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Abstract
Previous studies in our lab linked vasoactive intestinal peptide (VIP) signaling to gut microbiota stability.
Although VIP-de cient mice demonstrated a gut microbiota dysbiosis characterized by a reduction in
both the Firmicutes:Bacteroidetes phyla ratio and α-diversity, the mechanism for this observation was not
known. To this end, we conducted a similar study analyzing fecal samples from VIP receptor-de cient
mice, known as VPAC1 and VPAC2, by 16S rRNA sequencing. Samples from male and female wildtype
(WT, n=30), heterozygous (HET, n=31) and homozygous mutant (KO, n=32) mice were analyzed. Our data
revealed that genetic deletion of either receptor resulted in statistically signi cant changes in fecal βdiversity, with VPAC1 KO samples also demonstrating loss in bacterial α-diversity. Comparing 94
statistically altered OTUs from VPAC1 samples, more than 62% were similar to those found in VIP KO
samples. We conclude that VIP→VPAC1 signaling is a major driving force regulating intestinal
homeostasis and a stable gut microbiota.

Introduction
Vasoactive intestinal peptide (VIP) is a 28 amino acid neuropeptide with a broad expression pro le
regulating diurnal feeding behavior and taste-perception 1, metabolism 2 and immunity 3. VIP is delivered
by the peripheral nervous system to numerous organs, including the mucosa-associated lymphoid tissues
of the pulmonary and gastrointestinal tract (GIT) 4. VIP signals with high a nity (Kd = 1 nM) through at
least two endogenous G protein-coupled receptors (GPCR), called vasoactive intestinal peptide/pituitary
adenylyl cyclase activating polypeptide (VPAC) 1 and VPAC2 5,6. VIP signaling is responsible for
numerous biological effects within the GIT, including digestive enzyme secretion 7, ion homeostasis 8,9,
relaxation phase of peristalsis 10,11, mucus secretion 12, mucosal immunity 13, intestinal epithelial cell
homeostasis (e.g. Goblet cells) and barrier integrity 14. Importantly, a link between VIP de ciency and
reduced expression of a key transcriptional master regulator for intestinal barrier integrity, function and
homeostasis, called caudal type homeobox 2 (CDX-2), highlights the profound signaling in uence of VIP
on homeostasis within the GIT. Moreover, VIP de cient mice have signi cant morphological
abnormalities, including shorter crypt and intestinal lengths, and thickening of smooth muscle tissue
surrounding the small intestines 12,14. Collectively, these data support that VIP plays a central role in GIT
function and homeostasis.
It is now well-established that a stable GIT environment is also important for the colonization and
maintenance of the gut microbiota 15. This “invisible metabolic organ” consists of trillions of
microorganisms consisting of bacteria, fungi, archaea, eukaryotic parasites and viruses that play a vital
role in host physiology, metabolism and immunity [reviewed in 16]. There are many factors that in uence
the composition of the gut bacterial component of the microbiota (referred to as the gut microbiota from
herein), including the mode of child birth 17, breast feeding 18, host genetics 19,20, diet 21,22 and infection
23.

Diet and infection have been shown to have rapid, but reversible changes in microbiota composition.
Support for host genetics in uencing the gut microbiota composition comes from a study demonstrating
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that fecal transplants from a donor species to a different, recipient species results in microbiota
structures reverting back to that of the recipient host species 24. Goodrich et al. further contributed
evidence for host genetics using a cohort of identical twins to show that nearly 10% of gut microbiota
taxa are heritable, temporally stable and associated with host gene loci involved in diet-sensing,
metabolism and immune defense 25.
Recently, our research group reported that VIP-de cient mice are associated with an altered gut
microbiota ecology compared to wild-type (WT) littermates as assessed by culture-independent, 16S
rRNA amplicon sequencing 19. Although this report was the rst demonstration that VIP de ciency is
associated with changes in the gut microbiota composition, the identity of the speci c VIP receptor
driving these changes in the gut microbiota remains unknown. Both VIP GPCRs are expressed in the GIT.
For example, VPAC1 is localized to the luminal surfaces of intestinal epithelial cells (IECs) 5. In VIP
de cient mice, a lack of VIPàVPAC1 signaling in IECs could explain the observed reduction in MUC2
secretion, the major protein component of mucus 26. Indeed, both VIP and MUC2 knockout mice possess
altered gut microbiota compositional changes, including a depletion of the butyrate-producing

