1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

HHS Public Access

Author manuscript
J Evol Biol. Author manuscript; available in PMC 2024 December 01.

Published in final edited form as:
J Evol Biol. 2023 December ; 36(12): 1659-1668. doi:10.1111/jeb.14221.
Assessing co-diversification in host-associated microbiomes

Andrew H. Moellerl”, Jon G. Sanders?, Daniel D. Sprockett!, Abigail Landers?
1Department of Ecology and Evolutionary Biology, Cornell University, Ithaca, NY 14850, USA

2Department of Microbiology, Cornell University, Ithaca, NY 14850, USA

Abstract

When lineages of hosts and microbial symbionts engage in intimate interactions over evolutionary
timescales, they can diversify in parallel (i.e., co-diversify), producing associations between the
lineages’ phylogenetic histories. Tests for co-diversification of individual microbial lineages and
their hosts have been developed previously, and these have been applied to discover ancient
symbioses in diverse branches of the tree of life. However, most host-microbe relationships are
not binary but multipartite, in that a single host-associated microbiota can contain thousands

of microbial lineages, generating numerous challenges for assessing co-diversification. Here, we
review recent evidence for co-diversification in complex microbiota, highlight the limitations of
prior studies, and outline a hypothesis testing approach designed to overcome some of these
limitations. We advocate for the use of microbiota-wide scans for co-diversifying symbiont
lineages and discuss tools developed for this purpose. Tests for co-diversification for simple host
symbiont systems can be extended to entire phylogenies of microbial lineages (e.g., metagenome-
assembled or isolate genomes, amplicon sequence variants, etc.) sampled from host clades,
thereby providing a means for identifying co-diversifying symbionts present within complex
microbiota. The relative ages of symbiont clades can corroborate co-diversification, and multi-
level permutation tests can account for multiple comparisons and phylogenetic non-independence
introduced by repeated sampling of host species. Discovering co-diversifying lineages will
generate powerful opportunities for interrogating the molecular evolution and lineage turnover

of ancestral, host-species specific symbionts within host-associated microbiota.
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How can we identify the symbionts in complex microbiomes? In this study we evaluate recent
evidence that certain lineages within animal gut microbial communities have co-diversified

with their host species and populations, and we present statistical approaches for identifying
co-diversifying microbial lineages while accounting for multiple testing and phylogenetic non-
independence. Discovering the co-diversifying lineages in microbiomes enables discrimination
between transient microbial lineages and ancestral, host-species specific symbionts that have been
maintained over host evolutionary timescales.
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Introduction

Co-diversification—the synchronized bifurcation of two or more lineages of organism—is
a canonical consequence of intimate and long-term symbiosis. Testing for co-diversification
can reveal ancient symbioses and generate phylogenetic frameworks for the study of their
evolutionary histories. The expectation that closely interacting lineages should co-diversify
was articulated as early as 1913 by Heinrich Fahrenholz, a German parasitologist studying
the ectoparasites of vertebrates, who noted that ectoparasites (e.g., lice) of closely related
host species tended to display morphological similarities not seen in those from more
distantly related hosts (Farenholtz, 1913). Over 75 years later, the predicted association
between phylogenetic trees was tested and validated with protein electrophoretic and DNA
sequence data from rodents and their ectoparasites, revealing the concurrent diversification
of host and symbiont clades (Hafner and Nadler, 1988; Hafner et al., 1994).
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Since the earliest studies, numerous examples of co-diversification between hosts and
symbionts have been detected. Discoveries of co-diversification in simple host-symbiont
systems have been reviewed elsewhere (De Vienne et al., 2013; Hernandez-Hernandez et
al., 2021) and will not be discussed in detail here. These examples span the symbiosis
continuum, from parasites to commensals and mutualists, as well as diverse branches of the
eukaryotic tree of life, including plants and their herbivores (Maron et al., 2019), animals
and their microbial symbionts (Perreau and Moran, 2022), and fungi and their plant hosts
(Otero et al., 2011).

