) cells (43), suggesting that this pro-
tein family is an important tool in H. pylori’s toolbox for late disease-state persistence.
These proteins are some of the most highly variable in the H. pylori genome and can
recombine to quickly adapt to changes to the gastric environment (36, 44). Gene conver-
sion events and allelic diversity in sabB have been identified in several whole-genome
sequencing data sets of human H. pylori isolates (16, 17, 36). The altered bases within sabB
variant 2 align to the paralog sabA from the C2-Stock strain, indicating that these changes
were most likely introduced through an intragenomic recombination event between sabA
and sabB. Inflamed tissue is more likely to express sialylated glycoconjugates than healthy
tissue is (34), which may suggest that H. pylori genetically alters sabA and sabB in order to
modulate binding to inflamed tissue. Our data suggest that sabB may play a previously
unknown role in achieving colonization of tissue that is inflamed or exhibiting SPEM.
However, it is likely not the only player. Other differences between C2 and D1 include
mutations in two fucosyltransferases, fucA and fucU, which are involved in modifying bac-
terial lipopolysaccharide to mimic surface sugars on the host epithelium in order to evade
immune detection (45); and several mutations in genes involved in DNA uptake, metabo-
lism, and repair, including comB8, comM, hsdR, hsdM, and hsdS.

In humans, H. pylori triggers chronic gastritis. In a subset of individuals, this gastric
inflammation leads to gastric atrophy (loss of acid-producing parietal cells), which can
then progress to metaplasia, dysplasia, and finally cancer. Once this pathogenic cas-
cade is initiated, it is thought that H. pylori does not further contribute to the develop-
ment of cancer and that these tissue alterations are not favorable to H. pylori prolifera-
tion. This is referred to as the “hit and run” theory of gastric cancer development (46).
This implies eradication of H. pylori infection is unnecessary once metaplastic lesions
have developed. However, a long-term study with a Colombian cohort shows that
eradication of H. pylori after discovery of metaplastic legions reduces risk of gastric can-
cer, suggesting a role for H. pylori in the development or acceleration of gastric cancer
(47). Host-pathogen interactions during premalignant tissue alterations are under-
studied, but we recently showed that H. pylori interacts with tissue in ways that impact
disease progression and skew the immune response (14). In another mouse model of
gastric atrophy and SPEM, induced via chemical ablation of parietal cells, H. pylori was
shown to preferentially interact with SPEM cells within the corpus glands (43). Notably,
KRAS1 mice have moderate gastric inflammation marked by M2 macrophage expan-
sion (14, 19). Here, we show that certain strains of H. pylori readily colonize the meta-
plastic stomach despite this preexisting inflammatory milieu, which might have been
predicted to reduce or even clear infection. Furthermore, some H. pylori strains exhib-
ited an expanded niche in the corpus glands. Together these data suggest that meta-
plastic environments may be suitable or even preferable for H. pylori growth and chal-
lenge the hit-and-run theory of carcinogenesis. This new model provides avenues to
further explore H. pylori interactions with metaplastic tissue and cell types specific to
metaplastic glands.
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A limitation of our study is that our imaging methods, whether using thick or thin sec-
tions of tissue, do not capture the bacteria in the mucus layer above the glands, because
the surface mucus does not withstand fixation and sectioning. Culturing of stomach ho-
mogenates captures bacteria in both the glands and the mucus, and when we cultured
the corpus and antrum separately, we only recovered bacteria from the corpus. The rela-
tively high limit of detect in that experiment may have precluded us from culturing bacte-
ria from the antrum. However, in both thick and thin sections of KRAS1 mice, we predomi-
nantly observed H. pylori cells in the corpus. More work is needed to characterize the role
of antrum colonization in this model and whether SabB contributes.

It is remains unknown if H. pylori has evolved to exploit preneoplastic tissue changes
such as SPEM, IM, and dysplasia in order to expand its niche and increase transmission, or
if preneoplasia is an unintended consequence of bacterial growth that is tolerated by, but
not advantageous to, H. pylori. However, our findings suggest that certain bacterial strain-
specific factors may promote colonization of the metaplastic stomach and these factors
can vary among isolates in a single infected individual during the course of disease devel-
opment. Additional studies of bacterial genetic factors facilitating colonization during
SPEM may identify important predictors for risk of transmission and/or disease progression.

MATERIALS ANDMETHODS
Ethics statement. All mouse experiments were performed in accordance with the recommendations

in the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The Fred
Hutchinson Cancer Center is fully accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care and complies with the United States Department of Agriculture, Public Health
Service, Washington State, and local area animal welfare regulations. Experiments were approved by the
Fred Hutch Institutional Animal Care and Use Committee, protocol number 1531.

H. pylori culture. The H. pylori strains used in this study were PMSS1 (20), 7.13 (48), the G27 (49)
derivatives NSH57 (23) and LSH100 (37), and four representative isolates from the J99 culture collection
(25, 27, 29): J99, SC4, D1 and C2. All H. pylori isolates were grown on solid media, horse blood agar (HB
agar). HB agar plates contain 4% Columbia agar base (Oxoid), 5% defibrinated horse blood (Hemostat
Labs), 10 mg/mL vancomycin (Thermo Fisher), 2.5 U/mL polymyxin B (Sigma-Aldrich), 8 mg/mL ampho-
tericin B (Sigma-Aldrich), and 0.2% b-cylodextrin (Thermo Fisher). For HB agar plates used to grow H.
pylori from homogenized mouse stomach, 5 mg/l cefsulodin (Thermo Fisher), 5 mg/l trimethoprim
(Sigma) and 0.2 mg/mL of bacitracin (Acros Organics, Fisher) were added to prevent outgrowth of mouse
microflora. For competition experiments, 15mg/mL chloramphenicol was added to distinguish between mu-
tant (chloramphenicol-resistant) and wild-type (chloramphenicol-sensitive) bacteria. Shaking liquid cultures
were grown in BB10, Brucella broth (Thermo Fisher) supplemented with 10% heat-inactivated FBS (Gemini
BioProducts). H. pylori on plates and in liquid culture were grown at 37°C in a microaerobic conditions (10%
CO2, 10% O2, and 80% N2) using a tri-gas incubator.

