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Abstract

Symbiosis plays a fundamental role in contemporary biology, as well as in recent thinking in philosophy of biology. The
discovery of the importance and universality of symbiotic associations has brought new light to old debates in the field,
including issues about the concept of biological individuality. An important aspect of these debates has been the formulation
of the hologenome concept of evolution, the notion that holobionts are units of natural selection in evolution. This review
examines the philosophical assumptions that underlie recent proposal of the hologenome concept of evolution, and traces
those debates back in time to their historical origins, to the moment when the connection between the topics of symbiosis
and biological individuality first caught the attention of biologists. The review is divided in two parts. The first part explores
the historical origins of the connection between the notion of symbiosis and the concept of biological individuality, and
emphasizes the role of A. de Bary, R. Pound, A. Schneider and C. Merezhkowsky in framing the debate. The second part
examines the hologenome concept of evolution and explores four parallelisms between contemporary debates and the
debates presented in the first part of the essay, arguing that the different debates raised by the hologenome concept were
already present in the literature. I suggest that the novelty of the hologenome concept of evolution lies in the wider
appreciation of the importance of symbiosis for maintaining life on Earth as we know it. Finally, I conclude by suggesting
the importance of exploring the connections among contemporary biology, philosophy of biology and history of biology in
order to gain a better understanding of contemporary biology.

Keywords Symbiosis - History of biology - Philosophy of biology - Biological individuality - Hologenome - Holobiont - Units of
selection

That symbiosis is a universal phenomenon in our planet is
something that does not escape the attention of biologists.
Organisms of different species constantly engage with each
other in various types of associations, amongst which symbi-
osis—the persistent relationship among individuals of different
species (Paracer and Ahmadjian 2000)— stands out as an es-
sential phenomenon for the maintenance of life on Earth as we
know it. For instance, it is widely acknowledged that the bod-
ies of most animals contain an important number of bacterial
partners, which sometimes even leads to the duplication of the

D4 Javier Suarez
javier.suarez@ub.edu; jsuar3b@ gmail.com

Department of Philosophy, Universitat de Barcelona, C/ Montalegre
6-8, E-08001 Barcelona, Spain

number of their own cells (Huttenhower et al. 2012; Relman
2012; McFall-Ngai et al. 2013; McFall-Ngai 2015).
Furthermore, the important role of symbionts for the physiol-
ogy and normal development of their hosts is generally rec-
ognized and widely supported by current biological evidence
(Gilbert and Epel 2009; Brucker and Bordenstein 2012, 2013;
Sommer and Backhed 2013; Rosenberg and Zilber-Rosenberg
2014; McFall-Ngai 2015). Finally, the importance of symbio-
sis in some events of speciation has been recently explored
and it is currently gaining empirical support (Jaenike et al.
2010; Brucker and Bordenstein 2012, 2013; Gontier 2015;
Lipnicki 2015).

The acknowledgment of the importance of symbiosis for
the maintenance of life on Earth, as well as the universality
of the phenomenon, has recently led philosophers of biol-
ogy to question the definition of some of the most important
concepts in the field. Particularly important, the
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monogenetic uniqueness of organisms as well as the bound-
aries between organisms and their environment have been
questioned, challenging some of the traditional definitions
of biological individuality. Should the symbiotic microor-
ganisms that reside within the bodies of animals and plants
be considered parts of a holistic unit that encompasses the
host and its symbionts or, on the contrary, should those
microorganisms be considered independently from the
host? If they should be considered parts of the host, forming
a higher level entity, what is the metaphysical status of this
higher level entity? Is it itself a biological individual, or an
ecological community of different independent individ-
uals? Can symbiotic assemblages be considered units of
selection, i.e. objects that form populations that evolve fol-
lowing Darwinian dynamics? If so, how does this affect the
concept of heredity? And how do symbiotic associations
evolve through time? As McFall-Ngai et al. have summa-
rized: “[t]hese new data are demanding a re-examination of
the very concepts of what constitutes a genome, a popula-
tion, an environment, and an organism” (McFall-Ngai et al.
2013:3234).

Those basic philosophical questions are not completely
new, and their origin can be traced back in time to the first
moments in which symbiosis thinking began to flourish,
and the definition of the concept was not clear." For in-
stance, at the end of the nineteenth century a popular trend
in biology started identifying symbiosis with “mutualism”
(Martin and Schwab 2012). This attitude led those authors
to emphasize the existence of a “shared dependency”
among partners (physiological, morphological), in which
the biological individuality of these partners might be
sacrificed in benefit of the “bigger entity”. This, for exam-
ple, was the position of Albert B. Frank in his early research
on mycorrhizas in 1885 (Frank 1885 [Frank 2005]; Trappe
2005). However, if on the contrary most symbionts are
interpreted as parasites, this would led to emphasize the
individuality of the symbionts that engage in the relation-
ship, suggesting that they will engage in the relationship for
their own benefit, not losing their autonomy. This position
was vigorously defended by Roscoe Pound (1893). Their
disagreement suggests that the conception of symbiosis that
one holds has consequences for how to conceive biological
individuality.

This review has two purposes: first, it aims to analyse
the influence of symbiosis thinking in recent philosophy
of biology, particularly reflecting how it has influenced
the debates about the boundaries and constitution of the
biological individual, as well as the debates about the
units of selection; second, it aims to uncover the historical
roots of the relation between the concept of symbiosis and

! Many authors still argue that the definition of symbiosis are not clear at
present, e.g. Wilkinson (2001), Douglas (2010: 4), Martin and Schwab (2013).
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the philosophical controversy about what constitutes a bi-
ological individual.?

The review will be divided into two parts. The first part,
historically oriented, will introduce the concept of symbiosis
and analyse its conceptual evolution since it was first pro-
posed by Anton de Bary in 1879. The emphasis of this section
will be put in how the concept of symbiosis did already ques-
tion, since its original formulation, the boundaries and the
constitution of biological individuals. The second part of the
paper will be centred on recent developments in microbiology,
paying special attention to the hologenome concept of evolu-
tion, and how those developments have affected current de-
bates on the notion of what constitutes a biological individual,
as well as its connection with the debate about the units of
selection. I argue that most of the philosophical issues raised
by the hologenome concept of evolution were already present
in the original debates about symbiosis, and I try to uncover
their historical roots, drawing four parallelisms between past
research on symbiosis and the research done in the light of the
hologenome concept. Finally, I suggest that the recent aware-
ness of the philosophical significance of symbiosis originates
from three facts: first, the appreciation on the universality of
the phenomenon, which derives from the development of new
techniques to identify the presence of microorganisms in the
body of multicellular organisms (microbiomics); second, its
importance for sustaining life as we know it, including the role
that symbionts play in the physiology and development of
multicellular organisms; third, the consideration of some sym-
biotic assemblages —holobionts— as units of selection, which
caught the attention of philosophers who were previously not
so interested in the phenomenon of symbiosis.

1 Part I. The historical roots of the concept
of symbiosis - philosophical implications

This part of the review explores four main ideas relating to the
concepts of symbiosis and biological individuality. The gene-
sis of these ideas will be traced back to the authors that
first proposed them. I will begin by considering the work of
Anton de Bary, who first considers symbiosis as a separate
biological phenomenon, naming it, and characterizing

2 The review is not about the problem of biological individuality and how
different biologists and philosophers have conceived the topic; rather, this
review is about the relation between symbiosis and certain dimensions of the
problem of biological individuality —the boundaries and composition of the
biological individual and the units of selection. However, the reader must at
least take into account that three different notions of biological individual will
be considered, especially in part 2: biological individuals as functionally inte-
grated units, biological individuals as units of selection and biological individ-
uals as bounded units (with clear physical boundaries, such as a membrane).
Readers interested in the philosophical problem of biological individuality
might refer to Wilson and Barker (2013), Bouchard and Huneman (2013),
Pradeu (2016a), DiFrisco (2017) and Lidgard & Nyhart (2017: 17-63).
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its specific properties. At this time, [ will argue, symbiosis was
already understood to challenge received ideas on the physi-
ological boundaries of the individual; and yet, symbiosis was
not then clearly distinguished from other phenomena, e.g.
biological “sociality” (section 1). Second, I will consider
Roscoe Pound’s criticism of a symbiosis understood as mutu-
alism, and I will introduce the arguments he presents to justify
his opposition, paying special attention to his reliance on the
concept of “struggle for life” (section 2). Third, I will analyse
Albert Schneider’s “The Phenomena of Symbiosis”, as the
first systematization of the concept and, more importantly
for the purposes of this paper, the first moment in which sym-
biosis was understood as a phenomenon that might evolve
over time, and which could be analysed independently of the
organisms that interact symbiotically. I argue that Schneider
supposes the first important step in considering symbiotic as-
semblages as units of selection (section 3). Finally, I argue that
the last step for considering symbiotic assemblages as evolu-
tionary individuals (i.e. as questioning the conventional fron-
tiers of the evolutionary individual, of the entity that
“struggles for life”) was accomplished by Constantin
Merezhkowsky,”> when he hypothesized about the symbiotic
origin or chloroplasts, thus creating the conceptual possibility
of imagining a hereditary symbiosis (section 4).*

1.1 Anton de Bary (1831-1888)

The introduction of the term “symbiosis” in biology is usually
credited to Anton de Bary, who originally used it for the first
time in the history of biology in his speech to the Association of
German Naturalists and Physicians, “Die Erscheinung der
Symbiose”, the “phenomenon of symbiosis” (de Bary 1878
[2016]; Oulhen et al. 2016).” Nonetheless, one year before de
Bary’s lecture, Albert B. Frank had introduced the term
“Symbiotismus”, to designate those “cases where two different
species live on or in one another” (Frank 1877, quoted in Sapp
1994: 6). When they first used the term, both Frank and de Bary
were interested in the study of lichens, whose dual nature had

3 There are alternative ways to spell his name (e.g. Merezhkovski,
Meérejkovski, Mereschkovsky). I use the spelling that appears in Sapp et al.
(2002).

