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ABSTRACT

ARTICLE HISTORY

In response to microbiota colonization, the intestinal epithelia of many animals exhibit increased rates
of cell proliferation. We used gnotobiotic larval zebrafish to identify a secreted factor from the mutualist
Aeromonas veronii that is sufficient to promote intestinal epithelial cell proliferation. This secreted
A. veronii protein is a homologue of the Vibrio cholerae GIcNAc binding protein GbpA, which was
identified as a chitin-binding colonization factor in mice. GbpA was subsequently shown to be a lytic
polysaccharide monooxygenase (LPMO) that can degrade recalcitrant chitin. Our phenotypic charac-
terization of gbpA deficient A. veronii found no alterations in these cells’ biogeography in the zebrafish
intestine and only a modest competitive disadvantage in chitin-binding and colonization fitness when
competed against the wild-type strain. These results argue against the model of GbpA being a secreted
adhesin that binds simultaneously to bacterial cells and GIcNAc, and instead suggests that GbpA is part
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of a bacterial GIcNAc utilization program. We show that the host proliferative response to GbpA occurs
in the absence of bacteria upon exposure of germ-free zebrafish to preparations of native GbpA
secreted from either A. veronii or V. cholerae or recombinant A. veronii GbpA. Furthermore, domain 1
of A. veronii GbpA, containing the predicted LPMO activity, is sufficient to stimulate intestinal epithelial
proliferation. We propose that intestinal epithelial tissues upregulate their rates of renewal in response
to secreted bacterial GbpA proteins as an adaptive strategy for coexisting with bacteria that can
degrade glycan constituents of the protective intestinal lining.

Introduction
relative to GF animals, as has been reported in
young and adult mice™®, larval zebrafish’™, and
larval and adult fruit flies'®"".

Host-associated microbes, collectively called the
microbiota, are critical for the development and

physiological function of their host animals"?. This
complex assemblage of microorganisms contributes
to host health in ways that range from stimulating
host metabolism to promoting immune system
maturation®. One way in which microbial commu-
nities influence host health is by stimulating cell
proliferation of the mucosal epithelia on which
they reside. This impact of the microbiota is appar-
ent when comparing epithelial cell proliferation
rates of animals raised in the presence (convention-
ally reared, CV) or absence (germ free, GF) of
microbes. For example, GF mice have reduced
rates of skin epithelial cell renewal®. The animal
digestive tract typically houses the most abundant
microbial population in the body and correspond-
ingly the intestinal epithelium shows marked
increases in epithelial cell proliferation in CV

However, the
mechanisms underlying microbiota-induced intest-
inal epithelial cell proliferation are incompletely
understood'?.

Previously, we showed that Aeromonas veronii,
a common member of the zebrafish intestinal
microbiota'®, secretes an unknown factor(s) that is
sufficient to promote epithelial proliferation in the
developing intestine of GF zebrafish®. The gnoto-
biotic zebrafish model offers the ability to manip-
ulate the presence'® and genetics'® of resident
microbes in the larval zebrafish, which, combined
with the optical transparency and sophisticated
genetic tools of the zebrafish model, make it
a powerful system to identify bacterial factors that
influence aspects of animal tissue development and
homeostasis'*'®. Here, we use gnotobiotic zebrafish
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to identify a secreted Aeromonas factor that stimu-
lates intestinal epithelial proliferation, which we
show is a homologue of the Vibrio cholerae
N-acetylglucosamine-binding protein A (GbpA)".

V. cholerae GbpA was discovered in a screen for
bacterial mutants with impaired adhesion to cultured
intestinal epithelial cells'” and gbpA-deficient
V. cholerae was also shown to be defective for binding
to chitin-rich zooplankton and chitin-coated beads.
Chitin is a complex polymer composed of p-(1—4)-
linked N-acetylglucosamine (GlcNAc) monomers.
GIcNAc is also a major O-linked glycan component
of intestinal mucins, providing a biochemical basis for
the parallel binding of V. cholerae to chitin- and
mucin-rich surfaces. In a neonatal mouse model of
infection, AgbpA V. cholerae were recovered from the
intestines at lower levels and correspondingly caused
less pathology'”'®. The defective colonization of
AgbpA V. cholerae was interpreted to be
a consequence of its defective adhesion to intestinal
epithelia, although such an adhesion defect was not
demonstrated  during  intestinal  infection.
Unexpectedly for an adhesin, the GbpA protein was
found primarily in the culture supernatant rather
than associated with the cell surface'”.

Structural and biochemical analysis of GbpA
revealed it to consist of four domains: two chitin-
binding domains (domains 1 and 4) and a middle
region that can bind to Vibrio cells (domains 2 and
3)"”. Domain 4 resembles a chitin binding domain
from Serratia marcescens chitinase B, whereas
domain 1 shares homology with the AA10 family
of chitin-degrading lytic polysaccharide monooxy-
genases (LPMOs)* and was subsequently shown to
be a functional LPMO?'. The importance of this
enzymatic activity of GbpA for V. cholerae coloni-
zation or pathogenesis has not been explored.
Here, we demonstrate that full-length GbpA and
its LPMO-containing domain 1 induce intestinal
epithelial cell proliferation independently of bac-
terial colonization or adhesion. These findings con-
tribute to a growing appreciation for roles of
LPMOs in microbial-host interactions®*.

