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ABSTRACT

Increasing evidence suggests that a combination of host gemetidhe composition of the
gut microbiota are important for development of Crohn’s disease @D)aim was to study
identical twins with CD to determine microbial factors indepenrgesfthost genetics. Fecal
samples were studied from 10 monozygotic twin pairs with CD ddismit n=6, concordant
n=4) and 8 healthy twin pairs. DNA was extracted, 16S rRNA geres PCR amplified and
T-RFLP fingerprints generated using general bacterial Bacderoides group specific
primers. The microbial communities were also profiled based on %e{+C contents.
Bacteroides 16S rRNA genes were cloned and sequenced from a subset of thessdrhple
bacterial diversity in each sample and similarity indices betwsamples were estimated
based on the T-RFLP data using a combination of statisticabagpes. Healthy individuals
had a significantly higher bacterial diversity compared to iddi&s with CD. The fecal
microbial communities were more similar between healthydwhan between twins with
CD, especially when these were discordant for the diseasanith&bial community profiles
of individuals with ileal CD were significantly different frohealthy individuals and those
with colonic CD. Also, CD individuals had a lower relative abundasfc®. uniformis and
higher relative abundances Bf ovatus and B. vulgatus. Our results suggest that genetics
and/or environmental exposure during childhood in part determine the gubbraic
composition. However, CD is associated with dramatic changes guthmaicrobiota and this

was particularly evident for individuals with ileal CD.



INTRODUCTION

Crohn’s disease (CD) is a chronic relapsing inflammatory desafithe gastrointestinal tract
with an unknown etiology. Available data suggests that inflammatmrurs due to an

imbalanced mucosal immune response to the commensal bacteriaeticagBnsusceptible

individuals (Sartoet al., 2006).

The knowledge about genetic factors that are relevant for C® ihereased
considerably during recent years and several susceptibility ¢pavesbeen associated with
CD. For example, polymorphisms in pattern recognition receptors, sSUCABD15/NOD2
that recognize microbial components, have highlighted the import#nite microbiota in
pathogenesis of CD (Sarter al., 2006). The genetic influence is also supported by higher
concordance rates (approximately 50%) for CD occurrence in monazygots (Halfvarson
et al., 2003; Jesst al., 2005; Orholmet al., 2000; Tysket al., 1988). Still, approximately
50% of identical twin pairs are discordant for CD (i.e. one isadis@ and one is healthy)
demonstrating that environmental factors are also important feasisncidence (Halfvarson
et al., 2006; Loftuset al., 2004).

It has been difficult to correlate specific causative bacteretago CD. An increased
prevalence of mucosal bacteria has been observed in CD patightsigher levels oE. coli
and Bacteroides species (Keighlewt al., 1978; Swidsinsket al., 2002; Swidsinsket al.,
2005). Representatives of these bacteria have also been demonstiatheecé colitis when
inoculated into germ free animals, however, with conflicting reqi8tstor et al., 2003).
Recently, increased levels of adherent, invagiveoli (AIEC) were found in ileal tissues of
CD patients (Barnich and Darfeuille-Michaud 2007; Darfeuillefidied et al., 1998).
Furthermore, there have been reports of reduced numbers and a losvsitydf Firmicutes
in the gut microbiota in individuals with CD (Gophdiaal., 2006; Manichantet al., 2006).

However, the total microbiota of a patient with CD has not yeh lpgefiled to a degree



where its composition can be considered predictive for disease deegigpand specific
bacterial species responsible for the bowel inflammation have not yet beefeident

The search for a causative disease agent is complicated lgyetiteindividuality of
the gut microbiota with little overlap between individuals (Dickseed ., 2007; Eckburget
al., 2005; Zoetendadt al., 1998). However, previous findings have shown that there is a high
similarity in the composition of the fecal microbial communitias monozygotic twins
(Stewartet al., 2005; Van de Merwet al., 1983; Zoetendadt al., 2001). Therefore, one way
to unravel the respective contributions of host genetics and commeansaisbtowards CD
development and establishment would be to study identical twins.

The aims of this study were 1) to determine if the gut miotakin healthy twins have
a higher degree of similarity than in twins that have CD artd @¢termine whether there are
differences in the composition of the gut microbiota in individualstiage CD compared to
healthy individuals. In particular, we focused on a set of disoortdan pairs, where one
individual is healthy and one has CD, because they provided each othestgglly matched
control thus enabling us to focus on changes in the gut microbiota according to disease stat

To test these hypotheses, we used molecular approaches to provideinigymm
profiles of the fecal microbiota. By focusing on the nucleic amdposition of the gut
microbiome, we were able to overcome the known biases with cutivaised approaches.
Current estimates are that only 20% of the total speciegingsn the human gut have been
cultivated to date (Eckburgt al., 2005). Therefore, we are still greatly limited in our
knowledge about the physiology and ecology of the majority of the gut microbiota.

