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Comparative evaluation of establishing a human
gut microbial community within rodent models
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Abbreviations: ANOSIM, analysis of similarity; C57BL/6, black 6 mouse (C57BL/6]JZtm); F/B, Firmicutes/Bacteriodetes;
GF, germ-free; GI, gastrointestinal; HZI, Helmholtz Centre for Infection Research; IBD, inflammatory bowel disease; IVC,
individually ventilated cages; MHH, Hannover Medical School; nMDS, non-metric multidimensional scaling; NMRI, a Swiss
mouse named after the US Naval Medical Research Institcute (NMRI/MaxZtm); PT, phylotype; RDP, Ribosomal Database
Project; RT-qPCR, real-time quantitative polymerase chain reaction; SEM, standard error of the mean; SPF, specific pathogen-free;
SPRD, Sprague-Dawley rat (Ztm:SPRD); T-RFLP, terminal restriction fragment length polymorphism; T-RF, terminal restriction

fragment; WKY, Wistar Kyoto rat (WKY/Ztm)

The structure of the human gut microbial community is determined by host genetics and environmental factors, where
alterations in its structure have been associated with the onset of different diseases. Establishing a defined human gut
microbial community within inbred rodent models provides a means to study microbial-related pathologies, however,
an in-depth comparison of the established human gut microbiota in the different models is lacking. We compared the
efficiency of establishing the bacterial component of a defined human microbial community within germ-free (GF) rats,
GF mice and antibiotic-treated specific pathogen-free mice. Remarkable differences were observed between the different
rodent models. While the majority of abundant human-donor bacterial phylotypes were established in the GF rats, only
a subset was present in the GF mice. Despite the fact that members of the phylum Bacteriodetes were well established
in all rodent models, mice enriched for phylotypes related to species of Bacteroides. In contrary to the efficiency of
Clostridiales to populate the GF rat in relative proportions to that of the human-donor, members of Clostridia cluster IV
only poorly colonize the mouse gut. Thus, the genetic background of the different recipient rodent systems (that is, rats
and mice) strongly influences the nature of the populating human gut microbiota, determining each model’s biological

suitability.

Introduction

The structure of the human gut microbial community is deter-

12 where

mined by host genetics and environmental factors,
the complex communication between the gut microbiota and
the innate immune system governs metabolic homeostasis.?
Alterations in the gut microbial community have been associ-
ated with the onset of bowel diseases,*” obesity,*’ allergies and
asthma®’ and autoimmune diseases such as diabetes.''! However,
the study and manipulation of the in situ human gut microbial
community is constrained by sampling difficulties’ as well as
ethical issues and the immense inter-individual differences in
the microbial composition.’*' Alternatives have been to use in
vitro model bioreactors simulating the human gastrointestinal
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tract® or the establishment of the human gut microbiota into

germ-free (GF) surrogate animal models such as zebrafish,'

pigs,"”” mice”" and rats."***?! Although GF animals lack intes-
tinal microbiota which is important for educating the immune
system,”? microbial colonization of GF animals has been reported
to restore the mucosal and systemic functionality of the immune
system.?® The use of transplanted microbial community models
has been decisive for the elucidation of key processes involved in

1624 or microbe-microbe interactions,? as well as for

host-microbe
determining the influence of host factors, dietary manipulations
and therapeutics such as probiotics, prebiotics and antibiotics on
bacterial community structure and function.”!8:242¢

The analysis of genetically obese and lean mice revealed

obese animals to have a 50% reduction in the abundance of
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Table 1. Experimental design

RESEARCH PAPER

number of animals age . s i A . o
Rodent models group e e gender (weeks)* Exp Application routine Housed Animal ID number
SPF C57BL/6 mouse A 6 f 5 | Human (m,t,w,th,f) HZzI (41) 1-6
SPF C57BL/6 mouse B 3 f 5 | PBS (m,t,w,th,f) HZI (41) 7-9
GF C57BL/6 mouse @ 6 f 6 I Human (m,t,w,th,f) HZI (41) 10-15
GF Wistar Kyoto
(WKY) rat D 2 m 9 | Human (m,w,f) MHH (32) 16 and 17
GF NMRI mouse E 5 f 9 1l Human (m,w,f) MHH (32) 18-22
GF Sprague-Dawley
(SPRD) rat F 4 f 1 Il Human (m,w;f) MHH (32) 23-26
GF Wistar Kyoto
(WKY) rat G 5 f 1 1l Human (m,w,f) MHH (32) 27-31

Information pertaining to the rodent model groups used in both independent experiments of this study. *Age was determined in weeks from the

date of birth to the first day that human-donor fecal inoculum was administered. *l and Il used the same human-donor, although the inoculum Il was a
repeated experiment using fresh bacterial inoculum from the same person who donated the stool sample in I. *“Application routine: Human, given hu-
man microbiota; PBS, given sterile PBS only; m, Monday; t, Tuesday; w, Wednesday; th, Thursday; f, Friday. "All animals were fed a low fat, low sugar, high
polysaccharide diet with gross energy of 16.3-16.8 MJ/kg. The number in parentheses corresponds to the time of colonization (in days) until sacrifice.
°Mice were given 9 x 108 bacterial cells during each inoculation while rats were given 5-fold to compensate for their increased size.

Bacteroidetes and a proportional increase in Firmicutes,” a find-
ing also reported in obese and lean humans® which correlated
with an increased capacity to harvest energy from the diet.”?
Importantly, the obese phenotype could be transferred to GF
recipient mice by colonization with the “obese microbiota” from
an obese donor, thus identifying the gut microbiota as an impor-
tant factor contributing to the pathophysiology of obesity.”

Because of their commercial availability, small size, high
reproductive rate, minimal costs of purchase and maintenance as
well as their well-characterized and easily manipulated anatomy,
physiology and genetic background rats and mice are the most
used and perhaps best understood laboratory animal species.
While, previous studies have reported that the dominant human
bacterial groups can be transplantable and stable in both GF
mice”"” and GF rats,?® a comparison between animal models has
yet to be made. Previous studies have reported successful coloni-
zation when either the dominant groups can be established*>*
or when most of the diversity can be established.” However,
due to the complex interactions between gut species and reports
on significant changes to the balance between bacterial groups,
successful colonization may be regarded appropriate when a sig-
nificant fraction of the diversity can be established into the sur-
rogate host at levels of abundance similar to that of the original
donor. Nevertheless, as stated by Silley” the primary concern is
a proper understanding of the limitations of a model, and in the
case where this is accepted, the model can be useful even if it fails
to be a true representation of the gastrointestinal tract.

