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Alice Chen-Liaw', Varun Aggarwala'??, Ilaria Mogno'?, Craig Haifer*®, Zhihua Li"?,

Joseph Eggers?, Drew Helmus®, Amy Hart’, Jan Wehkamp’, Esi S. N. Lamousé-Smith’,
Robert L. Kerby?, Federico E. Rey?, Jean Frédéric Colombel®, Michael A. Kamm?®,

Bernat Olle™, Jason M. Norman'?, Rajita Menon'?, Andrea R. Watson', Emily Crossette',
Elisabeth M. Terveer"'?, Josbert J. Keller'"'**, Thomas J. Borody™, Ari Grinspan®,
Sudarshan Paramsothy*'6, Nadeem O. Kaakoush', Marla C. Dubinsky® & Jeremiah J. Faith"?*

Despite the fundamental role of bacterial strain variation in gut microbiota function',
the number of unique strains of a species that can stably colonize the humanintestine

is stillunknown for almost all species. Here we determine the strain richness (SR)

of common gut species using thousands of sequenced bacterial isolates with paired
metagenomes. We show that SR varies across species, is transferable by faecal
microbiota transplantation, and is uniquely low in the gut compared with soil and
lake environments. Active therapeutic administration of supraphysiologic numbers
of strains per species increases recipient SR, which then converges back to the
population average after dosing is ceased. Stratifying engraftment outcomes by
high or low SR shows that SR predicts microbial addition or replacement in faecal
transplants. Together, these results indicate that properties of the gut ecosystem
governthe number of strains of each species colonizing the gut and thereby influence
strain addition and replacement in faecal microbiota transplantation and defined live
biotherapeutic products.

Strain-level variation in gut microbiome composition shapes the
influence of the microbiota on the host and host health’®. A range of
tools have enabled initial explorations of strain-level gut microbiota
structure, transmission and sharing’ 2. Metagenomic analyses have
demonstrated that humangut species withinanindividual canvaryin
their degree of polymorphism, indicating that different species may
have variable numbers of strains in the gut’>">*, Despite these advances,
we still lack insight into the fundamental organization of strains in
the human gut microbiota, including how many unique strains of
aspecies canstably colonize the gut (that s, the strainrichness (SR) of
aspecies).

Compared withmore open ecosystems, like the ocean or soil, the gut
ecosystem represents a unique semi-closed ecological niche that main-
tains constant temperature, diverse nutrients and a semicontinuous
unidirectional flow of nutrients. These physical parameters can influ-
ence the niche availability for different strains. Other salient factors
include the frequentuse of antibiotics in clinical care that could reduce
strain diversity in susceptible species®, the variation in pangenome
size across species leading to variable accessory genomes sizes, host
health status and cultural factors that might limit the consumption
of sufficiently diverse sources of gut microbes to maximally fill gut

niches® %, Considering these limitations, defining the SR of human
gut species will provide a new framework for exploring, understand-
ing and predicting the interactions of donor and recipient microbial
strains in faecal microbiota transplants (FMT). Among the bacterial
species commonly found in the human colon, Bacteroides fragilis is
the only species whose strain-level structure has been well studied. It
isdocumented that B. fragilis almost always maintains a single unique
strain per gut microbiota”® . In the stomach, Helicobacter pylori s
known to maintain asingle unique strain per individual®. For two com-
mon skin bacterial species, Staphylococcus epidermidis has also been
shown to maintain a higher SR than Staphylococcus aureus®.

To quantify the SR of common species in the gut microbiota, we
performed high-throughput culture and metagenomics sequencing.
Using more than 7,000 sequenced gut bacterial isolates from more
than 90 common gut species, we quantified the average SR across
species inthe human gut, as well as in soil and lake environments. We
explored ecological and functional properties underpinning high
and low SR. We studied the transmission of SR in recurrent Clostridi-
oides difficile infection (rCDI) FMT recipients®. We then explored the
impact of supraphysiologic administration of SR using pooled FMT
comprising three to seven donor stools in a second cohort of FMT
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C. farmeri 4 ®
C. butyricum -

B. breve 4 ¢
C. clostridioforme -

B. dorei
B. catenulatum

A. shahii
B. eggerthii
B. ovatus

B. salyersiae - ¢
B. obeum
B. wexlerae -
C. tertium -
C. aerofaciens -

A. colihominis
B. caccae -

A. finegoldii - ¢
A. onderdonkii
B. cellulosilyticus
B. stercoris
B. thetaiotaomicron -
B. uniformis
B. vulgatus -
B. xylanisolvens -
B. intestinihominis - ¢
B. animalis
B. bifidum -
B. dentium - ¢
B. longum 4
B. pseudocatenulatum -
C. mitsuokai - ¢
C. disporicum
C. paraputrificum -
C. perfringens -
C. symbiosum -

B. adolescentis
B. angulatum

Species

B. caccae
»=0.88 B. fragilis
2.5
B. salyersiae
B. stercoris
B. thetaiotaomicron
B. uniformis
B. vulgatus
B. xylanisolvens
B. adolescentis

SRI (this study)
4.7)

B. pseudocatenulatum
E. coli

P. distasonis

S. salivarius

T. sanguinis

Fig.1|SR;0f 92 humangutspecies. a, SR;varies by species (Kruskal-Wallis,
P<2.2x107). Dataarerepresented as mean value +s.e.m.b, SR; using theisolate
genomesetin thisstudy (n=4,773)is highly correlated with SR, estimated from
anindependentset of bacterial genomes (n=1,947) isolated from 11 humans*®.
Spearmanrank correlation was applied. Grey area, 95% confidence interval.

recipients with ulcerative colitis (UC)*. We explored how SR capac-

ity predicts whether a donor strain engrafts and replaces a recipient
strain, coexists with a recipient strain or fails to engraft while the
recipient strain remains in the microbiota. Our insights highlight the
potential requirement for maintenance doses to maintain a high SR
and provide insights for understanding engraftment outcomes on
the basis of the ecological constraints imposed by the average SR of
each species.

Average SR of gut species

To estimate the SR of gut bacterial species in the human gut, we
sequenced 5,113 gut bacteria cultured as pure isolates from the stool
of 100 people (54 healthy, 37 with inflammatory bowel disease (IBD),
and 9 withrCDI; Supplementary Tables1and 2). We focused on 92 com-
mensal gut bacterial species that wereisolated from at least three dif-
ferent people. Pairwise genome distances from isolates of the same
species (conspecific) cultured from two unrelated people typically have
afractional k-mer distance of at least 0.04, whereas the k-mer distances
between conspecificisolates from the same person are almost always
farless than 0.04 (Extended DataFig.1a). As previously described®* ¢,
these distances are the result of most isolates of a given species in an
individual personbeing replicates of the same strain thatis reisolated
many times, while the same strainis very rarely shared between unre-
lated people**. Therefore, we count the number of unique strains of a
species (that is, SR) within a person i for a given species (SR;) as the
number of genomes with a k-mer distance of atleast 0.04, correspond-
ing to an average nucleotide identity (ANI)*” of approximately 99.5%,
whichwasidentifiedindependently as agenomic-based strain marker

C. comes -
C. eutactus 4 ¢
D. longicatena - ¢

B. ovatus 15 4

B. longum 51

E. lenta
E. avium 4 ¢

E. coli

E. rectale

E. siraeum 4

F. pleomorphus -
L. lactis - ®
O. splanchnicus 4 ¢

E. casseliflavus
S. oralis - ¢

P. merdae
P. acidilactici 4 ¢
P. anaerobius -
R. faecis -
R. bicirculans
R. gnavus
S. agalactiae 4 ¢
S. anginosus -
S. mutans
S. parasanguinis

L. ruminis 4 ¢
R. 1001216sp1 ~

L. gasseri { ¢
L. paracasei -
L. salivarius -

1. bartlettii
L. paragasseri - ¢

F. plautii
1. butyriciproducens -

E. mundtii 4 ¢
F. saccharivorans - ¢

E. durans -

E. faecalis

E. faecium -

E. gallinarum -

E. ramosum

F. cylindroides

K. pneumoniae -
L. plantarum - e

L. rhamnosus

L. garvieae -

P. distasonis
P. goldsteinii 4 ¢
S. australis - ¢
S. dysgalactiae - ¢

S. salivarius

T. sanguinis

P<33x10°

P =0.00048
—

Gut Lake Soil
@4.7) (5.9) (11.2)

¢, The SR;of humangutspeciesis lower than SR;of speciesisolated from lake
andsoil microbiomes (Kruskal-Wallis test). Blue points, average SR;foraspecies
foundineach of the environments; black points, mean of the environment;
errorbars, s.e.m.

