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Abstract

Dysbiosis is a hallmark of inflammatory bowel disease (IBD), but it is unclear which specific
intestinal bacteria predispose to and which protect from IBD and how they are regulated.
Peptidoglycan recognition proteins (Pglyrps) are antibacterial, participate in maintaining
intestinal microflora, and modulate inflammatory responses. Mice deficient in any one of the
four Pglyrp genes are more sensitive to dextran sulfate sodium (DSS)-induced colitis, and
stools from Pglyrp-deficient mice transferred to wild type (WT) germ-free mice predispose
them to much more severe colitis than stools from WT mice. However, the identities of
these Pglyrp-regulated bacteria that predispose Pglyrp-deficient mice to colitis or protect
WT mice from colitis are not known. Here we identified significant changes in B-diversity of
stool bacteria in Pglyrp-deficient mice compared with WT mice. The most consistent
changes in microbiome in all Pglyrp-deficient mice were in Bacteroidales, from which we
selected four species, two with increased abundance (Prevotella falsenii and Parabacter-
oides distasonis) and two with decreased abundance (Bacteroides eggerthii and Alistipes
finegoldii). We then gavaged WT mice with stock type strains of these species to test the
hypothesis that they predispose to or protect from DSS-induced colitis. P. falsenii, P. dista-
sonis, and B. eggerthii all enhanced DSS-induced colitis in both WT mice with otherwise
undisturbed intestinal microflora and in WT mice with antibiotic-depleted intestinal micro-
flora. By contrast, A. finegoldii (which is the most abundant species in WT mice) attenuated
DSS-induced colitis both in WT mice with otherwise undisturbed intestinal microflora and in
WT mice with antibiotic-depleted intestinal microflora, similar to the colitis protective effect
of the entire normal microflora. These results identify P. falsenii, P. distasonis, and B.
eggerthii as colitis-promoting species and A. finegoldii as colitis-protective species.
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Introduction

Innate immunity not only defends the host against infections, controls inflammation, and initi-
ates adaptive immunity, but also regulates and maintains normal microflora (microbiome) [1].
This microflora contributes to proper development of the host and determines the host’s sensi-
tivity to many diseases, including inflammatory bowel disease (IBD), allergies, cancer, and obe-
sity. One family of innate immunity proteins that regulate host’s microbiota in both
invertebrates and vertebrates is peptidoglycan recognition proteins (PGRPs or Pglyrps) [1].

Pglyrps are innate immunity proteins that are conserved from insects to mammals, recog-
nize bacterial cell wall component peptidoglycan, and are antibacterial [1-3]. Mammals have
four Pglyrp genes, Pglyrpl, Pglyrp2, Pglyrp3, and Pglyrp4 [4, 5]. Pglyrp1 is mainly expressed in
polymorphonuclear leukocytes, whereas Pglyrp2, Pglyrp3, and Pglyrp4 are expressed in epithe-
lial cells of many organs, including salivary glands, throat, tongue, esophagus, stomach, intes-
tine, and skin [5-7]. All mammalian Pglyrps are secreted proteins and are bactericidal for both
Gram-positive and Gram-negative bacteria [6, 8-11]. Pglyrp2 is also an amidase that hydro-
lyzes bacterial cell wall peptidoglycan [12]. Pglyrps participate in maintaining normal bacterial
flora in the gut [13, 14] and in modulating inflammatory responses to bacteria, allergens, and
injury [13-20].

Mice deficient in any one of the four Pglyrp genes are more sensitive to dextran sulfate
sodium (DSS)-induced colitis, which implies that the presence of Pglyrps protects wild type
(WT) host from colitis [13]. Pglyrp1™", Pglyrp2™", Pglyrp3™", and Pglyrp4”~ mice all have signifi-
cant and distinct changes in the abundance of several of the eight major groups of Eubacteria
in their stools, and their increased sensitivity to severe DSS-induced colitis can be transferred
to WT germ-free mice by the intestinal microflora from Pglyrp-deficient mice [13, 14]. These
results suggest that the lack of any one of the four Pglyrps results in the development of colitis-
predisposing intestinal microflora. However, the exact changes in the intestinal microflora at
all taxonomic levels in Pglyrp-deficient mice are not known, and also the identities of these
Pglyrp-regulated bacteria that predispose Pglyrp-deficient mice to colitis or protect WT mice
from colitis are not known.

Here we first identified which colonic bacteria are changed in Pglyrp-deficient mice com-
pared with WT mice. Then, we tested the hypothesis that specific intestinal bacteria that are
more abundant in Pglyrp-deficient mice enhance DSS-induced colitis, and that intestinal bacte-
ria that are more abundant in WT mice attenuate colitis. We identified three Bacteroidales spe-
cies that enhance DSS-induced colitis in WT mice and one Bacteroidales species that
attenuates DSS-induced colitis in mice, similar to the protection by normal intestinal micro-
flora. These results identify novel colitis-promoting and colitis-protecting bacteria and show
that normal undisturbed intestinal microflora protects from colitis.

Results

Pglyrp-deficient mice have significant changes in B-diversity of their stool
microbiome

Although we previously demonstrated several significant changes in the abundance of major
bacterial groups in the stools of Pglyrp-deficient mice compared with WT mice [13, 14], the
Pglyrp-controlled changes in gut microbiota at all taxonomic levels are not known. To deter-
mine the diversity of intestinal bacteria in Pglyrp-deficient mice and to identify in detail how
their intestinal microflora differs from WT mice, we isolated DNA from stool microflora and
performed genetic phylotyping (community profiling) using pyrosequencing of the variable
regions of bacterial 16S ribosomal RNA (rRNA) genes.
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We first evaluated o-diversity of the microbiomes. We identified a total of 378 species and
7545 operational taxonomic units (OTUs) in the stools of all strains: 239, 255, 203, 228, and
202 species and 5196, 5501, 4757, 4864, and 4916 OTUs in WT, Pglyrp1™”", Pglyrp2™"", Pglyrp3™",
and Pglyrp4”” mice, respectively. The total number of OTUs identified in Pglyrp1”’~ mice was
significantly higher than in WT mice, whereas the total numbers of species in Pglyrp2” and
Pglyrp4”~ mice and the total numbers of OTUs in Pglyrp2™", Pglyrp3™", and Pglyrp4™~ mice
were significantly lower than in WT mice (S1 Fig). The numbers of species and OTUs per
mouse (microbiome richness) were similar for WT and Pglyrp-deficient mice, except for
Pglyrpl”” mice, which were significantly higher. The Shannon diversity indices (H) for the spe-
cies were significantly lower in Pglyrp1”~ and Pglyrp4”" than in WT mice, and the Shannon
equitability index (Eg) for the species was lower in Pglyrp1”” than in WT mice and similar for
other Pglyrp-deficient strains (S1A Fig). The Shannon diversity indices (H) and equitability
indices (Ey) for OTUs were similar for WT and Pglyrp-deficient strains (H = 6.34 £ 0.07,

6.44 £ 0.12, 6.42 + 0.06, 6.39 * 0.05, 6.34 + 0.04, and Eyy = 0.87 £ 0.01, 0.87 + 0.01, 0.88 £ 0.01,
0.87 £0.01, 0.87 £ 0.01).

