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Abstract

1. Awareness of the roles that host-associated microbes play in host biology has es-

calated in recent years. However, microbiome studies have focused essentially on
bacteria, and overall, we know little about the role of host-associated eukaryotes
outside the field of parasitology. Despite that, eukaryotes and microeukaryotes in
particular are known to be common inhabitants of animals. In many cases, and/or
for long periods of time, these associations are not associated with clinical signs of

disease.

. Unlike the study of bacterial microbiomes, the study of the microeukaryotes as-

sociated with animals has largely been restricted to visual identification or mo-
lecular targeting of particular groups. So far, since the publication of the influential
Human Microbiome Project Consortium paper in 2012, few studies have been
published dealing with the microeukaryotes using a high-throughput barcoding

‘microbiome-like’ approach in animals.

. Nonetheless, microeukaryotes have an impact on the host physiology and life-

style and also on the diversity and composition of the wider symbiotic community
of bacteria and viruses. Beyond being parasites, microeukaryotes have many dif-
ferent roles in animals. For example, they directly interact with the host immune
system in mammals; they have a key role on cellulose degradation, lignocellulose
in xylophage termites and cockroaches; and they have an essential role in provid-
ing photosynthates to reef-building corals.

. Certain microeukaryotic lineages have diversified within hosts more than others.

These cases of co-evolution led to different forms of symbiosis: from mutual-
ism (like Symbiodinium in corals or parabasalians in termites), to commensalism
(Blastocystis in humans) or to strict parasitism (apicomplexans or microsporidians
in a broad range of hosts). We will review the ecological context and the evolu-
tionary mechanisms that ended up in these different symbiotic scenarios, across

the taxonomic range of both symbionts and their metazoan hosts.

. Host-associated microeukaryotes have impacts at many levels, from individ-

ual animal health to ecosystems and to agroeconomy. Therefore, it is crucial to
have a better understanding of their diversity and roles. Novel methodologies

are being developed to access the eukaryotic fraction of the microbiome using
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environments.
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1 | INTRODUCTION

The term eukaryome has been adopted by the protistological com-
munity (Lukes, Stensvold, Jirkt-Pomajbikova, & Parfrey, 2015) to
refer to the microeukaryotic fraction of the microbiome. The term
microbiome theoretically embraces all microbes associated with a
host; in reality, the term almost always refers specifically and ex-
clusively to the prokaryotic fraction of the community. Referring to
these communities as the eukaryome instead of the microbiome al-
lows us to highlight that host-associated microbial communities also
contain microeukaryotes.

Microeukaryotes are important drivers of major ecosystems
(Worden et al., 2015) because they play different roles in the en-
vironment, from phototrophs to saprotrophs and predators to par-
asites. Microeukaryotes are microscopic, nucleated and usually
single-celled organisms, but form neither a monophyletic nor a func-
tional group. This definition excludes plants, animals, macroscopic
fungi and seaweeds (macroscopic algae). Eukaryotic algae, such as
diatoms, green algae or pelagophytes, are the main contributors to
ocean's primary production which represents half of the primary
production on earth (Field, Behrenfeld, Randerson, & Falkowski,
1998). Heterotrophic flagellates are key players in trophic networks
mobilizing carbon from the microbial loop to higher levels of the sys-
tem (Jurgens & Massana, 2008). Parasites, many of them microeu-
karyotic, can have a more substantial impact on ecosystem function
than predation (Kuris et al., 2008), and they play important roles in
regulating and structuring natural communities (Preston, Mischler,
Townsend, & Johnson, 2016). Microeukaryotic parasites also repre-
sent 17% of the World Organization for Animal Health's list of no-
tifiable diseases of terrestrial and aquatic animals (Stentiford, Feist,
Stone, Peeler, & Bass, 2014) and 95% of pathogens causing animal
and plant species extinction or extirpation (Fisher et al., 2012).

Microeukaryotes in animals are still often intuitively associated
with pathogens. Indeed, the most infamous microeukaryotes are
pathogenic, causing, for instance, malaria, toxoplasmosis, giardia-
sis, dysentery, encephalitis, etc. (Walker, Dorrell, Schlacht, & Dacks,
2011). Much research focuses on these, as well as a small number of
mutualists like the well-studied zooxanthellae in corals (Baker, 2003)
or lignocellulolytic flagellates in the termite gut (Brune, 2014). But
we know comparatively little about the many commensals that re-
cent studies have identified as common members of the mammalian
gut (Parfrey et al., 2014; Scanlan et al., 2014) and skin (Oh et al.,

high-throughput methods. From -omics, to imaging and barcoding approaches bi-
ased against metazoans, these novel methodologies and strategies are helping us

to increase and improve our knowledge of microeukaryotes in animal-associated

co-evolution, eukaryome, host-microbe interactions, microbial ecology, microbiome,

microeukaryotes, parasites, symbiosis

2014). This situation is analogous to the pre-microbiome era of bac-
teriology, when most of the bacteria associated with humans were
considered pathogens, and the medical community and much of the
scientific community more broadly were not aware that we are lit-
erally covered by bacteria, which in most cases are neither harmful
nor beneficial (Hooper & Gordon, 2001). It is not unlikely that this is
also true for microeukaryotes as well, and that many of the micro-
eukaryotes associated with a host probably have little if any direct
influence in their host biology or fitness. The field of parasitology,
along with phycology and mycology, has been the main source of
knowledge on microeukaryotic diversity for decades, by isolating
and identifying parasites under the microscope (Kreier & Baker,
1987) or developing model systems for a more detailed study. This
low-throughput, microscopy and culturing-dependent approach is
by necessity targeted; scientists and physicians described what they
were looking for, and most of the time they were looking for para-
sites for obvious reasons. It was not until the use of non-targeted,
culture-independent approaches like high-throughput sequencing of
genetic barcodes (Taberlet, Coissac, Hajibabaei, & Rieseberg, 2012)
that we could retrieve from an environment, not only what we might
be looking for, but also everything else we did not even know that
was there. This is possible because metabarcoding methods are
widely available, high-throughput and relatively inexpensive. High-
throughput sequencing (Taberlet et al., 2012) is awakening interest in
the eukaryome, and changing the fields of parasitology, protistology
and microbial ecology and pushing the community to develop theo-
retical frameworks and practical tools necessary to study a variety
of animal systems (Ainsworth, Fordyce, & Camp, 2017; Andersen,
Vedel Nielsen, & Stensvold, 2013).

2 | THE EUKARYOME WITHIN THE
MICROBIOME

The vast majority of metagenomic and metabarcoding studies deal
exclusively with prokaryotes. Some examine fungi, which has been
called the mycobiome (Cui, Morris, & Ghedin, 2013) and only a few
address the microeukaryotic community as a whole. That is not sur-
prising because this trend extends to all environmental microbiology
and is reflected in the literature and in public databases, where 80%
of genomic data corresponds to bacteria and 20% to eukaryotes

(mostly plants, animals and fungi). For metabarcoding, the trend is
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even more pronounced: 95% of studies focuses on bacteria and only
5% on eukaryotes (Keeling & del Campo, 2017). Since the release
of the human microbiome consortium paper (Huttenhower et al.,
2012), thousands of papers have been published unveiling a great
diversity of bacteria living within a wide range of hosts (McFall-Ngai
et al., 2013). Fewer than a hundred papers have dealt with the my-
cobiome (Nash et al., 2017) and not more than a handful include
all the other microeukaryotes in non-targeted microbiome surveys
using universal primers. This is obviously a problem because the
first step in understanding the ecology and putative roles of host-
associated microeukaryotes is to know who they are and how they
are distributed.