(Extended DataFig.1b). To calculate the average SR for aspeciesjacross
our study population (SR;), we average SR; across all people in our
cohort that harbour speciesj within their microbiota. Isolates from
the rCDI participants were excluded from these initial analyses given
the established observation that the rCDI microbiotaareiatrogenically
depleted in terms of diversity and microbiota density® .,

Across 92 species in 91 people, we observed that SR;in the human
gutmicrobiome varies significantly by species (P=2.2 x 107, Kruskal-
Wallis; Dunn’s Test; Extended Data Table 2), is less than 2.0 strains per
speciesonaverage (1.23 + 0.33; mean + s.d.), and below 3.0 for all spe-
cies (Fig.1aand Extended Data Table 1). SR; of the commensal species
B. fragiliswas 1.0, which aligned with expectations from previous find-
ings”***. As an initial validation, we estimated B. fragilis SR;and SR;
using the same methodology on a deeply sampled B. fragilis dataset’
with 524 sequenced bacterial isolates from12 people. We find identical
results with SR;=1.0in the validation cohort (Extended DataFig. 1c). For
ourinitial dataset, we sequenced, on average, 3.55 genomes per species
per person. To determine whether this limited sampling depth results
in alarge underestimation of SR;, we sampled deeply across a subset
of tenbacterial species from four main gut phyla whose estimated SR;
ranged between1.00 and 2.00 (Extended DataFig.1d-fand Extended
Data Table 3). Inaddition to performing deeper culturing of the original
donor sample, we also transferred some of the original human donor
stools to ex-germ-free mice consuming various diets (high-casein,
high psyllium or mixed carbohydrate), since previous studies have
demonstrated that different dietary conditions and the mouse gut
environment canenrich for different strains***, Afteral49%increasein
sampling for these organisms, we observed only 41 new strains across a
further 778 isolates (7.2% increase in unique strains), indicating that we
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were near saturation of the SR;for these species. As expected, the new
strains belonged to species with higher SR; (Extended DataFig.1d-h).
Inadditionto this deeper sampling for asubset of species, we also gen-
erated rarefaction curves and found our average sampling depth per
species per person was typically beyond the point of steepestincrease
intherarefaction (Extended Data Fig.1i-1). To test the generalizability
oftheseresultsinasecond validation cohort beyond B. fragilis, we cal-
culated SR; for other gut species from a previous study*’, where 1,947
gutbacterial isolates were cultured from 11 healthy people*® (21.9 mean
genomes per species per person). We observed a highly significant
correlation between SR; across the two datasets (P= 8.4 x107¢, Spear-
man correlation; Fig. 1b) providing an independent validation of the
SR; estimates across a broad taxonomic range.

To determine how the SR;structure of the human gut compares with
thatof other ecosystems, we compared the SR;of the human gut micro-
biome with that of soil and lake microbiomes. Species in the human
gut demonstrated much lower SR; (1.23 + 0.33) than species sampled
fromsoil (6.83 £ 5.07; 112 sequenced isolates) or lake (4.93 + 2.08; 94
sequenced isolates; Fig. 1c). In addition, in contrast to the rarefaction
curves for gut species, we were unable to approach SR; saturation for
lake or soil species even when we sampled 20-30 isolates of the same
species (Extended Data Fig. Im,n). This startling difference indicates
thatunique features of the gut, such as its semi-closed ecosystem with
unidirectional flow, stable temperature and fast microbial growthrates,
may limit SR

Factorsinfluencing SR

Although the broad characteristics of the gut microbial ecosystem
seemto limitspecies SR compared with more open environments such
aslakes andsoil (Fig.1c), the highly significant differencesin SR;across
different speciesinthe gutindicate factorsthat mightinfluenceagiven
species’ ability to maintain more than one straininahost. Forinstance,
colonization with several strains that are frequent in humans could
increase the chance that at least one of these strains is transmitted
toanew person. Therefore, we compared SR; with the prevalence of
each species;jin the cohort (Fig. 2a and Supplementary Table 3). We
observe ahighly significant correlation between species frequency and
average SR; (P=1.2x 107, Spearman correlation). However, there are
numerous exceptions with low frequency and high SR;, as well as high
frequency and low SR;, including the frequent and known example of
B. fragilis that has anti-microbial mechanisms to limit SR;to 1.0. The
low frequency (less than 5%), high SR; (greater than 1.2) species were
largely from Proteobacteria (V=1) and Firmicutes (N =9), while the high
frequency (more than 20%), low SR; species were from Bacteroidetes
(N=35)and Actinobacteria (N =1) with no significantly enriched phyla.
The large number of Bacteroidetes among the high frequency (more
than 20%), low SR; species indicates that other members of this phyla
also maintain mechanisms to limit SR;, similar to B. fragilis, although
B. fragilisis notably the only species in this group with SR;=1.0. Many
of these outliers probably have unique mechanisms to maintain high
orlow SR

From a comparative genomics standpoint, species that have, on
average, more accessory genome k-mers and a smaller core genome
would be expected to have more genetic flexibility to find suitable
niches that do not overlap with conspecific strains in the same host.
When comparing the mean pairwise distances between species with
SR;>1.2versus for species with SR;< 1.1, we found significantly greater
pairwise distances in species with SR;>1.2 compared with species
withSR;<1.1(0.35+ 0.001versus 0.30 + 0.007; P=2.2 x 107, Kruskal-
Wallis), indicating that larger accessory genomes in species with
SR;>1.2might enable greater SR;within individual microbiotas (Fig. 2b).
Differencesin genome size and the enormous evolutionary distances
across bacteriafrom different phylain the gut make a direct gene-based
comparison across all taxa impractical. However, for five genera for
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Fig.2|Factorsinfluencing SR;.a, Spearmanrank correlation of SR;versus
species frequencyinour cohort.No corrections were used. Grey area, 95%
confidenceinterval.b, Pairwise k-mer distances between unique conspecific
strains for species with SR; <1.1and SR;>1.2. ¢, Functional categories over-and
under-represented ingenes that vary between species with SR;<1.1versus
SR;>1.2.

whichwe had atleast six species with quantified SR;, we annotated the
genomes of 1,015 strains from 45 species with prokka* and used roary*®
to quantify the fraction of the genome represented by core genes.
Four out of the five genera (Bacteroides, Bifidobacterium, Clostridium
and Enterococcus) had the same trend of lower SR; being associated
with a larger core genome (Extended Data Fig. 2a), although only the
associationbetween SR;and Bifidobacterium was significant (P=0.03).
Analogous to our resultsin the intestine, in the stomach, H. pylori has
an SR, of 1.0 and has a very large core genome®. We used the scoary
algorithm* to identify genes enriched in species with SR;>1.2 versus
forspecieswith SR;< 1.1. Genes were functionally annotated with egg-
NOG* and functional enrichment was determined by Fisher’s exact test
(Supplementary Table 4). Replication, recombination and repair was
the only functional category universally under-enriched—probably
representing an artefact fromtherepresentation of these genesinthe
coregenomerelative to the accessory genome. In contrast, numerous
functions related to metabolism were over-enriched (Fig. 2c), which
provides further evidence that the increased accessory gene content
associated with increased SR;is driving the metabolic diversity that
potentially enables niche differentiation between several strains for
SR;highspecies.

Finally, the health status of the host might influence SR;. For example
inIBD, UC and Crohn’s disease (CD), the gut microbiome has reduced
genus and species diversity compared with healthy controls®>*,



indicating that host health status might influence the average SR for
aspecies, SR;. To determine whether SR;is also altered in IBD, we com-
pared the average SR; of species that were isolated from both healthy
and IBD microbiotas. We found that UC (N =16) and CD (N = 21) human
gut microbiomes do not differ in SR;when compared with healthy
(N =54) microbiomes, at least for the number of participants assessed in
this study (Extended Data Fig. 2b,c paired Wilcox test for species com-
parisons). Theseresultsindicate that the reductioninspecies and genus
diversityinIBD does not have a corresponding drop instraindiversity.

Overall, theseresults indicate that several factors, including species
prevalenceinthe human population, core/accessory genome size and
metabolic use diversity, influence species richness. Studying the outlier
speciestothesetrendsinfutureinvitroandinvivo studies couldyield
new insights into mechanisms driving SR..

