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ABSTRACT

Most discussions of human microbiome research have focused on bacterial
investigations and findings. Our target is to understand how human eukaryotic
microbiome research is developing, its potential distinctiveness, and how prob-
lems can be addressed. We start with an overview of the entire eukaryotic
microbiome literature (578 papers), show tendencies in the human-based
microbiome literature, and then compare the eukaryotic field to more devel-
oped human bacterial microbiome research. We are particularly concerned
with problems of interpretation that are already apparent in human bacterial
microbiome research (e.g. disease causality, probiotic interventions, evolution-
ary claims). We show where each field converges and diverges, and what this
might mean for progress in human eukaryotic microbiome research. Our analy-
sis then makes constructive suggestions for the future of the field.
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SO far, most wide-ranging discussions of human micro-
biome research have focused on bacterial findings to gain
insight into how the field is developing. Eukaryotic micro-
biome research is growing rapidly but has important differ-
ences from bacterial approaches. These differences may
stimulate new trajectories of research development and
also suggest how to overcome challenges inherent in
microbiome research. We compare human bacterial and
eukaryotic microbiome literature, particularly to find out
whether the interpretive challenges that exist in human
bacterial microbiome research are occurring in human
eukaryotic microbiome research. These problems have to
do with diversity descriptions and disease associations,
potential treatments, and the evolutionary and ecological
status of microbiota in relation to their human hosts. Our
findings suggest that these issues play out somewhat dif-
ferently in human eukaryotic microbiome publications, due

to basic ecological properties of eukaryotic microbiota. We
conclude with reflections on whether human eukaryotic
microbiome research will follow the same trajectory of
development as human bacterial microbiome research.

GENERAL MICROBIOME RESEARCH TRENDS

Anyone thinking about microbiology these days is likely to
consider it as occurring within “the Age of the
Microbiome” (Suhr and Hallen-Adams 2016, p. 1057). This
informal historical label describes a context in which
high-throughput sequencing methods enable culture-
independent approaches to learn about microbial diversity.
These investigations target an extensive range of microbial
communities and environments, including those in and on
host bodies. Unsurprisingly, the host-microbe relation-
ships that have had the most scientific and popular
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Figure 1 Microbiota/microbiome journal articles (blue bars) and published patents (red bars) published between 2002 and 2018. Search terms:
microbiome OR microbiota OR “gut flora” OR “gut microflora.” Sources: PubMed and European Patent Office (“Worldwide EN—collection of

published applications in English”).

attention involve humans, for whom health often seems
to be a microbiome matter. This marriage of medical inter-
ests and microbiome methods is still in its honeymoon
phase, but has contributed to quantitative leaps in the
amount of microbiome literature in publication databases
(Fig. 1).

Because of the potential medical and environmental
applications of microbiome findings, a rising number of
patent applications trail in the wake of the literature. An
emerging sentiment in drug development is that “ignoring
the microbiome is not an option” (Olle 2013, p. 315). A
fairly recent comparison of microbiome literature and inter-
national patents finds a fourfold increase in microbiome
patents between 2004 and 2012 (Olle 2013). Our own
examination of microbiome publications and patent data
shows a very similar comparative growth dynamic (Fig. 1).
There is a 10-fold growth of publications between 2010
and 2018. Patents, which naturally lag behind publications,
show a sixfold increase between 2010 and 2018. The
great majority of these patents are for diagnostics and live
biotherapeutics (primarily probiotics, but also some faecal
matter/microbiota transplants [FMT]).

Although studies of human microbiomes sometimes tar-
get viral and archaeal members of microbial communities
(e.g. Minot et al. 2011; Moissl-Eichinger et al. 2018), or at
least mention “nonbacterial” taxa (e.g. Heintz-Buschart
et al. 2017; Koenig et al. 2011; Yatsunenko et al. 2012),
the primary focus of both the literature and patents is
indeed bacteria. Viruses, Archaea, protists, and other
microbes have until recently been minority interests (see
Rowan-Nash et al. 2019, for a comprehensive list of such
studies). There are practical methodological reasons for
this privileging of bacteria (i.e. sheer abundance, relevant