In this study, we used the molecular fingerprinting approach, termasalction
fragment length polymorphism (T-RFLP), to monitor the bacteoahmunity architecture in
concordant and discordant identical twins with CD, and healthy twinsddition, we used

percent guanine + cytosine (%G+C) profiling of the total baadtemicrobiome as a



complementary approach. Furthermore, we aimed to identify membdine microbiota that
could be linked to CD incidence or development. We specifically edgetembers of the
Bacteroides genera since these are dominant members of the commensalwliibta
functionally important roles in the gut. Sofacteroides species have previously been shown
to be present in increased levels in persons suffering from (IB@phnaet al., 2006;
Swidsinskiet al., 2005), yet animal models have provided conflicting evidence as to which

species may cause CD, warranting closer examination.

MATERIAL AND METHODS

Patient cohort

The twins with CD were derived from a Swedish twin population, rdest previously
(Halfvarsonet al., 2003; Halfvarsomt al., 2004; Tysket al., 1988). In short, twin pairs where

at least one twin in each pair had been hospitalized for IBe wentified by running the
Swedish twin registry against the Swedish Hospital Dischaeggskr. All twins were sent a
guestionnaire concerning diagnosis of IBD, general gastrointestingit@y®s and exposure

to environmental factors. After consent from each twin, the medmtals of all twins were
evaluated, to verify or refute the diagnosis of IBD and to charaetdére disease according to
the Montreal classification (Satsarggial., 2006). Zygosity was assessed by a questionnaire-
based method, applied by the Swedish twin registry (Cedetldf., 1961).It relies on
guestions on childhood resemblance and has been shown to be very atathtaasteinet

al., 2002). Monozygotic twin pairs with CD born between 1936 and 1986, who had approved
further contact and had not undergone extensive CD related surgeattions, i.e.
colectomy, were invited to undergo colonoscopy. Ten monozygotic twin \wanes studied,

six of these were discordant and four were concordant for CD, forlaofol4 individuals



with CD. Data on age, disease location, disease duration, behaviagabsis in the CD
twins is presented in Table 1. All diseased twins, except tvoel@d; 10b and 15a), were in
clinical remission according to the Harvey Bradshaw scorev@iyaand Bradshaw 1980). All
remaining twins were in endoscopic remission or had only post-infiaorgnchanges. All
twins were asked to send fecal samples 7-10 days prior t@kh@oscopy. In addition they
submitted responses to a questionnaire regarding, usage of antibrobica-Steroid Anti-
inflammatory Drugs (NSAIDs) within the last 12 months, gastiedtis within the last three

months or specific dietary habits and this information is provided in SupplementaeySlabl

Table 1. Clinical characteristics of the twins with Crohn’s diseasccording to the Montreal
classification, (n=14)

CD twins (n=14)
Mean age (y) 49 (20-70)
Age at diagnosis

< 40 years 9

> 40 years S
Location

Terminal ileum S

Colon 6

lleocolon 2

lleocolon + Upper Gl 1
Behavior

Non-stricturing non-penetrating 11

Stricturing 2

Penetrating 1
Perianal disease 0

Median (range) Harvey Bradshaw score 1.5 (1-6)
Abbreviations: CD, Crohn’s Disease; Gl, gastroitites

Eight healthy twin pairs, five monozygotic and three dizygoticspaiot suffering
from any gastrointestinal disease, were also invited to fpetéc but did not undergo

colonoscopy. The mean (range) age of these twins was 19 (6-56) ydbhealthy twins sent



fecal samples and responded to the same questionnaire describedAdibookected fecal
samples were placed in a freezer at —70°C, immediately afteal, i.e., at most one day
after the samples were collected, and were stored there amdilysis. For detailed
characteristics of the twins, see Supplementary Table S1. ThkerdOCounty Ethical

Committee approved the use of human subjects for this study (Dnr;167/03)

