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Compositional changes to the ileal microbiome precede the onset of
spontaneous ileitis in SHIP deficient mice
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ABSTRACT
Inflammatory bowel disease, encompassing both ulcerative colitis and Crohn’s disease, is characterized
by chronic, relapsing-remitting gastrointestinal inflammation of unknown etiology. SHIP deficient mice
develop fully penetrant, spontaneous ileitis at 6 weeks of age, and thus offer a tractable model of
Crohn’s disease-like inflammation. Since disruptions to the microbiome are implicated in the pathogen-
esis of Crohn’s disease, we conducted a 16S rRNA gene survey of the ileum, cecum, colon, and stool
contents of SHIP+/+ and SHIP−/− mice. We predicted that diversity and compositional changes would
occur after, and possibly prior to, the onset of overt disease. No differenceswere found in alpha diversity,
but significant changes in beta diversity and specific commensal populations were observed in the ileal
compartment of SHIP deficient mice after the onset of overt disease. Specifically, reductions in the
Bacteroidales taxa, Muribaculum intestinale, and an expansion in Lactobacillus were most notable. In
contrast, expansions to bacterial taxa previously associated with inflammation, including Bacteroides,
Parabacteroides, and Prevotella were observed in the ilea of SHIP deficient mice prior to the onset of
overt disease. Finally, antibiotic treatment reduced the development of intestinal inflammation in SHIP−/
−mice. Thus, our findings indicate that SHIP is involved inmaintaining ilealmicrobial homeostasis. These
results have broader implications for humans, since reduced SHIP protein levels have been reported in
people with Crohn’s disease.
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Introduction

Inflammatory bowel disease, consisting primarily
of ulcerative colitis and Crohn’s disease, is char-
acterized by chronic, relapsing and remitting, or
progressive gastrointestinal inflammation of
unknown etiology. Current thinking is that com-
plex genetic and environmental factors converge
to cause a dysregulated host immune response to
commensal microbes.1 The intestinal micro-
biome (i.e. the microbes, their genomes, and
the microenvironment with which they interact)
has been extensively implicated in the pathogen-
esis of IBD. Compared to the microbiome in
a healthy intestine, people with IBD often dis-
play dysbiosis characterized by reduced bacterial
diversity, enriched Enterobacteriaceae, and
depleted members of Bacteroidetes and
Firmicutes.2

Germ-free rodent models of intestinal inflam-
mation have shown that bacteria are necessary for

the development of spontaneous inflammation.3,4

Additionally, specific taxa have been shown to
promote intestinal inflammation in genetically
susceptible mice.5 Other taxa have been shown to
protect from intestinal inflammation through the
production of anti-inflammatory metabolites.6,7

Until recently, there has been a paucity of evidence
to establish the temporality of microbiome
changes in the context of intestinal inflammation.
Glymenaki and colleagues reported that micro-
biome structure and function alterations can
occur prior to the onset of colitis in genetically
susceptible mice.8,9

The SH2-domain containing inositol 5´-
phosphatase (SHIP) is a hematopoietic-specific
lipid phosphatase involved in regulating immune
activation [Reviewed in ref. 10]. In mice, SHIP
deficiency causes spontaneous inflammation and
fibrosis limited to the distal ileum, reminiscent of
ileal Crohn’s disease in humans.11 This mouse
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model is particularly relevant to humans because
SHIP protein levels and activity have been found
to be reduced in people with Crohn’s disease.12

Herein, we hypothesized that SHIP deficiency
leads to changes in the intestinal microbiome. We
also hypothesized that changes would precede
overt ileitis because dysbiosis caused by SHIP defi-
ciency could initiate or exacerbate inflammation.
Indeed, antibiotic treatment reduced the develop-
ment of ileal inflammation in SHIP deficient mice.
Our 16S rRNA gene profiling results suggest that
SHIP-deficiency causes subtle changes specifically
to the ileal microbiome, which are amplified after
the onset of overt inflammation.

Results

SHIP deficiency results in spontaneous ileitis

Prior to investigating potential perturbations to the
intestinal microbiome in SHIP−/− mice, we wanted to
demonstrate that these mice develop spontaneous
ileitis. SHIP± mice were bred to generate SHIP+/+

and SHIP−/− littermates for experiments. SHIP−/−

mice developed gross inflammation in the distal
ileum beginning at six weeks of age, which affected
all SHIP−/− mice by eight weeks of age, but not co-
housed SHIP+/+ mice (Figure 1(a)). Histopathological
examination of 8-week-old mice revealed elevated
lamina propria immune cell infiltration, villi and gob-
let cell hyperplasia, andmuscle thickening in inflamed
portions of the SHIP−/− distal ileum (Figure 1(b,c)).
Histological damage scoring, which has been used to
assess active inflammation, chronic inflammation,
and disruption in villous architecture in SAMP1/Yit
mice13 demonstrated significantly elevated scores for
all of these parameters in the 8-week-old SHIP−/−

mice compared to their SHIP+/+ counterparts
(Figure 1(d)). SHIP−/− mice also had significantly
higher MPO activity in ileal tissue homogenates com-
pared to SHIP+/+ mice (Figure 1(e)). We also report
significantly increased weight (in g) per length (in cm)
in the ilea of SHIP−/−mice compared to SHIP+/+mice,
which may result from increased weight caused by
oedema as well as decreased length caused by muscle
contraction in the inflamed, 8-week-old SHIP−/−mice
(Figure 1(f)). Finally, we asked if SHIP deficiency
affects intestinal transit time bymeasuring the passage
time of an orogastrically-gavaged bolus of red carmine

dye and observed no significant difference (p > 0.05)
between genotypes at 8 weeks of age (Figure 1(g)).

Ship-associated inflammation is not caused by
overt bacterial overgrowth

To determine if active disease is caused by a bacterial
overgrowth, we quantified total bacteria in the ileum,
cecum, colon, and stool from 8-week-old SHIP+/+

and SHIP−/− mice. We estimated bacterial load by
using qPCR to enumerate total 16S rRNA gene
copies followed by gene copy number correction at
the phylum level. We found no difference
(p > 0.00625) in the estimated number of bacteria
at the site of inflammation in the ileum, nor in the
other intestinal compartments (Figure 2).