We then evaluated B-diversity of the microbiomes. Microfloras from stools of each Pglyrp-
deficient strain separated from WT microflora in the Principal Coordinate Analysis (PCoA),
with microfloras from Pglyrp1”~ and Pglyrp3”~ mice showing the most distinct separation from
the microflora in WT mice (Fig 1A). These results suggested differences in B-diversity in intes-
tinal microbiomes between WT and Pglyrp-deficient mice and that microbiomes in each of the
Pglyrp-deficient strains of mice are distinct and different from WT mice. These results
prompted us to further identify the differences between these microbiomes.

We detected many statistically significant differences in bacterial B-diversity between WT
and Pglyrp-deficient mice. Pglyrp1™", Pglyrp2™", Pglyrp3”", and Pglyrp4”~ mice all had signifi-
cant changes in the abundance of various bacterial groups in the stools at all taxonomic levels
(Fig 1B and S1-S6 Tables). While the abundance of some taxonomic groups decreased and oth-
ers increased, in general there was a statistically significant decrease in the more abundant spe-
cies and OTUs in Pglyrp-deficient mice compared with WT mice, and statistically significant
increase in the very low abundant species and OTUs (Fig 1B).

At all taxonomic levels, some changes were common to all or some Pglyrp-deficient mice,
whereas others were unique for each Pglyrp-deficient strain (Fig 1B and S1-S6 Tables). For
example, at the class level, the abundance of Fusobacteria was significantly increased in
Pglyrp3” and Pglyrp4”" mice (Fig 2 and S1 Table), whereas there was a significantly reduced
abundance of Epsilonproteobacteria in Pglyrp1™", Pglyrp3”", and Pglyrp4”" mice, of Mollicutes
in Pglyrp1™", Pglyrp2™”", and Pglyrp4”" mice, of Flavobacteria in Pglyrpl”~ and Pglyrp3™ mice,
and of Synechococcophycideae and Spartobacteria in Pglyrp3”~ and Pglyrp4”~ mice.

We hypothesized that bacterial species that are more abundant in Pglyrp-deficient mice
than in WT mice predispose Pglyrp-deficient mice to colitis, whereas other bacterial species
that are more abundant in WT than in Pglyrp-deficient mice protect WT mice from colitis. We
also hypothesized that an increase in the most abundant bacterial species may protect from
colitis, whereas an increase in the species that are of low abundance may promote colitis,
because we found statistically significant decrease in highly abundant species and OTUs and
an increase in low abundant species and OTUs in all Pglyrp-deficient mice compared with WT
mice (Fig 1B).

To identify bacterial species that predispose to or protect from DSS-induced colitis, in this
study we focused on the common changes in microbiota, because we hypothesized that species
consistently and significantly increased or decreased in all four Pglyrp-deficient strains of mice
would be most likely responsible for their changed sensitivity to colitis. To test this hypothesis,
we identified bacterial species with the most consistently increased or decreased abundance in
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Numbers of taxonomic units in Pglyrp-deficient mice with significantly different abundance than in WT mice
Taxa Total units Pglyrp1-/- Pglyrp2-/- Pglyrp3-/- Pglyrp4-/-
in all mice 1 ! Total P T ! Total P T 1 | Total P 1 ! Total P
Phylla 21 3 2 5| 0.5000 0 1 1| 0.5000 3 2 5] 0.5000 1 3 4| 0.3125
Classes 35 4 5 9| 0.5000 1 a 2| 0.7500 4 5 9| 0.5000 2 5 7| 0.2266
Orders 75 6 10 16| 0.2272 2 1 3| 0.5000 6 8 14| 0.3953 2 9 11| 0.0327
Families 129 15 13 28| 0.4253 3 6 9| 0.2539 8 11 19| 0.3238 4 115 19| 0.0096
Genera 261 24 21 45| 0.3830 10 8 18| 0.4073 22 16 38| 0.2088 15 24 39| 0.0748
Species (all) 378 35 30 65| 0.3101 9 2] 30( 0.0214 39 23 62| 0.0279 25 38 63| 0.0507
Species > 0.2% 59 6 16 22| 0.0262 2 7 9| 0.0898 8 10 18| 0.4073 4 14 18| 0.0154
Species 0.001-0.2% 180 7 14 21| 0.0946 2 14 16| 0.0021 19 13 32| 0.1885 8 24 32| 0.0035
Species < 0.001% 139 22 0 22| 0.0000 5 0 5| 0.0313 12 0 12| 0.0002 13 0 13| 0.0001
OTUs (all) 7,545| 692 453| 1145| 0.0000 422 397 819| 0.1912| 585| 436| 1021| 0.0000{ 576| 509| 1085 0.0210
OTUs >0.01% 1,813 116| 330| 446| 0.0000 67 281| 348| 0.0000 94 297 391| 0.0000{ 107 371 478| 0.0000
0TUs 0.001-0.01% 3,383| 218 123| 341| 0.0000f 157 116| 273| 0.0077| 217| 139| 356| 0.0000] 192 138 330f 0.0017
OTUs <0.001 % 2,349 358 0] 358| 0.0000f 198 0] 198| 0.0000] 274 0| 274| 0.0000} 277 0 277| 0.0000
T Number with significatly increased abundance 1 Number with significatly decreased abundance

Fig 1. B-diversity in stool microflora in WT and Pglyrp-deficient mice. (A) Principal Coordinate Analysis (PCoA) by UniFrac (unweighted) of microbiomes
in WT and Pglyrp-deficient mice. Separation of stool microbiomes of WT mice from stool microbiomes of Pglyrp1 7 and Pglyrp3"‘ mice (left panel), Pglyrp2"'
mice (middle panel), and Pglyrp4"' mice (right panel). Each dot corresponds to a stool microbiome from one mouse. (B) Numbers of taxonomic units in
Pglyrp-deficient mice with significantly (at £<0.05) increased or decreased abundance compared with WT mice; P, significance of the differences between
the numbers of significantly increased and significantly decreased taxonomic units; groups with significantly more decreased than increased taxa are shaded
in green, and groups with significantly more increased than decreased taxa are shaded in purple. N = 12 mice/strain. The % abundance of significantly
changed microflora, P for abundance in Pglyrp-deficient versus WT microflora, and the ratio of abundance in Pglyrp-deficient to WT microflora for each strain
and taxonomic unit are shown in S1-S6 Tables.

doi:10.1371/journal.pone.0146162.g001

all four Pglyrp-deficient strains of mice (with statistically significant change in at least three
Pglyrp-deficient strains, including Pglyrp3”" mice, which are the most sensitive to colitis [13]).
By these criteria all Pglyrp-deficient mice had increased abundance of two Bacteroidetes (Para-
bacteroides distasonis and Prevotella falsenii) (Figs 3 and 4 and S5 Table), and, therefore, we
selected these two species for in vivo testing as candidate colitis-predisposing species.