tools, genome structure), as well as more substantive jus-
tifications. Bacterial genes vastly outnumber eukaryote
genes in communities (Qin et al. 2010) and bacteria pre-
dominate in the mass production of metabolites known to
have immune and other effects (Levy et al. 2016; Postler
and Ghosh 2017). Conversely, the functional impact of
eukaryotic microbes has primarily been detected in cases
of active pathogenicity. In most human microbiome
research, therefore, it was not unreasonably assumed that
eukaryotic microbes would be unimportant in terms of
microbial community analysis because of being too low in
abundance (except for standard pathogenic outcomes for
the host). Our discussion will address the growing body of
eukaryote-focused microbiome research, with a focus on
studies in humans, and whether there are meaningful dif-
ferences between human bacterial and eukaryotic micro-
biome research.

BIBLIOMETRIC OVERVIEW OF EUKARYOTE
MICROBIOME RESEARCH

Despite limited attention during the early phases of micro-
biome research, scrutiny of eukaryotic microbiomes has
surged in recent years. In this article, we define eukaryotic
microbiomes as consisting of unicellular organisms, which
means we exclude macroparasites such as helminths
despite their important immunomodulatory interactions
with human hosts (e.g. Maizels and McSorley 2016; Par-
ker and Ollerton 2013). We present first a quantitative bib-
liometric sketch of the literature, and then home in on
some key historical papers that have helped set the
agenda for the development of human eukaryotic micro-
biome insights.
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Using the biomarker search terms “28S OR 18S OR
ITST OR ITS2 AND microbiome" (337 results) and a more
general expression “Mycobiome OR mycobiota OR
(“fungal microbiota”) OR (“fungal microbiome”) OR
“eukaryotic microbiome” OR “eukaryotic microbiota” OR
("microeukaryotes AND sequencing”)” (842 results) we
found a total of 1,091 articles. After manual inspection of
this literature, we removed papers that were not about
eukaryotic microbiome research (i.e. did not feature cul-
ture-independent community-wide molecular methods),
were not in English, or were reviews (see Supplementary
Methods). Of the remaining 578 papers, around 24%
focused on human eukaryotic microbiomes (Fig. 2;
Table S1). “Other animals” and “plant” eukaryotic micro-
biomes were the next most common focus. Rumen and
arthropod microbiomes were the predominant subjects in
the “other animal” category, with occasional reference to
whether insects carry human eukaryotic pathogens (e.g.
Thongsripong et al. 2018). Other categories are broadly
“environmental.” These include the eukaryotic microbial
communities in aquatic niches (e.g. oceans, sea sedi-
ments, hypersaline lagoons), soils (e.g. agricultural soils,
biochar), terrestrial sites (e.g. caves, rocks), and human-
built environments (e.g. wastewater treatment sites,
mines, buildings). The last category includes a few studies
that describe indoor eukaryotic microbiota and their poten-
tial impact on human health (e.g. Hanson et al. 2016; Roc-
chi et al. 2017). "The biotechnology” category features
studies of eukaryotic microbes detected in industrial food

production and storage. Papers that focused on
terrestial
2%/ atmosphere

technical

other animals
16 %

aquatic
11%

plants
13%

Figure 2 Eukaryotic microbiome niches represented in our sample of
578 data-generating papers. We excluded review papers. For the
exact numbers of papers and full definitions of categories, see File S1
and Table S1.
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experimental and computational methods for analysing
eukaryotic microbiomes were placed in the “technical”
category.

Human microbiome sites include the gut, mouth, skin,
lungs, vagina, nasal cavities, and wounds. All the main
eukaryotic supergroups have been detected in these
human-based investigations, even plants (Hamad et al.
2016; for discussion, see below). However, fungal micro-
biome (“mycobiome”) papers comprise more than 80% of
the total human eukaryotic microbiome papers. A “dis-
ease-centric” focus, rather than biodiversity or health, is
particularly common in human gut mycobiome research
(Huseyin et al. 2017; Nash et al. 2017). Why is there so
much work on the fungal microbiome? Probably because
fungi are the most abundant eukaryotic microbes in the
gut and thus the easiest to detect (Hamad et al. 2016).
Although all eukaryotic microbiome studies in our large
sample of texts analyse microbial communities with tools
derived from bacterial microbiome research, these meth-
ods have had to be adapted for eukaryotic genomes and
still require development (Huseyin et al. 2017; Nilsson
et al. 2019).