Transmissibility and stability

Previously, we demonstrated that most donor microbiotastrains stably
engraft post-FMT in patients rCDI®, indicating that donor SR;might be
transmitted by means of FMT. Weisolated and sequenced 1,008 unique
strains from 7 FMT donors and 13 rCDI patients. We used the Strainer
strain detection algorithmto quantify the presence of donor strainsin
the recipients using the donor strain genomes and recipient metage-
nomes®. The SR; estimated from FMT donor metagenomics data was
correlated significantly with the SR; that we measured from cultured
isolates in our complete cohort in Fig. 1 (Extended Data Fig. 3a). This
allowed us to track the transmission of donor strain-level community
structure.

Inthis US-based FMT study, single donors were used for each recipi-
ent, with six donors giving stool to separate individual rCDI recipients
and one donor (D283) providing stool to seven different rCDI recipi-
entsforatotal of 13 1:1donor-recipient pairs (Fig. 3a)**. We quantified
the number of donor strains per species found in the donors and the
number of donor strains that were subsequently detected inrecipients
8 weeks post-transplant (Fig. 3b and Extended Data Fig. 3c). Donor
SR;and the recipient SR; at week 8 post-FMT were significantly corre-
lated (P=2.2 x107%; Spearman’s rank correlation; Fig. 3c). Average SR;
inrecipients at week 8 post-FMT showed very little loss of donor strains
and resembled the cultured SR; we initially measured in our cohort
(Extended Data Fig. 3b). Together, these results demonstrate that FMT
can transmit a healthy donor strain-level community structure. To
determine whether transferability of SR;is consistent across cohorts,
we tracked donor strains in six more rCDI recipients from two donors
from the Leiden University Medical Center, the Netherlands®. In this
validation cohort, we also find donor SR;is correlated with recipient
SR; (P=0.014; Spearman’s rank correlation; Extended Data Fig. 3d).

A subset of donors (n =3) and recipients (n = 3) from the US-based
FMT cohort had samples collected 5-years post-transplant, which
allowed us to measure the stability of SR in each species over time. In
thedonors, wefoundasignificant correlationbetween donor SR;at time
point 0 and 5 years later (Fig. 3d), indicating long-term stability of SR;in
healthy, untransplanted people up to 5 years. Intherecipients, we also
findsignificant correlations between recipient SR;at 8 weeks post-FMT
and 5-years post-FMT (Fig. 3e), indicating that FMT can durably restore
ahealthy strain-level structure to recipients. However, these 5-year SR;
stability results are based on a limited number of people and would
benefit from validation inlarger cohorts.

Supraphysiologic SRin FMT

Both the analyses of unperturbed gut microbiota and of the trans-
mission of unperturbed gut microbiota indicate that SR; ranges from
approximately one to three strains per species and can be transmit-
ted durably through FMT. Whereas recent studies have examined the
transmission of strains by means of FMT, none have quantified SR;

a H
1 Donor 1 Recipient
b D283 R282 R285 R286R287 R295

u
B. caccae
B. cellulosilyticus
B. fragilis

B.ovatus 4 4 4 4 4
B. stercoris

R298  R311

Donor

B. thetaiotaomicron Pre-FMT
B. uniformis (2.2 2 2 2 W Post-FMT
B. vulgatus 3 3 3 3 3 SR,I
B. intestinihominis 4
B. adolescentis 3
B. bifidum >
B.longum (2 2 2 2 K
B. pseudocatenulatum (2 2 2 2 )
C.comes 3 3 3 3
D. longicatena
E. rectale
P. distasonis
P. merdae
R. gnavus
c d e
% 34 =074 e » =0.68 . @
$  |P=22x10° .* § ®71p=0.00019 g3
) P > . >
= 2 ) w0 2 0
s B 0% 2
w2 S 11 N 2
8! 5 8 1
2 T o a
9 —~ o
Bodl & L go

0 05101520 25
SR, (donor at time 0) SR,
(recipients at week 8)
Fig.3|FMT durably transmits healthy donor SR; to rCDI patients.
a,Schematic of FMT experimental design with1:1donor-recipient pairs.
b, Representative heatmap showing the transmission of SR ;from donor D283
tosevendifferentrecipients (R282,R285and soon). The numbersinthe cells of
the heatmap indicate the number of strains of the given species detected in the
donororrecipientacross five time points for donor D283 and up to three time
points for the sevenrecipients.c, Spearmanrank correlation between recipient
SR;atweek 8 post-FMT and donor SR;.d, Spearmanrank correlation between
donorSR;at5yearsandtime O (pre-FMT stool sample). e, Spearmanrank
correlationbetweenrecipient SR;at 5 years post-FMT and 8 weeks post-FMT.
c-e,Eachdatapointrepresents the average SR;foratracked speciesinb; grey
area, 95% confidenceinterval, and Spearmanrank correlations are two-tailed.
Credit:a, ©Jeremiah Faith/123rf.com.

SR/ (donors)

(refs.17,18,57). Thus, westill do not know SR; elasticity, SR;upper limits,
orwhatrole ecologicand environmental pressures play in SR;in the gut,
asfactorssuchasour antibiotic and hygiene practices may artificially
reduce contemporary SR;below a physiologic or ecologic limit. Pooled
donor FMT offers a unique opportunity to test the ecologic limit of SR;
and determine whether SR;can be stably increased.

In the FOCUS clinical trial of FMT in participants with UC, 14 donor
stools were combined into 21 different donor stool batches compris-
ing 3-7 unique donor stools per batch (Extended Data Fig. 4a). Each
multi-donor batchwas given to one or more recipientsinitially by means
of colonoscopy followed by 40 enema doses™. For species that are
common across healthy people, the pooled FMT approach provides
aunique situation in which a supraphysiologic number of strains for
many species—much higher than what we found in our calculation of
SR;inuntransplanted people (Fig.1a and Extended Data Table 1)—was
administered to each recipient. Thus, this is an excellent occasion to
query the upper limits of SR;and its stability in recipients over time.

Using Strainer, we quantified the number of donor strains present
in the individual donors, in the donor batches, and in the recipient
pre-and post-FMT time points (Fig. 4b). We find variable engraftment
efficiency across the strainsin each species, indicating that some strains
may be more fit than others and that multi-donor FMT may lead to
amore resilient and transmissible recipient microbiota (Extended
DataFig.4b). As with FMT participantsin the rCDI trial, we found that
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Fig.4|Supraphysiologic manipulation of SR;in FMT recipients converges
to the populationbaseline observed inuntransplanted people. a, Heatmap
showing the SR; of single donors, donor batches and recipients at post-FMT
time points both during and after FMT drug administration. b, SR; for
representative speciesacross the donor batch, recipient post-FMT time points
and cultured cohort from Fig.1a (individual donors). Data are presented as the
meanvalue +s.e.m.with each pointrepresenting the SR;foraspeciesateach
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betweenrecipient SR;at drug week 8 and donor batch SR;. Each point represents
the SR;of aspeciesas measuredinthe pooled donor batch versus as measured
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pointsand culture (previously measured in Fig.1laand Extended Data Table1).
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Strainer quantification of SR;across the individual donors (Extended
DataFig. 4c) was correlated significantly with the SR;measured across
our cultured cohortinFig.1a. As expected, the multi-donor pools har-
boured a higher SR;thaninsingleindividual people (2.65 +1.27 versus
1.23+0.33; Fig. 4a,b).

After 8 weeks of transplantation, we find a strong correlation
betweenthe SR;of the donor batchand the SR;of the recipients (Fig. 4c).
However, even after an intensive regimen of 40 faecal transplants
over 8 weeks, only a proportion of donor SR; engrafted in recipients
resulting in recipient SR; that was significantly less than the theoreti-
cal maximum based on the number of detected strains in the donor
batches (1.33 + 0.75 versus 2.65 +1.27; P=4.00 x 10°¢, pairwise Wilcoxon
signed-rank). These results demonstrate that evenanintensive course
of supraphysiologic SR; through FMT for 40 times over the course
of 8 weeks has a limited effect on the maximum SR;in the recipients.

