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Abstract
We address the controversy in the literature concerning the definition of holobionts and the apparent constraints on their 
evolution using concepts from community population genetics. The genetics of holobionts, consisting of a host and diverse 
microbial symbionts, has been neglected in many discussions of the topic, and, where it has been discussed, a gene-centric, 
species-centric view, based in genomic conflict, has been predominant. Because coevolution takes place between traits or 
genes in two or more species and not, strictly speaking, between species, it may affect some traits but not others in either 
host or symbiont. Moreover, when interacting species pairs are embedded in a larger community, indirect ecological effects 
can alter the expected pairwise dynamics. Mode of symbiont transmission and the degree of host inbreeding both affect 
the extent of microbial mixing across host lineages and thereby the degree to which selection on one trait of either partner 
affects other aspects of a holobiont phenotype. We discuss several potential defining criteria for holobionts using community 
genetics and population genetics models, suggesting their application and limitations. Using community genetics models, 
we show how conflict between genomes can be self-limiting, while cooperation and mutualism tend to be self-accelerating. 
It is likely that this bias in the evolutionary dynamics of interaction between hosts and symbionts is an important feature of 
holobionts. This bias in the evolutionary dynamic could contribute to explaining the absence of cheaters from natural mutu-
alisms, although cheaters are predicted by gene-centered conflict theory to cause the evolutionary instability of mutualisms. 
Additionally, it may help explain the more frequent origin of mutualisms from parasitic than from free-living systems, an 
evolutionary trajectory opposite to that predicted by genome conflict theory.

Keywords Holobiont · Hologenome · Interactors · Levels of selection · Microbiome · Mutualists · Replicators · 
Reproducers · Symbiont · Units of selection

Introduction

We take this to be the basic, initial definition of a holobiont:

Holobiont is a term used to describe an individual host 
and its microbial community, including viruses and 
cellular microorganisms (1–6) (Fig. 1). It is derived 
from the Greek word holos, which means whole or 
entire. Microbial symbionts can be constant or incon-
stant, can be vertically or horizontally transmitted, and 

can act in a context-dependent manner as harmful, 
harmless, or helpful. (Theis et al. 2016, p. 1)

This definition encompasses a very broad range of eco-
logical and evolutionary interactions between a host and its 
associated microbial community. It is agnostic in regard to 
how particular associations came about, that is, whether a 
symbiont came to be associated with a host via vertical trans-
mission, horizontal transmission from another infected host, 
from host contact with the environment, or any combination 
of these pathways. It is agnostic in regard to the nature of 
the fitness consequences attending host-symbiont associa-
tions and the different levels of selection that might or might 
not be acting on one, two, or more associated organisms. 
The ubiquity of microbial communities associated with 
eukaryotic hosts raises the question of whether or not and to 
what degree natural selection has shaped these associations. 
Despite these relatively neutral aspects of the term holobi-
ont, two opposing views have emerged in the literature, each 
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importing different and additional assumptions which are 
not part of the definition above. In one view, the holobiont 
is a community that has evolved to be highly cooperative, 
with little conflict among its mutualistic members. Indeed, 
some have argued that a holobiont functions as though it 
were a single organism with cooperative parts shaped by 
natural selection acting at the level of the entire community. 
This is an adaptationist perspective of the holobiont as a 
biological entity. An opposing view expects, a priori, little 
cooperation and rampant conflict among the member spe-
cies of the holobiont. And, absent mechanisms that restrict 
lower levels of selection, via an evolutionary transition après 
Szathmáry and Maynard Smith (1995), this view dismisses 
the likelihood that a higher level of selection might ever 
act on the holobiont as a unit or on any of the myriad of 
pairwise associations within it. This gene’s-eye perspective 
sees “holobiont evolution” as a misnomer, since it is a loose 
assemblage of species with competing evolutionary inter-
ests bound not by cooperation but by a web of opportunity, 
manipulation, and coercion. Although this gene’s-eye view 
tends also to be adaptationist, the suggestion of cooperation 
between individuals of different species is a bridge too far, 
for it is seen as a violation of Darwin’s maxim, “If it could 
be proved that any part of the structure of any one species 
had been formed for the exclusive good of another species, 
it would annihilate my theory, for such could not have been 
produced through natural selection” (1866, p. 241).

The literature on holobionts encompasses few discus-
sions of relevant genetic models, despite the pressing need 
to understand various aspects of the evolutionary dynam-
ics of holobiont systems. Here, we introduce, explore, and 
contrast models that address some aspects of the conflict-
ing views of the holobiont, emphasizing the conceptual 
constraints that derive from model assumptions. We show, 
using the philosophy of science approach called “The Logic 
of Research Questions” (Lloyd 2015; Lloyd and Oreskes 
2018; Ketcham 2018), how conceptual commitments and 
model assumptions stemming from them affect the research 
questions asked, the data gathered, and the interpretation 
of holobionts. We argue that it is important to address the 
conflicting conceptual commitments that have shaped the 
controversy over the interpretation of the holobiont in order 
to understand whether or not and the degree to which coevo-
lution has influenced holobiont associations.

Holobionts are likely to involve both coevolved and non-
coevolved species groupings as well as beneficial and harm-
ful interactions and multiple modes of transmission of the 
members of the microbial community (Douglas and Werren 
2016; Queller and Strassmann 2016). We address here the 
dynamics of the potentially coevolved portions of holobi-
onts, in which genes or genome segments from one spe-
cies evolve against the background of the genes of another, 
and we highlight the conditions under which they may end 

up being coadapted, despite their belonging to distinct spe-
cies. Although some have argued that adaptation to a biotic 
environment is no different from adaptation to an abiotic 
environment (e.g., Moran and Sloan 2015), we show why the 
process of interspecific coadaptation is often different from 
adaptation of a species to its abiotic environment. We also 
discuss the limitations on interspecific coadaptation and the 
conditions under which adaptation to a biotic environment 
is no different from adaptation to an abiotic environment. 
Moreover, we point out that some of the host-symbiont asso-
ciations, sometimes used as examples of coadapted, inte-
grated holobionts, might better be viewed as a one-way pro-
cess of adaptation by one species to another with little or no 
reciprocal element. We offer a set of criteria against which 
candidate species groupings or entire holobionts can be com-
pared, in order to determine their identity as “euholobionts,” 
which we here define, by analogy with eusocial organisms, 
as genuine genetically integrated, coadapted communities 
of obligately mutualistic organisms. And, we offer the term 
“demibiont” to characterize one-way evolution, as opposed 
to reciprocal, coevolution between species. In ecology, 
commensalism refers to the situation wherein species one 
obtains benefits from species two without helping or harm-
ing species two, but it does not signify any degree of evolu-
tion by species one to its interaction with species two. Our 
definition of demibiont emphasizes the long-term adapta-
tion by species one to species two and includes cases in 
which both species receive benefits from one another yet 
evolution affects (primarily) one of the two interacting spe-
cies. For example, we consider the squid-vibrio interaction 
to be a demibiont because, while it is clear that the squid 
has evolved to depend upon the vibrio, it is not yet as clear 
that there has been a reciprocal adaptation on the part of the 
vibrio to the squid, since only a tiny fraction of the vibrio 
population is associated with a squid host. Euholobiont and 
demibiont are distinct from the adaptationally more neutral 
term “holobiont.” Asymmetric fitness interactions and the 
evolutionary responses to them have played a central role 
in the coevolutionary dynamics of predator–prey systems 
and the conditions under which antagonistic coevolution 
may result in a predator–prey or host–pathogen arms race 
(Abrams 1986; Vermeij 1994; Brodie and Brodie 1999). 
Although the coevolutionary dynamics of commensalism 
and mutualism have received less attention (Leung and Pou-
lin 2008; Bronstein 2015), we believe that an overt focus on 
host–pathogen interactions is, a priori, a biased model for 
holobiont evolutionary studies.

Before we proceed, we need to address a key definitional 
issue. There has been a debate in the literature over whether 
or not the holobiont is “a unit of selection,” and, if so, is it 
the primary unit of selection? As Douglas and Werren (2016, 
p. 1) claim, “The hologenome approach focuses on one level 
of selection (the holobiont as a ‘superorganism’), and as a 
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result it is concerned with cooperative and integrative fea-
tures of the ‘hologenome’ to the exclusion of other kinds of 
interactions.” Although relevant as a skeptical response to 
the cooperative view of the holobiont as super-organism, 
our definition of holobiont (see above) makes no adaptive 
claim about units of selection. We argue that we need to ask 
the following questions in order to decide whether or not 
selection is acting at the level of the holobiont and, if it is, 
how strong that selection is with respect to other selective 
forces acting on the member species. Does a holobiont have 
the characteristics necessary to qualify as a unit of selection? 
Is the holobiont, as a community of organisms, an appropri-
ate level to study evolution and evolutionary change (Lloyd 
2018)? It is essential, in order to proceed in delineating 
holobionts, to review the various distinct meanings of the 
term “unit of selection,” which does not connote a singular 
well-defined entity, but rather one of four possible selective 
and evolutionary roles (and their combinations). Have dis-
cussions of the holobiont carefully distinguished the roles 
of “interactor,” “replicator” or “reproducer,” or “manifestor 
of adaptation,” and “beneficiary”?1 We can advance under-
standing by identifying which role or roles we are referring 
to when discussing how evolutionary dynamics affect the 
characteristics of a holobiont.

A “unit of selection” may refer to a replicator or repro-
ducer, an entity that is passed on, transmitted over genera-
tions, as more or less faithful copies of itself. This is the 
unit of selection in its reproductive role. But, there is also an 
ecological or interactive role for a unit of selection, which 
we, following Hull (1980), call an interactor: an entity that 
interacts, as a whole, with its environment in such a way 
that reproduction is differential relative to other interactants. 
There are many ways to represent the evolutionary interac-
tor, most commonly as the level, locus, or target of selection. 
There can be many actors because selection can act at mul-
tiple levels simultaneously as in multilevel selection models 
(Wade 2016), or in holobiont selection processes (see Dupre 
2012; Dupre and O’Malley 2013 and below; Lloyd 2018). 
Thus, both the host organism and its microbiota can undergo 
selection at several levels simultaneously, with a variety of 
potential outcomes, as we shall discuss below. Given the 
variety of outcomes possible in theory in two-species inter-
action models, we do not expect the majority of interactions 
among the members of a holobiont to be either antagonistic 
or cooperative. Moreover, given that adding an additional 
species to an ecological community can change the sign and 
magnitude of the fitness interactions between other species 
pairs (i.e., given indirect ecological effects; Wootton 1994), 

it is unlikely that current evolutionary genetic models, which 
predominately involve only two species, will be able to cap-
ture the richness of coevolutionary possibilities among the 
members of a holobiont.