Percent guanine + cytosine profiling of the bacterial community DNA

Bacterial cells were extracted from 0.5 g fecal sampledifferential centrifugation as
previously described (Apajalaldial., 1998). The isolated bacteria were then lysed and DNA
was purified by a protocol comprising enzymatic, chemical and qdlysteps as described
elsewhere in detail (Apajalah&t al., 2001; Apajalahtiet al., 1998). The DNA was
fractionated by 72 h CsCl equilibrium density gradient centrifogathich fractionates
chromosomes of the component taxa, based on their characteri§ticdatent as described
previously (Apajalahtiet al., 2001; Apajalahtiet al., 1998; Holbenet al., 2004). This
separation is based on differential density imposed by the AThdepe DNA-binding dye
bis-benzimidazole. Following ultracentrifugation, a Brandel model -S¥Rsyringe pump
(Brandel, Inc., Gaithersburg, Md.) was used to pass the formed geatheotigh an ISCO
UA-5 UV absorbance detector (ISCO, Inc., Lincoln, Nebr.) set to 280rhm%G+C content
represented by each gradient fraction was determined by tiegm@ssion analysis*(> 0.99)
of data obtained from control gradients containing standard DNA samaplenown %G+C
composition as described previously (Apajalahti et al., 1998). This precedquires a

minimum of 30ug high molecular weight DNA from each sample.



PCR amplification conditions
DNA was extracted from duplicate 250 mg samples from eachdao®le using the MoBio
Power Soil DNA Kit (MoBio, Solana Beach, CA), according to thanafacturer’s
instructions. 16S rRNA genes were PCR amplified from each [@kiact (two technical
replicates per extract) using the general bacterial prim&act- 8F (5'-
AGAGTTTGATCCTGGCTCAG-3") (Edwardset al., 1989), 5 end-labeled with 6-
carboxyfluorescein (6-FAM), and 926r (5-CCGTCAATTCCTTTRAGTBY)- (Muyzer et
al., 1993) using conditions that have been described in detail elsewheksviiet al.,
2007).

In addition, 16S rRNA genes of thlgacteroides fragilis subgroup were specifically
PCR amplified using 8acteroides fragilis subgroup specific reverse primer, g-Bfra-R (5'-
CCAGTATCAACTGCAATTTTA -3’) (Matsukiet al., 2002) in combination with the same
end-labeled Bact-8F general bacterial forward primer mentiabede. PCR amplification
was carried out with an initial denaturation step at 95°C for 18 filowed by 30 cycles
consisting of 20 s at 95°C, 20 s at 49°C and 30 s at 72°C. The reactioom@sted with a
final primer elongation step at 72°C for 5 min. PCR amplified DNA prodatounts and
sizes were confirmed by agarose gel electrophoresis usireRaksm 100bp DNA ladder Plus

(Fermentas Life Sciences, Burlington, Canada) as a size marker.

Terminal-restriction fragment length polymorphism (T-RFLP)

PCR products were digested with the Haelll restriction enzy@te Klealthcare, Uppsala,
Sweden) and the digested fragments were separated on an ABI 3708rycaatiuencer
(ABI), as previously described (Hjodt al., 2007). The sizes of the fluorescently labelled
fragments were determined by comparison with the internal GZ-500 size standard

(ABI). T-RFLP electropherograms were imaged using GeneSctware (ABI). Relative



peak areas of each terminal restriction fragment (TRF¢ d@etermined by dividing the area
of the peak of interest by the total area of peaks withirialf@ving threshold values; lower
threshold at 50 bp and upper threshold at 500 bp. Data was normalized byw@plyi
threshold value for relative abundance at 0.5% and only TRFs with higher relativédances

were included in the remaining analyses.

Cloning and sequencing

Cloning and sequencing of 16S rRNA genes from DNA extracted fienfetal samples was
performed to confirm the identities of bacterial species sparding to dominant TRFs from
the Bacteroides dataset. DNA samples from four twin pairs (one healthy, oneocdaict and
two discordant pairs) were amplified using Bexteroides fragilis subgroup specific primer
g-Bfra-R in combination with the general Bact-8F primer. Thepdicate PCR products from
each individual were pooled and gel purified using the Qiagen gel ®ottrdat (Qiagen,
Hilden, Germany). A total of eight libraries were constructgdnbserting PCR products into
TOPO TA pCR 4.0 vectors (Invitrogen, Carlsbad, CA), followed bwsfiarmation into
Escherichia coli TOP 10 competent cells (Invitrogen). A total of 24 inserts feaoh library
were PCR amplified using vector primers M13f and M13r (Invitrogesing the same
thermal cycling program as described above for amplificatiogugeneral bacterial primers
for T-RFLP. The PCR products were diluted 50-fold and used in adne&R reaction with
primers g-Bfra-R and fluorescently tagged primer Bact-8FTt®FLP analysis of inserted
clones, with the same running conditions as described previously far phgsers (see
above). All clones with unique TRF sizes were selected for segemt addition to several
clones from redundant TRFs, for a total of 136 clones. Obtained seqwesreegxamined
using MacVector 8.1.1 (Accelrys Software Inc, San Diego, CA)retmove redundant

