PLOS BIOLOGY

Check for
updates

G OPEN ACCESS

Citation: Miller AK, Westlake CS, Cross KL, Leigh
BA, Bordenstein SR (2021) The microbiome
impacts host hybridization and speciation. PLoS
Biol 19(10): e3001417. https://doi.org/10.1371/
journal.phio.3001417

Published: October 26, 2021

Copyright: © 2021 Miller et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Funding: This work was supported by the
Vanderbilt Innovation Center to S.R.B., a Searle
Undergraduate Research Program (SyBBURE)
Fellowship to A.K.M., an NIH Ruth Kirschstein
Postdoctoral Fellowship F32 Al140694-03 to B.A.
L., and an NSF Postdoctoral Research Fellowship
in Biology Grant No. 2010695 to K.L.C. We thank
Mahip Kalra for assistance with figure editing. The
funders had no role in study design, data collection
and analysis, decision to publish, or preparation of
the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

ESSAY
The microbiome impacts host hybridization
and speciation

Asia K. Miller» "2, Camille S. Westlake® 2, Karissa L. Cross® "2, Brittany A. Leigh'2, Seth
R. Bordenstein®'"%34#

1 Vanderbilt University, Department of Biological Sciences, Nashville, Tennessee, United States of America,
2 Vanderbilt University, Vanderbilt Microbiome Innovation Center, Nashville, Tennessee, United States of
America, 3 Vanderbilt University Medical Center, Vanderbilt Institute for Infection, Immunology and
Inflammation, Nashville, Tennessee, United States of America, 4 Vanderbilt University Medical Center,
Department of Pathology, Microbiology & Immunology, Nashville, Tennessee, United States of America

* s.bordenstein @vanderbilt.edu

Abstract

Microbial symbiosis and speciation profoundly shape the composition of life’s biodiversity.
Despite the enormous contributions of these two fields to the foundations of modern biology,
there is a vast and exciting frontier ahead for research, literature, and conferences to
address the neglected prospects of merging their study. Here, we survey and synthesize
exemplar cases of how endosymbionts and microbial communities affect animal hybridiza-
tion and vice versa. We conclude that though the number of case studies remain nascent,
the wide-ranging types of animals, microbes, and isolation barriers impacted by hybridiza-
tion will likely prove general and a major new phase of study that includes the microbiome
as part of the functional whole contributing to reproductive isolation. Though microorgan-
isms were proposed to impact animal speciation a century ago, the weight of the evidence
supporting this view has now reached a tipping point.

Living and evolving in a microbial world

No macroorganism lives in isolation of the microbial world. Indeed, the human body houses
roughly 37 trillion human and microbial cells (as well as viruses), the latter of which span bac-
teria, archaea, fungi, and some protists [1-7]. Across diverse hosts, microbiomes can range
from simple to complex, labile to stable, and with high to weak transmission fidelity. The rec-
ognition of the widespread occurrence of host-associated microbiomes that consist of both
obligate and nonobligate microbial associations has also spurred the growth and development
of the structural terms holobiont and hologenome, which emphasize the multispecies and mul-
tigenomic nature of host-microbiome assemblage, respectively [8—13]. We use these structural
definitions throughout this perspective without implication to any specific process or stability,
as the nature of host-microbiome associations may vary across study systems.

Microbiomes, inclusive of intracellular and extracellular microorganisms, are often distin-
guishable across host body sites within species [14-20]. Within each site, they can act in a con-
text-dependent manner as harmful, helpful, or harmless to hosts—with potentially integrated
metabolisms and interacting gene products (Fig 1). Since the earliest hypotheses of the
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Fig 1. Host of interactions. Diagram depicts the two main parts of the holobiont—the host and associated microbial
community. (1) Each of these components encode transcripts (2) and proteins (3) that, in turn, can function alone or
together either intragenomically or intergenomically. (4) Helpful, harmful, and harmless phenotypes may occur, and

the net outcome of these interactions varies with the hologenotype of the host background and presence of other

microbes. Created with BioRender.com.

https://doi.org/10.1371/journal.pbio.3001417.g001

bacterial nature of mitochondria in eukaryotic cells, microorganisms and their interactions
with hosts have been put forth as an engine of novelty that may spur the origin of new species
[21]. Microbes can facilitate metabolism, cellular growth, fitness, development, behavior, and
competition with other microbes [22-27]. They can also scavenge host nutrients, induce host
inflammation, release microbial toxins, or modify host reproduction [28-32], including modi-

fication of the gametes that can result in embryonic lethality [32-36]. Such reproductive
microorganisms can be relevant to speciation owing to their influences on host gametic
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integrity and embryonic viability [37,38]. Some microorganisms can also be harmless to their
hosts through passive associations such as when microbes thrive on excess nutrients within the
host environment [39].

Species concepts, microbial transmission routes, and
phylosymbiosis

Before discussing hybridization cases in animals that cause changes in the microbiome compo-
sitions and/or function, it is important to frame the text with a species concept. We adhere to
the Biological Species Concept in which species are reproductively isolated groups comprised
of potentially interbreeding individuals [40,41]. Hybrids are the result of mating between two
species or diverging populations, and the hybrids can suffer from postmating isolation barriers
such as sterility and/or inviability [42-47]. The Biological Species Concept was originally for-
mulated for sexually reproducing host species, including plants and animals that are poten-
tially hybridizable in the laboratory. However, the utility of the concept for microorganisms is
under active consideration for asexual microorganisms that readily exchange DNA via hori-
zontal gene transfer [48].

A central question is how reproductive isolation evolves and leads to hybrid maladies such
as sterility or inviability. Here, we use the Dobzhansky-Muller model to explain this genetic
incompatibility. In the conventional model, hybrid dysfunction between species can arise
when two nuclear alleles of ancestral genes aa and bb independently mutate and evolve into
derived alleles AA and BB in separate lineages (Fig 2) [49]. AA and BB function normally
within species, but their gene products in hybrids negatively interact because the derived alleles
never evolved together within the same host species, thus resulting in hybrid sterility or invia-
bility [40-47,50]. By extending the Dobzhansky-Muller model to include the host-associated
microbiome, one can then ask how do changes in host-associated microbes between the spe-
cies (for instance, by either mutation or horizontal acquisition of new microbes) impact the
number of possible hybrid maladies. Moreover, the impacts of microorganisms on hybrid fit-
ness follow a conceptual continuum to the impacts of macroscopic parasites on hybrid fitness,
which has been previously reviewed [28]. We previously demonstrated that a holobiont-based
model inclusive of the host and microbiome produces more incompatibilities than a nuclear
model alone [38], and these results are in part graphically shown in the schematic below
(Fig 2).

As the schematic shows, host species and their hybrids can acquire and cultivate their
microbiome through vertical and/or horizontal transmission. Early windows of microbiome
exposure and colonization often include the hatching environment, transovarial transmission
of endosymbionts, and birth route [33,51-56]. Subsequent windows of microbiome acquisi-
tion and colonization across development may include transmission events from diet, sociali-
zation, environment, among other factors [57-70] While parental transmission can contribute
to long-term fidelity of host-microbiome associations, recurrent associations between hosts
and microbes can also be established from environmental sources if, for instance, there is a
host selective filter that gardens certain microbes, or vice versa if microbes preferentially colo-
nize and replicate in certain hosts. In other words, vertical transmission is not necessary for
holobiont associations to emerge, as environmental acquisition every generation can establish
the same taxonomic or functional host-microbe associations anew [62]. Host selection mecha-
nisms (such as the host possessing a gene that influences bacterial titers) are commonly studied
[59-62,70].

