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Abstract

Understanding how the human gut microbiota and host are impacted by probiotic bacterial strains
requires carefully controlled studies in humans and in mouse models of the gut ecosystem where
potentially confounding variables that are difficult to control in humans can be constrained.
Therefore, we characterized the fecal microbiomes and metatranscriptomes of adult female
monozygotic twin pairs through repeated sampling 4 weeks prior to, 7 weeks during, and 4 weeks
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following consumption of a commercially available fermented milk product (FMP) containing a
consortium of Bifidobacterium animalis subsp. lactis, two strains of Lactobacillus delbrueckii
subsp. bulgaricus, Lactococcus lactis subsp. cremoris, and Streptococcus thermophilus. In
addition, gnotobiotic mice harboring a 15-species model human gut microbiota whose genomes
contain 58,399 known or predicted protein-coding genes were studied prior to and after gavage
with all five sequenced FMP strains. No significant changes in bacterial species composition or in
the proportional representation of genes encoding known enzymes were observed in the feces of
humans consuming the FMP. Only minimal changes in microbiota configuration were noted in
mice following single or repeated gavage with the FMP consortium. However, RNA-Seq analysis
of fecal samples and follow-up mass spectrometry of urinary metabolites disclosed that
introducing the FMP strains into mice results in significant changes in expression of microbiome-
encoded enzymes involved in numerous metabolic pathways, most prominently those related to
carbohydrate metabolism. B. animalis subsp. lactis, the dominant persistent member of the FMP
consortium in gnotobiotic mice, upregulates a locus in vivo that is involved in the catabolism of
xylooligosaccharides, a class of glycans widely distributed in fruits, vegetables and other foods,
underscoring the importance of these sugars to this bacterial species. The human fecal
metatranscriptome exhibited significant changes, confined to the period of FMP consumption, that
mirror changes in gnotobiotic mice, including those related to plant polysaccharide metabolism.
These experiments illustrate a translational research pipeline for characterizing the effects of
fermented milk products on the human gut microbiome.

INTRODUCTION

Our physiology and physiological differences are not only manifestations of our human
genes and epigenomes, but also a reflection of the genes and genetic variations that exist in
our resident microbial communities (microbiomes). Our microbiomes contain at least 100
times more genes than our human genomes (1). Dramatic increases in DNA sequencing
capacity have led to an explosive increase in the number and types of culture-independent
metagenomic studies of intra- and interpersonal variations in human microbial ecology---as
a function of our human lifecycle, cultural traditions, and health status (2-7). Long-term
goals of this quest to understand the genomic and metabolic underpinnings of our mutually
beneficial relationships with microbes include using our symbionts as a new class of
biosensors and biomarkers of wellness, and devising safe and effective ways to deliberately
manipulate the structure and functions of our microbiome in order to optimize our health, as
well as to treat various diseases.

A necessary starting point for assessing how the structure and functions of the human
microbiome are related to our biology is to characterize the normal variations that occur in
these communities, their gene pools, and their gene expression profiles both within and
between individuals. This requires carefully designed studies where potentially confounding
variables such as host genotype, diet and various environmental exposures can be controlled
and systematically manipulated. Monozygotic (MZ) twins represent one way to constrain
some of these variables, given that they have more similar genotypes and have experienced
more similar dietary and other early environmental exposures than any other combination of
individuals. A complementary approach is to use germ-free mice colonized at various points
in their life with defined collections of microbes, with sequenced genomes, that represent
major phylogenetic lineages encountered in the body habitats of human populations of
interest. Gnotobiotic mice harboring ‘synthetic’ model human microbiomes, where all
component organisms and microbial genes are known, can be reared under conditions where
a number of the variables that confound human studies are extremely well controlled.
Insights gleaned from these gnotobiotic animals can be applied back to humans (8).

Sci Transl Med. Author manuscript; available in PMC 2012 April 26.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McNulty et al.

RESULTS

Page 3

Common intended or unintentional disturbances to our microbiomes include changes in our
diets, consumption of antibiotics, and ingestion of live microbial strains posited to improve
health. The latter include commercially available probiotics that are incorporated into
fermented milk products (FMPs). With increasing regulatory pressure to validate the
composition and health claims of probiotics and ‘functional” foods, it is particularly
important to develop informative translational medicine pipelines so that proof-of-concept
clinical trials can be performed using validated biomarkers for quantitative phenotyping of
subjects and of their responses. The present study demonstrates one type of approach. It uses
adult MZ twin pairs and metagenomic methods to first define temporal fluctuations in the
organismal and gene content and gene expression profiles of their fecal microbial
communities as a function of administration of a widely used commercial FMP. It then takes
the five sequenced strains present in the FMP and introduces them as a consortium, at a dose
analogous to that experienced by humans, into gnotobiotic mice containing a model human
microbiome composed of 15 sequenced human gut symbionts. Quantitative analyses of
temporal changes in the proportional representation of microbial species and genes, and of
microbiome gene expression and metabolism before and after an ecological ‘invasion’ with
the 5-member FMP microbial consortium, has provided insights into the ways that FMP
strains and the indigenous model gut community respond to one another. The transcriptional
responses were used as biomarkers to interrogate metatranscriptome datasets obtained from
the MZ twins’ fecal specimens.

Human studies

Study design and assessment of intrapersonal and interpersonal variations in
the fecal microbiota of monozygotic twin pairs over a four month period—
Details concerning the seven adult female MZ twin pairs recruited for this study are
provided in Table S1. All had been vaginally delivered; none consumed antibiotics in the 6
months prior to and during their participation in the present study; none had a history of
gastrointestinal diseases (including irritable bowel syndrome) or any other acute or chronic
medical conditions; none were consuming dietary supplements or probiotics at the time of
enrollment; and none had a history of gluten sensitivity or other food allergies, nor were any
vegans or lacto-vegetarians.

Fresh lots of a FMP were shipped every two weeks to the participants’ homes from the same
pilot production facility; strain-specific qPCR-based assays indicated that at the time of
shipment each gram of the FMP contained on average 3.2x107 genome equivalents (GE) of
Bifidobacterium animalis subsp. lactis (strain CNCM 1-2494) and 6.3x10’ GE of
Lactobacillus delbrueckii subsp. bulgaricus (CNCM 1-1632, CNCM 1-1519). These results
were consistent with previous measurements of the number of colony-forming units (cfu) in
a typical cup of the FMP [4.9x107 cfu/g (B. animalis subsp. lactis), 8.4x107 cfu/g (L.
delbrueckii subsp. bulgaricus)].

Three fecal samples were obtained over the course of a 4-week period prior to initiation of
FMP consumption (“pre-treatment phase’; see Fig. 1A). Each co-twin then consumed two
servings of the FMP per day for 7 weeks (breakfast and dinner). Four fecal samples were
collected at defined intervals during this treatment period, while two additional samples
were collected during the 4 weeks following cessation of FMP consumption (‘post-treatment
phase’; Fig. 1A). Participants kept a daily log of their FMP consumption and stool
parameters including frequency. Statistical analyses of this log indicated that in this
population, FMP consumption was associated with significantly softer stools but no
significant changes in stool frequency (see Supplementary Material). However, based on
existing regulatory criteria, our study of this small cohort was insufficiently powered to
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draw clinical conclusions about these stool parameters. Moreover, the MZ twin population
recruited was comprised entirely of healthy individuals, so these data cannot be used to
make statements about the impact of FMP consumption on stool softness in unhealthy
patient populations.