Materials and methods

Animals

All experiments with zebrafish were performed
using protocols approved by the University of

Oregon Institutional Animal Care and Use
Committee and following standard protocols™.
Zebrafish husbandry, veterinary care, and equip-
ment used to generate zebrafish for this study were
provided by Aquatic Animal Care Services at the
University of Oregon, Eugene, OR. Experiments
were conducted in the University of Oregon
Zebrafish Facility or in the Guillemin laboratory.
Embryonic and larval zebrafish were maintained in
tissue culture flasks or petri dishes in Embryo
Medium, a 4 parts per thousand salt solution
made by mixing 5.25 grams Instant Ocean per 1
liter of dechlorinated water. Fish at post-larval
stages were maintained in tanks in the University
of Oregon Zebrafish Facility on system water.
Facility system water quality parameter ranges are
650 to 950 microsiemens/cm® conductivity, 7.2 to
7.8 pH, 0 ppm ammonia, 0 ppm nitrites, 5 to 30
ppm nitrates, 30 to 100 ppm alkalinity. Water qual-
ity conductivity, pH, and temperature are continu-
ously monitored by programmable logic
controllers (PLCs) attached to aquaculture tank
probes. Water quality tests for ammonia, nitrites,
nitrates are performed using a colorimetric kit
(Freshwater ~ Master  Test Kit, Aquarium
Pharmaceuticals, Inc., Chalfont, PA). Alkalinity
tests are performed using a freshwater alkalinity
colorimeter (Model HI775 Freshwater Alkalinity
Colorimeter, Hanna Instruments, Smithfield, RI).
Water quality adjustments for conductivity and
pH are made by PLC-controlled dosing pumps
dispensing salt solution (Instant Ocean, Spectrum
Brands, Blacksburg, VA) in the case of conductivity
and basic solution (ProLine Sodium Bicarbonate,
Pentair Aquatic Eco-Systems, Apopka, FL) in the
case of pH. Water quality temperature is primarily
provided by building HVAC room air handlers and
supplemented by immersed heaters located in
aquaculture tanks. Municipal water filtered
through reverse osmosis membranes is pumped
into aquaculture tanks to replace water lost from
automatic particle filter washes, spills, and eva-
poration. WT (Ab/Tu) zebrafish were reared at
28°C. GF embryos were derived by surface sterili-
zation of the chorions and maintained as pre-
viously described®*. Experiments were performed
on larvae ranging from 4 dpf (~3.7mm body
length) to 8 dpf (~4.7 mm body length), as speci-
fied. No exogenous food was provided to the larvae



during the duration of the experiments. CV con-
trols were clutch mates of the GF derived embryos
that were not subjected to surface sterilization and
were reared in parallel.

Experimental bacterial strains

Aeromonas veronii strain HM21 was originally iso-
lated by Joerg Graf from the medical leech and has
been extensively characterized, including
a complete genome sequencezs. To create the
A. veronii AgbpA strain, a vector containing
a kanamycin resistance cassette was transformed
into SM10 E. coli. Conjugation between wild-type
A. veronii HM21RS and the vector carrying SM10
E. coli strain was carried out, allowing the kanamy-
cin resistance gene to replace the ghpA locus in
A. veronii via allelic exchange. Candidate gbpA
deletion strains were selected for loss of the plas-
mid and maintenance of kanamycin resistance.
Insertion of the kanamycin cassette into the gbpA
locus was verified in these candidates by PCR.
Fluorescently marked derivatives of these strains
were engineered with an established Tn7 transpo-
son-based approach”. Briefly, a cassette containing
the constitutively active synthetic promoter Ptac
cloned upstream of genes encoding dTomato or
superfolder GFP was chromosomally inserted at
the attTn7 locus to generate A. veronii attTn7:
Ptac-sfGFP and A. veronii AgbpA attTn7::Ptac-
dTomato. Joerg Graf provided the A. veronii At2ss
mutant and isogenic complementation strain
A. veronii At2ss+T2SS *”*®. Ron Taylor provided
V. cholerae classical O1 isolate CG842 and isogenic
mutant V. cholerae AgbpA and complementation
strain V. cholerae AgbpA+pGbpA /.

To assay growth on minimal medium supple-
mented with 0.4% colloidal chitin or GIcNAc, WT
and AgbpA Aeromonas were normalized to an
ODgqo of 0.005 and incubated with shaking for 24
hr at 30°C. The size and density of colloidal chitin
scatters the incoming light used to monitor growth
kinetics in a plate-based growth assay, leading to
inconsistent readings. Thus, to determine the
impact of GbpA on Aeromonas growth on colloidal
chitin, each strain was grown in culture tubes and
bacterial growth samples aliquoted after allowing
the colloidal chitin to settle from solution. This
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method produced consistent and reliable measure-
ments of bacterial growth.

GbpA expression constructs and protein purification

The UniProt ID for GbpA from A. veronii strain
HM21 is: AOA7Z3TUS8 and the UniProt ID for
GbpA from V. cholerae strain ATCC 39315 is:
QIKLDS5. To generate a plasmid for the expression
of unmodified A. veronii GbpA, PCR product of
the gbpA ORF inclusive of the stop codon was
generated by using the primers CBPf (gcatcatatgg-
cagcaaaaatccatc)/CBPrl  (gcatctcgagtcacttcaget-
caatccaggctt). The PCR product was cloned into
the Ndel and Xhol sites of plasmid pET21b
(Novagen). To generate a plasmid for the expres-
sion of a cleavable GST tagged GbpA, PCR product
of the gbpA OREF lacking the secretion signal and
inclusive of the stop codon were generated by using
the primers GSTCBPf (gcatgaattccacggctacatcage-
cagccc)/GSTCBPr (gcatctcgagtcatcacttcagctcaatc-
cagg) and cloned into the EcoR1 and Xhol sites
of pGEX6pl. The plasmids were then transformed
into E. coli BL21 (DE3) RIL-CodonPlus cells
(Stratagene).