Historically, tests for co-diversification have been applied to individual pairs of interacting
lineages (i.e., a host clade and a single symbiont clade), but most symbioses between hosts
and microbial lineages take place in the context of complex microbial consortia consisting
of dozens, hundreds, or even thousands of linages. For example, humans as a species (Homo
sapiens) harbor upwards of one thousand distinct bacterial species across oral, urogenital,
lung, and gut microbiomes (Almeida et al., 2019; Almeida et al., 2021). Testing for co-
diversification in such multipartite communities of symbionts raises several challenges not
faced in the analysis of binary host-symbiont systems. Identifying co-diversified symbionts
within microbiota can be complicated by issues such as where on the microbial phylogeny
to test for co-diversification events, how to correct for the multiple testing inherent in the
assessment of co-diversification across many symbiont lineages within a microbiota, and
how to account properly for phylogenetic non-independence.

Here, we review recent progress in the study of co-diversification within complex, host-
associated microbiota and outline a hypothesis testing framework that overcomes several of
the limitations of prior studies. We discuss the history of discoveries for co-diversification
in complex microbiota, including the rapid advancement in this area afforded by genome-
resolve metagenomics approaches. We conclude that tests for co-diversification originally
designed for simple host-symbiont systems can be readily extended to analyses of entire
microbiota, and we consider strategies regarding sampling design for future studies of
microbiota co-diversification.

Tests for co-diversification in bipartite host-microbe symbioses

Tests for co-diversification in binary host-symbiont systems can be divided into two general
classes of methods: topology- or distance-based methods and event-based methods (De
Vienne et al., 2013; Dismukes et al., 2022). For both classes of methods, host and symbiont
phylogenies (or phylogenetic distance matrices) are required as input, and the validity of
downstream conclusions about co-diversification reflects the quality of the phylogenies used
for the analysis. Exceptions to this general limitation of tests for co-diversification are
event-based Bayesian methods or distance-based methods that account for tree uncertainty
(Huelsenbeck et al., 2000; Pérez-Escobar et al., 2016; Balbuena et al., 2020). We will

not comprehensively review software packages and specific implementations of tests for
co-diversification in simple host-symbiont systems here, as this is provided by previous
work (De Vienne et al., 2013; Dismukes et al., 2022; Groussin et al., 2020). Below, we
briefly summarize the rationales and methodologies underlying distance- and event-based
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methods as context for discussion about how these approaches can be extended to test for
co-diversification within complex, host-associated microbiota.

Distance-based tests for co-diversification assess the association between host and symbiont
relative divergence times (e.g., Legendre et al., 2002; Hommola et al., 2009; Balbuena et

al., 2013; Mramba et al., 2013; Hutchinson et al., 2017). In general, these tests attempt to
estimate the probability of observing by chance a degree of association between symbiont
and host phylogenies equal to or greater than that observed between the true symbiont and
host phylogenies. These tests require generation of a distribution of degrees of association
(e.g., correlation coefficients) between symbiont and host phylogenetic distances under the
null hypothesis of no history of co-diversification. In practice, these null distributions can be
generated through random permutations of the host and symbiont tip labels or the incidence
table indicating the presence and absence of symbiont lineages within host lineages.

Distance-based methods have the advantage of not requiring estimations of the relative
probability of co-diversification, extinction, or host switching events, i.e., these methods
provide non-parametric tests of association between symbiont and host phylogenies.
However, if multiple symbiont lineages from individual host species are sampled, then the
p-values derived from such methods may indicate either co-diversification of symbionts with
hosts or host-species specificity of symbionts in the absence of co-diversification, as the null
hypothesis being tested is that of no association between host and symbiont phylogenies.
For example, significant p-values can be obtained from permutation tests if symbionts from
individual host species form monophyletic clades on the symbiont phylogeny, even in the
absence of co-diversification of symbiont lineages and host species (Nishida and Ochman,
2021). Therefore, significant results must be interpreted with caution, and evidence for
co-diversification carefully examined through approaches that account for pseudoreplication,
such as subsampling symbiont phylogenies to a single lineage from each host species.

In contrast to distance-based tests, event-based tests (e.g., Merkle and Middendorf,

2005) explicitly model co-diversification, host-switching, within-host diversification, and
extinction of symbiont lineages along a host phylogeny. These methods afford the ability

to calculate the relative likelihoods of different sets of events (e.qg., strict co-diversification
or rampant host switching) given the observed symbiont phylogenies and probabilities for
the occurrence of each type of event per unit of time or branch length. However, the
probabilities of co-diversification, host-switching, within-host diversification, and extinction
events are rarely known for the host and symbiont lineages of interest, and event-based tests
can be prone to over- or under-parametrization (De Vienne et al., 2013). Nevertheless, with
accurate parameters event-based methods provide exceptional power for inferring specific
instances of co-diversification between symbionts and hosts.