When we track recipient SR;longitudinally, we observe asignificant,
progressive decrease in SR; in the recipients after the last FMT dose
at week 8 (Fig. 4b,d). By 5 years after the final transplant, SR;in the
recipients converged near the population-wide SR;measuredin people
notreceiving faecal transplants (Fig. 4b,d and Extended Data Table 4).
We found this trend to be consistent across all species, irrespective of
species prevalence or SR;. Together, these results demonstrate that it
is possible to therapeutically increase SR; slightly with maintenance
dosing (Fig. 4a,d). However, this increase in recipient SR; is tempo-
rary as recipient SR; returns to the baseline SR; that we quantified in
unperturbed healthy and disease microbiotas (Fig.4b,d). These results
indicate that SR;in an individual person is a species-specific capacity
thatis limited by the gut microbiota ecosystem.

The species-specific capacitiesin SR have implications for the expec-
tations of strain engraftment by FMT or defined live biotherapeutic
product. For species with low SR;that are harbouredin the recipient, we
would expect that therapeutic strains of the same species would either
engraftandreplace therecipientstrain (replacement) or would fail to
engraft while the recipient strains persistin the recipient (persistence)
(Extended Data Fig. 4d). For species with higher capacities for SR;, we
would expect that therapeutic strains would more easily engraft with-
out replacing recipient strains (addition)—at least until the capacity
for the species is reached. To test this hypothesis, we evaluated the
frequency of persistence, replacement or addition in the context of
the pooled donor FMT. As expected, for species with low average SR;
(SR;<1.1) therapeutic outcomes are dominated by persistence and
replacement whereas outcomes for species with higher average SR;
(SR;>1.2) are significantly enriched for strain additions (P= 0.0128;
Fisher’s exact test; Fig.4€). Our results show that SR;is akey character-
istic of gut species that underpins engraftment outcomes.

Discussion

Using high-throughput bacterial culturing and sequencing coupled
with metagenomics and strain tracking, we find that the average SR
of speciesin the healthy human gut microbiome varies by species and
rangesbetween 1.00 and 2.57 (Fig.1a). Previous investigations of micro-
biota composition in people with IBD at genus and species levels®
have shown reduced diversity compared with healthy people. We find
no difference in SR; between healthy and IBD microbiotas (Extended
DataFig.2b,c). Comparing the SR; of the human gut microbiome with
environmental microbiomes demonstrated that this low level of bacte-
rial strain diversity is unique to the semi-closed human gut ecosystem
(Fig. 1c). In both macroecology and microecology, species diversity
often follows a hump-shaped, unimodal distribution where very low
productivity ecosystems have low species diversity, moderate produc-
tivity ecosystems have the highest species diversity and high productiv-
ity ecosystems have lower species diversity*®*°. Here we find a parallel
trend at the strain level where moderate productivity ecosystems such
asthesoiland lake ecosystems have higher strain diversity than the far

more productive microbial ecosystem of the gut, where the microbial
biomass per gram is several orders of magnitude higher than soil or
lake despite having a relatively high turnover rate from flushing of
the intestinal contents. A second factor probably enabling a higher
SR;in these non-gut environments is their vastly increased potential
for spatial segregation®.

Besides ecological parameters, the microbial factors that influ-
ence how conspecific strains co-exist within the gut microbiota are
still being discovered. It is known that the several species of the gut
microbiota mediate colonization resistance to enteric pathogens
through interspecies inhibition of growth, direct killing or produc-
tion of bacteriocins®® %, Within a species, competition for nutrient
resources becomes amainfactorin colonization resistance as conspe-
cific strains often have overlapping ecological niches®. For example,
some less virulent C. difficile strains can decrease germination of
enterotoxigenic C. difficile strains by competing for limited amino acid
resources®, Another example s B. fragilis, which expresses coloniza-
tion factors that inhibit colonization by new conspecific strains®. It
is likely that both interspecies and intraspecies interactions along
with other host-microbial interactions involving hostimmunity and
codiversification apply selective pressures to certain bacterial spe-
cies resultinginlow richness near 1.0.

Although most of the bacterial species we measured had low richness,
there were also species that had SR; ranging from 2.0 to 3.0 (Fig. 1a).
Many open questions remain about the origins and mechanisms
underlying the co-existence of several strains within a species. Our
investigations offer some hints to underlying mechanisms including
an association between average SR in a species and the prevalence of
the species (Fig. 2a). We also observe that conspecific strains from spe-
cieswith higher SR (SR;>1.2) have significantly greater mean pairwise
genomic distances compared with strains from species with lower SR
(SR;<1.1), indicating that larger accessory genomes confer a greater
ability to use diverse niches and may facilitate greater SR; within the
human gut (Fig. 2b). Indeed, we find that the gene functions that vary
across species with low versus high SR;include numerous functions
related to metabolism (Fig. 2¢), indicating that the increased acces-
sory gene content that is associated with increased SR; drives greater
metabolic versatility.

Onefurther parameter that may play arolein facilitating higher SR;
is gut anatomy. One recent study on the human skin microbiome found
that skin pores impose random bottlenecks as Cutibacterium acnes
migrates into pores, reducingintraspecies competition and enabling
co-existence of several C. acnes lineages’. In the gut, though the bulk
of the niche volume is in the well-mixed lumen (allowing mixing and
competition), intestinal crypts may promote co-colonization by several
strains by partitioning aspecies population and reducing competition
for shared resources®*.

Limitations to this study are that, although the gut microbiota is
relatively stable, there s still a small amount of strain acquisition and
loss that probably continually occursin anindividual person. The dura-
tion of these transient colonizations will vary, but our pooled donor
FMTresults indicate thatit can take weeks to years for therapeutically
inflated SR; of aspecies to converge. However, in untransplanted peo-
ple, a transient increase in strain count is probably limited to a few
species and varies between people. Therefore, the impact of these
dynamics on average SR for a species is probably minimal when aver-
agedacross more than 90 people. Althoughwe studied SR;in123 people
between the cohortin this study and the validation studies**, SR; meas-
ureswillimprove and be available for more species as more people are
studied. Another limitation is that no current tool can evaluate every
bacterial cellina person’s gut microbiome at the strain level. Therefore,
we cannot know whether there is a large amount of strain diversity
at very low abundance that is undetectable with current methods.
Although our deeper sampling of a few species indicated that we had
notfound all strains of aspeciesin every person, the overallimpact of
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deeper sampling was minimal, and our rarefaction analyses indicate
that our sampling depth was close to, or beyond, the maximal rate
of increase on the collectors curve. In addition, our estimates of SR;
were confirmed with two independent datasets’*. Finally, there is
no widely accepted definition of a bacterial strain. However, we used
agenomics-based threshold that was demonstrated empirically to
identify bacterial strains shared over time*, in between family mem-
bers* and across faecal transplants®. Our analyses in the set of bacterial
genomes in this analysis further support a strain threshold of around
0.96 k-mer overlap (Extended Data Fig. 1a,b) and align with a similar
empirical observation using ANI®,

Another limitation to this study is that SR; was tested only in stool,
with no testing of SR; for bacterial populations residing in the small
bowel, those adherent to mucus or those residing in epithelial crypts.
However, due to the low number of viable mucosal adherent bacterial
cells, as well as the difficulty in investigating the small bowel microbi-
ome, we used faecal samples as a proxy for the gut microbiome, as do
most microbiome studies*”>*7°, In addition, our culturing approach
hasinherent biases towards culturable species’”*as well as more com-
mon species. For example, some rarer and difficult-to-culture gut spe-
cies, such as Prevotella copri” ™ and Akkermansia muciniphila’, have
beenimplicated in human health. Although we do have isolates of these
species in our culture collection, we were unable to collect sufficient
isolates from enough people to include these species in our analyses.