Analysis of either GF mice or GF rats have revealed that the
intestinal microbiota of animals being inoculated with human
microbiota may represent a limited sample of bacteria from the
human source which are selected by yet unknown interactions
between the host and the bacteria.?** A more recent study in
reference 19, reported on the engraftment of the majority of gen-
era of the human gut microbiota into GF mice, but where diet
had a significant effect on community structure and function.
However, a comparison of the fecal microbiota of 59 mammalian

www.landesbioscience.com
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species to humans showed that host phylogeny also significantly
influences bacterial diversity.® More recently, evidence for the
importance of host genetics was supported through the analysis
of gut microbial communities of 645 mice of an advanced inter-
cross line? where correlations between host genotype and the rela-
tive abundances of specific microbial taxa were observed.

Despite the numerous studies on human-microbiota associ-
ated rodent models, the spectra of human bacterial species that
can be successfully established in the different models (in their
relative proportions), and thus, in how closely they mimic the
human intestinal microbiota remains to be determined. Here,
we compare the establishment efficiency, quality and stability
of a transplanted human gut microbial community in different
strains of GF recipient rats, GF recipient mice and antibiotic-
treated specific pathogen-free (SPF) recipient mice to evaluate
the influence of host phylogeny and genetic background on such
establishment, across two independent but reproducibly designed
experiments.

Results

Global patterns in establishment. The efficiency of establishing
a human gut microbial community derived from feces into dif-
ferent rodent models was determined by inoculating the bacterial
community of a healthy human-donor into GF WKY rats, GF
C57BL/6 and antibiotic-treated SPF C57BL/6 mice (Table 1).
Similarities between fecal community structures and stability
over time were assessed by T-RFLP followed by ordination. The
cecal community was compared with the fecal community after
32 d (GF WKY rats) or 41 d (GF C57BL/6 and antibiotic-treated
SPF C57BL/6 mice). In the latter case, the comparison of fecal
samples showed gut communities to be stable between day 32
and day 41 (Fig. S1A).

The established bacterial community of both the feces and
the ceca of GF WKY recipient rats was more similar to the inoc-
ulating bacterial community of the human-donor in respect to
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both the percent abundance of the individual bacterial groups
(Fig. 1A) and their presence/absence (Fig. 1B) in comparison
to the communities established in GF C57BL/6 and antibiotic-
treated SPF C57BL/6 recipient mice. This observation was sup-
ported by statistical significance testing by comparing all fecal/
cecal samples collected for each rodent group over time to the
human-donor using analysis of similarity (ANOSIM). Although
all groups were significantly different, the pairwise comparison
between the bacterial communities of the human-donor and the
GF WKY rat resulted in a lower ANOSIM R value than those
delivered for comparisons between the human-donor and the
mice groups (Table 2 and Fig. S1A). Comparison of the different
mouse systems sharing the same genetic background showed that
the gut bacterial community established in the antibiotic-treated
SPF C57BL/6 mice was more similar to that of the autoch-
thonous SPF C57BL/6 mice bacterial community (R = 0.292)
than to that established in the GF C57BL/6 recipient mice
(R =0.792, Figs. 1A and B; Fig. S1A). This indicates that only
a minor portion of the human gut bacterial community could be
established (Fig. S2).

To further investigate whether variations in the genetic back-
ground of the recipient species could influence the efficiency of
human microbiota establishment, a second experiment using GF
recipient rats with two different genetic backgrounds, namely
GF WKY and GF SPRD rats compared with GF NMRI mice
was performed. These animals were housed, fed and treated in
an identical manner. The findings from this experiment reiter-
ated the results from the first in that GF SPRD and GF WKY
recipient rats were able to establish a bacterial community more
similar to that of the human-donor than the GF NMRI recipient
mice (Figs. 1E and F; Fig. S1B), supported by lower R values of
0.364 and 0.499, respectively, as opposed to R = 0.994 for the
mice (Table 2). In fact, the bacterial communities established
in both GF SPRD and GF WKY recipient rats also showed a
significant difference to each other even though their bacterial
communities were less distinguishable as indicated by a low R
value (R = 0.238, Table 2), where the communities established
in the GF SPRD recipient rats were more closely related to that
of the human-donor. As housing and feeding factors were main-
tained for these groups of mice and rats, this further suggests that
the genetic background of the recipient species can indeed influ-
ence the establishment of the transplanted human gut microbial
community.

All bacterial communities of GF animal groups remained
stable after the first week following inoculation with the human-
donor community (Fig. SIB). At this level of resolution, there
were no significant differences between the fecal and cecal bacte-
rial communities in each model system after 4 weeks (Table S1).
The differences between the active communities (as assessed by
16S rRNA profiling) and global communities (as assessed by
16S rRNA gene profiling) of both feces and ceca were always
higher than those differences between fecal and cecal commu-
nities (as indicated by R values of 0.228-0.812), even though
statistically significant differences were only evident for fecal
samples from WKY recipient rats and NMRI recipient mice and
cecal samples from WKY rats; likely due to the small sample
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size of the 3—5 animals per group and thus the low statistical
power. Furthermore, IRNA profiling of communities from the
GF SPRD and WKY recipient rats revealed them to be again
more similar to that of the human-donor (R = 0.676 and 0.857,
respectively) than the NMRI recipient mice communities
(R=1) (Table S1), confirming that profiling both the active and
global communities, deduces the same pattern between animal
models (Fig. S3). Incidentally, the transplantation efficiency
between both experiments was reproducible, where the level of
establishment within the GF rats comparing to the GF mice
was akin and maintained at two independent experiments using
inocula from the same human-donor, which were highly similar
despite the 10 mo interval between collection of the donor mate-
rial (Fig. S4).

Specific establishment. To further determine which human-
donor bacterial species were established in the different recipient
rodents, the fine-scale diversity (phylotype-level taxa defined at
> 98% similarity) of representative recipient communities was
analyzed by 454-pyrosequencing and compared with that of
the human-donor (Table S2). The bacterial community of the
human-donor (Fig. S5) comprised bacterial phylotypes which
have been typically found in healthy adult human feces and
belonging to the Clostridia clusters I, IV, XI, XIVa (represented
by members of the families Clostridiaceae, Ruminococcaceae,
Peptostreptococcaceae and  Lachnospiraceae, respectively), and
Bacteroides and Parabacteroides genera. The determined
Firmicutes/Bacteroidetes (F/B) ratio of 6.3 was in the range of
the published values for healthy adult humans.*> The GF WKY
recipient rat established most of the representative phylotypes of
each of the human-donor’s bacterial phyla (Fig. 2). In contrast,
neither of the mouse systems was capable of retaining the full
spectra (Figs. 3 and 4). This is also evident in the 4-dominance
plot (Fig. 5) where the bacterial community in the human-donor
and in the GF WKY recipient rat comprised a higher diversity
and more balanced dominance than the autochthonous micro-
biota of the SPF mouse or the GF recipient mouse. Nineteen
of the 25 most abundant human-donor bacterial phylotypes,
which accounted for 80% of the total bacterial abundance in
the community, were present in the GF recipient rat while only
5-11 of those were found in the recipient mouse models. Eight
abundant phylotypes all belonging to Clostridia were present in
the rat model in almost relative proportions, but excluded in the
mouse models. Six of these abundant phylotypes belonging to the
Clostridia clusters I, IV, XI and XIVa were excluded in all rodent
models (Table S2).