16S rRNA gene metadata

We sequenced the V4-V5 region of the 16S rRNA
gene of bacterial DNA extracted from intestinal
contents to investigate potential alterations to the
microbial composition of 4- and 8-week-old
SHIP+/+ and SHIP−/− mice. A total of 96 samples
were acquired from 24 mice (6 × 8-week-old
SHIP+/+, 6 × 8-week-old SHIP−/−, 6 × 4-week-old
SHIP+/+, and 6 × 4-week-old SHIP−/− with ileum,
cecum, colon, and stool samples taken from each
mouse). Next generation sequencing followed by
sequence processing with the Divisive Amplicon
Denoising Algorithm 2 (DADA2) pipeline (v1.6.0)
yielded a mean of 23,223.96 (SD 8139.91) high-
quality reads per sample (Fig. S1A), which was
comparable to the output from the QIIME
(v1.8.0) pipeline (Fig. S1B). To normalize our
data for diversity computations, we subsampled
reads to 5500 sequences per sample resulting in
the loss of one poor quality sample. To guide our
sampling depth, we plotted a rarefaction curve
depicting a plateau in the number of observed
OTUs as sampling depth increases to 5000
sequences per sample (Fig. S1C). 3490 unique
sequence variants (herein referred to as opera-
tional taxonomic units; OTUs) were identified
and assigned taxonomy with DADA2 and the
Ribosomal Database Project (RDP) bacterial clas-
sifier (v11.5).
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Figure 1. SHIP deficiency causes spontaneous ileal inflammation in mice but gastrointestinal transit time is unaffected. (a) Gross and (b)
histological appearance of 8-week-old SHIP+/+ and SHIP−/− ilea. (c) Immune cell numbers, villus length, goblet cell numbers, and muscle
thickness in 8-week-old SHIP+/+ and SHIP−/− ilea. N = 6 mice per genotype; ns = not significantly different, *p < 0.006 comparing SHIP+/+ to
SHIP−/− genotypes using an unpaired Student’s t-test and Welch’s t-test with Bonferroni correction for multiple comparisons. (d) Histological
scoring for inflammation including active inflammation, chronic inflammation, villi architecture, and total score in 8-week-old SHIP+/+ and
SHIP−/− mice ilea. N = 6 mice per genotype; *p < 0.00625 comparing SHIP+/+ to SHIP−/− genotypes using an unpaired Student’s t-test,
Wilcoxon test, and Welch’s t-test with Bonferroni correction for multiple comparisons. (e) MPO activity in full-thickness ileal tissue
homogenates from SHIP+/+ and SHIP−/− mice. N = 6 mice per genotype; ***p < 0.001 comparing SHIP+/+ to SHIP−/− genotypes using an
unpaired Student’s t-test and Welch’s t-test with Bonferroni correction for multiple comparisons. (f) Weight (in g) per length (in cm) of the
inflamed ileum or corresponding location in SHIP−/− and SHIP+/+ mice, respectively. N = 6mice per genotype; ***p < 0.001 comparing SHIP+/
+ to SHIP−/− genotypes using aWelch’s t-test. (g) Gastrointestinal transit time in 8-week-old SHIP+/+ and SHIP−/−mice (p > 0.05). N = 7–8mice
per genotype; ns = not significantly different comparing SHIP+/+ to SHIP−/− genotypes using an unpaired Student’s t-test.
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SHIP deficiency did not affect α diversity, but
changed β diversity in the ileum

First, we evaluated the bacterial α diversity (i.e. richness
and evenness) of 8-week-old SHIP+/+ and SHIP−/−

mouse ileal contents. We used QIIME to measure the
number of observed OTUs, Simpson’s index, and
Faith’s phylogenetic diversity. With each of these mea-
surements, we found no differences (p > 0.004)
between 8-week-old SHIP+/+ and SHIP−/− mice ileal
diversity (Figure 3(a)) or that in other intestinal com-
partment samples (Table S1). Though means of num-
ber of OTUs and phylogenetic diversity were higher in
8-week-old SHIP−/− ileal samples compared to SHIP+/
+, no significant differences were observed. To identify
changes in the bacterial β diversity (i.e. population
structural changes), we used the phyloseq R package
(v1.21.3) to conduct principal coordinates analyses of
three distinctly informative metrics. No structural dif-
ferences (p > 0.004) were seen in either unweighted or
weighted UniFrac distances (Figure 3(b)). However,
Bray-Curtis dissimilarity between 8-week-old geno-
types reached statistical significance (p = 0.002) with
Adonis testing and Bonferroni correction (Figure 3
(b)). Differences were confined to the ileum (Table S2).

SHIP deficiency alters specific intestinal microbial
populations

Since we detected changes to the bacterial community
structure in 8-week-old SHIP−/− mice, we next asked
if specific bacteria or bacterial communities were

driving these changes. At the phylum level, we
observed fluctuations in the relative abundance of
bacteria between 8-week-old SHIP+/+ and SHIP−/−

mouse ileal contents. While SHIP−/− mice had
reduced bacteria in the Bacteroidetes phylum and
a compensatory increase in Proteobacteria (Figure 4
(a)), these changes were superficial and driven by
a single sample (Fig. S2). To identify whether changes
were driven by specific taxa at lower phylogenetic
levels, we used two biomarker discovery tools. First,
after obtaining a classification accuracy of 92%, the
random forests R program (v4.6–12) identified the
top ten sequences contributing to this accuracy
(Figure 4(b)). Next, linear discriminant analysis
(LDA) effect size (LEfSe) revealed seven discriminat-
ing sequences with an LDA score > 2. These coincided
with seven of the ten taxa identified with random
forests (Figure 4(c)). Of these ten sequences identified,
eight belonged to the order Bacteroidales, while one
was classified as Lactobacillus, and another was classi-
fied as Desulfovibrio (Table 1). Abundances in indivi-
dual mice are shown in Fig. S3.

Together, these results converge to suggest that the
most profound changes to the SHIP−/− ileal micro-
biota occur to relatively abundant taxa belonging to
the Bacteroidales family Porphyromonadaceae. By
cross-referencing the identified taxa sequences with
NCBI BLAST, we identified that the unclassified taxa
belonging to the family Porphyromonadaceae shared
up to 100% sequence identity in the V4-V5 region of
the 16S rRNA gene with the recently classified mouse
gut commensal, Muribaculum intestinale (Table 2).
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Figure 2. SHIP deficiency in mice does not change estimated intestinal bacterial loads. Bacterial 16S gene number adjusted for gene
copy number in the ileum, cecum, colon, and stool contents of 8-week-old SHIP+/+ and SHIP−/− mice. N = 6 mice per genotype and
intestinal compartment; ns = not significantly different comparing SHIP+/+ and SHIP−/− genotypes using an unpaired Student’s t-test
and Wilcoxon test with Bonferroni correction for multiple comparisons.
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SHIP deficiency does not affect short chain fatty
acid production

Since certain microbial metabolites are associated
with intestinal inflammation, we investigated if the
ileal microbiome of SHIP−/− mice undergoes func-
tional changes. After performing gas chromatogra-
phy on ileal contents, we did not detect differences
(p > 0.00833) in the concentrations of any of the
short chain fatty acids (SCFAs) measured (Figure 5).

