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Microbiota-dependent early-life programming
of gastrointestinal motility

Mary E. Frith,"? Purna C. Kashyap,®“ David R. Linden,* Betty Theriault,> and Eugene B. Chang?¢*

SUMMARY

Gastrointestinal microbes modulate peristalsis and stimulate the enteric nervous system (ENS), whose
development, as in the central nervous system (CNS), continues into the murine postweaning period.
Given that adult CNS function depends on stimuli received during critical periods of postnatal develop-
ment, we hypothesized that adult ENS function, namely motility, depends on microbial stimuli during
similar critical periods. We gave fecal microbiota transplantation (FMT) to germ-free mice at weaning
or as adults and found that only the mice given FMT at weaning recovered normal transit, while those
given FMT as adults showed limited improvements. RNA sequencing (RNA-seq) of colonic muscularis
propria revealed enrichments in neuron developmental pathways in mice exposed to gut microbes earlier
in life, while mice exposed later—or not at all—showed exaggerated expression of inflammatory path-
ways. These findings highlight a microbiota-dependent sensitive period in ENS development, pointing
to potential roles of the early-life microbiome in later-life dysmotility.

INTRODUCTION

Early life represents a critical time for host-microbe interactions in the colon, where the enteric nervous system (ENS) and immune develop-
ment continue into postweaning life. Early-life microbial deprivation irreversibly impairs immune development,’ but what long-term effects
does early-life microbial deprivation have on ENS development and its functional output, gastrointestinal (Gl) motility? Given the existence of
stimuli-dependent critical periods in central nervous system (CNS) development and motor function,”” it seems likely that there exist micro-
bial stimuli-dependent critical periods for ENS development and gastrointestinal motility.

Results from several studies support a microbiota-dependent critical period for motility, while not testing it directly. One study in 2014
showed that neonatal mice lacking microbes (“germ-free,” GF) had reduced neuronal fiber density and altered intestinal contractility at post-
natal day 3 (P3)." However, because these mice were not followed to adulthood, the extent to which those abnormalities were recoverable was
not assessed. Another study identified a potential mechanism by which microbes affect ENS postnatal development involving microbiota-
dependent BMP4 and CSF1 signaling between muscularis macrophages and neurons.” However, this study did not assess adult mice, and
therefore the long-term consequences of microbiota on ENS maturation were not evaluated. Another study showed that the effect of anti-
biotic treatment on intestinal serotonin production was more pronounced when given in early adulthood (P42) than when given at birth (P0) or
weaning (P21). However, early life was not the focus of the study and these differences were not explored in the context of long-term motility
changes.® Another study reported that microbial colonization of adult GF mice increased serotonin receptor SHT4 immunoreactivity and
decreased the proportion of Nestin+ to HUCD+ cells in the colonic myenteric plexus, but the study did not assess early- versus later-life mi-
crobial exposure.” Therefore, the question has remained about the extent to which early life is a microbiota-dependent critical period in ENS
development.

We hypothesized that (1) depletion of gut microbes during a critical window of postnatal development impairs adult GI motility and (2) this
is mediated by changes in neurodevelopmental pathways that impede ENS maturation.

We devised an approach in which GF mice were conventionalized (given fecal microbiota transplantation, FMT) with conventional specific
pathogen-free (SPF) mice microbes at weaning or as adults; this approach accounted for both time since FMT and age of testing. We found
that FMT of GF mice at weaning, but not adulthood, restored normal transit times. These functional changes were accompanied by a normal-
ization in colonic muscularis propria (MP) of immune and Hedgehog signaling-dependent genes and pathways in early conventionalized
mice, while these remained impaired in late-conventionalized and GF mice. Similarly, despite receiving FMT from the same source, late-con-
ventionalized mice developed a microbiota that was less diverse and more divergent from SPF compared to that of early conventionalized
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Figure 1. The early-life microbiome affects Gl transit later in life

(A) Diagram of experimental design. Mice were given FMT at different ages and compared to age-matched SPF and GF controls either 4 weeks after FMT or at
16 weeks of age. This design controlled for both time since FMT and age at testing.

(B) Mice that lacked a microbiota before adulthood (GF, 8wC, and 12wC mice) failed to recover normal transit times after FMT. Mice given FMT at weaning (4wC)
had normal transit after the introduction of microbes. Ordinary one-way ANOVA with Holmes-Sidak multiple comparisons test.