Mist1-Krasmouse model. All experiments used Mist1-CreERT2 Tg/1; LSL-K-RAS G12D Tg/1 (“Mist1-
Kras”) mice described previously (19) or C57BL/6J mice as indicated. Mice were housed in sterilized
microisolator cages with irradiated rodent chow, autoclaved corn cob bedding, and acidified, reverse-os-
mosis purified water. Mice were genotyped from ear punches as previously described (19). Expression of
the KRAS transgene was induced via subcutaneous administration of 5 mg of tamoxifen (Sigma-Aldrich)
in corn oil (Sigma-Aldrich) for three consecutive days. Sham induced mice were administered corn oil
subcutaneously on the same schedule. All mouse experiments were performed as previously described
(14). The inoculum for each infection was 5�107 cells of the indicated strain or strains. After stomach
excision, the forestomach was removed, and the stomach was opened along the lesser curvature.
Stomachs were divided into equal thirds or halves containing both antral and corpus regions. For cul-
ture, stomach portions were placed in 0.5 mL of sterile BB10 media, weighed, and homogenized. Serial
homogenate dilutions were plated on nonselective HB plates, or both nonselective and chlorampheni-
col-containing plates for competition experiments. Homogenates were then pelleted at 15,000 rpm in a
benchtop centrifuge (Eppendorf 5424) and the supernatant was stored at 220°C. After 5 to 9 days in tri-
gas incubator, CFU (CFU) were enumerated and reported as CFU per gram of stomach tissue.

Gland occupation analysis. PMSS1 gland colonization was assessed as previously described (8)
with the following modifications. One third of the stomach was embedded in 4% agarose in 1� phos-
phate-buffered saline (PBS, Gibco) and cut into 200 mm thick longitudinal sections using a Leica
VT1200S Vibratome. Tissue sections were then permeabilized overnight at 4°C by gently rocking in
blocking buffer comprising 3% bovine serum albumin (Sigma-Aldrich), 1% saponin (Sigma-Aldrich) and
1% Triton X-100 (Sigma-Aldrich) in phosphate-buffered saline (PBS). Stomachs were incubated with
1:1,000 rabbit polyclonal anti-H. pylori PMSS1 antibody (gift of Manuel Amieva, Stanford University) and
1:2,000 GS-II 488 (conjugated lectin from Griffonia simplicifolia, Fisher) for 2 h at 4°C with gentle rocking.
After three 10-minute washes in PBS, samples were incubated with 1:2,000 Alexa Fluor 647 donkey
anti-rabbit IgG (Invitrogen) and 1:2,000 DAPI for 2 h at room temperature with gentle rocking. After
three 10-minute washes in PBS, sections were mounted onto glass slides with imaging spacers cut from
Parafilm (Bemis) in ProLong Diamond Anti-Fade Reagent (Molecular Probes) and coverslips were sealed
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with VaLP (1:1:1 Vaseline:Lanolin:Paraffin). Stomach sections were imaged on a Zeiss LSM 780 laser-scan-
ning confocal microscope, or with an UltraView spinning disk microscope (PerkinElmer). Z-stacks were
collected to visualize H. pylori within glands and assessed in Volocity (Quorum Technologies) to enumer-
ate H. pylori in glands based on fluorescent voxels as previously described (8).

Immunohistochemistry to assess tissue markers. Immunohistochemistry was performed as previ-
ously described (14). Briefly, thin sections of formalin-fixed, paraffin-embedded tissue were deparaffi-
nized with Histo-Clear solution (National Diagnostics) and rehydrated in decreasing concentrations of
ethanol. Slides were boiled in a pressure cooker for 15 min in Target Retrieval Solution (Agilent Dako) for
antigen retrieval. Slides were incubated with Protein Block, Serum Free (Agilent Dako) for 90 min at
room temperature. Primary antibodies (Table S4) were diluted in Protein Block, Serum Free, or Antibody
Diluent, Background Reducing (Agilent Dako), and applied to the slides overnight at 4°C. Secondary anti-
bodies were diluted 1:500 in Protein Block, Serum Free and slides were incubated for 1 h at room tem-
perature protected from light. Slides were mounted in ProLong Diamond antifade reagent with DAPI
(Invitrogen) and allowed to cure for 24 h at room temperature before imaging. Slides were imaged on a
Zeiss LSM 780 laser-scanning confocal microscope using Zen software (Zeiss). For assessment of H. pylori
gland colonization, the entire length of each corpus was inspected for H. pylori cells and three to five
representative images per sample were taken. For assessment of epithelial disease markers (Ki-67,
CD44v, TFF3), three to five representative images of the corpus were taken per sample and samples
were quantified as previously described (14).