Protein purification was achieved using
a glutathione Sepharose 4B column (GE
Healthcare) following the recommended protocol.
Glutathione S-transferase (GST) cleavage was
achieved after elution of GbpA from the column
by adding 1 unit of PreScission protease enzyme
and incubation overnight at 4°C per the instruc-
tions of the manufacturer (GE Healthcare).

CFS preparation

Cultures of A. veronii strain HM21%® in tryptic soy
broth (TSB) and V. cholerae '’ in Luria broth (LB)
with 0.02% arabinose, pH 6.5, were grown at 30°C
for 17 h on a rotary shaker at 170 rpm. Overnight
cultures of E. coli BL21 (DE3) were grown at 37°C
in LB supplemented with 100 pg/ml ampicillin for
plasmid maintenance, diluted 1:50 into 50 ml fresh
LB/ampicillin, and grown at 37°C until ODgg,
reached ~0.5. IPTG was then added to a final con-
centration of 1 mM to induce expression of GbpA.
The culture was grown with IPTG for 2-3 hours at
30°C. This resulted in a CFS dominated by GbpA,
as confirmed via sodium dodecyl-sulfate
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polyacrylamide gel electrophoresis (SDS-PAGE)
followed by Coomassie Brilliant Blue staining,
which revealed a dark band of the expected size
for GbpA. This band was absent from BL21 CFS
carrying an empty pET-21b vector.

Cultures prepared as above were spun at 5,600 x
g for 10 min at 4°C to pellet cells, and the super-
natant was passed through a 0.22-uM filter
(Corning) on ice. CFS was concentrated through
an Amicon Ultra-15 spin concentrator to remove
small products, which were toxic to the zebrafish
larvae. Protein concentration was determined by
Bradford assay. All CFS exposures were performed
using ~500 ng/mL total protein.

Chitin binding of Aeromonas cells and GbpA protein

To assay Aeromonas binding to chitin, magnetic
chitin resin (NEB #E8036S) was prepared by wash-
ing three times in PBS. Input bacterial suspensions
of WT A. veronii or A. veronii AgbpA dTomato (10°
colony forming units (CFU)/mL) were applied to
the resin and incubated for 30 min or 1 hr at 30°C
with gentle rotation. The resin was washed three
times with PBS to remove unbound bacteria and
finally resuspended in PBS supplemented with
0.4% GIcNAc (Chem-Impex #01427) to release
bacteria attached to the resin. Samples were plated
on tryptic soy agar (TSA) to calculate the output
CFUs and the percent of bacteria attached calcu-
lated ([CFUs®""P"/CFUs™P"']*100). The competi-
tive binding assay was conducted similarly except
equal amounts of WT A. veronii and A. veronii
AgbpA dTomato were mixed prior to chitin resin
exposure and the CFUs were determined for each
strain by visualizing the dTomato expressing colo-
nies using a fluorescent microscope.

To assay GbpA protein binding to chitin, cell-
free supernatants (CFS) were collected from E. coli
BL21 (DE3) or V. cholera following induction of
gbpA expression as outlined above in CFS prepara-
tion with E. coli carrying the empty vector (pET-
21b) serving as a control. Chitin binding was
assayed as described previously'’. Briefly, normal-
ized CFS was applied to chitin resin and incubated
for 1 hr and the flow through (FT) collected. The
resin was washed 5x in PBS, resuspended in 2x
protein loading buffer, and boiled for 5 minutes.

Proteins in the FT and C fractions were separated
via SDS-PAGE and visualized using Coomassie
Brilliant Blue.

Ammonium sulfate fractionation

Ammonium sulfate fractionation was performed
on un-concentrated, sterile CFS from 50 mL over-
night cultures by slowly adding 100% ammonium
sulfate until desired concentration was achieved.
These solutions prepared at 4°C.
Precipitated proteins were collected from the 30-
40%, 40-50%, 50-60% and 60-70% ammonium
sulfate fractions. Precipitated proteins were col-
lected from each fraction by centrifugation at 4°C
and 14,000 g for 15 min. The proteins were resus-
pended in cold embryo medium (EM) and dialyzed
for 2-3 hr at 4°C before adding them to 6 days post
fertilization (dpf) GF larvae at a final concentration
of 500ng/mL. Pro-proliferative activity was
observed in the 50-60% fraction. Hemolysis was
assessed by spotting the fractions on blood agar
plates.

were

Labeling and quantification of proliferating cells

7 dpf larvae were immersed overnight in 100 pg/
mL 5-ethynyl-2’-deoxyuridine (EdU) solution
(A10044; Invitrogen) for 16 h before termination
of the experiment at 8 dpf. Larvae were fixed in 4%
paraformaldehyde for 24 hr at 4°C, processed for
paraffin embedding, and cut into 7-um sections.
For EdU detection, slides were processed according
to the Click-iT EAU Cell Proliferation Assay Kit
(C35002; Molecular Probes). Samples were imaged
on a Nikon Eclipse TE 2000-V inverted microscope
equipped with a Photometrics Coolsnap camera.
EdU-labeled nuclei within the intestinal epithelium
were counted over 30 serial 7-pm sections begin-
ning at the esophageal-intestinal junction and pro-
ceeding caudally into the bulb. Analysis of this
extended region was necessary because of the sto-
chastic patterns of cell proliferation. The absolute
numbers of labeled cells varied between trials.
Despite these differences in the absolute numbers
of labeled cells, the proportional trends of prolifer-
ating cells between treatments were consistent and
reproducible between trials.