sequences. The remaining sequences were aligned against Gela#Bainkse entries using



standard nucleotide BLAST at NCBI (URLwww.ncbi.nlm.nih.goy. Hits defined as

unknown or uncultured bacteria were subsequently aligned against sebusacterial

genomes (genomic BLAST at NCBI), as well as examined wiéh Ribosomal Database
Project Il Sequence Match, in an attempt to classify thequesees with 99-100% identity,
were given the same name as the species hit. Sequences with 9de@8®p were assigned
“spp-like”. Sequences were aligned using the online MAFFTndstal FFT-NS-i) aligner
(Katoh et al., 2002), followed by construction of a circular Neighbaridg tree, using

BioNJ settings in PAUP4b10 (Swofford, 1993). Unique sequences were dédpasit

GenBank at NCBI, under the following accession numbers: EU381163-EU381180.

Statistical analysis

The samples were initially statistically assessed ddinal study; i.e. without any prior
knowledge of disease status or twin relationship, to avoid potentiasbrasebsequent data
analyses. T-RFLP data from each individual was normalized anceénteéo a data matrix
that consisted of the TRFs as variables and individuals as obfeadsnsensus T-RFLP
profile, from each biological replicate, was constructed by auggage technical duplicates.
Principal component analysis (PCA) plots were generated usingtifie/ariate statistics
software Canoco (version 4.5, Microcomputer Power, Ithaca, N.Y.) andisshssgnificance
of ordination was tested using a Monte Carlo permutation test 9€¢h permutations.
Diversity, defined as evenness and richness of the bacterial watgrmembers detected as
TRFs by T-RFLP analysis, was calculated using Simpsoaxi of diversity (D) (Begoet
al., 2006) and Shannon’s diversity (H) and equitability index (E) (Begjosi., 2006).
Differences in diversity between different groups of twins veeralyzed by Mann Whitney’s
U test. Agreement of diversity within twin pairs was analyzgddlculating the intra-class

correlation coefficient (ICC) according to Dunn (Dushal., 1989). Good agreement is
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indicated by an ICC value higher than 0.8, fair agreement by s/alesveen 0.8-0.4 and a
great disagreement by negative values. Differences in bacterial caop¢ERF data) within
each of the twin pairs were computed with Manhattan distancésignificance between the
groups was tested with an ANOVA and Tukey's post hoc test. TPRbibary data, i.e.
presence or absence of TRFs, was analyzed by cluster ianasysg Jaccard’'s similarity

index. P values <0.05 were considered statistically significant.

RESULTS

Percent G+C profiling

Percent G+C profiling of the bacterial chromosomes recoveced fhe fecal samples was
used to detect major differences in the fecal bacterial contiesiuf healthy and diseased
individuals in a subset of the twin samples. The power of thikodas its robustness; i.e. it
examines a large pool of DNA representing the microbial commuoiitgterest, and is not
susceptible to biases caused by primer mismatches or PCRamhilsix monozygotic twin
pairs (one healthy, two discordant and three concordant) were ahalyirg this approach.
The %G+C profiles that were obtained from the healthy twin ware very similar which
shows that the major bacterial genera present were simigauréFl). Microbial communities
in the feces of the twin pairs that were concordant for CDevedso very similar, but the
profiles from discordant twin pairs were dissimilar, illustrgtthat the microbial composition
differed when one of the twins was healthy and the other hadFjore 1). It was not
possible, however, to distinguish a common pattern for sick or heaithyiduals by

assessment of the %G+C profiles in this sample set.
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T-RFLP profiles using general bacterial primers

T-RFLP was used to obtain bacterial community profiles from fecal samaptained from 10

monozygotic twin pairs with CD (concordant; n= 4 and discordant; n ads8dnealthy pairs.

The reproducibility of the T-RFLP data was very high withinhtecal and biological

duplicates. Similarity scores for biological replicates weenerally higher than 90%,
regardless if abundance data (Manhattan index) or binary datar@acmdex) were used.
Similar to the %G+C profiling results shown in Figure 1, we fotlnad the T-RFLP patterns
were more similar for healthy twins, and for some of the comedrtvin pairs, whereas the
discordant twins had large differences in their T-RFLP profAesillustrative example of the

distribution of TRFs for discordant, concordant and healthy twins is shown in Figure 2A.