PacBio long read sequencing. Single molecule real-time sequencing (SMRT-Seq) was carried out on a
PacBio Sequel-I instrument (Pacific Biosciences, USA). Genomic DNA to be sequenced was purified using the
Wizard Genomic DNA purification kit (Promega), concentration was determined using the Qubit dsDNA HS
(High Sensitivity) assay kit (Thermo Fisher), and purity was calculated using a NanoDrop One (Thermo Fisher).
Genomic DNA samples (3 mg) were sheared to an average size of 12 kb via G-tube (Covaris) before library
preparation. Libraries were then generated with SMRTbell Express Template Prep kit 2.0m and pooled libra-
ries were size-selected using the BluePippin system (Sage Sciences) at a 4 kb minimum threshold.
Sequencing reads for the D1 strain were processed using the Pacific Biosciences SMRTAnalysis pipeline ver-
sion 8.0.0.80529 and assembled using Microbial Assembler. Genome assembly showed 21,312 polymerase
reads that were further partitioned into 210,582 subreads with an N50 value of 5,441 nucleotides and a total
number of subread bases of 767,735,588 with a mean coverage of 397�. Genome assembly of D1 resulted in
a single contig: a chromosomal sequence of 1,685,094 bp. Sequencing reads for the C2-Adapted strain were
processed using the Pacific Biosciences SMRTAnalysis pipeline version 8.0.0.80529 and assembled using Flye
de novo assembler (50). Genome assembly showed 5,657 polymerase reads that were further partitioned into
41,337 subreads with an N50 value of 6,850 nucleotides and a total number of subread bases of 141,837,408
with a mean coverage of 69�. Genome assembly of the C2-Adapted strain resulted in a single contig: a chro-
mosomal sequence of 1,653,204 bp.

Bioinformatics. Short reads for isolates C2-Stock and D1 were downloaded from the NCBI SRA data-
base (BioProject accession: PRJNA622860). Single nucleotide variants differentiating D1 and C2-Stock
were determined by aligning short reads to J99 reference (AE001439) with BreSeq v0.35.0 software using
default parameters (51). ClonalFrameML was used to predict putative sites of recombination (31). The
D1 and C2-Adapted isolates were sequenced on a PacBio Sequel instrument to generate long sequence
reads. Closed reference sequences were generated using either SMRT Link web-based analysis suite
(https://www.pacb.com/support/software-downloads/) or Flye (https://github.com/fenderglass/Flye) as-
sembly pipelines and genomes were annotated using Pathosystems Resource Integration Center
(PATRIC, [https://www.patricbrc.org]) annotation tool with Helicobacter pylori (species ID: 210) as the ref-
erence. Recombination events predicted by short read assemblies were validated by cross comparing
with sequences generated from long read assemblies. Genomic comparisons of C2-Stock versus adapted
isolates were performed by aligning C2-Stock short reads with Breseq v0.35.0. using C2-Adapted PacBio
assembly as the reference. The frequency matrix of each base at each position for the short read
sequencing was generated using pileup2acgt from the Sequenza package on the previously reported
SAMtools pileup (27, 52, 53). The frequency matrix for the long read data was generated by mapping
the reads to the Flye assembly using Minimap2 (54) and running the output through bam-readcount
(https://github.com/genome/bam-readcount). The sequence logos were generated with ggseqlogo
(https://github.com/omarwagih/ggseqlogo) from ggplot2 (55).

TOPO cloning and sequencing. DNA was isolated from stored mouse gastric homogenate superna-
tants via enzymatic digestion and phenol-chloroform extraction (56). The C-terminal region of sabB was
amplified by PCR using primers 5’aagctcaaggcaatctctgtgc3’ (sabBFor) and 5’gatcatgcgtttttgatccctgg3’
(jhp0660R) (36). The PCR product was verified by agarose gel electrophoresis and used for TOPO cloning
with the Zero Blunt TOPO PCR Cloning kit (Invitrogen). After selection on kanamycin, clones were
screened by colony PCR with sabBFor and jhp0660R primers and Go Taq master mix (Promega). Dye-ter-
minator sequencing using BigDye (Thermo Fisher) with the jhp0660R primer was performed by the Fred
Hutch Genomics Shared Resource and the results were analyzed using SnapGene software version 5.2.4
(Insightful Science).

Construction of H. pylori mutants. Deletion mutants of sabB (DsabB) were constructed in four H. pylori
strain backgrounds (D1, C2-Adapted, LSH100 rdxA::aphA3sacB, and LSH100 hp0203-0204 intergenic region::sabB).
Deletions of sabB from D1 and C2-Adapted were generated by transforming parent strains with gDNA from J99
sabB::catsacB (36). The gDNA was extracted using a Wizard Genomic DNA purification kit (Promega). Clones were
selected on HB plates with 15 mg/mL chloramphenicol as previously described (57, 58). Clones were confirmed
using diagnostic PCR and Sanger sequencing with primers 59 tgggttgagatcatgcaagcat 39 (jhp0658F) and 59 gat-
catgcgtttttgatccctgg 39 (jhp0660R) (36). LSH100 rdxA::aphA3sacB sabB::catsacB was generated with the same
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strategy but using gDNA extracted from D1DsabB. Strains were back-crossed to reduce the likelihood of off-tar-
get mutations. To complement the mutation, sabBwas amplified from strain D1 using primers McGee_sabB_fwd
(59 tagaactagtggatccattttcatttctattcatgtttacaataaaaaaattactttaag 39) and McGee_sabB_rev (59 atcgataagcgaattct-
taataagcaaacacataattgagatacacgctataaagc 39) and cloned into the pDYC40 plasmid that contains a kanamycin re-
sistance cassette (59) via In-Fusion cloning (TaKaRa). This plasmid is designed for complementation at a previ-
ously characterized, neutral intergenic chromosomal site (hp0203-0204 intergenic region) (38). LSH100 was
transformed with the resulting pDYC40::sabB plasmid and clones were selected on HB agar with 25mg/mL kana-
mycin. The native sabB locus was then mutated by transforming with a PCR product prepared from D1DsabB
using primers jhp0658F and jhp0660R to amplify the catsacB-interrupted sabB region and selecting on HB agar
with 15mg/mL chloramphenicol. All mutants were confirmed with PCR and Sanger sequencing.