However, the paucity of studies of host-associated microeukary-
otes is not just a result of research biases but also to the serious
technical issue that symbiotic microeukaryotes are evolutionarily
close to their animal hosts. Among the barcoding genes used to
infer the identity of micro-organisms (Hajibabaei, Shokralla, Zhou,
Singer, & Baird, 2011), the most widely used is the ribosomal small
subunit rRNA (SSU rRNA) gene (in bacteria called 16S rRNA). This
is amplified using universal bacterial primers (Tringe & Hugenholtz,
2008). In the case of fungi, one or both internal transcriber spacer
(ITS) regions of the ribosomal operon are used (Schoch et al., 2012)
and for other microeukaryotes as a whole (including fungi) the SSU
rRNA (in eukaryotes called 18S rRNA) is used (Pawlowski et al.,
2012). These approaches have been applied again and again with
success in free-living environments, but the application in host en-
vironments has not been as successful for microeukaryotes simply
because universal 185 rRNA primers mostly amplify reads derived
from the animal (i.e. eukaryotic) host, dominating the resulting data
and underrepresenting sequences from other eukaryotes present
in the sample (Parfrey et al., 2014; Wampach et al., 2017; Wilcox
& Hollocher, 2018). The scientific community is actively looking for
solutions to this problem, the most popular so far has been the use
of blocking primers in the PCR reaction, which target the host 18S
rRNA signal and preventing its extension when using universal prim-
ers (Vestheim & Jarman, 2008). The main drawback of this approach
is that a specific set of blocking primers is needed for every host
species or group of hosts, depending on their ribosomal diversity
(Belda et al., 2017; Hino, Maruyama, & Kikuchi, 2016). This approach

therefore works well for individual hosts, but limits comparisons

across host species. Furthermore, it is difficult to ascertain whether
amplification of sequences from eukaryotes other than the host is
also being blocked. Alternatively, researchers have developed uni-
versal primers that do not amplify the SSU rRNA of hosts (Waidele
et al., 2017) or primers that only amplify a particular group of mi-
croeukaryotes (Bass, Stentiford, Littlewood, & Hartikainen, 2015;
Kittelmann et al., 2015; Scanlan et al., 2014). This approach is limited
to investigating novel diversity within known groups to which the
primers are designed, rather than unknown lineages additional to
those groups. A hybrid approach is to develop primers that work on
a wide taxonomic range of eukaryotes but exclude all or most meta-
zoans. One such set of primers developed to look at parasites (Bower
et al., 2004) has recently been shown to work on a wide range of
microeukaryotes associated with taxonomically diverse animal hosts
(del Campo et al., 2019). Extensive deployment of these methods
will certainly help to identify the main questions to ask about the

eukaryome, many of which are currently not even clear.

3 | EUKARYOME DIVERSITY

The role of microeukaryotes within a host covers a wide spectrum of
symbiotic interactions, from parasites to mutualists (Figure 1). Most
of the knowledge we currently have comes from parasitology and
medical mycology studies. This bias also exists for bacteria, but it is
being overcome by the relatively recent change of paradigm brought
by the study of the human microbiome (Hooper & Gordon, 2001;
Huttenhower et al., 2012). This bias in the case of the eukaryotes is
particularly obvious when looking at the available microeukaryotic
genomes in public databases, most of which are from parasites (del
Campo et al.,, 2014), and from the literature, where parasitology pa-
pers outnumber those on any other type of microeukaryotes except
fungi.

Ironically, this nevertheless represents a broad taxonomic range
because parasites are widely distributed in the tree and there is no
single group of eukaryotes that does not contain a parasite (Bass et
al., 2015; Figure 2). Among parasitic groups, there are also biases of
course, many of the best studied parasites belonging to Alveolata.
Apicomplexan parasites are responsible for malaria, toxoplasmosis,

and cryptosporidiosis in humans, and east coast fever and red water

Symbiotic continuum

Virulence
Parasitism
, ]
Plasmodium sp. Blastocystis sp.

Commensalism

® 6 @

Entamoeba coli

Dependence

Mutualism

Tritrichomonas musculis Symbiodinium sp.

FIGURE 1 The symbiotic spectrum. Parasitism and mutualistic symbioses are often portrayed as occupying opposite ends of a
scale. However, the same microbial agent can act in both capacities depending on their interactions with other symbionts, the host and
environmental conditions. Therefore, a more mechanistic understanding of the interaction between hosts and their associated micro-
organisms is required and will provide a more objective basis for categorizing and interpreting these interactions
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FIGURE 2 Tree of the eukaryotes showing all the groups containing known animal microeukaryotic symbionts (mutualists, parasites
and commensals). Only those group organisms where a symbiotic relationship with animals has been documented are reflected in the tree.
Coloured branches represent the seven main eukaryotic super groups, whereas grey branches are phylogenetically contentious taxa. Most
of these relationships can be found in Walker et al. (2011) and Melo Clavijo, Donath, Serédio, and Christa (2018). The tree is based on del
Campo et al. (2014)

disease in cattle, plus myriad diseases in other vertebrates including causing white spot disease in fish (Coyne et al., 2011) or parasites
fish and birds (Votypka, Modry, Obornik, Slapeta, & Lukes, 2016). of invertebrates, for example, brown band agent in corals (Sweet &
There are parasites among other alveolate groups, including dino- Bythell, 2012).

flagellates and most notably the syndinians, which are widespread Another eukaryotic supergroup enriched in parasitic taxa are
mostly marine parasites, perhaps the most abundant in the world the excavates. Kinetoplastids include the agents of Chagas, leish-
(Guillou et al., 2008), and whose incompletely known host range maniasis, Kala-azar and the African sleeping sickness (Gibson, 2016).
includes various animals and many other microeukaryotes (Coats, Similarly, beaver fever (Adam, 2001), trichomoniasis (Hirt & Sherrard,
1999). Another alveolate parasitic group are the perkinsids, which 2015) or the infamous brain-eating amoeba, Naegleria fowleri (John,
cause disease in bivalves and frogs (Chambouvet et al., 2015), and 1982) are all excavates. The third group of eukaryotes enriched in
also include the ‘x-cell’ fish pathogens (Freeman et al., 2017). The parasitic forms are the fungi. Microsporidians, which were for years

ciliates also include parasites such as Ichthyophthirius, the agent considered basal eukaryotes but are now known to be among the
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basal fungi (Capella-Gutiérrez, Marcet-Houben, & Gabaldén, 2012),
are intracellular parasites that infect a wide range of animals from
bees to humans (Stentiford et al., 2016), as well as other microeu-
karyotes (Bass et al., 2018). The unicellular chytrid fungi were long
thought to be free-living, but have recently been found to include
the genus decimating amphibian populations around the world
(Fisher, Garner, & Walker, 2009). The best studied fungal parasites
are, however, from the more familiar fungal groups, ascomycetes
and basidiomycetes. Candida and Pneumocystis are responsible for
thrush (Calderone & Fonzi, 2001) and pneumonia (Thomas & Limper,
2004) in humans. There are many others, often asymptomatic and
opportunistic pathogens such as Cryptococcus (Kronstad et al., 2011)
or Aspergillus fumigatus (Mccormick, Loeffler, & Ebel, 2010), affect-
ing mostly immunocompromised individuals.

Among the other supergroups, parasites range from common to
rare. Rhizaria contains two substantial parasitic radiations and one
of them is the Ascetosporea infecting invertebrates (Bass, Ward, &
Burki, 2019). Amoebozoan parasites are relatively common, and in-
clude two well-known human parasites, Acanthamoeba castellanii and
Entamoeba histolytica. Both are typically free-living amoebae which,
if they do infect humans, can cause keratitis and granulomatous en-
cephalitis in the case of Acanthamoeba (Cabral & Marciano-Cabral,
2003) or dysentery in the case of Entamoeba (Loftus et al., 2005).
Parasites have even been reported in the Archaeplastida (the group
of phototrophic eukaryotes that include the land plants); green algal
parasites lacking photosynthesis are known to infect insects (Tartar,
Boucias, Adams, & Becnel, 2002) and vertebrates (Lass-Florl & Mayr,
2007). Itis increasingly recognized that host animals harbour a com-
plex community of microeukaryotes, bacteria and viruses, which
interact with each other and the host, in the manner of an ecosys-
tem. Recognition of this reality has led to the development of the
pathobiome concept as a basis for understanding how members of
this community contribute to host health status, moving away from
the one-pathogen-one-disease paradigm (Bass, Stentiford, Wang,
Koskella, & Tyler, 2019).