Despite many potential facilitators for high strain diversity, our
results demonstrate that the human gut ecosystem does not permit
limitless SR;. When pooled donor FMT is used to administer supraphysi-
ologic SR;torecipients, we find only atemporary increase in recipient
SR; that eventually returns to the population baseline (Fig. 4). Never-
theless, this result also indicates that FMT maintenance dosing could
allow sustained higher SR;.In one-to-one donor-recipient pairs, donor
SR;is consistently transmittable and stable in rCDI recipients (Fig. 3).
Together, these findings emphasize theimportance of understanding
theinfluence of humangutanatomy and physiology onSR;and its future
translational applications. In FMT and defined live biotherapeutic
products, where success depends on the successful engraftment of
bacterial strains®*"”’, careful consideration of which strains toinclude,
how many strains of a species to include and whether resident strains
should be removed s essential to future development. Inline with our
findings, arecent meta-analysis found that recipient resident species
playanoutsized roleininhibiting donor strain engraftment’®, Although
there are many forces at theindividual host level that caninfluence the
engraftment of strains, there do seem to be strains within species that
seemmore likely tobe engrafted even when transmitted in multi-strain
pools (Extended DataFig. 4b). Together with the limited SR; capacity of
the gut, these dataindicate atheoretical and practical basis for remov-
ing risk- or disease-associated strains from the gut by administration
of other milder strains fromthe same species thatare more fitand can
occupy the same species niche. Likewise, these results also indicate
thatattempts to dose supraphysiologic SR;to recipients would require
continuous administration or will resultin only atemporaryincrease,
withalower SR;remainingin the long term.
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Methods

Human participants

For the US rCDI study with colonoscopic delivery, written consent
was obtained from all participants recruited in the study using a pro-
tocol approved by the Mount Sinai Institutional Review Board (HS no.
11-01669). Donors and patients who received FMT for rCDI or rCDI
and IBD were described in a previous study analysed with 16S riboso-
mal RNA amplicon sequencing®. For the Fecal Microbiota Transplan-
tation for Chronic Active Ulcerative Colitis (FOCUS) study, written
informed consent was obtained from all patients before screening.
Donors and patients who received FMT for UC were described in a
previous study®. More patients were recruited at The Mount Sinai
Hospitalunder IRB16-00021. Human participant health statusis avail-
ableinSupplementary Table 1. As asecond rCDI FMT validation cohort,
stools were collected from two donors and six recipients from a pub-
lished nasoduodenal FMT study in Leiden (Extended Data Table 5)2787°,
Patients provided informed consent for collection of stool samples and
outcome data of FMT for research purposes, which was approved by the
Leiden University Medical Center Medical Ethics Committee (P15.145).

Faecal sample preparation and high-throughput anaerobic
bacterial isolation

We followed a previously described protocol®**#°, Briefly, faecal
samples were aliquoted on dry ice or liquid nitrogen and stored at
-80 °C. Under strict anaerobic conditions, stool from each donor
was blended into culture medium®® and stored at -80 °C. We used a
well-established, robotized platform that enables isolation and cul-
turing of a high proportion of bacteria found in the human gut* 43+5°,
Briefly, clarified and diluted donor stool was plated onto a variety
of solid selective and non-selective media under anaerobic, micro-
aerophilic and aerobic conditions selected to promote the greatest
growth of adiverse array of all stool microbes. Plates were incubated
for 48-72 h at 37 °C. A total of 384 single colonies from each donor
microbiotawere picked individually and regrown in medium for 48 h
under anaerobic conditions. Regrown isolates were identified at the
species level using acombination of matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrometry (Bruker
Biotyper) with optional 16S rDNA amplicon sequencing. If either mass
spectrometry or 16S rDNA amplicon sequencing identified the pres-
ence of two or more bacterial species present, these isolates were not
selected for archiving. The 384 isolates were next de-replicated by
first maximizing species diversity and second by filling the remainder
ofthe 96-well archive plate with several isolates of the same species.
Culture libraries were archived in multi-well plates. DNA was then
extracted by bead beating and extraction in phenol chloroform and
stored at —20 °C. Across these culture collections, we have found a
person’s cultured strains represent most bacteria-assigned reads in
the metagenome with approximately 70% of the bacterial metagen-
ome mapping to the cultured strain genomes®.

Construction of whole-genome libraries and Illumina
sequencing

We constructed the lllumina library using the seqWell Plexwell 384
kit or an Illumina Nextera kit. DNA was barcoded, ligation products
were purified and finally we performed an enrichment PCR. Samples
were pooledin equal proportions and size-selected before sequencing
with anIllumina HiSeq (paired-end 150 base pairs (bp)). The sequence
datafiles (FASTQ) for whole-genome assemblies are available from the
National Center for Biotechnology Information (NCBI) (BioProject IDs:
PRJNA880610, PRJNA1093465 and PRINA637878). Genome quality met-
rics were computed with QUAST®. To ensure genome sequences were of
sufficient quality for downstream analyses, we required each genome
to have N50 >10 K (average N50 >150 K). Although MALDI-TOF and
16SrRNA sequencing provided someinitial criteria to eliminate gross

contamination, itis critical to also evaluate genome purity to avoid
overinflating strain counts through chimeric genome assembilies. All
genomesisolated fromasingle person were compared with each other
to check for genomic contaminations from different strains within
the same human stool, as we find by far the most common genome
error in high-throughput culture collections is a chimeric assembly
of two strains from the same person. Genomes with perfect matches
to several strains in the same person or containing a large proportion
of genomic content from two or more species are removed. Finally,
eachgenomeis mappedtoadatabase 0f156,403 sequenced bacterial
genomes from NCBI to quantify the k-mer overlap for each genome
with other conspecific strains. This mapping is used to confirm the
MALDI-TOF species name, provide a name if the species is not in the
Bruker Biotyper MALDI-TOF database and determine whether the
length of the genome is within the expected length for that species.
The genome length distribution of strains in a species is very consist-
entand alarge deviation fromthe expected length distribution (more
than3s.d.) isinvestigated as potential contamination. Straingenomes
were annotated with prokkav.1.12 (ref. 47), and pan-genomic analyses of
genome annotations were performed with roary*8. All straingenomes
areavailable on NCBI. Accessions for eachstrain are in Supplementary
Table 2.

Strain enrichmentin gnotobiotic mice

To potentially enrichfor strains atlower abundancein the human donor,
we colonized 6- to 8-week-old ex-germ free C57BL/6) mice with the
same human stool samples previously used for direct culturing and
administered two different diets to the colonized mice. Mice of both
sexes were assigned randomly for these experiments. We selected the
two diets (41% high casein, Harlan TD.09054 and 5% psyllium, Harlan
TD.150229) from our published screen of more than 40 custom mouse
diets®?, as well as a standard carbohydrate rich mouse chow (LabDiet
5K67). We collected faecal pellets after 2 weeks of diet administra-
tion and stored them at -80 °C. Mouse faecal pellets were then used
for depth-focused high-throughput culture to sample the SR of our
selected species (Extended Data Table 3) more deeply. Mice were
housed according to standard guidelines with 12 h dark/light cycles,
18-23 °C and 40-60% humidity. All animal experiments in this study
were approved by Institutional Animal Care and Use Committee of
the Icahn School of Medicine (protocol: IACUC-2013-1385) and were
performed in accordance with the approved guidelines for animal
experimentation at the Icahn School of Medicine at Mount Sinai.

Selection of species for SR; validation and anaerobic bacterial
culture

We selected ten gut bacterial species for their membership across
the four main phyla of the gut and for their range of SR; on the basis of
preliminary calculations. To enable greater sampling depth for these
species, we adjusted our previous breadth-focused culturing approach
by plating clarified stool samples on aselected range of environmental
conditions designed to cultivate our target species. Clarified stool
samples were diluted to grow single colonies. Next, 384 colonies
were picked for each donor sample and regrown in liquid medium in
multi-well plates. Eachisolate was thenidentified by acombination of
MALDI-TOF mass spectrometry and whole-genome sequencing. Using
the MALDIidentification, the original 384 isolates were de-replicated
and about ten isolates of each of the target species were archived in
multi-well plates. To eliminate potentially mixed wells, optical density
(OD)¢o0 Of the cultures were collected after each culture and, if the
0Dy, varied significantly from the previous ODs, these wells were
not selected. In addition, MALDI-TOF was used to check the bacterial
identities after each growth step (after 384-well growth and again after
pickingand archiving). Only those wells that demonstrated a consist-
entidentification of a single bacterial species were used. DNAwas then
extracted by bead beating and stored at 20 °C.
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Calculation of SR;with bacterial isolates and metagenomics

As in our previous analyses*>**, bacterial isolates with less than 96%
whole-genome similarity were defined as unique strains, otherwise
they were considered as several isolates for the representative strain.
To calculate an average SR for a given species from cultured isolates,
SR;, we calculated the SR of aspeciesjwithinanindividual i: SR;. We then
average SR;across the peoplein our cohorttoarriveatanaverage SR,
We only measure SR; where a person harboured species j within their
microbiota. Thus, SR; is a measure of the number of strains a species
stably maintains if it is present within a microbiota. We only quanti-
fied those species that had at least two isolates sampled from at least
three people to allow for a broad sampling of SR; across our cultured
cohortbutwith several people sampled per species for amore accurate
measurement. For our metagenomics analyses, we used our previously
published metagenomics algorithm Strainer®; we tracked the presence
or absence of astrain in asample for quantification of SR;.