Subtle changes occur to bacteroidales bacteria
prior to overt inflammation in SHIP−/− mice

Since significant changes were detectable in the
8-week-old SHIP−/− mice microbiota (after the
onset of inflammation), we next asked if changes
occurred prior to overt inflammation. 4-week-old
SHIP−/− mice did not have significantly increased

histological parameters that are present in the
8-week-old SHIP−/− mice including immune cell
infiltration, villus length, goblet cell numbers, or
muscle thickening (Figure 6(a)). Similarly, histo-
pathology scoring revealed no evidence of acute or
chronic inflammation or disruption in villous archi-
tecture in 4-week-old SHIP−/− mice compared to
their wild type littermates (Figure 6(b)). To rule out
sub-clinical inflammation as a contributor to any
microbiome changes in 4-week-old SHIP−/− mice,
we also measured MPO activity and IL-1β concen-
trations in 4-week-old SHIP−/− mice as these are
sensitive measures of the inflammation that charac-
terizes the 8-week-old SHIP−/− mice (Figure 1)12.
MPO activity was not elevated in 4-week-old
SHIP−/− mice relative to their wild type littermates
(Figure 6(c)). Similarly, IL-1β concentrations were
not elevated in the ileal of 4-week-old SHIP−/− mice
compared to their wild type littermates (Figure 6(d)).

a

b

Figure 3. SHIP deficiency in mice does not affect α diversity, but changes β diversity in the intestinal microbiota. (a) Measures of α
diversity in SHIP+/+ and SHIP−/− mice ileal contents. ns = not significantly different using an unpaired Student’s t-test, Welch’s t-test,
and Wilcoxon test with Bonferroni correction for multiple comparisons. (b) Principal coordinates analysis plots of β diversity in SHIP+/
+ and SHIP−/− mice ileal contents including unweighted UniFrac distances, (ns = not significantly different using Adonis with
Bonferroni correction), weighted UniFrac distances (ns = not significantly different using Adonis with Bonferroni correction), and
Bray-Curtis dissimilarity (*p < 0.004 using Adonis, with Bonferroni correction for multiple comparisons). Ellipses indicate t-distribution
95% confidence intervals in (b). N = 6 mice per genotype.
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Together, this suggests that the ileal inflammation
that we have described in 8-week-old SHIP−/− mice
is not present in mice at 4 weeks of age. As in

8-week-old mice, there were also no significant dif-
ferences in estimated ileal bacterial load between
4-week-old SHIP+/+ and SHIP−/− mice (Figure 6(e),

a

b

c

Figure 4. SHIP deficiency in mice causes changes to specific taxa in the ileal microbiota. (a) Phylum-level relative abundances of taxa
in SHIP+/+ and SHIP−/− mice ileum, cecum, colon, and stool contents. N = 5–6 mice per genotype and intestinal compartment. (b)
Identification of discriminating taxa using random forests. (c) Identification of discriminating taxa using linear discriminant analysis
effect size. Green bars indicate taxa more associated with SHIP+/+ mice; Red bars indicate taxa more associated with SHIP−/− mice.
N = 6 mice per genotype in (b) and (c).
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Table S3).We applied our 16S rRNA gene analysis to
SHIP+/+ and SHIP−/− mouse ileal contents from
4-week-old mice, prior to the onset of inflammation,
and found no significant differences (p > 0.004) in α
or β diversity (Figure 6(f,g), Table S4 and S5).

However, in 4-week-old SHIP−/− mice, subtle
changes (eight sequences) were detectable with ran-
dom forests (Figure 7(a)) and LEfSe with an LDA
score > 2 (Figure 7(b) and Table 3). While an unclas-
sified Porphyromonadaceae taxon sharing 89%
sequence identity in the 16S rRNA gene V4-V5 region
with Muribaculum intestinale was reduced (LDA
score = 3.698) in the ilea of 4-week-old SHIP−/−

mice, seven sequences were increased including taxa
identified as members of the Parabacteroides,
Bacteroides, and Prevotella genera (Table 4).
Abundances in individual mice are shown in Fig. S4.
Taken together, these results indicate that subtle

changes occur to the relative abundance of specific
bacterial taxa prior to overt ileitis, but not the overall
structure of the ileal microbiome.

Antibiotic treatment reduces intestinal
inflammation in SHIP−/− mice

Finally, given changes in the ileal microbiota in
8-week-old SHIP−/− mice in 4-week-old SHIP−/−

mice, we next asked whether antibiotic treatment
could ameliorate ileal inflammation in SHIP−/−

mice. SHIP+/+ and SHIP−/− mice were given
ciprofloxacin and metronidazole in their drinking
water from 4 to 8 weeks of age and pathology was
assessed in mice after treatment (at 8 weeks of
age). SHIP+/+ mice were not significantly affected
by antibiotic treatment (Figure 8). Antibiotic
treatment reduced gross pathology in SHIP−/−

mice (Figure 8(a)). Antibiotic treatment also
improved intestinal architecture evident in H&E
stained tissue sections (Figure 8(b)). Specifically,
lamina propria immune cell infiltration, villi and
goblet cell hyperplasia, and muscle thickening
were reduced in ileal cross-sections of antibiotic-
treated SHIP−/− mice compared to sham-treated
littermates (Figure 8(c)). Total histological
damage scores, which include measures of active
inflammation, chronic inflammation, and disrup-
tion of villus architecture, were also reduced in
antibiotic treated SHIP−/− mice compared to
sham-treated littermates (Figure 8(d)). These
results suggest that the microbiome contributes
to spontaneous Crohn’s-disease like ileal inflam-
mation in SHIP−/− mice.

Table 1. Discriminating taxa identified in the 8-week-old SHIP+/+ and SHIP−/− mouse ilea. Top ten discriminating taxa in 8-week-old
SHIP+/+ and SHIP−/− mice ileal contents. Taxa are listed in descending order according to their LDA effect size. Presented are their
randomForest (RF) weights and relative abundance in %. Grey bars indicate taxa, which are lower in relative abundance in SHIP−/−

mice compared to SHIP+/+ mice. N = 6 mice per genotype.
RF LDA Abundance (%)