Similar analysis revealed reduced abundance of three Bacteroidetes (Alistipes finegoldii, Bac-
teroides eggerthii, and Parapedobacter sp.), one Firmicutes (Oribacterium sp. oral taxon 078),
one Tenericutes (Anaeroplasma sp.), one Proteobacteria (Candidatus Entotheonella sp.), and
one Actinobacteria (Microbacterium paraoxydans) (Fig 3 and S5 Table). From this list of
decreased species we selected two Bacteroidetes (Alistipes finegoldii and Bacteroides eggerthii)
for in vivo testing (Fig 4), based on the following additional considerations: (i) one high and
one lower abundance species to match the abundance of the selected proposed colitis-
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Fig 2. B-diversity in bacterial classes in stool microflora of WT and Pglyrp-deficient mice. Class abundance is expressed as % of total stool microflora.
The classes with significantly different abundance in Pglyrp-deficient versus WT mice are marked with an asterisk (*) and listed as significantly (at P<0.05)
increased or decreased (marked by upward or downward arrows); N = 12 mice/strain. The % abundance of significantly changed microflora, P for abundance
in Pglyrp-deficient versus WT microflora, and the ratio of abundance in Pglyrp-deficient to WT microflora for each strain of mice are shown in S1 Table.

doi:10.1371/journal.pone.0146162.9002

predisposing Bacteroidetes species, of which one has high and one low abundance; (ii) both
species from Bacteroidetes, because changes in Bacteroidetes were previously linked to changes

PLOS ONE | DOI:10.1371/journal.pone.0146162 January 4, 2016 5/24



@PLOS | ONE

Pglyrp-Regulated Microflora Modulates Colitis

Classes

ﬁ’

Sphingobacteria
Flavobacteria

tm7_3
Epsilonprotecbactena
Gammaprotecbacteria
Alphaprotecbacteria
Actinobacteria

0.276 Mollicutes

0138 Synechococcophycideae
0.017 Betaproteobacteria
0.012 Opitutae

0.011 Spartcbacterfa

0.008 Defernbacleres

0.006 ab1é

0.001 Fusobacteria

Families
é&
&
~c$' XX x
2485 Lachnospiraceae
19.15 Rikenellaceae
14,64 FPrevoteliaceae
14.41 Porphyromonadaceae
7.885 i
6814 Ruminococcaceas
3120 Lactobacillaceae
1.071 Flammeovirgaceae
1.053 Flexibacteraceae
0.881 Clostrichaceae
0.832
0.524 Flavobacteriaceae

]
Rickettsiaceas

0.286 Chromatiaceas

0.217 Anaeroplasmataceae
0.150 Clostridiales family xiil
0.138 Synechococcaceas

Cardiobacteriaceae

0.089 Cyclobacteriaceas
0.042 Staphylococcaceas
0.035 Anaerobrancaceae
0.035 Qceancspirilaceae
0.032 Alteromonadaceae
0.027 Veilloneflaceae
0.019 Desulfovibrionaceae
0.015 Entothecneflaceae
0.014 Rhodospirillaceae
a.01 Spartobacteriaceae

0.010 Phyliobacteriaceas
0.008 Comamaonadaceae
0.006 artdo1y

0.005 Carnobactenaceas
0.003 Propionibacieriaceae

Streptomycetaceae
Alicyclobacilaceae
Fusobactenaceae

Scale:
decrease or increase in fold

5-2.00

175

-1.50

125

0

1.25

1.50

1.75

=200

Not detected

0 (1 b]
0.015
0.015
0.015
001

0.005
0.001

19.15
14.64
9,420
5.607
4232

Bactercidales
Clostridiales
Lactobacillales
Sphingobacteriales
Flavohacteriales

Desulfovibrionales
Rhodospiniiales
Entotheoneliales
Burkholdenales
Spanobacteriales
arclicath_7
Sphingomanadales
Fusobactenales

Genera
@“‘ ¥ X x
Sl

Alistipes
Prevotella
Bacteroides

Fontibacter

tm7 (candidate division)
Porphyromonas
Caloramalor

Candidatus Pelagibacter
Flavobacterium
Anaerotruncus
Nitrosococeus

Rapidithrix
Aneurimbacillus
Pseudobutyrivibrio
Onbacterium

Cohnella

Shuttleworthia
Robiginitalea

Veillonelia

Candidatus Entotheonella
Misaga

Myroides
zd0117

Candidatus Xiphinematobacter
Leuconostoc

Fulvivirga

Enterococeus

Sporocytophaga

IS.?I
B.873
4.067

Species

Ms.ripas finegoldi %
Frevotella ons
Bacteroides uniformis
Coprococous eutacius
Farabacteroides dislasonis %
Hos mall
RUmingcoccus gnavus
Prevotella copri
Bactervides coprophilus
Bacteroides capilosus
Odoribacter sp.
Faecalibacterium prausnitzi
Coprococous clostridium sp. ss2/1
Thermonema rossianum
Clostidium scindens
Fontibacter korensis
tm7 {candidate division)
Clostndium celerecrescens
Lactobacillus iners
Bacteroides acidifaciens
Caloramatar sp.
Harphymmonas cv'ewancams

Candidatus Pelagibacter ubigue
Anaerofruncus colihomins
Bacteroides eggerthii %
Flavobacterium columnare
Bacteroides barnesiag
Nitrosococcus oceani
Clostridium methylpentosum
FParapedobacter sp.
Bacteroides ovalus
Anaeroplasma sp.
Prevolella falseni %
Cytophaga hutchinsonii
Coprococcus catus
Sphingobacterium mizutail
Rubrobacter taiwanensis
Ruminococeus bromii

Clostridium leptum
Porphyromonas gingivalis
Bacteroides intestinalis
Dichelobacter nodosus
Agquiflexum sp.
Lactobacilius reuter
Parabacteroides gordomni
Adlercreutzia equolifaciens
Bultynivibrio hungatei
Anaerobranca sp.
Rapicithrix thallandica

Bactervides plebeius
Pseudobutyrivibrio ruminis

Cohnella sp.

Parabacteroides johnsoni
Olivibacter sp.

Oribacterium sp. oral taxon 078
Shuttleworthia safelles
Robiginitalea biformata
Ruminococcus torques
Clostridium piliforme
Veillonella parvula
Candidatus Entotheonefla
C.Ios.rnduum thermopalmarium

Lac.l‘mom’ra pectinoschiza
Sphingobacterium faecium
Myroides odoralimimus
Candidatus Xiphinematobacter
2d0117

Lewconostoc cifreum
Fulvivirga sp.
Sporocytophaga sp.
Mannimicrobium sp.
Microbacterium paraoxydans
Zhouia amylolytica
Cardiohacterium hominis
Eubacterium celiulosofvens
Streplococcus sanguinis
Lactobacillus ruminis
Collinsella aerofaciens
2a3312¢c sp.

Alkalibacterium psychrotolerans
Lactobacillus aviarius
Fropionibacterium acnes
Lactobacillus mucosae
Thermincola sp.
Fusobacterium necrophorum

PLOS ONE | DOI:10.1371/journal.pone.0146162 January 4, 2016

6/24



e »
@ ’ PLOS ‘ ONE Pglyrp-Regulated Microflora Modulates Colitis

Fig 3. Bacteria with significantly changed abundance in stools of Pglyrp-deficient mice. Heatmap representation of the fold increase (red) or decrease
(green) in the abundance of the indicated bacterial taxons, calculated as a ratio: % abundance in Pglyrp-deficient mice / % abundance in WT mice. The %
abundance in WT mice is shown on the left of each heatmap panel. Taxons with no significant difference in abundance in any of the Pglyrp-deficient strains
and low frequency taxons not detected in WT mice are omitted; * denotes species used in this study for colonizing mice. The % abundance of significantly
changed microflora, P for abundance in Pglyrp-deficient versus WT microflora, and the ratio of abundance in Pglyrp-deficient to WT microflora for each strain
and taxonomic unit are shown in S1-S6 Tables.

doi:10.1371/journal.pone.0146162.9003

in sensitivity to colitis in immunodeficient mice, in contrast to changes in the species from
other groups (Firmicutes and Proteobacteria), which were not previously linked to transmis-
sion of changed sensitivity to colitis in immunodeficient mice [21, 22]; (iii) presence of these
species in humans; (iv) their availability from strain repositories; and (v) their ability to grow
in culture.