Alternative explanations for apparent co-diversification

Significant associations between symbiont and host phylogenetic trees provides strong
evidence for co-diversification, but the lack of such associations does not necessarily
preclude a history of co-diversification. For instance, the ability to accurately identify a

true history of co-diversification events from phylogenetic analyses can be obscured by more
recent histories of symbiont host switching or extinction, or by missing data. Conversely,
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detection of significant associations between symbiont and host phylogenies does not

by itself conclusively demonstrate a history co-diversification, because such associations
can also be produced by alternative processes. One prominent alternative explanation for
congruence between symbiont and host phylogenies is the successive colonization of hosts
by symbionts in combination with “‘ecological fitting’ (Janzen, 1985). For instance, if hosts
display phylogenetic signal in traits that affect symbiont colonization, the pattern in which
host and symbiont phylogenies mirror one another can be produced in the absence of a
history of co-diversification by the successive colonization by symbionts of host lineages
along the host phylogeny. One approach for differentiating co-diversification and ecological
fitting hypotheses is to incorporate information about the timing of host and symbiont
divergence events (discussed further below). For instance, if host and symbionts have co-
diversified, the ages of nodes supporting co-diversification in host and symbiont trees should
be associated with one another—a prediction that is not necessarily expected in the case of
ecological fitting in the absence of co-diversification.

Distinctions between co-diversification, co-evolution, and phylosymbiosis

Co-diversification between hosts and symbionts is indicative of long-term associations,
which could provide opportunities for co-evolution, in which interacting lineages act as
reciprocal selective forces on and adapt to one another. As other authors have noted,
co-evolution and co-diversification are distinct processes, and co-diversification between
hosts and symbionts can occur in the absence of co-evolution (Althoff et al., 2014; Moran
and Sloan 2015; Russo et al., 2018). For instance, host diversification events can generate
barriers to gene flow between microbiota of host lineages, leading to phylogenetic tracking
of host lineages by symbionts (Russo et al., 2018; Blasco-Costa et al., 2021). Phylogenetic
tracking by symbionts refers specifically to cases in which symbiont diversification depends
on host diversification while host diversification is relatively independent of symbiont
diversification. In extreme cases, symbionts can be vertically transmitted (i.e., parent

to offspring) with high fidelity throughout the course of host diversification, leading to
confinement of symbiont lineages within host lineages. These dispersal-based processes

do not require ongoing adaptation of symbionts to hosts (or of hosts to symbionts), but
increased symbiont dispersal among conspecific hosts relative to among heterospecific hosts
can generate patterns of co-diversification. Under this view, symbiont diversification driven
by phylogenetic tracking of host lineages is analogous to the effects of vicariance events
that have occurred for terrestrial macroorganisms due to continental drift or other large-scale
barriers to gene flow (Cowman and Bellwod, 2013; Althoff et al., 2014; Groussin et al.,
2020).

An alternative, but not mutually exclusive, process that could maintain host-species
specificity of symbionts over host evolutionary timescales and drive co-diversification is
ongoing symbiont adaptation to hosts, to other members of the microbiota, or to other
environmental factors associated with the host phylogeny. In complex microbiota, there
is emerging experimental evidence that host-species specific symbionts adapt to their
host species. In the tetrapod gut microbiota, for instance, Lactobacillus strains display
competitive advantages within their native hosts relative to strains from other tetrapod
host species (Oh et al., 2010; Frese et al., 2011; Duar et al., 2017). Recent work in
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which whole microbiota from closely related rodent species (genus Mus) were competed

in pairwise mixtures within germ-free house mice (Mus musculus domesticus) found

that house-mouse microbiota consistently out-competed non-native microbiota from other
host species (Sprockett et al., 2023). Further assessing the degree and mechanistic bases

of symbiont adaptation to host species within complex microbiota will require develop
additional germ-free model systems within individual host clades. These experimental
resources will enable reciprocal transplant and competition experiments—the gold standards
of tests for local adaptation—of microbiota between closely related hosts.