Colonization assay

Bacteria were added to GF flasks at 4 dpf at
a final concentration of 10° CFUs/mL and incu-
bated with the larvae for 48 hr at 28°C. Larvae
were sacrificed at 6 dpf, immediately before the
gut was removed, following our standard dissec-
tion protocol®’, and homogenized in a small sam-
ple of sterile EM. Dilutions of this gut slurry were
plated onto tryptic soy agar and allowed to incu-
bate overnight at 30°C. Colonies from each gut
were quantified. A minimum of 10 guts per
mono-association or  di-association
analyzed.

were

Light sheet microscopy

Gnotobiotic larval zebrafish were prepared for light
sheet imaging as described by Jemielita et al*
Briefly, larvae are anesthetized in dishes filled with
sterile EM and tricaine methanesulfonate (MS-222)
at 120 pg/ml. They were then moved to melted agar-
ose gel and pulled into glass capillaries where the gel
was allowed to cool. The capillaries were mounted
on a sample holder and a plug of gel containing each
live larval zebrafish was extruded into a sample
chamber filled with sterile EM and MS-222. Fluid
in the sample chamber was maintained at 28°C.
Light sheet fluorescence microscopy was carried
out using a home-built light sheet microscope based
on the design of Keller et al’'. Two coherent sapphire
lasers (488 nm and 561 nm) were rapidly scanned
using a galvanometer to create a thin sheet at the
focus of an imaging objective. This thin sheet was
used to excite fluorescence in specimens. The excita-
tion light was captured as the sample was moved
through the sheet, creating a three-dimensional
image. To image the entire larval zebrafish gut, four
sub-regions were imaged and subsequently regis-
tered. A complete image of the gut can be captured
in two minutes in two colors with single-micron
spacing between planes. All exposure times were 30
ms and laser power in both colors was set to 5 mW.

Statistical analysis

Statistical analysis was performed in Prism 9. For
comparison of two treatment groups, t-tests were
performed. For comparisons across multiple

GUT MICROBES 5

treatment groups, one- and two-way ANOVA ana-
lyses were performed as appropriate.

Results

A. veronii requires the Type Il Secretion System for
production of a secreted factor that induces
intestinal epithelial proliferation

Earlier work from our group demonstrated that
A. veronii strain HM21 produced an unknown
secreted factor(s) that was sufficient to promote
cell proliferation in 8 dpf GF larvae, as measured
by the number of cells labeled during a 16 hour
period of exposure to the nucleotide analog EdU
within a defined 210 um region of the anterior
intestine immediately caudal to the esophageal-
intestinal junction7 (Figure 1(a,b)). This factor(s)
was present in cell-free supernatant (CFS) from
A. veronii HM21 grown overnight in TSB and frac-
tionated through a spin column to remove small
molecular weight material, suggesting the factor(s)
was unlikely to be a metabolite and could be
a secreted protein’. Many Gram-negative bacteria
employ the Type II Secretion System (T2SS) to
secrete biologically active proteins into the extracel-
lular environment. To test whether the pro-
proliferative factor(s) were substrates of the T2SS,
we added CFS from an A. veronii strain lacking
a functional T2SS (At2ss)*” or the complement of
this strain with restored T2SS function (Af2ss +
t2ss)*” to the aquatic environment of 6 dpf GF larval
zebrafish and assayed cell proliferation at 8 dpf. We
observed that while the CFS from A. veronii with
a functional T2SS promoted cell proliferation in GF
fish similarly to fish with a conventional microbiota,
the CFS from the At2ss strain was unable to pro-
mote cell proliferation above GF levels (Figure 1c).
This observation suggests that the pro-proliferative
factor(s) is a protein secreted by the T2SS.

The A. veronii pro-proliferative factor is encoded by
gbpA

To identify candidate pro-proliferative proteins
secreted by A. veronii, we analyzed a mass spectro-
metry dataset we had generated of the abundant
proteins in the CFS from the At2ss and the com-
plementation strains'®, focusing on proteins



6 A. V. BANSE ET AL.

a

(2]

80+

60

40-

proliferating cells

20+

0 Yo
microbes Ccv GF

CFS i )

Aer.
+T2SS

Figure 1. The T2SS of A. veronii is required for secretion of a pro-proliferative factor that stimulates intestinal epithelial cell
proliferation. (a) Schematic of the larval zebrafish intestine, highlighting the proximal 210 um region in which proliferative epithelial
cells were quantified, as marked by incorporation of the nucleotide analog EdU. (b) Representative transverse section of the proximal
zebrafish intestine stained to reveal cells that incorporated EdU.(c) Quantification of proximal intestinal epithelial cell proliferation in 8
dpf CV larvae and 8 dpf GF larvae untreated or exposed from 6 dpf to CFS from A. veronii with a functional or deleted T2SS. Boxplot
whiskers represent range. Groups with different letter designations are statistically different with a p value of < 0.05 whereas groups

with the same letter are not significantly different.

present in the complementation strain and absent
in the deletion strain. To further narrow the num-
ber of candidate proteins, we fractionated the CFS
using ammonium sulfate precipitation, tested these
fractions for pro-proliferative activity, and ana-
lyzed their composition on Coomassie stained pro-
tein gels. We found that the pro-proliferative
activity was concentrated in a fraction that
appeared to contain a single dominant protein
species of approximately 55 kd (Figure 2a). Only
two of our candidate proteins identified by mass
spectrometry were close to this molecular weight:
a hemolysin and a homologue of the V. cholerae
GbpA secreted protein'’. We determined that
hemolytic activity, assayed on blood agar plates,
was concentrated in a fraction lacking pro-

proliferative activity (Figure 2a). We therefore
turned our attention to GbpA.