Detection of sequenced strains using Strainer

We previously described Strainer® for tracking discrete bacterial strain
genomes in metagenomes. In brief, we identify a set of informative
sequence features, or k-mers, from abacterial genome that canuniquely
identify a given strain. We first initialize this informative k-mer set by
removing those shared extensively with bacterial genomes and faecal
metagenomes from unrelated, non-cohabitating people, where the
probability of the occurrence of the same strain is very low. Next, we
update this informative k-mer set by removing those that co-occur on
metagenomics reads with uninformative k-mers. Finally, we assign each
sequencing read inametagenomics sample of interest to a unique strain
by comparing the distribution of k-mers on a read with the informative
k-mersidentified earlier,and with controls to find statistical significance.
In the rCDI trial, we applied Strainer to metagenomics samples from
seven donors and 13 recipients over several time points (pre-FMT to
Syears post-FMT). We sequenced anaverage of around 5.2 million reads
fromatotal of 85 metagenomics samples across donors and recipients.
Forthe FOCUS UCtrial, we also applied Strainer on metagenomics sam-
plesfrom14 donors, 21 pooled batch samples and 63 recipients over sev-
eraltime points (pre-FMT to 5 years post-FMT). The average sequencing
depth of metagenomics was 2.4 million reads and we tracked 1,421 unique
strains from the donorsintherecipients. Inthe FOCUS UC trial, treated
participants were either givenan endoscopic FMT followed by 40 enemas
over 8 weeks (active arm of placebo-controlled trial) or 40 enemas over
8 weeks without endoscopically administered FMT (optional open-label
arm). Both groups were combined for our analyses. For understanding
the impact of pooled donors on SR limits, we focused on strains that
engrafted in atleast 30% of recipients.

Pan-genomic functional analysis of SR; high and low strains

To determine whether specific genes, genomic features or gene func-
tions might influence SR, we analysed the five genera (Bacteroides,
Bifidobacterium, Clostridium, Enterococcus and Streptococcus) for
which atleastsix strainisolates were available for at least six different
species. All strains for all speciesin these generawere annotated with
prokka*’. For species in these genera with at least six distinct strains,
we quantified the core genome fraction using roary*®, where the core
genome fraction was estimated as the number of core genes at the
sixth strainrelative to the number of genes in the species’ genome. To
identify genes differentially present between SR;> 1.2 (high) and SR;< 1.1
(low) strains, we used the scoary algorithm to calculate enrichment®.,
Thegenus Clostridium was not used for this analysis as all species have
high SR;. To prevent the difference in the number of strains available
per species from disproportionately influencing the comparisons, we
randomly subsampled the median number of strains observed for all
speciesinthegenus. All speciesin the genus (including those with fewer
than six strains) were used for this comparison to maximize genetic

diversity. Clusters of orthologous groups (COG) functions, used to
quantify functional enrichment, were assigned with eggNOG v.6.0
(ref. 50). To calculate functional enrichment, all genes significantly
associated with SR; group were aggregated into contingency tables
by COG functional category using the Benjamini-Hochberg corrected
Pvalues from scoary with a threshold of less than 0.05 (ref. 83). Func-
tional enrichment for each COG in each genus was calculated using
Fisher’s exact test with Benjamini-Hochberg corrected P values with
athreshold of less than 0.05.

Strain addition, replacement and persistence

In the context of a microbial therapeutic intervention where one or
morestrains of given species areintroduced into arecipient microbiota
harbouring adifferent strain of the same species, the newly introduced
strains could be added to the recipient microbiota, replace the original
recipientstrain or therecipient strains could persist without coloniza-
tion by the new strains. To quantify these outcomesin the context of the
multi-donor FMT trial for recipients with UC, we tracked the presence
of donor strains and recipient strains in the recipient metagenomes
for six recipients where we cultured and sequenced bacterial strains
Syears after completion of FMT. We observed 27 qualifying episodes
across the six donors where one or more strains from the same spe-
cies were found in the donor and the recipient. Addition was defined
aswhenarecipient strain was retained and one or more donor strains
were engrafted. Persistence was defined as when a recipient strain
was retained and no donor strains were engrafted. Replacement was
defined aswhen one or more donor strain colonized and the recipient
strain was decolonized. Enrichment of strain addition in the context of
species with SR;>1.2 determined by Fischer’s exact test.

Statistical analysis and plotting

We analysed datain RStudio (v.2022.02.3+492,v.2023.06.0+421). Heat-
maps were created using the R packages ComplexHeatmapv.2.12.0 and
circlize v.0.4.15. Kruskal-Wallis was used for one-way data with multiple
groups. Spearman rank tests were used to assess the significance of
potential correlations between variables. Wilcoxon signed-rank tests
were used to determine the potential significance of paired observa-
tions. Rarefaction curves were generated using the R package vegan
v.2.6.4 using a minimum sampling size of seven (only those people
with at least seven isolates of a species were used). Pangenomes were
analysed using scoary v.1.6.16, prokka v.1.12, and roary v.3.13.0.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Sequencedatafiles (FASTQ) forall cultured and whole-genome assembled
sequences are stored in the SRA under project number PRINA880610.
Previously published whole-genome assembled sequenced can be found
under project number PRJNA637878. Sequence data files (FASTQ) for
all metagenomic sequencing samples from the US FMT study for rCDI
patients can be found under project number PRJNA637878. Sequence
data files (FASTQ) for all metagenomic sequencing samples from the
Leiden FMT validation cohort for rCDI patients can be found under
project number PRJEB44737. Sequence data files for metagenomic
sequencing samples from the pooled donor FMT trial for UC patients
canbefound at PRJEB26357. B. fragilis isolate whole genomes’ that were
used for validation can be accessed at project number PRJNA524913.
Isolate whole genomes from ref. 46 can be accessed at project num-
ber PRINA544527. Source data for Extended Data Fig. 1g,h are based on
source data from Extended Data Fig. 1d-f. Source data for Fig. 2b and
Extended DataFig.1a,bareavailable at Zenodo (https://doi.org/10.5281/
zenodo.13942097)%. Source data are provided with this paper.
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Code availability

The strain-tracking algorithm, Strainer, was published previously?®.
Code for Strainer can be accessed at https://bitbucket.org/faithj02/
strainer-metagenomics/.
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Extended DataFig.1|Determination of SR;strain threshold and validation
of SR;with deeper sampling of asubset of cultured gutbacterial species.
A, K-mer overlap was calculated for all pairwise combinations of isolates from
aspecies cultured from two unrelated individuals (purple) with no direct
microbial transfer between them or anindividual’s own microbes fromasingle
timepoint (green). Dotted line shows the threshold of 0.96 k-mer similarity.

B, fastANI versus pairwise k-mer overlap for isolates of the same species. Dotted
line represents k-mer overlap threshold of 0.96 (k-mer distance of <0.04).

C, Comparison of B. fragilis SR ;for the individuals in this study and in the study
by Zhaoetal. D, Preliminary calculation of SR;using genomesisolated from
the Broad pipeline (standard pipeline used to create libraries of cultured
gutbacteria). For deeper sampling estimates of SR;, we isolated additional
genomes from the same species fromE, the original human stool sample and

F, mouse stool samples from gnotobiotic mice colonized with the same human
stool (N =2-3 mice per microbiota/diet combination) and given unique diets
forstrainenrichment. Error barsin D-F represent SEM. Comparison of SR;
calculated with genomes from the broad pipeline or the broad pipeline plus
additional genomes from G, human stool samples or H, human and mouse stool
samples.I-L, Rarefaction curves for validation species. Dotted line shows the
meanisolates/species for each species (overall meanisolates/species across
the dataset was 4.7 isolates as demonstrated in Fig. 1b). M,N, Rarefaction curves
forasoil species (M) and lake species (N). **p < 0.01, paired Wilcoxon test, each
pointrepresentsthe average SR;measured from microbiomes of a healthy or
disease state. ns: not significant by paired Wilcoxon test. Grey regions on
rarefaction curvesindicate 95% confidence intervals.
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D A strain richness ecological framework for strain persistence, replacement, or addition

Definitions:
Persistence = donor strain does not engraft, recipient strain remains
Replacement = donor strain engrafts, recipient strain is displaced
Addition = donor strain engrafts, recipient strain remains

Expected outcomes
Species SRi< 1.1

- —

OR

N — | A

Replacement

Species SR, > 1.2

b

_— >

L

Addition

Extended DataFig.4|Anecological framework for strain persistence,
replacement, or addition based onstrainrichness. A, Schematic for FMT
experimental design with multi-donor stool batches administered to each

recipient. B, Withinaspecies, bacterial strains vary in their engraftment

Persistence

frequency when administered in the context of a multi-donor FMT product.
C,Spearmanrank correlation between the metagenomics SR; of the individual
FOCUS donors with the overall cultured SR;measured across our cohort.