The success of human microbiota establishment at the genus-
level was similar to that reported by Turnbaugh et al.”” where 33
out of 42 genus-level human-donor taxa (determined using RDP
level 6)* could be established at an abundance level > 0.02%
of the total community in previously GF C57BL/6 mice, while
here, 22 out of 35 genus-level human-donor taxa (determined
using RDP level 6) could be established at an abundance level
> 0.02% of the total community in the GF recipient C57BL/6
mouse (Table S3).

A further 86 phylotypes were detected across the three
recipient animals which were not detected in the human-donor
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Figure 1. For figure legend, see page 238.
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Figure 1 (See previous page). Comparison of the global bacterial communities between the human-donor and the recipient animals using non-met-
ric multidimensional scaling (nMDS) ordination. (A-D) Similarity between the global bacterial community of the human-donor, antibiotic-treated SPF
C57BL/6 recipient mice, non-recipient SPF C57BL/6 mice, GF C57BL/6 recipient mice and GF WKY recipient rats in the first experiment where similari-
ties in bacterial structures were assessed using the Bray-Curtis similarity algorithm on (A) abundance T-RFLP data comprising 168 T-RFs, (B) presence/
absence T-RFLP data comprising 168 T-RFs, (C) RT-gPCR data, (D) pyrosequencing data comprising 290 phylotypes. (E-G) Similarity between the global
bacterial community of the human-donor, GF WKY recipient rats, GF SPRD recipient rats and GF NMRI recipient mice in the second experiment, using
(E) abundance T-RFLP data comprising 58 T-RFs, (F) presence/absence T-RFLP data comprising 58 T-RFs, (G) RT-gPCR data. All symbols represent the
bacterial community at the time of being sacrificed. The number above the symbol indicates the individual animal (Table 1), while the Roman numeral
above the black dots indicates the human-donor bacterial community on each day the respective community was administered. The multiple human-
donor points represent the community structure of the stored sample over several days. Stress values between 0 and 0.1 indicate very good ordina-
tion power with little chance of misinterpretation.

Table 2. Comparison of the global bacterial communities between recipient rodent models, the SPF non-recipient mice and the human-donor using
analysis of similarity (ANOSIM)

Using untransformed T-RFLP data of 16S
rRNA gene fragments of all cecal and fecal
samples collected for each a priori group

Using untransformed RT-qPCR data of 16S
rRNA gene fragments of all cecal samples

Pairwise tests between groups collected for each a priori group

Possible unique Possible unique

Rvalue p value X Rvalue pvalue X
permutations permutations
First experiment
Human-donor - SPF C57BL/6 mouse 1 0.001 1,947,792 0.716 0.012 84
Human-donor - GF C57BL/6 recipient mouse 0.998 0.001 25,827,165 1 0.002 462
Human-donor 'é:i:ﬂ:ﬁ:ﬁzt:d SPFC57BL/6 1 0.001 25,827,165 0.991 0.002 462
Human-donor - GF WKY recipient rat 0.864 0.001 18564 0.604 0.071 28
SPF C57BL/6 mouse - GF C57BL/6 recipient mouse 0.998 0.001 >2x107 1 0.012 84
SPF C57Bég67§_‘;gizc'i;?;:2 i‘r:i)c:sfated SPF 0.292 0.001 >2%107 0895 0012 84
SPF C57BL/6 mouse - GF WKY recipient rat 1 0.001 >2x107 0.833 0.10 10
GF C57BL/6 ;TJ?F’B'ST:B:;;; . ;na:fszmtic'treated 0.792 0.001 >2x107 1 0.002 462
GF C57BL/6 recipient mouse - GF WKY recipient rat 0.9 0.001 >2x107 1 0.036 28
a"tibIOtiC'"eaéedeaEi feszli'l‘é f]t':tipie”t mouse - 0.984 0.001 >2%107 0979 0036 28
Second experiment
Human-donor - GF SPRD recipient rat 0.364 0.002 12,650 0.426 0.086 35
Human-donor - GF NMRI recipient mouse 0.994 0.001 40,920 0.763 0.008 126
Human-donor - GF WKY recipient rat 0.499 0.006 46,376 0.438 0.048 126
GF SPRD recipient rat - GF NMRI recipient mouse 0.935 0.001 >2x 107 0.877 0.018 56
GF SPRD recipient rat - GF WKY recipient rat 0.238 0.001 >2x107 0.549 0.036 56
GF NMRI recipient mouse - GF WKY recipient rat 0.893 0.001 >2x107 0.852 0.008 126

Using both untransformed T-RFLP data of 16S rRNA gene fragments of all cecal and fecal samples collected for each a priori group and untransformed
RT-qPCR data of 16S rRNA gene fragments of all cecal samples collected for each a priori group, the Bray-Curtis similarity algorithm was used to
generate the sample-similarity matrix prior to applying the ANOSIM test. Out of the possible unique permutations listed above, 999 were calculated.
Significance was set at o = 0.05.

(Table S4). As these phylotypes were related to those observed in
high abundance in the human-donor and comprised phylotypes
typically associated with human gut species, it can be argued that
they were in too low abundance to be detected by pyrosequenc-
ing with a detection limit of 0.02% of the total community, so
thus are considered the “rare” fraction of the human-donor. This
rare fraction contributed approximately 20% to the GF C57BL/6
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mouse recipient community, 5% to the GF rat and 3% to the
antibiotic-treated SPF mouse recipient community, indicating
that the rare fraction of the human-donor was enriched in the
GF mouse cecum.