(C) Cecal lengths (cm) in SPF, 4wC, 12wC, and GF mice at approximately 16 weeks of age. Kruskal-Wallis with Dunn’s multiple comparisons test. All mice shown in
(B) and (C) are female C57BI/6. Mean + SEM indicated. *p < 0.05, ***p < 0.001, ****p < 0.0001. ns, not significant. See also Figure S1.

mice. These microbiota changes were independent of the time since FMT and suggest that the host side developmental changes due to
lacking a microbiota earlier in life limited engraftment of the SPF consortium. Finally, in line with lower expression of Hedgehog (Hh)
pathway-related transcriptional programs (of which a primary function is to maintain the glial population by inhibiting terminal differentiation
of progenitor cells into neurons),®” the colonic myenteric plexus of late-conventionalized and GF mice had a lower glia-to-neuron ratio.
Our findings highlight time-sensitive ENS-microbiome interactions during development, a concept with notable clinical implications.
Motility disorders such as irritable bowel syndrome and functional constipation are usually first diagnosed and then managed in adult-
hood,'®"" but earlier intervention or preventative measures during childhood may be more effective toward mitigating lifelong dysmotility.

RESULTS

The early-life microbiome affects Gl transit later in life

To test whether the presence of microbes during early life is critical for long-term motility, female C57BI/6 GF mice were conventionalized
using FMT with pooled SPF fecal slurry at weaning (3-4 weeks of age), 8 weeks, or 12 weeks of age. Female mice were used given the higher
prevalence of functional bowel disorders in females.'? After 4 weeks (to allow for stabilization of the microbiota) or at 16 weeks of age, we
tested the transit times of the mice as a readout of ENS function. This study design (Figure 1A) accounted for potential confounders of
age of testing and time post conventionalization. We found that transit times were restored in mice given FMT at weaning (4wC) both 4 weeks
after FMT and at 16 weeks of age, while transit was significantly delayed for mice given FMT as adults (8wC, 12wC) (Figure 1B). Consistent with
decreased motility,'*'* ceca remained enlarged in 12wC and GF mice (Figure 1C). The transit deficit was not explained by differences in fecal
water content or colon length (Figure S1). These findings suggest that the critical window for ENS-microbiome interactions for the develop-
ment of normal motility closed before adulthood.

The early-life microbiome affects adult gene expression in colonic ENS

To explore whether the early-life microbiome affects gene expression in the adult ENS, we performed RNA sequencing (RNA-seq) of colonic
MP of adult SPF, GF, 4wC, and 12wC mice. We found that each of the groups had distinct signatures of gene expression, indicating that the
postweaning microbiome affects adult gene expression patterns in colonic ENS (Figure 2). However, the early conventionalized mice ap-
peared most like SPF, as 4wC had almost an order of magnitude fewer differentially expressed (DE) genes than 12wC when compared
with SPF (166 versus 1,604 genes with adjusted p < 0.05). A principal-component analysis (PCA) plot of colonic MP also shows 4wC as the
group closest on average to SPF along the first and second components, while still being distinct from SPF (Figure 2). This suggests a gradient
of influence of the microbiome on postnatal ENS development for which earlier restoration of microbial signals facilitates greater normaliza-
tion of transcriptional programming.

To investigate early-life microbiota-dependent transcriptional programs in ENS, we compared the DE pathways between groups that
either had (SPF, 4wC) or lacked (GF, 12wC) an early-life microbiome. Shared upregulated pathways represent cellular programs that rely
on microbial signals during a critical window between weaning and adulthood, while shared downregulated pathways represent cellular pro-
grams normally kept in check by microbial exposure before adulthood. Two major themes emerged (Figure 2B). In SPF and 4wC, shared up-
regulated pathways (relative to GF and 12wC, respectively) coalesced on functions or pathways downstream of Hh signaling. These included
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Figure 2. The early-life microbiome affects adult gene expression patterns in colonic ENS

(A) PCA plot of gene expression in colonic muscularis propria shows 4wC as the group closest on average to SPF, while retaining similarities to 12wC and GF.
(B) Gene Ontology Biological Process (GOBP) pathway projections onto the dimensions shown in (A). The differences in gene expression between groups can be
largely accounted for by higher expression of key neurodevelopmental pathways in SPF and 4wC and higher expression of immune-related pathways in GF and
12wC. Note that the axis ranges are different in (A) and (B), such that (B) is a “zoomed in” version of (A); a single pathway (or gene set) in isolation does not explain
the group differences but rather the combined contribution of related pathways. Arrow direction represents the relative correlation between the pathway and
each component, and arrow length represents the predicted contribution of the pathway to the component (based on expression of genes in that gene set across
individuals). See also Figure S2 and Table S1.

the Smoothened pathway, which is critical to ENS development and takes place in the neuronal primary cilium (elements which were each
represented among the enriched pathways and genes). Importantly, Smoothened signaling promotes the maintenance of a robust glial pop-
ulation by inhibiting premature terminal differentiation of neural precursor cells into neurons.”” The second theme, represented by the shared
downregulated pathways in SPF and 4wC, was overwhelmingly immune related (both innate and adaptive). The higher expression of immune
pathways in GF and 12wC may reflect an elevated basal level of colonic inflammation in the absence of microbes in GF and an exaggerated
immune response to commensal microbes in 12wC. These results strongly suggested that Hh pathway signaling and immune tolerance in
colonic ENS rely on microbial signals between weaning and adulthood.