All fecal samples collected during the three phases of this study were frozen at —20°C
within 30 min of their passage, and maintained at this temperature during overnight
shipment to a biospecimen repository where they were subsequently stored at —80°C prior to
metagenomic analyses. To assess intra- and interpersonal variations in microbial community
structure, we performed multiplex 454 FLX pyrosequencing of amplicons generated from
variable region 2 (VV2) of bacterial 16S rRNA genes present in fecal DNA. A total of
431,700 sequencing reads were obtained from 126 fecal samples (3,426 * 2,665 sequences
per sample, Table S2A). Noise due to PCR and pyrosequencing artifacts was removed from
this dataset using software incorporated into the QIIME suite of 16S rRNA analysis tools
(9). De-noised reads were binned into species-level phylogenetic types (phylotypes), with a
species defined as isolates that share >97% identity in their 16S rRNA gene sequence. To
ensure even coverage across samples, each of the 126 datasets was subsampled to 1,640
reads per fecal microbiota. A phylogenetic tree was built from one representative sequence
from each phylotype using FastTree’s approximately maximum-likelihood implementation
(10) and communities were compared using unweighted UniFrac (11): the UniFrac metric
measures community similarity based on the degree to which their members share branch
length on a reference phylogenetic tree of Bacteria.

To quantify temporal variation in community composition within and between MZ twins,
we generated a matrix of unweighted UniFrac distances for all pairwise comparisons of all
126 fecal samples obtained from the twins in our study. This matrix allowed us to compare
any two fecal communities separated by all possible time intervals between sampling for
each individual in each of the 7 twin pairs (Fig. 2A). The results indicated that no matter
how far apart in time sample collection occurred (1 week to 4 months), the phylogenetic
distance between communities from the same individual was less than the distance between
communities between co-twins or unrelated individuals. UniFrac distances between samples
harvested from a given individual increased modestly as a function of time during the 4-
month period, although the changes were not statistically significant (Fig. 2A).

Each sample contained 163+3 (mean+SEM) observed species-level phylotypes. Four of the
total 1,673 phylotypes identified in our dataset were found in all 126 samples; all belonged
to the family Lachnospiraceae (order Clostridiales; phylum Firmicutes) and represented
2.5+0.04% of the 16S rRNA sequences in each sample. 24.6+0.4% of species-level
phylotypes observed in a given sample were consistently represented in all 9 samples from
that individual (Fig. 2B): the family-level taxa to which these species belong consist
principally of Lachnospiraceae, Ruminococcaceae, and Veillonellaceae (phylum
Firmicutes), the Bacteroidaceae and Rikenellaceae (phylum Bacteroidetes), and
Coriobacteriaceae (phylum Actinobacteria). 13.7+0.2% of the observed phylotypes were
represented in all samples from both co-twins (Fig. 2B).

Impact of FMP consumption on fecal bacterial community composition—A
gPCR assay disclosed that 1 week after initiation of FMP consumption, the level of
representation of B. animalis subsp. lactis (CNCM 1-2494) was 107 cell equivalents (CE)/g
feces; this level was sustained in all 14 individuals throughout the ensuing 7 weeks of FMP
consumption (i.e., there were no statistically significant differences between the 1, 2, 4 and 7
week time points as determined by Friedman test with post-hoc correction). The Spearman
correlation test revealed no significant effect of human family membership on the levels of
B. animalis subsp. lactis during FMP consumption. Levels fell to below the limits of
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detection of the assay in all but 4 participants within 2 weeks of cessation of FMP
consumption (Fig. S1); two of these individuals represented a twin pair, while the other two
individuals were unrelated to each other.

Co-occurrence analysis (see Supplementary Material) indicated that with the FMP dosing
schedule used no species-level phylotypes present in the pre-treatment microbiota exhibited
a statistically significant change in their proportional representation in feces in any
individual, during or following the period of FMP consumption. In addition, no species-level
taxa that were undetected in the pre-treatment period appeared and persisted during and/or
after treatment in any individual (paired t-test, ANOVA). Of course, it is possible that with
even deeper sampling differences might be revealed in feces, or may exist in more proximal
regions of the gut. Further details of this co-occurrence analysis, including the results of
tests at the genus and family level, plus deeper sequencing of a subset of twin pairs are
provided in Supplementary Material.

Effects of FMP consumption on the functional gene repertoire of the fecal
microbiome—To determine the effects of FMP consumption on the representation of gene
functions in the microbiome, we performed shotgun sequencing on 48 of the fecal DNA
preparations generated from 4 of the MZ twin pairs (n=6 samples/individual; 2 fecal samples
obtained before, 2 during, and 2 after cessation of FMP consumption; see Fig. 1A). Two of
these twin pairs lived together, while two pairs lived 3 and 932 miles apart. A 634 Mb
dataset was generated (60,863+28,775 sequences per sample, average length 238 nt; Table
S2B). A BLASTX search against version 54 of the Kyoto Encyclopedia of Genes and
Genomes (KEGG) GENES database (12-14) yielded a total of 2,205+26 (mean+SEM)
KEGG Orthology identifiers (KOs) per microbiome sample: 64% of the KOs in a given
sample (1,417+46) were consistently represented in all 6 samples from that individual; 55%
were consistently represented in all samples from both co-twins; 892 KOs (41% of the total
KOs in a given sample) were identified in all 48 samples forming a core set of shared fecal
microbiome-associated functions. Fig. 2C provides a visual representation of this conserved
set of 892 KOs: 38% of the 892 belong to six KEGG categories - ‘membrane transport’,
‘carbohydrate metabolism’, ‘DNA replication and repair’, ‘amino acid metabolism’,
‘translation’, and ‘metabolism of co-factors and vitamins’.

The proportional representation of KEGG pathways and their component KOs was
subsequently calculated for each of the 48 microbiomes. The microbiomes were then
subjected to all possible pairwise comparisons based on these two classification schemes.
The results, quantified using the Hellinger distance metric, disclosed that over time, unlike
the UniFrac-based 16S rRNA comparisons of community bacterial species composition,
there was no significant difference in the degree of similarity of microbiome functional
profiles for a given co-twin compared to the degree of similarity that existed between co-
twins (i.e., intrapersonal variation was not significantly different from interpersonal
variation between co-twins). However, as with the UniFrac results, individual and twin pair
microbiomes were significantly more similar to one another than those from unrelated
individuals (Fig. 2D). No KEGG pathways or KOs exhibited a statistically significant
change in their relative abundance in response to FMP consumption in any of the subjects at
any of the time points (Student’s paired t-test and 2-way ANOVA with Bonferroni post-hoc
testing).

At this point in our analysis, the human studies indicated that exposure of a healthy
individual’s resident gut microbiota to the FMP strains did not produce a detectable
perturbation in fecal bacterial species composition, nor did it have a broad effect on the
functional profile of fecal microbiome genes. To help guide further analysis of the human
datasets, we turned to a simplified in vivo model of the human gut microbiota. We based our

Sci Transl Med. Author manuscript; available in PMC 2012 April 26.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McNulty et al.