Ex vivo tissue adherence assay. The ex vivo tissue adherence assay was performed as previously
described (36). Briefly, bacteria used for the assay were grown in 10 to 20 mL of BB10 (10% FBS in Brucella
broth) overnight to achieve an optical density at 600 nm (OD600) between 0.5 and 1.0. Bacteria were pelleted by
centrifuging and then washed in PBS-T (0.05% Tween 20 in phosphate-buffered saline). Bacteria were resus-
pended in carbonate buffer and incubated with fluorescein 5(6)-isothiocyanate (FITC, Sigma) dissolved in
DMSO (dimethyl sulfoxide, Alfa Aesar) for 10 min and washed in oxidized 1% bovine serum albumin (BSA). The
labeled organisms were stored in oxidized 1% BSA at 280°C. Slides with mouse stomach tissue sections were
deparaffinized in Histo-Clear solution (National Diagnostics) and rehydrated with isopropanol, ethanol, deion-
ized water, and PBS. Slides were blocked with oxidized 1% BSA for two and a half hours in a hydration chamber
before incubating with FITC-labeled bacteria (OD600 = 0.01) for another 2 h. The excess bacteria were washed
off in PBS-T and the slides were mounted in ProLong Diamond antifade reagent with DAPI (Invitrogen). The
slides were allowed to cure for 24 h at room temperature before imaging at �400 magnification on a Zeiss
LSM 780 laser-scanning confocal microscope using Zen software (Zeiss). For the quantification of FITC-labeled
bacteria adhered to the tissue, four to six representative images per antrum or corpus were analyzed using FIJI
software (National Institutes of Health) to count the number of bacterial spots in each image field.

Statistical analysis. Statistical analyses were performed according to the tests specified in each fig-
ure legend using Prism v9 software (GraphPad). P-values less than or equal to 0.05 were considered stat-
istically significant and are marked with asterisks (*, P, 0.05; **, P, 0.01; ***, P, 0.001).

Data availability. The previously published Illumina sequencing reads for the C2-Stock strain (27)
are available at the NCBI SRA database (BioProject accession number PRJNA622860). The complete
genomes assembled from the PacBio SMRT sequencing performed in this study are available at NCBI
GenBank under Bioproject PRJNA786001.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
MOVIE S1, MOV file, 4.7 MB.
FIG S1, TIF file, 0.1 MB.
FIG S2, TIF file, 9.8 MB.
FIG S3, TIF file, 0.4 MB.
FIG S4, TIF file, 11.8 MB.
Table S1, PDF file, 0.01 MB.
Table S2, PDF file, 0.01 MB.
Table S3, PDF file, 0.01 MB.
Table S4, PDF file, 0.01 MB.

ACKNOWLEDGMENTS
We thank Richard M. Peek, Jr., at Vanderbilt University for sharing the H. pylori J99 strain

collection. This work was funded by an Innovation Grant from the Pathogen-Associated
Malignancies Integrated Research Center at Fred Hutchinson Cancer Research Center and NIH
R01 AI54423 to N.R.S. and NIH R01 DE027850 to C.D.J. Research was supported by the Cellular
Imaging, Comparative Medicine, and Genomics & Bioinformatics of the Fred Hutch/University
of Washington Cancer Consortium (P30 CA015704). V.P.O. is a Cancer Research Institute
Irvington Fellow supported by the Cancer Research Institute and was also supported by a
Debbie's Dream Foundation—AACR Gastric Cancer Research Fellowship, in memory of Sally
Mandel (18-40-41-OBRI). L.K.J. was supported by the Chromosome Metabolism and Cancer
Training Grant (NCI T32 CA009657). Some studies used amicroscope that was purchasedwith
a grant from theM. J. Murdock Charitable Trust.

REFERENCES
1. Polk DB, Peek RM, Jr. 2010. Helicobacter pylori: gastric cancer and beyond.

Nat Rev Cancer 10:403–414. https://doi.org/10.1038/nrc2857.
2. Correa P, Piazuelo MB. 2012. The gastric precancerous cascade. J Dig Dis

13:2–9. https://doi.org/10.1111/j.1751-2980.2011.00550.x.

H. pyloriMetaplastic Gland Colonization mBio

January/February 2023 Volume 14 Issue 1 10.1128/mbio.03116-22 15

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA622860
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA786001
https://doi.org/10.1038/nrc2857
https://doi.org/10.1111/j.1751-2980.2011.00550.x
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.03116-22


3. Correa P, Piazuelo MB, Wilson KT. 2010. Pathology of gastric intestinal
metaplasia: clinical implications. Am J Gastroenterol 105:493–498. https://
doi.org/10.1038/ajg.2009.728.

4. Song H, Ekheden IG, Zheng Z, Ericsson J, Nyrén O, Ye W. 2015. Inci-
dence of gastric cancer among patients with gastric precancerous
lesions: observational cohort study in a low risk Western population.
BMJ 351:h3867. https://doi.org/10.1136/bmj.h3867.

5. Wong BC-Y, Lam SK, Wong WM, Chen JS, Zheng TT, Feng RE, Lai KC, Hu
WHC, Yuen ST, Leung SY, Fong DYT, Ho J, Ching CK, Chen JS, China Gastric
Cancer Study Group. 2004. Helicobacter pylori eradication to prevent gas-
tric cancer in a high-risk region of China: a randomized controlled trial.
JAMA 291:187–194. https://doi.org/10.1001/jama.291.2.187.

6. Amieva M, Peek RM, Jr. 2016. Pathobiology of Helicobacter pylori-induced
gastric cancer. Gastroenterology 150:64–78. https://doi.org/10.1053/j.gastro
.2015.09.004.

7. Keilberg D, Ottemann KM. 2016. How Helicobacter pylori senses, targets
and interacts with the gastric epithelium. Environ Microbiol 18:791–806.
https://doi.org/10.1111/1462-2920.13222.

8. Martínez LE, O’Brien VP, Leverich CK, Knoblaugh SE, Salama NR. 2019.
Nonhelical Helicobacter pylori mutants show altered gland colonization
and elicit less gastric pathology than helical bacteria during chronic infec-
tion. Infect Immun 87(7):e00904-18. https://doi.org/10.1128/IAI.00904-18.