D, Expected outcomes for donor strain engraftment based on species SR,.
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Extended Data Table 1| SR; for each species sampled in our cultured cohort

Species SR; Species SR;

Alistipes finegoldii 1.00 Enterococcus avium 1.00
Alistipes onderdonkii 1.20 Enterococcus casseliflavus 1.50
Alistipes shahii 1.17 Enterococcus durans 1.33
Anaerotruncus colihominis 1.00 Enterococcus faecalis 1.55
Bacteroides caccae 1.04 Enterococcus faecium 1.63
Bacteroides cellulosilyticus 1.05 Enterococcus gallinarum 1.25
Bacteroides dorei 1.05 Enterococcus mundtii 1.00
Bacteroides eggerthii 1.00 Erysipelatoclostridium ramosum 1.33
Bacteroides faecis 1.00 Escherichia coli 1.57
Bacteroides finegoldii 1.00 Eubacterium rectale 1.20
Bacteroides fragilis 1.00 Eubacterium siraeum 1.00
Bacteroides intestinalis 1.00 Faecalicoccus pleomorphus 1.00
Bacteroides massiliensis 1.00 Faecalitalea cylindroides 1.00
Bacteroides ovatus 1.48 Flavonifractor plautii 1.33
Bacteroides salyersiae 1.00 Fusicatenibacter saccharivorans 1.00
Bacteroides stercoris 1.18 Intestinibacter bartlettii 1.33
Bacteroides thetaiotaomicron 1.24 Intestinimonas butyriciproducens 1.25
Bacteroides uniformis 1.29 Klebsiella pneumoniae 2.33
Bacteroides vulgatus 1.61 Lactobacillus gasseri 1.00
Bacteroides xylanisolvens 1.08 Lactobacillus paracasei 117
Barnesiella intestinihominis 1.00 Lactobacillus paragasseri 1.00
Bifidobacterium adolescentis 1.53 Lactobacillus plantarum 1.00
Bifidobacterium angulatum 1.00 Lactobacillus rhamnosus 117
Bifidobacterium animalis 1.00 Lactobacillus ruminis 1.00
Bifidobacterium bifidum 1.10 Lactobacillus salivarius 1.00
Bifidobacterium breve 1.00 Lactococcus garvieae 2.00
Bifidobacterium catenulatum 1.1 Lactococcus lactis 1.00
Bifidobacterium dentium 1.00 Odoribacter splanchnicus 1.00
Bifidobacterium longum 1.75 Parabacteroides distasonis 1.03
Bifidobacterium pseudocatenulatum 1.46 Parabacteroides goldsteinii 1.00
Blautia obeum 1.25 Parabacteroides merdae 1.14
Blautia wexlerae 2.06 Pediococcus acidilactici 1.00
Catenibacterium mitsuokai 1.00 Peptostreptococcus anaerobius 1.25
Citrobacter farmeri 1.00 Romboutsia 1001216sp1 1.00
Clostridium butyricum 1.25 Roseburia faecis 1.00
Clostridium clostridioforme 1.25 Ruminococcus bicirculans 1.00
Clostridium disporicum 1.57 Ruminococcus gnavus 1.29
Clostridium paraputrificum 1.21 Streptococcus agalactiae 1.00
Clostridium perfringens 1.82 Streptococcus anginosus 1.18
Clostridium symbiosum 1.11 Streptococcus australis 1.00
Clostridium tertium 1.17 Streptococcus dysgalactiae 1.00
Collinsella aerofaciens 1.28 Streptococcus mutans 1.29
Coprococcus comes 1.78 Streptococcus oralis 1.00
Coprococcus eutactus 1.00 Streptococcus parasanguinis 213
Dorea longicatena 1.00 Streptococcus salivarius 2.00
Eggerthella lenta 1.60 Turicibacter sanguinis 2.57




Extended Data Table 2 | Species with significantly different SR; based on Dunn test with Benjamini-Hochberg correction

Comparisons z P P.adjusted chi2
Bacteroides_massiliensis - -3.83523725 6.27216E-05 0.032819063 173.4122752
Bacteroides_ovatus

Bacteroides_massiliensis - -4.209875492 1.27756E-05 0.013369637 173.4122752
Bifidobacterium_adolescentis

Bacteroides_massiliensis - -4.203917104 1.31168E-05 0.010981345 173.4122752
Bifidobacterium_longum

Bifidobacterium_adolescentis - 3.702705977 0.000106656 0.037205176 173.4122752
Flavonifractor_plautii

Bifidobacterium_longum - 3.700857602 0.000107436 0.034594398 173.4122752
Flavonifractor_plautii

Bacteroides_ovatus - 3.580427701 0.000171516 0.047864434 173.4122752
Odoribacter_splanchnicus

Bifidobacterium_adolescentis - 3.928317505 4.27711E-05 0.02983998 173.4122752
Odoribacter_splanchnicus

Bifidobacterium_longum - 3.907936749 4.65438E-05 0.027833212 173.4122752
Odoribacter_splanchnicus

Bacteroides_ovatus - 4.302491209 8.44442E-06 0.011782779 173.4122752
Streptococcus_anginosus

Bifidobacterium_adolescentis - 4.705027737 1.26916E-06 0.002656346 173.4122752
Streptococcus_anginosus

Bifidobacterium_longum - 4.728345653 1.13178E-06 0.004737644 173.4122752
Streptococcus_anginosus

Enterococcus_faecalis - 3.722161323 9.87624E-05 0.037583573 173.4122752
Streptococcus_anginosus

Enterococcus_faecium - 3.823431884 6.58035E-05 0.03060593 173.4122752
Streptococcus_anginosus

Escherichia_coli - 3.813792784 6.84251E-05 0.028642752 173.4122752

Streptococcus_anginosus
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Extended Data Table 3 | Impact of deeper sampling and ex-germ-free mouse enrichment on SR;

Species

Broad Pipeline

Broad + Human Stool
Isolation

Broad + Mouse Stool
Isolation

Broad + Human +
Mouse Stool Isolation

Bacteroides fragilis
Bacteroides ovatus
Bacteroides vulgatus
Bifidobacterium adolescentis
Bifidobacterium bifidum
Bifidobacterium longum
Enterococcus faecalis
Enterococcus faecium
Escherichia coli

Blautia wexlerae

1.00
1.35
1.57
1.32
1.06
1.36
1.50
1.63
1.45
2.00

1.00
1.45
1.67
1.34
1.12
1.45
1.57
1.90
1.52
2.14

1.00
1.38
1.62
1.32
1.06
1.38
1.69
1.89
1.53
2.00

1.00
1.48
1.73
1.34
1.12
1.48
1.79
2.10
1.58
2.14




Extended Data Table 4 | SR; changes over time across the FOCUS FMT trial for UC

Species Donor Batch  Drug Week4 Drug Week 8 Post-Drug Post-Drug 5 Cultured SRj
Week 8 Year

Bacteroides caccae 2.00 1.33 1.1 0.70 0.36 1.03
Bacteroides cellulosilyticus 1.00 1.00 0.56 0.50 0.18 1.04
Bacteroides dorei 2.50 1.33 0.89 0.60 0.45 1.05
Bacteroides eggerthii 1.62 1.1 1.00 0.80 0.64 1.00
Bacteroides finegoldii 1.62 1.67 1.44 1.10 0.91 1.00
Bacteroides fragilis 212 1.67 1.1 0.70 0.18 1.00
Bacteroides massiliensis 3.12 1.67 1.67 1.30 1.00 1.00
Bacteroides ovatus 3.25 1.44 1.56 0.90 0.64 1.51
Bacteroides salyersiae 0.62 0.44 0.33 0.30 0.36 1.00
Bacteroides stercoris 1.00 0.33 0.44 0.10 0.09 1.17
Bacteroides thetaiotaomicron 5.50 2.56 2.22 1.80 1.18 1.23
Bacteroides uniformis 7.00 4.33 3.89 3.50 2.64 1.27
Bacteroides vulgatus 5.62 4.1 3.78 3.20 2.45 1.64
Bacteroides xylanisolvens 2.38 2.1 1.78 1.50 1.27 1.08
Barnesiella intestinihominis 2.12 1.44 1.33 1.00 0.64 1.00
Bifidobacterium adolescentis 2.75 2.00 211 1.90 1.73 1.51
Bifidobacterium bifidum 1.88 1.44 1.11 1.00 0.91 1.09
Bifidobacterium longum 4.25 2.22 2.1 1.80 1.18 1.73
Bifidobacterium 0.38 n/a n/a 0.30 0.27 1.48
pseudocatenulatum