Without knowing the transmission routes of all members of the microbiome across closely
related species, it is notable that the pattern of phylosymbiosis has emerged as a widespread,
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Fig 2. The consequences of changes in the host genome and microbiome on hybrid inferiority. (1) The ancestral species nuclear genome (inner white circle) and
microbiome (outer blue circle) can change by descent with mutation in both or horizontal transfer and loss of microbes over time. (2) After splitting into 2 populations,
independent, nuclear mutations accrue in hosts under a standard genetic model of hybrid incompatibility in which separate loci aa and bb mutate and diverge in the 2
populations to AA and BB. Additionally, changes in the microbiome occur due to mutations and horizontal transfer of new microbes. (3) The microbiome can be further
influenced by loss of microbial members. (4) Over evolutionary time, the 2 new holobiont species sufficiently diverged so that they produce sterile or inviable hybrids
because of either negative intragenomic (A nuclear locus negatively interacts with B nuclear locus) and intergenomic interactions between different microbes or between
members of the microbiome and the host. Created with BioRender.com.

https://doi.org/10.1371/journal.pbio.3001417.9002

though not universal, trend in the microbiome sciences. Phylosymbiosis occurs when hosts
harbor less microbiome variation within species than between species, and microbiome com-
positional relationships (i.e., beta diversity) mirror the evolutionary relationships of the host
species [61,62,71-74]. As such, more closely related host species harbor more similar micro-
biomes in parasitoid wasps [75], termites [76], deer [77], mice [73,78], primates [79], and oth-
ers. As noted in the preceding paragraph, vertical and/or horizontal transmission can establish
holobiont compositions underpinning a trend such as phylosymbiosis. Results from interspe-
cific transplants of phylosymbiotic microbiomes between related host species support the
hypothesis that selective pressures shape holobiont compositions and phylosymbiosis. For
example, fitness (for instance, survival) in Nasonia parasitoid wasps and performance (for
instance, digestibility) in Peromyscus deer mice are reduced in an evolutionary-informed man-
ner upon exposure with increasingly different microbiomes from related host species [73,80].
These results are akin to the costs experienced upon mitochondrial introgressions among
related host lineages [81,82] and suggest that natural selection can drive phylosymbiotic
changes within parental species that may, in turn, contribute to the evolution of deleterious
interactions between hybrids and their microbiomes (Fig 2).
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Hybridization and host—microbiome interactions

In considering the effects of the microbiome on hybridization and speciation on a case-by-
case basis (Fig 3), the 8 systems highlighted in Box 1 likely only scratch the surface of the
range of results. As such, understanding the impacts of hybridization on microbiomes will
require concerted efforts and exchanges to merge approaches, lexicons, and concepts among
the subdisciplines of the life sciences, namely to integrate microbiology more deeply into the
origin of macrobial species. Below, we illustrate exemplars of the relationships between hybrid-
ization, the microbiome, and microbiome-related metabolites.

Speciation via endosymbiosis is perhaps the most well-appreciated exemplar of microbe-
assisted reproductive isolation in hybrids [83]. For instance, in the Drosophila paulistorum
fruit fly of Central and South America, several semispecies are reproductively isolated in agree-
ment with Haldane’s rule (the heterogametic sex is sterile or inviable). In particular, D. paulis-
torum hybrid males are sterile due to the testes overproliferation of Wolbachia, a widespread
bacterium of the reproductive system of arthropods [84]. Wolbachia’s symbiotic presence in
the germline may result in host selective pressures to cope with the bacterial symbiont, leading
to host accommodation of the bacteria within species and breakdown of that accommodation
in compromised hybrids. Some Wolbachia-host combinations intriguingly cause both hybrid
lethality in the F1 generation and hybrid breakdown in the F2 generation. For instance, in Tet-
ranychus urticae mites, the Wolbachia not only cause cytoplasmic incompatibility (CI) and
thus F1 hybrid reductions, but they also cause F2 hybrid lethality due to an “aneuploidy hang-
over” in which surviving F1 hybrid females pass on ClI-associated aneuploidy to F2 haploid
male offspring; these hybrid males die owing to aberrant chromosome configuration [85].
Since CI effects are rarely measured past the F1 generation, the frequency of F2 symbiont-asso-
ciated breakdown is currently unknown and likely more important than currently
appreciated.

Whitefish Mouse Deer

Wasp Fly

Altered
metabolites and
rumen
microbiome

Altered immune
Altered intestinal cell ratio and
microbiome altered gut
microbiome

Altered gut
microbiome and gut

Wolbachia

High alpha
-induced hybrid male
sterility

diversity and
altered foregut
microbiome

bacteria-induced
hybrid lethality

Equine

Mite ﬁ *

Wolbachia
-induced hybrid

Infertility and
altered fecal

microbiome

breakdown

Fig 3. Microbiome alterations occur in diverse hybridizations across animals. Illustrative evolutionary tree depicting examples in which microbial community
changes occur in animal hybrids and sometimes impact postmating reproductive isolation. Created with BioRender.com.

https://doi.org/10.1371/journal.pbio.3001417.g003
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Box 1. Eight case systems offer insight into the relationship between
hybridization and the microbiome

o Mites. In the two-spotted mite Tetranychus urticae, Wolbachia cause partial cyto-
plasmic incompatibility (CI) in the F1 generation and hybrid lethality in the F2 males
derived from the surviving F1 females in the CI cross [85]. One hypothesis that singu-
larly explains both generations of lethality relates to CI, which causes paternal chroma-
tin defects that kill embryos created between Wolbachia-infected males and
uninfected females. However, incomplete CI and thus modification of the paternal
chromatin could lead to an “aneuploidy hangover” in which surviving F1 females pass
on Cl-associated aneuploidy to F2 haploid male offspring; and these males subse-
quently die owing to the aberrant chromosome configuration [85].

o Wasps. The Nasonia parasitoid wasp system exemplifies the layered effects of different
microorganisms on hybridization. Curable, Wolbachia-induced F1 hybrid lethality
occurs before the evolution of other pre- or postmating isolation barriers [86,99]. In
the F2 hybrid males that are haploid recombinants of the F1 hybrid mothers from the
most distantly related species, Nasonia vitripennis and Nasonia giraulti, the micro-
biome community changes, wasp larvae undergo hypermelanization, and hyperex-
pression of the immune system occurs. These catastrophic events associate with most
of the hybrid offspring dying during larval development [8,38,87]. Notably, when the
Nasonia hybrids are reared germ-free, the F2 hybrid male lethality is rescued [87].
Moreover, a member of the wasp microbiome that dominates in hybrids is genomi-
cally identical to those that occur in parents, thus supporting a tenet of hologenomic
speciation in which resident microbes contribute to hybrid defects following changes
in the host genotype [86].

Flies. The endosymbiont Wolbachia causes hybrid male sterility in Drosophila paulis-
torum [84]. In select semispecies hybrid crosses, the sterility can be cured by the
administration of antibiotics (toyocamycin nucleoside and gliotoxin) to the parental
mother [100]. Homogenates of sterile males that were injected into recipient adult
females caused sterility in their male progeny, implicating a maternally derived bacte-
ria (later discovered to be Wolbachia) in the induction of male sterility [84,101].

o Carp. In reciprocal F1 hybrids of two invasive species of North American carp,
Hypophthalmichthys nobilis and Hypophthalmichthys molitrix, the bacterial genera
Fusobacteria and Firmicutes were enriched in only one of the hybrid foreguts (female
silver carp H. molitrix x male bighead carp H. nobilis); there were also intermediate
abundances (relative to that of the two parents) of the phyla Cyanobacteria and Bacter-
oidetes in the hybrid foreguts [92]. The hybrid carp also contained higher gut micro-
bial alpha diversity and an elevated amount of gut microbial genes related to putative
cyanophycinase enzymes that may assist digestion of nitrogen/carbon reserve poly-
mers, according to predicted functional capabilities based on the 16S-based taxon data
[92].

Whitefish. In reciprocal crosses of lake whitefish varieties in Coregonus clupeaformis,
F1 hybrids possess distinguishable microbiomes relative to their parents, and these dif-
ferences are driven by bacterial genera specific to the two hybrid genotypes [102].
While the whitefish fed on a mixed diet of two food types, some individuals were
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observed to prefer one food type or both. Within the mixed diet group, a lower abun-
dance of Firmicutes and a higher abundance of Proteobacteria were found in recipro-
cal hybrids when compared to parental whitefish [102]. The opposite trend of a higher
abundance of Firmicutes and a lower abundance of Proteobacteria in hybrid fish was
observed when the hybrids consumed only one particular food type. Another study on
freshwater lunt snout bream Megalobrama amblycephala and carnivorous topmouth
culter Culter alburnus found that hybrids possessed an intermediate gut length relative
to their parental species, and the microbiota composition in hybrids was significantly
different from one of the parental species [91].

Mice. Subspecies of both lab-reared and wild western house mice (Mus Mus musculus
x Mus musculus domesticus) that diverged 0.5 Myr ago can produce hybrid offspring,
but they suffer from reduced fertility [103,104] and increased gastrointestinal tape-
worm susceptibility. These hybrids also possess distinct gut microbiomes from that of
their parental species, and over a dozen genetic loci explain 14.1% of the total variation
in microbial community structure in the hybrids. Moreover, microbial abundance var-
iation in hybrids associated with differential expression of immune genes and hybrid
gut pathology including ulcerations of the epithelium, accumulation of inflammatory
cells, and appearance of organized lymphoid structure [89]. The abundance of
immune cells, specifically the ratio of CD4+:CD8+ T cells in intestinal immune tissues,
was also different between the parental species, and this ratio in the F2 hybrid mice
had greater variance resulting in a pattern that overlapped across both parental mice
species [89].