On the other side of the spectrum, some of the lineages known
to contain a large number of parasites that also include many mu-
tualistic symbionts, particularly again the alveolates and excavates
(Figure 2). The dinoflagellates (alveolates) is one of the model systems
for mutualistic symbiosis, the association between Symbiodinium
(zooxanthellae) and a wide variety of invertebrates, most famously
reef-building corals (Glynn, 1993). Even the often-parasitic apicom-
plexans have representatives that can potentially be beneficial to
their host, like Nephromyces in the molgulid tunicates (Saffo, McCoy,
Rieken, & Slamovits, 2010). In the sister lineage to the apicomplex-
ans, there are two photosynthetic alveolates, Chromera and Vitrella,
which have been proposed to be coral symbionts (Moore et al,,
2008; Obornik et al., 2012), and various ciliates are also beneficial
to their hosts, for example, they help in active digestion in the ru-
minants (Kittelmann et al., 2015). We find also a significant exam-
ple of mutualistic excavate symbionts in the guts of wood-eating
insects. The parabasalia oxymonads include numerous diverse gut

endosymbionts (although these are best known in wood-digesting

environments, they are also seen more rarely in mammals, snakes or
other insects; Yamin, 1979).

Many other organisms have been reported to live in association
with animals, but the nature of the relationship is less clear. Many
such interactions might be loose and non-specific, and are not al-
ways associated with disease or modified health status. In animals,
it can be difficult to recognize their pathogenesis. Most microeu-
karyotes isolated from animal hosts are labelled as parasites, and
only occasionally as symbionts for which the effects on the host
are unknown. Some microeukaryotes are considered to be parasites
that appear instead to be commensal or even mutualistic in certain
contexts, for example Blastocystis and Dientamoeba, which in some
populations seem to be common and obligate members of the gut
microbiome of healthy individuals but are absent in patients affected
by organic bowel disease and metabolic disorders (Stensvold & van
der Giezen, 2018). Another example is Tritrichomonas, the genus has
been traditionally identified as a parasitic one but recent studies
have revealed that a species infecting mice, Tritrichomonas musculis,
is a mutualist that protects the host from infections by activating the
inflammatory response (Chudnovskiy et al., 2016).

4 | THE SYMBIOTIC CONTINUUM

Despite their frequent classification as parasites, the actual life his-
tory of most host-associated microeukaryotes appears to be much
broader. In fact, microeukaryotic ‘parasites’ are frequently recorded
in surveys of free-living environments (Geisen, Laros, Vizcaino,
Bonkowski, & De Groot, 2015; Mahé et al., 2017; Simon et al., 2015;
de Vargas et al., 2015), suggesting these organisms are widespread
and more abundant than previously thought. It is likely that many
microeukaryotes routinely detected or observed/cultured from en-
vironmental samples may also be host associated, even if transiently.
Such organisms can impact the bacterial composition of the microbi-
ome (Morton et al., 2015) or interact with and aiding the immune sys-
tem to fight disease (Chudnovskiy et al., 2016). Malassezia restricta,
the dandruff, eczema, seborrheic dermatitis and pityriasis versicolor
agent (Gaitanis, Magiatis, Hantschke, Bassukas, & Velegraki, 2012),
is a lipophilic yeast well adapted to live on the surface of animal
skin. However, it has been shown that Malassezia is not only pre-
sent on those patients diagnosed with one of these syndromes but
also widespread on asymptomatic humans based on metagenomic
data (Oh et al., 2014), and it is frequently detected in environmen-
tal sequencing studies. Most invertebrates (Field & Michiels, 2005)
are infected by a group of apicomplexans related to Cryptosporidium
named gregarines (Leander, 2008), which were thought to be gut
parasites. In most cases, their presence has no negative effect on
host fitness (Fredricks & Relman, 1996). Thus, it is more likely they
are commensals.

There are also intermediate states between commensalism and
mutualism. For example, ciliates represent a significant amount of
the microbial biomass in the rumen of ruminant animals, and while

they are not essential for food degradation or host survival, it does
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seem that they contribute to the digestive process by degrading
certain components, scavenging oxygen and changing the bacterial
community structure though grazing (Kittelmann et al., 2015). Even
in the best studied mutualistic systems noted above, the coral ho-
lobiont and the xylophage termite guts, there are many other com-
plexities. In the symbiosis between Symbiodinium (the zooxanthellae)
and corals, Symbiodinium uses light to produce photosynthates that
the coral uses as a food source (Wooldridge, 2010). Coral polyps also
feed on other organisms, but the food provided by Symbiodinium is
essential to reef-building and coral survival (Houlbréque & Ferrier-
Pagés, 2009). This is even more obvious during episodes of ther-
mal stress, when the zooxanthellae are expelled leaving the coral
bleached. Bleaching can be fatal for the animal if it is not reversed
by returning to the original thermal conditions, allowing the return
of the zooxanthellae (Hughes et al., 2017). Different species or
strains of Symbiodinium have evolved within different coral families
in different areas of the world. Moreover, a single coral colony does
not live with a single species of zooxanthellae, but rather a mixed
community, typically dominated by one genus. As a result, changes
in climate can lead to a shift of symbionts between hosts, where a
dominant Symbiodinium genus or species gets substituted by a for-
merly less abundant species that is better adapted to the new con-
ditions (Baker, 2003). This process is known as symbiont shuffling, it
has been reported that, for example, in cases of high water tempera-
tures and after bleaching events the corals shuffled their symbionts
to Durusdinium (formerly known as Symbiodinium Clade D) that is
known to be heat tolerant. This phenomenon of symbiont shuffling
represents a mechanism of rapid adaptation to environmental per-
turbations and confers the corals resilience against climate change
(Baker, Starger, McClanahan, & Glynn, 2004).

In corals, another symbiont also illustrates how context can shift
its position in the spectrum between parasitism and mutualism.
Ostreobium quekettii is a green alga that bores into the coral skele-
ton, and it has both distribution and host specificity that are similarly
complex as in Symbiodinium (del Campo, Pombert, Slapeta, Larkum,
& Keeling, 2017). Ostreobium has been proposed to be mutualistic,
but only during bleaching events, when Ostreobium provides photo-
synthates to the host (Fine & Loya, 2002). This can sustain the host
for a while until Symbiodinium returns, but if Symbiodinium remains
absent for longer periods, then Ostreobium overgrows the coral and
ultimately kills it. For that reason, Ostreobium has been also consid-
ered a parasite (Verbruggen & Tribollet, 2011). So, Ostreobium in
‘normal’ conditions acts as a commensal in the skeleton, but during
bleaching events it becomes a mutualist for a short term, but if the
bleaching situation continues it becomes a parasite and kills its host.
This is a good example of how the health status of the host defines
the role of the symbiont, and that different symbiotic states are not
static but dynamic.

In the other well-studied model of microeukaryotic symbiosis,
xylophagous termites, the complexities of the communities are even
greater. The excavates associated with xylophagous insects are
essential for cellulose degradation, and all lower termites harbour

flagellated parabasalians and sometimes oxymonad in their hindgut.

These assemblages are specific for each host and can be very com-
plex (with up to 19 different species of microeukaryote and perhaps
10 times that of number of bacteria), but not all these species appear
to contribute to the digestion in an obvious way (Brune, 2014). Some
have been well documented to encode and express lignocellulases
and can be easily observed to take up large particles of wood, fit-
ting with their perceived role in the digestion process. Other spe-
cies, however, especially smaller ones, seem to have no role at all and
early substitution experiments showed they were dispensable in the

laboratory, although they are found in 100% of individuals in nature.

5 | GENOMIC SIGNATURES OF HOST-
SYMBIONT ASSOCIATIONS

There is a somewhat vague perception that there is a molecular
toolkit that allows a parasite or a mutualist to act as such, but if con-
text defines these roles it cannot be so simple. In the past, a parasite
genomic toolkit was defined for certain groups, typically including
proteins involved in cellular invasion, gliding motility, division or
proteins providing particular structural and functional properties
like virulence to the parasite. However, recent studies have shown
that in most of these cases the genes thought to be novel to the
parasitic lineage were already present in the free-living relatives of
those parasites (Jackson et al., 2016; Janouskovec et al., 2015; Woo
et al., 2015). Probably these ‘parasitic toolkits’ reflect more a lack of
genomic information from free-living organisms than adaptation to
parasitism. The emerging picture is that parasites, instead of acquir-
ing novel components that ‘made’ them parasites, have adapted to
a new environment (the host) through modification of existing con-
served traits (Janouskovec & Keeling, 2016).