Seq_ID Phylum Order Family Genus Weight Effect Size WT KO

Seq_1 Bacteroidetes Bacteroidales Porphyromonadaceae 0.00582 4.6565 10.4970 2.4182
Seq_13 Firmicutes Lactobacillales Lactobacillaceae Lactobacillus 0.0064 −4.4730 2.2576 7.2576
Seq_22 Bacteroidetes Bacteroidales Porphyromonadaceae 0.02711 4.3391 2.7515 0.3758
Seq_40 Bacteroidetes Bacteroidales Porphyromonadaceae 0.02949 4.2862 1.9061 0.2121
Seq_21 Bacteroidetes Bacteroidales Porphyromonadaceae Barnesiella 0.03489 4.2686 3.3848 0.6394
Seq_26 Bacteroidetes Bacteroidales Porphyromonadaceae Barnesiella 0.03314 4.1963 2.8455 0.4818
Seq_50 Bacteroidetes Bacteroidales Porphyromonadaceae Barnesiella 0.00445 4.0462 1.0727 0.1424
Seq_19 Bacteroidetes Bacteroidales Porphyromonadaceae 0.00834 NA 1.4152 0.6848
Seq_101 Proteobacteria Desulfovibrionales Desulfovibrionaceae Desulfovibrio 0.00324 NA 0.0091 0.2273
Seq_55 Bacteroidetes Bacteroidales Porphyromonadaceae 0.00307 NA 0.4424 0.2152

Table 2. NCBI BLAST identification of species in the 8-week-old
SHIP+/+ and SHIP−/− mouse ilea. Top ten discriminating taxa in
8-week-old SHIP+/+ and SHIP−/− mice ileal contents assigned
taxonomy at the species and strain level. Presented are the
sequence identities corresponding to what percentage of the
sequenced 16S V4-V5 region matches taxa in the NCBI data-
base. Grey bars indicate taxa, which are lower in relative abun-
dance in SHIP−/− mice compared to SHIP+/+ mice. N = 6 mice
per genotype.
Seq_ID Ident. Species Strain

Seq_13 100% Lactobacillus hominis
Seq_22 100% Muribaculum intestinale YL27
Seq_101 99% Desulfovibrio fairfieldensis CCUG 45958
Seq_40 99% Muribaculum intestinale YL27
Seq_19 95% Muribaculum intestinale YL27
Seq_21 95% Muribaculum intestinale YL27
Seq_26 95% Muribaculum intestinale YL27
Seq_55 92% Muribaculum intestinale YL27
Seq_1 90% Muribaculum intestinale YL27
Seq_50 90% Muribaculum intestinale YL27
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Discussion

Here, we demonstrated that spontaneous ileitis in
SHIP-deficient mice is dependent, at least in part,
on the microbiome as it is ameliorated in SHIP−/−

mice by treatment with antibiotics. Ileitis is asso-
ciated with pronounced alterations to the ileal
bacteria taxonomic composition. Reductions to
members of the Bacteroidales order occur follow-
ing overt inflammation, whereas specific genera
are enriched prior to disease onset, including
Bacteroides, Parabacteroides, and Prevotella.

In addition to the SHIP-deficient mouse, two other
tractable mouse models of spontaneous ileitis have
been previously reported. SAMP1/YitFc mice develop
spontaneous ileitis, ileal fibrosis, skin lesions, cecum
inflammation, and perianal disease.13

The involvement of susceptibility loci indicates
a polygenic, idiopathic etiology. Such a complex
model offers value for testing the efficacy of novel
treatments, but is challenging to interrogate the
pathogenic roles of specific genes. TNFΔARE mice
also exhibit spontaneous TNF-driven transmural
inflammation of the distal ileum, though without
fibrosis.14

However, since the incidence of primary non-
response to anti-TNFα therapy is 13–33% in

clinical practice,15 it becomes important to inter-
rogate different facets of the complex IBD immu-
nogenetic landscape. Knockout of the SHIP gene
(Inpp5d) yields a tractable model of spontaneous,
fully penetrant ileal inflammation and fibrosis. To
our knowledge, we are the first to report whether
bacterial compositional shifts occur in different
intestinal compartments prior to and after the
onset of spontaneous ileitis in mice. Herein, we
also predict and characterize potentially pathophy-
siological features of the SHIP-deficient mouse.

Increases and decreases in gastrointestinal transit
time have been associated with Crohn’s disease16 and
dysbiosis,17 respectively. Specifically, reductions in
small bowel motility have been found in Crohn’s
disease patients; increased motility has been asso-
ciated with microbial dysbiosis, suggesting that
a faster transit time selects for fast growing bacterial
species.17 However, mice receiving a high fat diet dis-
play intestinal dysbiosis that leads to increased colonic
transit time/decreased motility.18 When considering
the impact of SHIP deficiency, it is also important to
note that SHIPmay act through the endocannabinoid
system to control intestinal muscle tone. Cannabinoid
receptor type 1 (CB1R) inhibits gastrointestinal moti-
lity in humans and mice,19 and CB1R is activated
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Figure 5. SHIP deficiency in mice does not cause changes to ileal short chain fatty acid concentrations. (a) Short chain fatty acid
concentrations in the ileal contents of 8-week-old SHIP+/+ and SHIP−/− mice. N = 4–6 mice per genotype; ns = not significantly
different using an unpaired Student’s t-test and Wilcoxon test with Bonferroni correction for multiple comparisons.
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Figure 6. In 4-week-old mice, SHIP deficiency does not cause overt inflammation or changes to estimated ileal bacterial load, or α or β
diversity.(a) Immune cell numbers, villus length, goblet cell numbers, andmuscle thickness in 4-week-old SHIP+/+ and SHIP−/− ilea. N = 6mice
per genotype; ns = not significantly different using an unpaired Student’s t-test with Bonferroni correction for multiple comparisons. (b)
Histological scoring for inflammation including active inflammation, chronic inflammation, villi architecture, and total score in 4-week-old
SHIP+/+ and SHIP−/− mice ilea. N = 6 mice per genotype; ns = not significantly different comparing SHIP+/+ to SHIP−/− genotypes using an
unpaired Student’s t-test and Wilcoxon test with Bonferroni correction for multiple comparisons. (c) MPO activity in full-thickness ileal tissue
homogenates from 4-week-old SHIP+/+ and SHIP−/− mice. N = 6 mice per genotype; ns = not significantly different comparing SHIP+/+ to
SHIP−/− genotypes using an unpaired Student’s t-test. (d) IL-1β concentrations in full-thickness ileal tissue homogenates from 4-week-old
SHIP+/+ and SHIP−/− mice. N = 9 mice per genotype; ns = not significantly different comparing SHIP+/+ to SHIP−/− genotypes using an
unpaired Student’s t-test. (e) Estimated ileal bacterial load in 4-week-old SHIP+/+ and SHIP−/− mice. N = 6 mice per genotype; ns = not
significantly different using an unpaired Student’s t-test andWilcoxon test with Bonferroni correction for multiple comparisons. (f) Number of
observed OTUs in the ileal contents of 4-week-old SHIP+/+ and SHIP−/−mice. N = 6mice per genotype; ns = not significantly different using an
unpaired Student’s t-test and Welch’s test with Bonferroni correction for multiple comparisons. (g) Principal coordinates analysis plot of Bray-
Curtis dissimilarity of taxa of 4-week-old SHIP+/+ and SHIP−/− ileal contents. N = 6 mice per genotype; ns = not significantly different using an
Adonis test with Bonferroni correction for multiple comparisons. Ellipses indicate t-distribution 95% confidence intervals in (g).
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more strongly by anandamide (AEA) than phosphoa-
nandamide (pAEA) in the mouse brain.20 Since SHIP
is needed to dephosphorylate pAEA to AEA,21 we
would predict that SHIP deficient mice would exhibit
reduced gastrointestinal transit time. However, our
observations revealed no net change, which could be
explained by the opposing effects of SHIP’s role in the
endocannabinoid system versus inflammation-
associated dysbiosis.