Deer and elk. The most abundant microorganisms of sika deer and elk rumen include
the bacterial phyla Bacteroides and Firmicutes, the archaea Methanobrevibacter spp., a
protozoan Entodinium spp., and the fungi Neocallimastigaceae AL6 and Cyllamyces.
However, when sika deer (Cervus nippon) and elk (Cervus elaphus) produce hybrid oft-
spring, the microbiome shifts relative to the parental species, causing an increase in
the abundance of Fibrobacter bacterial species or a decrease in the abundance of Qui-
nella bacterial species, depending on the direction of the host species cross [77]. In all
deer—elk hybrids, the abundance of Acetitomaculum bacterial species significantly
increased, and various microbial taxonomic changes in the rumen microbiome
accompanied shifts in metabolites, especially those involved in carbohydrate, energy,
amino acid, and lipid metabolism [77].

Equine. Hybrids of ponies and donkeys that were all fed on the same diet exhibit sig-
nificant changes in their fecal bacterial microbiomes and fungal mycobiomes relative
to one or both of the two parental species [93]. For example, in hybrids, the fecal
mycobiome exhibits markedly less variation than both parental species and is resul-
tantly distinguishable from the range of variation in the parental species. The genus
Piromyces was generally more common and abundant in hybrids versus parental spe-
cies. Hybrid fecal bacterial microbiomes were also distinct from donkeys and overlap
with ponies [93].

In the genus Nasonia, which harbors 4 parasitoid wasp species that diverged between 0.2
and 1.0 Myr ago depending upon the species pair, there are multiple layers of hybridization
impacted by symbiotic bacteria. First, different CI Wolbachia in each of the parental wasp
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species cause strong F1 hybrid lethality, and CI-induced reproductive isolation can evolve
early in the speciation process [86]. Second, once cured of their Wolbachia in the lab, F1
hybrids readily survive and produce F2 hybrids that then succumb to approximately 90%
hybrid lethality during advanced stages of larval development [87]. Reexposing F2 germ-free
hybrids with members of their parental-associated bacteria leads to higher death rates com-
pared to parental species controls, thus emphasizing that interactions in hybrids between the
microbiome and recombinant host genome cause the F2 hybrid lethality [87]. Selective pres-
sures on the hologenome likely contribute to the F2 hybrid breakdown as microbiome trans-
plants between wasp species lead to reduced wasp fitness in an evolutionary-informed manner
[80]. Instances of microbiome-dependent hybrid lethality coupled with evidence of selective
pressures on phylosymbiosis within species are important for contextualizing why hologe-
nomic reproductive isolation evolves within species.

Given the Large Immune Effect on hybrid incompatibilities [38], and the hypothesis that
the vertebrate adaptive immune system evolved to manage more complex microbial commu-
nities [88], vertebrates are an important group to investigate interactions that contribute to
reproductive isolation and speciation. For example, mice hybrids between Mus musculus and
Mus domesticus exhibit increased gut pathology in association with both a compromised
immune system and an altered gut microbiome [89]. In sika deer and elk, as well as their
hybrids, the rumen microbiome facilitates the absorption and metabolism of nutrients [77].
When parentals are compared to their hybrids, several taxonomic changes occur in their
microbiomes. For example, the presence of Acetitomaculum bacteria, which may be associated
with the conversion of lactate to acetate, is notably higher in the hybrids [77,90]. These find-
ings suggest that holobiont hybrids may not metabolize in the same way as nonhybrids due to
the breakdown in the microbiome and host-microbiome metabolic crosstalk. In whitefish,
specific members of the Coregonus clupeaformis microbiome shift in hybrids relative to
parents, suggesting a breakdown in selection on fish-microbiome interactions within species
[91]. Similarly, hybridization of two invasive species of North American carp, Hypophthal-
michthys nobilis and Hypophthalmichthys molitrix, can cause significant differences in micro-
biome composition and functional potential [92]. Finally, hybrids of ponies and donkeys
display a markedly different microbiome than their parentals [93]. The functional implications
of these changes remain to be investigated, but impacts on fiber digestibility, nutrient intake,
and gut disease are candidates for phenotypic consequences in hybrids.

Lessons learned from case studies

This brief synthesis of empirical evidence highlights that microbiomes are altered in hybrids
across animal diversity, and in some cases they directly cause reproductive isolation. Although
the sample of exemplars are not exhaustive, they are not limited to one type of microbe, host
system, or isolation mechanism. Rather, they span specific endosymbionts such as Wolbachia
and diverse microbial communities across the animal phylogeny, impact various stages of ani-
mal development and anatomy, and cause reproductive isolation in the F1 and F2 generation.
Thus, we conclude that hybridization impacts on the microbiome and vice versa will prove
general, and that conclusion raises the stakes on a topic that is arguably among the most
understudied in hybridization and speciation. We do not suggest a necessity to rethink the
whole field, but rather to acknowledge that a eukaryocentric view has dominated animal and
plant speciation studies for the past century. Recent work suggests that the evolution of hybrid
maladies arises from host accommodation of long-term endosymbionts, selfish drives of sym-
bionts, and selection on holobiont compositions that break down with costs on fitness and per-
formance. We must also emphasize that these hybridization exemplars are not encompassing

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001417 October 26, 2021 8/14


https://doi.org/10.1371/journal.pbio.3001417

PLOS BIOLOGY

of plants, and there are instances of microbiome-mediated impacts on premating isolation and
host adaptation that we and others have previously discussed [94-96].

Concluding remarks

In this perspective, we call attention to literature on the microbiology of animal hybrid hosts
to equip evolutionary biologists, developmental biologists, biochemists, and microbiologists
with case examples of how the microbiome sheds important light on speciation and hybridiza-
tion. We set out to answer the following questions: How does hybridization affect the micro-
biome? Can hybrid maladies be facilitated by changes in the microbiome? And how do hybrid
organisms differ from their parentals? The exemplars presented here offer a steppingstone to
studies that comprehensively interrogate (i) the distinguishable nature of microbiomes across
host species; (ii) the characterization and causes of microbial differences between hybrids and
their parental species; and (iii) the microbial and host components of animal reproductive iso-
lation and speciation.

With the advent of high-throughput, holo-omic technologies for nucleotide and protein
sequencing and metabolomics, there is an emerging need for integratively studying reproduc-
tive isolation and speciation through various scales of taxonomy (bacteria, fungi, viruses,
archaea), anatomy (gut, reproductive tissue, etc.), and host diversity (invertebrates, verte-
brates). Moving forward, there are still several questions outstanding including: What types of
hybrid reproductive isolation are most frequently impacted by microorganisms? Does natural
selection in parental holobionts often lead to divergence in the host genome or microbiome
and ensuing hybrid maladies? How have well-characterized systems of hybrid maladies over-
looked the influences of microbial communities that previously went unmeasured in experi-
ments? How do bacteriophages and viruses impact microbial community changes in hybrids?

More studies, similar to those reviewed here, are necessary to fully appreciate the interplay
between the microbiome and hybridization. Over the past 2 decades, biology has become
invigorated by what evolutionary microbiologist Carl Woese designated as the “sleeping giant”
of biology—the microbial world [97]. Awoken and now conventionally studied, investigations
of the microbiome offer increasing relevance to diverse subfields of biology, yet speciation in
various macrobial systems has lagged behind other fields that have intensively interrogated
and integrated the microbial world. To exclude the host-associated microbiome in experi-
ments, concepts, and theory is to exclude vital parts of the biological system of a holobiont. We
conclude with a suggestion and call to action that studying hybrid microbiomes is likely to be
one of the most fruitful areas of future speciation research based in part on the case systems
outlined above. As Carl Woese also wrote, “Biologists now need to reformulate their view of
evolution to study it in complex dynamic-systems terms” [98]. This call does not translate to a
radical change in paradigm, but rather embraces robust integration across biological hierar-
chies, concepts, approaches, conferences, and teams.

Acknowledgments

We thank Mahip Kalra for assistance with figure editing.
Any opinion, conclusions, or recommendations expressed in this material are those of the
author(s) and do not necessarily reflect the views of the NIH, NSF, or Vanderbilt University.