Rumminococcaceae lineage 19,27. On the other hand, VPAC2 is expressed predominantly in smooth
muscle cells surrounding the small and large intestines suggesting its involvement in peristalsis 28, and
altered food transit times through the GIT have been found to cause gut microbiota compositional
changes 29. VPAC1 and VPAC2 mRNA are both expressed in innate lymphoid-like 2 cells (ILC2) and
VPAC2 mRNA is expressed in CCR6+ ILC3 within the intestinal mucosa 13,30. Moreover, VPAC2 expression
in the suprachiasmatic nucleus of the brain has been shown to be essential for VIP-induced diurnal
cycling and circadian clock gene synchronization 31. In addition to diurnal ebbs and wanes of gut
microbiota abundance 32, gut bacterial structures are altered in mouse knockouts for circadian rhythm
clock genes and in chickens experiencing altered photoperiods 33,34). Based on this knowledgebase, we
hypothesized that VIP receptor de ciency for either receptor would be associated with changes in gut
bacterial ecology.
In this report, we show that genetic deletion of VPAC1 in homozygous mutant (KO) samples was
associated with substantial changes in the gut microbiota composition compared to VPAC1
heterozygous (HET) or VPAC1 wild type (WT) littermates, irrespective of sex. Interestingly, out of the 94
differentially abundant OTUs in VPAC1 KO samples, there was agreement (≈63%) with statistically
altered OTUs reported for VIP KO samples 19. VPAC2 de ciency also resulted in differences compared to
littermate controls, although the difference was much more subtle relative to the differences found in
VPAC1-de cient mice. In total, these data strongly suggest that signaling through both VIP receptors can
affect the gut microbiota ecology to different extents and via different, currently unknown, mechanisms.
In addition, the VIP→VPAC1 signaling axis would appear to provide a more robust and common
regulatory in uence on the maintenance of the gut microbiota, highlighting this neuropeptide’s
importance on GIT environmental homeostasis.
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Results
Sequencing of 16S rRNA amplicon libraries generated from a total of 93 mice resulted in a total of
10,076,065 high-quality sequence reads, and an average of 108,345 reads per sample. The coverage for
each speci c group is provided in Table 1. To account for the differential coverage between groups, all
data were subsampled to a uniform number of reads equivalent to one less than the lowest coverage
obtained for any sample (41,866 reads).
Initial comparisons of community richness (Figure 1A) and α-diversity (Figure 1B) in each group revealed
a signi cant reduction in both measures in samples from VPAC1-de cient (KO) mice, relative to wild-type
(WT) and heterozygous (HET) littermates. Two-factor ANOVA to identify associations between richness
and host sex or genotype within the VPAC1 colony indicated that samples from the VPAC1 KO mice had
signi cantly reduced richness (p ≤ 0.001) relative to both WT and HET mice. In contrast, no genotypedependent differences in richness were detected in the VPAC2 colony. No sex-dependent differences were
detected in any genotype, or within either colony. Statistical comparison of the Shannon diversity indices
revealed an identical pattern. Thus, dysfunctional VPAC1 signaling was associated with a signi cantly
decreased richness and α-diversity, while loss of VPAC2 signaling had no apparent effect.
Resolved to the taxonomic level of phylum, samples from VPAC1-de cient mice demonstrated a
signi cantly greater relative abundance of Proteobacteria and Verrucomicrobia compared to WT and HET
littermates, and a decreased relative abundance of Bacteroidetes and Deferribacteres (Figure 2A). There
were no clear differences between genotypes within the VPAC2 colony. At the level of Operational
Taxonomic Unit (OTU), differences in the gut microbiota (GM) of VPAC1 KO mice became more apparent,
with six genera (Bacteroides, Parabacteroides, Lactobacillus, Parasutterella, Escherichia, and
Akkermansia) emerging as dominant OTUs comprising a mean (±SD) of 43.6% (± 12.6%) of the total
DNA in samples from VPAC1-de cient mice (Figure 2B). Curiously, ve out of the six dominant genera
were Gram-negative bacteria, with Lactobacillus the only enriched Gram-positive genera. To test for
genotype-dependent differences in the relative abundance of all detected OTUs, we performed nonparametric Kruskal-Wallis ANOVA on ranks of all OTUs within the VPAC1 colony, using a stringent p value
of 0.001 as a cut-off and with rigorous corrections for multiple testing to control the false discovery rate
(FDR). Despite this highly conservative approach, we still detected signi cant differences in the relative
abundance of 94 OTUs (Table 2), the majority of which were present at decreased relative abundance in
VPAC1 KO mice compared to WT or HET littermates. Those OTUs detected at greater relative abundance
in VPAC1 KO mice, included multiple members of the Lactobacillaceae and Peptostreptococcaceae, while
taxa at reduced relative abundance in VPAC1 KO mice included numerous members of the commensal
families Lachnospiraceae and Ruminococcaceae. To identify OTUs that were unique to samples from
mice expressing VPAC1 (i.e., present in WT and/or HET but completely absent in KO mice) or mice lacking
VPAC1 (i.e., present in KO but completely absent in WT and HET mice), a Venn diagram was constructed
(Figure 3A). OTUs detected in only WT or HET mouse (Figures 3B and 3C, respectively) represent taxa that
were completely lost (or below the limit of detection) in the absence of VPAC1 signaling. With the
exception of the Rikenellaceae RC9 gut group, these taxa were primarily members of the Gram-positive
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families Lachnospiraceae and Ruminococcaceae. In contrast, those 26 OTUs detected exclusively in
samples from VPAC1 KO mice were dominated by four main OTUs, two of which annotated to
Clostridium sensu stricto (family Clostridiaceae), one to Clostridioides di cile M68 (family