It is also useful to differentiate between co-diversification of microbiota lineages with their
hosts and associations between the taxonomic or functional composition of the microbiota
and the host phylogeny. The latter—termed phylosymbiosis—can occur in the absence

of co-diversification between individual symbiont lineages and hosts (Moran and Sloan,
2015; Kohl, 2020). For example, more closely related hosts may select for more similar
sets of microorganisms from common environmental pools of microorganisms (i.e., habitat
filtering), leading to congruence between microbiota-composition dendrograms and host
phylogeny without co-diversification between symbiont and host lineages.

Signals of co-diversification in complex microbiota

The prediction that host-restricted symbionts should co-diversify with their hosts can

be extended to entire communities of host-associated microorganisms, i.e., microbiota.
Compared to tests for phylosymbiosis, tests for co-diversification of individual lineages
within complex microbiota and their hosts are relatively rare. This disparity results

largely from the methodological difficulties inherent in testing for co-diversification in

the microbiota. Testing for phylosymbiosis relies on microbiota-composition dendrograms,
which can be readily generated by amplicon or metagenomic sequencing of host species,
whereas testing for co-diversification requires a well-resolved symbiont phylogeny, often
at the strain-level. Overcoming the methodological barriers that preclude tests for co-
diversification is a critical priority for comparative research of host-associated microbiota,
because these tests can provide insights into processes that produce patterns of microbiota
diversity among hosts that cannot be revealed by examination of the high-level taxonomic or
functional composition of the microbiota alone (Moran et al., 2019).

To date, tests for co-diversification in complex, host-associated microbiota have relied
primarily on symbiont phylogenies inferred from amplicon-based data, such as 16S rRNA
gene or protein-coding amplicon datasets (Table 1). Early evidence for co-diversification
of symbionts with hosts in the context of complex microbiota came from amplicon-based
studies of 16S rRNA gene regions. Sanders et al. analyzed 16S rRNA gene datasets from
ants and apes, finding that many of the differences between the microbiota of closely related
host species could be explained by recent bacterial evolution, consistent with a history

of co-diversification, rather than taxonomically broad shifts in microbiota composition
due to, for example, host dietary changes (Sanders et al., 2014). Similar results were
observed by Groussin et al. and Youngblut et al., who observed significant evidence of
association between gut bacterial phylogenies based on 16S rRNA sequences and their
hosts’ phylogenies (Groussin et al., 2017; Youngblut et al., 2019). One limitation of 16S
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rRNA gene sequences for inferring co-diversification events, particularly recent events,

is the slow rate of evolution of this gene. Estimates from insect endosymbionts and
enteric bacteria of mammals suggest that 16S rRNA sequences evolve at rates as slow

as 1% per 50 million years (Kuo and Ochman, 2009), affording limited phylogenetic
signal to assess co-diversification with bacteria over the timescales of the diversification
of multicellular eukaryotes. A corollary of this limitation is that 16S rRNA genes will
tend to perform better for assessing co-diversification when the host species of interest
are relatively distantly related. For instance, recent 16S rRNA gene-amplicon studies of
microbiota of sponges and coral-reef invertebrates found significant signals of host-species
specificity consistent with co-diversification in multiple bacterial and archaeal families,
including the Endozoicomonadaceaea, Spirochaetaceaea and Nitrosopumilaceae (Pollock
et al., 2018; O’Brien et al., 2021). Similarly, 16S rRNA gene-amplicon studies have
successfully detected co-diversification between gut bacteria and ant lineages (Hu et al.,
2023).