9. Fung C, Tan S, Nakajima M, Skoog EC, Camarillo-Guerrero LF, Klein JA,
Lawley TD, Solnick JV, Fukami T, Amieva MR. 2019. High-resolution map-
ping reveals that microniches in the gastric glands control Helicobacter
pylori colonization of the stomach. PLoS Biol 17:e3000231. https://doi
.org/10.1371/journal.pbio.3000231.

10. Keilberg D, Zavros Y, Shepherd B, Salama NR, Ottemann KM. 2016. Spatial
and temporal shifts in bacterial biogeography and gland occupation dur-
ing the development of a chronic infection. mBio 7(5):e01705-16. https://
doi.org/10.1128/mBio.01705-16.

11. Schreiber S, Konradt M, Groll C, Scheid P, Hanauer G, Werling H-O,
Josenhans C, Suerbaum S. 2004. The spatial orientation of Helicobacter
pylori in the gastric mucus. Proc Natl Acad Sci U S A 101:5024–5029.
https://doi.org/10.1073/pnas.0308386101.

12. Peek RM, Jr, Crabtree JE. 2006. Helicobacter infection and gastric neopla-
sia. J Pathol 208:233–248. https://doi.org/10.1002/path.1868.

13. Hanada K, Uchida T, Tsukamoto Y, Watada M, Yamaguchi N, Yamamoto K,
Shiota S, Moriyama M, Graham DY, Yamaoka Y. 2014. Helicobacter pylori
infection introduces DNA double-strand breaks in host cells. Infect
Immun 82:4182–4189. https://doi.org/10.1128/IAI.02368-14.

14. O'Brien VP. 2021. Sustained Helicobacter pylori infection accelerates gas-
tric dysplasia in a mouse model. Life Sci Alliance 4(2):e202000967. https://
doi.org/10.26508/lsa.202000967.

15. Salama NR, Hartung ML, Muller A. 2013. Life in the human stomach: per-
sistence strategies of the bacterial pathogen Helicobacter pylori. Nat Rev
Microbiol 11:385–399. https://doi.org/10.1038/nrmicro3016.

16. Kennemann L, Didelot X, Aebischer T, Kuhn S, Drescher B, Droege M,
Reinhardt R, Correa P, Meyer TF, Josenhans C, Falush D, Suerbaum S. 2011.
Helicobacter pylori genome evolution during human infection. Proc Natl
Acad Sci U S A 108:5033–5038. https://doi.org/10.1073/pnas.1018444108.

17. Ailloud F, Didelot X, Woltemate S, Pfaffinger G, Overmann J, Bader RC, Schulz C,
Malfertheiner P, Suerbaum S. 2019. Within-host evolution of Helicobacter pylori
shaped by niche-specific adaptation, intragastric migrations and selective
sweeps. Nat Commun 10:2273. https://doi.org/10.1038/s41467-019-10050-1.

18. Didelot X, Nell S, Yang I, Woltemate S, van der Merwe S, Suerbaum S.
2013. Genomic evolution and transmission of Helicobacter pylori in two
South African families. Proc Natl Acad Sci U S A 110:13880–13885. https://
doi.org/10.1073/pnas.1304681110.

19. Choi E, Hendley AM, Bailey JM, Leach SD, Goldenring JR. 2016. Expression
of activated ras in gastric chief cells of mice leads to the full spectrum of
metaplastic lineage transitions. Gastroenterology 150:918–930. https://
doi.org/10.1053/j.gastro.2015.11.049.

20. Arnold IC, Lee JY, Amieva MR, Roers A, Flavell RA, Sparwasser T, Müller A.
2011. Tolerance rather than immunity protects from Helicobacter pylori-
induced gastric preneoplasia. Gastroenterology 140:199–209. https://doi
.org/10.1053/j.gastro.2010.06.047.

21. Sipponen P, Maaroos HI. 2015. Chronic gastritis. Scand J Gastroenterol 50:
657–667. https://doi.org/10.3109/00365521.2015.1019918.

22. Dorer MS, Cohen IE, Sessler TH, Fero J, Salama NR. 2013. Natural compe-
tence promotes Helicobacter pylori chronic infection. Infect Immun 81:
209–215. https://doi.org/10.1128/IAI.01042-12.

23. Baldwin DN, Shepherd B, Kraemer P, Hall MK, Sycuro LK, Pinto-Santini
DM, Salama NR. 2007. Identification of Helicobacter pylori genes that

contribute to stomach colonization. Infect Immun 75:1005–1016. https://
doi.org/10.1128/IAI.01176-06.

24. Asim M, Chikara SK, Ghosh A, Vudathala S, Romero-Gallo J, Krishna US,
Wilson KT, Israel DA, Peek RM, Chaturvedi R. 2015. Draft genome sequence
of gerbil-adapted carcinogenic Helicobacter pylori strain 7.13. Genome
Announc 3(3):e00641-1. https://doi.org/10.1128/genomeA.00641-15.

25. Israel DA, Salama N, Krishna U, Rieger UM, Atherton JC, Falkow S, Peek
RM. 2001. Helicobacter pylori genetic diversity within the gastric niche of
a single human host. Proc Natl Acad Sci U S A 98:14625–14630. https://
doi.org/10.1073/pnas.251551698.

26. Alm RA, Ling LS, Moir DT, King BL, Brown ED, Doig PC, Smith DR, Noonan
B, Guild BC, deJonge BL, Carmel G, Tummino PJ, Caruso A, Uria-Nickelsen
M, Mills DM, Ives C, Gibson R, Merberg D, Mills SD, Jiang Q, Taylor DE,
Vovis GF, Trust TJ. 1999. Genomic-sequence comparison of two unrelated
isolates of the human gastric pathogen Helicobacter pylori. Nature 397:
176–180. https://doi.org/10.1038/16495.