As we note below, these distinctions affect the Logic 
of Research Questions or LRQs (Lloyd 2015; Lloyd and 
Oreskes 2018; Ketcham 2018) and constrain what is con-
sidered a responsive answer to a research question. For 
example, given the research question, “Who is cheating 
on whom?” all of the responsive answers have cheaters in 
them; so is either an absence of cheaters, or the presence of 
some degree of interspecific genetic integration, sufficient 
to refute the genome conflict interpretation of a holobiont? 
Or, assuming the research question (RQ) from the genome 
conflict view, “Is vertical transmission a host trait or a sym-
biont trait?” if vertical transmission is influenced by host 
genes, is that sufficient to establish its adaptive function as 
a mechanism evolved by the host for the adaptive purpose 
of limiting evolution of selfish symbionts? If, instead, ver-
tical transmission is found to be a genetic adaptation of a 
symbiont and not the host, is that sufficient to refute the 
genomic conflict interpretation? Given the cheater/genomic 
conflict research questions, under which it is assumed that 
genomic conflict is virtually inescapable, is the observation 
of pathogenicity in an otherwise obligate mutualistic sym-
biont sufficient evidence to establish the absence of higher-
level selection and refute the cooperative interpretation of 
the holobiont? Clearly, a responsive answer to one or more 
of these RQs under one set of conceptual commitments may 
not be considered responsive or even relevant under a differ-
ent set of commitments. Whether a holobiont is perceived in 
part or in total as a possibly ecologically or genetically inte-
grated community or as a coercive, manipulative collection 
of genomes in conflict is affected by the research questions 
you start with. The possible and responsive answers that 
correspond to these RQs, and what data are collected and 
how those data are interpreted, are all constrained under the 
distinct LRQ.

We find that there have been two prominent confusions in 
the literature that lead to unfounded objections or critiques 
of the holobiont/hologenome concept. The first confusion 
involves the attribution of “evolutionary transition”-type, 
higher-order selection as a necessary precondition for holo-
biont evolution to have a cooperative, mutualistic dimension 
(Stencel and Wloch-Salamon 2018). In this view, a host and 
its loose association of microbes becomes a holobiont only 
if it first undergoes an evolutionary transition, because the 
holobiont must be the primary unit of selection in order to 
permit the evolution of an adaptive mutualism through the 
reciprocal coevolution of its component species. Without 
the primacy of holobiont-level selection, genomic conflict at 
lower levels of selection sustains disharmony among the evo-
lutionary interests of the component species in a holobiont 

1 Lloyd (2001, 2017, 2018), Moran and Sloan (2015), Rosenberg 
and Zilber-Rosenberg (2018), Roughgarden et  al. (2017), Griesemer 
(2000, 2016).
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(Moran and Sloan 2015; Douglas and Werren 2016). Under 
this view, without the primacy of holobiont-level selection, 
which depends upon the choking-off of lower-level selection, 
cheater mutations, which benefit from but do not contribute 
to the holobiont, make mutualisms evolutionarily unstable. 
In contrast to this view, multilevel selection theory (Good-
night 2013; Wade 2016) admits the possibility of multiple, 
simultaneous (and possibly opposing) levels of selection at 
all stages of holobiont evolution, and is not dependent upon 
the prior occurrence of a major evolutionary transition. Mul-
tilevel selection does not identify a bottleneck, such as verti-
cal transmission, as either a cause or a necessary condition 
for higher-level selection (Sober and Wilson 1998). Instead, 
multilevel selection can provide a pathway for the evolution 
of transmission modes and mating systems that enhance the 
efficacy of higher-level selection while diminishing that of 
lower-level selection. That is, we argue that multilevel selec-
tion precedes and attends, rather than follows, an evolution-
ary transition. And, as argued in Wade (2016), higher levels 
of selection may have access to pools of genetic variation 
unavailable to lower levels.

The second confusion has to do with not distinguishing 
the holobiont as an evolutionary interactor from the holobi-
ont as an evolutionary reproducer, beneficiary, or manifes-
tor of an adaptation (Lloyd 2017, 2018). Although each of 
these features affects the degree to which a holobiont can 
function as a unit of selection relative to other selection 
levels, most discussions emphasize only a single role. For 
example, Douglas and Werren (2016, p. 2) emphasize the 
role of holobiont primarily as a reproducer: “Partner fidel-
ity is a prerequisite for the hologenome, because the host 
and its microbial partner(s) can only evolve as a unit if they 
co-occur across multiple host generations, with tight host 
genotype-to-microbe genotype matching.” In contrast, Bosch 
and Miller (2016) emphasize the holobiont as interactor and 
manifestor of adaptations with minimal reference to repro-
ducer or to evolutionary process. We therefore clarify these 
points of confusion below, and discuss community genetics 
models to further develop the relevant multilevel theory.

Perceived Problems with the Holobiont 
as a Unit of Selection

It is difficult to see how a holobiont can be considered an 
interactor with respect to unit of selection without interspe-
cific epistasis. If evolution in response to the abiotic environ-
ment is no different than evolution in response to the biotic 
environment, then this aspect of interactor fitness is absent. 
Moreover, if the symbiont is a reliable component of the 
environment of its host, the distinction between horizon-
tal and vertical transmission may well be moot. Moran and 
Sloan (2015, Box 1, p. 3) raise these concerns when they 

state: “Hosts may adapt to the reliable presence of symbionts 
in the same way that they adapt to abiotic components of the 
environment, and little or no selection on symbiont popula-
tions need be involved.” In contrast, Bordenstein and Theis 
(2015, Box 1, p. 3) assert that, “Biomolecular associations 
between host and microbiota are more conceptually similar 
to an intergenomic, genotype x genotype interaction than a 
genotype x environment interaction.” In the next section, we 
discuss why Moran and Sloan’s (2015) viewpoint might be 
accurate in or apropos to instances wherein a large fraction 
of a microbial species’ population is free-living and only a 
small fraction are host-associated. These instances are not 
favorable to the evolution of vertical transmission or mutual-
istic interactions. However, we argue that in other cases the 
Bordenstein and Theis (2015) description of interactions is 
more accurate. And, these instances are more favorable to 
the evolution of both vertical transmission and mutualistic 
interactions. In general, it is an empirical question where on 
a continuum of transmission modes a host and one or more 
of its microbiota lie. We argue that an a priori commitment 
to a gene-centric, species-centric perspective and an assump-
tion of genome conflict (Rice 2013) is an impediment to the 
investigation of this continuum.

An additional difficulty is the claim that there is an 
arms race based in genomic conflict underlying host and 
microbial coevolution. We address this concern in the “Is 
Genome Conflict Ubiquitous” section below. In addition, 
it is argued that in the arms race, antagonistic dynam-
ics can be limited only when levels of vertical symbiont 
transmission from one generation of hosts to the next are 
extremely high. As per Douglas and Werren (2016, p. 5), 
when they ask about whether holobionts can evolve under 
a genic selectionist and cheater account: “The best pre-
dictor of whether an individual microbe and host evolve 
mutualistic ‘coadaptations’ is whether specific host and 
microbial genotypes cooccur with high fidelity,” where 
they equate high fidelity with either vertical transmis-
sion or with strong selection via “partner choice,” i.e., 
nonrandom associations of host and microbe. It is argued 
that, because each species pursues its own evolutionary 
interests, an arms race is inevitable with any degree of 
horizontal transmission. As a result, the evolution of verti-
cal transmission must precede the evolution of mutualis-
tic cooperation between host and symbiont (see Godfrey-
Smith 2009, 2012). The case is more difficult than the 
evolution of cooperation within species by kin selection 
because, “The advantage of indirect fitness from helping 
relatives is closed off to cooperation among different spe-
cies” (Queller and Strassmann 2016, p. 860). This assumed 
relationship relating transmission and conflict under 
a cheater constraint can be found in Douglas and Wer-
ren (2016, p. 3; our emphasis): “For a host-microbiome 
association to be the unit of selection, the hologenome 
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concept requires (near-) perfect concordance of selective 
interests both among the microbial partners and between 
the microbiota and host. As conflicts of interests among 
partners increase (e.g., due to weak partner fidelity), then 
the host microbiome is undermined as a single unit of 
selection.” Similarly, Queller and Strassmann (2016) state 
that in order for selection at a higher level to functionally 
integrate a holobiont: “a higher-level entity can be con-
sidered organismal once it evolves extensive cooperation 
and very reduced conflict among its subunits.” The a priori 
emphasis on conflict commits the answers to the RQs to 
those conforming to the restrictive assumption that the 
evolution of reduced conflict precedes higher-level selec-
tion acting on the holobiont.

Both confusions share the commitment, implicit or 
explicit, that levels of selection above the individual are 
ineffective, especially in so far as they involve multiple 
species. We address this concern in the “Levels and Units 
of Selection” section below. Moran and Sloan (2015, p. 6) 
claim that group selection is at best a weak evolutionary 
force and that, “population-level adaptations are unstable 
under most circumstances, due to susceptibility to invasion 
by selfish individuals.” They then extend this viewpoint to 
holobionts, claiming that mutualisms are evolutionarily 
unstable, since cheaters of either species can subvert costly 
mutualistic adaptations. A similar argument led Williams 
(1966) to claim that, “good examples of mutualisms are 
relatively rare.” And, Douglas and Werren (2016, p. 4), in 
pursuing the research question, “Can holobionts evolve as 
evolutionary mutualisms?” are explicit in stating that, as 
a result of genome conflict, lower-levels of selection pre-
dominate: “In summary, current understanding identifies 
the dominant processes shaping the evolutionary trajec-
tory of vertically transmitted microorganisms to operate at 
levels of selection lower than the [holobiont] association.” 
Here, as above, the gene’s-eye focus commits the answers 
to the RQ to those conforming to the restrictive assump-
tion that higher-level selection on holobionts is weak and 
ineffective. Some authors have gone further with this 
LRQ, and have claimed that vertical transmission is a host 
adaptation evolved for the purpose of stopping lower-level 
conflict among symbionts. For example, Burt and Trivers 
(2006, p. 150) state unequivocally: “The only explana-
tion plausible to us is that … uniparental mitochondrial 
inheritance is a system evolved by the nucleus [the host] 
to ensure mitochondrial quality.”