Peptostreptococcaceae), and one to [Ruminococcus] gnavus group (family Lachnospiraceae), all of
which correspond to Gram-positive bacteria (Figure 3D). Keeping in mind that mice of different genotypes
were co-housed littermates, with similar environmental exposures, these taxa were either completely
eliminated or present below the limit of detection in WT or HET mice but allowed to colonize or proliferate
in the absence of VPAC1 signaling.
A similar analysis within the VPAC2 colony revealed a single OTU present at a signi cantly different
relative abundance dependent on genotypes (Supplementary Figure 1). Speci cally, an OTU annotated to
family Prevotellaceae NK3B31 group was found at greater relative abundance in VPAC2 KO mice
compared to WT and HET littermates (FDR-adjusted p = 5.4 × 10-5). Focused analysis of taxa detected
only in samples from VPAC2 WT and HET, or VPAC2 KO, mice revealed a relatively conserved community
structure between genotypes. Collectively, those OTUs found selectively in VPAC2 WT and HET or KO
mice accounted for a remarkably small proportion (< 0.01% on average) of each bacterial community.
To visualize β-diversity among the different groups, principal coordinate analysis (PCoA) was performed.
When viewed together and based on either the Bray-Curtis or Jaccard similarities (SupplementaryFigure
2A and 2B), the two colonies of mice (VPAC1 and VPAC2) cluster separately along PCo2, while the VPAC1
KO samples cluster distinctly from the other VPAC1 genotypes along PCo1. As we are primarily interested
in genotype-dependent differences within either colony, rather than differences between the VPAC1 and
VPAC2 colonies, we repeated the PCoA with the two colonies independently, to remove inter-colony
differences as a source of variability. As before, the VPAC1 colony separated into two very distinct
clusters consisting of either KO or WT and HET samples, with the latter clustering much more tightly than
the former (Figure 4A). These differences were con rmed statistically using permutational multivariate
ANOVA (PERMANOVA). Based on Bray-Curtis similarities, there was an overall signi cant difference
between genotypes, while pairwise comparisons indicated that the signi cant differences were between
WT and KO (p = 0.0001; F = 34.2), and between HET and KO (p = 0.0001; F = 30.7), while there was no
difference between VPAC1 WT and HET mice (p = 0.42; F = 0.9) (Figure 4B). Similarly, PERMANOVA
based on Jaccard similarities found an overall signi cant difference, dominated by changes between WT
or HET compared to KO mice.
In contrast, focused comparisons of the different genotypes within the VPAC2 colony revealed much
more subtle differences in community structure. While the three genotypes overlapped substantially on
PCoA using either Bray-Curtis (Figure 4C) or Jaccard (Figure 4D) similarities, PERMANOVA detected
signi cant differences between WT and KO mice (p = 0.0001; F = 11.2) and between WT and HET mice (p
= 0.005; F = 6.1) using Bray-Curtis similarities. Of note, comparison of Jaccard similarities revealed the
same differences, however the F values associated with those differences were much lower (p = 0.0001; F
= 2.8 for WT vs. KO and (p = 0.0004; F = 2.6 for WT vs. HET), suggesting that the detected differences in
community structure are primarily due to differences in the relative abundance of shared taxa rather than
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the selective presence or absence of taxa within a certain genotype. Collectively, we interpret these data
as evidence that functional VPAC1 is essential for maintenance of the normal GM structure, whereas
VPAC2 is much more dispensable with regard to GM community structure, richness, and diversity.
Lastly, we compared the genotype-dependent differences observed in the VPAC1 colony with the
previously reported differences between mice de cient for VIP (the ligand for VPAC1 and VPAC2) and WT
littermates (deposited in the NCBI Sequence Read Archive as BioProject #PRJNA575206). If the
differences in community structure in the absence of VPAC1 signaling are similar to those seen in the
absence of functional VIP, a direct ligand:receptor effect becomes much more likely. Of the 94 OTUs
identi ed as being present at statistically different relative abundance in VPAC1 KO mice, 11 were not
detected at all in the VIP study, and 15 were detected in that study but were rare (present in <10% of
samples) or present at extremely low relative abundance (Figure 5A; Table 2, column L). Of the remaining
OTUs, 59 of 68 (86.7%) were consistent with signi cant differences observed in VIP-de cient mice, while
there was either no difference observed in VIP-de cient mice in 8 of 68 (11.8%) of the OTUs, and a
contrasting difference in the VIP study in only one taxon (1.5%), Roseburia sp. (Figure 5B). Taken as a
whole, these data provide compelling evidence that VIP binding of VPAC1 is responsible for maintenance
of the normal GM structure, and that in the absence of either of those factors, the GM undergoes
characteristic changes via as yet unde ned mechanisms.