Community diversity based on TRF diversity

Diversity indices were used to determine the richness (nuafbERFs) and evenness of the
T-RFLP profiles. The TRF diversity was significantly higherthe healthy group, median
(range) 0.91 (0.82-0.93) than in CD patients, median (range) 0.87 (0.71-Ot&H) w
Simpson’s index of diversity was used (P = 0.029). However, thisfiseymte could not be
reproduced for the entire sample group with Shannon’s diversity (H) quithlality (E)
index (Figure 3). Nevertheless, all healthy individuals in the dised twin pair sets had a
higher TRF diversity than their matched disease twin accordinggir wise comparisons
using all diversity indices. Using the intra-class coefficid@C), a high agreement was
observed within healthy pairs (ICC=0.51). In contrast, this high agneiewas not observed

in discordant (ICC=-0.16) or concordant twin pairs with CD (ICC=-0.05).

Multivariate analyses of T-RFLP profiles
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The T-RFLP data representing the gut microbial community psofitere analyzed using
multivariate statistics separately for the healthy twimspdrigure 4A) and the twin pairs that
were concordant or discordant for CD (Figure 4B). Principal comparalyses of the T-
RFLP profiles obtained from the healthy twin pairs clearlyndestrated that the bacterial
community profiles were highly similar to each other for both firg and the second
principal component (x and y-axes on the PCA plot, respectivelyjpdoriduals of a given
pair (Figure 4A). The second principal component differed for only orlkeopairs (6a and
6b in Figure 4A). The dizygotic twins [(3a,b, 5a,b, and 8a,b) in Figulevgfe as similar to
each other as the monozygotic pairs in their microbial profiles (Figure 4A).

The bacterial community profiles from fecal samples of twinrspdahat were
concordant or discordant for CD were less similar to each otmpared to those from the
healthy twin pairs (Figure 4B). In particular, two of the disemt twin pairs showed large
differences in their community profiles (16a,b and 18a,b in Figure 4B). Ititgylgsall of the
healthy twins in the discordant pairs, grouped to the left of th® I, suggesting that the
microbial communities of the healthy individuals share some deaistcs that differentiate
them from many of the CD individuals. There was, however, no deadient that
differentiated the whole CD group from the healthy group. Howékerbacterial community
profiles of twins with ileal involvement were separated from dtieers and grouped to the
right of the PCA plot (Figure 4B). In contrast, the community pesfof twins with colonic
disease were similar to those of the healthy individuals, antiZzeddo the left region of the
PCA plot (Figure 4B). This separation according to locationhef disease was highly
significant in ordination space (P = 0.001).

To verify the results shown with PCA, Manhattan distances wamgputed for each
twin pair to determine the similarities of the microbial commities within twin pairs. The T-

RFLP profile similarities within pairs were significantlyffédrent when making between
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group comparisons (P = 0.008), with the highest degree of similarityeatthy pairs
compared to concordant (P = 0.019) or discordant (P = 0.033) pairs. In addition, by comparing
Manhattan differences within discordant pairs, we observed that indwiduin ileal CD
involvement were less similar to their healthy matching tvamgared to discordant twins

with colonic CD.

Binary analyses of the T-RFLP data

The T-RFLP binary data, i.e. presence or absence of TRFs, wgseahby cluster analysis
using Jaccard’s similarity index. In this analysis all geemdata were analyzed together,
including healthy, concordant and discordant twin pairs. Four out of @ighé healthy twin
pairs, both monozygotic and dizygotic, were more closely clustereddh other than to other
individuals, supporting the PCA analyses shown above. Two out of four obtlverdant,
and one out of six discordant twin pairs, were also similar in tharobial compositions,
according to binary similarities (Figure 4C). One of the oldealthg pairs (6a,b) had
community profiles that were similar according to Jaccardislaiity index of the binary
data, but this similarity was not reflected to the samenéxtehe PCA plots when abundance
values were included\nother older twin pair (1a,b) had community profiles that were closely
clustered on the PCA plots, but not so when analyzing binary data.

Similar to the PCA analyses, the samples grouped into sevetarsi(Sigure 4C). In
particular, CD patients with ileal involvement, except for thmedividuals (10b, 17a, and
12b), clustered separately from all others. Patients with cothséase tended to cluster with
healthy individuals. There was, however, a large cluster with léhizeadividuals and only

two CD patients, one with ileal involvement (12b) and one with colonic disease (14b).

T-RFLP analysis using primers targetingBacteroides
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When using general bacterial primers some trends were obserthelabundances of TRFs
within discordant twin pairs with CD, possibly represeniagteroides spp. (Figure 2).