Prevotella falsenii, Parabacteroides distasonis and Bacteroides eggerthii
enhance and Alistipes finegoldii attenuates colitis in mice

Here we tested the hypothesis that individual bacterial species (P. falsenii, P. distasonis, B.
eggerthii, and A. finegoldii), selected as described in the preceding section based on their
increased or decreased abundance in the stools of all Pglyrp-deficient mice, predispose to or
protect from DSS-induced colitis in mice.

First we used a well-established model with WT mice depleted of their intestinal microflora
by a 3-week long treatment with oral ciprofloxacin and metronidazole [21, 23]. We selected
this model rather than germ-free mice (which are often used in such experiments), because the
innate and adaptive immune systems of germ-free mice are immature and for that reason colo-
nization of germ-free mice with bacteria may sometimes produce different effects than in con-
ventional animals [24, 25]. Previously in this antibiotic depletion model colitogenic members
of normal flora bacteria induced severe colitis only in genetically-susceptible immunodeficient
mice, but not WT mice [21].

We grew representative type strains (obtained from ATCC or Riken) of our candidate bacte-
rial species in vitro and we colonized microflora-depleted WT mice by multiple gavages with P.
falsenii, or P. distasonis, or B. eggerthii, or A. finegoldii, or with total preserved WT microflora
(as a control), and we induced colitis by treatment with oral DSS (Fig 5A).

Mice gavaged with P. falsenii, or P. distasonis, or B. eggerthii developed much more severe
DSS-induced colitis than control mice gavaged with the entire WT microflora, manifested by
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Fig 4. Abundance of P. distasonis, P. falsenii, A. finegoldii, and B. eggerthii in WT and Pglyrp-deficient mice. These species were selected for in vivo
testing of their effect on susceptibility to colitis in Figs 5—-8. The results are means + SEM; N = 12 mice/strain; *, P<0.05; **, P<0.001 Pglyrp-deficient versus
WT.

doi:10.1371/journal.pone.0146162.9g004
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finegoldii, or stools from WT mice as a control, and also treated with DSS. (B) Mice were monitored over time for survival, change in body weight, and stool
scores and rectal bleeding. (C) Gross rectal bleeding on day 10 in mice gavaged with P. falsenii, or P. distasonis, or B. eggerthii, but not in mice gavaged with
A. finegoldii or stools from WT mice. (D) Representative hematoxylin-eosin stained sections from day 9 of the colons from mice gavaged with bacteria or WT
stools or from untreated mice as indicated; BL, blood; EP, epithelial cells; LP, lamina propria; G, goblet cells; MM, muscularis mucosa; SM, submucosa; and
IN, inflammatory cell infiltrations are indicated; size bar = 100 um. (E) Severity of histopathological changes in the colon of mice gavaged with P. falsenii (Pf),
or P. distasonis (Pd), or B. eggerthii (Be), or A. finegoldii (Af), or stools from WT mice and treated with DSS. The results are means + SEM of 6 (in B) or 4 (in
E) mice/group; significance of differences: *, P<0.05; **, P<0.001; as indicated (in B) or versus WT (in E); #, P<0.05 Af versus Pf, Pd, and Be (all P<0.001 for
Af versus Pf and Be, except for hyperplasia).

doi:10.1371/journal.pone.0146162.9g005

significantly shortened survival, significantly accelerated loss of body weight, significantly
accelerated and increased stool scores and intestinal bleeding (Fig 5B), and frank bleeding from
the anus (Fig 5C). We also evaluated histopathological changes as a measure of the severity of
colitis. Mice gavaged with P. falsenii, or P. distasonis, or B. eggerthii had significantly more pro-
nounced hyperplasia of lamina propria, loss of crypts, infiltration with inflammatory cells, loss
of epithelium, loss of goblet cells, and ulceration, compared with mice gavaged with WT stools,
which after the same duration of DSS treatment had only low histopathological changes (Fig
5D and 5E). The colitis was most severe in mice gavaged with P. falsenii or B. eggerthii, and
moderately severe with P. distasonis. By contrast, based on the same criteria, mice gavaged with
A. finegoldii showed significantly less severe colitis than mice gavaged with P. falsenii, or P. dis-
tasonis, or B. eggerthii. Colitis in mice gavaged with A. finegoldii was similar in severity and not
significantly different than colitis in mice gavaged with WT stools, except for somewhat more
severe colon infiltration with inflammatory cells (Fig 5B-5D).

We next evaluated possible synergistic effect of gavaging microflora-depleted mice with two
bacterial species, because these bacterial species exist together in the intestine, because the
abundance of both P. falsenii and P. distasonis was increased and the abundance of both B.
eggerthii and A. finegoldii was decreased in Pglyrp-deficient mice, and also because monoasso-
ciation with single bacterial species in some studies was not sufficient to affect the sensitivity to
colitis [26].

Mice gavaged with P. falsenii plus P. distasonis also developed more severe DSS-induced
colitis than control mice gavaged with the entire WT microflora, manifested by significantly
shortened survival, significantly accelerated loss of body weight, significantly accelerated and
increased stool scores and intestinal bleeding (Fig 6B), and frank bleeding from the anus (Fig
6C). Mice gavaged with P. falsenii plus P. distasonis also had significantly more pronounced
hyperplasia of lamina propria, loss of crypts, infiltration with inflammatory cells, loss of epithe-
lium, loss of goblet cells, and ulceration, compared with mice gavaged with WT stools, which
after the same duration of DSS treatment had only moderate infiltration with inflammatory
cells and very few other histopathological changes (Fig 6D and 6E). However, the severities of
colitis in mice gavaged with two species (P. falsenii plus P. distasonis, Fig 6) and single species
(P. falsenii or P. distasonis, Fig 5) were similar. These results indicate that gavaging these two
colitis-promoting bacterial species together does not further enhance the sensitivity to DSS-
induced colitis, compared with gavaging single species.

Mice gavaged with B. eggerthii plus A. finegoldii also developed more severe DSS-induced
colitis than mice gavaged with the entire WT microflora (Fig 6B-6E), although less severe than
mice gavaged with P. falsenii or B. eggerthii individually (Fig 5B-5E), or with P. falsenii plus
P. distasonis (Fig 6B—6E). These results indicate that A. finegoldii is a colitis-protective species,
because it attenuates the severity of DSS-induced colitis promoted by B. eggerthii.