Page 6

selection of model community members on several criteria. All members of this model
community, or their close relatives, would be represented in the fecal microbiota of the MZ
twins and other sampled human populations. They would encompass the three major
bacterial phyla present in this host habitat (Firmicutes, Bacteroidetes, Actinobacteria), and
would have deep draft or finished genome sequences available. Gnotobiotic mice harboring
such a model human microbiome would be used to characterize the impact of FMP strain
introduction on the community’s species and microbial gene abundances, as well as the
microbiome’s transcriptional profile, and to ascertain the impact of the model community on
the abundance and gene expression profiles of the FMP strains whose genome sequences
were also known. The knowledge gleaned would then be used to help guide further analysis
of the human fecal microbiome datasets, including microbial RNA-Seq datasets generated
from a subset of the human fecal samples.

Studies in gnotobiotic mice

A community of 15 sequenced human gut-derived microbes containing a total of 58,399
known or predicted protein-coding genes was constructed (Fig. 1B, Table S3). Fig. S2 uses
assigned KOs to provide evidence of the functional similarity of this model human
microbiome to a collection of 127 genomes generated from cultured members of the human
gut microbiota, a deeply sampled set of fecal microbiomes obtained from 124 unrelated
Europeans (1), and deeply sampled microbiomes from a pair of obese MZ co-twins (15).

Fig. 1B presents the study protocol. Two groups of adult 6-8 week old germ-free C57BI1/6J
male mice were colonized with a single gavage of the 15-member community (6x10° cfu/
member, total of 9x107 cfu). Each group (n=5 animals) was maintained on a low fat, plant
polysaccharide-rich diet. Fourteen and fifteen days after gavage with the 15-member
community, both groups of mice were inoculated with a mixture of the five FMP strains.
One group received a second pair of gavages of the five strains 7d and 8d later, and a third
pair 21d and 22d after the first inoculation of the FMP consortium (multiple treatment
group). Each gavage consisted of a community composed of 2x107 cfu: 25% (5%108 cfu) S.
thermophilus; 25% B. animalis subsp. lactis, and 25% L. lactis subsp. cremoris, with the
remaining 25% split between the two L. delbrueckii subsp. bulgaricus strains (12.5% each;
2.5x106 cfu/strain). Dosing was based on the following considerations: (i) a daily dose of
two cups of the FMP contains ~1010 cfu of B. animalis subsp. lactis; (ii) assuming ~1014
bacteria in the human gut, the ratio of the number of input B. animalis subsp. lactis cfu to
the human gut symbiont population is approximately 104; (iii) to maintain this ratio of 1074
in mice, and assuming 1011-1012 organisms in the mouse gut, we administered a total of 107
B. animalis subsp. lactis cfu per gavage period (one period equals two gavages within 24h);
(iv) the difference in cfu between the least and most abundant microbial species in the FMP
product remains <2-fold during manufacture and storage; therefore, each species in the
gavage was represented at equivalent levels.

FMPs contain defined collections of microbes, a dairy matrix, and products of microbial
metabolism of this matrix generated during manufacturing and storage. In principle, the
dairy matrix and microbial metabolic products could be responsible for some of the effects
observed when humans consume a FMP. Nonetheless, we chose to administer the strain
consortium to mice directly by gavage, rather than by giving them the corresponding
commercial FMP. This allowed us to more precisely control dosing. It also allayed concerns
about possible unintended colonization of the gnotobiotic mice with microbial species (other
than strains deliberately introduced during manufacturing) that could be introduced during
handling of a FMP prior to gavage.

Sci Transl Med. Author manuscript; available in PMC 2012 April 26.
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The repertoire of carbohydrate active enzymes (CAZymes) in members of the
FMP consortium and model human gut microbial community—The genomes of
the five FMP strains in this study were sequenced, either completely (B. animalis subsp.
lactis) or at a deep draft level (other four strains) for subsequent analyses of their
representation in the model community after gavage of gnotobiotic mice and so we could
define their in vivo patterns of gene expression (Table S3).

Analysis of the 48 CAZyme families (16) identified in the five FMP strains, and the 126
CAZyme families identified in the 15-member model human microbiota disclosed that 23 of
the 24 CAZyme glycoside hydrolase (GH) families, 11 of the 12 glycosyltransferase (GT)
families, 4 of the 4 carbohydrate esterase (CE) families, and 4 of the 8 carbohydrate binding
modules (CBMs) represented in the former were also represented in the latter. The FMP
consortium contains only six CAZyme families that were not represented in the model
human gut community. Three of these are associated with L. lactis subsp. cremoris: of these,
two are predicted to play roles in the binding and metabolism of chitin (Fig. S3; Table S4).
The other three are from B. animalis subsp. lactis: BALAC2494 01193 encodes a GT39
family mannose transferase involved in O-glycosylation of proteins; BALAC2494 01288
specifies a predicted beta-mannanase carrying a C-terminal CBM10 carbohydrate-binding
module predicted to bind cellulose; BALAC2494 01971 gives rise to a protein with a
CBM23 module predicted to bind mannan.

Introducing the FMP strain consortium produces minimal changes in the
species representation of the 15-member model human gut microbiota—We
used COmmunity PROfiling by Sequencing (COPRO-Seq), a generally applicable method
based on highly parallel DNA sequencing (17), to quantify the proportional representation of
each component of the 15 member microbiota and of the FMP consortium in our gnotobiotic
mice. Sequencing reads generated from fecal DNA samples collected before, during and
after introduction of the FMP strains were analyzed as described in Fig. S4A. Briefly,
“informative” tags (i.e., reads that can be mapped uniquely to a single genome) were first
identified. Informative tags were then summed by species to generate digital “counts” of
abundance. In cases where a read could not be assigned with certainty during COPRO-Seq
analysis, it was ignored. To account for this fact, species-specific counts were normalized
using their “informative genome size” (defined as the percent of all possible k-mers a
genome can produce that are unique multiplied by the total genome length). Multiplex
sequencing using the Illumina GA-1Ix instrument yielded sufficient numbers of reads per
sample so that an organism comprising >0.003% of the community could be detected: for a
mouse colonized at 101112 cfu/ml cecal contents or feces, this represents 108 cfu/ml.