To overcome the limited resolution provided by 16S rRNA genes, other studies have
employed marker-gene based approaches focused on protein coding genes. In contrast to
16S rRNA genes, which code for ribosomal RNAs in which nearly every site in the gene
has potential to affect the structure and function of the molecular product, protein-coding
genes contain numerous silent sites that can mutate without any effect on protein structure.
Consequently, compared to 16S rRNA genes, protein-coding genes typically evolve more
rapidly and provide greater phylogenetic signal for testing for co-diversification, particularly
over recent timescales. For example, Powell et al., showed that 16S rRNA gene sequencing
of the bee gut microbiota failed to reveal strain-level symbiont variation, including variation
between bee species, but significant host-associated variation was observed when these
communities were assayed with amplicon sequencing of minD—a septum site determining
protein-coding gene (Powell et al., 2016). A similar approach relying on protein-coding
marker genes recently detected evidence of co-speciation between gut bacteria and termite
lineages (Arora et al., 2023). Studies using amplicon sequencing of protein coding genes
have also been used to test for co-diversification of gut microbiota with humans and African
apes, revealing mixed evidence for co-diversification in this host clade (Moeller et al., 2016;
Nishida and Ochman, 2021). Moeller et al. sequenced gyrase B (gyrB) genes from three
bacterial families—Bifidobacteriaceae, Bacteroidaceae, and Lachnospiraceae, from humans,
chimpanzees, bonobos, and gorillas, finding co-phylogenetic signals of co-diversification in
two of the three bacterial families (Bifidobacteriaceae and Bacteroidaceae) (Moeller et al.,
2016). However, follow-up studies by Nishida and Ochman employed the same methods

to survey the Bacteroidaceae present in captive chimpanzees, finding mixed evidence for
co-diversification and suggesting that captivity may lead to loss of host-species specific
symbionts (Nishida and Ochman, 2021). Similar results were also observed in studies of
other captive primates based on 16S rRNA gene amplicon sequencing (Clayton et al., 2016;
Houtz et al., 2021).

Though marker-gene approaches based on protein-coding genes provided greater resolution
to detect recent co-diversification events compared to 16S rRNA-gene amplicon sequencing,
these protein-coding—gene amplicon methods are not without their limitations. A benefit

of 16S rRNA gene amplicon sequencing is that the entire microbiota can be surveyed

J Evol Biol. Author manuscript; available in PMC 2024 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moeller et al.

Page 8

simultaneously with data obtained from a single sequencing library. In contrast, the
relatively rapid evolution of protein-coding marker genes requires the design of primers

and preparation of libraries for individual bacterial taxa (e.g., families), greatly increasing
the up-front effort required to conduct such studies. Moreover, both 16S rRNA-gene and
protein-coding—gene amplicon studies are, by definition, limited to interrogations of patterns
of co-diversification in individual genes, rather than entire genomes of symbiont lineages.

A recent advance that overcomes both the limitations of 16S rRNA gene and protein-
coding gene amplicon sequencing approaches to test for co-diversification is the ability to
assemble genomes directly from metagenomic sequence data, i.e., metagenome-assembled
genomes (MAGS) (Hugerth et al., 2015; Parks et al., 2017; Bowers et al., 2017) (Table

1). These approaches afford unprecedented resolution for assessing co-diversification in
complex host-associated microbiota. For example, Sanders et al. 2023 used a collection

of nearly 10,000 MAGs assembled from humans and non-human primates to test for
co-diversification in the gut microbiota, finding widespread signals of association between
symbiont and host phylogenies across ten gut bacteria phyla, including multiple lineages
that appear to have co-diversified with humans and the African apes. Similarly, Suzuki

et al. applied MAG-based approaches and co-phylogenetic analyses to identify signals of
co-diversification of gut microbiota lineages with populations of Homo sapiens (Suzuki

et al., 2022). However, it remains unclear whether the patterns of co-diversification of
symbionts with human populations observed by Suzuki et al. reflect fidelity of symbionts to
host genealogies, or merely divergence of symbionts between disparate geographic regions
(Good, 2022). Nevertheless, results from Suzuki et al. corroborate previous results from
studies of Helicobacter pylori showing that this symbiont has diversified in a manner

that mirrors human migration routes (Falush et al., 2003). Together with previous work
from marker-gene based approaches, these findings provide insights into co-diversification
of gut microbiota with human and African-ape hosts at multiple timescales spanning the
diversification of host species, populations, and individual genealogies (Figure 1).