4 My historical focus is selective and not exhaustive, since I aim to compare
four parallelisms between the historical development of the concept of symbi-
osis and the recent developments of the concept of holobiosis. The reconstruct-
ed history I will present will reflect this interest. For the readers who are
interested in seeing different historical reconstructions see Sapp (1994),
Paracer & Ahmadjian (2000: 231-238), Wilkinson (2001), Peacock (2011),
Martin and Schwab (2012), Egerton (2015), Carrapigo (2015), Gontier (2015,
2016a), Zook (2015).

> Frank N. Egerton, however, in his review paper on the history of symbiosis
studies dedicates the first section to studies of symbiotic phenomena that
appeared before the concept of “symbiosis” was introduced (2015: 81-90).
He goes as far as to Herodotus, Aristotle and Theophrastus. Despite the interest
of their research, as far as this review is about the philosophical implications of
the concept and its relation to other philosophical concepts, I have chosen to
begin with de Bary’s account.

been hypothesized ten years before by Simon Schwendener
(Honegger 2000; Egerton 2015; Gontier 2016a). For
Schwendener, the dual nature of lichens was understood as a
relationship where the fungus is in control of the algae, that it
uses to obtain its nutrients, but also, and most importantly, as a
new biological individual: “the organisms are so intrinsically
and reciprocally connected that through their penetration and
merging, they constitute new plants with a clear individual
character” (1868, quoted in Gontier 2016a; emphasis added).
De Bary, drawing upon those observations plus the experimen-
tal results that demonstrated that the dual nature of lichens was
not merely a fiction of Schwendener —the two elements that
constitute the lichen were separated for the first time in 1876,
and by 1877 it was already possible to synthetize lichens in the
lab by merging algae with fungal spores (Stahl 1877, referred in
de Bary 1878 [2016]; Sapp 1994; Egerton 2015: 104, 106;
Gontier 2016a: 276)—decided to refer to “the living together
of differently named organisms” by the term ‘“symbiosis”
(1878 [Oulhen et al. 2016: 133]).

In his original lecture, de Bary emphasizes two aspects of
symbiotic relationships: first, the different degrees of depen-
dency that the partners in a symbiotic relationship sometimes
generate with respect to each other; second, the different kind
of effects that can be generated as a consequence of the sym-
biotic association. With respect to the latter point, by the time
when de Bary coined the concept of “symbiosis”, Pierre-
Joseph van Beneden’s classification of the different types of
associations between organisms in mutualism, commensalism
and parasitism, had become very popular (van Beneden
1876), and de Bary would precisely use that classification to
better capture the nature of symbiotic phenomenon, a phe-
nomenon of which, in his words: “[p]arasitism, mutualism
and lichenism are special cases” (1878 [Oulhen et al. 2016:
136]; emphasis added).® With respect to the former, de Bary’s
speech is predominantly dedicated, in almost its totality, in
explaining the types of dependencies among partners, includ-
ing, especially, the morphological and physiological effects
that symbiosis can cause the individuals that are interacting
symbiotically. Interestingly, he decided to include lichenism as
a distinct type of symbiotic relationship together. Why, then, is
lichenism different to mutualism and commensalism?

Most of de Bary’s paper is dedicated in explaining the
association between Azolla and Anabaena, Nostoc and
Cycas, and the fungi and algae that constitute lichens. In fact,

® Parasitism was known while before van Beneden, but parasites (including
those that we might call nowadays microorganisms, Pasteur’s germs) were
basically considered as pursuing their own interests, thus necessarily damaging
the other in a context of struggle for life (e.g. Spencer 1899; cf. Sapp 1994: 25—
28). Precisely, what is innovative about van Beneden’s work was that he was
the firstin: (1) identifying the existence of an important number of associations
among organisms that are not parasitic, a discovery that of course had histor-
ical precedents; (2) classifying the different types of biological associations in
virtue of their effects in a systematic way, which is also conceptually different
from previous views on the economy of nature (Egerton 2015: 84).
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de Bary seemed to perceive something particular in those
associations, which is the reason why he asserted:

“When we observe more closely the phenomena de-
scribed above, we find in the azollas and the cycads as
well as in lichens, intimate associations of different spe-
cies but never an organization that fits one of the cate-
gories described at the beginning of this study. For the
reasons that [ have already explained [see below], we
cannot strictly speak of commensalism or parasitism”
(1878 [Oulhen et al. 2016: 135])

Furthermore, he also discards the hypothesis that those as-
sociations might be considered simply as cases of mutualism:
“[i]t is however doubtful that there are mutual advantages to
the partners. We can definitely say that they do not harm each
other significantly (...). But presently, we have no evidence of
the mutual benefits that they could afford each other” (1878
[Oulhen et al. 2016: 136]). What de Bary finds particularly
noticeable about the cases of lichenism are precisely the mor-
phological and non-pathological effects of these types of as-
sociations, as well as the sorts of physiological dependencies
that emerge from the partners. Drawing directly upon the ex-
periments carried out by Stahl (1877), he highlights the im-
portant morphological changes that accompany the synthesis
of lichens: “right after their association with the fungus of the
lichen, the cells of the algac become much larger, contain
more chlorophyll, [and] are stronger in every way. Beyond
doubt, according to data, that have been known for a long time
regarding the structure of the lichen, all of these characteristics
are retained for the entire life cycle of the lichen, sometimes
for several dozen years” (1878 [Oulhen et al. 2016: 138]). Itis
precisely at this place of his discussion, when de Bary
applies Darwin’s theory, explaining that symbiosis might
work as an inducer of the morphological changes that are
required for natural selection to generate adaptation (see also
Sapp 1994: 9; Sapp 2003: 234-251).

What it is at stake in de Bary’s discussion of lichenism is
also a debate about the nature of biological individuality. If the
elements that conform the lichen are dissociated, the lichen
does not exist anymore, and we would only have a fungus —
that will eventually die— and an alga. However, if we put them
together to generate new lichen, they become somehow de-
naturalized, they lose their main morphological characteris-
tics, adopting a new configuration that makes them different
from their free-living counterparts. De Bary’s insistence in the
non-parasitic, non-mutualistic nature of lichens is also note-
worthy. On the one hand, he seems to have identified a new
dimension of the “living together”, which was not reducible to
van Beneden’s categories. On the other hand, he still wanted
to keep the concept of “symbiosis” to name the associations
that, in his words “we can group under the term sociability”
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(1878 [Oulhen et al. 2016: 136]), including some associations
that do not question the individuality of the partners involved
(e.g. pollination). Jan Sapp argues that “[t]his was a strategic
argument that was designed to ensure that lichens were not
discarded as exceptions” (1994: 9). I agree with him, and I
think de Bary actually believed he was identifying a very
distinct phenomenon, which questioned the conventionally
accepted boundaries of biological individuals.”

1.2 Roscoe Pound (1870-1964)

After de Bary delivered his lecture, research on symbiosis
started growing and new cases were discovered: Karl Bradt
discovered the presence of the symbiotic alga Zooxanthella in
the bodies of Hydra and sponges (1881, in Sapp 1994: 11) and
Patrick Geddes discovered the presence of non-pathogenic
alga in sea anemones (1882); some time later, Albert B.
Frank discovered the presence of fungi in the root of legumes,
which, he hypothesized, was a symbiont with important phys-
iological functions, naming it “mycorrhiza” (1885 [Frank
2005]). In this period, symbiosis practically became identified
with mutualism to a point where the two terms became inter-
changeable, while the general meaning of which de Bary had
suggested became lost (Sapp 1994: 18-34; cf. Martin and
Schwab 2012, who argue that the association between symbi-
osis and mutualism lasted until 1970).%

It is precisely in this context that Roscoe Pound lectured
his: “Symbiosis and mutualism,” with the aim of
disentangling the two concepts (Pound 1893). Pound started
his paper by distinguishing three types of relationships be-
tween hosts and parasites: those where the host kills the par-
asite; those where the parasite kills the host; and those where
“the host lives on side by side with the parasite indefinitely”
and continues “[a] further development is attained in cases
where the parasite and host not only live together, but are
mutually beneficial, and, perhaps, even, in extreme cases, in-
ter-dependent” (1893: 509; emphasis added). For him, fol-
lowing de Bary, symbiosis just meant “living together for a
long time,” and mutualism is just one of the forms that this

Tltis important to note that lichenologists originally rejected Schwendener’s
dual hypothesis (e.g. Crombie 1886), denying in some cases the evidence,
among other reasons because its acknowledgment would threaten “the hard-
won autonomy of lichenists themselves” (Sapp 1994: 4), in so far as lichens
would stop being an independent biological individual. Interestingly, lichen-
ologists did not lose their autonomy and it was precisely the study of lichens as
dual individuals that began challenging traditional ways of understanding bi-
ological individuals more generally. This is the first moment, to my knowl-
edge, that the problem of symbiosis and the philosophical problem of biolog-
ical individuality get engaged in a way that questions the traditional conception
of what counts as a biological individual.

8 One of the reasons why symbiosis became identified with mutualism during
this period is related to the influence of the political ideas of the time, espe-
cially the anarchist ideas of Kropoptkin (1902). Readers interested in the
influence of political ideas on symbiosis thinking can refer to Sapp (1994:
18-25) and Gontier (2016a).
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“living together” might take. Yet, in most circumstances, he
claims, this “living together” does not take the form of mutu-
alism. Furthermore, he provides some clarification that is es-
pecially important for the debate about biological individual-
ity: acknowledging that mutualism can take forms other than
“living together,” he says “it should be noted that the mutual-
ism of which we are here speaking is mutualism of parasite
and host —not mutualism of independent organisms” (1893:
509; emphasis added). Why that distinction between cases of
inter-dependent organisms versus cases of independent organ-
isms? What makes the former cases so special? We must recall
that de Bary had explicitly said that he had no objection to
using “symbiosis” to refer to those associations that can be
grouped “under the term sociability.” My impression is that
Pound had already perceived the qualitative difference be-
tween those two types of association: whereas the latter do
not compromise the concept of biological individuality, as
the organisms that interact can be clearly recognized as inde-
pendent, the former do, in so far as the organisms (1) live in
close association during all their life cycle and (2) might be-
come inter-dependent to such a agree as to form a new entity.