COPRO-Seq produced several notable findings. First, community assembly prior to
introduction of the FMP strains occurred in a highly reproducible manner, both within and
between the two groups of animals (Fig. S5A, Table S5A). This reproducibility ensured that
animals in both treatment groups harbored communities with structures comparable to one
another at the time of administration of the five-member FMP strain consortium. Second,
within 1 week of introducing the FMP strains, either as a single treatment or in multiple
treatments, B. animalis subsp. lactis and L. lactis were detectable in the fecal microbiota
(Fig. S5B; Table S5A). These two species persisted in the gut throughout the study.
Importantly, B. animalis subsp. lactis was the most prominently represented member of the
FMP consortium in the model human gut microbiota, exhibiting a progressive increase in its
representation during the 28 days following initial introduction, and reaching comparable
levels in both the single and multiple treatment groups (up to 1.1%; see Fig. S5B). In
contrast, S. thermophilus and the two strains of L. delbrueckii subsp. bulgaricus were
undetectable or intermittently just over the limit of detection in both the single- or multi-
treatment groups. Third, as with the MZ twin pairs, introduction of the consortium led to
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minimal rearrangements in overall community structure, whether or not the consortium was
administered twice in a two-day period or on two subsequent occasions (see Table S5B for
the results of Mann-Whitney tests of significance for each species at each time point
surveyed relative to the time point just before initial introduction). Collinsella aerofaciens,
the lone Actinobacteria in the 15-member community, showed a significant reduction in its
abundance in both treatment groups immediately following FMP strain introduction (Fig.
S5C) that persisted through later time points, raising the possibility of a competitive
relationship between this organism and B. animalis subsp. lactis, the only Actinobacteria in
the FMP strain consortium.

The B. thetaiotaomicron component of the 15-member human gut microbiota was composed
of a library of 34,544 randomly inserted transposon mutant strains covering 3,435 of the
organism’s 4,779 genes (72%). As noted in Supplementary Material and Table S6, by
comparing the representation of mutants in fecal samples before and after introducing the
FMP strains, we were able to determine that their presence did not affect the profile of B.
thetaiotaomicron’s genetic determinants of fitness in the distal gut.

Microbial RNA-Seq analysis of the response of B. animalis subsp. lactis to the
gut environment and members of the 15-member community to the FMP
strain consortium—Moving beyond COPRO-Seq based structural analysis, we
performed microbial RNA-Seq analysis to determine the functional impact of exposing the
established model human community to the FMP strains, and to ascertain which FMP
consortium genes are most highly expressed in the intestines of these animals. B. animalis
subsp. lactis attained sufficient abundance in gnotobiotic mice to allow profiling of its
transcriptome at late time points (days 35, 36, and 42). When its in vivo patterns of gene
expression were compared with those documented during mid-log and stationary-phase in
MRS medium and in the commercial FMP (see Supplementary Material and Table S7), we
noted that the BALAC2494 00604-BALAC2494 00614 locus, encoding enzymes involved in
the catabolism of xylooligosaccharides (18), was strongly upregulated in vivo (average
across the locus; 27-fold at the day 42 time point compared to mid-log phase in MRS
monoculture; 128-fold compared to the FMP, Table S7). Xylose is the main building block
of dietary hemicelluloses. Addition of this pentose sugar is also one of the first steps in O-
glycosylation of host mucins. These results support previous observations suggesting
xylooligosaccharides may serve as potent “bifidogenic factors’, whose consumption
increases the densities of Bifidobacteria in the gut (19, 20).

Ordination of samples and B. animalis subsp. lactis CAZyme gene expression patterns by
correspondence analysis identified additional CAZymes that correlate strongly with the in
vivo state (Fig. 3), including members of families expected to play roles in the degradation
of dietary plant polysaccharides [GH43 (xylan beta-xylosidases), GH77 (4-alpha-
glucanotransferases)]. The analysis revealed sets of B. animalis subsp. lactis CAZymes that
corresponded well with each growth condition (i.e., MRS medium, commercial dairy matrix,
and mice). Within each growth condition, the expressed groups of CAZymes often had
related functions (Fig. 3).

We next examined the impact of the FMP strain consortium on expression of genes in the
15-member community. In a ‘top-down’ analysis, genes were binned by function and the
community’s metatranscriptome evaluated in aggregate, ignoring the species from which
each transcript arose. A complementary ‘bottom-up’ analysis allowed us to determine how
each species in the community responded to the introduction of the FMP consortium.

Top-down analysis of the impact of the FMP strains on the community metatranscriptome
revealed significant increases in expression of genes falling within the KEGG categories
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‘carbohydrate metabolism’, and ‘nucleotide metabolism’, while decreases were observed in
‘amino acid metabolism’ and ‘lipid metabolism’ (Fig. 4A, Table S8). Peak responses in both
treatment groups occurred 3 weeks following the first gavage of the FMP strains,
corresponding to the time of highest representation of B. animalis subsp. lactis in the
community.

The genes that exhibited the highest fold-change in expression were heavily skewed towards
the KEGG categories ‘carbohydrate metabolism’ and ‘membrane transport’. The latter
includes a number of ABC- and PTS-type carbohydrate transporters (Table S9). When these
KEGG category-level responses were subsequently broken down into KEGG pathways (Fig.
4B), it was apparent that the most significant responses in the ‘carbohydrate metabolism’
category involved increases in ‘starch and sucrose metabolism’, ‘fructose and mannose
metabolism’, and ‘pentose and glucuronate interconversions’.

Transcript data were subsequently binned by enzyme commission (EC) number. The levels
of mMRNAs encoding these ECs at each time point were compared using
ShotgunFunctionalizerR, an R-based statistical and visualization tool originally designed to
identify genes significantly enriched or depleted in environmental microbiomes (21, 22).
Using this approach, we were able to determine that the ‘starch and sucrose metabolism’
pathway response to the FMP strains was driven by significant upregulation of genes
encoding three enzymes involved in metabolism of dietary plant polysaccharides: (i) EC
3.2.1.65 (levanase; Fig. 4C), which cleaves 2,6-beta-D-fructofuranosidic linkages in 2,6-
beta-D-fructans (levans); (ii) EC 3.1.1.11 (pectinesterase), which de-esterifies pectin to
pectate and methanol; and (iii) EC 2.4.1.20 (cellobiose phosphorylase), which uses
cellobiose formed from partial hydrolysis of cellulose as its substrate to generate alpha-D-
glucose-1-phosphate and D-glucose. The genes encoding these ECs, which catalyze early
steps in three entry points of the ‘starch and sucrose metabolism’ KEGG pathway,
underwent significant increases in their expression within 24 hours after introduction of the
FMP consortium (Fig. 5A). The levels of expression of these genes either increased further
(levanase) or were sustained (the other two ECs) in both the single and multiple treatment
groups through the remaining 4 weeks of the experiment (Fig. 5A). The levanase response
showed remarkable species specificity: this gene is represented in 8 members of the 15-
member community, yet the community’s transcriptional response is driven almost
exclusively by the levanase in Bacteroides vulgatus (BVU_1663; Fig. 4C). In contrast, the
pectinesterase response was distributed across 6 members of the community (B. caccae, B.
ovatus, B. thetaiotaomicron, B. vulgatus, B. WH2, C. aerofaciens), with changes in
transcription largely due to pectinesterase genes found in B. ovatus (BACOVA_03576,
BACOVA_03581, BACOVA_04902), B. thetaiotaomicron (BT_4109, BT_4110), B. vulgatus
(BVU_1116), and B. WH2 (BACWH2_3569, BACWH2_3615). Increases in the proportional
abundance of cellobiose phosphorylase transcripts reflected the contributions of three
community members: B. uniformis, E. rectale, and R. obeum (Table S8).