A higher bacterial load has been observed in
colon biopsies from people with active Crohn’s
disease and ulcerative colitis,22 and a similar effect
has been seen in rodents. Carboxymethylcellulose-
treated IL-10-deficient mice and TNBS- and DSS-
treated rats develop small and large bowel bacterial
overgrowth and inflammation.23,24 In contrast, no
change is seen in the 16S rRNA gene copy count of
the colonic mucus compartment of mdr1a-
deficient mice, which develop spontaneous
colitis.8 As in mdr1a deficient mice, SHIP deficient

mice do not display bacterial overgrowth.
Observed differences in estimated bacterial load
and its contributions to disease development may
reflect differences in pathogenic mechanisms of
disease and need to be determined experimentally
in different mouse models. Given that there were
no differences in estimated bacterial load or transit
time (exposure to bacterial constituents) in SHIP
deficient mice, we next examined the composition
of intestinal flora in SHIP+/+ and SHIP−/− mice.

α diversity is an ecological description of an indi-
vidual community, defined by richness and evenness.
In human IBD patient microbiotas, α diversity is
typically reduced.25–27 In contrast, SHIP deficient
mice do not have reduced α diversity. Our results
are consistent with the unaffected microbial diversity
seen in mdr1a-deficient8 and TNFΔARE 28 mice. Like
people with IBD, SAMP1/YitFc exhibit higher
Shannon diversity in their fecal metagenome,
although this may not be reflective of diversity in

a

b

Figure 7. SHIP deficiency in mice causes subtle changes to specific taxa and KEGG orthologs in the ileal microbiome prior to the
onset of overt inflammation. (a) Identification of discriminating taxa using random forests. (b) Identification of discriminating taxa
using linear discriminant analysis effect size. Green bars indicate taxa more associated with SHIP+/+ mice; Red bars indicate taxa
more associated with SHIP−/− mice. N = 6 mice per genotype in each analysis.
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their ileal compartment.29 Since reductions in α diver-
sity are more pronounced in human IBD patients
than mouse models, our findings support the idea
that confounding factors like diet30 or antibiotic
use,31 perhaps combined with inflammatory disease,
contribute to, or drive, the reduction in diversity in
humans. This is also consistent with the observation
that people with ulcerative colitis display reduced
bacterial diversity in their ilea, suggesting that non-
inflammatory processes contribute to changes to bac-
terial diversity.32

In ecology, β diversity is used to compare overall
community compositions, and can be used to char-
acterize dysbiosis. Community shifts can be mea-
sured with or without accounting for the
abundance or phylogenetic relatedness of taxa. Bray-
Curtis dissimilarity in the SHIP+/+ and SHIP−/−mice
is statistically significantly different, which indicates
that differences observed in community structure are

driven by fluctuations in highly abundant taxa rather
than by the types of taxa present, since UniFrac
distances were not different. Since mice from this
study were cohoused and supplied the same diet, we
would not expect to see profound differences in the
types of taxa present. Importantly, we found that
disruptions to β diversity were confined to the
ileum, highlighting how analysis of stool samples
may not be sensitive to disease-associated dysbiosis.
In practice, a recent report achieved a classification
accuracy of 79% in discriminating healthy from
active Crohn’s disease stool samples, but this
included samples from which disease was localized
to the colon.33 To our knowledge, no study has
assessed the performance of a disease-state classifier
using stool samples from only patients with ileal
Crohn’s disease.

SHIP deficient mice have reduced relative repre-
sentation of taxa from the Porphyromonadaceae
family.34 This is consistent with reduced
Porphyromonadaceae, including Barnesiella and
Odoribacter genera, that have been observed in peo-
ple with IBD.32,35 In contrast, enrichment in the
Bacteroidales order, which includes the
Porphyromonadaceae family, were recently reported
in pooled fecal samples from SAMP1/YitFc mouse,
which also develop ileitis.29 The closely related
Muribaculum genus is also enriched in mice with
T cell-induced colitis, making the role of this bacter-
ial group in murine models complicated.36 Upon
deeper inspection, it is clear that unclassified mem-
bers of the families S24-7 and Porphyromonadaceae
have been reported to be misidentified in the litera-
ture and ought to belong to the family
Muribaculaceae, which currently consists of one

Table 3. Discriminating taxa identified in the 4-week-old SHIP+/+ and SHIP−/− mouse ilea. Top ten discriminating taxa in 4-week-old
SHIP+/+ and SHIP−/− mice ileal contents. Taxa are listed in descending order according to their LDA effect size. Presented are their
randomForest weights and relative abundance (%) in SHIP+/+ and SHIP−/− mice. Grey bars indicate taxa, which are lower in relative
abundance in SHIP−/− mice compared to SHIP+/+ mice. N = 6 mice per genotype.

RF LDA Abundance (%)

Seq_ID Phylum Order Family Genus Weight Effect Size WT KO

Seq_25 Bacteroidetes Bacteroidales Porphyromonadaceae 0.005369463 3.6980 1.8121 0.8303
Seq_8 Bacteroidetes Bacteroidales Bacteroidaceae Bacteroides 0.015566777 −3.5270 0.0061 0.6030
Seq_11 Bacteroidetes Bacteroidales Prevotellaceae Prevotella 0.012918708 −3.4000 0.0061 0.4515
Seq_30 Bacteroidetes Bacteroidales Bacteroidaceae Bacteroides 0.004791188 −3.3812 0.0030 0.4667
Seq_24 Bacteroidetes Bacteroidales Porphyromonadaceae Parabacteroides 0.018348165 −3.2232 0.0000 0.1758
Seq_29 Bacteroidetes Bacteroidales Porphyromonadaceae Parabacteroides 0.00660434 −3.2054 0.0091 0.1636
Seq_82 Bacteroidetes Bacteroidales Porphyromonadaceae 0.007449255 −3.1769 0.0121 0.1455
Seq_31 Bacteroidetes Bacteroidales Porphyromonadaceae Parabacteroides 0.006141053 −3.1030 0.0212 0.1515
Seq_40 Bacteroidetes Bacteroidales Porphyromonadaceae 0.007024298 NA 0.5939 0.4030
Seq_7 Bacteroidetes Bacteroidales 0.004341233 NA 0.0121 0.1182

