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(3I1). Our bd oxidase structure does not indicate
the presence of such voluminous pathways;
instead, molecular oxygen may access heme d
laterally from the alkyl chain interface with
the membrane over a short distance (Fig. 2B).
Hence, oxygen dissolved in the membrane could
rapidly bind to heme d without traveling through
any tunnel-like protein cavity.
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Durable coexistence of donor and
recipient strains after fecal
microbiota transplantation

Simone S. Li,"* Ana Zhu,! Vladimir Benes,? Paul I. Costea,’ Rajna Hercog,® Falk Hildebrand,'
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Fecal microbiota transplantation (FMT) has shown efficacy in treating recurrent Clostridium
difficile infection and is increasingly being applied to other gastrointestinal disorders, yet the
fate of native and introduced microbial strains remains largely unknown. To quantify the extent
of donor microbiota colonization, we monitored strain populations in fecal samples from a
recent FMT study on metabolic syndrome patients using single-nucleotide variants in
metagenomes. We found extensive coexistence of donor and recipient strains, persisting 3
months after treatment. Colonization success was greater for conspecific strains than for new
species, the latter falling within fluctuation levels observed in healthy individuals over a similar
time frame. Furthermore, same-donor recipients displayed varying degrees of microbiota transfer,
indicating individual patterns of microbiome resistance and donor-recipient compatibilities.

ecal microbiota transplantation (FMT), which

entails the transfer of a microbial commu-

nity from a healthy donor to a patient (of-

ten after bowel lavage), has emerged as a

promising treatment option for a range of
chronic disorders (I-3). However, despite having a
success rate of over 90% for recurrent Clostridium
difficile infection (R-CDI) (7), there are indica-
tions that the therapy as currently performed is
not as effective in treating other diseases (4). This,
in addition to inherent risks (5), has created a need
to characterize and understand the full effects of
FMT on the microbiome of the recipient, across
different diseases.

Recent studies have indicated that establish-
ment of donor-specific species is possible alongside
resident microbiota of the recipient (6-9) and
that they can still be detected 70 days after FMT
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(7). However, the definitive origin of these newly
observed species—whether they are indeed from
the donor or from other sources (for example, diet
or environment) or had simply been below detec-
tion levels in the recipient—is uncertain. More-
over, in the majority of these studies, the FMT
procedure was preceded by a course of antibiotics,
which is known to alter the gut flora (10, 11) and
may or may not facilitate implantation of exoge-
nous microorganisms.

The full extent to which donor microbiota col-
onize in a recipient host has not yet been mea-
sured, as studies to date have been restricted to
genus- and species-level comparisons and have
not distinguished or elucidated the fate of donor
and recipient strains of the same species (6-9, 12).
Genetic variants of bacterial species are known
to coexist in the gut (Z3), and strain-level differences
have recently been shown to have functional and
clinically relevant consequences (13-15). However,
other studies in humans and model systems have
found that newly introduced nonpathogenic strains
are unable to persist in an established gut ecosystem—
especially if the species was already present—be
they probiotics (16), xenomicrobiota (17), or even
modified strains isolated from the same healthy
individual (18).

Here, we quantify and describe the extent of
changes to the population structure of the gut
microbiome after FMT, at both species and strain
level, using shotgun metagenomic data. Donor
strains established extensively in the recipient
and persisted over the 3-month observational
period, either replacing or, more strikingly, exist-
ing alongside indigenous strains. Outcomes varied
across donor-recipient pairs, indicating that micro-
biome compatibility (the likelihood that donor
strain populations are able to coexist or even re-
place microbial strains in the recipient) is a fac-
tor that could provide a rationale for more targeted
microbiota-based therapies.
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Fig. 1. Microbial communities A
undergo larger compositional

changes after allogenic FMT ALLOGENIC PLACEBO HEALTHY
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newly acquired species. (A) Post-
allogenic FMT microbiomes display
species composition changes
above the range of temporal varia-
tion observed in placebo (beige)
and healthy controls, persisting
over 84 days (Wilcoxon rank-sum
test; ***P < 0.0002; **P < 0.004;

Euclidean distance) (22). Lines T
connect time point samples from
the same individual. (B) Proportion
of acquired donor species in allo-
genic FMT subjects is within, or
close to, the level of variation
observed in placebo (20.1 £ 5.0%)
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als for up to 400 days after initial
sampling. These species thus may
not necessarily have originated
from the donor but may have been
acquired from other sources or had
previously been undetected. A
majority of species is common to
both donor and recipient (yellow).
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Same-donor FMT recipients are grouped by a black bar below the subject identifier.