HISTORICAL OVERVIEW OF HUMAN EUKARYOTIC
MICROBIOME RESEARCH

Human bacterial microbiome studies began to gain trac-
tion in the early to mid-2000s (Eckburg et al. 2005; Zoe-
tendal etal. 2001). Although human eukaryotic
microbiome research is less prominent and prolific, a num-
ber of formative studies were published not many years
later. One of the earliest examined fungal microbiota from
healthy and diseased (psoriatic) human skin via PCR of
18S ribosomal genes, which are biomarkers commonly
used for eukaryotes (Paulino et al. 2006). The main finding
was that both skin states host large numbers of Malasse-
zia (a yeast).

Two gut-based eukaryotic microbiota studies followed in
2008. Both used DGGE, an older “community fingerprint-
ing” method, to reveal the low diversity of the eukaryotic
gut microbiome (Nam et al. 2008; Scanlan and Marchesi
2008). As expected, eukaryotic diversity is far lower than
bacterial diversity in the gut. Fungi and Blastocystis
sequences were detected in these microbiomes. Blasto-
cystis are obligate anaerobes in the Stramenopiles group.
There are many subtypes (or even species in their own
right), and not all are pathogenic.

“Mycobiome” is a term originally coined for a molecular
fingerprint study of fungal communities on salt-marsh
plants (Gillevet et al. 2009). In 2010 the term was first
used for a human fungal study to describe an oral fungal
microbiome study carried out with ITST pyrosequencing
(Ghannoum et al. 2010). ITS refers to internal transcribed
spacers in nuclear ribosomal sequence. Both ITST and
ITS2 have become standard molecules for amplicon (aka
“metabarcode”) sequencing in fungal microbiota (Blaalid
et al. 2013; Schoch et al. 2012). As well as promulgating
the handy term of mycobiome (now sometimes confus-
ingly applied to nonmolecular research), Ghannoum and

© 2019 The Authors. Journal of Eukaryotic Microbiology published by Wiley Periodicals, Inc. on behalf of International Society of Protistologists.

Journal of Eukaryotic Microbiology 2020, 67, 279-295

281



Eukaryotic Versus Bacterial Microbiome Research

colleagues found more diverse and abundant fungi than
expected, and that these fungi had no discernible relation-
ship to disease. This result led to an inference of a “base-
line healthy mycobiome” (Ghannoum et al. 2010, p. 1)
even though the sample size was only 20. Similar general-
izations have been made in bacterial microbiome research
with equally limited samples.

Another human gut study examined eukaryotic micro-
biomes of low birthweight infants (LaTuga et al. 2011).
ITS pyrosequencing detected eukaryotes that included
fungi and nematodes; bacteria were not as diverse and
abundant as expected in this host context of low birth-
weight. There was much more environmental acquisition
of microbes than predicted for 1-month-old infants.

A broad 18S investigation of mammalian gut microbiota,
including humans, confirmed expectations of low eukary-
otic diversity (Parfrey et al. 2014). These communities
included species of Blastocystis, Entamoeba, Tri-
chomonas, and yeast, all of which the authors suggested
were commensals rather than pathogens (see below for
further discussion of pathogenicity). The study detected
diet-driven changes in the composition of this eukaryotic
microbiome. It also very usefully compared general find-
ings about prokaryotic and eukaryotic microbiomes (see
Table 1). A similar comparison of bacterial versus fungal
microbiome research accompanied a human gut study of
the mycobiome (Hallen-Adams et al. 2015; see Table 2).

On the basis of these and other formative papers, it is now
fairly well established that when compared to bacteria,
eukaryotic microbes in human hosts have smaller popula-
tions and less overall diversity (however, see caveats below).
These factors, combined with more complex genomes and
behavioural repertoires, mean eukaryotic microbes may also
have different evolutionary strategies and ecological roles.
Awareness of such differences indicates to at least some
researchers that the field of eukaryotic microbiome research
should not, therefore, “simply follow in the methodological
footsteps of bacterial ecology and hope for similar success”
(Keeling and del Campo 2017, p. R541).