The same may be true of mutualistic symbionts, but genomic
studies are less common than for parasites, though sets of genes
related to mutualism have nevertheless been defined. For exam-
ple, in Symbiodinium genes associated with light reactions, ion and
metabolite transport, and stress responses have all been linked to
adaptation to the needs of the symbiotic lifestyle and maintain-
ing the regulation with its host. Genes involved in amino acid and
glycoprotein biosynthesis have also been positively selected for,
seemingly to provide nutrients that the host cannot synthetize
by itself and are considered essential for the establishment of the
symbiosis (Lin et al., 2015; Liu et al., 2018). These observations are
the result of the genome analysis of zooxanthellae and represent
an enrichment of certain gene families in their genomes, but we
lack a clear comparison with close, free-living relatives, so we do
not know whether they represent mutualist innovations or whether
they are exaptation as has been observed in parasite evolution. In
the case of the termite gut flagellates, some of the genes involved
in cellulose degradation appear to be have been acquired by hori-
zontal gene transfer from bacteria that also inhabit the gut (Todaka
et al., 2010), suggesting the parabasalians moved into this environ-
ment for other reasons and adapted in such a way as to become

beneficial to the host. A similar process of horizontal gene transfer
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from bacteria has been observed in the commensal Blastocystis,
where genes associated with carbohydrate use and anaerobic life-
style are derived from bacteria have been reported in its genome
(Eme, Gentekaki, Curtis, Archibald, & Roger, 2017). While the ge-
nomic mechanisms and evolutionary history of some parasites are
well studied, this is not the case for mutualists and commensals.
To fully understand the genomic basis and the evolution of the eu-
karyome, we need to increase our efforts to sequence and analyse
the genomes of non-pathogenic microeukaryotes. In addition to
characterizing eukaryome-host interactions according to virulence
or (inter-) dependence on the host, we suggest that a more fun-
damental measure and understanding of the relationships can be
based on the nature of the interaction with the host (Bass, Ward, et
al., 2019). At extremes, the interaction will be very tight, for exam-
ple, the metabolic complementarity shown by some microsporidia
or the interdependence of the Symbiodinium-coral relationship,
whereas entirely commensal relationships shown by a wide diver-
sity of microeukaryotes in the gut or skin flora may be understood
as more akin to hitchhiking (Figure 1).

6 | CONCLUSIONS

Compared with the study of host-associated bacterial communi-
ties, our understanding of animal-associated microeukaryotes is in
its infancy. The impact of microeukaryotes on animal health, as a
common inhabitant of the gut or other parts of the body, is poten-
tially as relevant as the impact that prokaryotes have, but we know
very little about it. To move forward, the first thing we need to do
is to identify the main players, so we need more metabarcoding-
based studies to characterize the eukaryome diversity. However,
it is crucial not to make the same mistake twice, we should not
consider the microeukaryotic fraction of the microbiome as an
isolated compartment. Microeukaryotes are constantly interacting
not only with the host but also with the prokaryotic microbes (and
viruses) that share the same environment. We need to consider all
the members of the microbiome as a whole and study their inter-
actions. One very good model for this approach is the termite gut
ecosystem. Although studying the eukaryome at the community
level is important, working at the organismal level is also critical
to fully understand the functional roles played by individual micro-
eukaryotes, with a particular emphasis on the commensals, where
the functional relationship is not obvious. The use of genomic ap-
proaches will help us to infer the evolutionary mechanisms involved
in the establishment of the symbiosis, and comparative approaches
that have been informative for the origin and evolutionary adapta-
tions of parasites should be extended to mutualists and commen-
sals. Finally, it is also important to consider and treat the host as
another environment for microbes; animals as an environment may
have some peculiarities, but they are not fundamentally different
from oceans or soils. Changing a host-centric vision of symbiosis,
based on the positive of negative effect that the micro-organisms

have on the host, to a microbe-centric one based on the roles

played by the micro-organisms in the system and how they interact
and adapt to changes and perturbations, will help us to break the
constrains of the simplistic and static view that we nowadays have

on the symbiotic associations.

ACKNOWLEDGEMENTS
We wish to thank Alison Bennet for inviting us to submit a review
manuscript to the journal. We also thank the two anonymous re-

viewers for insightful comments and discussions.

AUTHORS' CONTRIBUTIONS

J.d.C. conceived the idea and decided the content of this review.
J.d.C,, D.B. and P.J.K. wrote the manuscript. J.d.C. prepared the
figures.

DATA AVAILABILITY STATEMENT

There is no archived data associated with this manuscript.

ORCID

Javier del Campo https://orcid.org/0000-0002-5292-1421

Patrick J. Keeling https://orcid.org/0000-0002-7644-0745

REFERENCES

Adam, R. D. (2001). Biology of Giardia lamblia. Clinical Microbiology
Reviews, 14(3), 447-475. https://doi.org/10.1128/CMR.14.3.447-475.
2001

Ainsworth, T. D., Fordyce, A. J.,, & Camp, E. F. (2017). The other
Microeukaryotes of the coral reef microbiome. Trends in Microbiology,
25(12), 980-991. https://doi.org/10.1016/j.tim.2017.06.007

Andersen, L. O., Vedel Nielsen, H., & Stensvold, C. R. (2013). Waiting
for the human intestinal Eukaryotome. The ISME Journal, 7(7), 1253~
1255. https://doi.org/10.1038/ismej.2013.21

Baker, A. C. (2003). Flexibility and specificity in coral-algal symbio-
sis: Diversity, ecology, and biogeography of Symbiodinium. Annual
Review of Ecology, Evolution, and Systematics, 34(2003), 661-689.
https://doi.org/10.1146/132417

Baker, A. C., Starger, C. J., McClanahan, T. R., & Glynn, P. W. (2004).
Corals’ adaptive response to climate change. Nature, 430(7001),
741-741. https://doi.org/10.1038/430741a

Bass, D., Czech, L., Williams, B. A. P., Berney, C., Dunthorn, M., Mahé,
F., ... Williams, T. A. (2018). Clarifying the relationships between mi-
crosporidia and Cryptomycota. Journal of Eukaryotic Microbiology,
65(6), 773-782. https://doi.org/10.1111/jeu.12519

Bass, D., Stentiford, G. D, Littlewood, D. T. J., & Hartikainen, H. (2015).
Diverse applications of environmental DNA methods in parasitology.
Trends in Parasitology, 31(10), 499-513. https://doi.org/10.1016/j.
pt.2015.06.013

Bass, D., Stentiford, G. D., Wang, H. C., Koskella, B., & Tyler, C. R. (2019).
The pathobiome: New insights in animal and plant health. Trends in
Ecology & Evolution.

Bass, D., Ward, G. M., & Burki, F. (2019). Ascetosporea. Current Biology,
29(1), R7-R8. https://doi.org/10.1016/j.cub.2018.11.025

Belda, E., Coulibaly, B., Fofana, A., Beavogui, A. H., Traore, S. F., Gohl,
D. M,, ... Riehle, M. M. (2017). Preferential suppression of Anopheles
gambiae host sequences allows detection of the mosquito eukaryotic
microbiome. Scientific Reports, 7(1), 3241. https://doi.org/10.1038/
s41598-017-03487-1

Bower, S. M., Carnegie, R. B., Goh, B., Jones, S. R., Lowe, G. J., &
Mak, M. W. (2004). Preferential PCR amplification of para-
sitic protistan small subunit rDNA from metazoan tissues. The


https://orcid.org/0000-0002-5292-1421
https://orcid.org/0000-0002-5292-1421
https://orcid.org/0000-0002-7644-0745
https://orcid.org/0000-0002-7644-0745
https://doi.org/10.1128/CMR.14.3.447-475.2001
https://doi.org/10.1128/CMR.14.3.447-475.2001
https://doi.org/10.1016/j.tim.2017.06.007
https://doi.org/10.1038/ismej.2013.21
https://doi.org/10.1146/132417
https://doi.org/10.1038/430741a
https://doi.org/10.1111/jeu.12519
https://doi.org/10.1016/j.pt.2015.06.013
https://doi.org/10.1016/j.pt.2015.06.013
https://doi.org/10.1016/j.cub.2018.11.025
https://doi.org/10.1038/s41598-017-03487-1
https://doi.org/10.1038/s41598-017-03487-1

2052 | Functional Ecology

DL CAMPO ET AL.