We next tested the role of intact WT microflora in protection against DSS-induced colitis to
answer two questions: (i) whether our proposed colitis-promoting bacteria would still promote
colitis if the remaining WT microflora were present; and (ii) whether potentially protective
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Fig 6. P. falsenii plus P. distasonis, and B. eggerthii plus A. finegoldii predispose mice depleted of intestinal microflora to colitis. (A) WT mice were
depleted of intestinal microflora by treatment with antibiotics and then gavaged every other day with P. falsenii plus P. distasonis, or B. eggerthii plus A.
finegoldii, or with stools from WT mice as a control, and also treated with DSS. (B) Mice were monitored over time for survival, change in body weight, and
stool scores and rectal bleeding. (C) Gross rectal bleeding on day 10 in mice gavaged with P. falsenii plus P. distasonis, or B. eggerthii plus A. finegoldii, but
not in mice gavaged with stools from WT mice. (D) Representative hematoxylin-eosin stained sections from day 9 of the colons from mice gavaged with
bacteria or WT stools as indicated; EP, epithelial cells; LP, lamina propria; G, goblet cells; MM, muscularis mucosa; SM, submucosa; and IN, inflammatory
cellinfiltrations are indicated; size bar = 100 uym. (E) Severity of histopathological changes in the colon of mice gavaged with P. falsenii plus P. distasonis (Pf
+ Pd), or B. eggerthii plus A. finegoldii (Be + Af), or stools from WT mice and treated with DSS. The results are means + SEM of 6 (in B) or 4 (in E) mice/group;
significance of differences: *, P<0.05; **, £<0.001; as indicated (in B) or versus WT (in E); #, P<0.05 Be + Af versus Pf + Pd.

doi:10.1371/journal.pone.0146162.g006

microflora requires for manifestation of its protection the presence of the remaining intact WT
microflora. To answer these two questions, we gavaged unmanipulated WT mice, whose intes-
tinal microflora was intact, with P. falsenii, or P. distasonis, or B. eggerthii, or A. finegoldii, or
with P. falsenii plus P. distasonis, or with B. eggerthii plus A. finegoldii, every other day, to
increase the abundance of these bacteria in the intestine. We then tested their sensitivity to
DSS-induced colitis (Figs 7A and 8A).

WT mice gavaged every other day with P. falsenii, or P. distasonis, or B. eggerthii, or with P.
falsenii plus P. distasonis and treated with DSS developed more severe colitis than control mice
gavaged with the entire WT microflora, manifested by significantly shortened survival, signifi-
cantly accelerated loss of body weight, and significantly accelerated and increased stool scores
and intestinal bleeding (Figs 7B and 8B), and also severe frank bleeding from the anus (Figs 7C
and 8C). These mice also had significantly more pronounced hyperplasia of lamina propria,
loss of crypts, infiltration with inflammatory cells, loss of epithelium, loss of goblet cells, and
ulceration, compared with mice gavaged with WT stools, which after the same duration of DSS
treatment had only moderate histopathological changes (Figs 7D and 7E and 8D and 8E).
Thus, these results indicate that P. falsenii, P. distasonis, and B. eggerthii increase the sensitivity
of WT mice to DSS-induced colitis not only when they are present by themselves when the
remaining microflora is depleted (Figs 5 and 6), but also when their abundance is increased
and the remaining intestinal microflora is intact (Figs 7 and 8).

By contrast, WT mice with intact microflora gavaged with A. finegoldii were more resistant
to DSS-induced colitis than mice gavaged with WT bacteria, with no frank bleeding from the
anus (Fig 7C), significantly lower loss of body weight (on days 8-10) (Fig 7B), and significantly
less colon ulceration (Fig 7D and 7E). WT mice with intact microflora gavaged with B. eggerthii
plus A. finegoldii had similar sensitivity to DSS-induced colitis as mice gavaged with WT bacte-
ria, based on similar survival, loss of body weight, stool scores, anal bleeding, and histopatho-
logical changes in the colon (Fig 8B-8E), which was significantly less severe than the DSS-
induced colitis in mice with intact flora gavaged just with B. eggerthii (Fig 7). Thus, increased
abundance of A. finegoldii had a protective effect against DSS-induced colitis both in WT mice
with otherwise unmanipulated normal microflora, as well as against increased sensitivity to
DSS-induced colitis caused by higher abundance of a colitis-promoting species B. eggerthii. We
confirmed by qPCR of bacterial DNA that these bacterial gavages actually selectively increased
the abundance of the gavaged bacteria in the stools (Figs 7F and 8F).

Our results also show that the presence of WT intact intestinal microflora protects against
increased sensitivity to DSS-induced colitis caused by higher abundance of P. falsenii, P. dista-
sonis, or B. eggerthii, because the mortality, weight loss, stool scores, intestinal bleeding, frank
bleeding from the anus, and histopathological changes in mice with intact intestinal microflora
were delayed by approximately 2 days, when compared with mice with antibiotic-depleted
microflora, and this delay was statistically significant at P<0.05 (compare Figs 5 and 6, in
which pictures of bleeding from the anus were taken on day 10 and colons for histopathology
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Fig 7. P. falsenii, P. distasonis, and B. eggerthii predispose WT mice with intact intestinal microflora
to colitis, whereas A. finegoldii protects WT mice with intact intestinal microflora from colitis. (A) WT
mice were gavaged every other day with P. falsenii, or P. distasonis, or B. eggerthii, or A. finegoldii, or stools
from WT mice as a control, and also treated with DSS. (B) Mice were monitored over time for survival, change
in body weight, and stool scores and rectal bleeding. (C) Severe gross rectal bleeding on day 12 in mice
gavaged with P. falsenii, or P. distasonis, or B. eggerthii, mild bleeding in mice gavaged with stools from WT
mice, and not in mice gavaged with A. finegoldii. (D) Representative hematoxylin-eosin stained sections from
day 11 of the colons from mice gavaged with bacteria or WT stools as indicated; BL, blood; EP, epithelial
cells; LP, lamina propria; G, goblet cells; MM, muscularis mucosa; SM, submucosa; and IN, inflammatory cell
infiltrations are indicated; size bar = 100 um. (E) Severity of histopathological changes in the colon of mice
gavaged with P. falsenii (Pf), or P. distasonis (Pd), or B. eggerthii (Be), or A. finegoldii (Af), or stools from WT
mice and treated with DSS. (F) Abundance of DNA for the indicated bacteria in stools on day 9. The results
are means + SEM of 6 (in B and F) or 4 (in E) mice/group; significance of differences: *, P<0.05; **, P<0.001;
as indicated (in B) or versus WT (in E and F); ##, P<0.001 Af versus Pf, Pd, and Be.

doi:10.1371/journal.pone.0146162.g007

were resected on day 9, with Figs 7 and 8, in which pictures were taken on day 12 and colons
were resected on day 11).

Discussion

Dysbiosis is a well-recognized hallmark of IBD, which is usually associated with a decreased
diversity of intestinal microflora, lower abundance of Firmicutes, an increase or a decrease in
certain members of Bacteroidetes, and often an increase in some Proteobacteria [27-35].
Accordingly, fecal transplantation is used to treat IBD, but the success of this treatment is
inconsistent, most likely because of the incomplete knowledge which specific bacteria protect
from and which predispose to IBD in the context of all other variables that affect the outcome
of IBD, such as the host genotype and the composition of the entire donor and recipient micro-
flora [36-38].

To define the causative role of various members of the intestinal microbiota in colitis, sev-
eral models of genetically-determined and/or environmentally-induced IBD have been used
[39]. From these studies, the disease-promoting or disease-protecting role of intestinal micro-
biome in animal models of IBD is well established. Various immunodeficient mice have
changed microbiota and their increased sensitivity to colitis can be transferred to genetically
non-susceptible hosts with intestinal microflora [13, 14, 21, 22, 40-43]. There are also some
examples of pathobionts, which are benign commensals or beneficial symbionts in WT but
opportunistic pathogens in genetically-susceptible immunocompromised individuals. These
pathobionts include Helicobacter hepaticus in IL10”" mice [44-46), Escherichia coli in TLR5™""
mice [47], and Bacteroides thetaiotaomicron in IL10r2” 'Tgﬂ)rZ'/' mice [21]. But even the sus-
ceptibility to these pathobionts in immunodeficient mice is dependent both on the host geno-
type and the composition of its microbiome [48].