GbpA from A. veronii has a similar predicted
domain architecture to V. cholerae GbpA, with low
identity putative cell surface-binding domains
[domain 2 (aa 201-300) and 3 (aa 309-403)] sand-
wiched between higher identity N-terminal LPMO
domain [domain 1 (aa 25-188)] and C-terminal car-
bohydrate-binding module (CBM) domain [domain
4 (aa 427-468)] (Figure 2b). The LPMO and CBM
domains share 60% and 51% sequence similarities,
respectively, while domains 2 and 3 are 48% and 34%
similar. The Aeromonas LPMO domain contains two
conserved copper-coordinating histidine residues
that have been shown to be necessary for the oxida-
tion reaction of LPMOs.
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Figure 2. A. veronii gbpA encodes the secreted pro-proliferative
factor that stimulates intestinal epithelial cell proliferation. (a0
The major protein constituents of ammonium sulfate fractions of
A. veronii CFS separated by SDS-PAGE and visualized with
Coomassie Brilliant Blue, with the corresponding proliferation
and hemolysis activity of each fraction indicated below. (b)
Schematic of the shared domain architecture of A. veronii and
V. cholerae GbpA proteins, with the amino acid identity indi-
cated for each of the four protein domains. (c) Quantification of
proximal intestinal epithelial cell proliferation in 8 dpf CV larvae
and 8 dpf GF larvae untreated or exposed from 6 dpf to CFS from
WT or AgbpA A. veronii. Boxplot whiskers represent range.
Groups with different letter designations are statistically differ-
ent with a p value of < 0.05 whereas groups with the same letter
are not significantly different.

To test whether GbpA was necessary for the pro-
proliferative activity in the CFS from A. veronii, we
generated an isogenic strain of HM21 A. veronii in
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which the gbpA open reading frame was replaced
by a kanamycin resistance cassette (gbpA:kan,
AgbpA). CFS was collected from the WT and
AgbpA strains and added to the aquatic environ-
ment of 6 dpf GF larvae. Whereas the WT CFS
elicited a robust proliferative response, the CFS
from the AgbpA strain failed to induce proliferation
above the level observed in GF larvae (Figure 2c),
demonstrating that gbpA is required for the prolif-
erative response elicited by A. veronii CFS.

Colonization of the zebrafish intestine by
Aeromonas or Vibrio does not require gbpA

The V. cholerae AgbpA strain was previously found
to exhibit reduced binding to chitin beads follow-
ing 30 minutes of incubation, as assayed by immu-
nofluorescent microscopy, and reported as number
of bacterial cells per bead'’. We performed
a similar chitin bead-binding assay with both WT
and AgbpA A. veronii strains, assessing the fraction
of bacteria recovered from chitin beads after both
30 minutes and 1 hour of incubation, using dilu-
tion plating. Only about 5% of the population of
WT A. veronii bound chitin bead at 30 minutes,
and this fraction reduced to about 3% by 1 hour
(Figure 3a). The AgbpA population exhibited
a lower fraction of chitin bead binding, approxi-
mately 0.8%, at both time points (Figure 3a). GbpA
was suggested to confer binding of V. cholerae cells
by a mechanism whereby the protein is first
secreted into the extracellular environment, unas-
sociated with the bacterial cell surface, and then
subsequently binds to both the bacterial cell and
GIcNAc through different protein domains'*?".
A prediction of this model is that co-incubation
of WT and AgbpA bacteria should rescue chitin-
binding defects associated with the AghpA mutant,
since the predominant form of GbpA from the WT
strain is in solution in the culture medium and
equivalently accessible to WT or AgbpA cells.
Arguing against this mechanism, we found no
change in the percentage of the AgbpA population
that is bound to chitin beads when co-incubated
with WT cells (Figure 3a). This failure of the WT
cells to complement the AgbpA cells’ chitin-binding
defect was also reflected in the competitive indices,
calculated as the ratio of the AghpA to WT cells
recovered from the chitin beads in the mixed
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Figure 3. Colonization of the zebrafish intestine by A. veronii and V. cholerae does not require gbpA. (a) Binding of WT and Agbpa
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Bacterial strains were added to chitin beads alone (solid bars) or mixed with the other strain (striped bars). Boxplot whiskers represent



incubations, normalized to the ratio of the two
strains added initially (Figure 3b).

In human pathogenic V. cholerae strains of both
the classic and El Tor biotypes, gbpA is required for
colonization of the neonatal mouse intestine'”'®,
To test whether gbpA was required for A. veronii
colonization of the zebrafish intestine, we inocu-
lated the aquatic environment of GF zebrafish on
4dpf, and on 6dpf we assessed the bacterial colony
forming units (CFU) per intestine. We observed
that after 48 hours of inoculation, both WT and
AgbpA strains colonized 6 dpf larval intestines to
similar levels, demonstrating that gbpA does not
play a crucial role in zebrafish gut colonization
(Figure 3c).