Journal of Eukaryotic Microbiology, 51(3), 325-332. https://doi.
org/10.1111/j.1550-7408.2004.tb00574.x

Brune, A. (2014). Symbiotic digestion of lignocellulose in termite
guts. Nature Reviews Microbiology, 12(3), 168-180. https://doi.
org/10.1038/nrmicro3182

Cabral, G., & Marciano-Cabral, F. (2003). Acanthamoeba spp. as agents
of disease in humans. Clinical Microbiology Reviews, 16(2), 273-307.
https://doi.org/10.1128/CMR.16.2.273-307.2003

Calderone, R. A., & Fonzi, W. A. (2001). Virulence factors of Candida albi-
cans. Trends in Microbiology, 9(7), 327-335. https://doi.org/10.1016/
S0966-842X(01)02094-7

Capella-Gutiérrez, S., Marcet-Houben, M., & Gabaldén, T. (2012).
Phylogenomics supports microsporidia as the earliest diverg-
ing clade of sequenced fungi. BMC Biology, 10(1), 47. https://doi.
org/10.1186/1741-7007-10-47

Chambouvet, A., Gower, D. J.,, Jirkd, M., Yabsley, M. J., Davis, A. K.,
Leonard, G, ... Richards, T. A. (2015). Cryptic infection of a broad
taxonomic and geographic diversity of tadpoles by Perkinsea pro-
tists. Proceedings of the National Academy of Sciences of the United
States of America, 112(34), E4743-E4751. https://doi.org/10.1073/
pnas.1500163112

Chudnovskiy, A., Mortha, A., Kana, V., Kennard, A., Ramirez, J. D.,
Rahman, A., ... Merad, M. (2016). Host-protozoan interactions
protect from mucosal infections through activation of the inflam-
masome. Cell, 167(2), 444-456.e14. https://doi.org/10.1016/j.
cell.2016.08.076

Coats, D. W. (1999). Parasitic life styles of marine dinoflagellates.
Journal of Eukaryotic Microbiology, 46(4), 402-409. https://doi.
org/10.1111/j.1550-7408.1999.tb04620.x

Coyne, R. S., Hannick, L., Shanmugam, D., Hostetler, J. B., Brami, D.,
Joardar, V. S., ... Clark, T. G. (2011). Comparative genomics of the
pathogenic ciliate Ichthyophthirius multifiliis, its free-living relatives
and a host species provide insights into adoption of a parasitic life-
style and prospects for disease control. Genome Biology, 12(10), 1-26.
https://doi.org/10.1186/gb-2011-12-10-r100

Cui, L., Morris, A., & Ghedin, E. (2013). The human mycobiome in health
and disease. Genome Medicine, 5(63), 1-12. https://doi.org/10.1186/
gm467

de Vargas, C., Audic, S., Henry, N., Decelle, J., Mahe, F., Logares, R,, ...
Velayoudon, D. (2015). Eukaryotic plankton diversity in the sunlit
ocean. Science, 348(6237), 1261605. https://doi.org/10.1126/science.
1261605

del Campo, J., Pombert, J.-F., Slapeta, J., Larkum, A. W. D., & Keeling, P.
J. (2017). The ‘other’ coral symbiont: Ostreobium diversity and dis-
tribution. The ISME Journal, 11(1), 296-299. https://doi.org/10.1038/
ismej.2016.101

del Campo, J., Pons, M. J., Herranz, M., Wakeman, K. C., del Valle, J.,
Vermeij, M. J. A., ... Keeling, P. J. (2019). Validation of a universal
set of primers to study animal-associated microeukaryotic commu-
nities. Environmental Microbiology, 21(10), 3855-3861. https://doi.
org/10.1111/1462-2920.14733

del Campo, J., Sieracki, M. E., Molestina, R., Keeling, P. J., Massana, R., &
Ruiz-Trillo, 1. (2014). The others: Our biased perspective of eukary-
otic genomes. Trends in Ecology & Evolution, 29(5), 252-259. https://
doi.org/10.1016/j.tree.2014.03.006

Eme, L., Gentekaki, E., Curtis, B., Archibald, J. M., & Roger, A. J. (2017).
Lateral gene transfer in the adaptation of the anaerobic parasite
blastocystis to the gut. Current Biology, 27(6), 807-820. https://doi.
org/10.1016/j.cub.2017.02.003

Field, C. B., Behrenfeld, M. J,, Randerson, J. T., & Falkowski, P. G. (1998).
Primary production of the biosphere: Integrating terrestrial and
oceanic components. Science, 281(5374), 237-240. https://doi.
org/10.1126/science.281.5374.237

Field, S. G., & Michiels, N. K. (2005). Parasitism and growth in the
earthworm Lumbricus terrestris: Fitness costs of the gregarine

parasite Monocystis sp. Parasitology, 130(4), 397-403. https://doi.
org/10.1017/50031182004006663

Fine, M., & Loya, Y. (2002). Endolithic algae: An alternative source of
photoassimilates during coral bleaching. Proceedings of the Royal
Society B: Biological Sciences, 269(1497), 1205-1210. https://doi.
org/10.1098/rspb.2002.1983

Fisher, M. C., Garner, T. W. J., & Walker, S. F. (2009). Global emergence of
Batrachochytrium dendrobatidis and Amphibian chytridiomycosis in
space, time, and host. Annual Review of Microbiology, 63(1), 291-310.
https://doi.org/10.1146/annurev.micro.091208.073435

Fisher, M. C., Henk, D. A., Briggs, C. J., Brownstein, J. S., Madoff, L. C,,
McCraw, S. L., & Gurr, S. J. (2012). Emerging fungal threats to animal,
plant and ecosystem health. Nature, 484(7393), 186-194. https://doi.
org/10.1038/nature10947

Fredricks, D. N., & Relman, D. A. (1996). Sequence-based identification
of microbial pathogens: A reconsideration of Koch's postulates.
Clinical Microbiology Reviews, 9(1), 18-33. https://doi.org/10.1098/
rspb.1998.0336

Freeman, M. A., Fuss, J., Kristmundsson, A., Bjorbekmo, M. F. M.,
Mangot, J.-F., del Campo, J., ... Bass, D. (2017). X-cells are globally
distributed, genetically divergent fish parasites related to perkinsids
and dinoflagellates. Current Biology, 27(11), 1645-1651.e3. https://
doi.org/10.1016/j.cub.2017.04.045

Gaitanis, G., Magiatis, P., Hantschke, M., Bassukas, I. D., & Velegraki, A.
(2012). The Malassezia genus in skin and systemic diseases. Clinical
Microbiology Reviews, 25(1), 106-141. https://doi.org/10.1128/
CMR.00021-11

Geisen, S., Laros, ., Vizcaino, A., Bonkowski, M., & De Groot, G. A. (2015).
Not all are free-living: High-throughput DNA metabarcoding reveals
a diverse community of protists parasitizing soil metazoa. Molecular
Ecology, 24(17), 4556-4569. https://doi.org/10.1111/mec.13238

Gibson, W.(2016). Kinetoplastea.InJ. M. Archibald, A.G. B. Simpson, C. H.
Slamovits, L. Margulis, M. Melkonian, D. J. Chapman, & J. O. Corliss
(Eds.), Handbook of the protists (pp. 1-50). Cham: Springer International
Publishing. https://doi.org/10.1007/978-3-319-32669-6_7-1

Glynn, P. W. (1993). Coral reef bleaching: Ecological perspectives. Coral
Reefs, 12(1), 1-17. https://doi.org/10.1007/BF00303779

Guillou, L., Viprey, M., Chambouvet, A., Welsh, R. M., Kirkham, A. R.,
Massana, R., ... Worden, A. Z. (2008). Widespread occurrence and
genetic diversity of marine parasitoids belonging to Syndiniales
(Alveolata). Environmental Microbiology, 10(12), 3349-3365. https://
doi.org/10.1111/j.1462-2920.2008.01731.x

Hajibabaei, M., Shokralla, S., Zhou, X., Singer, G. A. C., & Baird, D. J.
(2011). Environmental barcoding: A next-generation sequencing ap-
proach for biomonitoring applications using river benthos. PLoS ONE,
6(4), e17497. https://doi.org/10.1371/journal.pone.0017497

Hino, A., Maruyama, H., & Kikuchi, T. (2016). A novel method to assess
the biodiversity of parasites using 18S rDNA Illumina sequencing;
parasitome analysis method. Parasitology International, 65(5), 572-
575. https://doi.org/10.1016/j.parint.2016.01.009

Hirt, R. P, & Sherrard, J. (2015). Trichomonas vaginalis origins, molecular patho-
biology and clinical considerations. Current Opinion in Infectious Diseases,
28(1), 72-79. https://doi.org/10.1097/QC0O.0000000000000128