Discussion
This report provides evidence that genetic deletion of mouse VIP receptors results in signi cant
phylogenetic differences (β-diversity) in fecal microbiota compared to wild type controls, irrespective of
sex. VPAC1 KO fecal samples, which showed more substantial β-diversity changes compared to VPAC2
KO animals, also showed reductions in richness and α-diversity. Moreover, altered OTUs from VPAC1 fecal
samples, including Bacteroides, Parabacteroides, Lactobacillus and Parasutterella, shared signi cant
agreement to altered OTUs from VIP KO samples previously published 19. In total, these data support that
VIP receptor de ciency is associated with changes in gut microbiota ecology to different magnitudes and
signaling mechanisms, highlighting their importance for gut health and homeostasis.
The in uence of VIP within the GIT is dependent on the expression pro le of its receptors, VPAC1 and
VPAC2. In mice, Jayawardena et al. reported exclusive VPAC1 expression in the jejunum and ileum, with a
300-fold higher mRNA expression level for VPAC1 compared to VPAC2 or VIP’s low-a nity receptor,
pituitary adenylyl cyclase activating polypeptide 1 (PAC1) in the proximal and distal colon. Mucosal
scrapings of intestinal epithelial cells reveal similar VPAC1 protein expression throughout the mouse
intestines 5. Earlier radioactive VIP labeled protein studies and VPAC2-speci c binding studies support
VPAC1 as the predominant VIP receptor throughout the small and large intestines 28,35. In humans,
VPAC1 is also the predominant VIP receptor in sigmoid colon as assessed at the RNA and protein levels,
with less but equivalent expression of all three VIP receptors in the small intestines 5. Moreover, human
HT-29 and Caco-2 intestinal epithelial cell lines express high levels of functional VPAC1 receptors 36,37.
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Initial VPAC1 subcellular localization studies suggested a basolateral position for VPAC1 in rat, rabbit and
human IECs 38, while a more recent report showed murine VPAC1 expression co-localizing with the apical
(e.g. villin), but not basolateral (e.g. Na+/K+ ATPase), IEC marker 30. These different ndings could be
explained by the heterogenous makeup of IECs consisting of absorptive (e.g. enterocytes and M cells)
versus secretory (e.g. Goblet and Tuft) cell types, which are constantly renewed every ≈7 days from
differentiating crypt progenitor cells that migrate to the villus 39. Interestingly, VPAC1 can be targeted to
the nuclear membrane, which may further alter signaling effects dependent on its subcellular localization
(e.g. apical, basolateral and/or nuclear) 40. The present study supports VPAC1 as the predominant
intestinal VIP receptor as its genetic deletion manifested in a more substantial change to the fecal
microbiota composition compared to WT littermate controls or the VPAC2 colony. Furthermore, altered
fecal bacterial taxa from VPAC1 KO mice presented signi cant similarities to those previously published
by our group from VIP KO animals 19, suggesting a bona de VIP→VPAC1 signaling pathway in IECs
regulating the stability and diversity of the gut microbiota.
Intestinal IECs provide physical and chemical barriers that protect the host from the gut microbiota, while
absorbing essential nutrients for host survival 41. Breakdown of the intestinal epithelial barrier and gut
microbiota dysbiosis are linked to serious health consequences, including in ammatory bowel disease 42,
type II diabetes 43 and obesity 44. Evidence linking VIP→VPAC1 signaling to IEC homeostasis and
intestinal barrier integrity has been provided by multiple studies. First, observations in the 1980’s
demonstrated VIPergic neurons in the intestinal mucosa, showing VIP accumulation in the lumen when
stimulated by cholera toxin 45,46. More recent studies have con rmed that VIPergic nerve bers innervate
all layers of the intestinal tissue and account for nearly 50% of enteric neurons 12. Moreover, a 2020
report delineated VIPergic nerves within the intestinal mucosa co-localizing with the β-III-tubulin neuronal
marker 30. Second, VIP KO mice possess fewer proliferating, mucin-expressing Goblet cells, compared to
WT controls. Morphologically, VIP de cient mice manifested shorter and wider intestinal crypts with
impaired barrier function as FITC-dextran enemas demonstrated greater uorescence in the vasculature
compared to control mice. Exogenously added VIP to VIP KO mice partially rescued the above
phenotypes, and the authors concluded that the Goblet-speci c defect and intesinal barrier ultrastructural
changes were unlikely explained by developmental abnormalities 14. Third, Waschek’s group published
ndings that VIP-de cient mice had morphological defects within the GIT, including shorter, but heavier
intestines resembling a “rubbery” appearance, due to a thickening of the muscularis propria. This group
also reported a reduced mucus secretion potential from Goblet cells in VIP KO mice, consistent with the
above study 12. Fourth, older investigations contribute supportive evidence showing that VIP signaling
increases proliferation of IECs from in vivo and in vitro experiments 47,48. Lastly, a report using an
organotypic mouse intestinal slice model that maintained three-dimensional intestinal architecture
provided evidence that blocking VIP signaling with a pan-VPAC antagonist substantially reduced the
number of mucus-producing Goblet cells in intestinal crypts, suggesting that VIP signaling is important
for Goblet cell differentiation and survival 49. Couple the above intesinal IEC changes with other known
intestinal VIP effects including: 1.) regulation of luminal water and electrolyte levels 50, 2.) peristalsis rate
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51,