References

1. Reyes A, Haynes M, Hanson N, Angly FE, Heath AC, Rohwer F, et al. Viruses in the faecal microbiota
of monozygotic twins and their mothers. Nature. 2010; 466:334—8. https://doi.org/10.1038/
nature09199 PMID: 20631792

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001417 October 26, 2021 9/14


https://doi.org/10.1038/nature09199
https://doi.org/10.1038/nature09199
http://www.ncbi.nlm.nih.gov/pubmed/20631792
https://doi.org/10.1371/journal.pbio.3001417

PLOS BIOLOGY

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.
22,

Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargent M, et al. Microbiology: Diversity
of the human intestinal microbial flora. Science. 2005; 308:1635-8. https://doi.org/10.1126/science.
1110591 PMID: 15831718

Nash AK, Auchtung TA, Wong MC, Smith DP, Gesell JR, Ross MC, et al. The gut mycobiome of the
Human Microbiome Project healthy cohort. Microbiome. 2017; 5:153. https://doi.org/10.1186/s40168-
017-0373-4 PMID: 29178920

Hoffmann C, Dollive S, Grunberg S, Chen J, Li H, Wu GD, et al. Archaea and fungi of the human gut
microbiome: correlations with diet and bacterial residents. Pan C, editor. PLoS ONE. 2013; 8:e66019.
https://doi.org/10.1371/journal.pone.0066019 PMID: 23799070

Ursell LK, Clemente JC, Rideout JR, Gevers D, Caporaso JG, Knight R. The interpersonal and intra-
personal diversity of human-associated microbiota in key body sites. J Allergy Clin Immunol. 2012;
129:1204-8. https://doi.org/10.1016/j.jaci.2012.03.010 PMID: 22541361

Bianconi E, Piovesan A, Facchin F, Beraudi A, Casadei R, Frabetti F, et al. An estimation of the num-
ber of cells in the human body. Ann Hum Biol. 2013; 40:463-71. https://doi.org/10.3109/03014460.
2013.807878 PMID: 23829164

Sender R, Fuchs S, Milo R. Are we really vastly outnumbered? Revisiting the ratio of bacterial to host
cells in humans. Cell. 2016:337-340. https://doi.org/10.1016/j.cell.2016.01.013 PMID: 26824647

Dittmer J, van Opstal EJ, Shropshire JD, Bordenstein SR, Hurst GDD, Brucker RM. Disentangling a
holobiont—recent advances and perspectives in Nasonia wasps. Front Microbiol. 2016; 7:1478.
https://doi.org/10.3389/fmicb.2016.01478 PMID: 27721807

Eisthen HL, Theis KR. Animal-microbe interactions and the evolution of nervous systems. Philos
Trans R Soc Lond B Biol Sci. 2016; 371(1685):20150052. https://doi.org/10.1098/rstb.2015.0052
PMID: 26598731

Bordenstein SR, Theis KR. Host biology in light of the microbiome: ten principles of holobionts and
hologenomes. Waldor MK, editor. PLoS Biol. 2015; 13:e1002226. https://doi.org/10.1371/journal.pbio.
1002226 PMID: 26284777

McFall-Ngai M, Hadfield MG, Bosch TCG, Carey H V., Domazet-LoSo T, Douglas AE, et al. Animals in
a bacterial world, a new imperative for the life sciences. Proc Natl Acad Sci U S A. 2013; 110(9):3229—
32836. https://doi.org/10.1073/pnas.1218525110 PMID: 23391737

Bosch TCG, McFall-Ngai MJ. Metaorganisms as the new frontier. Zoology (Jena). 2011; 114(4):185—
190. https://doi.org/10.1016/j.z00l.2011.04.001 PMID: 21737250

Roach TNF, Little M, Arts MG, Huckeba J, Haas AF, George EE, et al. A multiomic analysis of in situ
coral-turf algal interactions. Proc Natl Acad Sci U S A. 2020; 117:13588-95. https://doi.org/10.1073/
pnas.1915455117 PMID: 32482859

Hyde ER, Luk B, Cron S, Kusic L, Mccue T, Bauch T, et al. Characterization of the rat oral microbiome
and the effects of dietary nitrate. 2014. https://doi.org/10.1016/j.freeradbiomed.2014.09.017 PMID:
25305639

Hanning |, Diaz-Sanchez S. The functionality of the gastrointestinal microbiome in non-human ani-
mals. Microbiome. 2015; 3:51. https://doi.org/10.1186/s40168-015-0113-6 PMID: 26552373

Roggenbuck M, Sauer C, Poulsen M, Bertelsen MF, Sgrensen SJ. The giraffe (Giraffa cameloparda-
lis) rumen microbiome. FEMS Microbiol Ecol. 2014; 90:237—46. https://doi.org/10.1111/1574-6941.
12402 PMID: 25087453

Ferretti P, Pasolli E, Tett A, Asnicar F, Gorfer V, Fedi S, et al. Mother-to-infant microbial transmission
from different body sites shapes the developing infant gut microbiome. Cell Host Microbe. 2018;
24:133-145.e5. https://doi.org/10.1016/j.chom.2018.06.005 PMID: 30001516

Costello EK, Gordon JI, Secor SM, Knight R. Postprandial remodeling of the gut microbiota in Bur-
mese pythons. ISME J. 2010; 4:1375-85. https://doi.org/10.1038/ismej.2010.71 PMID: 20520652

Blekhman R, Goodrich JK, Huang K, Sun Q, Bukowski R, Bell JT, et al. Host genetic variation impacts
microbiome composition across human body sites. Genome Biol. 2015; 16:191. https://doi.org/10.
1186/s13059-015-0759-1 PMID: 26374288

Rojas CA, Holekamp KE, Winters AD, Theis KR. Body site-specific microbiota reflect sex and age-
class among wild spotted hyenas. FEMS Microbiol Ecol. 2020;96. https://doi.org/10.1093/femsec/
fiaa007 PMID: 31926016

Wallin IE. Symbionticism and the Origin of Species. 1927. Williams & Wilkins, Baltimore, MD.

Mikaelyan A, Strassert JFH, Tokuda G, Brune A. The fibre-associated cellulolytic bacterial community
in the hindgut of wood-feeding higher termites (N asutitermes spp.). Environ Microbiol. 2014;
16:2711-22. https://doi.org/10.1111/1462-2920.12425

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001417 October 26, 2021 10/14


https://doi.org/10.1126/science.1110591
https://doi.org/10.1126/science.1110591
http://www.ncbi.nlm.nih.gov/pubmed/15831718
https://doi.org/10.1186/s40168-017-0373-4
https://doi.org/10.1186/s40168-017-0373-4
http://www.ncbi.nlm.nih.gov/pubmed/29178920
https://doi.org/10.1371/journal.pone.0066019
http://www.ncbi.nlm.nih.gov/pubmed/23799070
https://doi.org/10.1016/j.jaci.2012.03.010
http://www.ncbi.nlm.nih.gov/pubmed/22541361
https://doi.org/10.3109/03014460.2013.807878
https://doi.org/10.3109/03014460.2013.807878
http://www.ncbi.nlm.nih.gov/pubmed/23829164
https://doi.org/10.1016/j.cell.2016.01.013
http://www.ncbi.nlm.nih.gov/pubmed/26824647
https://doi.org/10.3389/fmicb.2016.01478
http://www.ncbi.nlm.nih.gov/pubmed/27721807
https://doi.org/10.1098/rstb.2015.0052
http://www.ncbi.nlm.nih.gov/pubmed/26598731
https://doi.org/10.1371/journal.pbio.1002226
https://doi.org/10.1371/journal.pbio.1002226
http://www.ncbi.nlm.nih.gov/pubmed/26284777
https://doi.org/10.1073/pnas.1218525110
http://www.ncbi.nlm.nih.gov/pubmed/23391737
https://doi.org/10.1016/j.zool.2011.04.001
http://www.ncbi.nlm.nih.gov/pubmed/21737250
https://doi.org/10.1073/pnas.1915455117
https://doi.org/10.1073/pnas.1915455117
http://www.ncbi.nlm.nih.gov/pubmed/32482859
https://doi.org/10.1016/j.freeradbiomed.2014.09.017
http://www.ncbi.nlm.nih.gov/pubmed/25305639
https://doi.org/10.1186/s40168-015-0113-6
http://www.ncbi.nlm.nih.gov/pubmed/26552373
https://doi.org/10.1111/1574-6941.12402
https://doi.org/10.1111/1574-6941.12402
http://www.ncbi.nlm.nih.gov/pubmed/25087453
https://doi.org/10.1016/j.chom.2018.06.005
http://www.ncbi.nlm.nih.gov/pubmed/30001516
https://doi.org/10.1038/ismej.2010.71
http://www.ncbi.nlm.nih.gov/pubmed/20520652
https://doi.org/10.1186/s13059-015-0759-1
https://doi.org/10.1186/s13059-015-0759-1
http://www.ncbi.nlm.nih.gov/pubmed/26374288
https://doi.org/10.1093/femsec/fiaa007
https://doi.org/10.1093/femsec/fiaa007
http://www.ncbi.nlm.nih.gov/pubmed/31926016
https://doi.org/10.1111/1462-2920.12425
https://doi.org/10.1371/journal.pbio.3001417

PLOS BIOLOGY

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42,

43.