27. Jackson LK, Potter B, Schneider S, Fitzgibbon M, Blair K, Farah H, Krishna
U, Bedford T, Peek RM, Salama NR. 2020. Helicobacter pylori diversification
during chronic infection within a single host generates sub-populations
with distinct phenotypes. PLoS Pathog 16:e1008686. https://doi.org/10
.1371/journal.ppat.1008686.

28. Krishna U, Romero-Gallo J, Suarez G, Azah A, Krezel AM, Varga MG, Forsyth
MH, Peek RM. 2016. Genetic evolution of a Helicobacter pylori acid-sensing
histidine kinase and gastric disease. J Infect Dis 214:644–648. https://doi.org/
10.1093/infdis/jiw189.

29. Alm RA, Bina J, Andrews BM, Doig P, Hancock RE, Trust TJ. 2000. Compara-
tive genomics of Helicobacter pylori: analysis of the outer membrane pro-
tein families. Infect Immun 68:4155–4168. https://doi.org/10.1128/IAI.68
.7.4155-4168.2000.

30. Hennig EE, Allen JM, Cover TL. 2006. Multiple chromosomal loci for the
babA gene in Helicobacter pylori. Infect Immun 74:3046–3051. https://doi
.org/10.1128/IAI.74.5.3046-3051.2006.

31. Didelot X, Wilson DJ. 2015. ClonalFrameML: efficient inference of recom-
bination in whole bacterial genomes. PLoS Comput Biol 11:e1004041.
https://doi.org/10.1371/journal.pcbi.1004041.

32. Eid J, Fehr A, Gray J, Luong K, Lyle J, Otto G, Peluso P, Rank D, Baybayan P,
Bettman B, Bibillo A, Bjornson K, Chaudhuri B, Christians F, Cicero R, Clark
S, Dalal R, Dewinter A, Dixon J, Foquet M, Gaertner A, Hardenbol P, Heiner
C, Hester K, Holden D, Kearns G, Kong X, Kuse R, Lacroix Y, Lin S,
Lundquist P, Ma C, Marks P, Maxham M, Murphy D, Park I, Pham T, Phillips
M, Roy J, Sebra R, Shen G, Sorenson J, Tomaney A, Travers K, Trulson M,
Vieceli J, Wegener J, Wu D, Yang A, Zaccarin D, et al. 2009. Real-time DNA
sequencing from single polymerase molecules. Science 323:133–138.
https://doi.org/10.1126/science.1162986.

33. Javaheri A, Kruse T, Moonens K, Mejías-Luque R, Debraekeleer A, Asche
CI, Tegtmeyer N, Kalali B, Bach NC, Sieber SA, Hill DJ, Königer V, Hauck CR,
Moskalenko R, Haas R, Busch DH, Klaile E, Slevogt H, Schmidt A, Backert S,
Remaut H, Singer BB, Gerhard M. 2016. Helicobacter pylori adhesin HopQ
engages in a virulence-enhancing interaction with human CEACAMs. Nat
Microbiol 2:16189. https://doi.org/10.1038/nmicrobiol.2016.189.

34. Mahdavi J, Sondén B, Hurtig M, Olfat FO, Forsberg L, Roche N, Angstrom J,
Larsson T, Teneberg S, Karlsson K-A, Altraja S, Wadström T, Kersulyte D, Berg
DE, Dubois A, Petersson C, Magnusson K-E, Norberg T, Lindh F, Lundskog BB,
Arnqvist A, Hammarström L, Borén T. 2002. Helicobacter pylori SabA adhesin
in persistent infection and chronic inflammation. Science 297:573–578.
https://doi.org/10.1126/science.1069076.

35. Yamaoka Y. 2008. Increasing evidence of the role of Helicobacter pylori
SabA in the pathogenesis of gastroduodenal disease. J Infect Dev Ctries
2:174–181. https://doi.org/10.3855/jidc.259.

36. Talarico S, Whitefield SE, Fero J, Haas R, Salama NR. 2012. Regulation of
Helicobacter pylori adherence by gene conversion. Mol Microbiol 84:
1050–1061. https://doi.org/10.1111/j.1365-2958.2012.08073.x.

37. Sycuro LK, Pincus Z, Gutierrez KD, Biboy J, Stern CA, Vollmer W, Salama NR.
2010. Peptidoglycan crosslinking relaxation promotes Helicobacter pylori's
helical shape and stomach colonization. Cell 141:822–833. https://doi.org/10
.1016/j.cell.2010.03.046.

38. Langford ML, Zabaleta J, Ochoa AC, Testerman TL, McGee DJ. 2006. In
vitro and in vivo complementation of the Helicobacter pylori arginase mu-
tant using an intergenic chromosomal site. Helicobacter 11:477–493.
https://doi.org/10.1111/j.1523-5378.2006.00441.x.

39. Hedayati MA, Khani D, Sheikhesmaeili F. 2022. Sirt3, 6, and 7 Genes
Expression in Gastric Antral Epithelial Cells of Patients with Helicobacter
pylori Infection. Curr Microbiol 79:114. https://doi.org/10.1007/s00284
-022-02775-y.