We will address each of these objections in turn and intro-
duce a discussion of units of selection more nuanced than 
that adopted by critics of the holobiont. Subsequently, we 
will introduce the LRQ and show, using empirical exam-
ples, how different conceptual commitments by researchers 
dictate what questions are asked and how data are gathered 
and interpreted.

Evolution in Biotic and Abiotic Environments

Only under certain circumstances is it true that, “Hosts may 
adapt …to symbionts…in the same way that they adapt to 
abiotic components of the environment.” Whenever the envi-
ronment contains genes, as it does when the environment is 
biotic, the environment itself can evolve and become more 
or less common (Wolf et al. 1998), unlike abiotic environ-
ments whose frequency is independent of the organisms 
adapting to them. Adaptation to biotic environments allows 
for reciprocal dynamic effects such that an increase in allele 
frequency in one species can increase the rate of evolution of 
the other and vice versa. Abiotic environments, in contrast, 
do not evolve, under the typical population genetics gene-
environment approach, where the environment is a given. 
However, under the niche construction approach pioneered 
by Odling-Smee et al. (2003), the activities of the target 
organism can change features of the environment which, in 
turn, affect the rate of future evolution of that species as well 
as possibly the rates of a myriad of other species. This lat-
ter possibility from niche construction theory has not been 
discussed by those criticizing the holobiont concept, so we 
will not introduce it here although it has significant merit 
and relevance in this context.

To illustrate the difference between adaptation to biotic 
environments relative to abiotic environments, we let H rep-
resent an allele in the host species which is advantageous 
in the selective, abiotic environment 1  (E1), increasing host 
fitness by s, but neutral in abiotic environment 2  (E2). We 
let pH be the frequency of the H allele and f1 the frequency 
of  E1 and (1 − f1), the frequency of  E2.

We imagine that the host is randomly distributed over the 
selective and neutral abiotic environments so we have

where  WHost, equal to 1 + sf1pH, is the mean fitness of the 
host. Note, in Eq. 1, that the strength of selection, sf1, 
increases with f1, the frequency of the selective abiotic envi-
ronment. When  E1 is common, the rate of host adaptation 
to the selective environment is faster and, conversely, when 
 E1 is rare, f1 is small, and adaptation is very slow. In fact, it 
is almost impossible for a species to adapt to an extremely 
rare environment where f1 ~ 0 because most copies of most 
genes experience a different, more common environment 
where they are not screened by natural selection for “fit” to 
the features of the rare environment.

Now consider a biotic environment wherein a symbiont is 
always host associated and hosts always harbor symbionts. 
(We relax this assumption later.) We let H represent an allele 
in the host and m represent an allele in the microbial sym-
biont in the following. Imagine that the H allele in the host 
changes its bearer’s fitness by s, but only in the presence of 
a particular microbial genetic background, m, where pm is 

(1)ΔpH =
(

sf1
)(

pH
)(

1− pH
)

∕WHost
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the frequency of this background. Imagine also that the m 
allele in the microbe changes its bearer’s fitness by t, but 
only in the presence of a particular host genetic background, 
H, where pH is the frequency of this background. Moreover, 
allow hosts and microbes to assemble at random into H-M 
pairs. Now we have

and

where  WHost, equal to 1 + spmpH, is the mean fitness of the 
host and where  WMicrobe, equal to 1 + tpmpH, is the mean fit-
ness of the microbe.

Clearly, (spm) in Eq. 2a has replaced (sf1) in Eq. 1 and the 
strength of selection on the host population increases as pm 
increases, just as the strength of selection on the microbial 
population (tpH) increases as pH increases. When the fitness 
effects are positive (s, t > 0), then the selective biotic envi-
ronment of the host becomes more common each generation 
because pm increases to (pm + ∆pm), and the biotic environ-
ment of the symbiont becomes more common each gen-
eration because pH increases to (pH + ∆pH). If either were, 
instead, an abiotic selective environment, say  E1 above, with 
the same fitness effect, s, the strength of selection repre-
sented by (sf1) in Eq. 1 would not change over generations, 
because the frequency of the selective abiotic environment, 
f1, does not change (i.e., ∆f1 = 0) in response to a change 
in the biotic environment. Thus, in general, adaptation to 
a biotic environment can be significantly different from 
adaptation to an abiotic environment. Adaptation to a biotic 
environment is more like frequency-dependent selection 
where the selection coefficient changes with the frequency 
of the allele conferring adaptation to it, but in this case, the 
frequency-dependence lies with an allele in an associated 
species ([spm] for the host and [tpH] for the symbiont) and 
not in the species directly experiencing selection.

Moreover, if  pm and  pH are evolving, their change in mag-
nitude must be accounted for along with the respective ∆pH 
and ∆pm equations. This is unlike the abiotic case, where ∆f1 
is zero by assumption and change in it need not be accounted 
for. Thus, the statement by Moran and Sloan (2015, Box 1, p. 
3) that, “Hosts may adapt to the reliable presence of symbi-
onts in the same way that they adapt to abiotic components 
of the environment, and little or no selection on symbiont 
populations need be involved,” is false, in general. It is only 
true in the uninteresting cases where (1) both ∆pH and ∆pm 
are so close to zero that there is little or no coevolution; or, 
(2) t = 0 and s > o, which returns us to the abiotic case.

For the biotic case to be just like the abiotic case, clearly, 
the rate of host evolution, ∆pH, would have to be independ-
ent of pm and hence independent of symbiont evolution. 
Similarly, the rate of symbiont evolution, ∆pm, would have 

(2a)ΔpH =
(

spm
)(

pH
)(

1− pH
)

∕WHost

(2b)Δpm =
(

tpH
)(

pm
)(

1− pm
)

∕WMicrobe

to be independent of host evolution. This could occur if we 
imagined that there was another, much more common, third 
environment. Imagine that the most common symbiont envi-
ronment is a nonhost associated, free-living state,  E3, where 
 f3 ~ 1 and similarly, the most common host microbial envi-
ronment is to be noninfected. In that case, even if Eqs. 2a, 2b 
held, the symbiont population would not experience strong 
coevolutionary selection with the host because the very 
large majority of symbionts would experience a different, 
nonhost associated environment. Likewise, the host popula-
tion would not coevolve with the symbiont because the very 
large majority of hosts would not experience infection by 
the symbiont. Alternatively, the free-living state,  E3, with 
 f3 ~ 1, could be paired with the state in which all hosts were 
infected. This would allow the host to adapt to the symbi-
ont, but not the reciprocal. As mentioned above, we refer to 
associations characterized by the evolution of one but not 
the other partner as demibionts, and we will illustrate this 
type of evolution in a later section using the vibrio-squid 
example.

We acknowledge that, although our model has the most 
direct connection to one-locus, classic G x E models, there 
are other, nonlinear ways to set up models of two-species 
gene frequency change. For example, in a predator–prey 
system, we might imagine that the optimum of one species 
is dependent upon a trait or allele frequency in the other. 
If so, we might express selection in the host as a function 
like  (s[phost − psymbiont]) and reciprocally in the symbiont 
 (t[psymbiont − phost]). This type of selective interaction does 
not lead to runaway evolutionary dynamics. In general, there 
is an asymmetry in the coevolutionary process between 
predator and prey such that there is a “predominance of 
evolutionary responses of prey to predators over those of 
predators to prey [which] is in general accord with equilib-
rium theory” (Abrams 2000, p. 79).

Is Genome Conflict Ubiquitous?

The second argument against the holobiont as a unit of selec-
tion goes further, arguing that it is likely that, if host and 
symbiont are coevolving, it is because they are in an evolu-
tionary arms race of genomic conflict (e.g., Rice 2013). The 
Wikipedia definition of an evolutionary arms race (accessed 
April 5, 2019: https ://en.wikip edia.org/wiki/Evolu tiona ry_
arms_race; our emphasis) is this: “an evolutionary arms race 
is a struggle between competing sets of coevolving genes, 
traits, or species that develop adaptations and counter-adap-
tations against each other, resembling an arms race. These 
are often described as examples of positive feedback” (e.g., 
Crespi 2004; but see Abrams 1986). Let’s consider this claim 
from the viewpoint of our model introduced above.

https://en.wikipedia.org/wiki/Evolutionary_arms_race
https://en.wikipedia.org/wiki/Evolutionary_arms_race
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Clearly, “positive feedback” does not necessarily result 
in a runaway process of coevolution; but we are interested 
in those cases in which it does. Similarly, “negative feed-
back” does not necessarily result in a decelerating process 
although in single locus models like ours and like those of 
the “gene’s-eye view” of interspecific conflict it tends to. In 
the case of the postulated gene-level conflict between host 
and symbiont genes, for a trait in one species, like virulence 
in the symbiont or resistance in the host, either s or t is nega-
tive, so that one of the terms, ∆pH or ∆pm, is negative while 
the other is positive, but diminishing. To see this, we assume 
that s < 0 < t, for the selective effects perpetrated by one spe-
cies on the other. As a result, the term (spm) in Eq. 2a, the 
host evolutionary equation, diminishes the frequency of 
pH. And, although (tpH) in Eq. 2b, the force of selection in 
the microbe evolutionary equation, is positive, it becomes 
smaller over time because pH declines from one generation 
to the next.2 Differently put, the harmful symbiont reduces 
the frequency of the host genotypic environment on which it 
thrives, making it more difficult for its own offspring to find 
a suitable host environment and be rewarded by selection. 
When the reciprocal is true, t < 0 < s, the host reduces the 
frequency of the symbiont genotype that it resists; the rarer 
the virulent symbiont, the less frequently will host offspring 
encounter the environment that justifies a costly defense. As 
a result, with genomic conflict, both ∆pH and ∆pm tend to 
diminish. This is not an arms race, because there is no posi-
tive feedback between the species, but rather a movement of 
cross-specific gene frequency disengagement in both spe-
cies. The evolutionary dynamic does not meet the arms race 
criterion of “positive feedback,” and without such feedback, 
it is not clear that both species will adapt to one another 
with greater and greater investment. In fact, under the model 
above, the evolutionary feedback between the two species 
diminishes over time.