3.) metabolic gut hormone secretion, 1, 4.) anti-in ammatory effects 14,52,53 and 5.) antimicrobial

activity 54, it becomes apparent that there is potential for an amalgamation of environmental changes
within the intestines from dysregulated VIP signaling. Genetic ablation of either VIP 19 or VPAC1 (present
study) results in signi cant and similar gut microbiota compositional changes and reduction in
microbiota diversity. In aggregate, we propose a neuronal-IEC VIP→VPAC1 signaling circuitry is critical to
maintaining intestinal health, goblet cell homeostasis and a stable gut microbiota.
VIP→VPAC1 signaling in IECs maintains the expression of several genes. One of these gene targets is the
intestine-speci c protein, called caudal-related homeobox transcription factor 2 (CDX2), which is
signi cantly reduced in VIP KO intestinal tissue 14. CDX2 is critical for epithelial progenitor self-renewal
and differentiation, and CDX2 conditional knockouts transition to a gastric-like appearance 55. Wu X. et

al. showed that VIP KO mice had fewer Goblet cells and abnormally elevated proliferative capacity in cells
the closer they were to intestinal crypts, providing evidence that a VIPàCDX2 axis may in uence the
proliferation/differentiation balance of epithelial progenitors 14. CDX2 transcriptionally activates MUC2
and Tff3, which are major gene products in mucus 56,57. VIP de cient mice show reduced MUC2
expression/secretion in intestine, and MUC2 de ciency leads to a depletion of the butyrate-producing

Ruminococcaceae Family as observed in the present study from VPAC1 KO mice, and in VIP KO animals
previously published 19. CDX2 also regulates tight junction genes that contribute to intestinal barrier
function. During intestinal in ammatory insult either by hypoxia/LPS, TNBS or Citrobacter rodentium
infections, endogenously added VIP or a more stable recombinant VIP analogue (rVIPa), results in
restored levels and subcellular targeting of tight junction proteins, Claudin-3, occludin and ZO-1 by
inhibition of PKC€ and myosin light chain kinase (MLCK) 58-60. These data support a
VIP→VPAC1→CDX2→MUC2 pathway in intestinal progenitor cells and Goblet cells that maintains
epithelial barrier integrity, mucus secretion, tight junctions and gut microbiota stability. Future research
employing VIP receptor conditional knockouts and fate mapping will be instrumental in better
understanding this important molecular pathway.
To date, there exists signi cant disagreement as to whether VIP de ciency results in greater or less
susceptibility to intestinal in ammation, including models of IBD 61,62. Our group and others have
suggested that genetic deletion of VIP in uencing gut microbiota changes, along with other
environmental factors such as diet and housing conditions, may tip the scales towards an anti- versus
pro-in ammatory intestinal tone 14,19. An additional possibility could be a delicate balance between
mutually opposing VIP→VPAC1→CDX2 and NF-κB actions regulating proin ammatory genes.
Proin ammatory cytokines (e.g. TNF-α) can increase p50/p65 NF-κB heterodimers that compete away
activating p50/p50 NF-κB homodimers at the CDX2 promoter thereby inhibiting its expression. In
opposition to this, CDX2 can limit p50/p65 DNA binding and upregulation of proin ammatory genes,
while bolstering its own expression 63. VIP→VPAC1 signaling inhibits p50/p65 NF-kB nuclear localization
by stabilizing IκB in in amed intestinal tissue that blocks LPS-induced TNF-α that in turn would maintain
CDX2 expression 59,64. Consistent with this mechanism, human IBD tissue samples show reduced
Page 8/23