Certain colonization factors are required only
under circumstances of bacterial competition. To
test whether A. veronii gbpA was required for com-
petitive colonization of the zebrafish intestinal, we
co-inoculated WT and AgbpA strains at equal con-
centrations to the aquatic environment of GF zeb-
rafish at 4dpf and measured the number of
colonizing bacteria of each strain at 6dpf. We cal-
culated the competitive index as the ratio of AgbpA
to WT strains recovered at 6 dpf normalized to the
ratio inoculated at 4 dpf. We observed a modest
competitive disadvantage of the AgbpA strain when
competing against the WT strain (Figure 3d).

Vibrio species are normal residents of the zebra-
tish intestine and human-derived V. cholerae can
colonize larval zebrafish’>*>., We therefore tested
a AgbpA strain of V. cholerae that exhibited
a mouse colonization defect'” in our gnotobiotic
zebrafish assay. As with the A. veronii strains, we
found that when inoculated into GF zebrafish at 4
dpf and assayed at 6 dpf, both the V. cholerae
AgbpA and WT strains colonized to similar levels
(Figure 3e). When the two V. cholerae strains were
co-inoculated into 4 dpf GF larvae, we noted
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a modest competitive disadvantage of the AgbpA
strain after 48 hours when competing against the
WT strain (Figure 3f).

GbpA has been shown to promote the adhesion
of V. cholerae to cultured intestinal epithelial cells
and intestinal tissue explants'”'®, To test whether
gbpA was important for A. veronii distribution in
the zebrafish intestine, we generated fluorescently
labeled strains of both WT (tn7:GFP) and the
AgbpA mutant (gbpA:kan, tn7:dTomato) and
imaged these strains in the intestines of live 6 dpf
larval zebrafish using light sheet microscopy’*. We
observed no significant difference in the distribu-
tion of the two strains relative to each other or
along the zebrafish intestine (Figure 3g). Neither
strain exhibited an epithelial proximal distribution
but instead were found in bacterial aggregates of
a range of sizes within the intestinal lumen, con-
sistent with other imaging we have performed on
Aeromonas strains in the larval zebrafish
intestine®®**%°,

To test for a requirement for ghpA for growth
in vitro, we compared the growth curves of WT
and the genetically manipulated A. veronii strains
in nutrient-rich medium (TSB). Relative to the WT
strain, neither the gbpA:kan insertion nor the fluor-
escent protein expression insertions produced any
growth defects (Figure 3h). We next tested whether
gbpA was required for A. veronii growth in mini-
mal medium with colloidal chitin as the sole carbon
source. Under this condition, A. veronii grew more
slowly, but after 24 hours there was no difference in
the population size reached by the WT and AgbpA
strains (Figure 3i). Similarly, the AgbpA strain grew
to WT levels in medium supplemented with
GlcNAc. The lack of a AgbpA growth defect on
chitin was not unexpected since A. veronii pro-
duces several predicted chitinases. According to
the CAZy database, A. veronii HM21 genome

range. Groups with different letter designations are statistically different with a p value of < 0.05 whereas groups with the same letter
are not significantly different. (b) Competitive index of Agbpa versus WT A. veronii recovered from chitin beads. (c) A. veronii CFUs
recovered at 6 dpf following inoculation of GF zebrafish with individual strains at 4 dpf. (d) Competitive index of Agbpa versus WT
A. veronii recovered at 6 dpf following co-inoculation of GF zebrafish with the two strains at 4 dpf. (e) V. cholerae CFUs recovered at 6
dpf following inoculation of GF zebrafish with individual strains at 4 dpf. (f) Competitive index of Agbpa versus WT V. cholerae strains
recovered at 6 dpf fish following co-inoculation of GF zebrafish with the two strains at 4 dpf. (g) Light sheet micrograph of zebrafish
intestine colonized with WT (green) and Agbpa (purple) A. veronii in the proximal intestinal region indicated in the schematic. (h)
Growth curves measuring ODgq for each A. veronii strain grown in TSB. (i) Final ODgoq measurement for WT and Agbpa strains grown

on colloidal chitin and GIcNAc.
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encodes 4 chitinases belonging to the glycoside
hydrolase family 18 (GH18) and 2 belonging to
GH19 (Supplemental Table S1), all of which were
found among the T2SS-dependent secretome,
along with GbpA'®. Collectively, the analysis of
AgbpA shows the strain to have a slight defect in
chitin binding and a slight competitive disadvan-
tage in larval zebrafish intestinal colonization,
which is not complemented by the presence of
GbpA-producing WT cells. Our findings argue
against a role for GbpA in Aeromonas epithelial
adhesion in the larval zebrafish intestine.

Secreted GbpA from Aeromonas and Vibrio
promotes intestinal cell proliferation

Having ruled out a role for GbpA in promoting
intestinal epithelial cell proliferation through facil-
itating Aeromonas adhesion to the intestinal
epithelium or promoting Aeromonas colonization,
we next explored whether secreted GbpA protein
was sufficient to promote intestinal cell prolifera-
tion in larval zebrafish. We cloned the A. veronii
gbpA gene and introduced it on an inducible high
copy plasmid into E. coli, which lacks any gbpA
homologues in its genome. Upon induction, a 55
kd protein was the major protein species in the
E. coli + pGbpA CFS, which was absent in the CFS
of E. coli containing just the empty expression
vector. To test whether this recombinant
A. veronii GbpA had similar chitin-binding activity
as the V. cholerae GbpA protein'’, we performed
chitin-binding assays with both proteins. We used
CFS from E. coli expressing high levels of A. veronii
GbpA and applied this material to chitin beads. We
then collected the flow through (FT) as well as the
fraction retained on the chitin beads (C). We
observed that A. veronii GbpA was absent from
the FT fraction and retained entirely with the chitin
bead (Figure 4a). We observed a similar binding to
chitin beads when we used CFS from the comple-
mentation strain of V. cholerae AgbpA, pGbpA that
expresses V. cholerae GbpA at high levels from
a plasmid pGbpA '7. Consistent with their similar
domain architectures, these results indicate the
A. veronii and V. cholerae GbpA proteins share
the biochemical property of chitin binding.