To identify specific genes whose expression depends most strongly on early-life microbial signals, we overlapped lists of shared DE genes
(p < 0.05) up- and downregulated in SPF and 4wC, each compared to 12wC and GF (Figure S2). The resulting two lists represent genes whose
expression most strongly either increased to SPF's normal levels from GF's low levels (“recovered-up”; 57 genes) or decreased to SPF's normal
levels from GF's high levels (“recovered-down”; 95 genes) in 4wC only (Figure S2A; Table S1). Individual expression levels of these top early-
life microbiota-dependent genes are plotted as a heatmap in Figure S2B. Like the pathway enrichments, many of these genes relate directly or
indirectly to Hh pathway and inflammatory signaling. Thus, we identified genes whose expression in ENS depends on microbiota-originating
signals during a critical developmental window.

Glia-neuron ratio depends on the early-life microbiome

Given the Hh pathway's role in maintaining the pool of glia and neural progenitor cells by inhibiting terminal differentiation into neurons,®*” we
wondered whether GF and/or 12wC mice had deficient glia:neuron ratios relative to SPF and 4wC. To explore this possibility, we labeled
whole-mount preparations of distal colonic MP with neuronal soma marker Elavi3/4 (HuCD) and glial marker GFAP and quantified the number
of neurons and glia per myenteric ganglion. Indeed, we found that GF and 12wC had reduced glia:neuron ratios compared to SPF, while this
ratio was restored in 4wC (Figures 3A, 3B, and S3). Corroborating the immunofluorescent quantification, RNA expression ratios of Gfap to the
average of Elavi3 and Elavl4 were higher in mice that were exposed to microbes during early life (SPF, 4wC) than those not exposed during
early life (GF, 12wC) (Figure 3D, left). This finding is concordant with the upregulation of Smoothened signaling in SPF and 4wC (Figure 2).
Notably, while a similar trend was observed for glial marker Sox10, the overall difference between early-life groups was not statistically sig-
nificant (Figure 3C), suggesting that GFAP+ glia were more strongly impacted by the early-life microbiota. The weaker Sox10 differences iden-
tified via immunofluorescence (IF) were concordant with the non-significant gene expression patterns shown by RNA-seq (Figure 3D, right).
Therefore, exposure to the microbiota before adulthood preserved the balance between neurons and critical support cells in colonic ENS.

We wondered whether the early-life microbiota would affect adult neuronal fiber density or neuron subtype distribution in the colonic
myenteric plexus. We found no differences in neuronal fiber density in the colonic myenteric plexus of SPF, conventionalized, or GF mice
(Figures S4A and S4B). Concordantly, we found no differences between groups in the RNA expression of general neuronal marker Tubb3
(Figure S4C). Notably, there were no neuronal subtype-specific markers whose expression pattern among groups resembled early-life micro-
biome-dependent effects (Figure S2; Table S1). Taken together, these results suggest that the early-life postweaning microbiome regulates
the glia:neuron balance and signaling programs of those cells, rather than the specification of neuronal subtypes.
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Figure 3. GFAP+ glia:neuron ratio depends on the early-life microbiome

4wC regains a normal GFAP+ glia:neuron ratio, while 12wC and GF have a lower GFAP+ glia:neuron ratio compared to SPF.

(A) Whole-mount IF staining of the myenteric plexus in colonic muscularis propria. Representative ganglia from SPF, 4wC, 12wC, and GF, stained for ElavI3/4
(HuCD; neuronal soma), GFAP (glia), and Hoechst (nuclei). Scale bar: 10 um.

(B) Ratio of GFAP+ glia to neurons from IF quantification. Data are plotted per animal (n = 10-16/condition) as the average of several ganglia. Ordinary one-way
ANOVA with Dunnett’'s multiple comparisons test.

(C) The Sox10+ glia:neuron ratio does not differ between groups. Ordinary one-way ANOVA with Dunnett’s multiple comparisons test.

(D) Validation of IF quantification; RNA expression ratio of (left) Gfap or (right) Sox10 to the averaged counts of Elavi3 and Elavl4 (to correspond to the
Elavl(3,4) antibody, which labels both proteins). Comparison is between mice for which microbes were either present or absent during the critical window
(i.e., SPF and 4wC for “present,” GF and 12wC for “absent”). Two-way ANOVA. Mean + SEM indicated. *p < 0.05, **p < 0.01, ns, not significant. See
also Figures S3 and S4.