The KEGG ‘starch and sucrose metabolism’, ‘pentose and glucuronate interconversions’ and
‘pentose phosphate’ pathways process products generated by these three enzymes. Fig. 5B
shows that many of the other components of these pathways are upregulated in the 15-
member community when the FMP strain consortium is introduced. ShotgunFunctionalizeR
also identified significant increases in the expression of genes encoding five ECs that
participate in the generation of propionate and succinate: the induction occurred within 24
hours after the FMP strains were introduced and involved acetate kinase (EC 2.7.2.1;
catalyzes a bidirectional reaction between propanoyl phosphate and propionate), phosphate
acetyltransferase (EC 2.3.1.8), methylmalonylCoA decarboxylase (EC 4.1.1.41),
propionylCoA carboxylase (EC 6.4.1.3) and methylmalonylCoA mutase (EC 5.4.99.2,
yields succinylCoA as its product) (Fig. S6). Only a single treatment with the FMP
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consortium was required to produce a sustained response involving the enzymes that can
yield propionate (Fig. S6).

A breakdown of RNA-Seq reads by the community member genome to which they mapped
revealed that the abundance of a species in the 15-member community did not necessarily
correlate with its contribution to the community transcript pool. At the time point sampled
immediately prior to invasion (d14), two of the most extreme outliers were B. WH2
(comprised 39.6+1.6%; mean+SD) of the community but only contributed 15.4+2% of the
raw reads to the total RNA-Seq read pool) and R. obeum (2.1+0.4 % of the community;
18.2+4.4% of the transcript pool) (Fig. S7). These observations indicate that community-
level transcriptional responses can be driven by species representing small fractions of the
microbiota.

Our “bottom-up’ analysis is summarized in Fig. S8 and Table S10, and disclosed early- and
later-responding species. Specifically, there were more significantly highly-regulated R.
obeum transcripts within the community metatranscriptome 1d after gavage than would be
expected based on its community representation, and more highly regulated R. obeum genes
in the comparison between day 14 (just before gavage) versus day 15 metatranscriptomes
than between day 14 versus day 42 metatranscriptomes. In contrast, B. WH2, Clostridium
scindens, and B. uniformis were defined as late responders to the FMP consortium.

Identifying predictive features from the model community metatranscriptome
data using a Random Forests classifier—Machine learning techniques employing the
random forests classifier can be applied to metagenomic data (23) to learn a function that
maps a set of input values or predictors (in this case relative abundance of KEGG categories,
KEGG pathways or ECs in a community) to a discrete output value (here, the presence/
absence of the FMP strains). KEGG categories, KEGG pathways and ECs were all able to
predict pre-/post- treatment status with low estimated generalization error (KEGG
categories: 6.7%, ECs: 13.3%, KEGG pathways: 10.0%). In all cases, these generalization
error rates were less than half of the baseline error rate of 33% (i.e. that achieved by always
predicting the largest category). There were 11 predictive and 5 highly predictive KEGG
categories, 35 moderately predictive ECs, and 27 predictive and 4 highly predictive KEGG
pathways (Table S11). The predictive ECs identified using our supervised classification
approach include a number of carbohydrate metabolism-related functions that were also
identified using ShotgunFunctionalizeR in our top-down analysis.

Metabolomic analyses—To evaluate the impact of invasion with the 5-member FMP
consortium on microbial-host co-metabolism, we performed untargeted gas
chromatography-mass spectrometry (GC/MS) on urine samples collected at multiple time
points (days 0, 14 and 42) from members of the single- and multi-treatment groups (Fig.
1B). A metabolite profile was constructed for each urine sample (n=19) using the spectral
abundances of all identifiable metabolites. A total of 198 metabolites met our reverse match
score cutoff of 65% and were present in at least 50% of samples at one or more time points
(for an explanation of the reverse match score, see (24) and Table S12). Comparing day 0
and 14 samples revealed 39 metabolites whose levels were significantly higher or lower
following colonization with the defined 15- member community (see Table S12A). The
changes included decreases in the levels of oligosaccharides we would expect to be
consumed by members of the microbiota [melibiose (87% decline); raffinose/maltotriose
(98%); note that oligosaccharides are by their nature difficult to identify with certainty with
the present, non-targeted GC/MS technique, and our annotations of these metabolites as
melibiose, and raffinose/maltotriose are provisional]. The observed 3.4-fold increase in
pyrogallol, a polyphenol, is consistent with the known ability of many gut microbes to
cleave these molecules from polyphenols present in dietary plant material. A 4.4-fold
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increase in taurine following the initial colonization of mice was also noted, probably a
result of microbial deconjugation of taurine from bile compounds.

Table S12B lists urinary metabolites that change significantly after introducing the five FMP
strains (compare day 14 versus 42 in Table S12B). Fructose and xylose were not
significantly affected by introduction of the defined 15-member community but increased
significantly following introduction of the FMP strain consortium (2.3- and 2.9-fold,
respectively; Fig. 6A,B). Increases in fructose may reflect an enhanced capacity of the
community to liberate this monosaccharide from levan and other polyfructans via levanase-
catalyzed reactions. Increases in xylose might be explained by the additional xylanase
activity introduced by B. animalis subsp. lactis (Fig. 3), or alternatively by the induction of
microbiome genes encoding xylan-degrading enzymes (e.g. BACOVA 04387 and
BACOVA_04390, which were upregulated 5.2- and 11.0-fold, respectively, following
introduction of the FMP strains, Table S10). Changes in other metabolites such as
xanthosine (Fig. 6C), a purine metabolite, suggest that the metabolic consequences of FMP
strain introduction extend beyond the processing of carbohydrates.

Collectively, our transcriptional and metabolite analyses indicated that introducing FMP
strains that constitute a small fraction of a defined model human gut microbiota signals the
microbiota to change its metabolic activities, including activities related to carbohydrate
metabolism. With this information in hand, we returned to the human fecal samples to
determine the extent to which observations made in our gnotobiotic mouse model were
applicable to humans.

Microbiome transcriptional responses to FMP strains that are shared by
ghotobiotic mice and humans—Microbial RNA-Seq analysis was performed on
human fecal samples obtained 1 week prior to FMP consumption, 1 and 4 weeks into the
consumption period, and 4 weeks following cessation (both co-twins from family 1; one co-
twin from family 3; see Table S1). Using an analysis pipeline comparable to the one
employed for the mouse data, we first aligned all RNA-Seq reads against a reference set of
131 microbial genomes plus the five FMP strain genomes, binned the aligned transcripts
based on their EC annotations, and used ShotgunFunctionalizeR to identify ECs whose
abundances were significantly changed as a function of FMP exposure (Benjamini-
Hochberg adjusted p-value <0.01).

Categorical analysis of the responses of the human fecal community to FMP consumption
revealed that significantly upregulated ECs were principally distributed among the KEGG
categories ‘carbohydrate metabolism’, “amino acid metabolism’, and ‘metabolism of
cofactors and vitamins’ (see Table S13 for a complete list of ECs identified from the various
pairwise comparisons of time points).