However, the specific changes in the intestinal microbiome responsible for the transfer of
increased sensitivity to IBD to genetically colitis-resistant WT mice are still not clear. There are
only some examples of individual bacteria or their products conferring increased resistance to
colitis in WT mice, most notably Faecalibacterium prausnitzii [49], multiple Clostridium spe-
cies [50], and Bacteroides fragilis and its polysaccharide A [51, 52]. These bacteria are typically
decreased in IBD patients [30].

The exact knowledge of colitis-promoting and colitis-protective bacteria that are active in
hosts with various genetic backgrounds, including WT hosts, would greatly aid in rational
designing of microbiota-based prevention and treatment of IBD aimed at optimal balancing of
intestinal microbiota. Towards this goal, we have previously shown that dysbiotic microflora
from Pglyrp-deficient mice is sufficient to increase sensitivity to DSS-induced colitis irrespec-
tive of genotype [13, 14]. Here we characterized in detail this dysbiotic microflora and
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Fig 8. P. falsenii plus P. distasonis, but not B. eggerthii plus A. finegoldii, predispose WT mice with
intact intestinal microflora to colitis. (A) WT mice were gavaged every other day with P. distasonis plus P.
falsenii, or A. finegoldii plus B. eggerthii, or with stools from WT mice as a control, and also treated with DSS.
(B) Mice were monitored over time for survival, change in body weight, and stool scores and rectal bleeding.
(C) Severe gross rectal bleeding on day 12 in mice gavaged with P. falsenii plus P. distasonis, and mild
bleeding in mice gavaged with B. eggerthii plus A. finegoldii, or with stools from WT mice. (D) Representative
hematoxylin-eosin stained sections from day 11 of the colons from mice gavaged with bacteria or WT stools
as indicated; BL, blood; EP, epithelial cells; LP, lamina propria; G, goblet cells; MM, muscularis mucosa; SM,
submucosa; and IN, inflammatory cell infiltrations are indicated; size bar = 100 ym. (E) Severity of
histopathological changes in the colon of mice gavaged with P. falsenii plus P. distasonis (Pf + Pd), or B.
eggerthii plus A. finegoldii (Be + Af), or stools from WT mice and treated with DSS. (F) Abundance of DNA for
the indicated bacteria in stools on day 9. The results are means + SEM of 6 (in B and F) or 4 (in E) mice/
group; significance of differences: *, P<0.05; **, P<0.001; as indicated (in B) or versus WT (in E and F); #,
P<0.05; ##, P<0.001; Be + Af versus Pf + Pd.

doi:10.1371/journal.pone.0146162.g008

identified both common and unique changes in intestinal microbiota in all four Pglyrp-defi-
cient strains.

The most significant common changes in B-diversity in all Pglyrp-deficient mice compared
with WT mice were: (i) decrease in high abundant and increase in low abundant species and
OTUs; (ii) increased abundance of two Bacteroidetes (P. falsenii and P. distasonis); and (iii)
reduced abundance of three Bacteroidetes (A. finegoldii, B. eggerthii, and Parapedobacter sp.)
and four other species, each belonging to a different taxon. From these species we selected four
members of Bacteroidales: P. distasonis, P. falsenii, A. finegoldii, and B. eggerthii as candidate
colitis-promoting or colitis-protecting species for in vivo testing of their effect on sensitivity to
DSS-induced colitis. The abundance of Bacteroidales is often changed in IBD patients, as mem-
bers of this order may be increased or decreased in IBD, and they may have colitis predisposing
or protective effects [13, 22, 26, 28, 29, 42, 51, 53-58].

P. falsenii, P. distasonis, and B. eggerthii increased sensitivity to DSS-induced colitis in both
WT mice depleted of their own intestinal flora with antibiotics, and in WT mice with intact
intestinal flora, which is a more realistic scenario resembling the situation in Pglyrp-deficient
mice or IBD patients. These results identify P. falsenii, P. distasonis, and B. eggerthii as colitis
promoting species and indicate that they are at least partially responsible for the increased sen-
sitivity of Pglyrp-deficient mice to DSS-induced colitis. The results with P. falsenii and P. dista-
sonis support our initial hypothesis that these two species more abundant in Pglyrp-deficient
mice predispose to colitis. However, the results with B. eggerthii, which also predisposes to coli-
tis, indicate that some species with decreased abundance in Pglyrp-deficient mice may be also
able to promote colitis if their abundance is increased. These results suggest that increasing the
abundance of normally low abundant species (P. falsenii and B. eggerthii) greatly enhances the
sensitivity to colitis. Of note, these bacteria do not cause colitis on their own, but rather they
predispose to colitis induced by DSS, which is an intestinal epithelium-damaging compound.
Moreover, our results do not exclude the possibility that changes in the abundance of other
bacterial species could also affect the sensitivity to colitis.

Our results are consistent with the previous studies showing correlation between the
increase in the abundance of Prevotellaceae and the severity of microflora-transmissible colitis
in NLRP6 inflammasome-deficient mice [22], in IL22”" mice [42], and in Casp3/1 1" mice
[53]. Prevotellaceae produce sulfatases that degrade mucus polysaccharide, which could disrupt
intestinal mucosal barrier [59], and an increase in sulfatases was found in biopsies from IBD
patients [60]. Moreover, the abundance of Prevotellaceae is increased in the colon [54] and in
the oral cavity [61] of IBD patients, and is also implicated in the pathogenesis of periodontal
disease [62]. Pglyrp3 and Pglyrp4 have the highest expression in the oral cavity and esophagus
[5, 6]. Because Pglyrps are secreted antibacterial proteins [7-11], they likely play a role in
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maintaining microflora in the oral cavity and in shaping the composition of ingested bacteria that
pass through the mouth and esophagus to colonize the remaining parts of the intestinal tract.

There are conflicting reports on the role of P. distasonis and Bacteroides in IBD. The abun-
dance of Parabacteroides sp. was increased in stools of colitis-prone NHE3”~ mice [55], but was
decreased in colitis-prone 1122 mice [42], and was decreased in biopsies from inflamed ileum
of pediatric patients with Crohn’s Disease (CD) and ulcerative colitis (UC) [56] (two main
forms of IBD), and was increased during remission in ileal biopsies from IBD patients, along
with increased abundance of Prevotella and Bacteroides [57]. P. distasonis (formerly Bacteroides
distasonis) was also decreased in washed tissue sections from small or large intestine of CD and
UC patients, representing epithelium-associated bacteria [29]. Furthermore, oral administra-
tion of membrane fractions from P. distasonis attenuated DSS-induced colitis in mice [63].
These discrepant results may be due to differences between animal models and patients and
different sources of samples, as some assays (including ours) were performed on stools and rep-
resent luminal distal colon and fecal bacteria, whereas in several patient studies tissue-associ-
ated bacteria from more proximal segments of intestine were used, and colon and ileum often
show opposite changes in the abundance and types of bacteria [32].