Extending tests for co-diversification to multipartite host-microbe systems

A challenge inherent in detecting co-diversified symbionts in complex microbiota is the
lack of a priorijustification regarding where to test for co-diversification events on the
symbiont phylogeny. For a complex microbiota, the phylogeny of symbionts will, by
definition, contain many species, typically including species that are distantly related to
one another (e.g., distinct phyla). Because diversification of bacterial phyla, classes, orders,
families, and even genera can long predate the diversification of eukaryotic host lineages,
many bifurcations on phylogenies of microbiota symbionts could not have resulted from
co-diversification with hosts. Conversely, divergence of closely related symbiont strains
may occur over timescales far shorter than the timescales of host diversification. Because
most microorganisms in complex microbiota lack fossil records that could be used for
dating the absolute timing of diversification events, it is often not possible to determine at
which depth of the symbiont phylogeny to conduct either distance- or event-based tests for
co-diversification.
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A powerful approach for circumventing this challenge is to conduct unbiased scans of

the phylogeny of microbiota symbionts in which each clade is tested individually for
co-diversification with hosts. Similar approaches, in which subsets of phylogenies of
putatively co-diversifying lineages are tested independently, have been applied previously

to assess co-diversification between populations of multicellular organisms, such as mimetic
Heliconius butterflies (Hoyal Cuthill and Charelston, 2012; Hoyal Cuthill and Charelston,
2015). Recently, Sanders et al. applied this approach to test for co-diversification between
MAGs in the gut microbiota and primate host species (Sanders et al., 2023), but such an
approach could in principle be applied to phylogenies of microbiota symbionts based on
other data types as well (e.g., 16S rRNA gene or protein-coding amplicon data). In short, the
method employed by Sanders et al. traverses the bacterial tree and applies to each node a
test for co-diversification (Figure 2). Currently, this workflow, which is available in Python
(https://github.com/CUMoellerLab/codiv-tools) and R (https://github.com/DanielSprockett/
codiv) implementations, is designed to implement a distance-based test for co-diversification
initially developed by Hommola et al. for bipartite host-symbiont systems. This test
assesses for individual nodes whether the observed association between symbiont and host
phylogenies exceeds the null expectation generated by random permutation of host and
symbiont tip labels. However, in principle the workflow could be altered to incorporate

any distance- or event-based test for co-diversification. Required input includes a host
phylogeny, a symbiont phylogeny, and an incidence table indicating from which host each
symbiont lineage was derived. The nodes tested can be restricted to a subset of the symbiont
phylogeny, if desired. For instance, for recently diverged host lineages, restricting the scan
for co-diversification to the most distal portions of the symbiont phylogeny (e.g., the most
distal 10% of the tree) may be desirable to avoid testing symbiont clades that can be
assumed to long predate host diversification events. The output is a table containing test
statistics and p-values for each clade in the microbial phylogeny indicating the strength

of association with the host phylogeny. Thus, the workflow provides a ranking of all

nodes in the portion of the bacterial phylogeny tested based on the strength of signal of
co-diversification with hosts.

One issue that arises from unbiased scans for co-diversification of symbiont phylogenies
from complex microbiota is multiple testing. Because many nodes are tested, it is necessary
to establish the Type Il error rate for these tests. Moreover, many nodes on the symbiont
phylogeny of interest will not be phylogenetically independent from one another, such

that efforts must be made to account for pseudoreplication of symbiont lineages (Nishida
and Ochman, 2021). Both issues can be addressed by an additional level of permutation
testing that goes beyond permutation tests by distance-based tests for co-diversification

in bipartite host-symbiont systems. By permuting the host phylogeny’s tip labels a large
number of times (e.g., 999 for a significance level of 0.001) and performing for each
permutation the scans and permutation tests for co-diversificaiton for individual nodes in the
microbiota symbiont phylogeny (e.g., Hommola tests based on correlation coefficients), the
distribution of test statistics and p-values observed across nodes in the real dataset can be
compared to the distribution generated under the null hypothesis of no co-diversification.
This second-order permutation test can reveal whether a microbiota symbiont phylogeny
contains a greater number of clades displaying significant evidence for co-diversification
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than expected by chance (Figure 2C) at a given test-statistic or p-value threshold (e.g.,

r > 0.75 or p-value < 0.05). When applying distance-based tests in the context of this
second-order permutation test, it may be preferrable to consider only test-statistic values
(e.g., r > 0.75) instead of p-values, as the former is expected to be more robust to

issues pertaining to pseudoreplication and phylogenetic non-independence. This second-
order permutation test can provide information about the rate of false discoveries in

the scans (which contain multiple comparisons), including the rate of false discoveries
due to pseudoreplication and phylogenetic non-independence. For instance, if tests based
on permuted labels of the host phylogeny show that 10% of nodes on the microbiota
symbiont phylogeny display significant evidence of co-diversification at a given p-value or
test-statistic threshold, whereas tests based on the true data identify 50% of the nodes as
significantly co-diversifying, a false discovery rate of ~20% can be inferred.