Establishment of Bacteroidetes. Members representing this
phylum were present in all animal models, but seemed to be par-
ticularly enriched in the mice (Figs. 2—4 and Table 3). All three
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Figure 2. Taxonomic distribution of the 16S rRNA gene sequence phylotypes from the human-donor bacterial community which were detected by
454-pyrosequencing analysis within the GF WKY recipient rat. Branching orders correspond to that of the human-donor bacterial community (Fig. S5)
although the type strain/isolate names were removed for clarity. Those human-donor derived phylotypes detected in this rat model are denoted in
red, while those human-donor derived phylotypes not detected are denoted in gray. Corresponding dots following each colored phylotype indicate
its relative percent abundance contribution to the whole community where ®, < 1%; ®®, 1-2%; ©0®, 2-5%; ©©®®,5-20% and 000®®, > 20%.

representative recipient animals were capable of establishing 1416
of the 18 abundant Bacteriodetes human-donor phylotypes. In par-
ticular, organisms related to Bacteroides spp (PT1 and PT6) were
established in greater relative abundance to the whole community
in mice (Figs. 2—4 and Table S2). Furthermore, the rare fraction
of the Bacteroidetes community (Table S4) was also enriched in
both mouse systems, contributing 2-4% to the total community,
where in particular organisms related to Alistipes shahii (PT184)
having been previously described as a human gut microbe,** were
established in both mouse systems at an abundance > 1%.

www.landesbioscience.com

Overall, Bacteroidetes accounted for 17%, 67% and 29%
of total abundance in the GF WKY recipient rat, GF C57BL/6
recipient mouse and the SPF C57BL/6 recipient mouse, respec-
tively, as determined after pyrosequencing (Table §2). RT-qPCR
targeting the Bacteroides group in the ceca of all 31 animals con-
firmed their specific enrichment in the mice ceca (61% in GF
C57BL/6 recipient mice and 44% in GF NMRI recipient mice)
(Tables 3 and S5).

Establishment of Firmicutes. Considerable differences were
observed when assessing the efficiency of establishing Firmicutes
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Figure 3. Taxonomic distribution of the 16S rRNA gene sequence phylotypes from the human-donor bacterial community which were detected by
454-pyrosequencing analysis within the GF C57BL/6 recipient mouse. Branching orders correspond to that of the human-donor bacterial community
(Fig. S5) although the type strain/isolate names were removed for clarity. Those human-donor derived phylotypes detected in this mouse model

are denoted in pink, while those human-donor derived phylotypes not detected are denoted in gray. Corresponding dots following each colored

phylotype indicate its relative percent abundance contribution to the whole community where ®, < 1%; ®®, 1-2%; ©0®, 2-5%; ©®®®, 5-20% and
00000, > 20%. Scale bars represent 5% nucleotide sequence divergence.

in the different rodent models by pyrosequencing representative
cecal communities. While the GF WKY recipient rat established
31/48 Clostridia cluster IV phylotypes (Fig. 2), the GF and SPF
C57BL/6 recipient mice were only able to each establish < 9/48
phylotypes (Figs. 3 and 4). Some rare human-donor Clostridia
cluster IV phylotypes were, however, enriched in the GF mouse,
while not being detected in the rat. Similarly, Ruminococcaceae

(Cluster IV Clostridia members) were reported to contribute only
a low-level percent of the total community established in human-
microbiota associated mice under different dietary regimes."
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Of particular interest were the phylotypes of the C. leptum
subgroup (Fig. S5) which comprise >18% of the total abundance
in the human-donor (as determined by both RT-qPCR and pryo-
sequencing, Table 3 and Fig. S5). The most striking finding was
that the GF WKY recipient rat was able to establish 12/15 phy-
lotypes, while the GF C57BL/6 recipient mouse was only able
to establish four of these. Furthermore, the antibiotic-treated
SPF C57BL/6 recipient mouse was unable to establish any of the
C. leptum subgroup phylotypes (Fig. 4). RT-qPCR targeting

organisms of the C. leptum subgroup across the ceca of all 31
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animals confirmed that GF recipient rats were able to establish
more C. leptum than the GF recipient and antibiotic-treated
recipient mice (Tables 3 and S5) resembling the relative quanti-
ties observed in the human-donor.

The human-donor comprised 42 Clostridia cluster XIVa phy-
lotypes accounting for upto 50% of the total abundance in the
human-donor (Tables 3 and Fig. S5). RT-qPCR targeting mem-
bers of Clostridia cluster XIVa (also typically referred to as the C.
coccoides group) revealed that all recipient animals established a

www.landesbioscience.com

significant amount of this group. However, while pyrosequenc-
ing revealed that the GF WKY recipient rat was able to establish
a significant proportion of these phylotypes (29/42), the GF and
antibiotic-treated C57BL/6 mice established relatively few phylo-
types (8/42 and 1/42, respectively, Figs. 2—4). Although the GF
C57BL/6 recipient mice comprised only 9% of the predominant
human-donor Firmicutes (Table S2), a further > 20% belonged

to the rare fraction of the human-donor Firmicutes (Table S4),
mostly belonging to Clostridia cluster XIVa (16%). So although
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the total abundance of members of this
cluster resemble that of the human-
donor, the GF mouse model enriched
for the rare component of this com-
munity and could not establish the
abundant members of this very donor.

Clostridia cluster XI was the third
most abundant cluster observed in
the human-donor (eight phylotypes
predominantly related to members
of the Peptostreptococcus) could also
be much better established in the GF
WKY recipient rat (5/8 phylotypes),
compared with their establishment
in the mice models (< 3/8 phylo-
types, Figs. 2—4). Some additional
rare  phylotypes, mainly belonging
to the Incertae sedis family XIII were
enriched to some extent in the mice
models (0.5% total abundance).

The similarity between the global
bacterial communities of samples gen-
erated using RT-qPCR data (Fig. 1C
and G) illustrates that same pattern
between samples using both T-RFLP
data (Fig. 1A, B, E and F) and pyro-
sequencing data of representative
samples (Fig. 1D). This shows good
agreement between all three bacterial
profiling methods in respect to illus-
trating establishment of the human-
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k non-recipient SPF C57BL/6 mouse
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Figure 5. k-dominance plots presenting cumulative ranked abundances plotted against species rank
depicting bacterial phylotype diversity and dominance, comparing the human-donor inoculum to
the ceca of the 4 representative animals in experiment | (using 454-pyrosequencing data comprising
290 phylotypes); antibiotic-treated SPF C57BL/6 recipient mouse, non-recipient SPF C57BL/6 mouse,
GF C57BL/6 recipient mouse and GF WKY recipient rat. These dominance curves are based on ranking
species in decreasing order of their importance in terms of abundance. The cumulative curves are
used for comparing the biodiversity between the different samples, where the most elevated curves
have the lowest diversity, while the lower curves have the highest diversity (in this case, the human-
donor and the recipient rat). A quickly rising line represents a sample showing high dominance of

donor community into the different

abundant species, while samples with a more even distribution of species will be flatter.

animals.
Firmicutes to bacteroidetes ratio.