Adult microbial diversity depends on the early-life microbiome

We were interested in whether the fecal microbiota differed in composition or diversity between early- and late-conventionalized mice
once the communities stabilized. Since all conventionalized mice received FMT from the same (SPF-derived) source, such differences
would suggest that host-intrinsic physiological factors (based on the timing of microbial exposure) shaped the microbiota. Indeed, 16S
rRNA amplicon sequencing revealed that the 12wC microbiota diverged in composition from and had lower alpha diversity than 4wC
and SPF mice (Figure 4). This was unsurprising, as 12wC's upregulation of inflammatory pathways in colonic MP would probably be re-
flected in increased antimicrobial activity within the colonic mucosa, thereby counteracting colonization by certain commensal microbes.
Interestingly, the composition of the SPF-derived FMT gavage solution appears most similar to 4wC (and SPF) fecal composition when
plotted as a principle coordinate analysis (PCoA) (Figure 4A), while 12wC shows less overlap. Indeed, 12wC’s sample distances to SPF
(weighted UniFrac) were higher than the sample distances between 4wC and SPF (Figure 4B). Shannon entropy (alpha diversity) was
also lower in 12wC (Figure 4C). Furthermore, strain sharing rate’” (i.e., proportion of amplicon sequence variants in the SPF-derived gavage
solution shared by each recipient group) was higher in 4wC than 12wC (Figure 4D). This pattern of dissimilarity of 12wC versus similarity of
4wC and SPF suggests that the SPF consortium engrafted more effectively when administered to GF mice at weaning rather than in adult-
hood. Thus, the immature intestine may be better able to accommodate a normal consortium of microbes than the intestine that has
matured without the corresponding microbial stimuli.

In summary, we have identified a critical window for the development of normal motility that requires the microbiome. The postweaning
microbiome affects adult gene expression patterns in colonic ENS, and earlier restoration of microbial signals facilitates
greater normalization of cellular programming related to the Hh pathway and inflammatory signaling. We identified a set of
genes whose expression in colonic ENS depends on microbiota-originating signals during a critical developmental window. We
found that the life microbiome regulates the glia:neuron balance and gene expression profiles, rather than the specification of neuronal
subtypes. Finally, we showed that the immature intestine accommodates a new consortium of microbes more fully than the mature
intestine.
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Figure 4. Adult microbial diversity depends on the early-life microbiome

(A) Weighted UniFrac PCoA of fecal samples from SPF, 4wC, and 12wC, and from aliquots of the gavage solution used for FMT. Note that SPF and 4wC appear
more like the gavage solution, while 12wC is more scattered.

(B) Weighted UniFrac sample distances to SPF for SPF, 4wC, and 12wC show that the composition of the 12wC fecal microbiota differed significantly from SPF,
while 4wC resembled SPF. Kruskal-Wallis with Dunn’s multiple comparisons test.

(C) Shannon entropy scores of microbial alpha diversity; 12wC had lower fecal alpha diversity than SPF, while 4wC did not differ from SPF. One-way ANOVA with
Dunnett’'s multiple comparisons test.

(D) Strain sharing rate between SPF-derived donor gavage material and each FMT group shows higher engraftment in 4wC versus 12wC. Unpaired t test (two-
tailed). SPF n = 21, 4wC n = 10, 12wC n = 15 samples. Samples collected at 16 weeks of age. Boxplot whiskers indicate min to max. *p < 0.05, ***p < 0.001,
**+%p < 0.0001, ns, not significant.

DISCUSSION

Fundamental to our understanding of human development is that we need certain experiences during early life to develop normally as adults;
this shapes public health guidelines for children. However, while such critical periods in brain development are well accepted, less is known
about whether other parts of the nervous system—such as the ENS—are similarly impacted by early-life stimuli.

To explore the possibility of a microbiota-dependent critical period for postnatal ENS development and motility, we exposed
female GF mice to fecal microbes (FMT) at the time of weaning (4wC) or as adults (12wC) and compared them to age-matched GF
and conventionally raised (SPF) controls. We found that only the mice given FMT during early life developed normal motility, while
those given FMT as adults remained impaired. The transit differences were not explained by differences in fecal water content, colon
length, time since FMT, or age of testing. These findings revealed a microbiota-dependent critical period in ENS development affecting
adult motility.

Probing potential mechanisms of the motility differences, we performed RNA-seq of colonic MP from adult SPF, 4wC, 12wC, and GF mice.
We found that expression of genes related to Hh signaling that had low expression in GF mice increased to normal levels in 4wC, but not
12wC, mice. Additionally, we found that expression of genes related to widespread immune activation that were highly expressed in GF
mice was also high in 12wC, while 4wC's expression normalized to that of SPF; similar immune effects have been reported elsewhere.' Beyond
replicating previous results, though, the present work revealed that a “setpoint” for Hh pathway expression in colonic ENS is microbe depen-
dent and established before adulthood.