Very significantly, in the mutualistic case (s,t > 0), there 
is reciprocal positive feedback because the terms (spm) in 
Eq. 2a, the host evolutionary equation, and (tpH) in Eq. 2b, 
the microbe evolutionary equation, become larger over 
time because  pm and  pH, respectively, increase from one 
generation to the next. Under the Logic of Research Ques-
tions of genomic conflict, the two equations disengage, and 
mutualisms are thereby very fragile; but under the LRQ of 
mutualistic coevolution, we get not only robust mutualistic 
coevolution, but under some conditions, an actual runaway 

process of mutualism (e.g., Drown and Wade 2014). In other 
words, the contrasting LRQs make fundamentally opposing 
predictions about the stability of mutualisms in nature. It 
must be therefore also significant that there has never been 
discovered a macroorganism with no microbial partners.

Nonrandom Associations between Species: Now consider 
that instead of randomly assembling pairs of genotypes 
across species, we imagine that certain H-M combinations 
have a greater-than-random frequency either after selection 
as a result of synergistic epistatic fitness favoring some H-M 
combinations over all others or before selection owing to 
partner choice, to vertical transmission, or to host-symbiont 
population genetic structure. Note first that our approach 
is founded on consideration of the full spectrum of inter-
specific epistatic effects. That is, a host gene can have a 
positive, neutral, or negative direct effect on the host and a 
positive, neutral, or negative fitness effect on the symbiont, 
and vice versa. As we have seen above, [+ , +] interactions 
between species, which can give rise to mutualisms, are par-
ticularly interesting in terms of the resulting evolutionary 
dynamics. In contrast, the genomic conflict perspective is 
focused almost exclusively on genes with [+, −] or [−, +] 
epistatic interspecific interactions. That is, the conceptual 
bias favored by the genome conflict LRQ is the primary 
reason for the exclusive focus of the RQ on genes with a 
positive direct effect on host fitness but a negative indirect 
effect on the fitness of an associated symbiont, or vice versa. 
This is founded on the axiom that the evolutionary interests 
of two species are rarely if ever aligned without very high 
fidelity of co-transmission.

One could note that mutations with a direct positive fit-
ness effect are much rarer than those with a direct negative, 
deleterious fitness effect, and, similarly, it might be (but 
has not been) argued that mutations of one epistatic type of 
interspecific interaction will be more common than muta-
tions with the [+ , +] direct and indirect fitness effects that 
underlie mutualisms. Just as the sieve of natural selection 
brings adaptations to the fore, despite the relative rarity of 
mutations with direct positive effects on fitness, we suggest 
that the positive feedback that attends mutations with [+ , +] 
interspecific epistatic fitness effects may play an analogous 
role in the evolutionary dynamics of mutualisms. However, 
there are almost no studies of the distribution of indirect 
fitness effects and those that exist are within species (Bijma 
2014). However, the few studies that have been done support 
the conclusion that, “The increasing research effort devoted 
to IGEs [indirect genetic effects] suggests that they are a 
widespread phenomenon, probably particularly in natural 
populations and plants” (Bijma 2014, p. 61).

Consider the case of [+ , +] interactions. Here, we 
have selection on initially random host-microbe combi-
nations creating an interspecies linkage disequilibrium, 
ILD = GH,m − pHpm > 0. This changes Eqs. 2a, b above to

2 This is the argument for the evolution and maintenance of sex in 
host species by pathogens: the more common the host genotype, the 
stronger the selection against it by the pathogen (tph). For that reason, 
the host is under constant selection to produce rare offspring geno-
types to escape the pathogen. Sexual reproduction by the host is an 
adaptation for the production of these rare escape variants (Lively and 
Morran 2014).



158 E. A. Lloyd, M. J. Wade 

1 3

The changes in ∆pH and ∆pm are again positive but are now 
larger because in both equations, ILD = GH,m − pHpm > 0. 
To see this better, we can rewrite GH,m as the sum, 
pHpm + ILD > 0. Like epistasis for fitness in two-locus 
nuclear gene models, the equations, ∆pH and ∆pm, alone 
are theoretically insufficient to characterize the coevolution-
ary process; an expression for ∆GHm is now essential for 
modeling. However, with random horizontal transmission 
among host genotypes, GH,m becomes equal to (pHpm) at the 
start of each generation because the random mixing of two-
species genotypes reduces ILD to zero. (Horizontal trans-
mission with random mixing is not semiconservative like 
recombination with respect to nuclear gene combinations 
and within-genome LD.) Some vertical transmission, v, is 
necessary to preserve the ILD established by selection on 
host-symbiont gene combinations, so that it is vILD at the 
beginning of a generation instead of 0.

Where does vertical transmission come from? How 
might vertical transmission evolve? Is it really the case 
that the “only explanation plausible” is that vertical trans-
mission evolves as a host adaptation for the purpose of 
shutting off lower-level, within-host symbiont selection? 
Fogarty and Wade (in prep.) show, using formal genetic 
models of niche construction, that vertical transmission 
can evolve as a symbiont adaptation. Moreover, they show 
that positive niche construction precedes the evolution of 
vertical transmission because it is the niche construction 
that allows the evolution of vertical transmission in the 
first place. These findings are contradictory to the predic-
tions from conflict theory, which imagines that vertical 
transmission is a prerequisite, necessary to allow the evo-
lution of beneficial symbionts and restrict the evolution 
of selfish or pathogenic ones. Second, theoretical models 
have shown that, whenever there are genes with [+ ,+] 
epistatic fitness effects and genetic variation affecting 
transmission mode, mutations that increase vertical trans-
mission in either the host or the symbiont genomes hitch-
hike to higher frequency on the spread of the synergistic 
epistatic genes (Drown et al. 2013). In addition, fluctuat-
ing environments also allow for the evolution of verti-
cal transmission (Ram et al. 2018). Drown et al. (2013) 
asked the RQ: “What evolutionary forces are necessary to 
evolve from an ancestral state of horizontal transmission 
to a derived state of vertical transmission?” The processes 
of selection that they analyzed resulted in robust, runaway 
processes of mutualism, wherein many states in the system 
all converge on mutualistic ones, the exact opposite of 
the fragile mutualistic states resulting from the cheater/
genomic conflict models.

(3a)ΔpH =
(

sGHm

)(

1− pH
)

∕WHand

(3b)Δpm =
(

tGHm

)(

1− pm
)

∕WM.

Turning to the data, we find the following. First, 
molecular phylogenetic studies show that mutualistic 
bacteria are derived more frequently from parasitic or 
disease-causing ancestors than they are from free-living 
species (Sachs et  al. 2014). These parasitic ancestors 
may have evolved some degree of vertical transmission 
as an adaptation to finding new hosts. This is a plausible 
explanation for the evolution of vertical transmission as 
a symbiont adaptation as opposed to a host adaptation. 
Second, contrary to the prediction of genome conflict 
theory, empirical data indicate that, once bacterial mutu-
alisms are established, they rarely return to parasitic or 
free-living states (Sachs et al. 2011; Weiblen and Treiber 
2015). Similarly, among approximately 13,500 mycobiont 
mutualistic lichen symbionts, taxonomic analyses indicate 
only a single transition to an endophyte but many transi-
tions, nearly in equal frequency, from endophyte to patho-
gen or vice versa (Arnold et al. 2009). These observa-
tions contradict the predictions from conflict theory that 
mutualisms are evolutionarily unstable and that symbionts 
will devolve into parasites or disease-causing pathogens 
(see above).

Moreover, if we isolate an interspecific, epistatic com-
ponent of fitness, e, we could rewrite s as (s + e) and t as 
(t + e). Here, the e component of fitness does not “belong” 
to either the host or the microbe, but rather to the particu-
lar trans-specific genotype combination, H-M. We might 
reasonably call this H-M combination a “pre-holobiont” 
or a “holobiont genotype.” Relative to features of holobi-
onts as units of selection (see the next section), a compo-
nent of interspecific epistasis (e ≠ 0) establishes a holo-
biont as a unit of selection in terms of an interactor and 
some degree of vertical transmission (v > 0) establishes a 
holobiont as a unit of selection in terms of a reproducer. 
Where Bordenstein and Theis (2015, Box 1, p. 3) empha-
size that, “host–microbe associations can forge disequi-
libria via parental transfer or stable environmental trans-
mission,” instead, we are here emphasizing the classical 
evolutionary genetic approach wherein selection acting on 
random combinations with interspecific epistasis creates 
ILD and vertical transmission enhances the heritability 
of those favorable combinations. ILD can also be created 
by some, but not all, types of “partner choice,” a form 
of host-symbiont selection analogous to mate selection. 
However, without inbreeding, population genetic structure, 
or vertical inheritance, partner choice in one generation 
is not transmitted across generations. It is important to 
emphasize that we are not claiming that there is “only” 
interspecific epistasis for fitness between a host and its 
microbial partner(s); we are saying that without epistasis 
there is no identifiable “fitness” component unique to the 
holobiont, supra-individual level.
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Levels and Units of Selection: Evolutionary 
Transitions and Suppressing Cheaters

The Suggestion that the Holobiont Must be the Primary 
Unit of Selection: Moran and Sloan (2015) correctly char-
acterize the holobiont/hologenome project, as involving 
“participating [genetic] lineages within a holobiont that 
affect each other’s evolution,” but go on to suggest that it 
is a misconception that “the holobiont is a primary unit 
of selection” (2015, Box 1, Misconceptions related to the 
hologenome concept). Their aim (p. 2) is “to clarify what 
kinds of evidence are needed for each of these claims and 
to argue that neither should be assumed without evidence.” 
It is fair to say that no one is making suggestions in the 
absence of supporting evidence, but let us see what they 
suggest is wrong with the evidence available to us, and 
consider the array of concerns commonly voiced against 
the holobiont as a unit of selection.

Before we address the process as it has been applied 
to the holobiont, we must first understand that coevolu-
tion does not affect every gene in both species. Instead, 
it need only affect one gene in each species and may also 
include interspecific epistasis. That is, coevolution does 
not take place between whole species or between whole 
genomes; it takes place between traits or genes between 
species (Keister et al. 1984a, b; Wade 2007; Weiblen and 
Treiber 2015). Without this distinction, we cannot under-
stand the dynamics of coevolution of the members of a 
holobiont community.