VIPergic nerve density and CDX2 expression, with elevated NF-kB p50/p65 activation 65,66. Furthermore,
CDX2 heterozygous mice are more susceptible to DSS induced colitis compared to controls 67. CDX2’s
transcriptional activity regulating genes that control barrier integrity, cellular differentiation and apoptosis
are regulated in turn by MAP kinases. Phosphorylation of CDX2 on serine 60 by ERK1/2 decreases its
transcriptional activity, while phosphorylation by p38 increases its transcriptional activity. VIP→VPAC1
signaling could switch CDX2 from transcriptionally active to transcriptionally repressive through its ability
to activate both ERK1/2 and p38 pathways. Disentangling the VIP→VPAC1→CDX2 and NF-κB signaling
circuitry in IECs will be critical in better understanding the intricate balance between intestinal barrier
integrity, in ammation and gut bacterial ecology.
Both VPAC1 and VPAC2 are expressed by various immune cells within the intestines, including
macrophages and T cells 68. In T cells, VPAC1 has been reported by our group and others to be expressed
at higher levels than VPAC2 in naïve T lymphocytes, but downregulated during T cell activation 69.
Vomhoff-DeKrey et al. went further to describe the plasticity of VPAC1 expression returning to naïve levels
in antigen-speci c CD8 T cell (OT-I transgenic) primary memory cells, that failed to return to naïve levels
after a secondary activation using a Th1 pathogen in vivo infection model 3. VIP→VPAC1 signaling can
induce tolerogenic dendritic cells, which present commensal peptides to naïve T cells controlling T cell
effector/regulator ratios, important in mucosal immunity 52. It has been shown that differences in
commensal peptide antigen presentation to T cells within the “mucosal rewall” can have profound
in uences on gut microbiota composition 20,70. On the other hand, VPAC2 expression is upregulated,
while VPAC1 is downregulated on Th2 effector cells, thereby altering how VIP signals are interpreted by T
lymphocytes based on their activation status 71. Another immune cell population that expresses VPAC2
and plays a pivotal role in maintaining epithelial barrier integrity is type-3 innate lymphoid cells (ILC3).
Microbiota-associated molecular patterns activate dendritic cells and macrophages to produce IL-23,
which binds to receptors on CCR6+ ILC3 to secrete IL-22. IEC respond to ILC3-derived IL-22 by secreting
the anti-microbial peptide, Reg3g into the lumen, while blocking lipid transporter gene, Fabp2. In 2020,
Talbot et al. eloquently demonstrated that food intake and/or Citrobacter rodentium oral gavage resulted
in barrier integrity breakdown with greater bacterial translocation to the spleen and liver in a VIPdependent manner 30. This study showed that VPAC2 crosslinking by VIP on ILC3 caused IL-22 inhibition
that simultaneously reduced Reg3g downregulation while increasing the expression of Fabp2. Consistent
with the present study, VPAC2 conditional KO mice in ILC3 showed uctuations in fecal and cecum
microbiota composition 30.
VIP shares 68% amino acid identity with pituitary adenylate cyclase activating polypeptide (PACAP),
which also binds to both VPAC1 and VPAC2 receptors with similar a nity to VIP (≈1 nM Kd). Both
neuropeptides are delivered to the GIT by the peripheral nervous system and PACAP de cient mice also
revealed similar fecal microbiota changes with respect to enrichments in Gram negative bacteria,
including genera from Bacteroidetes and Proteobacteria72. In contrast, VIP and VPAC1 de cient mice
showed similar reductions in the Gram positive Lachnospiraceae and Ruminococcaceae families that
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were not observed from PACAP knockout mice. Based on the high extent of agreement between VIP- and
VPAC1-de cient fecal microbiota compositional changes, and a lack of effect on the Firmicutes phylum
reported for PACAP de cient mice, we conclude that there is little to no compensation from PACAP on
microbiota composition in either VIP- or VPAC1-de cient mice. We would further posit that these reports
bolster the notion of a VIP→VPAC1 signaling axis within the gut that plays a pivotal role in maintaining
the stability and diversity of the gut microbiota.
It is di cult to extrapolate the consequence to the host due to the gut microbiota changes observed in
VIP receptor de cient mice. However, this report supports a consistency in gut microbiota structural
changes between VPAC1 de cient mice (current report) and VIP de cient mice 19. Consistent blooms and
depletions at the OTU level were observed that favor LPS positive, Gram-negative (e.g. Bacteroides,
Parabacteroides, Parasutterella and Escherichia) bacteria that would be expected to result in
in ammation. VIP signaling through VPAC1 has historically been viewed to drive most of the antiin ammatory effects observed by VIP 73, and with the recent nding that VIP signaling blocks LPSinduced in ammasome formation, we propose that the loss of VIP→VPAC1 signaling provides an
environment for elevated LPS from Gram-negative blooms leading to local and possibly systemic
in ammation. Research is now ongoing in our research group to assess this possibility.
We have provided 16S rRNA sequencing data from both VPAC1 and VPAC2 KO fecal samples
demonstrating statistically signi cant gut bacterial compositional changes. VPAC1 signaling, presumably
in IECs, resulted in more severe alterations in gut microbiota structure and diversity loss compared to
VPAC2 de cient mice. Moreover, more than 86% of the gut microbiota genera changes were consistent
between VPAC1 de cient samples (present study) and VIP de cient samples (previously published)
implicating the VIP→VPAC1 signaling pathway as a major driving force behind gut microbiota stability.
Our results place the VIP receptors as pivotal signaling GPCRs regulating intestinal homeostasis and gut
microbiota stability. Future research will undoubtably shed greater light on this important signaling axis
within the GIT.