One of the functions of the Hh pathway is to maintain a pool of neural progenitor cells by inhibiting premature differentiation into neu-
rons.'® We found that 12wC and GF mice had lower glia:neuron ratios than SPF controls, while 4wC ratios did not differ from SPF. Concor-
dantly, a previous study found that deficient Hh signaling in a mouse model of Hirschsprung disease decreased the ratio of glia to neurons in
the ENS."” Demonstrating the capacity of the microbiota to activate Hh signaling, another study found that two microbial populations differ-
entially regulated Hh signaling in female mice.'® Taken together, the findings of the present study propose a potential mechanistic link be-
tween the early-life microbiota, Hh pathway regulation, and gastrointestinal motility.
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Indeed, several of the developmental phenomena normally occurring around the time of weaning relate to Hh signaling. These include
neuron differentiation, refinement of neuronal connectivity, and pathfinding by neuron projections.®'"? These processes participate in crit-
ical period closure in the brain”®“® and could have a similar role in the closure of a microbiome-sensitive critical period in the ENS. For
example, the disrupted glia:neuron balance in mice that lacked microbes during early life could represent a similar process of reduction
of differentiation potential of neuron progenitors that characterizes critical period closure in the brain.”* Similarly, refinement of neuronal con-
nections is a glia-assisted process that peaks shortly after weaning in rodents?>?” and involves phagocytosis and/or autophagy of synapses
that have received minimal stimulation.”>”*~*° Appropriately, several of the early-life microbiota-dependent genes in the present study relate
to autophagy (e.g., Tsc1, Vps13c, Herc). Thus, enteric neurons that are not stimulated by microbial stimuli before refinement may lose the
opportunity to properly respond. Finally, while we found no differences in the density of innervation between groups, it is possible that
the connections in 12wC and GF are slightly off target. If so, this might explain the motility defects. As such, in considering the involvement
of the Hh pathway in each of these critical postweaning developmental processes, future studies can begin to piece together a plausible
mechanism for microbiota-dependent critical period in postnatal ENS development.

Of course, it is possible that the ENS critical period effects are secondary to immune effects, as the elevated inflammatory signaling in
12wC and GF could impact neuronal function. While this cannot be ruled out by the present study, the motility impairment exists regardless
of whether the effects of the early-life microbiota are primarily immune or neuronal. It is indeed likely that critical period mechanisms in im-
mune and ENS development interact. Here is an example from the present study: one of the recovered upregulated genes, Tacr2, expressed
on neuronal varicosities, skews T cells toward a more tolerant phenotype®'"* and has antiproliferative immune effects.” Moreover, while a
microbiota-dependent critical window for immune development has been described,'* far less is known about such a critical period for ENS,
and this study begins to address that gap.

Importantly, this is not an “all-or-nothing” phenomenon. In fact, 4wC may still be more like 12wC than 4wC is to SPF controls, demon-
strating only partial recovery. The key point is that the extent of recovery differed based on microbial presence during a critical period of early
life (namely, between weaning and adulthood). In other words, pre-weaning development is clearly important but was not the focus of this
study.

Allin all, our findings support a model in which disruption or depletion of gut microbes during a critical window of postnatal development
impairs adult GI motility. Time-sensitive and microbe-dependent developmental signaling pathways may not be able to proceed in the
absence or lack of certain microbial signals. Compensations may occur that ultimately “wire” or configure the ENS in such a way as to not
properly function or respond to other stimuli once the mouse has more fully matured. Among the signaling programs most impacted by lack-
ing gut microbes during postweaning development are those downstream of the Hh pathway, which are likely to involve neuroglial commu-
nication. While some of these impairments are reversible, others are not, because subsequent developmental events may have built on the
earlier ones and as such may have closed the critical window.

One of the canonical principles in psychology and neuroscience is that early-life exposure to certain stimuli—or lack thereof—impacts
development. This principle has prompted the development of public health metrics such as the Adverse Childhood Experiences score to
assess health risks in adulthood.” Screening for early-life microbiome disturbances may be important as well. While early-life studies often
focus on the pre-weaning period in mice, development continues after weaning, and disruption during this phase may have distinct health
consequences.

Our findings provide insights into the fundamental significance of environmental disturbances during postweaning development, and the
relevance of such disturbances for Gl health.

Limitations of the study

1. We have not identified a molecular mechanism for the early-life effect, such as through knockout studies. Such studies may be useful,
but there is not a clear single gene that accounts for the differences between groups; rather, it is the expression levels of many genes
that together point to a role of the Hh pathway. Nonetheless, our findings can guide studies to parse the contributions of individual
pathway components.

2. We did not identify the cell types involved in the gene expression differences, since “bulk” rather than single-cell RNA-seq was per-
formed. Current technology does not allow for single-whole-cell RNA-seq of mature enteric neurons, as axonal and dendritic pro-
cesses are sheared during sample processing. While single-nucleus sequencing of enteric neurons has been achieved by a few labs,
yield is low. For example, the seminal 2020 ENS single-nucleus RNA-seq paper reported a yield of 2,657 neuronal nuclei from 29
mice colons®; for comparison, 10,000 to 50,000 cells are typically considered the minimum count for high-quality analysis.®’
Thus, although we initially hoped to do single-nucleus sequencing of colonic enteric neurons, it was simply not feasible for this
multi-condition study. Nonetheless, the constellation of DE genes strongly implicates ENS involvement; neuron-specific gene
expression in MP can reasonably be attributed to enteric neurons. Similarly, the ENS mediates the coordinated propulsion of intes-
tinal contents; slow wave activity of smooth muscle alone does not stimulate contraction.® As discussed, the mechanism of early-life
programming likely involves interactions between enteric neurons, glia, smooth muscle, and immune cells. We hope future studies
can parse the distinct effects of the early-life microbiota on later-life activity of each cell type, but such studies are out of scope for
the present work.

