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In brief
A worldwide microbiome analysis from 15
populations along the industrialization
gradient reveals that horizontal gene
transfer occurs on short timescales and
that microbiomes continuously acquire
new functionality based on host lifestyle.
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16Centre d’études nordiques, Département de biochimie, de microbiologie et de bio-informatique, Universite ´ Laval, 1030 rue de la Médecine,
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SUMMARY
Industrialization has impacted the human gut ecosystem, resulting in altered microbiome composition and
diversity. Whether bacterial genomes may also adapt to the industrialization of their host populations remains
largely unexplored. Here, we investigate the extent to which the rates and targets of horizontal gene transfer
(HGT) vary across thousands of bacterial strains from 15 human populations spanning a range of industrial-
ization. We show that HGTs have accumulated in the microbiome over recent host generations and that HGT
occurs at high frequency within individuals. Comparison across human populations reveals that industrial-
ized lifestyles are associated with higher HGT rates and that the functions of HGTs are related to the level
of host industrialization. Our results suggest that gut bacteria continuously acquire new functionality based
on host lifestyle and that high rates of HGT may be a recent development in human history linked to
industrialization.
INTRODUCTION

Transitioning from nonindustrialized to industrialized lifestyles is
associated with changes in gut microbiome composition and
decreased bacterial species diversity (Brewster et al., 2019;
Cell 184, 2053–2067,
This is an open access article under the CC BY-N
Hansen et al., 2019; McDonald et al., 2018; Pasolli et al., 2019;
Schnorr et al., 2014; Sonnenburg and Sonnenburg, 2019b;
Yatsunenko et al., 2012). While the precise causes of these
changes are unknown, factors associated with the development
of industrialized societies such as sanitation, the consumption of
April 15, 2021 ª 2021 The Authors. Published by Elsevier Inc. 2053
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/ ).
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processed food, higher frequency of caesarean section, and
increased use of antibiotics likely play key roles in remodeling
the gut microbiome (Sonnenburg and Sonnenburg, 2019a).
These perturbations in the gut ecosystem can occur shortly after
individuals transition from nonindustrialized to industrialized
areas and persist for years (Vangay et al., 2018), further con�rm-
ing that lifestyle strongly in�uences the function of our gut micro-
biome. However, the effects of host and environmental factors
associated with industrialized lifestyles on individual gut bacte-
rial genomes are poorly characterized.

Bacteria can use horizontal gene transfer (HGT) to adapt
rapidly to unstable environments through the acquisition of
new functions. Mammalian gut bacteria have experienced
frequent HGT events over millions of years of evolution (Hehe-
mann et al., 2010; Smillie et al., 2011). Previous studies of spe-
ci�c bacterial species showed that HGT can occur and be
conserved in the gut microbiome within a single individual
(Coyne et al., 2014; Garud et al., 2019; Munck et al., 2020; Yaffe
and Relman, 2020; Zhao et al., 2019; Zlitni et al., 2020), espe-
cially when there is strong selection for target functions such
as antibiotic resistance (Forsberg et al., 2012; Lopatkin et al.,
2017; Modi et al., 2013). Yet, it remains unclear whether HGT
can occur broadly enough to impact gut microbiome function
over an individual’s lifetime, such as in response to signi�cant
lifestyle changes, or whether microbiomes primarily acquire
new functions through the acquisition of new strains. It was pre-
viously observed that individual bacterial strains can reside
within a host microbiome for decades ( Faith et al., 2013). If
the rate of gene transfer is suf�ciently rapid, then a microbiome
that is ‘‘stable’’ in terms of bacterial populations ( Faith et al.,
2013; Gibbons et al., 2017; Mehta et al., 2018) could nonethe-
less evolve in response to host-speci�c environmental perturba-
tions through HGT, perhaps in response to changes in host
lifestyle.
2054 Cell 184, 2053–2067, April 15, 2021
In a previous study (Smillie et al., 2011), we found high levels of
HGTs in the human microbiome involving >500-bp-length se-
quences with >99% similarity. Those results lacked the temporal
resolution and the diversity in human populations necessary to
address the questions of timescales and host lifestyle. Over
short evolutionary timescales, the substitution rate of many bac-
terial species typically falls in the range of � 1 SNP/genome/year
(Didelot et al., 2016; Drake, 1991; Duchêne et al., 2016; Zhao
et al., 2019). Assuming this rough molecular clock approxima-
tion, and a genome size of 106 bp, the HGTs we detected using
those criteria (>500 bp, >99% similarity) were consistent with
transfer events that occurred between 0 and 10,000 years ago
(see STAR Methods). Variations in the molecular clock across
species and genomic regions may shorten or expand this time
interval. In any case, our previous results could not constrain
the dates of HGT that occurred more recently than the rise of
modern industrialization, dated to the 18th–19th century ( de
Vries, 1994). To answer the question of whether commensal
strains can frequently acquire new functionality through HGT
within an individual, such that recent adaptations to industrializa-
tion are detectable in contemporary bacterial genomes, more
precise estimates of the rate and extent of HGT are needed.

Existing reference isolate genomes (Browne et al., 2016; Faith
et al., 2013; Forster et al., 2019; Goodman et al., 2011; Zou et al.,
2019) originate almost exclusively from industrialized popula-
tions and, for the vast majority of strains, from different individ-
uals, making investigation of within-person HGT impossible.
Here, we present the Global Microbiome Conservancy (GMbC)
isolate collection, composed of >4,000 cultured, isolated, and
sequenced gut bacteria from diverse industrialized and nonin-
dustrialized populations, including rich sets of strains from single
individuals. We used these genomes to investigate the rate
and patterns of gene transfers that occurred very recently
in human history. We show that HGTs can occur at high and
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