We next tested the capacity of recombinant
A. veronii GbpA to induce intestinal epithelial

proliferation in GF zebrafish larvae. We collected
the CFS from the E. coli strains expressing
A. veronii GbpA or the empty vector and added
each to the aquatic environment of 6 dpf GF larvae.
We observed that whereas the control CFS had no
effect on cell proliferation of 8 dpf GF larvae, the
GbpA-enriched CFS promoted cell proliferation to
levels like those observed in CV larvae (Figure 4b).

We next explored whether the LPMO-
containing domain 1 of A. veronii GbpA was suffi-
cient to induce intestinal epithelial cell prolifera-
tion. We cloned domain 1 (D1) (aa 25-188) of
A. veronii GbpA into the inducible expression con-
struct and used a similar strategy to collect CFS
from E. coli enriched for this protein domain.
When used to treat GF larvae from 6 to 8 dpf,
this CFS containing D1-induced cell proliferation
to a similar extent as the full-length GbpA from
A. veronii, indicating that this domain is sufficient
to induce the proliferative response in the intestinal
epithelium (Figure 4b).

To verify that the pro-proliferative activity
detected in the E. coli CFS was indeed GbpA, we
purified a recombinant version of the protein from
E. coli CFS using a GST tag, which was then
removed by proteolysis. When we applied purified
GbpA to 6 dpf GF larvae, we observed high levels of
cell proliferation at 8 dpf (Figure 4b).

Given the similarity between A. veronii and
V. cholerae GbpA, we next tested whether
V. cholerae GbpA could also induce a proliferative
response in the GF larval zebrafish intestine. We
collected CFS from the WT, AgbpA mutant, and
the complementation (AgbpA, pGbpA) V. cholerae
strains'” and applied these each to 6 dpf GF fish.
Similar to our observations with A. veronii, we
observed that the WT and complementation CFS
promoted CV-like levels of cell proliferation at 8
dpf, while the mutant CFS did not promote cell
proliferation (Figure 4c). This observation suggests
that the pro-proliferative activity observed for
secreted A. veronii GbpA is shared across other
GbpA-like proteins produced by resident intestinal
bacteria.

Discussion

Since early descriptions of epithelial cell renewal in
the intestines of GF mice®, the microbiota has been
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Figure 4. Secreted GbpA proteins are sufficient to increase
intestinal epithelial proliferation in GF zebrafish. (a) CSF from
engineered E. coli expressing no recombinant protein or IPTG-
inducible GbpA™ and from the V. cholerae gbpA complementa-
tion strain expressing arabinose-inducible GbpAY® were incu-
bated with chitin beads, rinsed, and the protein content of the
flow through (FT) and chitin bead (C) fractions were separated
by SDS-PAGE and visualized with Coomassie Brilliant Blue. (b)
Quantification of proximal intestinal epithelial cell proliferation
in 8 dpf CV larvae and 8 dpf GF larvae untreated or exposed from
6 dpf to CFS of E. coli expressing full length GbpA™’, domain 1 of
GbpA™, or purified full length GbpA*¥ protein. (c) Quantification
of proximal intestinal epithelial cell proliferation in 8 dpf CV
larvae and 8 dpf GF larvae untreated or exposed from 6 dpf to
CFS of WT V. cholerae, the gbpA deletion strain, and the gbpA
complementation strain expressing arabinose-inducible GbpA"®.
Boxplot whiskers represent range. Groups with different letter
designations are statistically different with a p value of < 0.05
whereas groups with the same letter are not significantly
different.

appreciated as a source of pro-proliferative stimuli
that elevates homeostatic rates of intestinal epithe-
lial cell proliferation in many animals. The nature
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of the microbiota-derived molecules with this
activity is incompletely understood. Several bacter-
ial metabolites have been shown to elevate intest-
inal epithelial proliferation rates in mice and fruit
flies, including reactive oxygen species’®, indoles™’,
and polyamines’®. Our previous characterization of
intestinal epithelial proliferation in gnotobiotic lar-
val zebrafish indicated that A. veronii, a prominent
bacterial colonizer of the zebrafish intestine, stimu-
lated a proliferative response through secreted fac-
tors of greater molecular weight than these
metabolites’. Here we show that a pro-
proliferative factor secreted by A. veronmii is
a homologue of the V. cholerae LPMO GbpA.

The best characterized bacterial proteins that
elicit intestinal epithelial cell proliferation are pro-
tein toxins of bacterial pathogens. For example, the
Helicobacter pylori oncogenic virulence factor
CagA induces expansion of Lgr5+ stem cells during
infection of the gastric epithelium® and transgenic
expression of CagA is sufficient to increase epithe-
lial cell proliferation in both zebrafish** and fruit
fly*" intestines. These pathogen-associated cell pro-
liferative responses, however, are distinct from
responses to microbiota colonization in that they
are typically associated with inflammation and
hypertrophic expansion of the tissue. The prolif-
erative response to the microbiota in the larval
zebrafish intestinal epithelium occurs even when
tumor necrosis factor (TNF) signaling is blocked’,
in contrast to the epithelial proliferation in
a zebrafish model of spontaneous intestinal inflam-
mation and dysbiosis, which is prevented by inter-
fering with TNF signaling®?.