For example, CD individuals tended to have a higher relative abundan&d 264 (Figure
2A, black areas) and a lower relative abundance of TRF 262 (Figyrdazl blue areas).
According toin silico digestion of 16S rRNA genes deposited in existing databasesTiRése
sizes could represeBacteroides spp. Although other genera could potentially have similar
TRF lengths, it is highly likely that these are represergabif Bacteroides in our samples
since it is known thaBacteroides spp. are dominant members of the fecal microbiotaOtt
al., 2004; Scanlast al., 2006; Seksilet al.; 2003) and ouBacteroides clone sequences from
the same material had the same TRF sizes (see below)fdrbesegroup specific primer set
was used during T-RFLP, to focus on ®Bexteroides group in the same DNA extracts from
the fecal samples that were previously analyzed using gdvestarial primers. The T-RFLP
profiles of theBacteroides community generally had a low complexity, with one or a few
dominant peaks shared by most of the individuals, however with largeedidts in the
abundances between individuals (Supplementary Figure S1). In contrdbe tcesults
obtained using the general bacterial primers (Figure 4A)B#cteroides profiles within the
healthy twin pairs were not more similar compared to discordanbmecordant pairs (P =
0.85). However, some of the twin pairs had highly simiBacteroides profiles (over 85%
similarity based on Manhattan distances), which could not be codelatelisease state
(Figure 2B, and Supplementary Figure S1). Interestingly, whedisiserdant and concordant
CD pairs were analyzed by PCA the pattern of the clusterasgsimilar to that observed with
general bacterial primers; i.e. the samples from healtmstiw discordant twin pairs grouped
together with individuals with colonic disease and the individuals Veigt involvement were

significantly separated from the others (P = 0.030, Supplementary Figure S2).

15



Clone libraries of Bacteroides spp.

To determine the identities of the differddcteroides spp. detected in the T-RFLP profiles,
clone libraries of the amplified 16S rRNA genes were made fifoun twin pairs [one
concordant (15a,b), one healthy (6a,b) and two discordant pairs (12a,b &njl I8& same
Bacteroides group specific target regions for PCR amplification werel izmethose used for
T-RFLP of theBacteroides group. A total of 24 clones from each clone library were screened
for their TRF fragment sizes (192 total) and 136 of these wereeseed. Most of the clones
were identified aBacteroides vulgatus, B. uniformis andB. ovatus, (Figure 5). TRFs 262 and
264 matched to sequences correspondiri) tmiformis and B.ovatus, respectively, and both
TRFs 83 and 142 matchedBowvulgatus sequences. Some of the CD individuals had a higher
relative abundance of the TRF correspondin@.tovatus and a lower relative abundance of
the TRF corresponding ®8. uniformis compared to healthy individuals, but this trend did not
hold for the entire sample cohort. However, when looking at diseasgofodhe TRF
representative oB. uniformis was present in significantly lower abundances in twins with
ileal involvement (P = 0.0005, average abundance; 21+ st. dev.11%) compdreaothit
healthy (average abundance; 45+130+ 0.006) and twins with colonic disease (average
abundance; 54+19%, P = 0.0003). By contrast, there was a trend that theoffeEponding

to B. ovatus (264; P = 0.08) an®. vulgatus (83 and 142, P = 0.12) were present in higher
abundances in patients with ileal involvement (Supplementary Figure &ipe TRFs had
no sequence matches in the clone library and this was generatlgstdor those TRFs that
had a low relative abundance. The relative proportions of specificgimmd detected by T-

RFLP and by cloning and sequencing were highly correlated (SupplemeatdeySR).
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DISCUSSION

The most widely accepted hypothesis about the pathogenesis of BBt i is due to a
combination of microbial colonization, environmental factors, immune dysfum@and host
genetics. Untangling the possible contribution of microorganisr@®tbas been complicated
by the large variability in the composition of the gut microbiotdaumans. Basically, each
human has an individual fecal microbial fingerprint (Dicksee@l., 2007; Eckburget al.,
2005; Zoetendadt al., 1998). However, the study of monozygotic twins basically eliminates
the variable of host genetics, except for potential epigenetioréadh particular the study of
a set of discordant monozygotic twin pairs, where one had CD amdhéewas healthy, was
extremely valuable for determination of differences in the gatahiota, independent of host
genetics.