Granted, there is a qualitative difference between the
two types of associations (i.e. sociability vs. symbiosis)
in so far as the latter, but not the former, compromise cur-
rently accepted ideas about biological individuality.
In particular, it challenges the idea that one individual
can belong to only one species classified according to the
criteria of systematists. The rest of Pound’s paper is dedi-
cated in arguing that the biologists of his time had tended
to overemphasize the presence of mutualism, claiming to
have identified it in many symbiotic associations, where it
was not at all clear that the partners were acting mutually.
First, he argues, mutualism does not occur in every lichen:
it does not exist in homoeomerous lichens, or in what he
calls “pseudo-heteromerous lichens,” although evidence
suggests that it might exist in heteromerous lichens, as they
exhibit a complex interdependence among the fungus and
the algae that form the lichen (Pound 1893: 511-513).
Second, he analyses Frank’s studies on mycorrhizas and,
while recognizing part of Frank’s discoveries, he refers to
some evidence by R. Hartig, “a more sober and trustworthy
writer than Frank” (1893: 516). He argued that:

“Organisms are not given to gratuitously assisting one
another. Mychorhiza [sic] undoubtedly exists (...). But
that there is, in any of these cases, more than the ordi-
nary symbiosis of parasite and host, has not been shown
and is improbable. That every tree has its root system
covered with mycelia, proves nothing. Every tree has its
bark covered with lichens, its twigs with black fungi,
and its leaves with parasitic fungi of every description.”
(1893: 516)

Finally, he considers the presence of Rhizobium in the root
of Leguminosae.’ He says that the evidence is uncertain, and
although it might sometimes seem as if the Rhizobium were
mutualists, “[t]he bacteria (...) are parasites. They are there for
their own purposes, and are incidentally beneficial to the
plant” (1893: 518). Moreover, while admitting that in some
cases the symbiosis might lead to a mutualism —as the plants
infected do better than those uninfected—he continues
diminishing the evolutionary importance of these symbioses
by criticizing some of Frank’s observations:

“To these probabilities, Frank adds certain characteristic
improbabilities. (...) [T]hat the plant develops tubes or
hyphae for the purpose of self-infection which it sends
through its tissues. (...) [T]hat the roots of the
Leguminosae possess the power of attracting Rhizobia,
due, as he considers, to some secretion. This is too much
for his followers, and I think all will agree that it is the
last straw of an unsupportable load with which he has
already burdened our credibility.” (1893: 5 19)1°

And he concludes his paper saying:

“Ethically, there is nothing in the phenomena of symbi-
osis to justify the sentimentalism they have excited in
certain writers. Practically, in some instances, symbiosis
seems to result in mutual advantage. In all cases it results
advantageously to one of the parties, and we can never
be sure that the other would not have been nearly as well
off, if left to itself.” (1893: 520)

Even despite Pound’s dismissal of the importance of
mutualistic symbiosis, as well as its general importance,
his example helpfully illustrates the general awareness of
the phenomenon among biologists in the late nineteenth
century. Especially remarkable is his insistence of
distinguishing between those cases where interdependence
is generated versus those where two (or more) individuals
can be recognized as different. Second, and also remark-
able, is his way of neglecting the individuality of the sym-
biotic aggregate. As he expresses here and there, even if in
some rare cases the individuality of the symbiotic aggre-
gate might occur, the organisms are there for their own

? Although he did not call them Rhizobium, but “tubercles,” stating “For all
that [ have read and seen, I am satisfied that the parasites [in Leguminosae] are
bacteria, and I see no reason for separating them from the rest of Schizomycetes
as Schneider does. I even doubt the necessity of creating a separate genus for
them, as Frank did in 1890, under the name of ‘Rhizobium’” (Pound 1893:
517).

10 Qe Oldroyd (2013) to realize that some of Frank’s observations were in-
deed true and Pound, while having a fair point about the lack of proper evi-
dence for some of Frank’s statements, could have not been more mistaken.
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benefit, and many of them would probably be better out-
side the symbiosis.'' These claims have two important
consequences. First, it suggests that the general rejection
of symbiosis research by biologists writing at this time was
for the reason that it seemed to negatively affect the tradi-
tional conception of biological individuality and “struggle
for life” (see also Sapp 2003, 2004). Second, it paves the
way for a new and important conceptual change in symbi-
osis, the important division between symbiosis and other
forms of sociality, forms that de Bary had considered as
manifestations of the same phenomenon.

1.3 Albert Schneider (1863-1928)

The next important step in the development of the concept
was because of Albert Schneider, who in “The phenomena
of symbiosis” proposed a new understanding of the sym-
biosis as “a continuous association of two or more mor-
phologically distinct organisms, not of the same kind,
resulting in a loss or acquisition of assimilated food-
substances” (1897: 925). There were three purposes to
his paper: first, to distinguish clearly between cases of as-
sociations of living thing and cases of real symbiosis; sec-
ond, to suggest the possible evolutionary origin of symbi-
osis, accounting for the default behaviour of organisms,
which he understood as a “struggle for life”; and third, to
classify different types of symbiotic associations. Of
course, the three questions are closely connected to one
another: once symbiosis is distinguished from mere
“association,” the classification of different types of sym-
biotic phenomena will be partially based on evolutionary
criteria. Therefore, the different types of symbiotic rela-
tionships will be distinguished by degrees, from the forms
that entail independent individuality of the organisms that
interact, to those where the associated organisms lose their
individuality and merge to form a higher level entity.'?
To start with, Schneider begins by pointing out the fact
that symbiosis is something “abnormal,” as organisms
will usually tend to compete with each other. Symbiosis,
thus, requires long periods of time, phylogenetically, in

" pound’s seems to assume a concept of biological individuality similar to
what Queller and Strassmann have recently called the “cooperation/conflict
conception” of the biological individual (2009, 2016). For Pound, as it hap-
pens for the authors, symbiotic assemblages cannot be considered individuals
in the proper sense, as the entities that engage in the symbiosis are in constant
struggle with each other.

12 It must be noted, although in passing, that Schneider does not require that
the two organisms that engage in symbiosis belong to different species: he only
requires that they are morphologically different. That’s why, from his perspec-
tive, the mother and the embryo/foetus, the sexual cells that merge to form a
zygote or even tumours or cysts would count as cases of symbiosis. This is, I
think, different from de Bary’s original purpose —probably that’s why
Schneider says that he uses symbiosis “in its broader meaning, not in the sense
of De Bary” (1897: 923, fn. 1)—, who seemed to understand symbiosis requir-
ing different species.
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which the organisms live in close proximity or real con-
tact, and this makes it almost impossible to determine
when the starting point of the symbiotic relationship oc-
curred. After the relationship has begun, the organisms
will start experiencing some “morpho-physiological”
changes that will reinforce their connection, increasing
their degree of mutual dependency. At some point, the
two organisms will merge and their relationship will be
one of holistic dependency with respect to each other; this
is a phenomenon that Schneider calls “complete
individualism.” With this basic scheme of the evolution
of symbiotic relationships in mind, Schneider classifies
the different types of symbiosis as follows:

I. “Incipient Symbiosis (Indifferent Symbiosis)

1. Accidental Symbiosis
2. Contingent Symbiosis (Raumparasitismus)
II.  Antagonistic Symbiosis

1. Mutual Antagonistic Symbiosis (Mutual Parasitism)
2. Antagonistic Symbiosis (Parasitism)

a. Obligative Antagonistic Symbiosis
b. Facultative Anatagonistic Symbiosis

3. Saprophytism
a. Facultative Saprophytism
b. Obligative Saprophytism

[I. Mutualistic Symbiosis

1. Nutricism (Semi-Mutualistic Symbiosis)
2. Mutualism
3. Individualism

a. Semi-individualism
b. Complete individualism” (1897: 930-931)

Commenting on this classification Schneider makes two
important remarks: first, the development of the different
types of symbiotic associations and their particular charac-
ter will depend largely on environmental opportunity; sec-
ond, he puts the emphasis in studying “the phylogenetic
relationship of the symbioses without any reference to the
phylogeny of the organisms comprising them” (1897:
931). In this vein, as he indicates, it means that one does
not need to study the phylogenetic evolution of the specific
organisms that engage in the symbiotic relationship, but
only the relative evolution of the physiological relation-
ship. Figure 1, taken from Schneider (1897: 932) presents
his phylogenetic schema of the physiological evolution of
symbiotic relationships.
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Fig. 1 Phylogentic development
of symbiosis attending to
physiological criteria. Although
saprophytism is included in the
figure, showing its relation to
other symbiotic forms, it is not
classified as a symbiotic relation,
according to Schneider; rather, he
provides it as a point of
comparison

e

Jadiv idualism

Contingent Symbiosis

Accidental

Symbiosis

Schneider acknowledges from the beginning of his paper
the difficulty of determining the starting point of the symbio-
sis. Under the heading of “incipient accidental symbiosis” he
includes those cases where the organisms are in close physical
contact for a sufficiently prolonged time, understood ontoge-
netically, and irrespectively of whether or not morpho-
physiological changes (either antagonistic or mutualistic)
occur.13Moreover, he argues that, once an accidental symbio-
sis has been established, then the condition will immediately
be subject to change, since the permanency of this symbiosis
is in direct proportion to the degree of mutualistic specializa-
tion (1897: 934). In this sense, if an accidental symbiosis is not
broken down, it will evolve towards a “contingent

13 Schneider acknowledges the problems of this position, which can be criti-
cized on the same basis as Pound had criticized Frank’s account of mycorrhiza
—“[t]hat every tree has its root system covered with mycelia, proves nothing”
(Pound 1893: 516). However, he justifies his decision by claiming “[fJrom a
priori reasoning one is, however, forced to conclude that the first symbiotic
activities began with the first contact of organisms” (1897: 933).

symbiosis,” where the organisms involved, despite not
experiencing any morpho-physiological change, seem to man-
ifest a sufficient degree of elective affinity. One case of con-
tingent symbiosis, according to Schneider, is the bacterial flo-
ra of humans, which shows a certain degree of elective affinity
but does not seem to show any kind of morpho-physiological
relationship with the host.'*

The second symbiotic phenomena considered are the cases
of “Antagonistic Symbiosis.” According to Schneider, this cat-
egory includes “mutual parasitism,” i.e. the situation where
both organisms live together but their relationship is mutually
damaging, “parasitism,” a situation where one of the organisms
is damaged whereas the other obtains benefit from the relation,
and, as a limiting non-symbiotic case, “saprophytism”. For
Schneider, antagonistic forms of symbiosis can only give rise
to very limited morpho-physiological specializations or

14 See part II of the paper for seeing how these sorts of claims are presently
unsustainable.
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adaptation, since the parasitic nature of the relationship causes
it to be “a destructive association, [such that] [t]he morpholog-
ical and physiological changes tend towards dissolution rather
than evolution” (1897: 936). Therefore, he has a reason to
believe that, even if antagonistic forms of symbiosis are con-
ceivable (and, in principle, even expectable), a case of antago-
nistic symbiosis either evolves towards a case of mutualistic
symbiosis or it will be driven towards extinction.'?