Moran and Sloan state that “coevolution and codiversi-
fication are likely common for hosts and associated micro-
organisms,” but argue that,

the proposals that the hologenome is the primary 
unit of selection and that microbes can be equated 
to genes within a larger genome are far more sweep-
ing claims. They imply that selection on constitu-
ent genomes acts primarily to increase fitness at the 
level of the holobiont, that is, that conflicts between 
the evolutionary interests of host and symbionts 
are suppressed due to selection at the higher level. 
Even demonstrating coevolution does not necessar-
ily imply that hologenomes are a significant unit of 
selection. (2016, p. 5; our emphasis)

We agree that equating a microbe to a host gene makes 
little sense from the viewpoint that coevolution takes place 
between genes and not between species. Differently put, 
it is unlikely, except perhaps in the most extreme cases 
of genome reduction, that every gene in the genome of 
an obligately mutualistic microbe could be considered “a 
host gene.” Whether considered host genes or not, genes 
with different transmission modes, specifically biparental 

nuclear and uniparental maternal inheritance, will con-
tinue to experience the effects of many evolutionary forces, 
like drift, mutation, and selection, differently. Only in the 
case of intergenomic gene transfer (Adams et al. 1999; 
Brandvain et al. 2007) would we expect a microbial gene 
to experience evolutionary forces in a manner similar to 
other genes in the host nuclear genome.

Note as well that, in the above quote, Moran and Sloan 
are not only attributing the Maynard Smith/Szathmary evo-
lutionary-transitions type of group selection to holobiont 
selection models (see “Is Genome Conflict Ubiquitous?” 
section above), but also they claim that holobionts can be the 
primary unit of selection, only when lower levels are sup-
pressed. The Maynard Smith/Szathmary evolutionary-transi-
tions type of group selection is explicitly endorsed by Doug-
las and Werren (2016, p. 5): “The groundbreaking book The 
Major Transitions in Biology makes a convincing argument 
that most of the major biological transitions have involved 
the evolution of mechanisms that reduce conflict and com-
petition at one biological level, facilitating the evolution of a 
higher biological level.” Burt and Trivers (2006) argue, more 
specifically, that vertical transmission is an adaptation by the 
host for the purpose of suppressing lower-level selection. 
Moreover, once vertical transmission is in place, Moran and 
Sloan argue that the host and symbiont should co-diversify 
and co-speciate giving rise to phylogenetically congruent 
trees. These claims conflict with the view of holobionts and 
the evolutionary dynamic processes that we advance here. 
Just as it is unrealistic to consider a microbe to be a host 
gene, it is difficult to project patterns of co-speciation into 
the deep evolutionary past when the microevolutionary pro-
cesses influencing host-symbiont coevolution remain a point 
of extreme contention.

We would agree in part with Moran and Sloan (2015, p. 
6) that, “the evolution of microbial lineages must also be 
contributing to increased holobiont fitness” if the meaning 
applies to the interspecific epistatic component of selection, 
e > 0, as we argued above. However, unlike Moran and Sloan 
(2015) we do not require that this make the hologenome 
the primary unit of selection to the exclusion of other lev-
els acting on other genes or traits of either the host or the 
microbe in question. That is, we do not hold the position that 
holobionts are the only or even the primary unit of selection; 
rather, our argument is that, whenever there is interspecific 
epistasis for fitness, the evolutionary dynamic of the holo-
biont involves a higher level of organization at which selec-
tive processes operate in addition to selective processes at 
lower levels. Our picture is one of a dynamic evolutionary 
process consisting of multiple levels of operation and selec-
tion simultaneously (see Wade 2007, 2016; Dupré 2013; 
Roughgarden et al. 2017; Lloyd 2018).

The Claim of the Ubiquity of Cheaters and Superior 
Efficacy of Lower Levels of Selection: We would like to 
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emphasize how much our epistatic models are in conflict 
with the classic gene’s-eye “cheater” view. In the typical 
gene’s-eye case, mutualisms are evolutionarily unstable 
because cheater mutations in either partner can reap the fit-
ness benefits of mutualism without incurring the fitness costs 
of contributing to the common good (Akcay 2015, Chap. 4 
in Mutualisms). Indeed, in discussing group selection, Wil-
liams (1966, p. 247) claimed that, for this reason, “good 
examples of mutualisms are relatively rare.” (This is similar 
to the argument by May (1971) that large communities struc-
tured by interspecific competition are ecologically unstable.) 
However, under the models proposed here (and implicit in 
some other holobiont approaches; e.g., Zilber-Rosenberg and 
Rosenberg 2008; Bordenstein and Theis 2015; Theis et al. 
2016; Roughgarden et al. 2017; Lloyd 2018; Rosenberg and 
Zilber-Rosenberg 2018), it is the mutualists that will expe-
rience runaway selection, while it is the cheaters that are 
self-limited by selection.

Such cheater mutations are the basis of the claim 
by Moran and Sloan (2015, p. 6) that the holobiont/ 
hologenome approach has many parallels with group selec-
tion. They state: “Early and oversimplified views of group 
selection… failed to recognize that population-level adapta-
tions are unstable under most circumstances, due to suscep-
tibility to invasion by selfish individuals.” They are right, 
in that holobiont evolutionary dynamics involve genuinely 
hierarchical, multilevel selection models. They draw incor-
rect conclusions from this, however, about the relative effi-
cacy and stability of the units of selection.

Let us consider this matter more closely, as it has been 
addressed previously in the literature on the evolution of 
cooperation in multilevel selection models. First, Wade and 
Breden (1980, 1981) showed that cheaters do not invade 
kin selection models, which are forms of group selection 
models (Wade 1980; Bijma and Wade 2008). They showed 
that the necessary and sufficient conditions for a cheater 
allele to invade and spread through a population of altru-
ists violated the necessary and sufficient conditions for an 
altruistic allele to spread in the first place. That is, the same 
population structure that permits the evolution of altruism 
precludes invasion by selfish alleles. The belief that a selfish 
allele can always increase within a group and become preva-
lent in a species that was previously altruistic is founded on 
the incorrect and implicit bias that lower-level, within-group 
selection is always stronger than higher-level, among-group 
selection. We believe that a similar emphasis on selection at 
the level of single gene differences among individuals and 
indifference to the potential effects of higher-level commu-
nity selection is the basis for the counterfactual claim that 
mutualisms are evolutionarily unstable.

Second, Van Dyken and Wade (2012) showed that mul-
tilevel selection models achieve a “kin selection–mutation 
balance,” wherein so-called “cheater” alleles exist, but do 

not spread. Instead, they remain at low frequency owing 
to opposing kin selection, similar to deleterious mutations 
affecting “ordinary” nonsocial traits. Van Dyken and Wade 
(2012) also proposed an empirical test of which hypothesis, 
the “cheaters win” or the “kin selection–mutation balance,” 
was correct. We believe that their empirical test can be 
extended to mutualisms. Their test is based on the allele 
or site frequency spectrum (Bustamante et al. 2001), the 
distribution of the frequencies of a given locus or loci in 
a population or sample. When cheater mutations enjoy a 
selective advantage, the frequency spectrum should differ 
from the spectrum under the “kin selection–mutation bal-
ance” hypothesis. Under the “cheaters win” hypothesis, the 
site frequency spectrum should have a “fat tail,” because 
those mutations that destroy costly contributions to a mutu-
alism but enjoy the fitness benefits of the mutualism will be 
more common than expected at mutation-selection balance. 
Moreover, larger mutations, i.e., those that totally destroy 
costly function versus those that simply impair or dimin-
ish function, should be relatively more common because 
they enjoy a higher fitness at the lower level, owing to best 
minimizing the costs of participation. Our genetic theory 
is empirically supported, prima facie, by a recent article by 
Jones et al. (2015) in which no cheaters were documented 
in nature by a group of strong advocates of the cheaters-
win hypothesis and the gene’s-eye point of view. In their 
own words (Jones et al. 2015, p. 1270): “Cheating is a focal 
concept in the study of mutualism, with the majority of 
researchers considering cheating to be both prevalent and 
highly damaging.” They proposed an appropriately strict, 
fitness-based definition of cheating, and then tested the tra-
ditional, “best-studied” exemplars of mutualisms in nature 
for fulfillment of these requirements for cheaters. Jones 
et al. (2015, p. 1270) conclude (our emphasis): “We find… 
there is currently very little support from fitness data that 
any of these meet our criteria to be considered cheaters.” 
They suggest future directions for research on conflict in 
mutualisms, “including novel research avenues opened by 
a relative-fitness-based definition of cheating,” by which 
they mean exploring whether cheating is occurring by other 
means besides giving less reward to the partner (Jones et al. 
2015, p. 1281). Phylogenetic studies of mutualisms in nature 
provide further evidence against the claim that holobionts 
are vulnerable to cheaters. As stated in a review by Weiblen 
and Treiber (2015, p. 45):

Molecular phylogeny suggests that mutualistic bacte-
ria have evolved more often from parasitic than from 
free-living ancestors (Sachs et al. 2014)….Contrary to 
theoretical models predicting that mutualists could be 
vulnerable to extinction and reversal to parasitism…
empirical data suggest that once bacterial lineages 
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evolve to be mutualists, they rarely return to parasitic 
or free-living states. (Sachs et al. 2011)

One might argue further that other adaptations for sup-
pressing conflict, like policing, can keep cheaters rare 
despite their repeated introduction into populations by muta-
tion and their individual fitness advantage. However, Brand-
vain and Wade (2007) modeled the evolution of policing and 
found that it required among-group selection. That is, an 
allele for policing introduced at low frequency spreads only 
when there is selection between groups that vary in fitness 
owing to variation in the frequency of cheaters and variation 
in the frequency of the policing allele. This dependence on 
a higher level of selection to evolve a policing mechanism 
is incompatible with the theory that predicts cheaters in the 
first place.

We see related arguments in the section on “levels of 
selection,” where Douglas and Werren (2016, p. 3) acknowl-
edge that selection can act at “multiple levels of biological 
organization.” However, they impose stringent conditions 
on higher levels of selection, stating that, “[s]election at 
higher organizational levels is predicted to be significant 
where there is a strong overlap of selective interest among 
the constituent entities, e.g., genes on a chromosome, cells in 
the body of a multicellular organism, honey bees in a hive.” 
Note that their analysis implicitly adopts the approach that 
the emergence of new, more complex levels of biological 
organization only occur once lower levels of selection are 
halted or impaired. The first step in this emergence is the 
successful transition from independent replicators to higher-
level units. This requires that “evolution at the lower level 
must be somehow constrained by the higher level” and that 
there be synergistic fitness interactions among the lower-
level units in the collective (for example, Szathmary 2015, 
p. 1).