Hooper, L. V., & Gordon, J. I. (2001). Commensal host-bacterial rela-
tionships in the gut. Science, 292(5519), 1115-1118. https://doi.
org/10.1126/science.1058709

Houlbréque, F., & Ferrier-Pagés, C. (2009). Heterotrophy in tropi-
cal scleractinian corals. Biological Reviews, 84(1), 1-17. https://doi.
org/10.1111/j.1469-185X.2008.00058.x

Hughes, T. P, Kerry, J. T,, Alvarez—Noriega, M., Alvarez-Romero, J. G.,
Anderson, K. D., Baird, A. H., ... Wilson, S. K. (2017). Global warming
and recurrent mass bleaching of corals. Nature, 543(7645), 373-377.
https://doi.org/10.1038/nature21707

Huttenhower, C., Gevers, D., Knight, R., Abubucker, S., Badger, J. H,,
& Chinwalla, A. T.. ... Project, M. (2012). Structure, function and


https://doi.org/10.1111/j.1550-7408.2004.tb00574.x
https://doi.org/10.1111/j.1550-7408.2004.tb00574.x
https://doi.org/10.1038/nrmicro3182
https://doi.org/10.1038/nrmicro3182
https://doi.org/10.1128/CMR.16.2.273-307.2003
https://doi.org/10.1016/S0966-842X(01)02094-7
https://doi.org/10.1016/S0966-842X(01)02094-7
https://doi.org/10.1186/1741-7007-10-47
https://doi.org/10.1186/1741-7007-10-47
https://doi.org/10.1073/pnas.1500163112
https://doi.org/10.1073/pnas.1500163112
https://doi.org/10.1016/j.cell.2016.08.076
https://doi.org/10.1016/j.cell.2016.08.076
https://doi.org/10.1111/j.1550-7408.1999.tb04620.x
https://doi.org/10.1111/j.1550-7408.1999.tb04620.x
https://doi.org/10.1186/gb-2011-12-10-r100
https://doi.org/10.1186/gm467
https://doi.org/10.1186/gm467
https://doi.org/10.1126/science.1261605
https://doi.org/10.1126/science.1261605
https://doi.org/10.1038/ismej.2016.101
https://doi.org/10.1038/ismej.2016.101
https://doi.org/10.1111/1462-2920.14733
https://doi.org/10.1111/1462-2920.14733
https://doi.org/10.1016/j.tree.2014.03.006
https://doi.org/10.1016/j.tree.2014.03.006
https://doi.org/10.1016/j.cub.2017.02.003
https://doi.org/10.1016/j.cub.2017.02.003
https://doi.org/10.1126/science.281.5374.237
https://doi.org/10.1126/science.281.5374.237
https://doi.org/10.1017/S0031182004006663
https://doi.org/10.1017/S0031182004006663
https://doi.org/10.1098/rspb.2002.1983
https://doi.org/10.1098/rspb.2002.1983
https://doi.org/10.1146/annurev.micro.091208.073435
https://doi.org/10.1038/nature10947
https://doi.org/10.1038/nature10947
https://doi.org/10.1098/rspb.1998.0336
https://doi.org/10.1098/rspb.1998.0336
https://doi.org/10.1016/j.cub.2017.04.045
https://doi.org/10.1016/j.cub.2017.04.045
https://doi.org/10.1128/CMR.00021-11
https://doi.org/10.1128/CMR.00021-11
https://doi.org/10.1111/mec.13238
https://doi.org/10.1007/978-3-319-32669-6_7-1
https://doi.org/10.1007/BF00303779
https://doi.org/10.1111/j.1462-2920.2008.01731.x
https://doi.org/10.1111/j.1462-2920.2008.01731.x
https://doi.org/10.1371/journal.pone.0017497
https://doi.org/10.1016/j.parint.2016.01.009
https://doi.org/10.1097/QCO.0000000000000128
https://doi.org/10.1126/science.1058709
https://doi.org/10.1126/science.1058709
https://doi.org/10.1111/j.1469-185X.2008.00058.x
https://doi.org/10.1111/j.1469-185X.2008.00058.x
https://doi.org/10.1038/nature21707

DL CAMPO ET AL.

Functional Ecology 2053

diversity of the healthy human microbiome. Nature, 486(7402), 207-
214. https://doi.org/10.1038/nature11234

Jackson, A. P, Otto, T. D., Aslett, M., Armstrong, S. D., Bringaud, F.,
Schlacht, A., ... Berriman, M. (2016). Kinetoplastid phylogenomics re-
veals the evolutionary innovations associated with the origins of par-
asitism. Current Biology, 26(2), 161-172. https://doi.org/10.1016/j.
cub.2015.11.055

Janouskovec, J., & Keeling, P. J. (2016). Evolution: Causality and the
origin of parasitism. Current Biology, 26(4), R174-R177. https://doi.
org/10.1016/j.cub.2015.12.057

Janouskovec, J., Tikhonenkov, D. V., Burki, F., Howe, A. T., Kolisko, M.,
Mylnikov, A. P., & Keeling, P. J. (2015). Factors mediating plastid de-
pendency and the origins of parasitism in apicomplexans and their
close relatives. Proceedings of the National Academy of Sciences of
the United States of America, 112(33), 10200-10207. https://doi.
org/10.1073/pnas.1423790112

John, D. T. (1982). Primary amebic meningoencephalitis and the biology
of Naegleria fowleri. Annual Review of Microbiology, 36(56), 101-123.
https://doi.org/10.1146/annurev.mi.36.100182.000533

Jurgens, K., & Massana, R. (2008). Protistan grazing on marine bacte-
rioplankton. In D. L. Kirchman (Ed.), Microbial ecology of the oceans
(Vol. 69, 2nd ed., pp. 383-441). Hoboken, NJ: John Wiley & Sons, Inc.
https://doi.org/10.1002/9780470281840.ch11

Keeling, P. J., & del Campo, J. (2017). Marine protists are not just big bac-
teria. Current Biology, 27(11), R541-R549. https://doi.org/10.1016/j.
cub.2017.03.075

Kittelmann, S., Devente, S. R., Kirk, M. R., Seedorf, H., Dehority, B. A,
& Janssen, P. H. (2015). Phylogeny of intestinal ciliates, including
Charonina ventriculi, and comparison of microscopy and 18S rRNA
gene pyrosequencing for rumen ciliate community structure anal-
ysis. Applied and Environmental Microbiology, 81(7), 2433-2444.
https://doi.org/10.1128/AEM.03697-14

Kreier, J. P, & Baker, J. R. (1987). Parasitic protozoa. Dordrecht, the
Netherlands: Springer Netherlands.

Kronstad, J. W., Attarian, R., Cadieux, B., Choi, J., D'Souza, C. A.,
Griffiths, E. J., ... Wang, J. (2011). Expanding fungal pathogenesis:
Cryptococcus breaks out of the opportunistic box. Nature Reviews
Microbiology, 9(3), 193-203. https://doi.org/10.1038/nrmicro2522

Kuris, A. M., Hechinger, R. F., Shaw, J. C., Whitney, K. L., Aguirre-
Macedo, L., Boch, C. A,, ... Lafferty, K. D. (2008). Ecosystem en-
ergetic implications of parasite and free-living biomass in three
estuaries. Nature, 454(7203), 515-518. https://doi.org/10.1038/
nature06970

Lass-Florl, C., & Mayr, A. (2007). Human protothecosis. Clinical
Microbiology Reviews, 20(2), 230-242. https://doi.org/10.1128/
CMR.00032-06

Leander, B. S. (2008). Marine gregarines: Evolutionary prelude to the api-
complexan radiation? Trends in Parasitology, 24(2), 60-67. https://doi.
org/10.1016/j.pt.2007.11.005

Lin, S., Cheng, S., Song, B., Zhong, X, Lin, X,, Li, W,, ... Morse, D. (2015).
The Symbiodinium kawagutii genome illuminates dinoflagellate gene
expression and coral symbiosis. Science, 350(6261), 691-694. https://
doi.org/10.1126/science.aad0408

Liu, H., Stephens, T. G., Gonzalez-Pech, R. A., Beltran, V. H., Lapeyre, B.,
Bongaerts, P, ... Chan, C. X. (2018). Symbiodinium genomes reveal
adaptive evolution of functions related to coral-dinoflagellate sym-
biosis. Communications Biology, 1(1), 95. https://doi.org/10.1038/
s42003-018-0098-3