The microbial compositions in fecal samples collected from healin pairs were
highly similar, using both T-RFLP and %GC profiling techniques, supppthe hypothesis
that genetics has a strong influence on the composition ofutheigrobiota. However, six
out of eight healthy pairs were young and were still livinghin $ame household. This could
contribute to their similar microbial profile. Neverthelesswés particularly interesting to
note that the microbial community profiles of individuals in heattii pairs that had lived
apart for many years/decades, for example, twin pairs 1a,b and &agbstdl highly similar.
Zoetendalet al. (2001) also observed high similarities among identical twinshadtlived
separated for more than five years.

In our sample set, three of the healthy twin pairs were dizygoticthe similarities
were not higher within the monozygotic compared to the dizygotic twittspugh too few
pairs were studied to determine the significance of these a@iesms. Even if dizygotic twins

share a certain genetic relatedness they are not as dlekbd as monozygotic twins and
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therefore, our results also lend support to the hypothesis that heeavironmental

programming of the gut microbiota soon after birth (leewl., 2006). In addition, all of the
dizygotic healthy twin pairs were very young, (7-8 years @adjl were still living in the same
household and this could also contribute to their high similarities in profiles.

Another important finding in this study was that patients with @@l involvement,
had a significantly different gut microbiota than healthy individwushd those with colonic
CD. It is increasingly apparent that Crohn’s disease is hotreogenous disease but a tissue
response to various etologic factors (Jarnerot, 1996), and our resultsulgpaolrt to this
hypothesis. Pairwise comparisons of the microbial profiles freim pairs also showed that
all discordant twins with ileal involvement had community profilest twere less similar to
their healthy twin compared to discordant pairs with colonic dis@agessible confounding
factor could be surgical impacts prior to sampling, such as ilaboedleocolonic resection.
However, for the subjects included in this study, their prior sungasynot sufficiently extent
for short bowel syndrome to develop. In support of our findings, ileal Cheasously been
reported to differ from colonic CD with dysbiosis of the ilealansa-associated microbiota
correlating to the ileal disease phenotype (Baunaaat., 2007). Also, there are differences
in genetic susceptibility (Ahmaet al., 2002) and adaptive immune responses (Taegah,
2005) of CD patients with ileal disease compared to those with cof@i In this study,
dysbiosis of the fecal microbiota correlated with ileal involvetmaf CD, suggesting that
fecal samples could be used as a potential diagnostic markéefdeal disease phenotype.
Some reports suggest that feces are not appropriate for diaghdS[3, as they may not
reflect the composition of mucosa-associated bacteria thah@e directly responsible for
inflammation (Lepagest al., 2005). However, previous findings show that components of
feces are relevant for ileal CD recurrence (Rutgeettal., 1991) and induction of

inflammation (Harpeet al., 1985). Importantly, fecal samples are non-invasive and easier to
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obtain than biopsies and our findings provide encouragement in the usmalofdmples for
eventual monitoring and/or diagnosis of CD.

Previous studies have found that the microbial diversity in the glbwsr in
individuals with CD compared to healthy individuals (Manichanal., 2006; Scanlast al.,
2006; Seksiket al., 2003). For example, there have been reports of a reduced divérsity o
Firmicutes (Gophnaet al., 2006; Manichankt al., 2006) andacteroides (Franket al., 2007;
Ott et al., 2004) in CD patients. We also found a significantly higher bactéralsity in
healthy individuals (based on T-RFLP profiles) compared to the &ients. In addition, all
healthy individuals in the discordant twin pairs had higher T-RFLPilgraliversities
compared to their respective CD twin. Assessment of the t@@icent of T-RFLP diversity
for the twin pairs also showed a higher agreement within hyephliirs compared to those
found within discordant and concordant pairs. These results highligipother of studying
twins as genetically matched controls.

In this study, all of the CD twins, except for two (10b and 15a)ewerclinical
remission. It has been previously shown that the microbiota of CD patientSdiffehealthy
individuals regardless of disease state (Seksi&l., 2003). The two individuals that had
active disease in this study had a low degree of inflanoma# possible advantage of
studying patients in remission is that during the active sthgfee disease, alterations in the
microbiota could be an echo, rather than a cause of inflammationdihdaumiet al., 2006). In
addition, patients in remission have a lower probability of takindicaéon that could induce
changes in the microbiota independent of disease state.

We focused our attention oBacteroides species as these seemed to differentiate
between healthy individuals and those with CD when using genertarish@rimers for T-
RFLP.Bacteroides vulgatus, B. uniformis, andB. ovatus were the most abundaBacteroides

species detecte®. uniformis (TRF 262) was present in all samples &ndvatus (TRF 264)
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and B. vulgatus (TRFs 83 and 142), were present in most of the samples (Supplegmentar
Figure S1). The reason for two representative TRFsBfovulgatus is probably due to
different strain variations of the 16S rRNA gene within thiscegse The Bacteroides
communities were not significantly similar within any of tiaen sets, including the healthy
twins (Supplementary Figure S1). However, it has been previously shown tBattémides
group has a very large inter-individual variation (Eckbeairgl., 2005; Jernbergt al., 2007).