One of the reasons for the insistence on the suppression 
of lower-level selection is the assumption that lower-level 
selection would oppose the higher level of selection and, 
being stronger, prevent a response to higher-level selection. 
Thus, in this view, lower-level selection must be starved of 
genetic variation by relatedness in order for higher-level 
selection to thrive. It is under this set of assumptions that 
seemingly all critics of the holobionts have been operating 
(e.g., Moran and Sloan 2015; Douglas and Werren 2016). 
In contrast, we argue this viewpoint is neither necessary nor 
appropriate, and does not reflect the multilevel hierarchi-
cal models that we appeal to. On our type of models, the 
lower-level selection may complement—and in relevant 
cases, does in fact amplify—the higher-level selection 
forces. Moreover, as argued in Wade (2016) IGEs constitute 
a source of genetic variation that is often not accessible to 
individual-level selection.

Developments in contemporary multilevel selection the-
ory (Wade 2014, 2016; Goodnight 2015, 2016) show, both 
theoretically and empirically, that, when higher levels of 
selection act on indirect genetic effects, the genetic response 
to group or community selection is qualitatively different 
from the response to individual selection. This is owing in 
large part to the difference between heritability as defined for 
individuals under the genic selection view and heritability 
of a group trait in multilevel selection theory (Bijma and 
Wade 2008; Wade 2016). The effectiveness of community 
selection experiments (Goodnight 1990a, b) without any of 
the constraints on lower-level selection assumed by the evo-
lutionary-transitions approach, indicates, at the very least, 
that the heritability of community-level traits and selection 
among communities may play a significant role in the evolu-
tion of holobionts.

The adoption of the hierarchal evolutionary transitions 
theory of Maynard Smith and Szathmary would be inappro-
priate in these circumstances. We showed above that inter-
specific epistasis (e ≠ 0) is sufficient to establish a holobiont 
as a unit of selection with respect to its characteristics as 
an interactor and any non-zero degree of vertical transmis-
sion (v > 0) establishes a holobiont as a unit of selection in 
terms of a reproducer. The definition of the holobiont does 
not include the requirement that the holobiont be the single 
unit or level of selection in operation at a given evolution-
ary time. On the contrary, the advocates appeal directly to 
multilevel selection theory under which multiple units at 
multiple levels are simultaneously under selection (Dupré 
2010, 2012; Dupre and O’Malley 2013; Theis et al. 2016; 
Roughgarden et al. 2017; Lloyd 2018). Differently put, inter-
specific epistasis (e ≠ 0) and a non-zero degree of vertical 
transmission (v > 0) do not guarantee that selection at the 
level of the holobiont will predominate. However, Drown 
et al. (2013) showed that whenever genetic modifiers of the 
degree of vertical transmission existed and there was posi-
tive interspecific epistasis (e > 0), that the genetic variants 
favoring a higher degree of vertical transmission hitchhiked 
on the spread of the epistatic mutations, creating a feedback 
process that enhances higher-level selection (Sober and Wil-
son 1998).

Douglas and Werren (2016, p. 4) argue against the holo-
biont/hologenome view when they conclude that, “estab-
lished evolutionary methods are fully able to address mul-
tilevel selection [citing Maynard Smith and Szathmary, and 
West et al.] without the constraints imposed by the specific 
assumptions of the hologenome concept.” But, because mul-
tilevel selection theory with synergistic epistasis and indirect 
genetic effects has not yet been fully translated into the holo-
biont context, we cannot agree with this claim.

Douglas and Werren (2016) further object to the treat-
ment in the holobiont/hologenome literature of the host 
microbe association as a single unit of selection because 
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there are symbionts that reduce host fitness and because 
there can be conflict between symbionts. However, in eco-
logical communities, like the holobiont, it has long been 
understood that (Thompson 1994, p. 286), “studies of pair-
wise interactions alone are insufficient for understanding the 
evolution of interactions in general and the coevolutionary 
process in particular.” Indirect ecological effects are com-
mon in ecological communities of which the holobiont is an 
example. In an ecological as opposed to a genetic context, 
indirect effects occur when more than two species interact 
and one species alters the effect that another species has on 
a third species (Strauss 1991; Stanton 2003).

Moreover, direct interactions between a pair of species 
may not be representative of the population dynamics when 
the indirect effects of other community members are con-
sidered (Stanton 2003). As we stated above, the hologenome 
concept does not assume that all elements of the holobiont 
are cooperative; rather, it includes conflict among its parts, 
though incorporated into a whole (see Dupré 2013; Theis 
et al. 2016; Roughgarden et al. 2017; Lloyd 2018). And, it is 
well established that vertically transmitted parasites, which 
may harm hosts when considered alone, may serve as indi-
rect mutualists when they exclude more virulent horizontally 
transmitted parasites (Lively et al. 2005). Coevolution in 
the context of these three-species communities (host, mild 
pathogen, virulent pathogen) bears conspicuous similarity 
to nuclear gene models of the cost of resistance in plants to 
herbivores or the cost of resistance in bacteria to antibiotics.

In the holobiont, as in ecological communities in general, 
symbiont abundances are determined by complex webs of 
interactions. These in turn determine holobiont (i.e., com-
munity) properties such as diversity and stability (Miller 
and terHorst 2012). Identifying and quantifying indirect eco-
logical effects is a major issue in community ecology, and 
connecting indirect ecological effects and indirect genetic 
effects with multilevel selection theory is a major concern 
of community genetics. This is, in part, why we believe that 
a theory for the evolution of holobionts will emerge from 
community genetics instead of gene-centric, species-centric 
evolutionary theory.

Holobionts and the Logic of Research 
Questions

The biases of the gene-centric view toward single-gene 
effects, the ubiquity of conflict between the evolution-
ary interests of different genomes, and the supremacy of 
lower-level selection direct the research questions asked, 
the data gathered, and the interpretations rendered. The 
“gene’s-eye” perspective rules out consideration of the 
holobiont as a level or unit of selection except under 
stringent conditions, which include restraining lower-level 

selection. The multilevel selection perspective is differ-
ent. It places a greater emphasis on determining whether 
or not a holobiont has the properties or features neces-
sary to function as one unit of selection among many. It 
emphasizes fitness interaction, particularly interspecific 
epistasis, as a means of characterizing a property of the 
holobiont as an interactor that cannot, statistically speak-
ing, be attributed to its component species. It also focuses 
on transmission mode, since any degree of vertical trans-
mission establishes the holobiont as a unit of selection 
with respect to the reproducer criterion.

In order to understand gene function, geneticists have 
a long-standing practice of causing errors in genes by the 
application of mutagens, gene knockouts, interfering RNA, 
and so on. If we understand gene function by causing 
errors in genes through gene knockouts, what is the meth-
odological analogy in the study of the function of gene 
combinations? We suggest that the relevant analogy is cre-
ating novel gene combinations by disrupting those estab-
lished in nature and seeing whether any functions, par-
ticularly those related to fitness, are diminished or absent. 
The yeast two-hybrid system (Fields and Song 1989) origi-
nally designed for studying protein–protein interactions 
is one commonly used method in molecular biology for 
studying physiological epistasis. This methodology has 
not been part of the genic-selectionists’ toolbox or reason-
ing. Instead, they use the single-gene components of gene 
combinations to “discover” evidence of “gene conflict,” 
not evidence for or against coevolution. As a matter of 
theoretical practice (e.g., Rice 2013), they anticipate that 
the parts of a whole will be in conflict with one another 
rather than seeing them as parts of a whole that coevolved 
owing to epistasis, i.e., with fitness more than the sum of 
its parts. The myriad of functional protein–protein interac-
tions discovered using the yeast two-hybrid system in the 
decade after its development (Young 1998) is empirical 
evidence that a gene-centric view of adaptive evolution 
is incorrect within species and is unlikely to characterize 
the more complex interactions of genes across genomes 
in the holobiome.

As an alternative to the gene-centric approach, we can 
study how a gene combination falls apart when we break 
up good combinations and reassemble them in combina-
tions deleterious for fitness together. And, we can infer 
gene coevolution from the bad gene combinations, because 
they reduce function or fitness, just as we infer gene func-
tion from mutant genes that are poorly functioning. We 
don’t say my lamp stopped working because the light bulb 
is cheating on the switch! Analogously, we argue that 
it is inappropriate to tell adaptive stories about genetic 
parts separately, when the whole is the functional level 
at stake. We can see this distinction between the gene’s-
eye approach and the community genetics approach more 
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clearly by examining the Logic of Research Questions as 
applied to the different conceptual programs. This involves 
posing relevant research questions for each research pro-
gram and considering the possible and responsive answers 
to them under that research program.

On the gene’s-eye approach, the research questions 
involve looking for conflict and cheating among parts of a 
genetic system, as we can see in Set 1.

Set 1: Genic Selection Research Questions
Let’s examine how genic selectionists approach a sys-

tem that they want to understand. They tend to ask research 
questions like the following:

“Who is outcompeting whom? Who is cheating on 
whom? Who benefits at the cost of whom? Who wins 
this evolutionary conflict? What is the lowest level 
entity that can be treated as an evolving population, 
and what are its evolutionary interests? Should a 
gene cheat its relatives as much as it cheats nonrela-
tives?”

Possible and responsive answers to these questions 
include:

A  Cheaters arise within a population and spread.
A  There must be many policing mechanisms, because oth-

erwise there would be more cheaters.
A  Females are cheating on males.
A  Males are cheating on (or sterilizing) females.
A  Maternal evolutionary interests are in conflict with those 

of offspring.
A  Mitochondrial genome interests are in conflict with 

those of the nuclear genome.

(Ehrlich and Ravens 1964; Williams 1966; Futuyma 
1998, Rice 2013; Bronstein 2015; Jones et al. 2015)

Set 2: Genic Selection Research Questions Related to 
the Holobiont

Now, let’s examine how genic selectionists approach a 
holobiont that they want to understand. They tend to ask 
research questions similar to those in Set 1:

“Who is outcompeting whom? Who is cheating on 
whom? Who benefits at the cost of whom? Who wins 
this conflict? What is the lowest level entity that can 
be treated as an evolving population, and what are its 
evolutionary interests?”

Possible and responsive answers to these questions 
include:

A  Microbes are cheating on hosts.
A  Hosts are cheating on microbes.

A  Vertically transmitted symbionts distort the sex ratio 
towards females, creating conflict with the nuclear 
genome.

A.  Mutualisms are evolutionarily unstable owing to the 
genomic conflict that develops when cheaters arise in 
either the host or its symbionts.

A  There must be many policing mechanisms, because 
otherwise more cheaters would be observed in natural 
mutualistic systems.