The final kind of symbiotic phenomena, the cases of
“mutualistic symbiosis,” can occur when two organisms in-
teract with each other so that the relation is mutually benefi-
cial. The mutual benefit might occur either because one or-
ganism benefits another without being damaged
(“nutricism”), because both organisms “mutually benefit each
other [while] are still capable of leading an independent
existence” (“mutualism”) (1897: 941), or because “one or
more of the symbionts is absolutely dependent upon the other
for its existence” (“individualism”) (1897: 943). Schneider
remarks, however, that it is very unlikely that something such
as “absolute nutricism” really occurs in the biological world.
He acknowledges that in some symbiotic associations one of
the symbionts is clearly benefitted, whereas the material ben-
efits for the other are not so clear. However, he thinks that in
most cases nutricism will tend to evolve towards a relation of
mutual benefit for both partners. This last type of relationships
might happen either in cases where both symbionts can carry
independent existence (he mentions insectivorous plants and
their bacteria, Actinia prehensa and Melia tessellata or some
species of ants and the branches of trees), or in cases where
they are mutually dependent. About this last case he claims
“[i]t (...) represents a higher form of mutualism, from which it
is no doubt phylogenetically derived. (...) [In individualism]
[tlhe associations form an individual, a morphological unit,
and the phenomena are frequently not recognized as
symbiosis” (1897: 943, emphasis added).

It is important to realize, at this point, that Schneider’s work
is conceptually revolutionary. First, he is the first to consider
the possibility of studying the phylogenetic history of symbi-
otic associations (i.e. their evolution): (1) irrespectively of the
evolution of the organisms that form the symbiosis; and (2)
relative to the opportunities that the environment offers for
their evolution (in this sense, symbiotic assemblages would
be something conceptually similar to what we now call “units
of selection”). Second, he realizes that symbiotic associations
challenge the individuality of the organisms that interact, to
the point that they might become a new independent emergent
individual. Conceptually speaking, Schneider is the first au-
thor to recognise this last fact, thus opening the possibility of
understanding symbiotic associations as genuine evolutionary

15 Of course, extinction of the symbiotic association, but not necessarily of the
partners that interact symbiotically. Remember that Schneider’s paper aims to
study exclusively the phylogenetic evolution of symbiotic associations without
reference to the organisms that interact.
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individuals in their own right. Furthermore, he is conscious of
the physiological importance of symbiosis, as well as why it is
occasionally not possible to understand the physiology of the
organisms in isolation from their symbionts.'® This fact has
gained a lot of attention recently, especially after the
hologenome concept of evolution was proposed.

1.4 Constantin Merezhkowsky (1855-1921)

A final and important step in the conceptual development of
the association between symbiosis and biological individuality
is because of the work of Constantin S. Merezhkowsky. In his
“Uber Natur und Ursprung der Chromatophoren im
Pflanzenreiche,” (“On the nature and origin of chromato-
phores [plastids/chloroplasts] in the plant kingdom”),
Merezhkowsky proposed, for the first time, the
term “symbiogenesis,” further advancing the conception of
symbiosis as an evolutionary mechanism (Merezhkowsky
1905, 1910) (see also Khakhina 1992; Sapp 1994: 47-59;
Martin and Kowallik 1999; Sapp et al. 2002: 418-423;
Gontier 2016b).

In his paper, Merezhkowsky aimed at discerning the origin of
chloroplasts in plants. During his time, it was commonly believed
that the chloroplasts, contained in the body of plants, appeared de
novo every new generation and, furthermore, that they originated
autogenously, as new organs which differentiated within the bod-
ies of plant cells. Merezhkowsky strongly disagreed with that
conception. Drawing upon Schimper’s discovery that chloro-
plasts do not appear de novo in plant cells, but are always present
within their bodies since the beginning of the life of the plant
(1885, referred in Merezhkowsky 1905), he proposed a revolu-
tionary notion: chloroplasts should not be regarded as autoge-
nous organs of plants, but as symbionts, i.e. as independent
(foreign) organisms that live together with plant cells.
Merezhkowsky offered two different types of arguments to sup-
port his theory. His first two arguments were theoretical. The first
one was based on Schimper’s discovery: if chloroplasts do not
arise de novo, though invaginations of the cytoplasm of the cell,
but “rather, they always arise through division of pre-existing
plastids, and since the latter in turn arise from pre-existing plas-
tids, etc., we necessarily arrive at the logical conclusion that long
ago the first chromatophore migrated into a colourless organism”
(1905: 596 [Martin and Kowallik 1999: 289])."” Secondly,
Merezhkowsky argued that chloroplasts can be understood by
analogy to Zooxanthella in the body of Amoeba viridis. In both

'S Those readers who are not familiar with the different types of biological

individuals (physiological, anatomical, developmental, evolutionary, etc.) can
check Gilbert et al. (2012), Godfrey-Smith (2013), Pradeu (20164, b), DiFrisco
(2017). In brief, however, it is important that she notes that not all criteria for
classifying biological individuals necessarily led to coincidental classifications
and sometimes different criteria overlap. For the overlapping nature of biolog-
ical classification see Clarke (2010).

Tt is widely acknowledged that chloroplasts are responsible for the green
colour of plants.
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cases, the structures (chloroplasts and Zooxanthella, respectively)
can be said survive, divide and behave as independent organisms.
Ifbiologists do not have any issue in understanding Zooxanthella
as independent symbiotic organisms within the bodies of their
hosts, they should not have any prejudice in applying the same
type of reasoning to chloroplasts, providing that the empirical
evidence supported this conception.

The rest of the rationale to his hypothesis were of empiri-
cal observation. First, the discovery that chloroplasts, in con-
trast with other “organs” (“organelles”) in the body of plant
cells, can survive and reproduce even after the nucleus of the
cell has been removed, and also can do so outside the cell’s
cytoplasm, which suggests that they behave like independent
organisms. Second, the similarity between chloroplasts and
free-living bacteria, concretely, with free-living forms of
Cyanophyceae, which has been qualified by Martin &
Kowallik as the “unquestionably most novel line of reasoning”
(1999: 287). According to Merezhkowsky, chloroplasts and
Cyanophyceae had a very similar physical appearance, both
in form and colour, very similar biochemical (physiological)
properties (with a similar type of nutrition), and analogous
ways of proliferation and reproduction, which “makes it ex-
ceedingly likely that chromatophores are Cyanophyceae that
invaded the plasma” (Merezhkowsky 1905: 600601 [Martin
and Kowallik 1999: 291]). Finally, he argued that, as it was
empirically proven that Cyanophyceae can also engage in sym-
biotic relationships with other organisms (diatoms, rhizopods,
etc.), even with cells that are protected by a cell wall, it was
possible that at some point in their evolutionary history
Cyanophyceae could have entered in contact with a plant cell
S0 as to give rise to chloroplasts.

Merezhkowsky’s symbiogenetic hypothesis, as well as his
arguments, gives symbiotic ideas a new meaning.
Authors writing prior to him had discussed the importance
of the symbiotic relationship, the nature of the symbiotic rela-
tionship, how symbiotic relationships could cause several
morpho-physiological changes in biological individuals, etc.
However, no one had considered the possibility that symbiosis
might be a hereditary phenomenon, i.e. that symbiotic associ-
ations might be intergenerationally transmitted (e.g. like gam-
etes passing between germ-line cells). Authors had assumed
that genetically heterogeneous organisms reproduced inde-
pendently, and later would form symbioses. Merezhkowsky,
on the contrary, challenged the necessity of this assumption;
and, by implication, questioned the boundaries of biological
individuals, understood evolutionarily. For instance, it is not
just that different organisms engage symbiotically and later
their morpho-physiological independence is lost; in the case
of plant cells, also their hereditary independence (evolutionary
individuality) is lost, as the two previously independent organ-
isms are now inherited exclusively together. In
summary, Merezhkowsky includes the main element that
was lacking in the symbiosis picture, conceiving, for the first

time, the idea of hereditary symbiosis. In one sense, symbiotic
assemblages had already been attributed all the necessary el-
ements for being considered units of selection (variance, in-
heritance, fitness; e.g. Lewontin 1970; Godfrey-Smith 2009).
The question afterwards changed this sense, since it now
asked us to determine the real importance of heritable symbi-
osis. Was this just an isolated case special to a different phe-
nomenon or was it general to symbiosis as such?

The notion of hereditary symbiosis was later supported by
Hermann Reinheimer, Andrei S. Famintsyn and Boris M.
Kozo-Polyansky (1924/2010) (Khakhina 1992; Sapp 1994:
47-59; Carrapigo 2015). Afterwards, Paul J. Portier (1918) and
Ivan E. Wallin (1927) would apply symbiogenetic ideas to the
origin of mitochondria, extending Merezhkowsky’s original ap-
plication to another cellular organelle. And even later, Paul
Buchner would explore the importance of hereditary symbiosis
in insects, proposing a new field of application for the hypothesis
(Boucher 1965; Sapp 2002). Symbiogenetic theories of the ori-
gin of the eukaryotic cell, however, were frequently rejected.
This trend continued for almost 50 years, until Lynn Margulis
provided new support and the symbiotic origin of the eukaryotic
cell became almost universally accepted (Sagan 1967; Margulis
1970, 1991, 1993; see Sapp 2010). Nonetheless, it is important to
remark that the conceptual basis for understanding the role of
symbiosis in evolution, as well as the possibility of considering
some symbiotic assemblages as what we would call “units of
selection” in contemporary jargon, were already settled by
Merezhkowsky in 1905. By then, all the conceptual connections
between the notions of symbiosis and biological individuality
were already present, as well as the conceptual challenges that
the former presented for traditional conceptions of the later. In the
next part of the paper, I will explore how those conceptual con-
nections have been explored in recent times, especially after the
proposal of the hologenome concept of evolution.