While the balance between Firmicutes and Bacteroidetes (F/B)
varies between human individuals®® with published F/B ratios
ranging between 1.06-19.75, Bacteroidetes usually do not out-
number the Firmicutes in healthy humans or in most mam-
malian species.’** Inbred SPF mice had a F/B ratio of 6.8-9.6
(Fig. 6) and Wistar rats had a F/B ratio of 1.5' In fact, the
balance between Firmicutes and Bacteroidetes in the mouse
autochthonous community reflected that of the human. While
the GF recipient rat maintained such a balance after human-
donor inoculation with F/B ratios between 2.8—4.7 (using data
generated by both RT-qPCR and pyrosequencing), the recipient
GF mouse systems did not maintain such a balance (F/B ratios
between 0.4-1.6, Fig. 6). RT-qPCR gave comparable F/B ratios
to those generated using pyrosequencing (Fig. 6).

Discussion

In the current work, the establishment of a human microbial
community in different rodent recipients was assessed. Typically,
in an adult human gut microbial community, as that used in the
current study, members of the phylum Firmicutes are the most
numerous and diverse component, where approximately 95%

242 Gut Microbes

of phylotypes belong to the phylogenetically and metabolically
diverse class of Clostridia.”* Clostridia cluster IV comprising the
Clostridium leptum subgroup and Clostridia cluster XIVa com-
prising C. coccoides group members each make-up approximately
one quarter of bacterial abundance of the human colon.”” The
phylum Bacteroidetes also comprises a prominent fraction typi-
cally accounting for 10~30% of the human colonic microbiota®®
where a recent study indicated the mean abundance and inter-
individual variation to be 27.8% + 16.6%.%® Overall, compared
with the human-donor inoculum, Bacteroidetes were enriched
for in the mouse ceca. A similar enrichment of Bacteroidetes after
inoculation of human microbiota into GF mice was also observed
by Turnbaugh and colleagues,” where Bacteriodetes had been
enriched from 34.2% in the donor to 52.6% in C57BL/6 mice
when fed a low fat, polysaccharide-rich diet. Of the members
of the phylum Firmicutes, significant differences in the success
of establishment were observed regarding Clostridia cluster IV,
and specifically regarding members of the C. leprum subgroup.
Members of these are fibrolytic and butyrate producers, which
contribute to colonic health® as butyrate is one of the major
carbon sources for the epithelium and exhibits immunomodula-
tory and anti-inflammatory properties.®* C. leptum subgroup
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Table 3. Summary of RT-qPCR data using group-specific 16S rDNA-targeted primers to target all bacteria, C. leptum subgroup members, Bacteroides

group members and Clostridia cluster XIVa group members

model
First experiment
Human-donor
GF WKY recipient rat*

GF C57BL/6 recipient mouse
antibiotic-treated SPF C57BL/6 recipient mouse
SPF C57BL/6 mouse
Second experiment
Human-donor
GF WKY recipient rat
GF SPRD recipient rat
GF NMRI recipient mouse

% of each specific bacterial group contributing to the global community

Bacteroides group C. leptum subgroup Clostridia cluster XIVa group
6.3+0.3 18.4+2.8 422 +2
171 £ 8.8 10.9+0.8 559+4.1
61.2+1.2 46+0.8 301 +£19
235+2.38 1.0£0.1 371+1.7
53+0.1 0.9+0.1 447 £3.8
209+24 225+3.0 50.1+4.7
151 £1.2 11.7+£18 48.3+£2.6
16.3+4.2 11.3+£25 353+21
43.7 £2.5 0.9 +0.2 71.2 £15.6

Data are presented as the percent contribution of each specific group to the total bacteria £ SEM. All 31 animal ceca and human-donor inocula (across
both experiments) were analyzed and the full data pertaining to each sample is given in Table S5. *since this group only contains n = 2, then the aver-

age is presented followed by the min and max values.

members have also been associated with playing a crucial role in
gut homeostasis, as reductions in their observed abundance have
been indicated in the onset of IBD.* The poor establishment of
members of this subgroup in mice as reported here is in accor-
dance with previous data on establishment of members of the
Faecalibacterium genus into GF C57BL/6 mice.” Clostridia clus-
ter XIVa are also deemed an important group comprising butyr-
ate producers.”! Although the total abundance of members of this
cluster resemble that of the human-donor, the GF mouse model,
in contrast to the rat model enriched for the rare component of
this community and could not establish the abundant members
of this donor. Considering that the predominant intestinal spe-
cies belong mainly to Clostridia clusters XIVa and IV, and also

2 sac-

that these clusters comprise both important pathogens,?
charolytic and/or proteolytic species and species responsible for
metabolizing a wide variety of substrates,” it is imperative that
the recipient animals are able to establish a significant diversity
and proportion of these species in order to be considered a sur-
rogate “human” model.

The poor establishment of Firmicutes members in the mouse
model and the enrichment of Bacteroidetes resulted in Firmicutes
to Bacteroidetes (F/B) ratios < 1.6 in the human microbiota asso-
ciated mice, which were neither observed in SPF mice (> 6.8), the
human microbiota associated rats (> 2.4) nor in the human donor
(6.3). A similar predominance of Bacteroidetes over Firmicutes
(ratio of 0.78) has recently also been observed in human micro-
biota associated mice on a low-fat, polysaccharide-rich chow.”
These authors also reported a significant effect of diet on the gut
microbiota of such mice, where a high-fat western diet (18.7%
protein, 40.7% carbohydrates, 40.6% fat) resulted in an increase
in the relative abundance of Firmicutes, resulting in an F/B
ratio of 4.3. However, such a diet also resulted in a significant
increase in the relative abundance of Erysipelotrichi (previously
misannotated as Mollicutes*!) and Bacilli community members,
which are rare in the human-donors of both studies (< 1%). The

www.landesbioscience.com
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increase of Erysipelotrichi, in that case Clostridium ramosum, was
also recently observed in a gnotobiotic rat model where seven
bacterial species were introduced into germfree rats." It should be
noted that the Erysipelotrichi were also slightly enriched (to 3%)
in previous GF C57BL/6 mice on the low fat diet of Turnbaugh
et al.” compared with the results reported here, which may be
due to the higher level of fat in the chow supplied by the authors.
In contrast, members of the predominant Faecalibacterium genus
of the C. leptum subgroup comprising between 17-19% of the
total community in both human-donors in these two indepen-
dent studies (see our Table S3 and Turnbaugh et al.”’), could
only be established to low levels in mice under the low fat, poly-
saccharide-rich diets supplied and where a western diet resulted
in a further decrease of its abundance.”” However, rats were able
to establish an adequate proportion of members of the C. leptum
subgroup comprising Faecalibacterium, despite being on a low
fat, polysaccharide diet (which was the same diet as for our mice).

Thus, the imbalance between Firmicutes and Bacteriodetes in
the mouse host is a caveat of these human microbiota-associated
models since they may not reflect what is currently considered
the typical ratio within of a healthy human gut microbial com-
munity. Interestingly, such distortions in the composition of the
Firmicutes phylum have been reported in IBD patients,” where
in particular, a restriction of biodiversity in the fecal microbiota
of Crohn’s disease, ulcerative colitis and infectious colitis patients

and in the C. leptum subgroup has been observed®*

resulting in
F/B ratios as low as shown here in the GF recipient mouse mod-
els. The underlying reasons for this low F/B ratio in GF recipient
mice remains to be elucidated.