Loftus, B., Anderson, I., Davies, R., Alsmark, U. C. M., Samuelson, J.,
Amedeo, P, ... Hall, N. (2005). The genome of the protist parasite
Entamoeba histolytica. Nature, 433(7028), 865-868. https://doi.
org/10.1038/nature03291

Lukes, J., Stensvold, C. R., JirkG-Pomajbikova, K., & Parfrey, L. W. (2015).
Are human intestinal eukaryotes beneficial or commensals? PLoS Path,
11(8), e1005039. https://doi.org/10.1371/journal.ppat.1005039

Mahé, F., de Vargas, C., Bass, D., Czech, L., Stamatakis, A., Lara, E., ...
Dunthorn, M. (2017). Parasites dominate hyperdiverse soil protist
communities in Neotropical rainforests. Nature Ecology & Evolution,
1(4), 0091. https://doi.org/10.1038/s41559-017-0091

Mccormick, A., Loeffler, J., & Ebel, F. (2010). Aspergillus fumigatus:
Contours of an opportunistic human pathogen. Cellular Microbiology,
12(11), 1535-1543. https://doi.org/10.1111/j.1462-5822.2010.01517.x

McFall-Ngai, M., Hadfield, M. G., Bosch, T. C. G., Carey, H. V., Domazet-
Loso, T., Douglas, A. E., ... Wernegreen, J. J. (2013). Animals in a bac-
terial world, a new imperative for the life sciences. Proceedings of the
National Academy of Sciences of the United States of America, 110(9),
3229-3236. https://doi.org/10.1073/pnas.1218525110

Melo Clavijo, J., Donath, A., Serodio, J., & Christa, G. (2018). Polymorphic
adaptations in metazoans to establish and maintain photosymbioses.
Biological Reviews, 93(4), 2006-2020. https:/doi.org/10.1111/brv.12430

Moore, R. B., Obornik, M., Janouskovec, J., Chrudimsky, T., Vancova, M.,
Green, D. H., ... Carter, D. A. (2008). A photosynthetic alveolate
closely related to apicomplexan parasites. Nature, 451(7181), 959-
963. https://doi.org/10.1038/nature06635

Morton, E. R., Lynch, J., Froment, A., Lafosse, S., Heyer, E., Przeworski,
M., ... Ségurel, L. (2015). Variation in rural african gut microbiota is
strongly correlated with colonization by Entamoeba and subsistence.
PLOS Genetics, 11(11), e1005658. https://doi.org/10.1371/journ
al.pgen.1005658

Nash, A. K., Auchtung, T. A., Wong, M. C., Smith, D. P,, Gesell, J. R., Ross,
M. C,, ... Petrosino, J. F. (2017). The gut mycobiome of the human mi-
crobiome project healthy cohort. Microbiome, 5(1), 153. https://doi.
org/10.1186/s40168-017-0373-4

Obornik, M., Modry, D., Lukes, M., Cernotikova-Stiibrna, E., CihlaF, J.,
Tesafova, M., ... Lukes, J. (2012). Morphology, ultrastructure and
life cycle of Vitrella brassicaformis n. sp., n. gen., a novel chromerid
from the great barrier reef. Protist, 163(2), 306-323. https://doi.
org/10.1016/j.protis.2011.09.001

Oh, J., Byrd, A. L., Deming, C., Conlan, S., Barnabas, B., Blakesley, R, ...
Segre, J. A. (2014). Biogeography and individuality shape function in
the human skin metagenome. Nature, 514(7520), 59-64. https://doi.
org/10.1038/nature13786

Parfrey, L. W., Walters, W. A, Lauber, C.L.,Clemente, J.C.,Berg-Lyons, D.,
Teiling, C., ... Knight, R. (2014). Communities of microbial eukaryotes
in the mammalian gut within the context of environmental eukary-
otic diversity. Frontiers in Microbiology, 5(June), 1-13. https://doi.
org/10.3389/fmicb.2014.00298

Pawlowski, J., Audic, S., Adl, S., Bass, D., Belbahri, L., Berney, C., ... de
Vargas, C. (2012). CBOL protist working group: Barcoding eukaryotic
richness beyond the animal, plant, and fungal kingdoms. PLoS Biology,
10(11), e1001419. https:/doi.org/10.1371/journal.pbio.1001419

Preston, D. L., Mischler, J. A., Townsend, A. R., & Johnson, P. T. J. (2016).
Disease ecology meets ecosystem science. Ecosystems, 19(4), 737-
748. https://doi.org/10.1007/s10021-016-9965-2

Saffo, M. B., McCoy, A. M., Rieken, C. W., & Slamovits, C. H. H. (2010).
Nephromyces, a beneficial apicomplexan symbiont in marine ani-
mals. Proceedings of the National Academy of Sciences of the United
States of America, 107(37), 16190-16195. https://doi.org/10.1073/
pnas.1002335107

Scanlan, P. D., Stensvold, C. R., Rajili¢-Stojanovi¢, M., Heilig, H. G. H. J.,
De Vos, W. M., O'Toole, P. W., & Cotter, P. D. (2014). The microbial
eukaryote Blastocystis is a prevalent and diverse member of the
healthy human gut microbiota. FEMS Microbiology Ecology, 90(1),
326-330. https://doi.org/10.1111/1574-6941.12396

Schoch, C. L., Seifert, K. A., Huhndorf, S., Robert, V., Spouge, J. L.,
Levesque, C. A., ... Schindel, D. (2012). Nuclear ribosomal internal
transcribed spacer (ITS) region as a universal DNA barcode marker
for Fungi. Proceedings of the National Academy of Sciences of the United
States of America, 109(16), 6241-6246. https://doi.org/10.1073/
pnas.1117018109


https://doi.org/10.1038/nature11234
https://doi.org/10.1016/j.cub.2015.11.055
https://doi.org/10.1016/j.cub.2015.11.055
https://doi.org/10.1016/j.cub.2015.12.057
https://doi.org/10.1016/j.cub.2015.12.057
https://doi.org/10.1073/pnas.1423790112
https://doi.org/10.1073/pnas.1423790112
https://doi.org/10.1146/annurev.mi.36.100182.000533
https://doi.org/10.1002/9780470281840.ch11
https://doi.org/10.1016/j.cub.2017.03.075
https://doi.org/10.1016/j.cub.2017.03.075
https://doi.org/10.1128/AEM.03697-14
https://doi.org/10.1038/nrmicro2522
https://doi.org/10.1038/nature06970
https://doi.org/10.1038/nature06970
https://doi.org/10.1128/CMR.00032-06
https://doi.org/10.1128/CMR.00032-06
https://doi.org/10.1016/j.pt.2007.11.005
https://doi.org/10.1016/j.pt.2007.11.005
https://doi.org/10.1126/science.aad0408
https://doi.org/10.1126/science.aad0408
https://doi.org/10.1038/s42003-018-0098-3
https://doi.org/10.1038/s42003-018-0098-3
https://doi.org/10.1038/nature03291
https://doi.org/10.1038/nature03291
https://doi.org/10.1371/journal.ppat.1005039
https://doi.org/10.1038/s41559-017-0091
https://doi.org/10.1111/j.1462-5822.2010.01517.x
https://doi.org/10.1073/pnas.1218525110
https://doi.org/10.1111/brv.12430
https://doi.org/10.1038/nature06635
https://doi.org/10.1371/journal.pgen.1005658
https://doi.org/10.1371/journal.pgen.1005658
https://doi.org/10.1186/s40168-017-0373-4
https://doi.org/10.1186/s40168-017-0373-4
https://doi.org/10.1016/j.protis.2011.09.001
https://doi.org/10.1016/j.protis.2011.09.001
https://doi.org/10.1038/nature13786
https://doi.org/10.1038/nature13786
https://doi.org/10.3389/fmicb.2014.00298
https://doi.org/10.3389/fmicb.2014.00298
https://doi.org/10.1371/journal.pbio.1001419
https://doi.org/10.1007/s10021-016-9965-2
https://doi.org/10.1073/pnas.1002335107
https://doi.org/10.1073/pnas.1002335107
https://doi.org/10.1111/1574-6941.12396
https://doi.org/10.1073/pnas.1117018109
https://doi.org/10.1073/pnas.1117018109

2054 Functional Ecology

DL CAMPO ET AL.