Interestingly, our data suggest that there are differencethe@ composition of
Bacteroides species in healthy individuals and CD patients with ileal invokm
(Supplementary Figure S2). This difference was largely duewerlrelative abundances of
B. uniformis and higher abundances Bf ovatus and B. wulgatus, in patients with ileal
involvement compared with both healthy twins and twins with colonic skseaSeveral
previous reports have also shown an abnorBeteroides community in CD patients
compared to healthy individuals (Cdtal., 2004; Scanlaet al., 2006; Seksilet al., 2003).
For example, Scanlagt al. (2006) reported a lower complexity of DGGE profiles within the
B. fragilis subgroup in CD patients than in healthy individuals and a difficaltybtaining
PCR products from CD patients compared to controls. In this stuggsinot problematic to
obtain PCR products for thBacteroides group, which could simply reflect differences in
Bacteroides abundances within the sample groups of the two studies.

One main conclusion of this study was that the healthy twins ante f the
concordant twins that were sampled had similar microbial commprofites and these were
closely matched within a particular twin set. However, thisilarity did not hold for
discordant twins suggesting that the diseased individuals had a diff@abial community
structure than their healthy twins. This finding was madagusivo independent molecular
approaches: %G+C profiling and T-RFLP. By assessing tREOP diversity within twins a

higher agreement was found within healthy twin pairs compardthtanithin discordant and
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concordant twin pairs. In addition, the bacterial diversity was highehealthy twins
compared to CD twins. Interestingly, cluster analysis of binaRFLP data as well as
ordination techniques of T-RFLP abundance data showed that CD twths ileal
involvement differed from healthy twins as well as from twmgh colonic disease. This
difference could partly be explained by a shift of the domirzadteroides community

members of CD patients with ileal involvement.
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Figure 1. Percent guanine+cytosine profiles for six twin pairs: healthy pairt¢® discordant (B, C),
and three concordant (D-F) twin pairs for Crohn’s disease (CD). Healthwduals are labeled dark
or light blue and CD individuals are labeled pink or red. Sample identificatieng@rided at the top
of each panel according to assignments given in Supplementary Table S1. ldbazsnshows GC
content in percent and the vertical axis indicates relative abserlvaftues in percent.
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Figure 2. Terminal restriction fragment (TRF) distributions generated using akn&cterial primers
(Panel A), and 8acteroides group specific reverse primer (Panel B), for three twin pairs (onthizeal
one discordant and one concordant for Crohn’s disease). Identification édliradévaccording to
assignments given in Supplementary Table S1 is shown below each pie chadrdsaepresents the
relative abundance of a particular TRF. TRFs of the same siZaeeasarhe color for all individuals
and for both panels A and B considering that the forward primer used for PCRevgasté in all
cases.
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Figure 4. Principal component analysis (PCA) pldts T-RFLP profiles (including TRF size and
relative abundance data) for healthy twins (Panel A) and tdiswordant or concordant for CD
(Panel B); Eigenvalues are shown in parentheses for PC1 @hdPRa@el C shows a similarity plot
based on the binary T-RFLP data (i.e. presence or abséndeFs) for all individuals calculated
using Jaccard’s index and UPGMA as a cluster method. Twin peided according to colors and
shapes of symbols: healthy individuals in control group, closed tegnglealthy individuals in

discordant twin pairs, closed circles; individuals with CDsetb squares. Individuals within a twin
pair have the same colored symbol. In Panel C, clusters cothpfibealthy individuals are indicated
with blue branches whereas those for CD individuals with redop® ID is shown next to the
symbols on the PCA plots (panels A and B) according to the assitgmi@en in Supplementary
Table S1. Abbreviated disease locations: I: lleum, C: col@h, lleocolon, and U: Upper

gastrointestinal tract.
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Figure 5. Neighbor joining tree showing clustering of tBacteroides clone sequences based on
libraries created from one healthy twin pair (6a,b), one concordant €1 Ha,b) and two discordant
CD pairs (16a,b and 18a,b); the T-RFLP abundance data for these individuals arénshow
Supplementary Figure S1. Coloring of branches illustrate the respBatitgeoides species that
matched to the clone sequences. For sequences where the speciesengives,dhe matches were
99-100%, and species with sequence identities >97%, were Batitioides spp-like.
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