Methods
Mice
VPAC1 and VPAC2 HET breeders were kind gifts from Professors Sue O’Dorisio 74 and Anthony Harmar
31

, and both mouse lines are commercially available (Jackson Laboratory; Bar Harbor, ME). Mice were
bred at North Dakota State University, and research was approved by the NDSU Institutional Animal Care
and Use Committee (IACUC). All studies within this report were conducted in accordance of all state and
federal regulations and guidelines. Mice were housed in polycarbonate cages containing Alpha-Dri paper
bedding (Animal Care Systems, Centennial, CO), with access to 5001 LabDiet mouse chow (St. Louis,
MO) and tap water ad libitum with a 12 hr light/dark cycle. Mice were ear clipped for identi cation and
tail biopsies collected for PCR genotyping 31,74.
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Mouse genotyping
DNA was extracted from tail biopsies using Sigma-Aldrich extraction kit (St. Louis, MO) as previously
published 19. Brie y, PCR reactions were performed with a unique forward wild type primer and a
common reverse primer (WT reactions), or a unique forward mutant primer and a common reverse primer
(KO reactions). PCR reactions (20 µl) containing 1x GoTaq® G2 master mix (Promega, Madison, WI),
primers (312.5 nM) and 2 µl of DNA template (1/20 dilution in TE) or nuclease-free water were ampli ed
by PCR with the following parameters: 94 °C(3:00) + [94 °C(0:15), 62°C (0:45), 72°C(0:45)] x 40. Reactions
were separated by agarose gel electrophoresis, visualized by UV light (254 nm) using EZ-Vision dye
(Amresco, Radnor, PA) and photographed with a digital camera (Alpha Innotech).
DNA extraction
Fecal DNA was extracted using PowerFecal kits (Qiagen) according to the manufacturer’s instructions,
with the exception that, rather than performing the initial homogenization of samples using the vortex
adapter described in the protocol, samples were homogenized in the provided bead tubes using a
TissueLyser II (Qiagen) for three minutes at 30/sec, before proceeding according to the protocol and
eluting in 100 µL of elution buffer (Qiagen). DNA yields were quanti ed via uorometry (Qubit 2.0,
Invitrogen, Carlsbad, CA) using quant-iT BR dsDNA reagent kits (Invitrogen).
16S rRNA library preparation and sequencing
Extracted fecal DNA was processed at the University of Missouri DNA Core Facility. Bacterial 16S rRNA
amplicons were constructed via ampli cation of the V4 region of the 16S rRNA gene with universal
primers (U515F/806R) previously developed against the V4 region, anked by Illumina standard adapter
sequences 75,76. Oligonucleotide sequences are available at proBase 77. Dual-indexed forward and reverse
primers were used in all reactions. PCR was performed in 50 µL reactions containing 100 ng
metagenomic DNA, primers (0.2 µM each), dNTPs (200 µM each), and Phusion high- delity DNA
polymerase (1U). Ampli cation parameters were 98°C(3:00) + [98°C(0:15) + 50°C(0:30) + 72°C(0:30)] × 25
cycles +72°C(7:00). Amplicon pools (5 µL/reaction) were combined, thoroughly mixed, and then puri ed by
addition of Axygen Axyprep MagPCR clean-up beads to an equal volume of 50 µL of amplicons and
incubated for 15 minutes at room temperature. Products were then washed multiple times with 80%
ethanol and the dried pellet resuspended in 32.5 µL EB buffer, incubated for two minutes at room
temperature, and then placed on the magnetic stand for ve minutes. The nal amplicon pool was
evaluated using the Advanced Analytical Fragment Analyzer automated electrophoresis system,
quanti ed using quant-iT HS dsDNA reagent kits, and diluted according to Illumina’s standard protocol for
sequencing on the MiSeq instrument.
Informatics analysis
Read merging, clustering, and annotation of DNA sequences was performed at the University of Missouri
Informatics Research Core Facility. Paired DNA sequences were merged using FLASH software 78, and
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removed if found to be far from the expected length of 292 bases after trimming for base quality of 31.
Cutadapt 79 (https://github.com/marcelm/cutadapt) was used to remove the primers at both ends of the
contig and cull contigs that did not contain both primers. The usearch 80 fastq_ lter command
(http://drive5.com/usearch/manual/cmd_fastq_ lter.html) was used for quality trimming of contigs,
rejecting those for which the expected number of errors is greater than 0.5. All contigs were trimmed to
248 bases and shorter contigs are removed. The Qiime 81 1.9 command split_libraries_fastq.py was used
to demultiplex the samples. The outputs for all samples were combined into a single le for clustering.
The uparse 82 method (http://www.drive5.com/uparse/) was used to both cluster contigs with 97%
identity and remove chimeras. Taxonomy was assigned to selected OTUs using BLAST 83 against the
SILVA database v132 84 of 16S rRNA sequences and taxonomy.
Statistics
Statistical comparisons were performed within each colony (i.e., VPAC1 and VPAC2) separately.
Comparison of univariate metrics (e.g., richness, α-diversity) commenced with testing for normality and
equal variance using the Shapiro-Wilk and Brown-Forsyth methods, respectively. For normally distributed
data, one- or two-factor ANOVA was performed to test for differences between genotypes, or interactions
between genotype and sex. Kruskall-Wallis ANOVA on ranks was used for non-normally distributed data.
These tests were performed using SigmaPlot 14.0 (Systat software, Inc.). For serial testing of genotypedependent differences in the relative abundance of OTUs within each colony, and determination of FDRadjusted p values, MetaboAnalyst software 85 was used. Raw p values were also compared to critical p
values determined using the method of Benjamini and Hochberg, to ensure all differences withstood
correction for multiple tests. One-way permutational multivariate analysis of variance (PERMANOVA) was
used to perform principal coordinate analysis (PCoA) and test for differences in β-diversity within each
colony. Both PCoA and PERMANOVA were performed using relatively weighted (Bray-Curtis) and
unweighted (Jaccard) similarities as a form of validation, but also to determine the nature of any
detected differences. All multivariate analysis were performed using Past software 86.
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Tables
Due to technical limitations, table 1,2 is only available as a download in the Supplemental Files section.