Simon, M., Lopez-Garcia, P., Deschamps, P., Moreira, D., Restoux, G.,
Bertolino, P., & Jardillier, L. E. (2015). Marked seasonality and high
spatial variability of protist communities in shallow freshwater sys-
tems. The ISME Journal, 9(9), 1941-1953. https://doi.org/10.1038/
ismej.2015.6

Stensvold, C. R.,, & van der Giezen, M. (2018). Associations be-
tween gut microbiota and common luminal intestinal parasites.
Trends in Parasitology, 34(5), 369-377. https://doi.org/10.1016/j.
pt.2018.02.004

Stentiford, G. D., Becnel, J. J., Weiss, L. M., Keeling, P. J., Didier, E. S.,
Williams, B. A. P, ... Solter, L. (2016). Microsporidia - Emergent
pathogens in the global food chain. Trends in Parasitology, 32(4), 336-
348. https://doi.org/10.1016/j.pt.2015.12.004

Stentiford, G. D, Feist, S. W., Stone, D. M., Peeler, E. J., & Bass, D. (2014).
Policy, phylogeny, and the parasite. Trends in Parasitology, 30(6), 274~
281. https://doi.org/10.1016/j.pt.2014.04.004

Sweet, M. J.,, & Bythell, J. C. (2012). Ciliate and bacterial communities
associated with white syndrome and brown band disease in reef-
building corals. Environmental Microbiology, 14(8), 2184-2199. https://
doi.org/10.1111/j.1462-2920.2012.02746.x

Taberlet, P., Coissac, E., Hajibabaei, M., & Rieseberg, L. H. (2012).
Environmental DNA. Molecular Ecology, 21(8), 1789-1793. https://
doi.org/10.1111/j.1365-294X.2012.05542.x

Tartar, A., Boucias, D. G., Adams, B. J., & Becnel, J. J. (2002). Phylogenetic
analysis identifies the invertebrate pathogen Helicosporidium sp.
as a green alga (Chlorophyta). International Journal of Systematic
and Evolutionary Microbiology, 52(1), 273-279. https://doi.
org/10.1099/00207713-52-1-273

Thomas, C. F., & Limper, H. (2004). Pneumocystis pneumonia. New England
Journal of Medicine, 350, 2487-2498. https://doi.org/10.1056/
NEJMra032588

Todaka, N., Inoue, T., Saita, K., Ohkuma, M., Nalepa, C. A., Lenz, M.,
... Moriya, S. (2010). Phylogenetic analysis of cellulolytic enzyme
genes from representative lineages of termites and a related cock-
roach. PLoS ONE, 5(1), e8636. https://doi.org/10.1371/journal.
pone.0008636

Tringe, S. G., & Hugenholtz, P. (2008). A renaissance for the pioneering
16S rRNA gene. Current Opinion in Microbiology, 11(5), 442-446.
https://doi.org/10.1016/j.mib.2008.09.011

Verbruggen, H., & Tribollet, A. (2011). Boring algae. Current Biology,
21(21), R876-R877. https://doi.org/10.1016/j.cub.2011.09.014

Vestheim, H., & Jarman, S. N. (2008). Blocking primers to enhance PCR
amplification of rare sequences in mixed samples - A case study on
prey DNA in Antarctic krill stomachs. Frontiers in Zoology, 5(1), 12.
https://doi.org/10.1186/1742-9994-5-12

Votypka, J., Modry, D., Obornik, M., Slapeta, J., & Lukes, J. (2016).
Apicomplexa. In J. M. Archibald, A. G. B. Simpson, C. H. Slamovits, L.
Margulis, M. Melkonian, D. J. Chapman, & J. O. Corliss (Eds.),
Handbook of the protists (pp. 1-58). Cham: Springer International
Publishing. https://doi.org/10.1007/978-3-319-32669-6_20-1

Waidele, L., Korb, J., Voolstra, C. R., Kiinzel, S., Dedeine, F., & Staubach, F.
(2017). Differential ecological specificity of protist and bacterial mi-
crobiomes across a set of termite species. Frontiers in Microbiology,
8(December), 1-13. https://doi.org/10.3389/fmicbh.2017.02518

Walker, G., Dorrell, R. G., Schlacht, A., & Dacks, J. B. (2011). Eukaryotic
systematics: A user’s guide for cell biologists and parasitologists.
Parasitology, 138(13), 1-26. https://doi.org/10.1017/5003118201
0001708

Wampach,L.,Heintz-Buschart,A.,Hogan,A.,Muller,E.E.L.,Narayanasamy,S.,
Laczny, C. C,, ... Wilmes, P. (2017). Colonization and succession within
the human gut microbiome by archaea, bacteria, and microeukaryotes
during the first year of life. Frontiers in Microbiology, 8(May), 1-21. https
://doi.org/10.3389/fmich.2017.00738

Wilcox, J. J. S., & Hollocher, H. (2018). Unprecedented symbiont eu-
karyote diversity is governed by internal trophic webs in a wild non-
human primate. Protist, 169(3), 307-320. https://doi.org/10.1016/
j.protis.2018.03.001

Woo, Y. H., Ansari, H., Otto, T. D., Klinger, C. M., Kolisko, M., Michalek, J.,
... Pain, A. (2015). Chromerid genomes reveal the evolutionary path
from photosynthetic algae to obligate intracellular parasites. elLife,
4(e06974), 1-41. https://doi.org/10.7554/elLife.06974

Wooldridge, S. A. (2010). Is the coral-algae symbiosis really “mutually
beneficial” for the partners? BioEssays, 32(7), 615-625. https://doi.
org/10.1002/bies.200900182

Worden, A. Z., Follows, M. J., Giovannoni, S. J., Wilken, S., Zimmerman,
A. E., & Keeling, P. J. (2015). Rethinking the marine carbon cycle:
Factoring in the multifarious lifestyles of microbes. Science,
347(6223), 1257594-1257594. https://doi.org/10.1126/science.
1257594

Yamin, M. A. (1979). Flagellates of the orders Trichomonadida Kirby,
Oxymonanida Grassé, and Hypermastigida Grasse & Foa reported
from lower termites. Sociobiology, 4, 1-119.

How to cite this article: del Campo J, Bass D, Keeling PJ. The
eukaryome: Diversity and role of microeukaryotic organisms
associated with animal hosts. Funct Ecol. 2020;34:2045-
2054. https://doi.org/10.1111/1365-2435.13490



https://doi.org/10.1038/ismej.2015.6
https://doi.org/10.1038/ismej.2015.6
https://doi.org/10.1016/j.pt.2018.02.004
https://doi.org/10.1016/j.pt.2018.02.004
https://doi.org/10.1016/j.pt.2015.12.004
https://doi.org/10.1016/j.pt.2014.04.004
https://doi.org/10.1111/j.1462-2920.2012.02746.x
https://doi.org/10.1111/j.1462-2920.2012.02746.x
https://doi.org/10.1111/j.1365-294X.2012.05542.x
https://doi.org/10.1111/j.1365-294X.2012.05542.x
https://doi.org/10.1099/00207713-52-1-273
https://doi.org/10.1099/00207713-52-1-273
https://doi.org/10.1056/NEJMra032588
https://doi.org/10.1056/NEJMra032588
https://doi.org/10.1371/journal.pone.0008636
https://doi.org/10.1371/journal.pone.0008636
https://doi.org/10.1016/j.mib.2008.09.011
https://doi.org/10.1016/j.cub.2011.09.014
https://doi.org/10.1186/1742-9994-5-12
https://doi.org/10.1007/978-3-319-32669-6_20-1
https://doi.org/10.3389/fmicb.2017.02518
https://doi.org/10.1017/S0031182010001708
https://doi.org/10.1017/S0031182010001708
https://doi.org/10.3389/fmicb.2017.00738
https://doi.org/10.3389/fmicb.2017.00738
https://doi.org/10.1016/j.protis.2018.03.001
https://doi.org/10.1016/j.protis.2018.03.001
https://doi.org/10.7554/eLife.06974
https://doi.org/10.1002/bies.200900182
https://doi.org/10.1002/bies.200900182
https://doi.org/10.1126/science.1257594
https://doi.org/10.1126/science.1257594
https://doi.org/10.1111/1365-2435.13490