(Bronstein 2015; Jones et al. 2015; Moran and Sloan 
2015; Szathmary 2015; Burt and Trivers 2006; Douglas and 
Werren 2016; Queller and Strassman 2016).

Consider the RQ, “What is the lowest level entity that can 
be treated as an evolving population, and what are its 
evolutionary interests?” The question posed here is a ver-
sion of the “parsimony” method, advocated originally by GC 
Williams (1966) to avoid the perils of group selection. Much 
later, Williams (1990, p. 504) admitted that his “parsimony” 
method was not, in fact, the best method to deal with group 
selection debates. In his review of Lloyd (1988), he instead 
endorses a multilevel selectionist approach that “makes more 
sense than any other I have seen.”

Nevertheless, Moran and Sloan (2015, p. 6) appeal to Wil-
liams’ (1966) view arguing that holobionts undergo selec-
tion much like the “Early and oversimplified views of group 
selection…[which] failed to recognize that population-level 
adaptations are unstable under most circumstances, due to 
susceptibility to invasion by selfish individuals (… Williams 
1966).” Similarly, Douglas and Werren (2016) invoke both 
Williams’ parsimony concept and his averaging reasoning 
about epistasis (see Williams 1966, p. 56).

But what is a viable research alternative to the traditional 
gene-oriented approach? As hinted above, in studying coev-
olution, we engage different research questions that yield a 
different set of possible and responsive answers:

Set 3: Coevolutionary Community Genetics Research 
Questions

Let’s examine how community geneticists approach a 
holobiont that they want to understand. They tend to ask 
research questions like the following:

“What is a well-functioning, interspecific gene combi-
nation? What is interspecific epistasis and how can it 
be measured to determine whether or not the holobiont 
is an interactor? What adaptive function does a gene 
combination across host and microbe have to have for 
the holobiont to establish it as a beneficiary? What 
happens with poor gene combinations, when they 
appear through mutation, recombination, or hybridi-
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zation? What is the level of vertical transmission and/
or partner choice necessary to establish a holobiont as 
a reproducer?”

Possible and responsive answers to these questions 
include:

A  Well-functioning gene combinations are coadaptations 
with the holobiont as beneficiary.

A  This trait or coadaptation is the specific function of 
this gene combination appearing across two or more 
populations/species.

A  If coadapted populations evolve separately and cross, 
they produce inviable hybrids or chimeras.

A  This host gene provides a good background for this par-
ticular microbe gene and its reproduction, and together 
they produce this interactor which has a particular func-
tion interacting with the environment. (In the mathe-
matical description above, we called this interspecific 
epistasis, e.)

A  This microbe is a particularly good background for this 
host gene.

A  This microbe gene is a good background for this host 
gene and its reproduction, and together they produce 
this interactor which has a particular function interact-
ing with the environment. (In the mathematical descrip-
tion above, we called this interspecific epistasis, e.)

A  Or both of the above, evolving a mutualism which repro-
duces itself (above random in proportion to the degree 
of vertical transmission, v, which is a continuum).

A  When symbionts’ genes are bad combinations with the 
host genes, or vice versa, they do not build up associa-
tions; the combination dissipates, because there is no 
or limited reproduction of malfunctioning holobionts. 
Once they are rare, there is no evolutionary interaction, 
either.

(Birky 2001; Odling-Smee et al. 2003; Wade and Good-
night 2006; Brandvain et al. 2007; Wade 2007, 2016; Brand-
vain and Wade 2009; Bright and Bulgheresi 2010; Brucker 
and Bordenstein 2013; Drown et al. 2013; Bordenstein and 
Theis 2015; Roughgarden et al. 2017)

Epistatic selection on individuals creates nonrandom genetic 
associations. The same type of associations between host 
and symbiont genes are set up by selection acting on holobi-
onts when there is interspecific epistasis or pleiotropy.

What are not adequate answers to the coevolution RQs 
above are the answers like: “one gene is cheating on the 
other gene” or “one type of organism is cheating on the other 
type of organism,” because these are nonresponsive to the 
specific questions at hand. Differently put, the questions ask 
about well-functioning gene combinations, which have, by 

definition, an epistatic component that does not belong to 
the host or to the symbiont. Cheaters impose a [+, −] epi-
static interaction on a holobiont, and epistatic selection does 
not increase the frequency of such associations but rather 
diminishes them. Furthermore, by diminishing the frequency 
of the specific host genotypes, the biotic environment on 
which they thrive, cheating symbionts reduce resource abun-
dance for their own offspring. Although they seem to offer 
an answer to some of the RQs posed in Set 3, we argue that 
such an answer to this case is not best conceived as a case 
of “cheaters,” but rather as a case of “losers” (i.e., poor gene 
combinations).

Moran and Sloan (2015) advocate the theoretical and 
experimental study of selection acting on holobionts 
as “composite entities,” but we argue that their LRQ as 
expressed in Set 2 limits the nature of their questions and 
what are considered responsive answers to them. In Set 3, we 
have proposed an alternative that is backed by a large body 
of theoretical and experimental work devoted to investigat-
ing how selection acts on composite entities in genetically 
structured populations.

Consider the following metaphor: If the switch is broken 
or the light bulb is broken, a lamp does not work. If we say 
the broken switch is cheating on the light bulb, we are imbu-
ing the switch with an inappropriate property from the point 
of view of the functional structures involved in the research 
question. The analogous categories under the good gene 
combinations are a functioning switch and functioning light 
bulb; all other combinations of switch and bulb are poor 
combinations with lower fitness. Functioning combinations 
increase in frequency as evidenced by positive interspecific 
linkage disequilibrium (ILD). Conversely, combinations 
bad for the fitness of the whole occur less frequently than 
random. Negative interactions that lower the fitness of the 
whole do not reproduce themselves, that is, neither defective 
part spreads. They are not cheaters, they are losers.

Note also, the above are adequate explanations for the 
coevolutionary research question, but not responsive answers 
to the research question, “Who is cheating on whom?” or 
“What is the lowest-level entity that can be treated as an 
evolving population, and what are its evolutionary inter-
ests?” from Sets 1 or 2.

The Case of the Vibrio‑Squid Symbiosis

From the genome conflict LRQ, extreme partner fidelity, 
like vertical transmission, can reduce genome conflict but 
not eliminate it. As Moran and Sloan (2015, pp. 6–7) put 
it, “even when symbionts are vertically inherited and more 
readily regarded as part of the host genetics than as part 
of the environment, conflicts are rampant” (our emphasis). 
For that reason, the bobtail squid-Vibrio fishcheri symbiosis 
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poses a significant problem for the general dismissal of holo-
biont dynamics in nature. In this symbiosis like many others, 
all host squid are born without bacteria and must acquire 
them from the environment. That is, none of the bacteria are 
vertically inherited, yet they “retain features (luminescence) 
that benefit hosts” (2015).

Because Moran and Sloan see the squid as at risk of being 
“invaded” by bacteria interested in taking over the host, the 
retention of host-beneficial traits by the symbiont poses a 
problem. The solution, under the genic/cheater Set 2 LRQ, 
is to propose that, “hosts have evolved effective policing 
mechanisms that prevent ‘selfish’ symbionts from invading 
and spreading” (Moran and Sloan 2015, p. 7).

Our perspective on this vibrio-squid symbiosis under 
the LRQ of community genetics in Set 3 is different. The 
association between squid and symbiont has to be reestab-
lished each generation. The biology of this process suggests 
that there is a strong asymmetry in coevolution, whereby 
adaptation on the part of the squid to use the symbiont has 
been significantly greater than reciprocal adaptation by the 
symbiont to the squid.

Consider the life history of the squid. The adult female 
squid, Euprymna scolopes, lives approximately one year and 
is iteroparous, laying several clutches of eggs. After lay-
ing a clutch, a female covers it with sand but provides no 
other parental care (McFall-Ngai 1999). The young are born 
without symbionts but begin obtaining them from seawater 
shortly after hatching. Vibrio fisheri cells typically represent 
less than one-tenth of one percent of the bacterial cells in 
seawater, but host adaptations interact with the symbiont to 
ensure that it alone becomes predominant within the squid. 
This process of “symbiont recognition,” which functions 
to diminish or eliminate bacteria other than V. fisheri, is 
analogous to mate recognition, which functions to diminish 
or eliminate hybridization between heterotypic individuals. 
This type of “partner choice” at the species level is different 
from, and could occur without causing, the genotypic match-
ing necessary to create ILD (see above). However, mutant V. 
fischeri strains defective in light production are outcompeted 
and do not persist in the light organ of the squid (Nyholm 
and McFall-Ngai 2004). This process could create ILD if 
squid genotypes differed in the efficiency of this process, but 
this has not been shown. The ciliated epithelia of a squid’s 
nascent light organ are essential to successful colonization 
by free-living V. fisheri cells, although after colonization, 
the symbionts induce the loss of the cilia that promote colo-
nization, preventing inclusion of additional V. fisheri cells 
(Nyholm et al. 2002; Nyholm and McFall-Ngai 2004). This 
makes Vibrio colonization a one-time event during early 
squid development.

The initial colonization process establishes a symbiont 
population for the lifetime of the host. In addition, the num-
bers of colonists entering a host’s light organ is very small 

such that “only one or two cells of V. fischeri enter each of 
six internal epithelium-lined crypts present in the developing 
light organ” (Wollenberg and Ruby 2009, p. 193). This is a 
smaller bottleneck of colonists than the bottleneck experi-
enced by vertically transmitted mitochondria colonizing an 
unfertilized egg in most species of animals (Birky 2001; 
Rand 2001). The small number of founders grows rapidly to 
a much larger population, which then initiates the quorum-
sensing bioluminescent features of the squid. Each day, a 
squid expels 95 percent or more of its symbiont population 
but does not take in any additional symbionts. Although 
some studies suggest that this daily expulsion results in “an 
increased likelihood that subsequent generations of squids 
will be successfully inoculated,” (McFall-Ngai 1999, p. 241) 
there is as yet no evidence of such enrichment.

Turning to the symbiont, populations of bioluminescent 
V. fischeri consist of free-living cells, sediment-associated 
biofilms, and host-associated mutualists. Even the latter cells 
“alternate between growth within their hosts and prolonged 
survival in aquatic habitats” (Yildiz and Visick 2009). Wol-
lenberg and Ruby (2009) hypothesize that there are growth 
trade-offs between the symbiont-associated and free-living 
seawater environments. The more common and more heavily 
populated environment is nonhost associated.3 For example, 
Jones et al. (2007, p. 320; our emphasis) found that, “mem-
bers of the Vibrionaceae still constitute a large proportion 
of the bacterioplankton community in the areas we were 
able to sample, with or without the presence of squid hosts.”