Table 4. NCBI BLAST identification of discriminating taxa in the
4-week-old SHIP+/+ and SHIP−/− mouse ilea. Top ten discrimi-
nating taxa of 4-week-old SHIP+/+ and SHIP−/− mice ileal con-
tents assigned taxonomy at the species and strain level.
Presented are the sequence identities corresponding to what
percentage of the sequenced 16S V4-V5 region matches taxa in
the database. Grey bars indicate taxa, which are lower in
relative abundance in SHIP−/− mice compared to SHIP+/+ mice.
Seq_ID Ident. Species Strain

Seq_30 100% Bacteroides ovatus ATC 8483
Seq_24 99% Parabacteroides distasonis ATCC 8503
Seq_40 99% Muribaculum intestinale YL27
Seq_29 99% Parabacteroides distasonis ATCC 8503
Seq_31 99% Parabacteroides distasonis ATCC 8503
Seq_8 97% Bacteroides uniformis ATCC 8492
Seq_11 90% Prevotella copri DSM 18205
Seq_25 89% Muribaculum intestinale YL27
Seq_82 85% Muribaculum intestinale YL27
Seq_7 85% Solitalea canadensis DSM 3403
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Figure 8. Antibiotic treatment ameliorates intestinal inflammation in SHIP deficient mice. (a) Gross and (b) histological appearance
(H&E stains) of 8-week-old SHIP+/+ and SHIP−/− ilea from mice that are untreated (control) or treated with antibiotics (ABx) from 4 to
8 weeks of age. (c) Immune cell numbers, villus length, goblet cell numbers, and muscle thickness in 8-week-old SHIP+/+ and SHIP−/−

ilea from mice that were untreated or treated with antibiotics from 4 to 8 weeks of age. N = 6 mice per genotype; ns = not
significantly different, *p < 0.0021 comparing SHIP+/+ to SHIP−/− genotypes and comparing antibiotic treated to sham treated mice
for each genotype. Comparisons were made using an ANOVA with Tukey’s HSD and Bonferroni correction for multiple comparisons.
(d) Histological scoring for inflammation including active inflammation, chronic inflammation, villi architecture, and total score in
8-week-old SHIP+/+ and SHIP−/− mice ilea from mice that were untreated or treated with antibiotics from 4 to 8 weeks of age. N = 6
mice per genotype; ns = not significantly different, *p < 0.0021 comparing SHIP+/+ to SHIP−/− genotypes and comparing antibiotic
treated to sham treated mice for each genotype. Comparisons were made using an ANOVA and Tukey’s HSD and Bonferroni
correction for multiple comparisons.
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characterized species, Muribaculum intestinale.37

Importantly, taxonomic classification of our data
with two different 16S databases, RDP and
Greengenes, resulted in the highest abundant
Bacteroidales bacterial taxa being classified as
Porphyromonadaceae and S24-7, respectively, of
which many of the discriminating taxa we identified
share between 90 to 100% sequence identity in the
16S rRNA gene V4-V5 region withM. intestinale. In
addition to the apparent heterogeneity within this
clade, this highlights the potential misidentification
in other studies. Extending our results to studies
where S24-7 taxa were prominent revealed reduc-
tions in T-bet−/− Rag2−/− mice,38 TNFΔARE mice,39

DSS-treated mice, and Salmonella-infected mice.40

In the latter study, NCBI BLAST revealed S24-7
sequences have highest identity with M. intestinale.
The discordant identification of prominent taxa
belonging to the Bacteroidales order underscores
the need to harmonize taxonomic identification
methods before comparisons across studies can be
made. Nevertheless, M. intestinale is generally asso-
ciated with a healthy phenotype and so we predict it
to exhibit commensal behaviour.

Lactobacillus hominis, which is increased in
8-week-old SHIP-deficient mice ilea, has not yet
been reported, although other members of the
Lactobacillus genus have exhibited disparate roles
in intestinal inflammation in rodents. For instance,
L. acidophilus41 and L. plantarum42 improve
intestinal inflammation in DSS-treated mice,
while L. fermentum potently induces TLR signal-
ing and IL-1β production in germ-free rat
colons,43 and higher levels of Lactobacillus have
been associated with Salmonella-induced inflam-
mation in mice.40 Hence, Lactobacillus exemplifies
the functional variability seen within species of the
same genus.

We also identified Desulfovibrio fairfieldensis as
increased in the overt disease state in SHIP−/−

mice. Desulfovibrio is a genus of sulfate-reducing
bacteria (SRB) and has been associated with CD in
humans.44,45 Mechanistically, it is posited that gen-
eration of sulphide from sulfate is toxic to
colonocytes.46 However, despite research on the
presence and role of SRB in the ileum having
been warranted,35,47-51 ###it has not been reported
prior to this study.

Our finding of subtle ileal dysbiosis preceding
the onset of overt inflammation is consistent with
observations made in the mdr1a-deficient mouse.8

Specific expansions of Bacteroides,
Parabacteroides, and Prevotella, seen in the SHIP
deficient mouse ileum prior to disease onset, have
also been previously associated with intestinal
inflammation. Bacteroides ovatus is associated
with an increased serum antibody response in
people with IBD, although its role in disease
pathogenesis remains unclear.52 Parabacteroides
taxa are enriched in Crohn’s disease patients,53

and associated with non-inflamed tissue,54 which
may be captured in the SHIP−/− mouse model of
ileal inflammation because inflammation is dis-
continuous. Opposing roles of this taxa have
been found in mice as well, where P. distasonis is
colitis-predisposing in Pglyrp-deficient mice, but
P. distasonis cell lysates attenuate DSS-induced
colitis.55 Prevotella copri, which is increased in
SHIP-deficient mice prior to disease onset, is
enriched in healthy IBD-patient relatives and pos-
ited to predispose genetically susceptible indivi-
duals to disease.56 In mice, P. copri increases
sensitivity to DSS-induced colitis.57-61 ###Taken
together, these data indicate potentially inflamma-
tory and/or disease-predisposing roles for specific
Bacteroidales taxa.