44,

Valzania L, Martinson VG, Harrison RE, Boyd BM, Coon KL, Brown MR, et al. Both living bacteria and
eukaryotes in the mosquito gut promote growth of larvae. PLoS Negl Trop Dis. 2018; 12:e0006638.
https://doi.org/10.1371/journal.pntd.0006638 PMID: 29979680

Bravo JA, Forsythe P, Chew MV, Escaravage E, Savignac HM, Dinan TG, et al. Ingestion of Lactoba-
cillus strain regulates emotional behavior and central GABA receptor expression in a mouse via the
vagus nerve. Proc Natl Acad Sci U S A. 2011; 108:16050-5. https://doi.org/10.1073/pnas.
1102999108 PMID: 21876150

Neufeld KM, Kang N, Bienenstock J, Foster JA. Reduced anxiety-like behavior and central neuro-
chemical change in germ-free mice. Neurogastroenterol Motil. 2011; 23:255—-e119. https://doi.org/10.
1111/j.1365-2982.2010.01620.x PMID: 21054680

Lina G, Boutite F, Tristan A, Bes M, Etienne J, Vandenesch F. Bacterial competition for human nasal
cavity colonization: Role of Staphylococcal agr alleles. Appl Environ Microbiol. 2003; 69:18-23.
https://doi.org/10.1128/AEM.69.1.18-23.2003 PMID: 12513972

Weiland-Brauer N, Pinnow N, Langfeldt D, Roik A, Gllert S, Chibani CM, et al. The native microbiome
is crucial for offspring generation and fitness of Aurelia aurita. McFall-Ngai MJ, editor. mBio. 2020; 11.
https://doi.org/10.1128/mBio0.02336-20 PMID: 33203753

Theodosopoulos AN, Hund AK, Taylor SA. Parasites and host species barriers in animal hybrid zones.
Trends Ecol Evol. 2019; 34:19-30. https://doi.org/10.1016/j.tree.2018.09.011 PMID: 30348471

Weinberg ED. Iron and susceptibility to infectious disease. Science. 1974; 184:952—6. https://doi.org/
10.1126/science.184.4140.952 PMID: 4596821

Karin M, Lawrence T, Nizet V. Innate immunity gone awry: Linking microbial infections to chronic
inflammation and cancer. Cell. 2006; 124(4):823—-835. https://doi.org/10.1016/j.cell.2006.02.016
PMID: 16497591

Culligan E, Sleator R. Advances in the microbiome: Applications to Clostridium difficile infection. J Clin
Med. 2016; 5:83. https://doi.org/10.3390/jcm5090083 PMID: 27657145

Taylor MJ, Bordenstein SR, Slatko B. Microbe profile: Wolbachia: A sex selector, a viral protector and
a target to treat filarial nematodes. Microbiol (United Kingdom). 2018; 164:1345-7. https://doi.org/10.
1099/mic.0.000724 PMID: 30311871

Perlmutter JI, Bordenstein SR. Microorganisms in the reproductive tissues of arthropods. Nat Rev
Microbiol. 2020; 18(2):97—111. https://doi.org/10.1038/s41579-019-0309-z PMID: 31907461

Nadal-Jimenez P, Griffin JS, Davies L, Frost CL, Marcello M, Hurst GDD. Genetic manipulation allows
in vivo tracking of the life cycle of the son-killer symbiont, Arsenophonus nasoniae, and reveals pat-
terns of host invasion, tropism and pathology. Environ Microbiol. 2019 [cited 2019 Jul 6]. https://doi.
org/10.1111/1462-2920.14724 PMID: 31237728

Zchori-Fein E, Faktor O, Zeidan M, Gottlieb Y, Czosnek H, Rosen D. Parthenogenesis-inducing micro-
organisms in Aphytis (Hymenoptera: Aphelinidae). Insect Mol Biol. 1995; 4:173-8. https://doi.org/10.
1111/j.1365-2583.1995.tb00023.x PMID: 8589844

Dittmer J, Bouchon D. Feminizing Wolbachia influence microbiota composition in the terrestrial isopod
Armadillidium vulgare. Sci Rep. 2018; 8:6998. https://doi.org/10.1038/s41598-018-25450-4 PMID:
29725059

Gebiola M, Kelly SE, Hammerstein P, Giorgini M, Hunter MS. “Darwin’s corollary” and cytoplasmic
incompatibility induced by Cardinium may contribute to speciation in Encarsia wasps (Hymenoptera:
Aphelinidae). Evolution (N Y). 2016; 70:2447-58. https://doi.org/10.1111/evo.13037 PMID: 27530694

Brucker RM, Bordenstein SR. Speciation by symbiosis. Trends Ecol Evol. 2012; 27:443-51. https:/
doi.org/10.1016/j.tree.2012.03.011 PMID: 22541872

Holscher HD. Dietary fiber and prebiotics and the gastrointestinal microbiota. Gut Microbes. 2017; 8
(2):172—184. https://doi.org/10.1080/19490976.2017.1290756 PMID: 28165863

Dobzhansky T. Genetics and the origin of species. New York City: Columbia University Press; 1937.

Mayr E. Systematics and the origin of species, from the viewpoint of a zoologist. New York City:
Columbia University Press; 1942.

Maheshwari S, Barbash DA. The genetics of hybrid incompatibilities. Annu Rev Genet. 2011; 45:331—
55. https://doi.org/10.1146/annurev-genet-110410-132514 PMID: 21910629
Coughlan JM. Matute DR. The importance of intrinsic postzygotic barriers throughout the speciation

process. Philos Trans R Soc Lond B Biol Sci. 2020; 375(1806):20190533. https://doi.org/10.1098/rstb.
2019.0533 PMID: 32654642

Johnson NA. Hybrid incompatibility genes: Remnants of a genomic battlefield? Trends Genet. 2010;
26(7):317-325. https://doi.org/10.1016/j.tig.2010.04.005 PMID: 20621759

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001417 October 26, 2021 11/14


https://doi.org/10.1371/journal.pntd.0006638
http://www.ncbi.nlm.nih.gov/pubmed/29979680
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.1073/pnas.1102999108
http://www.ncbi.nlm.nih.gov/pubmed/21876150
https://doi.org/10.1111/j.1365-2982.2010.01620.x
https://doi.org/10.1111/j.1365-2982.2010.01620.x
http://www.ncbi.nlm.nih.gov/pubmed/21054680
https://doi.org/10.1128/AEM.69.1.18-23.2003
http://www.ncbi.nlm.nih.gov/pubmed/12513972
https://doi.org/10.1128/mBio.02336-20
http://www.ncbi.nlm.nih.gov/pubmed/33203753
https://doi.org/10.1016/j.tree.2018.09.011
http://www.ncbi.nlm.nih.gov/pubmed/30348471
https://doi.org/10.1126/science.184.4140.952
https://doi.org/10.1126/science.184.4140.952
http://www.ncbi.nlm.nih.gov/pubmed/4596821
https://doi.org/10.1016/j.cell.2006.02.016
http://www.ncbi.nlm.nih.gov/pubmed/16497591
https://doi.org/10.3390/jcm5090083
http://www.ncbi.nlm.nih.gov/pubmed/27657145
https://doi.org/10.1099/mic.0.000724
https://doi.org/10.1099/mic.0.000724
http://www.ncbi.nlm.nih.gov/pubmed/30311871
https://doi.org/10.1038/s41579-019-0309-z
http://www.ncbi.nlm.nih.gov/pubmed/31907461
https://doi.org/10.1111/1462-2920.14724
https://doi.org/10.1111/1462-2920.14724
http://www.ncbi.nlm.nih.gov/pubmed/31237728
https://doi.org/10.1111/j.1365-2583.1995.tb00023.x
https://doi.org/10.1111/j.1365-2583.1995.tb00023.x
http://www.ncbi.nlm.nih.gov/pubmed/8589844
https://doi.org/10.1038/s41598-018-25450-4
http://www.ncbi.nlm.nih.gov/pubmed/29725059
https://doi.org/10.1111/evo.13037
http://www.ncbi.nlm.nih.gov/pubmed/27530694
https://doi.org/10.1016/j.tree.2012.03.011
https://doi.org/10.1016/j.tree.2012.03.011
http://www.ncbi.nlm.nih.gov/pubmed/22541872
https://doi.org/10.1080/19490976.2017.1290756
http://www.ncbi.nlm.nih.gov/pubmed/28165863
https://doi.org/10.1146/annurev-genet-110410-132514
http://www.ncbi.nlm.nih.gov/pubmed/21910629
https://doi.org/10.1098/rstb.2019.0533
https://doi.org/10.1098/rstb.2019.0533
http://www.ncbi.nlm.nih.gov/pubmed/32654642
https://doi.org/10.1016/j.tig.2010.04.005
http://www.ncbi.nlm.nih.gov/pubmed/20621759
https://doi.org/10.1371/journal.pbio.3001417