GbpA was previously characterized as
a virulence factor of human pathogenic
V. cholerae strains and implicated in disease by
a proposed adhesion mechanism of the secreted
protein acting to crosslink bacterial cells to
GIcNAc moieties on intestinal mucins'’™"°. We
generated gbpA deficient A. veronii to explore the
function of this gene in bacterial-host interactions
in the larval zebrafish intestine. We found that
AgbpA A. veronii exhibited reduced binding to
chitin beads, as reported for V. cholerae, but when
we further explored this phenotype in a co-
incubation assay with our WT and AgbpA
A. veronii strains, we found that this defect was
not rescued in trans by GbpA from the WT cells.
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This unexpected result challenges the current
model that GbpA functions primarily as an adhe-
sin, since the predominantly soluble GbpA in the
extracellular environment should be readily
accessed by both WT and AgbpA mutant cells.
Additional evidence challenging the idea that
GbpA’s major function is as a chitin adhesin
comes from a previous study showing that
a V. cholerae fliA mutant upregulates gbpA expres-
sion but is defective for chitin binding compared to
the WT strain due to downregulation of the cell
surface associated adhesin FrhA*>**, We also found
no evidence for GbpA conferring a colonization
advantage to either A. veronii or V. cholerae in the
larval zebrafish intestine when introduced in
mono-associations, but a slight competitive disad-
vantage in the presence of GbpA-secreting WT
strains. Finally, we found no evidence that GpbA
expression altered the intestinal biogeography of
A. veronii, which normally colonizes the intestinal
lumen in cellular aggregates. Our observations
argue against the model that A. veronii utilizes
GpbA as an adhesin to colonize GlcNAc-rich sur-
faces. Instead, we hypothesize that GbpA is part of
a GIcNAc utilization program that A. veronii
deploys when GIcNAc is an advantageous carbon
source. In support of this idea, V. cholerae has been
shown to upregulate gbpA in the presence of
GIcNAc and chitin  oligosaccharides®. We
hypothesize that the modest chitin-binding defects
of the AgbpA strain reflect physiological differences
due to alterations in nutrient processing and acqui-
sition. Although we observed no growth defect of
the A. veronii AgbpA strain relative to WT when
grown on colloidal chitin as a sole carbon source,
we note that this strain secretes many chitin
degrading enzymes, which likely confer redundant
functions and highlight the importance of chitin-
utilization for this bacterium.

The importance of GbpA in A. veronii cellular
physiology is consistent with a recent character-
ization of Pseudomonas aeruginosa mutants lack-
ing the gene for chitin-binding protein D (CbpD),
an LPMO with similar N and C terminal chitin-
binding domains as GbpA*°. The authors showed
that cbpD deficient P. aeruginosa have markedly
altered transcriptomes and proteomes as com-
pared with WT cells grown in various media.
They further show that AcbpD P. aeruginosa

have reduced survival in blood and pathogenicity
in mouse tissues, which the authors attribute to
the cells’ altered metabolic state and reduced
capacity to metabolize host-produced hydrogen
peroxide.

Independent of possible fitness advantages con-
ferred by GbpA to A. veronii during host coloniza-
tion, we show that the secreted protein stimulates
epithelial proliferation in the GF larval intestine.
This pro-proliferative activity is recapitulated by
the LPMO-containing domain 1 of the protein
and by the related V. cholerae GbpA. We hypothe-
size that a consequence of A. veronii secreting
GbpA in the intestine as part of a GIcNAc utiliza-
tion program is that the enzymatic activity or
byproducts are sense by the host through innate
immune pathways that monitor intestinal mucosal
integrity or glycan composition. We have shown
that the host proliferative response to the micro-
biota requires the innate immune adaptor Myd88,
but that activation of innate immune signaling with
bacterial lipopolysaccharide (LPS) is not sufficient
to elicit intestinal epithelial cell proliferation’. In
the zebrafish intestine, GbpA would have access to
chitin as a component of the zebrafish intestinal
lining"’. Chitin is a feature of most invertebrate
intestines and is found in many non-mammalian
vertebrate intestines, where it coexists in varied
proportions with a meshwork of glycan-rich
mucins*®. Even in mammalian intestines that lack
a chitin layer, the intestinal mucus contains ample
GlcNAc polysaccharides that could be cleaved by
bacterial secreted LPMOs.

As a bacterial protein that can target the intest-
inal lining, GbpA represents an example of
a Microbial Associated Competitive Activity
(MACA), a term we coined to describe microbial
activities important for competitive fitness in multi-
species communities that are sensed by host tissues
as sources of information for regulating programs
of development and repair®’. In this regard, the
intestinal epithelial proliferation observed upon
microbiota colonization is not an outcome that
host-associated bacteria LPMOs evolved to evoke,
but rather an adaptation of the host tissue to bolster
epithelial renewal programs in the face of degrada-
tive enzymes secreted by specific constituents of its
intestinal microbiota. The MACA framework
explains how specific secreted proteins from



microbiota members can have profound impacts on
host tissue development and physiology and how
different nonhomologous proteins can elicit similar
effects by executing similar activities. Future studies
of GbpA will test whether it elicits host epithelial
proliferative response via its LPMO activity and
whether specific byproducts of its enzymatic reac-
tion or depletion of its co-substrates dioxygen or
hydrogen peroxide are sensed by the host to induce
epithelial renewal programs.
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GbpA GlcNAc binding protein A
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CFS cell free supernatant

Ccv conventionally reared

GF germ free
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CFU colony forming unity
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