Finally, we report that antibiotic treatment
reduced gross and histopathological measures of
inflammation in SHIP−/− mice. Together, our data
suggest that compositional changes that occur to
the ileal microbiome of SHIP-deficient mice before
the onset of overt inflammation contribute to and
exacerbate inflammation. Members of the
Bacteroidales order were associated with disease,
whereas Muribaculum species were depleted in
inflamed conditions, and Bacteroides,
Parabacteroides, and Prevotella were enriched pre-
ceding overt inflammation. We also found that
dysbiosis was confined to the site of disease,
underscoring how stool samples may not accu-
rately predict compositional shifts in intestinal
compartments proximal to the colon. An emerging
overarching theme supported by our and others’
data is that bacterial taxa of the same genera and
species exhibit disparate roles in intestinal inflam-
mation, which may be explained by strain-level
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functional differences, host-specific interactions,
and host microenvironment conditions.

Taken together, our findings suggest that SHIP
is involved in ileal microbial homeostasis, and that
SHIP-associated inflammation amplifies microbial
compositional shifts. We established that inflam-
mation is not associated with gastrointestinal tran-
sit time or bacterial overgrowth, but insight into
the mechanism by which SHIP alters microbial
populations is worth exploring. Further study is
also needed to elucidate whether specific bacteria
are protective or pathogenic in the SHIP deficient
mouse and Crohn’s disease patients.

Materials and methods

Mice

All animal procedures were performed in accor-
dance with ethical guidelines set forth by the
Canadian Council on Animal Care and were
approved by the University of British Columbia
Animal Care Committee (protocol numbers A17-
0071, A17-0061, and A17-0277). Mice heterozy-
gous for SHIP expression (Inpp5d±) on a mixed
C57BL/6 x 129Sv background (F2 generation)
were bred to generate SHIP+/+ and SHIP−/− pro-
geny. Mice were weaned at 3 weeks of age. Same
sex SHIP+/+ and SHIP−/− littermates were co-
housed upon weaning; if SHIP+/+ and SHIP−/−

littermates were opposite sex, mice were singly
housed until used for experiments at 4 or
8 weeks of age. Groups of mice compared in
experiments contained balanced numbers of
males and females in each group. Mice were
bred in-house at the BC Children’s Hospital
research institute Animal Care Facility and
maintained in specific-pathogen free conditions.
12 hour light cycles (600h on/1800h off) were
maintained throughout the study. Mice were
provided autoclaved drinking water, irradiated
Teklad Global 18% Protein Rodent Diet pellets
(Envigo, 2918), and Performance bedding and
enrichment (BioFresh).

Intestinal transit time

8-week-old SHIP+/+ and SHIP−/− mice were oro-
gastrically gavaged with a semiliquid 0.5%

methylcellulose (Sigma-Aldrich, M0512) solution
containing 6% w/v carmine red (Sigma-Aldrich,
C1022) bolus, as previously described62. Gavage
was performed with a straight 22 gauge needle
with a 1.25 mm diameter ball. Administered fluid
volumes of 0.1 mL/kg body weight were deter-
mined for each mouse. Mice were isolated from
each other with access to food and water in sepa-
rate cages and observed every 5 minutes upon
gavage for up to 6 hours beginning at 1800h.
Fecal pellets were obtained and smeared on white
paper to test for the presence of red dye. Intestinal
transit time was calculated as the time difference
between oral gavage and detection of red dye in
fecal pellets.

Myeloperoxidase (MPO) activity

MPO activity was measured in full-thickness ileal
tissue homogenates from mice using the
Myeloperoxidase Colorimetric Activity Assay Kit,
according to the manufacturer’s instructions
(Sigma-Aldrich, MAK068-1KT).

Il-1β ELISA

IL-1β was measured in full-thickness ileal tissue
homogenates from 4-week-old SHIP+/+ and
SHIP−/− mice by ELISA, according to the manu-
facturer’s instructions (BD Biosciences, 557953).

Quantitative PCR (qPCR)

Purified DNA obtained from intestinal contents was
used for qPCR to quantitate 16S rRNA genes, as
adapted from the protocol designed by the Surette
laboratory. Briefly, an Escherichia coli DNA
(Affymetrix/USB, J14380) standard was created
using serial dilutions from 180 ng to 0.001 ng.
Universal 16S rRNA gene primers (926F forward 5´-
AAACTCAAAKGAATTGACGG – 3´, 1062R
reverse 5´ – CTCACRRCACGAGCTGAC – 3´)
were used to quantitate the 16S gene copy count of
each sample using a CFX96 Real-Time System and
C1000 Thermocycler (BioRad, Hercules, CA). ΔCt
values were obtained for all samples in triplicate. 16S
gene copy counts were normalized to each sample’s
average 16S gene copy count to infer total bacteria
quantities. To identify average 16S gene copy counts
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per sample, a sample-specific modifier was calculated
by weighting the average 16S gene copy count/cell of
each phyla contained in the sample according to the
formula: RPi¼1

p
Ai
C

where R is the normalization value,
A is the normalized phylum abundance, C is the
phylum-level 16S gene copy count and p is the num-
ber of phyla. Phylum-level 16S gene copy counts were
obtained from the ribosomal RNA operon copy num-
ber database.63 Sample 16S gene copy count values
ranged from 2.91 to 6.11 (mean = 3.9).

Histopathology

1 cm segments of mouse ilea, ceca, and colons
were excised and fixed in 10% formalin at 4°
C for 24 hours and transferred to 70% ethanol
until paraffin processing for histological analysis.
5 µm thick sections of each organ were stained
with hematoxylin and eosin (H&E). Slides were
visualized and photographed with an Axioscope 7
microscope fixed with an AxioCamMR3 Digital
Camera (Zeiss, Oberkochen, Germany).
Photographs were scored for histological features
described by two individuals blinded to experi-
mental condition. Measurements included
immune cell infiltrates per 40x magnified field,
goblet cell, and total cell count per villus structure,
and cross-sectional muscle thickness. Mean values
were taken from 6 fields per section from 6 sec-
tions for each mouse. Histological damage was
also scored in tissue sections by two individuals
blinded to experimental condition. Active inflam-
mation, chronic inflammation, and villus architec-
ture were scored independently and added
together to generate a total score for histological
damage, as previously described.13

Microbial DNA extraction

Immediately prior to euthanasia, mice were iso-
lated and fecal pellets were placed in sterile, pre-
weighed tubes on ice. Upon euthanasia, mouse
ileal, cecal, and colonic contents were extracted
and stored in sterile, pre-weighed tubes. Samples
were frozen and stored at −80°C until DNA
extraction. DNA was isolated with the
PowerSoil DNA isolation kit (MO BIO, 12888),
according to the manufacturer’s protocol. Briefly,

samples were homogenized with high velocity
bead beating, cells were lysed by mechanical
and proprietary chemical methods, and bacterial
genomic DNA was captured on a silica mem-
brane in a spin column. DNA was washed and
eluted from the membrane and stored at −80°
C until quantification. DNA was quantified with
the NanoDrop 1000 spectrophotometer
(ThermoFisher, Waltham, MA) and samples
showed acceptable DNA yield (>1ng/µL) and
purity (A260/280 ratio ~ 1.8).