Fig. 7 highlights the 86 ECs that were significantly changed (p<0.01) in the same direction
in all humans and in all sampled mice as a function of exposure to the FMP strain
consortium. Similar to our findings in mice, the most prominently represented KEGG
category among up-regulated gene functions in all comparisons of human
metatranscriptomes was ‘carbohydrate metabolism’ (Fig. 7). The three ECs involved in
entry points in the KEGG ‘starch and sucrose metabolism’ pathway [levanase (EC 3.2.1.65);
pectinesterase (EC 3.1.1.11), and cellobiose phosphorylase (EC 2.4.1.20)] were significantly
upregulated within 1 week after FMP consumption was initiated in the humans surveyed.
This transcriptional response was sustained in the case of levanase and pectinesterase and
ceased (fell to below the limits of detection) within 4 weeks after FMP administration was
stopped (Fig. 5A).
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ECs involved in succinate and propionate metabolism (EC 2.7.2.1 and EC 6.4.1.3) were also
upregulated in the human fecal metatranscriptome within 1 week of the initiation of FMP
consumption (FMP1 versus Prel, Fig. 7). As with levanase, pectinesterase and cellobiose
phosphorylase, this response was sustained during, and subsided after the period of FMP
consumption (see ‘FMP4 versus Prel” and ‘FMP1 versus Prel’ in Fig. 7 and Table S13).

Human fecal transcripts were detected that mapped to the B. animalis subsp. lactis genome
(see Supplementary Material). The presence of these transcripts was limited to the period of
FMP consumption, supporting the notion that they emanated from the FMP strain rather
than from a related species present within the microbiota (Fig. S9). This clear linkage to
FMP consumption was not evident in the case of other members of the consortium, so we
could not confidently analyze their patterns of gene expression in vivo. The highest number
of mapped reads to the B. animalis subsp. lactis genome was obtained 1 week after FMP
administration began: among the 4,000 reads, we were able to detect transcripts from all but
1 of the 10 genes in the BALAC2494 00604-BALAC2494 00614 locus that encodes
enzymes involved in the catabolism of xylo-oligosaccharides, leading us to conclude that
this locus is highly expressed in the distal human gut, just as it is in our mouse model.

DISCUSSION

Repeated sampling of seven healthy MZ adult twin pairs over a 4-month period emphasized
that intrapersonal variation in bacterial community structure was less than interpersonal
variation, with co-twins having significantly more similar phylogenetic and taxonomic
structure in their fecal microbiota compared to those from unrelated individuals (9, 25, 26).
The results also showed that (i) consumption of a fermented milk product containing 5
bacterial strains was not associated with a statistically significant change in the proportional
representation of resident community members within and between individuals; (ii) the
appearance and disappearance of strains comprising the FMP consortium did not exhibit
familial patterns in the fecal microbiota; and (iii) B. animalis subsp. lactis CNCM 1-2494
was the most prominent assayed member of the consortium represented in the microbiota
during the 7 week period of FMP consumption. Analyses of the fecal gene repertoire over
the course of the 16 weeks of the experiment indicated that (i) variations in the functional
features of the (fecal) microbiome were less than the variations in bacterial species
composition; (ii) there was no significant difference in the degree of similarity in
representation of KEGG orthology group functions for a given co-twin at each time point
compared to the degree of similarity that existed between co-twins, while individual and
twin pair microbiomes were significantly more similar to one another than those from
unrelated individuals; and (iii) there were no statistically significant changes in the
representation of these functions when the FMP strain consortium was being consumed.
With these findings in mind, and with each individual as well as each genetically identical
co-twin serving as a control, we concluded that at least at the depth and frequency of
sampling employed for this small healthy cohort, the bacterial species and gene content of
their fecal microbiota/microbiome was not an informative biomarker for understanding
whether or how this commercial fermented milk product impacted microbial community
properties.

Gnotobiotic mice harboring a model 15-member gut microbial community that represented
the three principal bacterial phyla present in the human gut microbiota, and whose 58,399
known or predicted protein-coding genes encompassed many of the prominent functions
present in the normal adult human fecal microbiome, provided a means for characterizing
the impact of the 5-member FMP strain consortium on expressed gut microbial community
functions, and then applying the results to the human fecal specimens collected for this
study. As with the MZ twins, introduction of the 5-member strain consortium did not
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significantly affect the representation of the 15 species comprising the model human
microbiota. As with the MZ twins, B. animalis subsp. lactis exhibited the greatest fitness of
the five FMP strains in the gut, as judged by its prominence and persistence. Unlike the
human arm of the study, where all subjects consumed the FMP twice daily, the design of the
mouse study, with its single versus multiple treatment regimens, allowed us to directly
compare the persistence of FMP consortium members. Only B. animalis subsp. lactis and L.
lactis subsp. cremoris were able to maintain a foothold in the gut ecosystem at detectable
levels for the entire 4 week monitoring period after a single dose. In addition, colonization
levels were not affected by the number of times the FMP strains were administered to mice.

An advantage of constructing the model human gut microbiome was that its entire predicted
gene repertoire was known. This allowed us to define the impact of introducing the FMP
strain consortium on the functions expressed by the overall community as well as by its
individual components. A major theme emanating from our analysis was the effect of
introducing the FMP consortium on carbohydrate metabolism by the community, as well as
the effect of the community on a feature of carbohydrate metabolism by B. animalis subsp.
lactis. The model 15-member community responded to the FMP consortium by inducing
genes encoding enzymes involved in catalyzing reactions that represent the three entry
points into the KEGG ‘starch and sucrose metabolic pathway’, as well as enzymes that
catalyze fermentation of carbohydrates to propionate. The mechanism by which the FMP
strains elicit this response is unclear at present, but the effect is rapid (occurring within the
first 24h after invasion) and was persistent whether the consortium was introduced in a
single set of gavages during a 1-day period, or with subsequent repeated gavage over a
several week period. The persistence of both the carbohydrate pathway response, and of B.
animalis subsp. lactis, suggests but does not prove that the latter may be instrumental in
instigating and maintaining the former.

Intriguingly, the carbohydrate response showed features of “differentiation’. As noted in
Results, the levanase response was driven almost entirely by changes in transcription in just
a single species (B. vulgatus), the pectinesterase response by 6 community members (B.
caccae, B. ovatus, B. thetaiotaomicron, B. vulgatus, B. WH2, C. aerofaciens) and the
cellobiose phosphorylase response by three components of the defined model human gut
microbiota (B. uniformis, E. rectale, and R. obeum). Of the 50 genes with predicted xylan-
degrading capacity in the model microbiome (i.e. those encoding enzymes in ECs 3.2.1.37
and 3.2.1.8), only BACOVA _04387 and BACOVA_04390 (both from B. ovatus) were
significantly upregulated after FMP strain introduction (this is ignoring xylanase genes
encoded by FMP strains like B. animalis subsp. lactis). This upregulation in a limited subset
of the model community coincides with an increase in urinary xylose.

The ability to attribute EC-level changes to individual genes in specific bacterial species was
not possible with our RNA-Seq analysis of the human fecal samples. The differentiation of
carbohydrate responses among bacterial species documented in gnotobiotic mice emphasizes
a challenge and opportunity that can be addressed in these models: namely, to further
delineate the niches, interactions and adaptive resource switching behaviors of community
members by intentional addition, removal or substitution of taxa, and/or by their
modification through genetic manipulation. Although requiring significantly more animals
and loss of the ability to use an animal as its own control, future studies could be expanded
to include sampling of community gene expression in different segments of the small
intestine.