2 Part Il. Holobionts and hologenomes -
contemporary philosophical implications
of symbiosis

The previous part of the review has analysed how the concept
of symbiosis appeared in biology and how the connections
between symbiosis and biological individuality changed and
developed. Towards the end of this history, the concept would
express itself, in the form of hereditary symbiosis or
symbiogenesis, and some biologists postulated it as a mecha-
nism of evolution. This part of the review will examine recent
conceptual debates in the symbiosis literature, especially the
notion of the holobiont and the hologonome concept of evo-
lution. In section 1, I discuss Lynn Margulis’ introduction of
the concept, as well as its relation to Merezhkowsky’s notion
of “symbiogenesis”. I argue that Margulis’ view of the
holobiont is ambiguous: sometimes the holobiont is
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apparently restricted to cases of hereditary symbiosis and oth-
er times it is not. In section 2, I discuss the hologenome con-
cept of evolution, as Rosenberg and Zilber-
Rosenberg introduced it, and I review the current debates that
it raises in connection to the problems presented by the con-
cept of biological individuality. In section 3, I relate the
hologenome concept of evolution to the historical discussion
presented in Part I, arguing that the conceptual disputes that
the hologenome concept has generated are not new, but only
a progression of the previous disputes that were held in the
nineteenth century. I observe four parallelisms which obtain
between the past disputes on symbiosis and the disputes raised
by hologenomes, as well as three further points of distinction.

2.1 The origin of the concept - the importance
of Lynn Margulis (1938-2011)

Lynn Margulis (born Alexander) was a pioneer in the field of
symbiosis, to which she dedicated almost 50 years. She is espe-
cially known for giving new life to the hypothesis of the symbiotic
origin of eukaryotic cells, as well as for her enthusiasm about the
importance of symbiosis for life on Earth and evolution (Margulis
1990, 1991, 1998, 2010; Sagan & Margulis 2002; Diaz 2015;
O’Malley 2017). Margulis is acknowledged as the first person
to introduce the term “holobiont”, which was published in her
paper “Words as battle cries — symbiogenesis and the new field of
endocytobiology” (1990). In this work, she compares cyclical
hereditary symbiosis with meiotic sex. In both of these com-
pared cases of inheritance, she argues that two entities are present,
which cyclically recognize each other and merge together for
every generation. Moreover, in both of these cases she specu-
lates the presence of mechanisms, which guarantee the integration
of these two entities and, also, their subsequent dissociation,
resulting in the formation of a new individual. An entity formed
of two different gametes is what we call a “zygote,” whereas the
entity that results from the merger of two symbionts is what
Margulis refers to as “holobiont”, which she recognises as a
new individual (1990: 676, Fig. 3). Margulis does not, however,
specify which “bionts” should be regarded as part of the
holobiont, nor does she explicitly define the term in the paper.
One year later, in “Symbiogenesis and symbioticism”, the
first chapter of a book she edited with René Fester, Margulis
defines the holobiont as a “symbiont composed of recognizable
bionts”, and she defines symbiosis as the physical contact be-
tween organisms of different species occurring “throughout a
significant proportion of the life history” (1991: 2, Table 1).
Again, she does not explicitly specify which bionts should be
included in the holobiont. If one follows her definition of life
history strictly —“events throughout the development of an in-
dividual organism correlating environment with changes in ex-
ternal morphology, formation of propagules, and other observ-
able aspects” (1991: 2, Table 1)— it might be argued that the
holobiont would encompass all the bionts that share their
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lifetime together, irrespective of whether they are inherited or
not. Clearly, this conception of the holobiont would be incoher-
ent with the concept she had put forward in her previous
(1990), where she seemed to suggest that the holobiont should
exclusively include the cases of hereditary symbiosis, in
her analogy between symbiogenesis and embryogenesis. This
second formulation is reasonable if one takes into account the
purpose of the chapter, namely, to vindicate the proposition of
symbiogenesis as a way in which new species, kingdoms and
taxa could evolve —for instance, she says that “the highest level
taxa (...) have evolved by acquisitions of symbionts that have
become hereditary” (1991: 11, emphasis added)-.
This formulation is also coherent with claims she made in her
later writings (Margulis and Fester 1991; Margulis 1998, 2010;
Margulis & Sagan 2001, Margulis and Sagan 2002; and also
see O’Malley 2017). For instance, in one of her latest paper,
where she justifies the historical role of Kozo-Polyansky in
introducing the idea of symbiogenesis to biology, she argues
for the necessity of genetically distinct bionts reproducing to-
gether in order for symbiogenesis to occur. Analysing the asso-
ciation between eels and a specific species of shrimp (cleaning
symbiosis), she argues:

“It is symbiosis, but not symbiogenesis. Both partners
grow and reproduce separately. Both shrimp and eel can
live separately. One sees no obvious novelty generated
by this symbiosis; i.e., symbiotic physical association.
The relationship between the shrimp and the eel is still a
behavioral one” (2010: 1528, emphasis added)

In this vein, one might argue that, as “holobiont” was in-
troduced in comparison to meiotic reproduction, and Margulis
discusses it while reflecting the importance of symbiogenesis
as an evolutionary mechanism (and evolution requires inher-
itance), the holobiont is thus the biological individual that
includes all those symbionts that are inherited together (organ-
elles in eukaryotes, obligatory endosymbionts in insects, etc.)
(O’Malley 2017: 36, for a defence of this interpretation).

This interpretation of Margulis’ understanding of holobionts
is not without contestation, though. In the same volume where
Margulis published her paper, Maynard-Smith suggests “a
Darwinian view of symbiosis” (Maynard-Smith 1991). There,
he relates the problem of symbiosis to the problem of the units
of selection'® and embeds it in the framework of the theory of

18 Maynard-Smith does not use “units of selection”, but “units of evolution”,
where a unit of selection is whatever entity exhibit phenotypic variation that
led to multiplication of the entity within the population (thus being selected for
or against), and a unit of evolution is a unit of selection that, furthermore,
exhibits heredity (Maynard-Smith 1987). In contrast with Maynard-Smith, I
will use “unit of selection” as it is conventionally used, i.e. requiring heredity,
variance and fitness/multiplication, and thus meaning what Maynard-Smith
means by “unit of evolution” (see Lloyd 2017a, c¢: 293-297; Gontier 2010,
for an analysis of the concept of “unit of selection”)
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evolutionary transitions in individuality that he was starting to
develop. According to Maynard-Smith, symbiosis can be un-
derstood as an evolutionary mechanism and interpreted in a
Darwinian fashion (i.e. with the entities that interact symbioti-
cally being a unit of selection) only if the entities that interact
symbiotically are transmitted directly, because “[wl]ith direct
transmission the genes of the symbionts will leave descendants
only to the extent that the host survives and reproduces” (1991:
35). Therefore, as far as the two bionts have their fitness inter-
ests aligned, it is expected that those symbionts will tend to
maintain a mutualistic relation that, eventually, might make it
“reasonable to consider the association as a single unit” (1991:
38). However, in cases of indirect transmission, this possibility
is much less likely, and he suggests that the interacting entities
should be considered as independent units (of selection).
Maynard-Smith’s paper is relevant because he seems to be
discussing Margulis’ liberal views about the power of symbiosis.
For him, those cases where symbiosis might be considered to
have evolutionary power, in the sense of affecting the role of
natural selection, are very limited, and probably precluded only
to cases such as cellular organelles, as he suggests at the end ofhis
paper. Ifthis is so, then Margulis’ notion of the holobiont might be
interpreted not as constrained exclusively to the cases of the eu-
karyotic cell, but as including the associations of many different
bionts. In fact, this view is endorsed in Guerrero et al. (2013),
published two years after Margulis’ death. In that paper,
holobionts, considered as autopoietic (self-sustaining) units, are
defined as “integrated biont organisms, i.e., animals or plants,
with all of their associated microbiota” (2013: 133, emphasis
added). Inthe same place, they also coined the term “holobiome”,
referring to “the assembly of genetic information contributed by
the animal or plant and its associated microbiota” (2013: 134),
and demanding a new look at evolution that would take into
account the importance of the host genome plus the genome of
its microbiota. They argued this to be a new entity, whose basic
interacting elements that would give rise to new species and, in
general, new biological variety. At some point of the paper, the
authors even endorse the theses that: (1) holobionts are subjected
tonatural selection; and (2) holobiomes are entities that have been
selected due to their selective advantages. Even if the authors do
not mention the concept "units of selection”, their paper might be
interpreted as endorsing the hologenome concept of evolution,
thus considering the holobiont, with its hologenome
(holobiome), as a possible unit of selection in evolution.
Whether Margulis’ concept of the holobiont has to be
interpreted as encompassing only hereditary symbiosis or,
on the contrary, encompassing the whole collection of symbi-
onts, and whether she was claiming that holobionts are units
of selection or not, it seems clear that her conceptual heritage
in the field of symbiosis is very important. She was one of the
most vigorous defenders of the role of symbiosis for caus-
ing novelty in evolution (Margulis 1998; Margulis and
Sagan 2002). Moreover, she coined the notion of the

“holobiont”, which is one of the most discussed concepts in
philosophy of biology at present. In the next section, I analyse
the recent usage of the notion of the holobiont, as well as the
criticisms that have been raised against it.

2.2 The hologenome concept of evolution and its
critics: a review of current debates

The hologenome concept of evolution'® was originally pro-
posed by Eugene Rosenberg and collaborators (Rosenberg
et al. 2007), in their review paper: “The role of microorgan-
isms in coral health, disease, and evolution”, as a generaliza-
tion of the coral probiotic hypothesis (see Reshef et al.
2006).%° Drawing upon their observations on coral disease,
the authors suggested the existence of: “a dynamic relation-
ship (...) between symbiotic microorganisms and corals at
different environmental conditions that selects for the most
advantageous coral holobiont in the context of the prevailing
conditions. By altering the structure of its resident microbial
community, the holobiont can adapt to changing environmen-
tal conditions more rapidly and with greater versatility than a
process that is dependent on genetic mutation and selection of
the coral host” (2007: 360).

