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(A) Adaptive ecological forces are the primary drivers of microbial

colonization

The ability of a microbial population to colonize and persist in a complex ecosystem is
influenced by both neutral and adaptive forces (Maignien et al., 2014). Although which of
these is the major driver of successful colonization of the human gut remains unclear
(Smillie et al., 2018). In the context of FMT, previous studies have suggested neutral
processes to determine colonization success based on the abundance of a microbial
population in a donor stool sample (Podlesny and Florian Fricke, 2020; Smillie et al.,
2018). Indeed, ecological drift may have a significant role in a system dominated by
neutral processes, where low-abundance donor populations in the transplant would be
less likely to be observed in recipients. In contrast, if the system is dominated by adaptive
forces, colonization success would be a function of the population fitness in the recipient

environment, rather than its abundance in the transplant.

To investigate the impact of neutral versus adaptive processes on colonization in our

dataset we first asked whether the prevalence of a donor population in publicly available
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healthy human gut metagenomes, which we define here as a measure of its fithess, was
associated with the detection of the same population in donor or recipient metagenomes.
Within both FMT cohorts, the mean detection of each population in recipients post-FMT
had a stronger association with population fithess than mean detection in donor samples
(Figure Sl1a). The fitness of donor A populations explained 4.2% of the variation in mean
detection of those populations in donor samples (R?=0.042, p=0.021) and 19% of
variation in mean detection in recipient post-FMT samples (R?=0.19, p=2.7e-07), an
increase of approximately 4.5-fold (Figure Slla). Similarly, Donor B population fithess
explained 7.3% of the variation in mean detection in donor samples (R?=0.073, p=2.1e-
04), and 36% of the variation in mean detection in recipient post-FMT samples (R?=0.36,
p=4.5e-19), an increase of approximately 5-fold (Figure Sl1a). This suggests that fithess
is a better predictor of colonization outcome than it is of the detection of a population in
the donor, suggesting that adaptive forces are likely at play. But detecting a donor
population in a recipient post-FMT metagenome through metagenomic read recruitment
does not prove colonization, since donor genomes can recruit reads from recipient
populations that are closely related (i.e., strain variants) and that were low abundance
prior to FMT.

Resolving colonization events accurately is a challenging task as multiple factors may
influence the ability to determine colonization outcomes unambiguously. These factors
include (1) the inability to detect low-abundance populations, (2) inaccurate
characterization of transient populations observed immediately after FMT as successful
colonization events, (3) the reliance on relative abundance of populations to define
colonization events when abundance estimates from stool do not always reflect the
abundance of organisms in the Gl tract (Yasuda et al. 2015; Sheth et al. 2019), and (4)
the failure to distinguish between colonization by a donor population or emergence of a
pre-FMT recipient population after FMT (where a low-abundance recipient population that
is closely related to one or more donor populations becomes abundant after FMT and is
mistaken as a bona fide colonization event). To mitigate these factors, we have (1)
employed deep-sequencing of our metagenomes which averaged 71 million reads per
sample, (2) implemented a longitudinal sampling strategy, that spanned 376 days on
average, to observe donor populations in our recipients for an extended period after FMT,
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(3) leveraged a ‘detection’ metric to define colonization events by presence/absence of
populations rather than abundance, and (4) employed microbial population genetics to
identify and resolve origins of subpopulations using single-nucleotide variants in read
recruitment results (Denef, 2019) and quantify their dynamics (Quince et al., 2017). We
also developed an analytical approach that took into consideration the presence and
absence of distinct subpopulations in the transplant sample, in the recipient pre-FMT, and
in the recipient post-FMT (see Materials and Methods, Supplementary Table 5) to
determine whether a given donor population has colonized a given recipient. To
determine colonization outcomes, we analyzed 640 genome/recipient pairs for Donor A
(128 donor genomes in 5 recipients) and identified 99 successful colonization events, 38
failed colonization events, and 503 ambiguous colonization events (Supplementary Table
6). For Donor B, we analyzed 915 genome/recipient pairs (183 donor genomes in 5
recipients) and identified 106 successful colonization events, 109 failed colonization
events, and 700 ambiguous colonization events (Supplementary Table 6). Our stringent
criteria classified the vast majority of all genome/recipient pairs as ambiguous
colonization events. Nevertheless, due to the relatively large number of donor MAGs and
FMT recipients in our study, we were left with 352 MAG/recipient pairs with unambiguous

colonization phenotypes for downstream analyses.

Using colonization information from our improved model that took into consideration the
presence and absence of distinct subpopulations and their origins (Supplementary Figure
4), we then tested if colonization success was correlated with population fithess or
population dose, which we define here as the relative abundance of a given population in
the transplanted donor stool sample (we calculated the relative abundance of individual
populations using the second and third quartile of the mean coverage of populations in
metagenomes, a practice that reduces the impact of variation in coverage as a function
of hypervariable genomic islands and/or conserved genomic regions that recruit reads
from multiple populations). For Donor A populations, colonization outcome was
significantly correlated with both dose (Wald test, AUC=0.73, p=7.7e-05) and fitness
(Wald test, AUC=0.76, p=6.3e-06) (Figure Sllb,c). But combining both measures as
predictive variables did not substantially improve the performance of our colonization
model (AUC=0.82) (Figure Sllc). This was likely due to the small, but significant,


https://paperpile.com/c/kIurLB/iMsRD
https://paperpile.com/c/kIurLB/idOza

correlation between dose and fitness in Donor A MAGs (R?=0.053, p=0.0070) (Figure
Sl1d). When the fitness of a microbial population is reflected in its relative abundance,
the effect of fitness on colonization outcome may be masked by an apparent dose effect.
In contrast to Donor A, the fitness of Donor B populations and their relative abundance in
Donor B samples were not correlated (R?=0.0012, p=0.61) (Figure Sl1d), providing us
with an ideal case to analyze these two factors independently. Indeed, there was no
correlation between dose of a microbial population in Donor B transplant samples and
colonization outcome in recipients post-FMT (Wald test, AUC=0.56, p=0.09). Instead, we
found a significant correlation between the fitness of each population and the colonization
outcome (Wald test, AUC=0.70, p=9.0e-07) (Figure Sl1c).