The increased expression of genes encoding enzymes involved in the interconversion of
propionate and succinate is intriguing given the fact that this short chain fatty acid has been
linked in some reports to effects on gastrointestinal transit time. However, work in this area
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has yielded varying results and conclusions, perhaps because of the diversity of models and
methodological approaches used (27-30). Propionate may also link the gut microbiota and
human physiology through its effects on hepatic and adipose tissue metabolism (31).
Notably, another group has reported that in the T-bet/"Rag2~/~ mouse model of colitis,
consumption of a fermented milk product containing a dairy matrix plus the same strains
used in this study led to increased cecal propionate levels and a reduction in intestinal
inflammation (32).

The extent of translatability of data from gnotobiotic mouse models harboring collections of
sequenced representatives of the human gut microbiota to humans themselves needs to be
tested further, not only at the transcriptional level but also at the level of community-host
co-metabolism. Although current models can and should be evolved to embrace more of the
diversity present in our gut communities, even with current limitations they can serve as part
of a pre-clinical discovery pipeline designed to identify candidate biomarkers and mediators
of the effects of existing or new probiotic strains on the properties of microbial communities
and their hosts. They also represent an analytical tool for characterizing the effects of
specified dietary components on the indigenous gut community and on probiotic species that
are deliberately consumed. The results could yield new candidate prebiotics that may impact
the representation and metabolic properties of probiotic species or entrenched members of
our gut microbiota and provide the proof-of-mechanism and proof-of-principle observations
needed to justify, direct and interpret human studies.

MATERIALS AND METHODS

Human studies

Subject recruitment—Seven MZ female twin pairs aged 21-32 years with BMIs ranging
from 20-25 kg/m? were recruited for this study. These twins were long-standing participants
in the Missouri Adolescent Female Twin Study (MOAFTS; (26, 33)). Procedures for
obtaining consent, for providing fecal samples, and for maintaining diaries of FMP
consumption, and stool frequency and consistency were approved by the Washington
University Human Studies Committee.

Other procedures—Methods used for the production and distribution of the FMP to
study participants, analysis of the effects of FMP consumption on stool parameters, qPCR
analysis of fecal levels of FMP strains, multiplex pyrosequencing of 16S rRNA genes in
fecal samples and the FMP, co-occurrence analysis, and shotgun sequencing of human fecal
microbiomes are described in the Methods section of Supplementary Material.

Studies in gnotobiotic mice

Colonization of germ-free mice—The justification for using mice and the protocols
employed for treating them were approved by the Washington University Animal Studies
Committee. Animals belonging to the C57BI/6J inbred strain were maintained in plastic
flexible film gnotobiotic isolators, and fed a standard autoclaved chow diet (B&K rat and
mouse autoclavable chow #7378000, Zeigler Bros, Inc) ad libitum. Two groups of 6-8
week-old germ-free male animals (n=5/group) were colonized with a single gavage of 500
ul of supplemented TYG medium (TYGg; (34)) containing 15 sequenced human gut-derived
bacterial symbionts (6x10° cfu/strain; total of 9x107 cfu for the community). The B.
thetaiotaomicron component of this community was composed of a library of 34,544
transposon mutants prepared as described (34). Fourteen and fifteen days later, both groups
of mice were gavaged with a mixture of the five FMP strains (each species at 5 x 10° cfu) in
300 ul of TYGs. One group of mice received a second pair of gavages 7d and 8d later, and a
third pair of gavages 21d and 22d after the initial FMP strain introduction.
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Other procedures—Methods used for sampling animals, COPRO-Seq, INSeq, microbial
RNA-Seq and non-targeted metabolomics via gas chromatography/mass spectrometry (GC/
MS) are described in the Methods section of Supplementary Material, as are methods for
sequencing and annotating FMP strain genomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Overline: Human Genomics
Single Sentence Summary

Metagenomic, metatranscriptomic, and metabolomic studies of gnotobiotic mice
containing a model human gut microbiome provide insights about the effects of
consuming a five member microbial consortium, found in a popular commercial
fermented dairy product, on the gut communities of healthy human monozygotic twins.

300-word accessible Summary

With increasing regulatory pressure to validate the composition and health claims of
probiotics and “functional’ foods, it is particularly important to develop informative,
relevant animal models so that proof-of-concept and proof-of-mechanism studies can be
used to direct and interpret studies of their effects on humans. The present study
demonstrates one type of approach.

We studied seven healthy adult female identical twin pairs before they consumed, while
they were consuming, and after they stopped consuming a widely used commercial
fermented milk product (FMP) that contains a microbial consortium of five bacterial
strains. The bacterial and gene composition, as well as the gene expression patterns of
their gut microbial communities were defined. The results were compared to those
obtained in mice reared under conditions where the only microbes they harbored were 15
prominent, sequenced human gut bacterial symbionts. The five bacterial strains present in
the FMP were then given orally to these *humanized” mice at a dose analogous to that
given to the twins. We found that:

» Repeated sampling of the twins over a 4-month period showed that the species
and gene content of their gut bacterial communities remained stable and was not
appreciably perturbed by consuming the FMP.

o Exposure of the humanized mice to the five FMP strains did not produce
marked changes in the proportional representation of their human symbiotic
bacterial species or genes, mirroring the results seen in the twins.

» A subset of FMP strains successfully colonized the guts of mice harboring the
model human microbiome, allowing us to characterize the lifestyle of the most
prominently represented of these strains, Bifidobacterium animalis subsp. lactis.

»  Analysis of gut bacterial gene expression profiles and of urinary metabolites in
the mice disclosed that introducing the FMP strains results in significant
changes in many metabolic pathways, most prominently those related to
carbohydrate processing.

»  Many of the changes in metabolism first detected in mice were also found to
take place in humans.

Mice containing a sequenced model human gut microbiome can serve as part of a pre-
clinical discovery pipeline designed to identify the effects of existing or new probiotic
species on the properties of the gut microbiome and human host.
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Figure 1. Experimental design for human and mouse studies

(A) Human study. Seven healthy lean MZ female twin pairs were sampled before, during,
and after FMP consumption. (B) Gnotobiotic mouse study. Two groups of five germ-free
mice were colonized by oral gavage at 6-8 weeks of age with a 15-member microbial
consortium constituting a model human gut microbiota (day of gavage denoted by black
arrows). Two weeks later, the five species FMP strain consortium was administered by oral
gavage to each group of mice twice over two days (denoted by green arrows). Mice in the
single treatment group underwent no further manipulations, whereas animals in the multiple
treatment group received additional two-day gavages one and three weeks following the first
gavage. Samples were collected at the indicated time points for profiling bacterial
community membership (shotgun and 16S rRNA gene sequencing for human fecal samples,
COPRO-Seq for mouse fecal and cecal samples), gene expression profiling (microbial
RNA-Seq) and metabolite analysis (urines, GC/MS). The species comprising the model 15-
member human community and the 5-member FMP consortium are listed in the gray and
green boxes, respectively.
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Figure 2. Metagenomic studies of human fecal microbiomes sampled over time