3. Additional metrics of motility beyond transit testing would be ideal. Unfortunately, current in vivo metrics of motility in mice are
limited by high variability and low resolution. Ex vivo methods such as ring contraction measurements would not be appropriate
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in studies requiring survival of the mice for future data collection. One additional metric we attempted was colonic manometry (un-
published data); however, in contrast to human studies, in which many probes are placed throughout the intestine to allow high-
resolution analysis of contractions (including spatial relationships and propagation), standard methods of manometry in mice use
a single probe, which cannot assess propagation. Despite the known deficits in GF motility (even to the level of ENS electrophys-
iology),*~** manometry studies in GF versus SPF mice have shown conflicting results (both increased and decreased activity).”**
Accordingly, we found high variability in manometry readings between individuals without clear differences between groups. Given
the inability of manometry to sense differences between SPF and GF in our hands, such studies unfortunately did not provide useful
insights for the present study. Notably, previous studies using manometry in rodents have mentioned that certain manometry runs
were not included in the analysis due to probable obstruction by a pellet on the sensor.*> However, in the absence of clearly defined
standards for keeping or removing manometry data from a study, it is unclear what criteria would distinguish valid and invalid traces.
Colonic bead expulsion testing could arguably have provided additional insights in the present work, but it is also profoundly var-
iable*® and would have presented an additional stressor to the animals, potentially affecting other metrics used in this study. We
have also attempted fecal pellet output studies but have found that, because GF mice have such higher fecal water content, fre-
quency of pellet output may represent fecal volume rather than motility; additionally, the watery character of their stool can preclude
the distinction between individual pellets. Therefore, transit testing was the most appropriate motility assay for this study. We took
several measures to account for contributions from other variables during in vivo testing, including measuring fluid content of stool
(to assess potential abnormalities in secretion or absorption), minimizing environmental disruptions during testing, repeat testing
whenever possible to allow computation of an average for a given animal, and performing transit studies across multiple cohorts
including mice from all conditions, to ensure reproducibility.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-TUBB3 BioLegend Cat#801202; RRID: AB_2313773
Mouse monoclonal anti-HuC/HuD Invitrogen Cat#A-21271; RRID: AB_221448
Chicken polyclonal anti-GFAP Abcam Cat#ab4674; RRID: AB_304558

Goat polyclonal anti-Sox10

R&D Systems

Cat#AF2864; RRID: AB_442208

Chemicals, peptides, and recombinant proteins

Carmine Sigma-Aldrich Cat#C1022

Methyl cellulose Sigma-Aldrich Cat#MO0512

Critical commercial assays

PowerSoil DNeasy Kit Qiagen Cat#47016

RNeasy Mini Kit Qiagen Cat#74104

Deposited data

RNAseq raw fastq data and per sample raw counts This paper GEO: GSE241697

Genome annotation for Mus musculus GRCm39 version 109 Ensembl https://ftp.ensembl.org/pub/release-109/gtf/mus_musculus/
16S rRNA amplicon sequencing data This paper SRA: PRINA1021665

Additional raw data for Figures 1, 3, 4, S1, and S4 This paper Mendeley: https://doi.org/10.17632/snpf8f2tcx.1

Experimental models: Organisms/strains

Mouse: C57BI/6

Bred in house

RRID:MGI:2159769

Software and algorithms

Fiji/lmageJ Schindelin et al.*’ https://fiji.sc/

Photoshop Adobe RRID:SCR_014199

DESeq?2 Love et al.*® https://doi.org/10.18129/B9.bioc.DESeq2
STAR Dobin et al.*” https://github.com/alexdobin/STAR
SAMtools Danecek et al.” https://www.htslib.org/
featureCounts Liao et al.” https://subread.sourceforge.net/

sva Leek et al.”” https://doi.org/10.18129/B9.bioc.sva
RStudio RStudio Team®’ RRID:SCR_000432

R R Project™ https://www.r-project.org/
GraphPad Prism GraphPad RRID:SCR_002798

Qiime2 Bolyen et al.>” https://qiime2.org/

Unifrac Lozupone & Knight RRID:SCR_014616

Other

Mouse stool This study N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

All mice in the study were C57Bl/6. Germ-free female C57BI/6 mice were given FMT at weaning between 3-4w of age ("4wC") or between
11 and 13w of age (“12wC"). Female mice were chosen as functional bowel disorders are more prevalent in females than males.'” Germ-
free and SPF adult mice between 12 and 25w of age were used as controls for similarly aged conventionalized mice. Age-matched untreated
SPF mice were used as controls. Animals were housed in the University of Chicago Animal Resources Center on a 12:12h light:dark schedule
under specific pathogen-free or germ-free conditions. All study procedures were approved by the University of Chicago Institutional Animal