Collinsella aerofaciens 2.50 2.00 211 1.70 1.55 1.30
Coprococcus comes 4.12 2.89 2.67 2.20 2.00 1.78
Dorea longicatena 1.38 1.00 1.00 1.00 0.91 1.00
Eubacterium rectale 3.00 3.00 2.89 2.50 1.73 1.20
Parabacteroides distasonis 3.50 1.67 1.33 1.00 0.82 1.05
Parabacteroides merdae 2.75 2.33 2.33 1.70 1.36 1.12

Ruminococcus gnavus 2.25 1.1 1.1 0.90 0.82 1.27
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Extended Data Table 5 | Patient characteristics from Leiden FMT validation cohort

Patient Donoror  Antibiotic Days Antibiotic FMT Relapse = FMT Mode NDFB Metagenome
ID Recipient duration post- pretreatment indication after study
pretreatment FMT prior FMT FMT alias

D16017  donor NA NA NA NA NA NA d5 D16017-
03Jan2017_S7_R1.fastq.gz

D16017  donor NA NA NA NA NA NA d5 D16017-
1Mar2017_S29_R1.fastq.gz

D16017  recipient >23 52 vancomycin rCDI no nasoduodenal p76 P17033-2017-03-
16_S4_R1.fastq.gz

D16017  recipient unknown 53 vancomycin rCDI no nasoduodenal p15 P17035-2017-04-
17_S9_R1.fastq.gz

D16017  recipient 10 48 fidaxomicin rCDI no nasoduodenal p32 P17057-2017-08-
21_S20_R1 fastq.gz

D16017  recipient 10 48 vancomycin rCDI no nasoduodenal p34 P17061-2017-10-
16_S22_R1 .fastq.gz

D17001  donor NA NA NA NA NA NA dé D17001-2017-02-
27_S28_R1.fastq.gz

D17001  donor NA NA NA NA NA NA dé D17001-2017-05-
08_S27 R1.fastq.gz

D17001  recipient unknown 48 vancomycin rCDI no nasoduodenal p17 P17038-2017-05-
10_S7_R1.fastq.gz

D17001  recipient 29 32 vancomycin rCDI no nasoduodenal p38 P17071-2018-01-

07_S28 R1.fastq.gz
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metagenomic sequencing samples from the Leiden FMT validation cohort for recurrent C. difficile patients can be found under project number PRIEB44737.
Sequence data files for metagenomic sequencing samples from the pooled-donor FMT trial for UC patients can be found at PRIEB26357. B. fragilis isolate whole
genomes from the Zhao et al., Cell Host & Microbe 2019 that were used for validation can be accessed at project number PRINA524913. Isolate whole genomes
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Reporting on sex and gender For the recurrent CDI study, written consent was obtained from all individuals recruited in the study using a protocol
approved by the Mount Sinai Institutional Review Board (HS no. 11-01669). Donors and patients who received FMT for
recurrent CDI or recurrent CDI and IBD were described in a previous study analyzed with 16S ribosomal RNA amplicon
sequencing32. For the Fecal Microbiota Transplantation for Chronic Active Ulcerative Colitis (FOCUS) study, written informed
consent was obtained from all patients prior to screening. Donors and patients were who received FMT for UC were
described in a previous study19. Additional patients were recruited at The Mount Sinai Hospital under IRB 16-00021. For
analysis, we only considered for analysis the subset of individuals for which donor and recipient stool samples from multiple
time points had been collected. As a second rCDI FMT validation cohort, stools were collected from donors and recipients
from an FMT study in Leiden under METC approval number P15.145.

Reporting on race, ethnicity, or | Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why
other socially relevant they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables
groupings (for example, race or ethnicity should not be used as a proxy for socioeconomic status).
Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the
researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or
administrative data, social media data, etc.)
Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Demographics of the recurrent CDI study can be found in Aggarwala et al., Nature Micro 2021, for the FOCUS study at
Paramsothy et al., The Lancet 2017, and for the rCDI FMT validation cohort at Nooij et al., Gastroenterology 2021. Relevant

characteristics such as health status and recent antibiotic use can be found in tables S1 and S5.

Recruitment Recruitment information is described in the methods of the manuscript, Aggarwala et al., Nature Micro 2021 and Paramsothy
et al., The Lancet 2017, and Nooij et al., Gastroenterology 2021.

Ethics oversight Mount Sinai Institutional Review Board, Leiden University Medical Center Medical Ethics Committee

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For the calculations of strain richness, species were considered only if that species had at least 2 isolates each from 3 individuals. We also
added some specific text in the Methods section which now reads " We only quantified those species that had at least two isolates sampled
from at least three individuals to allow for a broad sampling of SRj across our cultured cohort but with several individuals sampled per species
for a more accurate measurement." Given that species may vary across individuals and the enormous labor involved in culturing isolates from
stool, we determined three individuals to be a sufficient sampling. We also only calculated strain richness from those individuals that
harbored the gut species. For the clinical trial data, we assessed only those individuals that had multiple timepoints available.

Data exclusions | If species did not meet the criteria stated above, we excluded them. Thus, SRj is a measure of the number of strains a species stably maintains
if it is present within a microbiota.

Replication We conducted the gnotobiotic enrichment experiments (Fig S1; described in methods) on a subset of gut species with a range of strain
richnesses and across the major phyla to validate our calculations of strain richness from previously isolated strains. Results are detailed in the
manuscript.

Randomization  All timepoints from a FMT recipient were grouped and analyzed together. Independent FMT interventions were analyzed separately and not
grouped together. All subjects received the same therapy. Our results replicated uniformly across all independent samples.

Blinding The FMT data came from two previously published clinical trials (Aggarwala et al., Nature Micro 2021 and Paramsothy et al., The Lancet 2017),
thus blinding was not necessary. We had access to FMT outcomes and all individuals received the therapy. To detect donor strains in recipient
samples, we used a previously published algorithm, Strainer (Aggarwala et al., Nature Micro 2021). rCDI validation data also came from a
previously published trial, thus did not need blinding (Nooij et al., Gastroenterology 2021).
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Germ free C57BL/6J mice were bred in-house at the Mount Sinai Immunology Institute Gnotobiotic facility in flexible vinyl isolators.
Shortly after weaning (28-42 days old) and under strict aseptic conditions, germ-free mice were transferred to autoclaved filter-top
cages outside the breeding isolator and colonized with human microbiotas. Mice were colonized with 200-300 ul of a fecal slurry or
pooled cocktail of cultured strains by oral gavage, given only once. Mice were housed according to standard guidelines with 12 hour
dark/light cycles, 18-23 degrees C, and 40-60% humidity.

Wild animals None.
Reporting on sex Mice of both sexes were randomly assigned for the gnotobiotic enrichment experiments.
Field-collected samples  None.

Ethics oversight All animal experiments in this study were approved by Institutional Animal Care and Use Committee (IACUC) of the Icahn School of
Medicine (protocol: IACUC-2013-1385) and were performed in accordance with the approved guide- lines for animal
experimentation at the Icahn School of Medicine at Mount Sinai. Full names of the institutes are provided here and in the
manuscript.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Data used in this study came from two previously published clinical trials. They are described in Aggarwala et al., Nature Micro 2021
and Paramsothy et al., The Lancet 2017. Validation rCDI data came from a previously published trial in Nooij et al., Gastroenterology

2021.

Study protocol Protocols are found in: Aggarwala et al., Nature Micro 2021, Paramsothy et al., The Lancet 2017, and Nooij et al., Gastroenterology
2021.

Data collection Information on data collection: Aggarwala et al., Nature Micro 2021, Paramsothy et al., The Lancet 2017, Nooij et al.,

Gastroenterology 2021.

Qutcomes Defined in: Aggarwala et al., Nature Micro 2021, Paramsothy et al., The Lancet 2017, and Nooij et al., Gastroenterology 2021.
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Seed stocks None

Novel plant genotypes  None

Authentication None
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