Fig. 2. Allogenic FMT instigates more variation
at the strain level compared with placebo-treated
and healthy individuals, most likely due to donor
microbiota transfer. (A) Fraction of single-site al-
lelic variation (compared to pre-FMT samples),
averaged across species, is significantly higher in
the allogenic FMT group than placebo-treated and
healthy individuals (Wilcoxon rank-sum test; ***P <
0.0001). Median values across individuals are high-
lighted by the diamond shape. (B) Average fraction
of donor- and recipient-specific SNVs detected
across 42 prevalent species in allogenic FMT recipi-
ents. Genomic positions containing both donor- and
recipient-specific SNVs are shown in yellow; non-
determinant positions (SNVs observed in none or
both donor and recipient before FMT) are in gray.
Presence of donor- and recipient-specific SNVs
indicate durable coexistence of donor and recipient
strains; decline of donor strains between 42 and
84 days after FMT is negligible. Retention of donor-
specific SNVs is notably higher than the assign-
ment error rate of 11.9% (dotted line) (22).

Using shotgun metagenomics, we sequenced
55 fecal samples from a recent FMT study of
metabolic syndrome patients (2). In contrast to
previous investigations, subjects in this study
had not used antibiotics or other medication
for at least 3 months before treatment, nor did
they do so during treatment, thus minimizing
associated confounding effects (10, 11, 19). The
cohort of 10 subjects—half of whom received a
single allogenic FMT (from one of three lean do-
nors unrelated to the recipients) and the other half,
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an autologous FMT (i.e., a placebo equivalent)—
had samples collected at consistent time points
(once before treatment and four times after treat-
ment). To contextualize our findings, we compared
the cohort to 109 metagenomes of 48 healthy,
FMT-naive individuals from published longitu-
dinal studies including the Human Microbiome
Project (20-22). Changes after FMT were moni-
tored over multiple time points, using pre-FMT
samples of each donor-recipient pair as a base-
line for allogenic FMT and placebo-treated re-
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FMT 5
SNVs observed over
determinant positions

I Donor only Donor & recipient
. Recipient only . Non-determinant
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cipients and initial time point (day 0) samples for
healthy control subjects (fig. S1).

Using a taxonomic marker gene-based approach
that accounts for both known and putative species
(22, 23), we observed compositional shifts in both
allogenic and placebo-treated FMT recipients. These
were above the range of natural temporal variation
in healthy individuals (Wilcoxon rank-sum test,
P =220 %10 and 3.86 x 10~) (Fig. 1A and fig. S2),
suggestive of an additive effect of bowel lavage
and microbiota transfer on the gut microbiome.
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Compared with the other two groups, allogenic
FMT microbiomes underwent considerably larger
changes (P = 7.49 x 107®) regardless of clinical
outcome (table S1), which can thus be attributed
to the introduction of donor microbiota and re-
flects previous reporting of increased microbial
diversity in these subjects (2). These changes
persisted for at least 3 months after treatment,
even though recipient microbiomes gradually lost
similarity to their respective donors (fig. S3), in
contrast to findings in R-CDI patients (7, 12).
Species putatively assigned as donor-specific
varied across recipients and were observed through-
out the 3 months of the study (Fig. 1B and fig.
S4A). Retention of these new species positively
correlated to the number of donor-specific spe-
cies identified in pre-FMT samples (R> = 0.83)
(fig. S4B). However, in four of five cases, the pro-

A sNv distribution
(% over determinant
positions at Day 84)

Phylum

portion of donor-specific species was either below
or not significantly different from the fluctuations
of new species detected over time in the placebo-
treated group (20.8 + 5.5%) and healthy group
(17.7 £ 10.9%) (Fig. 1B and table S2), which was
also observed using 16S ribosomal RNA gene-based
profiling (fig. S5). We therefore propose that the
detection of presumably donor-specific species
in recipients after FMT is by itself not sufficient
proof of colonization and in future studies should
be contextualized by background variation.

A large fraction of species in allogenic FMT
recipients was also present in their donor (64.5 +
6.0%) (Fig. 1B). Determining the fate of these
bacteria—that is, whether donor microbes are able
to colonize and whether they replace or coexist with
recipient microbiota—requires analytical resolution
at the strain level. To this end, we used meta-

A\ Actinobacteria - Firmicutes
O Bacteroidetes

FMT 1

O Verrucomicrobia

FMT 2 FMT 3

genomic single-nucleotide variant (SNV) analysis
(24) to distinguish and trace donor- and recipient-
specific strain populations, because the full genomic
reconstruction of uncharacterized strains from a
complex community is not yet available (25).