Care and Use Committee (IACUC).
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METHOD DETAILS

Transit testing

Transit testing was performed as previously described.”* Mice were placed individually into a cage with bedding removed and a steel wire
rack placed on the floor of the cage so that fecal pellets would fall below. A white paper towel was placed underneath each cage to facilitate
visualization of the pellets. At the start of testing, the mice were gavaged with 100-300pL 6% carmine dye (Sigma-Aldrich C1022) in 0.5%
methyl cellulose (Sigma-Aldrich M0512) and the time was recorded. Whole gut transit time was defined as the interval between the dye
gavage and the appearance of a fully red stool pellet, verified by smearing the pellet onto a white paper towel to ensure it was red throughout
the pellet. This method has been well validated in conventional mice and there have been no reported adverse events.

Fecal microbiota transplantation

Fecal samples from SPF mice between 8 and 16 weeks of age were collected over the course of several days and stored at —20°C until enough
had been collected to last through the entire study. The stool samples were pooled, thawed on ice, and mixed thoroughly with a spatula. The
pooled stool was divided into 100mg aliquots and sterile PBS was added to a total volume of 1mL. Each aliquot was vortexed for 1 min with the
PBS prior to freezing at —80°C. On the day of the FMT, the aliquot was thawed, vortexed for 1 min, then particulate matter was briefly spun
down. The supernatant was transferred into a separate tube and this solution was used for oral gavage. For FMT, mice were transferred from
the gnotobiotic facility to the barrier mouse facility on the day of the FMT.

Tissue harvest

Mice were euthanized by CO, asphyxiation, the abdominal cavity was opened, and mice were transcardially perfused with PBS. Colon and
cecum were dissected out on ice. Stool was removed from the colon and the colon was opened lengthwise. Approximately 1.5¢cm of the prox-
imal and distal ends were collected for immunohistochemistry and pinned flat onto a silicon dish, washed with PBS, then 4% PFA in PBS was
added while tissue harvest was completed. The remaining portion of the colon was placed into RNALater Stabilization Solution (Invitrogen,
AM7024) and stored at 4°C. The 4% PFA solution was removed at the end of the dissection and freshly made Zamboni's fixative was added to
the tissue, which was gently agitated overnight at 4°C, washed 3x in PBS, followed by washing in PBS + 10 percent sucrose solution at 4°C for
several hours, then agitated gently overnight in PBS + 20 percent sucrose + 10 percent glycerol, rinsed once in PBS and then stored in PBS +
0.1% sodium azide at 4°C.*’ For both wholemount immunohistochemistry and for RNA extraction, the epithelium was removed from the
colonic muscularis propria, and only the muscularis propria was used for downstream applications.

Immunohistochemistry

For staining, intestinal segments were pinned into another silicon coated dish. Heat induced epitope retrieval (HIER) was performed in citrate
or Tris-EDTA buffer at 80-95°C up to 2.5 h. Following protein block and permeabilization in Superblock buffer (Thermo Scientific PI37515) +
0.3% TX100 ("SuperblockT") for 5-30 min at 37°C, Mouse-on-mouse blocking was performed with MOM Blocking Reagent (Vector Labs; 5
drops per 9mL of PBS + 0.1% TX100) and incubated at 37°C for 5-60 min (no further reduction in off-target staining was observed
with >5 min blocking times). After washing with PBS + 0.1% TX100 (“PBST"), primary antibody incubation was performed with 1:500 mouse
monoclonal HUC/HuD (Invitrogen A21271), 1:2000 polyclonal chicken anti-GFAP (Abcam ab4674), and/or 1:500 polyclonal goat anti-Sox10
(R&D Systems AF2864, reconstituted to 1 mg/mL); or with 1:500 monoclonal mouse anti-Tubb3/Tuj1 (Biolegend 801202) in SuperblockT at
room temperature (RT) shaking 1-3 days. After several washes with PBST, secondary antibody incubation (Alexa Fluor dyes) was performed
in SuperblockT shielded from light at RT shaking for 1-2 h. Nuclear staining was performed with Hoechst 10ug/ml in PBST at RT shaking for 5-
10 min. PBST followed by PBS washes were performed prior to mounting in Prolong Gold (Invitrogen P36930) in a glass bottom dish.

RNA extraction and sequencing

RNeasy Mini Kit (Qiagen 74104) was used to extract RNA. For the lysis and homogenation step, PowerBead Tubes with Garnet 0.70mm (Qia-
gen 13123-50) were used with a bead beater for 1 min at 3450 oscillations/min (GlenMills Beadbeater-16).

Next generation RNA sequencing was sequenced with lllumina NovaSeq 6000 (Oligo-dT mRNA directional paired end with 50-60M paired
end reads/sample) at the University of Chicago Functional Genomics Core Facility.