(A) 16S rRNA-based time course study of intra- and interpersonal variations in fecal
bacterial community structure during the course of the 4-month study. Unweighted UniFrac
measurements of community distances, from pairwise comparisons of all samples obtained
from a given individual, from co-twins, and from unrelated individuals are plotted as mean
values +SEM. (B) Colored boxes represent the proportion of bacterial phylotypes that were
consistently present within an individual over time (gray), between co-twins over time
(orange), and in all 126 fecal samples (red). The white box represents the average number of
species-level phylotypes found in a given sample. All measures of spread provided in
parentheses represent £SEM. (C) KEGG Orthology groups (KOs) consistently present
within the fecal microbiome of an individual over time (gray), between co-twins over time
(orange), and in all 48 microbiomes analyzed from the 4 sets of MZ twins during the 4
month study (red). The white box indicates the average number of unique KOs (xSEM)
identified in a particular sample. All measures of spread provided in parentheses represent
+SEM. (D) Hellinger distance measurements of fecal microbiomes based on their KO
content. Tests of statistical significance are based on 1000 permutations of a Hellinger
distance matrix. Mean values (SEM) are shown for the three types of comparisons (self-
self; co-twin-co-twin; unrelated-unrelated individual).
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Figure 3. Correspondence analysis of B. animalis subsp. lactis CAZyme gene expression
RNA-Seq data for all B. animalis subsp. lactis genes encoding known or predicted

CAZymes were subjected to unconstrained correspondence analysis using the ‘vegan’

Page 21

package in R. Correspondence analysis (CA) allows for the generation of biplots in which
samples and genes can be plotted in the same ordinate space to reveal associations/anti-
associations between the two. Circles represent individual CAZymes (genes). The genes
ordinating furthest from the origin in the direction of one of the sample clusters (treatment
groups) are labeled according to their locus number and are colored based on CAZyme
family assignment (see Table to the right of the Figure for details; the abbreviation NA
refers to no designation). Red triangles represent samples and are labeled according to the
following nomenclature: LX, logarithmic phase cells in MRS with X being the technical
replicate number (e.g. L1 refers to the first technical replicate harvested in log phase); SX,

stationary phase cells in MRS with accompanying replicate number; MX, feces from

designated gnotobiotic animals obtained 4 weeks after the initial invasion with the FMP
strain consortium; PX, samples obtained after fermentation in the FMP dairy matrix. Each
cluster of samples from a particular treatment is associated with a functionally related set of

expressed CAZymes.
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Figure 4. “Top-down’ analysis of the effects of the FMP strain consortium on the model 15-
member community’s metatranscriptome

RNA-Seq reads were mapped to the sequenced genomes of the 15 community members.
Transcript counts were normalized [reads per kb of gene length per million reads (RPKM),
see Supplementary Material] and binned using the hierarchical levels of functional
annotation employed by KEGG. For each KEGG category (A) or pathway (B) shown,
boxplots depict the proportion of normalized read counts assignable to that annotation out of
all reads which could be assigned annotations for that hierarchical level. Data shown
correspond to the ‘multiple’ treatment group of mice (the group for which the most time
points were collected), however, data for all mice are provided in Table S8. (C) Illustration
of how a model community’s functional response (e.g., the increased expression of
levanase-encoding genes) can be dissected to identify the subset of genes/species driving the
response. Boxes denote top quartile, median, and bottom quartile. Whisker length represents
1.5x inter-quartile range (IQR), except where there are no outliers; in these situations,
whiskers span the range from minimum to maximum values. Box color denotes the day fecal
samples were obtained (day 14 is the pre-treatment timepoint immediately preceding gavage
of the FMP strain consortium). When an asterisk is centered over a box, it indicates that
there was a statistically significant change following administration of the FMP consortium
relative to the pre-treatment timepoint (p<0.05 by paired, two-tailed Student’s t-test). The
positioning of asterisks above versus below a box emphasizes the direction of change
(above, upregulation; below, downregulation).
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Figure 5. Mouse and human communities share transcriptional responses to the FMP strain
consortium involving ECs related to carbohydrate metabolism

(A) Box plots of the proportion of all RPKM-normalized reads in mouse and human fecal
metatranscriptomes represented by three ECs involved in plant biomass degradation.
Individual samples are shown as black dots (n=2-10). Boxes are also colored by fold-
change, as determined by comparing mean values at a given time point to the value at the
pre-treatment time point [for gnotobiotic mice pre-treatment refers to day 14; in the case of
humans, pre-treatment refers to the fecal sample collected 1 week prior to initiation of FMP
consumption (sample ‘Prel’ in Fig. 1A)]. Statistical significance was determined using the
ShotgunFunctionalizeR package in R and an adjusted p-value cutoff of <0.01. Pre-treatment
time points, and subsequent time points where expression levels were not significantly
different from the pre-treatment mean are colored white. (B) Components of KEGG “starch
and sucrose metabolism’, ‘pentose and glucuronate interconversions’ and ‘pentose
phosphate’ pathways whose expression in the 15-member model community changed
compared to pre-treatment values when the 5-member FMP strain consortium was
introduced. Gray indicates that the fold-change was statistically significant (adjusted p-value
<0.01). Ovals highlight the three enzymes shown in panel A. Dashed arrows indicate that
multiple enzymatic reactions lead from these ECs and their indicated substrates to the
products shown. These intermediate reactions have been omitted for clarity or because the
omitted ECs did not manifest significant changes in their expression.
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Figure 6. Select urinary metabolites whose levels are altered after the introduction of the FMP
strain consortium into mice harboring a defined model human gut microbiota

The statistical significance in pairwise comparisons shown in panels A-C was evaluated
using a two-tailed Student’s t-test on the log-transformed spectral abundance of the
metabolite in each sample. Values for the statistical significance of differences between time
points as evaluated by one-way ANOVA, followed by FDR-correction and a post-hoc Tukey
HSD test are also provided in Table S12. Horizontal bars represent group means, vertical
bars represent £ SEM. n/s; not significant.
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Figure 7. Shared transcriptional responses to FMP strain exposure in mice and humans

The heatmap shows ECs that exhibit a statistically significant change in their expression
(ShotgunFunctionalizeR, adjusted p < 0.01) and manifest a consistent direction of change in
their expression in all four comparisons shown. Comparisons include those where the pre-
treatment timepoint was compared with a timepoint shortly after FMP strains were
introduced (mouse: ‘d15 vs d14’, human: ‘FMP1 vs Prel’) and those where the pre-
treatment period was compared to a timepoint several weeks after strain introduction
(mouse: ‘d42multi vs d14’, human: ‘FMP4 vs Prel”). ‘d42multi’ indicates the multiple-
treatment group at day 42 of the mouse experiment. The colored boxes correspond to the
KEGG categories that contain the ECs shown to the right of the heatmap. The scale refers to
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fold-difference in the mean of relative abundance of each EC between treatment and pre-
treatment groups based on the mean number of normalized reads (RPKM) of transcripts
assigned to a given EC. The 18 ECs shown at the bottom of the Figure are not associated
with the five prominent KEGG categories listed. Their assigned categories are provided in
Table S13.
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