Moreover, reasoning from the existence of this dynamic
relation between the coral host and its microbiota, as well as
the knowledge that the possibility such a relation offers for the
adaptive evolution of a coral to changing environmental con-
ditions, the authors inferred that the coral holobiont must be a
unit of selection, i.e. that it is subjected to the process of
evolution by natural selection. Drawing upon the observation
that, as it happens in corals, all animals and plants harbour an

19 Originally, they referred to it as the hologenome theory of evolution. Later
on, they started calling it the hologenome concept of evolution (cf. Gissis et al.
2017: 303-384).

20 A clear antecedent to the hologenome concept is found in Sapp (2003: 234-
251, 2004), when he coins the concept of “symbiome”. He defines the
symbiome as the entity “comprising chromosomal genes, organellar genes,
viral genes, as well as other microbial symbionts, sometimes inside cells and
always outside them, functioning across a continuum from parasitism to mu-
tualism, depending on their nature and context (...). Since every plant and
animal consists of complex ecological communities of microbes, the
symbiome must function as a unit of selection.” (2004: 1047). Nonetheless,
Sapp first presents the concept in a section dedicated to developmental sym-
biosis (Sapp 2003: 235-236), and there is no reason to believe that a develop-
mental organism should be delineated by the same boundaries than a unit of
selection (e.g. DiFrisco 2017). The concept of “symbiome”, however, is not as
frequent in current literature as the concept of “holobiont” and it has been
recently used with two different meanings: first, to refer to the whole set of
symbionts that associate with a host, without including the host (e.g. Boucias
et al. 2013; Rosas-Pérez et al. 2017); second, to refer exclusively to “the
colocalized and coevolving taxa in a given consortium” (Tripp et al. 2017:
552). If we define the concept according to the second formulation, then one
might argue either that symbiome = hologenome (if the hologenome is proven
to evolve as a single unit) or that the symbiome corresponds to the part of the
hologenome that actually evolves as a single unit (e.g. the set of vertically
transmitted symbionts). This warrants further discussion, which is, however,
outside the scope of this paper. For my present purposes I will restrict the
discussion to the concept of the holobiont sui generis.
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abundant number of symbiotic microorganisms in their bod-
ies, the authors suggest that we generalise the coral probiotic
hypothesis to include every animal and plant. Thus, Reshef
et al. proposed the hologenome concept of evolution, the no-
tion that “the holobiont with its hologenome should be con-
sidered as the unit of natural selection in evolution, and mi-
crobial symbionts have an important role in adaptation and
evolution in higher organisms” (2007: 360, Box 2).

Nevertheless, in the original paper, the authors do not spec-
ify: the meaning of "holobiont", the meaning of
"hologenome", or how their hypothesis could be applied to
other model organisms. Instead they briefly justify its appeal
on four grounds: first, the universality of symbiosis between
animals/plants and microorganisms; second, the existence of
phenotypic variance between host species and their microbi-
ota, i.e. the fact that hosts of the same species harbour different
microbiotas; third, the different range of effects of the micro-
organisms on their hosts (parasitism, mutualism, commensal-
ism); and fourth, the possible mechanisms of change for the
holobiont (including microbial amplification, microbial acqui-
sition, etc.) (Rosenberg et al. 2007: 360, Box 2). However, the
authors acknowledged that their reasons were insufficient to
support their generalization of the coral probiotic
hypothesis. To overcome this difficulty Zilber-Rosenberg
and Rosenberg (2008) would publish “Role of microorgan-
isms in the evolution of animals and plants: the hologenome
theory of evolution” one year later. Beginning with the ac-
knowledgment that microorganisms have been discovered to
play a fundamental role in the life of higher organisms (ani-
mals, plants), including humans, the authors introduced their
hypothesis with a rhetorical question:. “[i]f microbial symbi-
onts play such an important role in the lives of their eukaryotic
hosts, why should they not also play a role in the evolution of
these higher organisms?” (2008: 723, emphasis
added). Zilber-Resenberg and Rosenberg hypothesized that
holobionts (i.e. biological entities composed by a host plus
all its microbial symbionts), with their hologenomes (i.e. the
sum of all the genetic information of the host plus the genetic
information of its symbionts) are units of selection. More spe-
cifically, concerning the notion of the holobiont, they expli-
cated that:

“Although much of the important research on symbiosis
has been carried out with a small number of model sys-
tems involving a single major symbiont, the
hologenome theory places importance not only on these
major symbionts but also on the enormously diverse
associated microbiota, which have only been uncovered
in recent years using molecular techniques” (2008: 724)

This last point is particularly relevant because it frames the
hologenome concept in a very distinctive way. It is not just that
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very particular host-microbe associations should be considered
as units of selection (e.g. the eukaryotic cell, aphids and
Buchnera aphidicola, squids and Vibrio fischeri, etc.). This last
proposal would not be so revolutionary, after all. The
hologenome concept suggests that one should consider the host,
with all its microbes (i.e. the holobiont), as a unit of selection in
evolution. Notice that this definition of the holobiont might be
contrasted with Margulis’ understanding, which seemed to be
limited to cases of hereditary symbiosis, at least according to
some interpretaters (e.g. O’Malley 2017). What is the justifica-
tion that Zilber-Rosenberg and Rosenberg believe to have found
for their hypothesis? They claim the existence of four sources of
evidence: the observation that all higher organisms associate
with microorganisms; the fact that symbionts are reliably trans-
mitted intergenerationally; the fact that symbionts affect the fit-
ness of the holobiont; and, finally, the possibility of generating
genotypic variation within the holobiont by changing their mi-
crobial composition.

It must be noted that the way in which Rosenberg and
Zilber-Rosenberg present the hologenome concept is based
on a particular interpretation of the units of selection, accord-
ing to which two types of questions should be distinguished:
first, the question about the interactor, or vehicle, the entity
that interacts with the environment as a cohesive whole, in
such a way that replication is differential®'; second, the ques-
tion about the replicator, the entity of which copies are made
(Dawkins 1976; Hull 1980; Okasha 2006; Godfrey-Smith
2009; Lloyd 2017a). For Zilber-Rosenberg and Rosenberg,
the holobiont would be an interactor, a cohesive physiologi-
cal and metabolic entity, whereas the hologenome would be a
replicator (see also Rosenberg et al. 2010; Rosenberg and
Zilber-Rosenberg 2014, 2016; Author 2015; Bordenstein
and Theis 2015; Shropshire and Bordenstein 2016; Theis
et al. 2016).

After Rosenberg and Zilber-Rosenberg proposed their hy-
pothesis, the notion that the holobiont with its hologenome
constitutes a biological individual has been defended in dif-
ferent ways by different authors, some of which have
interpreted it as a unit of selection. Dupré and O’Malley
(2009), and John Dupré (2010, 2012) have defended the no-
tion that the holobiont should be considered as the interactor
in evolution, in so far as it is the entity responsible for the
differential reproduction of the entities that compose it. The
authors do not mention, however, the possibility of conceiving
the hologenome as a replicator. Scott F. Gilbert, Jan Sapp and
Alfred 1. Tauber have suggested that we understand the
holobiont as a biological individual anatomically, develop-
mentally, immunologically, physiologically and genetically

21 «Such that replication is differential” does not specify which are the entities
whose differential replication might be affected by belonging to an interactor.
It is conceptually possible that the holobiont is an interactor that promotes a
more efficient replication of the different individuals that compose the
holobiont (host, microbes of the microbiome), but not of the hologenome.
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(Gilbert et al. 2012; also Gilbert et al. 2017; Roughgarden
et al. 2017). Lynn Chiu and James Griesemer have separately
proposed a concept of the holobiont as a developmental hy-
brid in which the microbes would act as scaffolds of the indi-
viduality of the host (Gilbert & Chiu 2015; Chiu and Eberl
2016; Griesemer 2016, 2017). Lisa Lloyd has suggested an
understanding of the holobiont as an interactor, as a reproduc-
er, and as a manifestor of adaptation (Lloyd 2017b; see also
Griesemer 2017). Ford Doolittle and Austin Booth have pro-
posed to conceive the hologenome as a functional replicator,
i.e. as a network of genetic interaction patterns that can be
instantiated across different generations of holobionts
(Doolittle and Booth 2017; see also Lemanceau et al. 2017);
Suarez (under review) has defended a group-selection inter-
pretation of the holobiont, suggesting that we conceive
of holobionts as intergenerationally inherited collections of
traits associated to successive generations of a particular host.
In so far as holobionts can be considered collections of traits,
he argues that they can be conceived of as units of selection.
Finally, Ehud Lamm has suggested that holobionts should be
understood as “structures of evolution”: “constellation[s] of
evolutionary factors and their relations [...] [that] provide
scientists with a common framework and terminology and
[allow them] to elicit research questions and hypothesis that
apply to many systems of interest” (2017: 372).
Furthermore, some evidence has been gathered in support
of the hologenome hypothesis (e.g. Rosenberg and Zilber-
Rosenberg 2014; Bosch & Miller 2016, for general summa-
ries). In a pioneer study on Nasonia wasps, Robert M. Brucker
and Seth R. Bordenstein have argued that hybrid lethality
among different Nasonia species is caused by a disruption of
the relation between their species-specific microbiomes and
the host genome, which suggests that the different species
represent a coevolved hologenome (2013; cf. Chandler &
Turelli 2014 for a response; cf. Brucker & Bordenstein
2014).Their study has prompted an immediate interest in the
study of the phenomenon of phylosymbiosis, “the eco-
evolutionary pattern, whereby the ecological relatedness of
host-associated microbial communities parallels the phyloge-
ny of related host species” (Brooks et al. 2016: 1). Convergent
host-microbe phylogenies that support the existence of
phylosymbiosis have been found in hominids (Ochman et al.
2010; Moeller et al. 2016). Julia K. Goodrich and collabora-
tors have found some evidence that suggests that the
microbiome might be heritable and its composition could
be partially determined by the host genome (Goodrich et al.
2014, 2016, 2017; see also Turpin et al. 2016).
Finally, Thomas W. Cullen and collaborators have found some
evidence that might suggest that the host’s immune system
might control microbiota acquisition (Cullen et al. 2015).
However, some evidence has also been found that suggests
that there are no such tight host-microbiome intergenerational
associations. For instance, Eric R. Hester and collaborators

have not found evidence that supports inheritance of the
microbiome among corals. Instead, they found that the micro-
biota that associates with a coral species are selected accord-
ing to functional criteria, and thus there are no intergeneration-
al phylogenetic convergences (Hester et al. 2016). The same
results have been found in ruminal ecosystems: even if
the hosts of the same species might share a functionally sim-
ilar microbiota, the specific microbial taxa that they associate
with are different. The authors explained the occurrence of
this phenomenon with a metaphor: “the players might change
but the game remains” (Taxis et al. 2015; Doolittle and Booth
2017 base their account of the holobiont on these results).