Trials to establish the human-donor community into anti-
biotic-treated SPF mice showed poor success. Similarly among
others, Manichanh et al.* reported that antibiotic intake
prior to transplantation in rats did not facilitate the establish-
ment of another rat’s exogenous microbiota. Thus, even though

indigenous gut microbial composition shows some degree of
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2446 microbial groups have been found to develop

plasticity,
in parallel with the host and depend on the physiological
environment in unity with their host. Hence, the inter-
action between the host and the host-adapted commen-
sal microbiota plays an important role not only for the
maintenance of homeostasis but also for the recognition
of allochthonous microorganisms, and thus ensuring a
rapid elimination of invading microbes.??#%® It should be
noted, that although GF animals lack a trained immune
system?®? it has also been reported that they rapidly develop
immunological capacity upon bacterial colonization.*

It is clear that the establishment of the gut microbiota
is mediated by a variety of factors, and while diet and pro-
cesses associated with microbial adhesion are important for
colonization, host genetics is now regarded as a principal
factor in determining the specific profile of the commensal
microbiota in the human gut.>* More specifically, as a
primary barrier and an essential component of the innate
immune system, the intestinal epithelium and its complex
network of immune cells elicit an integrated response that
dictates the host response to the intestinal microbiota.’
The characterization of microbial-epithelial interactions
has further suggested that the innate epithelial response
can recognize and discriminate between different indig-
enous bacteria.”® At the forefront of the mucosal immune
system are constitutively secreted antimicrobial peptides
(defensins) and immunoglobulins (IgA),’*' for which,
even among the few species and orders of mammals that
52,53 possi_
bly as each animal species evolves its antimicrobial arsenal

have been studied, significant differences exist,

under pressure from distinct pathogens.® As an example,
the abundant neutrophil defensins of humans are simi-
lar to those of rabbits, guinea pigs, rats and hamsters.
Interestingly, mice and pigs lack neutrophil defensins, but
their neutrophils have antimicrobial peptides that belong
to the cathelicidin family.® Accordingly, it was speculated
that these neutrophil defensins play an important role in
determining host specificity for Bordetella across different

54 Thus, the observed differences in the coloniz-

mammals.
ing bacterial species may be attributed to such variations
in the gut mucosa of these animals.

Recent work comparing the indigenous microbiota of
645 mice (crossed between C57BL/6] and an ICR-derived
outbred line) found that the individual host genotype had
a measurable contribution to the observed variation in the
core measurable microbiota across animals in the popula-
tion.? They and others in the literature have suggested that
the adaptive immune system has specifically evolved in
vertebrates to regulate and maintain beneficial microbial
communities, and Benson et al. concluded that insights to
this effect will clearly emerge after analyses across multiple
host species. Although the sample sizes of the experimen-
tal groups in this current work are admittedly low, thus

autochthonous community

recipient animals after human-donor establishment

Human-donor

SPF C57BL/6
mouse

GF WKY rat

GF SPRD rat

GF C57BL/6
mouse

GF NMRI mouse

Antibiotic-
treated SPF
C57BL/6 mouse

EXP I

EXP Il

RT-qPCR

454-
pyrosequencing

RT-qPCR

FIB=238

Figure 6. Firmicutes/Bacteriodetes ratio as determined by either RT-qPCR

or 454-pyrosequencing of each group of animals or representative animal of
the recipient rodent models, respectively. Black wedges represent Firmicutes;
white wedges represent Bacteroidetes and gray wedges collectively represent
Proteobacteria and Actinobacteria. The Firmicutes/Bacteroidetes (F/B) ratio is
given. However, when the RT-qPCR data are presented, a modified F/B ratio is
given as this data only considers those Firmicutes and Bacteriodetes targeted
here by these primer sets and not necessarily all possible Firmicutes and Bacte-
riodetes in the sample.

limiting extensive conclusions, the results reported here support
this suggestion, by showing that the rat was able to be relatively
better colonized by the human bacterial phylotypes of the donor
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used in the present study. However, the precise physiological

mechanisms that permit certain members of the human gut

consortia to colonize the rat in relative proportions and not the
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mouse, remain to be elucidated. While it is argued that a range
of different factors such as diet, housing conditions, inoculating
factors, age, gender, antibiotics and physiological status can have
different levels of impact on colonization, this work shows that
the host itself is an important determinant for colonization.

However, it should be noted that the microbial community
structure of the adult human gut is also highly variable between
individuals, where it has been suggested that this is the result
of restricted migration of microorganisms between hosts, strong
ecological interactions within hosts, as well as host variability in
terms of diet, genotype and colonization history.”> A more recent
report by Arumugam et al. revealed that the intestinal commu-
nity structure of humans are not continuous, but can be classified
into one of three clusters, termed “enterotypes.” These clusters,
which neither clustered due to continent nor specific nations
were differentiated by the abundance of either Bacteroides spe-
cies, Prevotella species and/or Ruminococcus species. Thus, it is
reasonable to assume that the human-donor of this current study
belongs to enterotype 3 based on the classification of Arumugam
et al. In contrast, the human-donor used in the experiments
by Turnbaugh et al.” can be tentatively grouped into entero-
type 2, mainly based on the high abundance of Prevotella spp.
Independent of the deduced enteroptype used in both experi-
mental set-ups, a significant enrichment of Bacteroidetes and a
poor establishment of members of the C. leptum subgroup after
inoculation of human microbiota into GF mice was observed,
indicating a general selection of the mouse intestine for specific
members of the human microbiota.

While it was beyond the scope of this work, future directions
should assess the colonization efficiency and fitness of the differ-
ent microbial communities of human-donors on establishment
across various mammal models. Nevertheless, this current work
demonstrated that the different components of the human gut
microbial community could be transferred to different recipient
rodents with differing degrees of efficiency, providing further evi-
dence that the genetic background of the recipient may strongly
influence the nature of the populating human gut microbiota.