Taken together, our findings suggest that fitness of a microbial population as measured
by its prevalence across global gut metagenomes can predict its colonization success
better than its abundance in the donor stool sample, giving credence to the role of
adaptive rather than neutral ecological processes in colonization. This finding contrasts
with previous studies which suggested that the abundance of a given population in the
donor sample was an important determinant of colonization (Podlesny and Florian Fricke,
2020; Smillie et al., 2018). However, these analyses included many recipient samples
collected less than one week after FMT and it is likely that their observations were
influenced by the presence of transient populations. Indeed, samples collected
immediately after FMT are more likely to inflate the number of colonization events,
whereas longitudinal sampling over a longer time course can distinguish transient
populations from those that successfully colonized the recipients. We cannot definitively
test this hypothesis as most of our recipient samples were collected at least one week
after FMT. Still, on average 12% of the donor populations detected in our recipients a
week after FMT were no longer detected after a month (Figure 1, Supplementary Table
3). Overall, our stringent criteria to determine colonization outcome and the extended
post-FMT sampling period likely enabled us to study the long-term engraftment of
successful and potentially low-abundance colonizers, instead of high-abundance

transient populations that may be dominant directly after FMT.
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Figure SI1. Relationships between dose, prevalence, and colonization outcome. Left: Donor A. Right: Donor B.
(a) Linear regression models of mean detection of each MAG in either donor or recipient post-FMT samples as a
function of prevalence. (b) Colonization outcome of MAG/recipient pairs as a function of MAG dose or MAG prevalence.
Significance calculated by Wald test. (c) Receiver operator curves (ROCs) for logistic regression models of colonization.
(d) Linear regression models of dose as a function of prevalence. The grey shaded areas in panels (a) and (d) represent
the 95% confidence intervals. To examine the association between dose and/or prevalence with colonization outcome



in this regression analysis shown in the figure, we built binomial logistic regression models using the R stats "gim’
function. We used the R stats “predict” function and the R pROC “roc™ function to evaluate our models by creating
receiver operating characteristic (ROC) curves and calculating the area under the ROC curve (AUC). To determine the
correlation between dose and prevalence, we performed linear regression using the R stats 'Im" function. We used the
R tidyverse package, including ggplot2, to visualize boxplots, scatterplots, and ROC curves. The URL

https://doi.org/10.6084/m9.figshare.15138720 serves a high-resolution version of this figure.

Accurately distinguishing the role of dose versus fitness in colonization success is further
compounded by the fact that microbial populations that are prevalent across human
populations may also tend to be more abundant. This is well illustrated by Donor A.
Fortunately, the abundant populations in Donor B did not reflect prevalent microbes in
healthy adult guts, which demonstrated the importance of fithess as a determinant of
colonization success compared to dose without the confounding effect of a correlation
between fitness and dose. Thus, it is a theoretical possibility that colonization success is
purely driven by adaptive forces and is not influenced by dose, at all. However, while our
data assign a larger role to adaptive forces with confidence, a more accurate
determination of the proportional influence of adaptive versus neutral processes in

colonization requires a much larger dataset.

(B) Considerations of Annotation Bias That Reduce the Number
of Genes with Functional Annotations for Microbial

Populations that Typically Occur in Healthy Individuals

Our study, and most others in microbiology and genomics, depend on accurate functional
annotations of microbial genes whether they are found in genomes or metagenomes. The
efficacy of annotation is not uniform across different taxa and environments since the
representation of microbial genomes (or our desire to extensively characterize them) are
not uniform throughout the tree of life or across ecosystems. Arguably, the human gut is
one of the better studied ecosystems since microbial organisms found in this habitat can
dramatically influence human health. Yet, even for this relatively well-studied
environment, our ability to annotate genes with known functions is apparently not quite
uniform across cohorts of individuals. Here we investigated the proportion of genes with

KOfam annotations in a large set of publicly-available gut metagenomes and found that,


https://doi.org/10.6084/m9.figshare.15138720

for any given metagenome, the ratio of the number of genes that were annotated by
KOfams in the assembly to the total number of genes recovered were lower in samples
from healthy people compared to those who were diagnosed with inflammatory bowel
disease, at least in deeply-sequenced metagenomes with adequate coverage of low-
abundance populations (Figure SI2). Given the much higher diversity of the gut
microbiome in homeostasis and the presence of many rare taxa with poorly cultured
representatives, this outcome is not entirely surprising. However, it is difficult to identify
the extent to which the observed reduction in metabolic potential in our study is due to
missing annotations, even though there is substantial evidence from the FMT experiment
that LMI genomes have distinct ecological behavior beyond their functional annotations.
The significant reduction in genome sizes and therefore the overall reduced functional
repertoire of LMI populations that likely hinders cultivation efforts, is also likely one of the
reasons that contributes to their depletion in the IBD gut. Therefore, while this bias does
not necessarily affect our hypotheses, it does warrant future studies to investigate the
underpinnings of this bias and its implications on our ability to understand the microbial

ecology of the human gut environment.
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Figure SI2. Histogram of number of KOfam annotations per gene call in publicly-available gut metagenomes from

healthy people and from people with inflammatory bowel disease (IBD). Panel a) shows data for 330 deeply-sequenced
samples with at least 25 million sequencing reads. Panel b) shows data for all 2,893 samples, including non-IBD

controls.
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