H. pyloriMetaplastic Gland Colonization mBio

January/February 2023 Volume 14 Issue 1 10.1128/mbio.03116-22 16

https://doi.org/10.1038/ajg.2009.728
https://doi.org/10.1038/ajg.2009.728
https://doi.org/10.1136/bmj.h3867
https://doi.org/10.1001/jama.291.2.187
https://doi.org/10.1053/j.gastro.2015.09.004
https://doi.org/10.1053/j.gastro.2015.09.004
https://doi.org/10.1111/1462-2920.13222
https://doi.org/10.1128/IAI.00904-18
https://doi.org/10.1371/journal.pbio.3000231
https://doi.org/10.1371/journal.pbio.3000231
https://doi.org/10.1128/mBio.01705-16
https://doi.org/10.1128/mBio.01705-16
https://doi.org/10.1073/pnas.0308386101
https://doi.org/10.1002/path.1868
https://doi.org/10.1128/IAI.02368-14
https://doi.org/10.26508/lsa.202000967
https://doi.org/10.26508/lsa.202000967
https://doi.org/10.1038/nrmicro3016
https://doi.org/10.1073/pnas.1018444108
https://doi.org/10.1038/s41467-019-10050-1
https://doi.org/10.1073/pnas.1304681110
https://doi.org/10.1073/pnas.1304681110
https://doi.org/10.1053/j.gastro.2015.11.049
https://doi.org/10.1053/j.gastro.2015.11.049
https://doi.org/10.1053/j.gastro.2010.06.047
https://doi.org/10.1053/j.gastro.2010.06.047
https://doi.org/10.3109/00365521.2015.1019918
https://doi.org/10.1128/IAI.01042-12
https://doi.org/10.1128/IAI.01176-06
https://doi.org/10.1128/IAI.01176-06
https://doi.org/10.1128/genomeA.00641-15
https://doi.org/10.1073/pnas.251551698
https://doi.org/10.1073/pnas.251551698
https://doi.org/10.1038/16495
https://doi.org/10.1371/journal.ppat.1008686
https://doi.org/10.1371/journal.ppat.1008686
https://doi.org/10.1093/infdis/jiw189
https://doi.org/10.1093/infdis/jiw189
https://doi.org/10.1128/IAI.68.7.4155-4168.2000
https://doi.org/10.1128/IAI.68.7.4155-4168.2000
https://doi.org/10.1128/IAI.74.5.3046-3051.2006
https://doi.org/10.1128/IAI.74.5.3046-3051.2006
https://doi.org/10.1371/journal.pcbi.1004041
https://doi.org/10.1126/science.1162986
https://doi.org/10.1038/nmicrobiol.2016.189
https://doi.org/10.1126/science.1069076
https://doi.org/10.3855/jidc.259
https://doi.org/10.1111/j.1365-2958.2012.08073.x
https://doi.org/10.1016/j.cell.2010.03.046
https://doi.org/10.1016/j.cell.2010.03.046
https://doi.org/10.1111/j.1523-5378.2006.00441.x
https://doi.org/10.1007/s00284-022-02775-y
https://doi.org/10.1007/s00284-022-02775-y
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.03116-22


40. Hedayati MA, Ahmadi S, Servatyari K, Sheikhesmaeili F. 2021. PREX2 gene's
expression in gastric antral epithelial cells of patients withH. pylori infection. Arq
Gastroenterol 58:353–358. https://doi.org/10.1590/s0004-2803.202100000-59.

41. Yamaoka Y, Kita M, Kodama T, Imamura S, Ohno T, Sawai N, Ishimaru A,
Imanishi J, Graham DY. 2002. Helicobacter pylori infection in mice: Role of
outer membrane proteins in colonization and inflammation. Gastroenter-
ology 123:1992–2004. https://doi.org/10.1053/gast.2002.37074.

42. de Jonge R, Pot RG, Loffeld RJ, van Vliet AH, Kuipers EJ, Kusters JG. 2004.
The functional status of the Helicobacter pylori sabB adhesin gene as a pu-
tative marker for disease outcome. Helicobacter 9:158–64. https://doi
.org/10.1111/j.1083-4389.2004.00213.x.

43. Saenz JB, Vargas N, Mills JC. 2019. Tropism for Spasmolytic Polypeptide-
Expressing Metaplasia Allows Helicobacter pylori to Expand Its Intragastric
Niche. Gastroenterology 156:160–174 e7. https://doi.org/10.1053/j.gastro
.2018.09.050.

44. Solnick JV, Hansen LM, Salama NR, Boonjakuakul JK, Syvanen M. 2004.
Modification of Helicobacter pylori outer membrane protein expression
during experimental infection of rhesus macaques. Proc Natl Acad Sci U S A
101:2106–11. https://doi.org/10.1073/pnas.0308573100.

45. Sun HY, Lin SW, Ko TP, Pan JF, Liu CL, Lin CN, Wang AH, Lin CH. 2007.
Structure and mechanism of Helicobacter pylori fucosyltransferase. A basis
for lipopolysaccharide variation and inhibitor design. J Biol Chem 282:
9973–9982. https://doi.org/10.1074/jbc.M610285200.

46. Hatakeyama M. 2017. Structure and function of Helicobacter pylori CagA,
the first-identified bacterial protein involved in human cancer. Proc Jpn
Acad Ser B Phys Biol Sci 93:196–219. https://doi.org/10.2183/pjab.93.013.

47. Mera RM, Bravo LE, Camargo MC, Bravo JC, Delgado AG, Romero-Gallo J,
Yepez MC, Realpe JL, Schneider BG, Morgan DR, Peek RM, Jr, Correa P,
Wilson KT, Piazuelo MB. 2018. Dynamics of Helicobacter pylori infection as
a determinant of progression of gastric precancerous lesions: 16-year fol-
low-up of an eradication trial. Gut 67:1239–1246. https://doi.org/10.1136/
gutjnl-2016-311685.

48. Franco AT, Israel DA, Washington MK, Krishna U, Fox JG, Rogers AB, Neish
AS, Collier-Hyams L, Perez-Perez GI, Hatakeyama M, Whitehead R, Gaus K,
O'Brien DP, Romero-Gallo J, Peek RM, Jr. 2005. Activation of beta-catenin
by carcinogenic Helicobacter pylori. Proc Natl Acad Sci U S A 102:10646–51.
https://doi.org/10.1073/pnas.0504927102.