Although we are not aware of any previous reports linking B. eggerthii with increased sensi-
tivity to colitis, some Bacteroides species have increased abundance [54] and some decreased
abundance [29, 57, 58] in IBD. Also, Bacteroides were proposed to have beneficial protective
effect against IBD, because they break down complex dietary carbohydrates, modulate mucosal
glycosylation, and promote angiogenesis and immune maturation [52, 64, 65]. Some Bacter-
oides also produce a colitis-protective polysaccharide [51]. Moreover, B. eggerthii is one of the
intestinal bacteria that generate phenolic acids, which are regarded as beneficial for human
health [66]. However, our results are not consistent with these hypotheses and show that
increased abundance of B. eggerthii promoted DSS-induced colitis in WT mice with otherwise
intact normal microflora and also with antibiotic-depleted microflora.

A. finegoldii, whose abundance was decreased in colitis-sensitive Pglyrp-deficient mice,
attenuated DSS-induced colitis when its abundance was increased in WT mice with intact
intestinal microflora or when it was administered together with a colitis-predisposing bacte-
rium, B. eggerthii. These results are consistent with decreased abundance of Alistipes sp. in IBD
[29]. The entire normal microflora also had colitis protective effect, which could be replicated
with A. finegoldii, the most abundant bacterial species in WT mice. Thus, the colitis-protective
properties of A. finegoldii may be the reason for its highest abundance in the colon.

In addition to the increased sensitivity to colitis [13, 14], Pglyrp-deficient mice also have
changed sensitivity to other inflammatory diseases. Pglyrp2 protects mice against psoriasis-like
skin inflammation [16], is required for the development of experimental arthritis [15], and
exacerbates bacterial keratitis [19]. Pglyrp3 and Pglyrp4 protect mice against atopic dermatitis
[17]. Pglyrp1 has a pro-inflammatory effect in three mouse models of inflammatory skin dis-
eases (psoriasis, atopic dermatitis, and contact dermatitis) [16, 17] and in experimentally
induced asthma [18], but has anti-inflammatory effect in experimentally induced arthritis [15].
Thus, in contrast to the similar effect on the sensitivity to colitis, each Pglyrp has a unique role
in the development of other inflammatory diseases, which is consistent with Pglyrps not com-
pensating for each other in mice deficient in a single Pglyrp. It is not known whether the above-
mentioned changed sensitivities to non-intestinal inflammatory diseases are also based on the
changes in microflora. If they are, the unique changes in the microbiomes of Pglyrp-deficient
mice would be likely involved, which will be the subject of our future studies.

Several lines of evidence suggest that our results on these mouse models are relevant to
human diseases. We have demonstrated genetic association of 16 human Pglyrp variants in
IBD patients with CD and UC [67]. Human Pglyrp2 gene is located in the IBD susceptibility
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locus 19p13 [68] and human Pglyrp3 and Pglyrp4 genes are located at 151.5 Mb on chromo-
some 1 near the 151.79 Mb IBD locus [69]. Also, human Pglyrp3 and Pglyrp4 are genetically
associated with psoriasis [70, 71].

In conclusion, our results show that increased abundance of P. falsenii, P. distasonis, or B.
eggerthii enhances DSS-induced colitis in both WT mice with otherwise undisturbed intestinal
microflora and in WT mice with antibiotic-depleted intestinal microflora. By contrast,
increased abundance of A. finegoldii (which is the most abundant species in WT mice) attenu-
ates DSS-induced colitis both in WT mice with otherwise undisturbed intestinal microflora
and in WT mice with antibiotic-depleted intestinal microflora, similar to the colitis protective
effect of the entire normal flora. These results identify P. falsenii, P. distasonis, and B. eggerthii
as colitis-promoting species and A. finegoldii as colitis-protective species.

Materials and Methods
Mice and ethics statement

Pglyrp1™", Pglyrp2™”", Pglyrp3™", and Pglyrp4™~ mice were described previously [13, 15, 72]. All
knockout and WT mice were on BALB/c background, female, 7-9 week-old, bred and kept
under conventional pathogen-free conditions in the same room in our facility to minimize the
influence of differences in the environment. The original colony founder BALB/c mice for both
WT and Pglyrp-deficient mice were obtained from Harlan-Sprague-Dawley. For each experi-
ment, mice from several different cages and breeder pairs were used. We did not use WT and
homozygous knockout littermates from heterozygous breeding pairs because this strategy may
skew the results to the particular microflora present only in this breeding pair; and also because
the effect of Pglyrps on the composition of the microbiome is not instantaneous, but takes time,
and stabilization of microbiome characteristic of a given mutant strain takes more than one
generation. To avoid changes in microbiome that could accumulate over extended period of
time, we backcross our mutant mice to WT females once every other year and re-derive our
homozygous knockout breeding pairs. The latter strategy also minimizes genetic drift in the
population. The BALB/c background of knockout mice and their negative status for all com-
mon viral and bacterial pathogens and parasites (including negative PCR stool tests for mouse
Norovirus) were confirmed as previously described [13, 14, 18].

All experiments on mice were performed according to the guidelines and approved by the
Indiana University School of Medicine-Northwest Institutional Animal Care and Use Com-
mittee (approval number IUSM-NW-IACUC-16). All efforts were made to minimize suffering
of animals.

Stool collection and DNA extraction

We collected and immediately snap-froze at -80°C freshly defecated stools from individual
8-week-old female WT, Pglyrp1™", Pglyrp2™", Pglyrp3™", and Pglyrp4”~ mice (200 mg/mouse, 12
mice/strain) and isolated DNA from microflora using Qiagen QIAamp DNA Stool Mini Kit.
For each strain, mice originated from six different litters from different parents (2 mice per lit-
ter), weaned into separate cages, and all cages were kept in the same room in our animal facil-
ity. This strategy allows stabilization of microflora and minimizes the variability observed
between different litters due to different parents and different cages and rooms [13, 14].

Pyrosequencing of 16S rRNA genes and microbiome analysis

We performed genetic phylotyping (community profiling) using pyrosequencing of the vari-
able regions of bacterial 16S ribosomal RNA (rRNA) genes using Roche 454 titanium
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technology. Sequencing data were processed, including depletion of barcodes and primers,
removal of short sequences (<150 bp), sequences with ambiguous base calls, and sequences
with homopolymer runs exceeding 6 bp, de-noising, and removal of chimeras [73, 74]. Opera-
tional taxonomic units (OTUs) were then defined after removal of singleton sequences and
clustering, and taxonomically classified using BLASTn against a curated GreenGenes database
and assigned to species at >97% of identity to the reference sequence (<3% divergence), to
unclassified species at 95%-97% identity, genus at 90%-95% identity, family at 85%-90% iden-
tity, order at 80%-85% identity, phylum at 77%-80% identity, and unclassified at <77% identity
[75]. We compared the sequences and analyzed the changes in bacterial ecology using Quanti-
tative Insights Into Microbial Ecology (QIIME; http://giime.sourceforge.net), Bayesian,
PyNAST, and UniFrac [76-78]. The Shannon diversity index H = -Xp; In(p;) and Shannon
equitability index Eyy = H/In(S), where p; is the proportion of the ith taxonomic unit (OTU or
species) and S is the total number of taxonomic units, were calculated using Microsoft Excel.
The average total number of reads per mouse was 7354, with no significant differences between
the numbers of reads/mouse between WT and Pglyrp-deficient mice.