This is the issue that motivates us. Our key question is
whether eukaryotic microbiome research strategies are
actually different, or whether they primarily follow bacterial
microbiome approaches. Our focus is not basic methods
(although we mention them), but the assumptions that
drive study designs and the interpretations that are made
of eukaryotic microbiome findings in human niches. We
target human gut microbiome studies because of the
abundance of attention given to this body site due to the
systemic effects of gut processes.

Table 1. General comparison of mammalian gut bacterial and eukary-
otic microbiota (from Parfrey et al. 2014)

Bacterial microbiota Eukaryotic microbiota

Consistent across samples
Very diverse

Very abundant
Commensal (mostly)

Patchy distribution
Not very diverse
Not very abundant
Commensal?

Hooks & O'Malley

Table 2. General comparison of human gut bacterial and fungal
microbiota (from Hallen-Adams et al. 2015)

Bacteria Fungi

Low abundance

Limited diversity
Unstable

Many transients with no
ecological role

High abundance
Very diverse
Stable

Resident, with
ecological roles

COMPARING BACTERIAL AND EUKARYOTIC GUT
MICROBIOME RESEARCH STRATEGIES

Bacterial human microbiome research has several broad
strategies: it describes taxonomic composition, finds asso-
ciations rather than causes and mechanisms, often makes
“dysbiosis” claims about normal or “imbalanced” compo-
sitions (Table 3), and might then invoke probiotics or
microbiota transplants as microbiome-remediating treat-
ments (O'Malley and Skillings 2018). We explain all these
aspects as we show whether and how these features
appear in eukaryotic microbiome research.

Table 3. Key concepts affecting eukaryotic microbiome interpretations

Concept Definition

Contextual A harmful relationship that occurs only in certain

pathogenicity ~ environmental contexts, such as host episodes of
compromised immunity

Contextual A beneficial relationship that occurs only in certain

mutualism environmental contexts, such as when an

interaction between two microorganisms leads to
host benefits
Interactions between organisms in different
domains (e.g. bacteria and protists), especially
interactions believed to be ecologically meaningful.
These relationships are also called “cross
kingdom,"” “transkingdom,” and “interkingdom,”
although they only sometimes concern interactions
between organisms in different eukaryotic
kingdoms
A purportedly negative state of microbiomes in a
host, in which some sort of alteration in the
microbiome correlates with some sort of illness in
the host. We consider this a very problematic term
in microbiome research
A purportedly positive state of microbiomes in a
host, in which some sort of microbiome
composition correlates with a broadly healthy state
of the host. Synonyms include “normobiosis” and
“eubiosis.” We consider all of them equally
problematic for microbiome research
The length of time any microorganism occupies the
host before disappearing; usually implies short
rather than lengthy residence. “Resident” microbes
are those that persist for long periods of the host
life cycle

Cross-domain
interactions

Dysbiosis

Homoeostasis

Transience
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Diversity descriptions

Descriptive studies begin and end with a catalogue of
organisms inferred from sequence. Human bacterial
microbiome research began with this descriptive aim, and
eukaryotic microbiome analyses also commonly focus on
diversity metrics, sometimes with very limited samples.
For instance,

The primary objective of this study was to evaluate the
broad diversity of eukaryotes in a single fecal sample
(Hamad et al. 2012, p. 2);

The aim of this study was to carry out a systematic
molecular analysis of the diversity and composition of
the intestinal fungal microbiota (Ott et al. 2008, p. 832).

Researchers also probe for specific organisms (e.g.
Blastocystis, Candida), which is again characteristic of
some clinical bacterial microbiome work (e.g. Scales et al.
2014). Eukaryotic microbiome studies may home in on
particular organisms such as Blastocystis even when they
have “unresolved clinical significance” (Scanlan 2012;
Stensvold et al. 2007). Blastocystis function is not well
understood in the gut, and its ecological roles are not clear
overall, but microbiome studies may be generating addi-
tional insights (see below).