49. Baltrus DA, Amieva MR, Covacci A, Lowe TM, Merrell DS, Ottemann KM,
Stein M, Salama NR, Guillemin K. 2009. The complete genome sequence
of Helicobacter pylori strain G27. J Bacteriol 191:447–8. https://doi.org/10
.1128/JB.01416-08.

50. Kolmogorov M, Yuan J, Lin Y, Pevzner PA. 2019. Assembly of long, error-
prone reads using repeat graphs. Nat Biotechnol 37:540–546. https://doi
.org/10.1038/s41587-019-0072-8.

51. Barrick JE, Colburn G, Deatherage DE, Traverse CC, Strand MD, Borges JJ,
Knoester DB, Reba A, Meyer AG. 2014. Identifying structural variation in
haploid microbial genomes from short-read resequencing data using bre-
seq. BMC Genomics 15:1039. https://doi.org/10.1186/1471-2164-15-1039.

52. Favero F, Joshi T, Marquard AM, Birkbak NJ, Krzystanek M, Li Q, Szallasi Z,
Eklund AC. 2015. Sequenza: allele-specific copy number and mutation
profiles from tumor sequencing data. Ann Oncol 26:64–70. https://doi
.org/10.1093/annonc/mdu479.

53. Li H. 2011. A statistical framework for SNP calling, mutation discovery, associa-
tion mapping and population genetical parameter estimation from sequenc-
ing data. Bioinformatics 27:2987–93. https://doi.org/10.1093/bioinformatics/
btr509.

54. Li H. 2018. Minimap2: pairwise alignment for nucleotide sequences. Bioin-
formatics 34:3094–3100. https://doi.org/10.1093/bioinformatics/bty191.

55. Wagih O. 2017. ggseqlogo: a versatile R package for drawing sequence logos.
Bioinformatics 33(22): 3645–3647. https://doi.org/10.1093/bioinformatics/
btx469.

56. Wright MH, Adelskov J, Greene AC. 2017. Bacterial DNA Extraction Using
Individual Enzymes and Phenol/Chloroform Separation. J Microbiol Biol
Educ 18. https://doi.org/10.1128/jmbe.v18i2.1348.

57. Copass M, Grandi G, Rappuoli R. 1997. Introduction of unmarked mutations
in the Helicobacter pylori vacA gene with a sucrose sensitivity marker. Infect
Immun 65:1949–52. https://doi.org/10.1128/iai.65.5.1949-1952.1997.

58. Wang Y, Taylor DE. 1990. Chloramphenicol resistance in Campylobacter
coli: nucleotide sequence, expression, and cloning vector construction.
Gene 94:23–8. https://doi.org/10.1016/0378-1119(90)90463-2.

59. Taylor JA, Bratton BP, Sichel SR, Blair KM, Jacobs HM, DeMeester KE, Kuru
E, Gray J, Biboy J, VanNieuwenhze MS, Vollmer W, Grimes CL, Shaevitz JW,
Salama NR. 2020. Distinct cytoskeletal proteins define zones of enhanced
cell wall synthesis in Helicobacter pylori. Elife 9. https://doi.org/10.7554/
eLife.52482.

H. pyloriMetaplastic Gland Colonization mBio

January/February 2023 Volume 14 Issue 1 10.1128/mbio.03116-22 17

https://doi.org/10.1590/s0004-2803.202100000-59
https://doi.org/10.1053/gast.2002.37074
https://doi.org/10.1111/j.1083-4389.2004.00213.x
https://doi.org/10.1111/j.1083-4389.2004.00213.x
https://doi.org/10.1053/j.gastro.2018.09.050
https://doi.org/10.1053/j.gastro.2018.09.050
https://doi.org/10.1073/pnas.0308573100
https://doi.org/10.1074/jbc.M610285200
https://doi.org/10.2183/pjab.93.013
https://doi.org/10.1136/gutjnl-2016-311685
https://doi.org/10.1136/gutjnl-2016-311685
https://doi.org/10.1073/pnas.0504927102
https://doi.org/10.1128/JB.01416-08
https://doi.org/10.1128/JB.01416-08
https://doi.org/10.1038/s41587-019-0072-8
https://doi.org/10.1038/s41587-019-0072-8
https://doi.org/10.1186/1471-2164-15-1039
https://doi.org/10.1093/annonc/mdu479
https://doi.org/10.1093/annonc/mdu479
https://doi.org/10.1093/bioinformatics/btr509
https://doi.org/10.1093/bioinformatics/btr509
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1093/bioinformatics/btx469
https://doi.org/10.1093/bioinformatics/btx469
https://doi.org/10.1128/jmbe.v18i2.1348
https://doi.org/10.1128/iai.65.5.1949-1952.1997
https://doi.org/10.1016/0378-1119(90)90463-2
https://doi.org/10.7554/eLife.52482
https://doi.org/10.7554/eLife.52482
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.03116-22

	RESULTS
	The model H. pylori strain PMSS1 robustly colonizes the gastric corpus during gastric preneoplastic progression.
	Genetically diverse H. pylori strains colonize the metaplastic stomach environment.
	H. pylori isolates vary in their ability to infect metaplastic glands.
	H. pylori strains differentially impact metaplasia development.
	Sequence comparison of D1 and C2 strains reveals mutations in outer membrane proteins.
	The sabB locus undergoes dynamic gene conversion events in vivo.
	SabB promotes tissue adherence and colonization of the mouse stomach.

	DISCUSSION
	MATERIALS AND METHODS
	Ethics statement.
	H. pylori culture.
	Mist1-Kras mouse model.
	Gland occupation analysis.
	Immunohistochemistry to assess tissue markers.
	PacBio long read sequencing.
	Bioinformatics.
	TOPO cloning and sequencing.
	Construction of H. pylori mutants.
	Ex vivo tissue adherence assay.
	Statistical analysis.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