PLOS BIOLOGY

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Slotman M, Della Torre A, Powell JR. The genetics of inviability and male sterility in hybrids between
Anopheles gambiae and An. arabiensis. Genetics. 2004; 167:275-87. https://doi.org/10.1534/
genetics.167.1.275 PMID: 15166154

Gavin-Smyth J, Matute DR. Embryonic lethality leads to hybrid male inviability in hybrids between Dro-
sophila melanogasterand D. santomea. Ecol Evol. 2013; 3:1580-9. https://doi.org/10.1002/ece3.573
PMID: 23789069

Gibeaux R, Acker R, Kitaoka M, Georgiou G, Van Kruijsbergen |, Ford B, et al. Paternal chromosome
loss and metabolic crisis contribute to hybrid inviability in Xenopus. Nature. 2018; 553:337—41. https://
doi.org/10.1038/nature25188 PMID: 29320479

Rossellé-Mdra R, Amann R. Past and future species definitions for Bacteria and Archaea. Syst Appl
Microbiol. 2015; 38:209—16. https://doi.org/10.1016/j.syapm.2015.02.001 PMID: 25747618

Dobzhansky T. Studies on hybrid sterility. II. Localization of sterility factors in drosophila pseudoobs-
cura hybrids. Genetics. 1936; 21:113. Available from: https://www.ncbi.nIm.nih.gov/pmc/articles/
PMC1208664/. https://doi.org/10.1093/genetics/21.2.113 PMID: 17246786

Muller HJ. Isolating mechanisms, evolution and temperature. Biol Symp 1942; 6:71-125.

Hasan N, Yang H. Factors affecting the composition of the gut microbiota, and its modulation. Peerd.
2019; 7:€7502. https://doi.org/10.7717/peer].7502 PMID: 31440436

Van Veelen HPJ, Salles JF, Tieleman BI. Microbiome assembly of avian eggshells and their potential
as transgenerational carriers of maternal microbiota. ISME J. 2018; 12:1375-88. https://doi.org/10.
1038/s41396-018-0067-3 PMID: 29445132

Kaltenpoth M, Winter SA, Kleinhammer A. Localization and transmission route of Coriobacterium glo-
merans, the endosymbiont of pyrrhocorid bugs. FEMS Microbiol Ecol. 2009; 69:373-83. https://doi.
org/10.1111/j.1574-6941.2009.00722.x PMID: 19583787

Fukatsu T, Hosokawa T. Capsule-transmitted gut symbiotic bacterium of the Japanese common pla-
taspid stinkbug, megacopta punctatissima. Appl Environ Microbiol. 2002; 68:389-96. https://doi.org/
10.1128/AEM.68.1.389-396.2002 PMID: 11772649

Dominguez-Bello MG, Costello EK, Contreras M, Magris M, Hidalgo G, Fierer N, et al. Delivery mode
shapes the acquisition and structure of the initial microbiota across multiple body habitats in newborns.
Proc Natl Acad Sci U S A. 2010; 107:11971-5. https://doi.org/10.1073/pnas.1002601107 PMID:
20566857

Inoue R, Ushida K. Vertical and horizontal transmission of intestinal commensal bacteria in the rat
model. FEMS Microbiol Ecol. 2003; 46:213-9. https://doi.org/10.1016/S0168-6496(03)00215-0 PMID:
19719575

Swei A, Kwan JY. Tick microbiome and pathogen acquisition altered by host blood meal. ISME J.
2017; 11:813-6. https://doi.org/10.1038/isme}.2016.152 PMID: 27858931

Kwan JY, Griggs R, Chicana B, Miller C, Swei A. Vertical vs. horizontal transmission of the microbiome
in a key disease vector, Ixodes pacificus. Mol Ecol. 2017; 26:6578-89. https://doi.org/10.1111/mec.
14391 PMID: 29178531

Nichols RG, Davenport ER. The relationship between the gut microbiome and host gene expression: a
review. Hum Genet. 2021; 140:747. https://doi.org/10.1007/s00439-020-02237-0 PMID: 33221945

Zhang F, Weckhorst JL, Assié A, Hosea C, Ayoub CA, Khodakova AS, et al. Natural genetic variation
drives microbiome selection in the Caenorhabditis elegans gut. Curr Biol. 2021; 31:2603—-2618.€9.
https://doi.org/10.1016/j.cub.2021.04.046 PMID: 34048707

Sevellec M, Derome N, Bernatchez L. Holobionts and ecological speciation: the intestinal microbiota
of lake whitefish species pairs. Microbiome. 2018; 6:47. https://doi.org/10.1186/s40168-018-0427-2
PMID: 29540239

Lim SJ, Bordenstein SR. An introduction to phylosymbiosis. Proceedings Biol Sci. 2020;
287:20192900. https://doi.org/10.1098/rspb.2019.2900 PMID: 32126958

Kohl KD, Brun A, Magallanes M, Brinkerhoff J, Laspiur A, Acosta JC, et al. Gut microbial ecology of liz-
ards: insights into diversity in the wild, effects of captivity, variation across gut regions and transmis-
sion. Mol Ecol. 2017; 26:1175-89. https://doi.org/10.1111/mec.13921 PMID: 27862531

Funkhouser LJ, Bordenstein SR. Mom knows best: The universality of maternal microbial transmis-
sion. PLoS Biol. 2013; 11:e1001631. https://doi.org/10.1371/journal.pbio.1001631 PMID: 23976878

Raychoudhury R, Baldo L, Oliveira DCSG, Werren JH. Modes of acquisition of Wolbachia: horizontal
transfer, hybrid introgression, and codivergence in the Nasonia species complex. Evolution (N Y).
2009; 63:165-83. https://doi.org/10.1111/j.1558-5646.2008.00533.x PMID: 18826448

Le Clec W, dé ric Chevalier FD, Genty L, Bertaux J, Bouchon D, Sicard M. Cannibalism and predation
as paths for horizontal passage of Wolbachia between terrestrial isopods. PLoS ONE. 2013; 8(4):
€60232. https://doi.org/10.1371/journal.pone.0060232 PMID: 23593179

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001417 October 26, 2021 12/14


https://doi.org/10.1534/genetics.167.1.275
https://doi.org/10.1534/genetics.167.1.275
http://www.ncbi.nlm.nih.gov/pubmed/15166154
https://doi.org/10.1002/ece3.573
http://www.ncbi.nlm.nih.gov/pubmed/23789069
https://doi.org/10.1038/nature25188
https://doi.org/10.1038/nature25188
http://www.ncbi.nlm.nih.gov/pubmed/29320479
https://doi.org/10.1016/j.syapm.2015.02.001
http://www.ncbi.nlm.nih.gov/pubmed/25747618
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1208664/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1208664/
https://doi.org/10.1093/genetics/21.2.113
http://www.ncbi.nlm.nih.gov/pubmed/17246786
https://doi.org/10.7717/peerj.7502
http://www.ncbi.nlm.nih.gov/pubmed/31440436
https://doi.org/10.1038/s41396-018-0067-3
https://doi.org/10.1038/s41396-018-0067-3
http://www.ncbi.nlm.nih.gov/pubmed/29445132
https://doi.org/10.1111/j.1574-6941.2009.00722.x
https://doi.org/10.1111/j.1574-6941.2009.00722.x
http://www.ncbi.nlm.nih.gov/pubmed/19583787
https://doi.org/10.1128/AEM.68.1.389-396.2002
https://doi.org/10.1128/AEM.68.1.389-396.2002
http://www.ncbi.nlm.nih.gov/pubmed/11772649
https://doi.org/10.1073/pnas.1002601107
http://www.ncbi.nlm.nih.gov/pubmed/20566857
https://doi.org/10.1016/S0168-6496%2803%2900215-0
http://www.ncbi.nlm.nih.gov/pubmed/19719575
https://doi.org/10.1038/ismej.2016.152
http://www.ncbi.nlm.nih.gov/pubmed/27858931
https://doi.org/10.1111/mec.14391
https://doi.org/10.1111/mec.14391
http://www.ncbi.nlm.nih.gov/pubmed/29178531
https://doi.org/10.1007/s00439-020-02237-0
http://www.ncbi.nlm.nih.gov/pubmed/33221945
https://doi.org/10.1016/j.cub.2021.04.046
http://www.ncbi.nlm.nih.gov/pubmed/34048707
https://doi.org/10.1186/s40168-018-0427-2
http://www.ncbi.nlm.nih.gov/pubmed/29540239
https://doi.org/10.1098/rspb.2019.2900
http://www.ncbi.nlm.nih.gov/pubmed/32126958
https://doi.org/10.1111/mec.13921
http://www.ncbi.nlm.nih.gov/pubmed/27862531
https://doi.org/10.1371/journal.pbio.1001631
http://www.ncbi.nlm.nih.gov/pubmed/23976878
https://doi.org/10.1111/j.1558-5646.2008.00533.x
http://www.ncbi.nlm.nih.gov/pubmed/18826448
https://doi.org/10.1371/journal.pone.0060232
http://www.ncbi.nlm.nih.gov/pubmed/23593179
https://doi.org/10.1371/journal.pbio.3001417