We extended the approach by Schloissnig et al.
(24) to account for rare and less abundant strains
and applied it to the 164 fecal metagenomes
from the three study groups (22). This provided
a starting set of 11.8 million variant positions
across the genomes of 1105 detected prokary-
otic species (table S3).

To compare the extent of strain-level changes
among the study groups, SNVs identified in base-
line samples were monitored over multiple time
points (Fig. 2A and fig. S1). We observed a higher
level of single-site allelic variation in allogenic FMT
recipients than in the placebo and healthy groups

Donor & recipient

SNVs observed over Donor only
determinant positions Recipient only . Non-determinant

FMT 4 FMT 5

Roseburia hominis +
Dorea formicigenerans =+
Ruminococcus lactaris +
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Akkermansia muciniphila O
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Alistipes putredinis O
Ruminococcus sp. SR1/5 +
Coprococcus comes +
Collinsella aerofaciens /A
Ruminococcus torques +
Ruminococcus obeum +
Ruminococcus bromii +
Bifidobacterium adolescentis A
Roseburia inulinivorans +
Parabacteroides merdae O
Bacteroides uniformis O
Faecalibacterium prausnitzii A2-165 +
Faecalibacterium cf. prausnitzii KLE1255 =+
Eubacterium rectale +
butyrate—producing bacterium =+
Ruminococcus sp. 5_1_39BFAA +
Faecalibacterium prausnitzii SL3/3 +
Alistipes shahii O
Parabacteroides distasonis O
Coprococcus catus +
Bacteroides dorei/vulgatus O
Eubacterium hallii +
Faecalibacterium prausnitzii L2—-6 —+ l

B Proportion of species with
observed strain coexistence
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Fig. 3. Coexistence of donor and recipient strains across species, 84 days
after FMT. (A) Distribution of donor- and recipient-specific SNVs for species
detected in more than one recipient at day 84. Species are ranked by the likelihood
of observing consistent donor (top) to recipient (bottom) strain dominance pat-
terns (fig. S9). For clarity, full strain names are used in cases where species names
were ambiguous (table S4). Blanks signify species that were not detected at day 84
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or before FMT in donor and/or recipient. Coexistence of donor- and recipient-
specific strains can be observed across species and recipients. The coloniza-
tion success of donor strains does not appear to be associated with taxonomic
affiliation of the species. (B) Extent of strain coexistence (yellow) in each re-
cipient, summarized for detected species. Species with observed dominance of
donor (orange) or recipient (blue) strains comprised a smaller proportion.
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(P =135 x 10 and 1.50 x 10, respectively), which
indicated the presence of additional strains (22).
To investigate whether the increased variation
was due to the transfer and establishment of do-
nor microbiota, we defined a set of determinant
genomic positions (containing both donor- and
recipient-specific SNVs), which we monitored over
time (fig. S1 and table S3) (22). For confident SNV
detection and tracking, we focused on species
that were consistently detected with sufficient
abundance in at least one donor-recipient pair,
resulting in 42 species across five phyla (table S4:).
Determinant positions for these species, which are
prevalent in the general population (24), ranged
from 66 to 161,800 (median 15,550) and were lo-
cated throughout their respective genomes (fig. S6).
Across recipients, we observed transfer of do-
nor strains (Fig. 2B and fig. S7). Donor-specific
SNVs were most highly retained 2 days after
FMT (69.3 = 21.8% of determinant positions
across recipients) and were still present 3 months
later (37.6 + 16.6%) (Fig. 2B and fig. S7). This con-
trasts with much lower rates of variation observed
at equivalent time points in placebo-treated
(day 84) and healthy (days 60 to 84) individuals
(9.5 +1.8% and 2.9 + 1.3%, respectively) (Fig. 2A)
and shows that our findings result from donor-
strain transfer and not only temporal variability or
abundance variation beyond detection thresholds.
Furthermore, it indicates that donor strains can col-
onize in the human gut after bowel lavage [which
causes a short-term decrease in microbial diver-
sity (20)] and without prior antibiotic treatment.
Marked differences in colonization success were
observed between allogenic recipients who shared
a donor (subjects FMT1, 2, and 3). Three months
after treatment, FMT2 and 3 retained a higher
amount of donor-specific SNVs compared with
FMT1 (46.1%, 56.6%, and 12.0%, respectively) (Fig.
2B). The perceived resistance to incoming strains
in FMTI1 was also reflected in the overall micro-
biome composition of this subject, which reverted
to the pre-FMT state, whereas FMT2 and 3 dis-
played more persistent compositional changes
(Fig. 1A). Responses to FMT treatment may thus
be idiosyncratic and depend on the compatibility
of the donor and recipient microbiomes and/or
the disease state involved. A “one-stool-fits-all”
model currently supported by standardized donor
stool banks may not be clinically appropriate (26).
Apart from the one case of microbiome resist-
ance, we observed extensive coexistence of donor
and recipient strains (in 50.7 + 10.1% of shared
species) in all other recipients, which persisted for
at least 3 months (Fig. 2B). This suggests that
novel strains can colonize in the gut without re-
placing the indigenous strain population of the
recipient. It appears that introduced strains are
more likely to establish in a new environment if
the species is already present. The decline of
donor-strain populations detected between 1.5
and 3 months after FMT was negligible, imply-
ing that potentially long-term strain coexistence
might occur.
We sought to determine the extent of donor
and recipient strain coexistence across species.
Focusing on the 29 species that could be detected