Microbial DNA extraction and 16S rRNA gene sequencing

DNA was extracted from freshly collected fecal pellets using the PowerSoil DNeasy Kit (Qiagen 47016). DNA was sequenced by Argonne Na-
tional Laboratories Environmental Sample Preparation and Sequencing Facility using lllumina HiSeg2500 with 150bp length reads using
primers for the bacterial 16S gene V4 region.

Fecal water content

Stool pellets were freshly collected, weighed, and allowed to dry overnight in an oven set to 55°C, then reweighed. The water fraction was
calculated as 1 minus (dry weight/wet weight).
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Microscopy

Wholemountimmunofluorescence images were taken with a Leica SP8 microscope at the University of Chicago Light Microscopy Core Facility
with a 20% oil immersion objective. Areas to image were selected to maximize the number of neuronal cell bodies in each field of view.

QUANTIFICATION AND STATISTICAL ANALYSIS
RNAseq of colonic muscularis propria
Raw files were downloaded from the UChicago Genomics Core server as fastq.gz files, with four files per sample: R1 and R2 each for two flow
cells. UChicago Research Computing Center server was used for initial analysis using Python. Reads 1 and 2 for each sample were concate-
nated by flow cell. Reads were trimmed using Trimmomatic (0.39).°8 Alignment was performed using STAR (2.7.9a)" and BAM files were
sorted by coordinate. Samtools (1.14)*° was used for indexing. featureCounts from subread (2.0.1°" was used to generate counts using
mm39 (.gtf file obtained from Ensembl.org).

Differential expression analyses were performed for the female colon samples using DESeq2 (1.40.2). The SVA (3.48)* package identified
3 surrogate variables which were included as technical covariates in DESeq design formula along with Condition (SPF, GF, 4wC, 12wC). For
heatmap plotting, counts were normalized with the variance stabilizing transformation (vst) and log fold changes were shrunk with apeglm.””
The factoextra®® package was used to create the PCA with ellipses and ComplexHeatmaps®' was used to create the heatmap. Pathway enrich-
ment was performed with fgsea (1.26.0)°” using the Gene Ontology Biological Process gene set (m5.go.bp.v2023.1.Mm.symbols.gmt) from
MSigDB.4*4°

To identify the early life microbiome dependent gene lists (i.e., those that returned to SPF levels in 4wC only) (Table S1), several pairwise DE
(p < 0.05) gene lists were intersected and differentiated. Specifically, for the genes that were recovered "down" to normal expression levels in
4wC relative to SPF (and not in 12wC relative to either group), the following intersections and set differences were made: downregulation in
SPF versus GF, SPF versus 12wC, and 4wC versus 12wC; upregulation in GF versus 4wC; and no difference between GF versus 12wC nor be-
tween SPF vs. 4wC. For “recovered - up" genes, the intersections and set differences were as follows: upregulated in SPF versus GF, SPF
versus 12wC, and 4wC versus 12wC; downregulated in GF versus 4wC; and no difference between GF versus 12wC nor between SPF vs. 4wC.

Microbiome analysis

For microbiome analysis, FastQ files were unzipped with gzip for use with giime2-2022.2.>° These were in the format of emp-paired-end-se-
quences. Demultiplexing and quality filtering was performed with g2-demux and denoising with g2-dada2.°® Features were aligned using
mafft®” and a taxonomy was constructed with fasttree2?® and filtered at the sampling depth 11007, which maximized the number of samples
and features retained. For taxonomic analysis, the Greengenes classifier was used at 99% sequence identity. The Shannon metric was used for
alpha diversity and Unifrac™ distances were used for beta diversity analyses.

Statistics

Statistical analysis was performed using GraphPad Prism and R/RStudio.”*>* Statistics are provided in the figure legends as applicable. Se-
lection of statistical tests (e.g., ANOVA versus nonparametric alternatives) was based on whether statistical assumptions were upheld. Mul-
tiple comparisons correction was performed as appropriate (as indicated in figure legends). For the statistics related to pathway and gene
enrichments, the default methods in DESeq2*® and fgsea®” were used.

Image analysis

For glia:neuron ratio, Adobe Photoshop “Lasso” and “Count” tools were used to outline ganglia for ROls and then count HuCD+ cell bodies
(neurons) and GFAP+ cell bodies (glia). Specifically, glia were defined as (1) HuCD- nuclei (2) within the border of GFAP staining delineating
the ganglion and (3) not having an elongated nucleus resembling that of a muscle cell.

For neuronal fiber density, Tubb3/Tuj1 staining was quantified perimage as percent area of the field of view within the plane at the level of
the myenteric plexus. Tuj1 images were processed in ImageJ/Fiji*’ by smoothing with Gaussian blur with sigma = 0.7, subtracting background
with a rolling ball radius of 50 pixels, and thresholded such that background staining was not included in the area calculation. See also
Figure S3.
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