However, despite mimicking the descriptive diversity
focus of bacterial microbiome research, eukaryotic micro-
biome analyses have already identified problems with this
emphasis on composition metrics. Notably, there is not
yet a full picture of how eukaryotic microbiome statistics
fluctuate across different individuals and populations.
Absolute abundance quantification is still in its infancy
even in bacterial microbiome studies and has not yet been
applied in most eukaryotic microbiome surveys. Moreover,
eukaryotic microbiome studies that use universal 18S pri-
mers amplify all eukaryotic sequences, including those
that originate from the host or diet. One consequence is
that many fungi and other eukaryotes may be foodborne,
which explains findings of plant DNA in faecal samples
(e.g. Nam et al. 2008, where, curiously, many of the
sequences map to ornamental flowering plants as well as
food plants). Ingestion via other mechanisms (inhaling,
swallowing saliva) may also occur, which means diversity
statistics for eukaryotic microbiota compositions may be
misleading. In other words,

We must ask whether identifying the full fungal diversity
[of the gut] is a meaningful goal if a majority of the fungi
are ‘passing through,” and their contribution to the gut
ecology is likely to be minimal (Suhr et al. 2016, p. 212).

A recent study that manipulated diet to exclude fungal
sources concluded that “fungi do not routinely colonize
the Gl [gastrointestinal] tracts of healthy adults” (Auch-
tung et al. 2018, p. 1). If in fact mycobiome and other
eukaryotic microbiome studies are revealing “illusory”
diversity (Hallen-Adams and Suhr 2017; Huseyin et al.
2017), what does it imply for the interpretations made of

Eukaryotic Versus Bacterial Microbiome Research

eukaryotic microbiome findings so far? In human bacterial
microbiome research, there has been limited attention as
to whether organisms are resident or transient (Table 3). A
few interesting exceptions include David et al. (2014), who
detected many foodborne bacteria and fungi (some of
which expressed genes), and Minot et al. (2011), who took
transience into account for viruses in the gut. It is now bet-
ter recognized that numerous insects do not have resident
bacterial microbiota, and that this has important implica-
tions for bacterial community stability, host fitness and
mutualism (Hammer et al. 2017, 2019; Ross et al. 2018).
Recognizing this issue earlier in the development of eukary-
otic microbiome research may allow more fine-grained eco-
logical and evolutionary insight into microbiota dynamics.
New approaches for decreasing contamination in eukaryote
samples and thus removing probable transients include, for
example, restriction enzyme digestion (Flaherty et al.
2018). In addition, the low diversity and potential transience
of eukaryote microbiota may inspire better functional stud-
ies to assess whether transient and resident microbes
have important physiological effects on the host.

On top of persistence issues, there are also some very
interesting distribution patterns in eukaryotic microbiomes
that call out for explanation. In bacterial microbiome suc-
cession, as humans mature from infant to adult, there is
believed to be a fairly straightforward pattern of more
organisms, more diversity, and more stability over time
(Costello et al. 2012; Koenig et al. 2011). But if there really
are “no clear successional patterns” in the eukaryotic
microbiomes of infants (Wampach et al. 2017, p. 14; Ward
et al. 2018), what are the implications? Might the apparent
variability and low stability of eukaryotic microbiota patterns
indicate different ecological processes, or are such findings
merely artefacts of small populations, limited sampling, and
transience? There are no answers yet to such questions,
but they immediately indicate that careful ecological analy-
ses are required to understand eukaryotic microbiome pat-
terns. We consider this an asset rather than a liability for
the field and elaborate further on this point below.

From diversity to disease associations

Bacterial microbiome research has very commonly made a
move from diversity analysis to establishing disease asso-
ciations (e.g. between phyla proportions and obesity).
Eukaryotic microbiome researchers have also seen the
attractions of identifying such connections. For example,

Future studies of microbial eukaryote communities
should focus more on identifying variation that is associ-
ated with different phenotypic states, including disease
states (Parfrey et al. 2014, p. 10).

A standard claim in human bacterial microbiome
research is that lower diversity is associated with illness
(e.g. Kostic et al. 2015; Sonnenburg et al. 2016). Taking
this relationship as a background assumption has now
been criticized on empirical and theoretical grounds (Shade
2017), with an increasing number of findings connecting
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high diversity to disease (e.g. Anahtar et al. 2015; Duvallet
et al. 2017; Jiang et al. 2015). Nevertheless, many such
connections continue to be made in human bacterial
microbiome studies, especially medically oriented ones.