SCIENCE sciencemag.org

in more than one recipient at the end of the study,
a pattern of donor strains establishing alongside
indigenous strains of the recipient was seen (Fig. 3A).
Whereas 39 + 23% of species showed resistance
to introduced strains, coexistence of donor and
recipient strains was observed in 44 + 14% of
species detected in recipients (Fig. 3B). Durability
of donor strains varied widely for most species,
ranging from complete replacement of recipi-
ent strains to extinction (for example, Alistipes
putredinis and Ruminococcus bromii fall at the
extremes in FMT4 and 5). Most strikingly, however,
donor strains of Roseburia hominis, Ruminococcus
lactaris, and Akkermansia muciniphila appeared
to dominate recipient strains, with almost com-
plete substitution, even in the case of FMTI1, who
rejected most donor strains and species over time
(Figs. 1B and 3A and fig. S8). By contrast, recipient
strains of Eubacterium hallii and Parabacteroides
distasonis showed resistance to donor strains
by day 84 (fig. S8) (22). Based on these observa-
tions, we used a random permutation approach
to rank species that showed consistent patterns
of donor or recipient strain dominance (fig. S9)
(22). Overall, colonization success and subsequent
dominance or rejection of donor strains did not
seem to depend on taxonomic affiliation of the
species nor on differences in relative abundance
between donor and recipient species (Fig. 3A and
fig. S10), in contrast to previous findings in R-
CDI patients (6, 9). It was also not restricted to
particular strains, genome size, phenotypic fea-
tures (such as Gram stain), known functional ca-
pacities of a species, or clinical parameters (tables
S1 and S5). Given these results, we propose that
aspects such as strain and species fitness (27) and
colonization resistance (28) should be studied in
the context of microbiome resilience and immune
responses of the recipient. Differences in the col-
onization success of donor strains across recipi-
ents also highlight the need for resolution beyond
species level to understand the mechanisms (for
example, how nonindigenous strains can elude
host immune defense responses) and ecological
effects underlying microbiota-based therapies.
Taken together, we have used intraspecies ge-
netic variation to monitor strain populations with-
in gut microbial communities. Applied to FMT,
we observed an extensive and durable coexistence
of donor and recipient strains of the same species,
with a considerable amount of strain replacement
(compared with a negligible uptake of donor spe-
cies) that was not associated with clinical out-
come. This suggests that introduced bacterial strains
can be readily accepted and persist in an established
gut microbial community, even when the species
is already present. This contrasts with previous
findings on isolated strains in non-FMT settings
(16-18) and potentially extends to a wider context,
such as the infant gut during development (13).
The complete replacement of indigenous strains
also introduces the possibility for the use of a con-
sortia of characterized and/or customized strains
to modulate the microbiome by, for example,
outcompeting undesirable strains (29), hence
encouraging the development of more defined
microbiota-based precision treatments.
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Editor's Summary

Persistence of fecal transplants

Fecal microbiota transplantation is a successful way of treating the distressing symptoms of
irritable bowel disease or Clostridium difficile infection. The procedure is done by administering a
concentrate of colonic bacteriafrom ahealthy donor. Li et al. used metagenomic data to look at
single-nucleotide variants after transplants in humans. Donor and recipient strains coexisted for at least
3 months. Some donor strains replaced related strains of the same species, but totally novel speciesfrom
adonor were unlikely to thrivein arecipient. Rational design of personalized fecal transplant
"cocktails" will therefore rely on resolution beyond the species level.
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