Second order permutation tests can indicate whether there is a stronger signal of co-
diversification between microbiota constituents and host lineages than expected by chance
under the null hypothesis of no co-diversification, but as noted above in the context

of bipartite co-diversifying host-symbiont systems, it is critical to consider that multiple
evolutionary processes can generate this pattern. In the context of entire microbiota, one
caveat is that constituents of the microbiota are interacting with one another, such that their
histories of co-diversification with hosts are non-independent. Under the extreme case, a
single highly ecologically connected microbiota constituent that is co-diversifying with host
lineages could drive the co-diversification of many other microbiota constituents, even if
these latter microbiota constituents display no degree of adaptation to or biased dispersal
within their respective host lineages. The hypothesis that focal microbiota constituents may
drive co-diversification of other microbiota constituents could be assessed, in principle,

by testing for significant overlap (beyond that expected by chance) between the set of
microbiota constituents displaying evidence of co-diversification and the set of microbiota
constituents displaying positive ecological interactions (e.g., as evidenced by co-abundance
patterns or co-culturing experiments).

Use of molecular clocks to corroborate co-diversification

Scans of entire microbiota symbiont phylogenies have the potential to reveal dozens or
hundreds of symbiont clades that display signals of co-diversification with host lineages. In
cases where evidence of highly parallel co-diversification is observed, the relative ages of
putatively co-diversifying symbiont clades can be used to further test the hypothesis that
these arose contemporaneously with their host clades. Under the assumption of a uniform or
nearly uniform molecular clock for bacterial symbionts, the relative ages of co-diversifying
symbiont clades should be positively associated with the relative or absolute ages of their
host clades. This cross-symbiont clade prediction can provide another line of evidence that
the symbiont clades arose contemporaneously with their hosts.

In cases where absolute host clade ages are known (e.g., through fossil evidence), these ages
can further be used to provide absolute dates for divergence events within co-diversifying
clades of symbiont. Absolute dating of co-diversifying symbiont clades events promises to
provide unprecedented information about the rates of molecular evolution in bacteria. For
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instance, Sanders et al. employed this approach to co-diversifying bacterial lineages in the
primate gut microbiota, revealing significantly different rates of molecular evolution among
gut bacterial phyla (Sanders et al., 2023). However, absolute dating of symbiont divergence
events using host divergence events first requires strong evidence of co-diversification, such
as high levels of topological congruence between symbiont and host phylogenies. In any
case, caution is warranted when interpreting ages of apparently co-diversifying symbiont
clades dated using host clade ages, as other processes besides co-diversification are in
principle capable of generating high degrees of association between symbiont and host
phylogenies (as noted above).

Complex, host-associated microbiota can contain symbionts that co-diversify with host
species, symbionts that are readily transmitted among host species lineages as they
diversified, as well as symbionts that have been acquired by clades of host species
relatively recently. Parsing the constituents of the microbiota into these categories requires
phylogenetic approaches that directly compare symbiont and host evolutionary histories.
The approaches that have been developed for bipartite symbioses are extendable to studies
of entire communities of host-associated symbionts, although doing so requires explicit
accounting for multiple testing and pseudoreplication (Figure 2). As methods for profiling
microbial communities continue to advance and provide increasingly fine-scale strain-
level resolution, such as that afforded by metagenome-assembled genomes, microbiota-
wide scans for co-diversification promise to discover evolutionary ancient host-associated
symbionts, including those that have been conserved across host generations by natural
selection, those that have adapted to their host lineages, and those that have shaped the
evolutionary trajectories of host species.
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Fig. 1. Co-diversification at threelevelsin humans and African apes.
(A) Studies of protein-coding marker genes and metagenome assembled genomes (MAGS)