The hologenome concept, however, has also been
contested by many, who propose that: (1) the holobiont is a
sufficiently coherent biological entity for it to be considered
an evolutionary interactor (Booth 2014; Queller and
Strassmann 2016; Skillings 2016); there is no real empirical
evidence supporting the claim that the hologenome can be a
replicator or a reproducer, in so far as the fidelity of its inter-
generational transmission is very low (Moran and Sloan 2015;
Godfrey-Smith 2015; Stencel 2016; Douglas and Werren
2016; Hester et al. 2016; Hurst 2017; Stencel & Wloch-
Salamon under review). Detractors of the holobiont concept
tend to emphasize the lack of shared interests and unifying
mechanisms between the entities that compose holobionts;
and, on this basis, they are reluctant to accept the notion that
holobionts are units of selection in any of the
aforementioned senses.

The claim that holobionts are interactors has been recently
disputed by Austin Booth who, emphasizing the fact that the
different entities that compose a holobiont can reproduce in-
dependently, has argued that “the interactor perspective on
holobionts, as currently endorsed, suffers from imprecision.
More needs to be said about just what kinds of causal interac-
tions among parts serve to bind independently reproducing
populations into interactors” (2014: 670). This notion has also
been criticized by David C. Queller and Joan E. Strassmann,
who argued that holobiont defenders make an illegitimate in-
ference from physical proximity (symbionts living together)
to functional integration (symbionts constituting an
interactor): “The holobiont is defined by spatial criteria.
There is no reason to believe that spatial proximity necessarily
leads to functional integration” (2016: 869). And also Derek J.
Skillings has criticized this notion on the basis that the entities
that compose the microbiome of a holobiont might change
during the host’s lifetime. If this is so, he argues, then there
are no criteria of identity to recognize a holobiont as a biolog-
ical individual (sensu organism or interactor), because the mi-
crobial species that compose it are constantly and fluidly
changing (Skillings 2016).

In relation to the claim that holobionts are replicators,
Angela E. Douglas and John H. Werren have rejected the
possibility on the basis that holobionts lack the proper type
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of intergenerational inheritance (Douglas and Werren 2016).
For them, the holobiont can be considered a unit of selection
if and only if there is sufficient partner fidelity —stable asso-
ciation of host and symbiont genotypes across multiple
generations” (2016: 2) — among the different species that con-
stitute the holobiont. Otherwise, the entities that compose the
holobiont would not have their fitness interests aligned; and
thus, selection at the level of the holobiont would be disrupted
by selection at lower levels. They concede that very specific
and tight host-symbiont associations, under very special cir-
cumstances, may qualify as units of selection. However, they
are sceptical that the same might be said about a// the mem-
bers of the microbiota: “We do not argue that selection cannot
act on the host-microbiome as a unit. We simply argue that the
evidence for this is weak, and the conditions necessary for it to
occur are unlikely” (Douglas and Werren 2016: 5; see also
Moran and Sloan 2015; Hurst 2017). Suarez (under review)
has offered a specific reply to this criticism, arguing that their
requirement of partner fidelity is unreasonable, since it relies
on some assumptions about biological individuality that are
disputable (the cooperation/conflict concept of biological in-
dividuality). Furthermore, he argues that the same type of
assumptions are not applied to other levels of the biological
hierarchy (e.g. transitions in evolutionary individuality),
which creates a disparity of criteria. Finally, Peter Godfrey-
Smith has also criticized the notion that holobionts are repro-
ducers on the grounds of his concept of Darwinian popula-
tions (2015). He believes that host-microbe associations can
only qualify as units of selection in the situations when the
host is able to “kidnap” the reproduction of the microbe, i.c.
when host and microbe can only reproduce together as a unit,
but not independently from each other, since otherwise the
system would be disrupted. He claims this to be true of eu-
karyotic cells generally. Godfrey-Smith also acknowledges
the existence of intermediate reproductive stages (i.-
e. reproduction partially kidnapped, but with a high degree
of independence). In any case, he does not believe that there
is any evidence to qualify the holobiont, conceived as the host
plus all its microbes, as a unit of selection, because the parts
can still reproduce independently of the whole and thus will
not have the same interests.

The debates between defenders of the hologenome concept
of'evolution and its detractors reflect diverging conceptions of
biological individuality. Defenders of the hologenome con-
cept tend to emphasize the collaborative nature of life, as well
as the importance of symbiotic associations for maintaining
life as we know it. They seem to share a commitment to a view
of biological individuality according to which the existence of
conflicts amongst the parts of a system does not rule out the
possibility of the system evolving as a unit. Furthermore, they
concentrate on studying symbiosis as an independent phe-
nomenon, and try to understand the evolution of symbiotic
relationships by partially abstracting away from the organisms
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that engage in symbiosis. Detractors of the concept, on the
other hand, tend to emphasize the impossibility of having a
biological individual if the parts of the systems are in conflict
with one another, thus rejecting any claim about the individu-
ality of holobionts. They are prone to consider holobionts as
mere ecological communities of independent organisms that
are together due to environmental convenience, not due to
shared evolution. They put more emphasis on the study of
the different species that engage in the symbiosis that in the
study of the evolution of the symbiotic relationship itself.
More research is needed to determine the empirical conse-
quences of the hologenome concept of evolution, as well as
to unravel the empirical consequences of the different concep-
tual assumptions made by defenders and detractors of the
notion. Research on the historical roots on some of the recent
debates will help to determine the origins of some of the pres-
ent assumptions in current debates, as well as help with clar-
ifying different issues raised by the hologenome concept of
evolution, some of which were already present in the debates
of prior literature.

2.3 The historical roots of the hologenome concept
of evolution

Most of the debates about the hologenome concept of evolu-
tion explored in the previous section parallel some of the de-
bates about symbiosis explored in Part I. I will explore four
parallelisms between them, uncovering the similarities be-
tween recent research and the research conducted in the nine-
teenth century. Finally, I will explore the novelties introduced
by the hologenome concept of evolution, exploring its differ-
ences to previous research.

2.3.1 First parallelism. The importance of mutual dependence
among organisms

One of the aspects of life that symbiosis research has empha-
sized since it originally appeared was the mutual dependencies
that exist among organisms. Without being necessarily mutu-
alists, organisms frequently rely and depend on each other in
order to survive and reproduce. De Bary found that some of
those dependencies were not just circumstantial, but were
maintained throughout the entire life cycle of certain individ-
uals of different species. After de Bary, many other scientists
stressed the importance of mutual dependencies among organ-
isms in order to sustain life as we know it. Defenders of the
holobiont concept stress the existence of those mutual depen-
dencies among organisms, putting a special emphasis on the
interactions of animals and plants with their microorganisms.
They frequently insist that the phenotypes of known animals are
not the result of a genetic plan that develops without external
influences, but are the result of a co-construction between the
animal themselves and their symbionts. They stress that
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anatomically, immunologically, developmentally and physio-
logically we have never been individuals, if individuality is
understood as the linear development of a single genetic plan
(Dupré 2010; Sapp et al. 2012).

Like the original proponents of the symbiotic concept, in-
cluding de Bary, Schneider, and Merezhkowsky, contempo-
rary defenders of the holobiont pay special attention to those
processes of co-construction and criticize previous approaches
that have tended to diminish the importance of collaborations
for essential processes. From a conceptual point of view, de-
fenders of the holobiont are not proposing anything new: the
founders of symbiosis research knew already that the long-
term ontogenetic interactions of individuals of different spe-
cies questioned basic ideas about the defining boundaries of
the individual. If a biological individual is a functional whole
that can survive by its own means to a great extent, then
individuals do not necessarily match species, as there could
be individuals that are composed by two or more different
species that interact to form a cohesive bigger whole (see ft.
5). Therefore, defenders of the hologenome share their ideas
with the founders of symbiotic thought; and, in this sense,
their theses are not conceptually new.

2.3.2 Second parallelism. Spatial continuity and biological
individuality

One of the arguments used by the detractors of the
hologenome concept was based on the fact that from the ob-
servation that two entities live together one cannot infer that
these two entities are a biological individual. This criticism
was explicitly expressed by Queller & Strassmann, who de-
nounced the defenders of the holobiont who inferred function-
al integration of the entities that compose the holobiont from
the fact that they live in physical contact (2016: 819). A sim-
ilar view is expressed by Booth, when he demands the pres-
ence of concrete mechanisms that guarantee that the members
of'holobionts are genuinely bounded together. It is not enough
to say that they reside within the body of the host. The type of
relationship that those microorganisms maintain with their
host needs to be specified, or otherwise their common bound-
edness would be biologically irrelevant.

Queller & Strassmann’s and Booth’s observations match
closely with the observation made by Pound in 1893.
Criticizing Frank’s assumptions about the symbiotic character
of mycorrhizas, he argued “[t]hat every tree has its root system
covered with mycelia, proves nothing. Every tree has its bark
covered with lichens, its twigs with black fungi, and its leaves
with parasitic fungi of every description.” (1893: 516). His
criticism, even if it was directed at a different type of associ-
ation, rests on the same kind of assumptions about biological
individuality. To prove that two entities living together are a
biological individual, one needs to prove that there is a shared
functionality. Inferring that two entities are a unique

individual (or that they relate to each other mutualistically)
from the fact that they share the same physical boundaries is
insufficient. Therefore, the criticism raised by Queller &
Strassmann and by Booth cannot be considered as conceptu-
ally novel. It is true that the criticism applies to an entity that,
intuitively (i.e. based on physical appearance), might be con-
sidered more “individualistic” than the association between
mycorrhiza and trees, which Pound discussed. However, this
does not mean that the structure of the arguments used to
criticise the concept are different.