PLOS BIOLOGY

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Ahmed MZ, Breinholt JW, Kawahara AY. Evidence for common horizontal transmission of Wolbachia
among butterflies and moths. BMC Evol Biol. 2016; 16(1):118. https://doi.org/10.1186/s12862-016-
0660-x PMID: 27233666

Benson AK, Kelly SA, Legge R, Ma F, Low SJ, Kim J, et al. Individuality in gut microbiota composition
is a complex polygenic trait shaped by multiple environmental and host genetic factors. Proc Natl Acad
SciU S A.2010; 107:18933-8. https://doi.org/10.1073/pnas.1007028107 PMID: 20937875

Poole AC, Goodrich JK, Youngblut ND, Huson DH, Booth JG, Ley RE. Human salivary amylase gene
copy number impacts oral and gut microbiomes. Cell Host Microbe. 2019; 25:553-564.e7. https://doi.
org/10.1016/j.chom.2019.03.001 PMID: 30974084

Franzenburg S, Walter J, Kiinzel S, Wang J, Baines JF, Bosch TCG, et al. Distinct antimicrobial pep-
tide expression determines host species-specific bacterial associations. Proc Natl Acad Sci U S A.
2013; 110:E3730-8. https://doi.org/10.1073/pnas.1304960110 PMID: 24003149

Doane MP, Morris MM, Papudeshi B, Allen L, Pande D, Haggerty JM, et al. The skin microbiome of
elasmobranchs follows phylosymbiosis, but in teleost fishes, the microbiomes converge. Microbiome.
2020; 8:93. https://doi.org/10.1186/s40168-020-00840-x PMID: 32534596

Chiarello M, Auguet JC, Bettarel Y, Bouvier C, Claverie T, Graham NAJ, et al. Skin microbiome of
coral reef fish is highly variable and driven by host phylogeny and diet. Microbiome. 2018; 6:147.
https://doi.org/10.1186/s40168-018-0530-4 PMID: 30143055

Brooks AW, Kohl KD, Brucker RM, van Opstal EJ, Bordenstein SR. Phylosymbiosis: Relationships
and functional effects of microbial communities across host evolutionary history. PLoS Biol. 2016; 14:
€2000225. https://doi.org/10.1371/journal.pbio.2000225 PMID: 27861590

Pérez-Carrascal OM, Tromas N, Terrat Y, Moreno E, Giani A, Marques LCB, et al. Single-colony
sequencing reveals phylosymbiosis, co-phylogeny, and horizontal gene transfer between the cyano-
bacterium Microcystis and its microbiome. bioRxiv. 2020. p. 2020.11.17.386995. https://doi.org/10.
1101/2020.11.17.386995

Brucker RM, Bordenstein SR. The capacious hologenome. Zoology. 2013; 116:260-1. https://doi.org/
10.1016/j.z001.2013.08.003 PMID: 24035647

Dietrich C, Kéhler T, Brune A. The cockroach origin of the termite gut microbiota: Patterns in bacterial
community structure reflect major evolutionary events. Appl Environ Microbiol. 2014; 80:2261-9.
https://doi.org/10.1128/AEM.04206-13 PMID: 24487532

Li Z, Wright ADG, Si H, Wang X, Qian W, et al. Changes in the rumen microbiome and metabolites
reveal the effect of host genetics on hybrid crosses. Environ Microbiol Rep. 2016; 8(6):1016—1023.
https://doi.org/10.1111/1758-2229.12482 PMID: 27717170

Kohl KD, Dearing MD, Bordenstein SR. Microbial communities exhibit host species distinguishability
and phylosymbiosis along the length of the gastrointestinal tract. Mol Ecol. 2018; 27:1874—-83. https:/
doi.org/10.1111/mec.14460 PMID: 29230893

Amato KRG, Sanders J, Song SJ, Nute M, Metcalf JL, Thompson LR, et al. Evolutionary trends in host
physiology outweigh dietary niche in structuring primate gut microbiomes. ISME J. 2019; 13:576-87.
https://doi.org/10.1038/s41396-018-0175-0 PMID: 29995839

van Opstal EJ, Bordenstein SR. Phylosymbiosis impacts adaptive traits in Nasonia wasps. mBio.
2019; 10:e00887-19. https://doi.org/10.1128/mBio.00887-19 PMID: 31311878

Rand DM, Haney RA. Cytonuclear coevolution: Fishing for adaptive epistasis using mitonuclear inter-
actions. https://doi.org/10.1016/j.tree.2004.10.003 PMID: 16701327

Rand DM. The units of selection on mitochondrial DNA. Annual Review of Ecology and Systematics.
2003; 32:415-48. https://doi.org/10.1146/ANNUREV.ECOLSYS.32.081501.114109

Bordenstein S. Symbiosis and the origin of species. Insect Symbiosis. 2003:283-304. CRC Press.
https://doi.org/10.1201/9780203009918.ch17

Miller WJ, Ehrman L, Schneider D. Infectious speciation revisited: Impact of symbiont-depletion on
female fitness and mating behavior of Drosophila paulistorum. Parrish C, editor. PLoS Pathog. 2010;
6:€1001214. https://doi.org/10.1371/journal.ppat.1001214 PMID: 21151959

Vala F, Breeuwer JAJ, Sabelis MW. Wolbachia-induced “hybrid breakdown” in the two-spotted spider
mite Tetranychus urticae Koch. Proc R Soc B Biol Sci. 2000; 267:1931-7. https://doi.org/10.1098/
rspb.2000.1232 PMID: 11075704

Bordenstein SR, Ohara FP, Werren JH. Wolbachia-induced incompatibility precedes other hybrid
incompatibilities in Nasonia. Nature. 2001; 409:707—-10. https://doi.org/10.1038/35055543 PMID:
11217858

Brucker RM, Bordenstein SR. The hologenomic basis of speciation: Gut bacteria cause hybrid lethality
in the genus Nasonia. Science. 2013; 341:667-9. https://doi.org/10.1126/science. 1240659 PMID:
23868918

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001417 October 26, 2021 13/14


https://doi.org/10.1186/s12862-016-0660-x
https://doi.org/10.1186/s12862-016-0660-x
http://www.ncbi.nlm.nih.gov/pubmed/27233666
https://doi.org/10.1073/pnas.1007028107
http://www.ncbi.nlm.nih.gov/pubmed/20937875
https://doi.org/10.1016/j.chom.2019.03.001
https://doi.org/10.1016/j.chom.2019.03.001
http://www.ncbi.nlm.nih.gov/pubmed/30974084
https://doi.org/10.1073/pnas.1304960110
http://www.ncbi.nlm.nih.gov/pubmed/24003149
https://doi.org/10.1186/s40168-020-00840-x
http://www.ncbi.nlm.nih.gov/pubmed/32534596
https://doi.org/10.1186/s40168-018-0530-4
http://www.ncbi.nlm.nih.gov/pubmed/30143055
https://doi.org/10.1371/journal.pbio.2000225
http://www.ncbi.nlm.nih.gov/pubmed/27861590
https://doi.org/10.1101/2020.11.17.386995
https://doi.org/10.1101/2020.11.17.386995
https://doi.org/10.1016/j.zool.2013.08.003
https://doi.org/10.1016/j.zool.2013.08.003
http://www.ncbi.nlm.nih.gov/pubmed/24035647
https://doi.org/10.1128/AEM.04206-13
http://www.ncbi.nlm.nih.gov/pubmed/24487532
https://doi.org/10.1111/1758-2229.12482
http://www.ncbi.nlm.nih.gov/pubmed/27717170
https://doi.org/10.1111/mec.14460
https://doi.org/10.1111/mec.14460
http://www.ncbi.nlm.nih.gov/pubmed/29230893
https://doi.org/10.1038/s41396-018-0175-0
http://www.ncbi.nlm.nih.gov/pubmed/29995839
https://doi.org/10.1128/mBio.00887-19
http://www.ncbi.nlm.nih.gov/pubmed/31311878
https://doi.org/10.1016/j.tree.2004.10.003
http://www.ncbi.nlm.nih.gov/pubmed/16701327
https://doi.org/10.1146/ANNUREV.ECOLSYS.32.081501.114109
https://doi.org/10.1201/9780203009918.ch17
https://doi.org/10.1371/journal.ppat.1001214
http://www.ncbi.nlm.nih.gov/pubmed/21151959
https://doi.org/10.1098/rspb.2000.1232
https://doi.org/10.1098/rspb.2000.1232
http://www.ncbi.nlm.nih.gov/pubmed/11075704
https://doi.org/10.1038/35055543
http://www.ncbi.nlm.nih.gov/pubmed/11217858
https://doi.org/10.1126/science.1240659
http://www.ncbi.nlm.nih.gov/pubmed/23868918
https://doi.org/10.1371/journal.pbio.3001417