16S gene rrna library preparation and
sequencing

Isolated intestinal content DNA amplicon fragments
were PCR-amplified using the high-fidelity Phusion
polymerase (ThermoFisher, M0530S) and fusion pri-
mers including the adaptors, barcodes, and 16S V4-
V5 region (F: 5´-GTGYCAGCMGCCGCGGTAA-3´;
R: 5´-AAACTYAAAKRAATTGRCGG-3´). PCR
products were verified with a high-throughput 96-
well E-gel (Invitrogen, G8700801). PCR reactions
were pooled, cleaned, and normalized using a high-
throughput SequalPrep 96-well plate kit
(ThermoFisher, A1051001). Samples were multi-
plexed and run on the Illumina MiSeq
(Victoria, BC) platform using 300 + 300 bp paired-
end V3 chemistry to generate FASTQ files. This work
was performed by the Integrated Microbiome
Resource (Dalhousie University, Halifax, NS).

FASTQ processing

FASTQ files were processed using the Microbiome
Helper v2.1.0 package wrapping the DADA2 v1.4
pipeline.64,65 Sequences were pre-processed to dis-
card primer sequences and inspected for quality
scores. Low quality sequences were trimmed to
a maximum length of 270 bases for forward
reads and 180 bases for reverse reads and limited
to a maximum of 3 and 7 expected errors in
forward and reverse reads, respectively. Reads
were truncated at the first instance of a quality
score of less than or equal to 2. The DADA2
algorithm was applied to infer error models from
reads and identify sequence variants with
a random seed set to 4124. Paired-end reads were
stitched together before chimera checking and
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taxonomic assignment with reference to
Ribosomal Database Project taxonomic training
data set 16 (release 11.5). A biom file was gener-
ated for bioinformatic analysis with QIIME
(v1.8.0)66 and its dependencies, and the phyloseq
R package (v1.21.3).67 Rarefaction plots revealed
that diversity plateaued at approximately 5500
reads per sample, so sub-sampling was performed
to this depth for diversity, classification, and dif-
ferential abundance analyses.

Statistical analysis

Shapiro-Wilks and Levene’s tests were used to
assess the normality of distributions and homoge-
neity of variances, and Student’s t-tests, Welch’s
t-tests, Wilcoxon tests were employed accordingly
with R (v3.4.3). ANOVA with Tukey’s Honest
Significant Difference post-hoc test were used
where applicable with R. α diversity data
(Number of Observable OTUs, Simpon’s Index
(1-Dominance), and Faith’s Phylogenetic
Distance) were obtained from the alpha.diverstiy.
py script in QIIME. β diversity metrics including
Bray-Curtis dissimilarity, and unweighted and
weighted UniFrac distance68 principal coordinates
analysis plots were assessed using phyloseq. The
vegan R package (v.2.4–6)69 function Betadisper
was used to assess homogeneity of variance of
distance matrices, which were then analyzed for
statistical significance using the adonis function
with 999 permutations. A Bonferroni correction
for family-wise multiple testing was used.

Since sequenced data typically deviate from
a Gaussian distribution, non-parametric analysis
is often used for differential abundance testing of
taxa. However, compositional data exists in
a simplex, rather than Euclidian space, and is not
suitable for testing without transformation.70 Log-
transformations permit testing without violating
test assumptions, but cannot handle zero counts,
which are abundant in sequenced data.71

Pseudocounts, which are small place holder values
(typically < 1) solve the problem of inflated zeroes,
but can affect data clustering if chosen
incorrectly.72 Biomarker discovery tools, like ran-
dom forests and LEfSe, use non-traditional statis-
tical approaches to circumvent this chain of
problems and identify discriminating taxa or

features for practical applications. Random forests
create a predictive model that determines the
importance of taxa or other features based on
how much they contribute to the model’s classifi-
cation accuracy. This method has been previously
used to classify disease state and identify discrimi-
nating taxa in a mouse exercise model,73 human
multiple sclerosis patients,74 and human IBD
patients.33,75–77 Further, LEfSe uses traditional
testing only to filter out taxa or features that are
unlikely to be important for classification.
Subsequently, linear discriminant analysis employs
dimensionality reduction and maximization of dif-
ferences between groups to identify discriminating
features based on their effect size.

The randomForest R package (v4.6–14)78 was
used to classify disease state. Briefly, rare features
defined as present in less than 20% of samples
were removed. Input tables were formatted for
classification of state and a random seed was set
at 151. Model fit was assessed for significance with
a permutation test with 1000 permutations.
Accuracy estimation was assessed with leave-one-
out cross-validation using the Classification And
Regression Training (caret) R package (v6.0–79).79

The top ten discriminating features driving model
performance were identified and plotted. Linear
Discriminant Analysis Effect Size (LEfSe)80,81

###was employed to corroborate random forests
findings. Briefly, a Kruskal-Wallis test identified
significantly differentially abundant features
between groups, where if the null hypothesis was
rejected (p < 0.05) features underwent linear dis-
criminant analysis to predict their effect size. LDA
scores above 2 were considered as important in
discriminating genotypes unless otherwise noted.
All graphs were plotted with ggplot2 (v2.2.1).

SCFA analysis

Ileal contents were extracted from SHIP+/+ and
SHIP −/− mice and stored at −80°C until SCFA
quantitation. Samples were used for gas chroma-
tography with the TRACE 1310 Gas
Chromatograph coupled to a Flame Ionization
Detector (ThermoFisher, Waltham, MA), as pre-
viously described.82 This work was performed by
Microbiome Insights (Vancouver, BC).
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FASTQ accession number

These sequence data have been submitted to the
EMBL-EBI European Nucleotide Archive data-
base, accession number ena-STUDY-BCCHR
-25–04-2018–23:01:38:230–20.

Antibiotic treatment

Four-week-old SHIP+/+ and SHIP−/− mice were
provided ad libitum access to autoclaved drinking
water containing 0.66 mg/mL ciprofloxacin
(Sigma-Aldrich, 17850), 2.5 mg/mL metronidazole
(Sigma-Aldrich, M3761), and 20 mg/mL Ice Blue
KOOL-AID (Kraft Foods), as previously
described.83 Control mice (no antibiotics) were
provided with sterile drinking water containing
20 mg/mL Ice Blue KOOL-AID only. Drinking
water was replaced and cages were changed every
2–3 days under sterile conditions. After 4 weeks of
treatment, mice were euthanized and ilea were
excised for gross and histopathological analyses.
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