Thus, although every individual squid has biolumines-
cent symbionts, the vast majority of the symbiont popu-
lation is not dependent upon or found in association with 
squid. In the terminology of our model (“Evolution in Biotic 
and Abiotic Environments” section above), the frequency 
of non-symbiont harboring squid is near zero (host  f3 ~ 0) 
but the frequency of free-living, nonhost associated V. fis-
cheri is very high (symbiont  f3 ~ 1). Moreover, free-living 
strains of V. fischeri have been shown to grow under a wider 
variety of environmental conditions than symbiotic strains. 
Chavez-Dozal et al. (2013, p. 557) found that, “free-living 
strains are considerably more resistant to grazing pressure 
than symbiotic strains” and suggested that, “host selection 
may compromise the fitness of [host-associated] V. fischeri 
strains that are more amenable to a stable (and predator-
less) environment compared to the external environment.” 
Given the greater abundance and fitness of free-living sym-
bionts, which are the source of the host-associated symbi-
ont populations, it is reasonable to expect that gene flow 

3 Note that the squid-related vibrio are an insignificant portion of the 
total vibrio population, since the squid release 50,000 vibrio per day, 
while it is estimated that 30-150 million free-living vibrio cells pass 
over the mantle of the squid every day.
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limits adaptation of V. fischeri to the host-associated, squid 
environment.

Given the predominately one-sided nature of adaptation 
in this example, we suggest that the vibrio-squid associa-
tion be called a “demibiont” instead of a “holobiont.” This 
new terminology acknowledges and characterizes the case 
of primary concern to Moran and Sloan (2015), wherein a 
host adapts to the biotic environment of the selected and 
associated symbiont in the same way as it may exhibit habi-
tat choice and adapt to an abiotic environment. Although 
we agree with Moran and Sloan (2015) on this point in this 
specific case, we do not agree that, in general, adaptation 
to a biotic environment is equivalent to adaptation to an 
abiotic environment, for reasons given in the “Evolution in 
Biotic and Abiotic Environments” section above. Nor, as we 
argued in that section, do we believe a priori that most holo-
bionts are or have been shown to be demibionts. It would be 
of great interest to know what fraction of host-associated 
microbes are demibionts, mutualists, or opportunists.

We emphasize, however, that our reasons for both agree-
ing with Moran and Sloan in the vibrio-squid case but 
disagreeing in general derive from our pursuit of the LRQ 
of community genetics Set 3 instead of the LRQ of genic/
cheater Set 2. From the perspective of genome conflict (LRQ 
Set 2), selfish, nonluminescent bacteria would invade host 
squid if not for a stringent policing mechanism of the host 
which results in luminescence being maintained by the bac-
teria for the benefit of its host. The biology of the vibrio-
squid colonization process shows that “selfish” bacteria are 
not invading a passive host nor is the host selecting among 
or “policing” passive bacterial genotypes. It is also not the 
case that the luminescence is maintained as a feature of the 
symbiont “for the benefit of the host.” In phylogenetic stud-
ies of the Vibrionaceae, Vibrio species, including V. fish-
eri, are derived from bioluminescent, nonhost-associated 
ancestors (Sawabe et al. 2013). Bioluminescence in non-
host-associated bacteria is an adaptation to resource scarcity 
in the deep sea environment. It results in glowing bacteria 
being taken into the nutrient-rich environments of the guts 
of marine fish and arthropods (i.e., they are eaten) “where 
they survive digestion and gain effective means for growth 
and dispersal” (Zarubin et al. 2012). There is no conflict 
over bioluminescence between the squid and its symbiont 
as suggested by the LRQ Set 2 research questions. And, 
although a squid appears to provide a superb environment 
for the growth of V. fischeri populations, the small found-
ing numbers severely reduce genetic variation, and relaxed 
selection of the within-host environment results in lowered 
fitness of the host-associated strains when they are released 
from squid and subsequently compete with nonhost-asso-
ciated and free-living strains. Rather than see the loss of 
fitness of host-associated V. fischeri populations as the result 
of genomic conflict, the complex process of colonization, 

population growth, and expulsion might be better seen as 
each squid performing a “mutation-accumulation” (Halligan 
and Keightley 2009) experiment on its symbiont population 
over its lifetime.

Overall, we propose that the study of holobionts is best 
served by seeing holobionts as distributed along a contin-
uum of fitness interactions and partner fidelities. The overall 
strategy of holobiont critics has been to take extreme ver-
sions of holobionts along the continua, and say “these are 
uncommon,” and conclude therefore that there is nothing 
new here to be understood. This strategy is analogous to 
only studying eusocial organisms and concluding that, since 
they are uncommon, therefore all other forms of sociality, 
including intermediate forms, are uncommon. We will be the 
first to say that the euholobiont is uncommon, but insist that 
regular holobionts, in between demibionts and euholobionts, 
are nearly universal. Moreover, the conceptual approach to 
understanding them ought to be different from the gene-cen-
tered, species-centered perspective founded on the principle 
of genome conflict.

Moran and Sloan (2015, p. 7; emphasis in original) ask 
the important question, “What Is the Null Hypothesis?” And 
after acknowledging that, “Many features of eukaryotes… 
cannot be understood without taking into account micro-
bial associates,” they ask, “but how should we formulate 
our questions and hypotheses?” We agree that this is the 
essential issue at stake, but point out that there is more than 
one approach, each with a different LRQ, to answering this 
question. Here we have contrasted the two approaches with 
respect to a specific case of a host and its associated sym-
biont. Moran and Sloan (2015, p. 7; emphasis in original) 
argue that, “the wrong approach is to start with the assump-
tion that associated organisms have evolved to function as 
a cooperative unit and that the task is simply to character-
ize mutually beneficial adaptations.” And they advance the 
view that, “A more parsimonious approach is to adopt the 
null hypothesis that interacting lineages have not evolved 
exceptional hologenome-selected traits, and to test specific 
hypotheses regarding such traits.”

Their argument is advanced in terms of the merits of sim-
plicity or parsimony, just as Williams had argued 50 years 
ago against group selection, in an argument that he later 
abandoned when pressed in a real-life case (Williams 1990). 
We agree with Moran and Sloan (2015, pp. 7–8) in their call 
for “careful wording that does not invoke dubious evolu-
tionary mechanisms.” We have argued that what is seen as 
a dubious evolutionary mechanism depends upon the prior 
commitment to a specific LRQ.
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Conclusions

In the summary of their case against holobionts, Douglas 
and Werren (2016, p. 4) argue that contemporary under-
standing “identifies the dominant processes shaping the evo-
lutionary trajectory of vertically transmitted microorganisms 
to operate at levels of selection lower than the association.” 
We have discussed our concern that they are not utilizing 
appropriate hierarchical community genetics models appli-
cable to holobionts. We have also addressed their assump-
tion that coevolution of host and symbionts requires that 
selection occurs exclusively or primarily at the holobiont 
level. Our proposal is rather that the holobiont is one among 
many possible levels of selection operative in the evolution-
ary process, and needs to be taken into account when giving 
an evolutionary account of the association between a host 
and its microbes. We have argued further that evolution-
ary transitions theory après Maynard Smith and Szathmary 
may not be an appropriate category of selection processes 
or dynamics for understanding these cases. Because we are 
interested in the origins of different transmission modes and 
in the evident polymorphism among transmission modes in 
some host-symbiont associations, we would not limit the 
study of holobionts to those strictly vertically transmitted 
communities. That is, the restriction of study to “particular 
host-symbiont pairs with high partner fidelity and not to the 
entire host-microbiome, which includes diverse interactions 
and fidelities of association” (Douglas and Werren 2016, 
p. 4; see also Moran and Sloan 2015; Doolittle and Booth 
2017) is a restriction that is unnecessary under our multi-
level, community genetics approach.

The kind of selection assumed to be operating in the holo-
biont case on our models is one involving epistasis at the 
trait or genetic level, and not one in terms of suppression 
of a lower level in favor of any higher level, and contrary to 
the models the opponents of holobionts cite as appropriate 
in their papers. Douglas and Werren write in their conclu-
sion that the holobiont/hologenome approach “focuses on 
one level of selection (the holobiont), and as a result it is 
concerned with cooperative and integrative features of host-
microbe systems to the exclusion of other kinds of inter-
actions, including antagonism among microorganisms and 
conflicts between host and microbial partners.” This is a mis-
characterization of the literature. Antagonism and conflicts 
are included between hosts and between microbial partners 
(Dupré 2013; Dupre and O’Malley 2013; Theis et al. 2016; 
Roughgarden et al. 2017; Lloyd 2018). Hosts can become 
symbiotic occasionally with pathogenic organisms, e.g., E. 
coli (Lively et al. 2005). Because the genic level LRQ (Set 
2), assumed by the opponents of holobionts, only admits 
certain combinations as plausible or responsive answers to 

the selfish gene picture, it has led to these mistaken conclu-
sions dismissing antagonistic relationships.

The most significant results of this article include the 
proposal of genetics models that clarify the self-limiting 
nature of cheating, and the runaway process dynamics of 
mutualism. We have argued that these models falsify the 
many claims about holobionts that have been made con-
cerning their limitations due to cheaters, i.e., organisms or 
genes that, in their self-interest, foil the adaptive process of a 
jointly adaptive state of a higher-order mutualism. Moreover, 
misunderstandings due to the failure to distinguish between 
the evolutionary interactor and evolutionary reproducer have 
stymied progress in understanding the holobiont and its evo-
lutionary role (Roughgarden et al. 2017; Lloyd 2018). In 
addition, there has been a misunderstanding of the dynam-
ics of multilevel selection itself (Wade 2007; Drown and 
Wade 2014). Our models indicate that mutualisms would be 
expected to be more common in the natural world. Despite 
the expectation, on the genic-level cheater theory, that few 
mutualisms would be found, and more than a few cheaters, 
actual well-defined cheaters have yet to be found in nature 
(Jones et al. 2015; see Bronstein 2015). Moreover, cases of 
parasitism transitioning to mutualism are not possible under 
genomic conflict theory but are common in some clades 
(Bronstein 2015).4 In sum, we take all of this evidence from 
nature as a good sign for our models of mutualisms and 
holobionts.
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