PLOS BIOLOGY

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

McFall-Ngai M. Adaptive immunity: Care for the community. Nature. 2007; 445(7124):153. https://doi.
org/10.1038/445153a PMID: 17215830

Wang J, Kalyan S, Steck N, Turner LM, Harr B, Kiinzel S, et al. Analysis of intestinal microbiota in
hybrid house mice reveals evolutionary divergence in a vertebrate hologenome. Nat Commun. 2015;
6:1-10. https://doi.org/10.1038/ncomms7440 PMID: 25737238

Petri RM, Schwaiger T, Penner GB, Beauchemin KA, Forster RJ, McKinnon JJ, et al. Characterization
of the core rumen microbiome in cattle during transition from forage to concentrate as well as during
and after an acidotic challenge. Ren X, editor. PLoS ONE. 2013; 8:e83424. https://doi.org/10.1371/
journal.pone.0083424 PMID: 24391765

Li W, LiuJ, Tan H, Yang C, Ren L, Liu Q, et al. Genetic effects on the gut microbiota assemblages of
hybrid fish from parents with different feeding habits. Front Microbiol. 2018; 9:2972. https://doi.org/10.
3389/fmicb.2018.02972 PMID: 30564218

Zhu L, Zhang Z, Chen H, Lamer JT, Wang J, Wei W, et al. Gut microbiomes of bigheaded carps and
hybrids provide insights into invasion: A hologenome perspective. Evol Appl. 2020;eva.13152. https://
doi.org/10.1111/eva.13152 PMID: 33767748

Edwards JE, Schennink A, Burden F, Long S, van Doorn DA, Pellikaan WF, et al. Domesticated
equine species and their derived hybrids differ in their fecal microbiota. Anim Microbiome. 2020; 2.
https://doi.org/10.1186/s42523-020-00027-7 PMID: 33499942

Shropshire JD, Bordenstein SR. Speciation by Symbiosis: the microbiome and behavior. mBio. 2016;
7. https://doi.org/10.1128/mBio.01785-15 PMID: 27034284

Rennison DJ, Rudman SM, Schluter D. Parallel changes in gut microbiome composition and function
during colonization, local adaptation and ecological speciation. Proc R Soc B. 2019; 286. https://doi.
org/10.1098/rspb.2019.1911 PMID: 31795865

Schneider DI, Ehrman L, Engl T, Kaltenpoth M, Hua-Van A, Le Rouzic A, et al. Symbiont-driven male
mating success in the neotropical Drosophila paulistorum superspecies. Behav Genet. 2019; 49:83—
98. https://doi.org/10.1007/s10519-018-9937-8 PMID: 30456532

Woese CR. Default taxonomy: Ernst Mayr’s view of the microbial world. Proc Natl Acad Sci U S A.
1998; 95:11043-6. https://doi.org/10.1073/pnas.95.19.11043 PMID: 9736686

Woese CR. A New Biology for a New Century. Microbiol Mol Biol Rev. 2004; 68:173—-86. https://doi.
org/10.1128/MMBR.68.2.173-186.2004 PMID: 15187180

Breeuwer JAJ, Werren JH. Microorganisms associated with chromosome destruction and reproduc-
tive isolation between two insect species. Nature. 1990; 346:558—60. https://doi.org/10.1038/
346558a0 PMID: 2377229

Ehrman L. Antibiotics and infectious hybrid sterility in Drosophila paulistorum. Mol Gen Genet. 1968;
103:218-22. https://doi.org/10.1007/BF00273689 PMID: 5713660

Williamson DL, Ehrman L, Kernaghan RP. Induction of sterility in Drosophila paulistorum: effect of
cytoplasmic factors. Proc Natl Acad Sci U S A. 1971; 68:2158-60. https://doi.org/10.1073/pnas.68.9.
2158 PMID: 5289375

Sevellec M, Laporte M, Bernatchez A, Derome N, Bernatchez L. Evidence for host effect on the intesti-
nal microbiota of whitefish (Coregonus sp.) species pairs and their hybrids. Ecol Evol. 2019; 9:11762—
74. https://doi.org/10.1002/ece3.5676 PMID: 31695886

Geraldes A, Basset P, Gibson B, Smith KL, Harr B, Yu H-T, et al. Inferring the history of speciation in
house mice from autosomal, X-linked, Y-linked and mitochondrial genes. Mol Ecol. 2008; 17:5349-63.
https://doi.org/10.1111/j.1365-294X.2008.04005.x PMID: 19121002

Good JM, Handel MA, Nachman MW. Asymmetry and polymorphism of hybrid male sterility during the
early stages of speciation in house mice. Evolution (N Y). 2007;0:071115145922007 https://doi.org/
10.1111/j.1558-5646.2007.00257.x PMID: 18005156

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001417 October 26, 2021 14/14


https://doi.org/10.1038/445153a
https://doi.org/10.1038/445153a
http://www.ncbi.nlm.nih.gov/pubmed/17215830
https://doi.org/10.1038/ncomms7440
http://www.ncbi.nlm.nih.gov/pubmed/25737238
https://doi.org/10.1371/journal.pone.0083424
https://doi.org/10.1371/journal.pone.0083424
http://www.ncbi.nlm.nih.gov/pubmed/24391765
https://doi.org/10.3389/fmicb.2018.02972
https://doi.org/10.3389/fmicb.2018.02972
http://www.ncbi.nlm.nih.gov/pubmed/30564218
https://doi.org/10.1111/eva.13152
https://doi.org/10.1111/eva.13152
http://www.ncbi.nlm.nih.gov/pubmed/33767748
https://doi.org/10.1186/s42523-020-00027-7
http://www.ncbi.nlm.nih.gov/pubmed/33499942
https://doi.org/10.1128/mBio.01785-15
http://www.ncbi.nlm.nih.gov/pubmed/27034284
https://doi.org/10.1098/rspb.2019.1911
https://doi.org/10.1098/rspb.2019.1911
http://www.ncbi.nlm.nih.gov/pubmed/31795865
https://doi.org/10.1007/s10519-018-9937-8
http://www.ncbi.nlm.nih.gov/pubmed/30456532
https://doi.org/10.1073/pnas.95.19.11043
http://www.ncbi.nlm.nih.gov/pubmed/9736686
https://doi.org/10.1128/MMBR.68.2.173-186.2004
https://doi.org/10.1128/MMBR.68.2.173-186.2004
http://www.ncbi.nlm.nih.gov/pubmed/15187180
https://doi.org/10.1038/346558a0
https://doi.org/10.1038/346558a0
http://www.ncbi.nlm.nih.gov/pubmed/2377229
https://doi.org/10.1007/BF00273689
http://www.ncbi.nlm.nih.gov/pubmed/5713660
https://doi.org/10.1073/pnas.68.9.2158
https://doi.org/10.1073/pnas.68.9.2158
http://www.ncbi.nlm.nih.gov/pubmed/5289375
https://doi.org/10.1002/ece3.5676
http://www.ncbi.nlm.nih.gov/pubmed/31695886
https://doi.org/10.1111/j.1365-294X.2008.04005.x
http://www.ncbi.nlm.nih.gov/pubmed/19121002
https://doi.org/10.1111/j.1558-5646.2007.00257.x
https://doi.org/10.1111/j.1558-5646.2007.00257.x
http://www.ncbi.nlm.nih.gov/pubmed/18005156
https://doi.org/10.1371/journal.pbio.3001417