Material and Methods

Animals. A total of 31 animals across different strains of mice
and rats were used: GF C57BL/6JZtm mice, GF NMRI/
MaxZtm mice, SPF C57BL/6] mice as well as GF WKY/Ztm
(Wistar Kyoto) and GF Ztm:SPRD (Sprague-Dawley) rats
(Table 1), across two independent but reproducibly designed
experiments. Animals were either housed at the Helmholtz Centre
for Infection Research (HZI) in Braunschweig, Germany in ster-
ile IVC cages or at the Institute for Laboratory Animal Science
and Central Animal Facility, Hannover Medical School (MHH),
Hannover, Germany in sterile static micro-isolators (gnotocages)
or sterile filter top cages placed in a sterilized laminar flow cabi-
net. Animals were fed an autoclaved low-fat polysaccharide-rich
chow diet comprising 53—58% carbohydrates, 33—-36% protein,
9-11% fat and 16.3-16.8 M]/kg gross energy (V1124 or V1534,
Ssniff Spezialdiiten), ad libitum (Table S7). This study was con-

ducted in accordance with German law for animal protection

www.landesbioscience.com

and with the European Communities Council Directive 86/609/
EEC for the protection of animals used for experimental pur-
poses. All experiments were approved by the Local Institutional
Animal Care and Research Advisory committee and permitted
by the local government.

Antibiotic treatment of SPF C57BL/6 mice. A group of SPF
C57BL/6 mice were treated with ciprofloxacin orally via the
drinking water ad libitum at a dose of 30 mg per kg body mass
per day for four consecutive days prior to the inoculation of the
human-donor fecal inoculum, as previously described in refer-
ence 56. Fresh drinking water replaced the ciprofloxacin-drink-
ing water 3 h prior to the first administration of the human-donor
inoculum. This same inoculum was repeatedly given a further
24, 48, 72 and 96 h after the arrest of antibiotic treatment to
ensure that any effect of the remaining antibiotic on the estab-
lishing community was negligible. Antibiotic treatment initially
reduced the mouse’s autochthonous gut microbial load by 1-2
orders of magnitude (data not shown).

Collection and treatment of the human-donor bacteria.
Fecal material was obtained from a healthy 32 y-of-age female
volunteer who had not taken antibiotics for up to 12 mo prior
to fecal deposition. For each experiment, 65 g of fresh stool
was collected immediately upon defecation and suspended into
sterile nitrogen-sparged PBS buffer, centrifuged, washed and
re-suspended several times in the sterile nitrogen-sparged PBS
buffer as previously described in reference 57. One millileter ali-
quots at a final bacterial concentration of 9 x 10° cells per ml,
as determined by direct microscopic counts™ were stored at 4°C
in nitrogen-sparged PBS buffer until its first inoculation into
the animals within 12 h. This same inoculum (stored at 4°C)
was also used in subsequent inoculations in the following days
(Table 1). At each time of inoculation, an aliquot was sampled
for extraction of DNA (in both experiments) and RNA (in the
second experiment).

Treatment with human-donor bacteria. Mice in groups A, C
and E (Table 1) were given 100 pl (equating to 9 x 108 cells) of
human-donor bacterial inoculum along with 100 pl 3% bicar-
bonate administered intragastrically via a gavage needle without
sedation. This inoculum was administered to mice in groups
A and C daily for five consecutive days and mice in groups E
thrice (every second day). Mice in group B were treated as those
of group A, but human-donor bacterial inoculum was replaced
with sterile PBS. Rats (groups D, F and G) were treated as mice
in group E, however using a 5-fold inoculum volume to adjust
for the difference in intestinal surface area (and thus available
colonizing space) between the rats and mice. This difference was
calculated according to the Brody-Kleiber relationship equated
as body weight*4,”
intestinal surface area to body weight is a constant.®® However,

which assumes the relationship of mucosal

the surface area is not a uniform structure and numerous Peyer’s
patches and follicles/microvilli also line the walls of the intestine,
adding to the overall surface area and thus the overall numbers
of potential colonization sites. Both rats and mice have similar
mean numbers of follicles per cm™ of their small intestine and
colon, and Peyer’s patches in their small intestine, where only in
the colon a slight difference in the number of Peyer’s patches per
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cm! has been reported in reference 61. It can thus be estimated
that a 5-fold inoculum size to the rats results in the application
of equivalent amounts of bacteria per available surface area of the
GI tract corresponding to approximately 5-10 bacterial cells per
wm? of colonizable intestinal surface area of both rats and mice.

Sampling of animal feces and ceca. Fecal samples were
collected from the different animals after the first dose of the
human-donor inoculum at days 0, 4, 7, 11, 18, 25, 32 and 41. At
either day 32 (all animals housed at MHH) or day 41 (for ani-
mals housed at HZI), animals were sacrificed by CO, inhalation
and their cecal and fecal contents collected. All fecal and cecal
samples (50-100 mg material) were immediately stored frozen
at -70°C. Those samples for RNA extraction were supplemented
with 1 ml of RNAprotect™ Bacterial Reagent (Qiagen), homog-
enized with a sterile pestal, incubated for 15 min at room temper-
ature, pelleted, supernatant removed and pellets stored at -70°C.

Nucleic acid extraction—DNA extraction. DNA was
extracted using the FastDNA Spin Kit for Soil (MP Biomedicals)
following manufacturers instructions. DNA was quantified using
the NanoDrop 2000 spectrophotometer (Thermo Scientific,
Waltham, MA USA).

Nucleic acid extraction—RNA extraction and prepara-
tion of cDNA. RNA was extracted using the RNeasy Mini Kit
(Qiagen) from 5 x 108 bacterial cells of the fecal/cecal material.
These cells were then placed into Lyzing Matrix B tubes (MP
Biomedicals) containing 700 wl of buffer RLT (reconstituted
with 7 pl B-mercaptoethanol) and lyzed in a Fast Prep®-24
instrument (30 sec, intensity 5.5). Possibly contaminating DNA
was eliminated by digesting with RNase-Free DNase (Qiagen).
RNA was quantified using the NanoDrop 2000 spectropho-
tometer (Thermo Scientific). The 16S rRNA was converted to
cDNA and amplified using OneStep RT-PCR kit (Qiagen) and
the 5" end fluorescent-labeled primers FAM-63F and VIC-1389R
(Applied Biosystems) (see T-RFLP section below). Reverse tran-
scription PCR (50 wl) was performed at an annealing tempera-
ture of 55°C using 100 ng of template.