have provided support for co-diversification between certain gut bacterial symbionts and
human and African ape hosts (Moeller et al., 2016; Sanders et al., 2023). However, surveys
of captive chimpanzees have found conflicting evidence for co-diversification and host
specificity in the gut microbiota (Nishida and Ochman, 2021; Houtz et al., 2021). (B) A
recent MAG-based study of human gut microbiota found evidence that multiple lineages
of bacterial symbionts have co-diversified with human populations (Suzuki et al., 2022),
mirroring previous results observed for Helicobacter pylori (Falush et al., 2003). (C) Suzuki
et al. also detected evidence consistent with co-diversification of individual symbionts and
human families via vertical transmission through maternal lineages (Suzuki et al., 2022),
although these signals are difficult to separate from geographic effects (Good, 2022). The
hypothesis that symbiont lineages co-diversify with maternal lineages generates specific
predictions about the structure of symbiont phylogenies which have not yet been tested,
including the prediction that male lineages may represent evolutionary ‘dead ends’.
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Fig. 2. Multi-level permutation tests enable quantification of co-diversification in complex
microbiota.

(A) Phylogeny shows hypothetical relationships among symbionts recovered from a clade
of hosts. Scans for co-diversification can be conducted on each node of the symbiont
phylogeny (smaller dashed box). Aggregating the statistics of these tests across all or many
nodes in the symbiont phylogeny (larger dashed box) can reveal whether the symbiont
phylogeny more instances of significant evidence for co-diversification across symbiont
clades than expected under the null hypothesis of no co-diversification. (B) Histogram
shows the distribution of test statistics for co-diversification derived from permutation

tests of host and symbiont tip labels for an individual symbiont clade, corresponding to

the smaller dashed box in (A). Vertical dashed lines indicate hypothetical test statistics
observed from real data from the clade, with red indicating significant evidence for co-
diversification in the clade, blue indicating no evidence for co-diversification, and green
indicating negative association between host and symbiont phylogenies. (C) Histogram
shows the null distribution of the number of co-diversifying clades detected at a given
significance threshold from phylogeny-wide scans for co-diversification conducted after
random permutations of the host phylogeny’s tip labels. Vertical dashed lines indicate
hypothetical numbers of significantly co-diversifying clades observed in the real dataset,
with red indicating more instances of significant co-diversification than expected by chance
under the null hypothesis of no co-diversification. As in (B), blue or green dashed lines
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indicate no evidence for co-diversification across the symbiont phylogeny or significantly
fewer instances of co-diversification than expected under the null hypothesis, respectively.
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Select examples of studies examining evidence for co-diversification in complex, host-associated microbiota.

Citation Bacteria examined Hosts examined Evidence for co- M ethodology
diversification
Moeller et al. Bifidobacteriaceae Humans and Concordance among Bifidobacteriaceae, gyrB-amplicon
(2016) Lachnospiraceae African apes Bacteroidaceae, and host phylogenies sequencing
Bacteroidaceae
Nishida et al. Bacteroidaceae Humans and Weak association between gyrB-amplicon
(2021) African apes Bacteroidaceae and host phylogenies sequencing
Powell et al. Snodgrassella Honeybees and Specificity of Snodgrassella alvi strains minD-amplicon
(2016) bumblebees to bee species sequencing
Suzuki et al. 59 prominent gut bacterial Humans Associations between bacterial and host- | Metagenome
(2022) species population phylogenies assembled genomes
Groussin et al. Microbiota-wide Mammals Associations between bacterial and host 16S rRNA gene-
(2017) phylogenies observed for Alloprevotella, | amplicon sequencing
Mitsuokella, Paraprevotella, Allistipes,
and other taxa
Sanders et al. Microbiota-wide Cephalotes ants Differences among host-species 16S rRNA gene-

(2014) and African apes microbiota were driven by recent amplicon sequencing
bacterial evolution, consistent with co-
diversification
O’Brien et al. Endozoicomonadaceaea, Coral-reef Distributions of ASVs across hosts were 16S rRNA gene-
(2021) Spirochaetaceaea invertebrates significantly cluster with host phylogeny, | amplicon sequencing

consistent with co-diversification

J Evol Biol. Author manuscript; available in PMC 2024 December 01.



	Abstract
	Graphical Abstract
	Introduction
	Tests for co-diversification in bipartite host-microbe symbioses
	Alternative explanations for apparent co-diversification
	Distinctions between co-diversification, co-evolution, and phylosymbiosis
	Signals of co-diversification in complex microbiota
	Extending tests for co-diversification to multipartite host-microbe systems
	Use of molecular clocks to corroborate co-diversification
	Summary

	References
	Fig. 1.
	Fig. 2.
	Table 1.