2.3.3 Third parallelism. Studying the symbiotic phenomenon
independently of the organisms that engage in the symbiotic
relation

Defenders of the hologenome concept tend to emphasize the
functional relations that exist between specific hosts and their
microbiota. Different researchers have stressed the importance
of a proper and balanced microbiota for the healthy physiolo-
gy (and development) of organisms. From this observation,
many authors have inferred evolutionary consequences, as
well as a history of shared coevolution among independent
genomes that form a hologenome. In some cases, like in
Doolittle and Booth’s (2017), the hologenome has been de-
fined functionally, as a set of functionally relevant genetic
networks that are reconstructed again and again in every
new realisation of a holobiotic unit. This functional view of
the holobiont and the hologenome abstracts away from the
organisms that interact symbiotically. What matters is that
the same functional relationships reoccur every generation,
as well as the evolution of those relationships, irrespectively
of the organisms that guarantee that this happens.”* This po-
sition contrasts with organism-centred views of symbiosis, in
which what is significant is not so much the evolution of
symbiosis itself, but the evolution of the organisms that en-
gage in the symbiotic relationship.

Schneider might be taken as a key reference for those po-
sitions, in so far as his work emphasized the study of the
evolution of the symbiotic phenomenon in itself,
irrespectively of the organisms that engage in the symbiotic
relationships. As he argued, symbiosis research should study
“the phylogenetic relationship of the symbioses without any
reference to the phylogeny of the organisms comprising
them” (1897: 931). Furthermore, he also emphasized the im-
portance of environmental opportunity for establishing sym-
biosis. The new functional approach towards understanding
symbiosis could be conceptually understood in the terms of
Schneider, and it seems significantly connected to his pre-
scriptions about how to study the phenomenon of symbiosis
and the different symbiotic relations that exist in nature. In this
sense, conceptually speaking, the emphasis on physiology for

22 This position is taken to the extreme in Doolittle (2017).
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understanding the nature and evolution of symbiosis is not
new at all; it was already present in past literature.

2.3.4 Fourth parallelism. From symbiosis to symbiogenesis.
The origin of new individuals through symbiosis

Merezhkowsky famously emphasized the importance of sym-
biosis as an evolutionary agent that can generate evolutionary
novelties (new structures) as well as new biological individ-
uals. In this vein, he was situating symbiosis outside of the
realm of ecology and putting it in the realm of evolution.
Even if the importance of symbiosis for evolution had been
also emphasized for other authors (de Bary, for instance, who
pointed out the possibility of using symbiosis for doing evolu-
tionary experiments and emphasized the importance of symbi-
osis in creating new biological structures), it was
Merezhkowsky who first appreciated the possibility of gener-
ating new biological individuals as a consequence of the sym-
biotic merger of two previously extant ones. Defenders of the
hologenome concept have exploited this last possibility and
applied Merezhkowsky’s ideas generally, not only to eukary-
otic cells. If mitochondria are former symbionts that are now
considered parts of a new biological individual (i.e. the eukary-
otic cell), so too should the microorganisms that compose an
animal’s microbiota be considered parts of a new individual.

Conceptually speaking, there is no big difference between
the hologenome concept and Merezhkowsky’s ideas about
symbiogenesis. In both cases, it is assumed that new individ-
uals can emerge through symbiosis and that these new indi-
viduals will have new biological properties. Furthermore, in
both cases symbiosis gua symbiogenesis is put in the realm of
evolution, and is not considered exclusive to the realm of
ecology. In this sense, the hologenome concept is not concep-
tually revolutionary, as the ideas were already present in early
twentieth century biology. The qualities that differentiate the
hologenome concept from previous developments in symbi-
otic thought, thus, must lie elsewhere.

2.3.5 What is new about the hologenome concept?

Despite the parallelisms between the hologenome concept of
evolution and previous issues treated in symbiosis research, it
cannot be denied that the hologenome concept of evolution has
brought new interestto some debates in biology and philoso-
phy of biology. Furthermore, it has introduced an element of
novelty in those debates; this is the reason why the
hologenome concept of evolution should be explored further,
especially in order to find what precisely makes it unique. I
think that there are three important elements that distinguish
the hologenome approach from its historical antecedents:

—  First, the hologenome concept of evolution appeared after
the “omics” revolution, a moment when the technological
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tools available for scientific research allowed biologists to
discover an important number of microorganisms that
had been previously unnoticed (Rosenberg and Zilber-
Rosenberg 2014). In this sense, and in contrast with pre-
vious research on symbiosis, the hologenome concept is
more universal, as it departs from the empirical evidence
that all animals and plants bear an important number of
microorganisms within their bodies. Previous research on
symbiosis, however, had not been able to detect the uni-
versality of the phenomenon, and only some specific
cases of symbiosis were studied. In addition, in previous
research the emphasis was put on very specific symbi-
onts, those that reappear across different generations of
the same host and play a very specific role during the host
lifetime (normally endosymbionts). The hologenome
concept, however, changes the focus of the research and
extends it to the whole microbiota. In this vein, the foci of
the research are not particular host-symbiont associations,
but the association between a host and all of its microbes.
Second, a fundamental element that frames contemporary
discussions about symbiosis is the role of microorganisms
for maintaining life as we know it. More concretely, the
hologenome concept appeared as a (alleged) conceptual
consequence of the observations of the conditions under
which healthy corals could grow (i.e. the “coral probiotic
hypothesis™). The proponents hypothesized that the best
way of explaining health and disease among corals was to
propose that corals, with their microbiome, constituted a
single unit of selection in evolution. In this sense, the
discovery of the physiological relationships between ani-
mals and plants and their microorganisms is the basis of
the hologenome concept, as well as the basis for under-
standing its philosophical significance. In fact, this is what
distinguishes Schneider’s account of the bacterial flora
and the account put forwards by defenders of the
hologenome concept: while Schneider recognised the ex-
istence of an elective affinity between microorganisms
and their host, he believed this to be of reduced signifi-
cance, and thus situated this as a case of “accidental
symbiosis”. In recent years however, it has been shown
that the relationship between a host and its microbiota is
not just merely “casual”, but that there are very concrete
physiological (and developmental) functions that are par-
tially determined and/or realized as a consequence of its
presence. This is particularly important because it encour-
ages us to think of the phenomenon’s evolutionary possi-
bility. The hologenome concept of evolution is a hypoth-
esis about why this elective affinity, whichis accompanied
by the realization of basic functions could have appeared
and evolved through time.

Third, the hologenome concept of evolution, in contrast
with previous discoveries made for symbiosis, has caught
the attention of many philosophers of biology that had
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previously not considered the symbiotic “habit” in much
detail. I think there are two reasons for this. The first
reason is that, after the important developments in the
“omic” sciences, philosophers of biology started paying
more attention to microorganisms (O'Malley 2014). In
fact, philosophy of biology has been accused of highly
ignoring the importance of microorganisms, which de-
spite constituting about 80% of the total biota had not
played a significant role in many philosophical disputes
(O’Malley and Dupré 2007). This attitude has changed in
recent years, and this change is important if we are to
understand why the conceptual problems raised by sym-
biosis research have become more urgent for the philoso-
phers of biology writing at the present. A second impor-
tant change is the way in which the defenders of the
hologenome concept, especially Rosenberg and Zilber-
Rosenberg, have framed the debate. In contrast to previ-
ous research on symbiosis, which, while acknowledging
the evolutionary importance of symbiosis, still treated the
phenomenon in ecological terms, the defenders have put
emphasis on the evolutionary importance of symbiosis.
Particularly, they have provoked one of the most agitated
debates among philosophers of biology, the debate about
the units of selection. I believe that the emphasis of
their understanding of symbiotic assemblages
(holobionts) in terms of the units of selection debate has
been of special importance for the engagement of philos-
ophers, who have been discussing the issue of units of
selection for about half a century. In this vein, framing the
debate in terms of units of selection is conceptually novel
in relation to previous (nineteenth century) debates.

3 Part lll. Concluding remarks

This paper has reviewed some of the current debates about
symbiosis and its relation to the problems of biological indi-
viduality. It has also traced the historical roots of the current
debates, and argued that some of this arise as a consequence of
the hologenome concept of evolution, which was were already
present to some extent in the nineteenth century, in the context
of the original problem of explaining the “living together” of
individuals. The review shows how current biological dis-
putes are partially grounded in different philosophical as-
sumptions, but concretely grounded in different conceptions
about biological individuality. I have argued that defenders of
the hologenome concept tend to emphasize the collaborative
aspect of life, and that they show a tendency to focus their stud-
ies on the evolution of the symbiotic relationship, irrespective
of'the different organisms that engage in the symbiosis. On the
contrary, detractors of the hologenome concept tend to em-
phasize the conflicting interests of the entities that compose

the holobiont, and, on these grounds, tend to reject any attri-
bution of individuality, conceiving the holobiont as a commu-
nity of relatively independent individuals. The disagreement
among both parties in the dispute is based upon diverging
conceptions about biological individuality, as well as upon
diverging conceptions about the focal unit of analysis.

Finally, the review has also revealed the connection be-
tween the original debates about symbiosis and contemporary
debates. I have drawn four parallelisms between the historical
and contemporary debates, and emphasized three distinctive
issues of the current debates. I have shown how the disagree-
ments amongst both the defenders and the detractors of the
holobiontare similar to some of the disagreements of both the
defenders and the detractors of symbiosis during the concept's
modern inception. In general, the review has shown the exis-
tence of an intimate connection between biology, history and
philosophy, and how different philosophical assumptions
might underlie current debates in biology. Furthermore, 1
have suggested the importance of the relationship between
philosophy and current biological thought, especially
concerning the debates on biological individuality, the
holobiont and the units of selection, and I have emphasised
the historical origin of these debates. I suspect that many cur-
rent debates in biology are also affected by diverging philo-
sophical assumptions, which have their specific historical
background also. Studying these assumptions, as well as their
historical sources, is an important and constructive task facil-
itating firther clarity and understanding on some of these con-
temporary debates. In this sense, biology, philosophy of
biology and history of biology, far from being completely
separate disciplines, are totally entangled with one
another.
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