Figures

Figure 1
Biodiversity is reduced in VPAC1, but not VPAC2, KO fecal samples. Dot plots from indicated genotypes
from VPAC1 and VPAC2 colonies showing (A) number of operational taxonomic units (e.g. richness) and
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(B) the Shannon index of α-diversity. Horizontal bars represent statistically signi cant differences in the
VPAC1 colony between WT/HET and KO samples (P ≤ 0.001).

Figure 2
Net enrichment in Gram-negative bacteria from VPAC1 KO fecal samples. Vertical stacked bar charts with
each color representing the relative abundance of bacterial DNA detected in each sample, annotated to
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the level of (A) phylum, and (B) operational taxonomic unit (OTU). Names of dominant OTUs are
indicated with arrows.

Figure 3
Reshu ing of low abundant Gram-positive bacteria from VPAC1 KO fecal samples. Venn diagram
showing the overlap in community membership within the VPAC1 colony, with numbers indicating OTUs
within each section of the diagram (A); the relative abundance in WT (B) and HET (C) samples of those
OTUs not detected in any samples from VPAC1 KO mice; and the relative abundance in VPAC1 KO
samples of OTUs not detected in any WT or HET samples (D).
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Figure 4
Statically signi cant clustering differences within VPAC1 and VPAC2 colonies. Principal coordinate
analysis using Bray-Curtis (A and C) and Jaccard (B and D) distances to compare genotype-dependent
similarities and differences within the indicated colonies denoted in legend. P and F values calculated by
their respective PERMANOVA methods are indicated.
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Figure 5
Consistent taxonomic changes between VIP and VPAC1 colonies. Pie chart showing the proportion of
those signi cant VPAC1 genotype-dependent differences described in Table 2 for 94 OTUs (A) and 68
OTUs (B) also reported in the GM of VIP-de cient mice compared to WT littermates.
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