Terminal restriction fragment length polymorphism
(T-RFLP). For PCR amplification, the 5' end fluorescent-labeled
63F-FAM and 1389R-VIC primers targeting the 16S rRNA gene
(Applied Biosystems) were applied (see Table $8). Duplicate 50
Wl PCR reactions were performed at an annealing temperature of
55°C using 2.5 ng DNA as template. Duplicates for each sample
were pooled and purified using the QIAquick individual spin
columns PCR purification kit (Qiagen) or the Macherey-Nagel
96-well plate purification kit (Macherey-Nagel). Some PCR
products were further purified using the Qiagen Gel extraction
kit (Qiagen). Exo-Klenow fragment treatment was performed,
where 10 U of exo-Klenow was incubated with 80 ng of ampli-
cons in a volume of 40 wl (1 h, 20°C) followed by inactivation
(20 min, 75°C). Digestion was then performed with 2.5 U of
Alul (3 h, 37°C) followed by heat inactivation (20 min, 65°C)
and purification through DyeEx gel-filters (Qiagen) with re-elu-
tion into 40 pl of water. Triplicate 10 pl aliquots containing 20
ng of digested fluorescent-labeled DNA fragments for each sam-
ple were dried, resuspended in 9.75 pl HiDi formamide (Applied
Biosystems) and 0.25 pl of GeneScan 500 LIZ size standard
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(Applied Biosystems), and denatured (3 min, 95°C). DNA
fragments were separated on an ABI 3130x/ Genetic Analyzer
(Applied Biosystems). A terminal restriction fragment (T-RF)
was defined as any peak with a fluorescence area of greater than
0.1% of the total fluorescence within that profile. Any fragment
of 35 bp in size or less was excluded. T-align (http://inismor.
ucd.ie/~talign) was used to normalize total peak area across
replicates and align peaks across samples using a + 0.5 bp cut-
off.®? The T-RFLP profile generated using community DNA is
herein referred to as the “global” bacterial community, while the
T-RFLP profile generated using community RNA (converted to
cDNA) is herein referred to as the “active” bacterial community.
In total, 181 discrete T-RFs (peaks) were distinguishable across
all experiments including those generated from both the active
and global communities.

Real-time quantitative PCR of the dominant bacterial
groups. Real-time quantitative PCR (RT-qPCR), used to quan-
tify the dominant bacterial groups-of-interest against the total
bacterial population was performed on a LightCycler® 480 Real-
Time PCR System with the LightCycler® 480 Software (Roche
Applied Science). Group-specific 16S rDNA-targeted prim-
ers targeting eubacteria, members of the C. leptum subgroup,
Bacteroides and Clostridia cluster XIVa (also typically referred
to as the C. coccoides group) have been described and used previ-
ously (listed in Table S$8).73"¢3¢ Primers were purchased from
Eurofins MWG-Operon. Amplification and detection were per-
formed in 96-well plates with the QuantiTect SYBR Green PCR
kit (Qiagen). Each reaction was performed in duplicate in a final
volume of 20 pl containing 2.5 pl of each primer (10 pmol),
10 pl QuantiTect SYBR Green PCR Master Mix and 5 pL of
template DNA (diluted at 2.5 ngpl?), using annealing tempera-
tures specified in Table S8. For SYBR-Green amplifications, a
melting step was added to confirm amplification specificity. For
generation of standard curves, 16S rDNA amplicons were pro-
duced from cecal samples using each of the specific primer-sets.
Amplicons were cloned using the pGEM-T Easy PCR Cloning
Kit (Promega) and transformed into E. coli JM109. The plas-
mid DNA containing the insert was extracted, linearized, puri-
fied and sequenced, confirming that plasmid DNA pertained to
members representing Blautia wexlerae, Parabacteroides distaso-
nis, Faecalibacterium prausnitzii and Coprococcus eutactus and was
used as template for the standard curves in reactions targeting
Clostridia cluster XIVa, Bacteroides group, C. leptum subgroup
and eubacteria, respectively (Table S9). Standard curves were
generated from serial dilutions of known concentrations of plas-
mid DNA.

454-pyrosequencing and phylogenetic analysis. 16S rRNA
gene amplicons generated from the cecal contents of represen-
tatives from each of the four rodent groups in the first experi-
ment (animals 3, 8, 12 and 17) and the fecal inoculum of the
human-donor given on the first day of inoculation (sample II)
were evaluated by pyrosequencing using the 454 platform (Roche
Diagnostics Corporation) as previously described in reference 67
(see Table S8 for primers used).

Initial sequence processing, alignment, clustering and phylo-
type classification were performed using RDP’s pyrosequencing
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pipeline (http://pyro.cme.msu.edu).>***¢ In brief, all 454-pyro-
sequencing reads were sorted according to their respective sam-
ple, the barcode and primers trimmed from the sequence and any
sequences of low quality or of less than 150 nucleotides removed.
A total of 27,524 sequence reads with an average length of 235
nucleotides (3,018 assigned to the human-donor, 4,841 to the GF
WKY recipient rat, 5,297 to the GF C57BL/6 recipient mouse,
4,986 to the antibiotic-treated SPF C57BL/6 recipient mouse and
4,113 to the SPF C57BL/6 non-recipient mouse) were aligned
and clustered as previously described in reference 67, using the
RDP complete linkage clustering tool at a distance cut-off of
0.02. Those clusters that comprised only one sequence (detected
across all samples) were excluded from further analysis, leaving a
total of 290 sequences representing 290 phylotypes (see Tables
S2, S4 and S6). Phylotype sequences were deposited under the
GenBank accession numbers HM368767-HM369056.

The sequences of the most closely related validly described
type strains and environmental isolates were subsequently aligned
with 128 phylotypes assigned to the human-donor sample
(Table S2) using MUSCLE.”® A neighbor-joining tree of the
human-donor phylotypes and nearest neighbors was constructed
using MEGA4,”" with evolutionary distances determined from
pairwise dissimilarities using the Jukes-Cantor correction
model.”?

Statistical analysis. Non-parametric multivariate statistical
analysis was performed using PRIMER (v.6.1.6, PRIMER-E,
Plymouth Marine Laboratory).””* All multivariate routines were
computed on either standardized abundance data or presence/
absence data. That is, in all three profiling methods (T-RFLP,
RT-qPCR and 454-pyrosequencing) the abundance of bacterial
species or bacterial groups was calculated as a percent of their con-
tribution to the total bacterial abundance. From the multivariate
data matrix of either T-RFLP, RT-qPCR or pyrosequencing data,
a sample-similarity matrix was generated using the Bray-Curtis

similarity coefficient by comparing either the abundances of:
each T-RF generated from T-RFLP; each specific bacterial group
as determined by RT-qPCR; or each bacterial phylotype using
pyrosequencing, in regards to every pairwise combination of all
samples. Community structures were explored by ordination
using nonmetric multidimensional scaling (nMDS) (50 ran-
dom restarts). Differences in phylotype dominance and diver-
sity of five representative samples used for pyrosequencing were
further explored using k-dominance plots (cumulative ranked
abundances plotted against species rank). Analysis of similarity
(ANOSIM) was used to test for statistically significant differ-
ences in bacterial communities between predefined groups using
999 permutations. The accompanying R statistic measures the
degree of separation between groups and ranges from -1 to 1,
in which the higher its value (closer to 1) the more distinct the
groups. Also, no formal mathematical correction was made for
multiple comparisons, as only a few scientific sensible planned
comparisons were made and reported (rather than every possible
pairwise comparison).
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