Bacteria

Parabacteroides distasonis (ATCC 8503), Prevotella falsenii (15124, Riken Bioresource Center,
Japan), Alistipes finegoldii (16770, Riken Bioresource Center, Japan), and Bacteroides eggerthii
(12986, Riken Bioresource Center, Japan), as well as stool cultures, were grown in liquid EG
Medium or Modified Pre-Reduced Clostridial Broth (P. distasonis), or on pre-reduced agar
plates with the same media plus 5% horse blood under anaerobic conditions in complete
absence of oxygen (90% N, 5% H,, 5% CO,) in Anaerobe Systems AS-580 Anaerobic Cham-
ber at 37°C. Aliquots of bacteria in deoxygenated Dulbecco’s PBS with 0.15% thioglycollate,
0.05% cysteine, and 15% glycerol were frozen at -80°C and thawed out once for gavaging.

Colitis model

Experimental colitis was induced in mice with 5% DSS (dextran sulfate sodium, MP Biomedi-
cal) in drinking water [13, 14, 39]. DSS-induced intestinal inflammation is a well-established
animal model for colitis and its manifestations include bloody diarrhea, weight loss, shortening
of the colon, mucosal ulceration, epithelial dysplasia, and intestinal bleeding. Manifestations
such as predominant left-sided colitis, epithelial dysplasia and lack of granulomas are similar
to UC, although the complexity of the human disease is not completely reproduced in the DSS
model [39]. The development and severity of colitis was evaluated as previously described [13],
using: (a) mortality; (b) weight loss calculated as % of initial body weight; and (c) stool and rec-
tal bleeding scores on a scale of 0-16, graded as follows: (i) stool consistency: 0, normal; 2,
pasty and semi-formed stools that do not adhere to the anus; 4, liquid stools (may adhere to
the anus); (ii) stool hemoccult assay: 0, negative test; 1, weakly positive test; 2, strongly positive
test but no visible blood; 4, blood visible in the stools; and (iii) rectal bleeding: 4, frank bleeding
from the anus and/or fresh or dried blood around the anus; 8, severe bleeding from the anus.
The scores were added for each mouse with the maximum score of 16. For evaluation of histo-
pathology, mice treated with 5% DSS were sacrificed on day 9 or 11, distal sections of the colon
were fixed in 10% buffered formalin, embedded in paraffin, sectioned, stained with hematoxy-
lin and eosin, and analyzed for hyperplasia of lamina propria, loss of crypts, infiltration with
immune cells, loss of epithelium, loss of goblet cells, and extent of ulceration, to evaluate the
severity of colitis. The scoring scale was from 0 to 5, with 0 being no change and 5 being the
greatest change [14].

PLOS ONE | DOI:10.1371/journal.pone.0146162 January 4, 2016 18/24


http://qiime.sourceforge.net/

@'PLOS ‘ ONE

Pglyrp-Regulated Microflora Modulates Colitis

Depletion of microflora and bacterial colonization by gavaging

To determine which gut microflora predisposes to or protects from colitis, two models were
used. First, we used an established non-germ-free model of WT mice depleted of their intesti-
nal microflora by a 3-week treatment with antibiotics in drinking water (containing 100 pg/ml
ciprofloxacin, 250 pg/ml metronidazole, and 20 mg/ml Kool-Aid mix) [14, 21, 23]. Anaerobic
stool cultures at the end of antibiotic treatment were negative (< 10> bacteria/g of feces, freshly
collected into a reducing buffer). Microflora-depleted mice were then given sterile drinking
water for 2 days, followed by gavaging into the stomach with WT stools (complete WT micro-
biota control) or selected cultured bacteria, followed by 5% DSS in sterile drinking water.

As the second model, we used untreated WT mice, which we gavaged into the stomach with
cultured bacteria or WT stools (as a control) every other day and treated with 5% DSS in sterile
drinking water, which was started one day after the first gavage. Just before the 5™ gavage, we
took stool samples from all mice for DNA extraction and quantification of DNA of the gavaged
bacteria, to confirm that the gavages indeed increased the abundance of the gavaged species.

To prepare stools for gavaging, 10 freshly defecated pellets (150 mg/mouse) were collected
and pooled from 12 female 8-week-old WT mice originated from six different breeding parents
and kept in separate cages after weaning in the same room in our animal facility. This strategy
minimizes the variability observed between different litters due to parent-to-parent and cage-
to-cage differences. Stools were immediately placed in a reduced preserving buffer (Dulbecco’s
PBS with 0.15% thioglycollate, 0.05% cysteine, 15% glycerol) on ice to maintain the original
composition of live bacteria, including anaerobes, homogenized with Polytrone, and filtered
through 100 um nylon cell strainer (BD Falcon) to remove debris [13]. The concentration of
the stool suspension was adjusted based on ODgg¢, and stool aliquots were kept at -80°C and
thawed out once.

Mice were gavaged into the stomach every other day with 0.2 ml containing 6 mg of stools
from WT mice (3x10° bacteria) or 2x10® cultured single bacterial species (P. distasonis, or P.
falsenii, or A. finegoldii, or B. eggerthii), or 3x10° cultured bacteria, containing 2:1 mixture of
either P. distasonis plus P. falsenii or A. finegoldii plus B. eggerthii, for the entire duration of the
experiment.

Stool flora analysis by gqPCR

Freshly defecated feces (100 mg/mouse) were collected from each mouse and immediately
snap-frozen at -80°C. DNA was isolated from stools from each mouse using Qiagen QIAamp
DNA Stool Mini Kit. The abundance of gavaged bacteria in mouse stools was measured by
qPCR using the ABI 7000 Sequence Detection System with 1 cycle 10-min at 95°C and 40
cycles 15 sec at 95°C and 1 min at 60°C with Qiagen/SA Biosciences SYBR Green Master Mix
as described previously [13], using 20 ng DNA and the following specific forward and reverse
primers: P. distasonis (TGATCCCTTGTGCTGCT and ATCCCCCTCATTCGGA) [79], P. fal-
senii (CGTGGACCAAAGTTATTTCGGTAGA and AAACAACCCCTCATTTCTCA) [80],
A. finegoldii (GTACTAATTCCCCATAACATTCGAG and CTAATACAACGCATGCCCAT
CTT) [79], B. eggerthii (GTCATATTAACGGTGGCG and GGGTTBCCCCATTCGG) [79],
and universal primers for all Eubacteria (ACTCCTACGGGAGGCAGCAGT and ATTACCG
CGGCTGCTGGC) [13]. The amounts of DNA for each bacterial species for each mouse were
calculated using comparative cycle threshold method with Eubacteria as a control.

Statistical analyses

The significance of differences between the numbers of recovered bacterial species and OTUs
and between the numbers of taxonomic units with increased and decreased abundance was
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determined by binomial test if npq < 9 or by z-test if npq > 9 using Microsoft Excel. The sig-
nificance of differences between all other quantitative results presented as means + SEM were
determined by the Student’s ¢-test using Microsoft Excel. The significance of differences
between mouse survivals were analyzed using Chi-square test. The N and P values are indicated
in the figures and tables; P < 0.05 was considered significant. The heatmaps were generated
using Java TreeView and represent mean fold changes in bacterial abundance relative to WT,
after converting <1 ratios to negative fold difference using the formula: (-1)/ratio.

Supporting Information

S1 Fig. a-diversity in stool microflora in WT and Pglyrp-deficient mice. (A) Total numbers
of species, numbers of species/mouse, Shannon diversity index, and Shannon equitability index
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