Early in eukaryotic microbiome research, this notion of
low diversity typically having associations with disease was
challenged. Ott et al. (2008) found that increased fungal
diversity is associated with illness. Other findings of this
sort lead eukaryote microbiome researchers to caution that:

Drawing a generalized conclusion about the correlation
between disease and fungal diversity is ... difficult (Cui
et al. 2013, p. 7).

Despite such warnings, human eukaryotic microbiome
research now increasingly makes connections between
diversity and host health, and may even argue for a “colo-
nization deficit” of eukaryotic microbes in Western popula-
tions (e.g. Laforest-Lapointe and Arrieta 2018). This has
been an influential claim in human bacterial microbiome
research (e.g. Sonnenburg et al. 2016). Even though
attempts to identify a “core microbiome” and a “healthy
baseline microbiome"” have so far failed in bacterial micro-
biome research (Lloyd-Price et al. 2016), such states are
now being eagerly sought in eukaryotic microbiome stud-
ies, especially fungal ones (Nash et al. 2017; Wheeler
et al. 2016). Might it be more feasible to achieve such
baselines with fewer taxa and lower abundance in eukary-
otic microbiota? Statistically, this seems unlikely, especially
if the majority of detected fungi and other eukaryotes are
not colonizing the gut and merely passing through.

From association to causation?

Bacterial microbiome research is currently reaping the har-
vest of a slew of study design problems. Small sample
sizes mean studies are statistically underpowered. The
association/correlation focus means that there is little that
can be said about causation. Prediction is also limited,
partly because of sample size and partly because of
unknown causal structure. Genuine explanation of cause—
effect relationships is unlikely without mechanisms, which
if articulated at all tend to be highly speculative. Finally,
ecological modelling is still a minority achievement in the
vastness of human bacterial microbiome literature.
Eukaryotic microbiome research is also afflicted by simi-
lar problems on a smaller scale. Limited samples abound
(< 10 in some studies), as do associations from which pre-
dictions cannot be generated reliably. There are modest
attempts at causal explanation and ecological modelling.
Although we see some divergence from the trajectory of
bacterial microbiome research (see below), the aspirations
of many human eukaryotic microbiome researchers are to
follow the trail blazed by bacterial microbiome research.
One good illustration of why this strategy is not likely to
end well comes from connections made between obesity
and bacterial microbiota. Many efforts were made to find
specific compositions that would determine obesity in

Hooks & O'Malley

human hosts. The same approach has also been taken for
the eukaryote members of those communities. For exam-
ple, a study of 52 humans found that:

Obese patients could be discriminated by their specific
fungal composition, which also distinguished metaboli-
cally ‘healthy’ from ‘unhealthy’ obesity (Mar Rodriguez
et al. 2015, p. 1).

However, there are major problems now identified in
bacterial microbiome findings about obesity. Despite early
promising findings of clear associations between weight
and bacterial microbiome composition (Ley et al. 2006),
and transfer of phenotype via microbiota (e.g. Turnbaugh
et al. 2006), meta-analysis shows that phyla supposedly
associated with obesity correlate with weight increase or
decrease, and that experimental replications of transfer-of-
phenotype studies are contradictory (Fleissner et al. 2010;
Harley and Karp 2012; Sze and Schloss 2016; Walters
et al. 2014). There is a loss of effect due to sample sizes
being too small, plus dietary confounders in the experi-
ments that obscure causal pathways and their directional-
ity. Following this approach to try to establish causal
relationships might not be the best way to develop
eukaryotic microbiome investigations of obesity and other
conditions. Moreover, bacterial microbiome research has
additional problems that accompany health/iliness associa-
tion claims.

“Dysbiosis” interpretations

“Dysbiosis” is a very common term in bacterial micro-
biome research, where it vaguely describes a microbiome
with any kind of variation that might be associated with ill-
ness (see Hooks and O'Malley 2017; Table 3). This loose,
circular use of the term has many problems. First and
foremost, even if dysbiosis exists, it is not known whether
it is a cause or consequence of the disease. If it is some-
how causal, is it whole-community causation or are there
just some key causal members of the microbiota? At best,
dysbiosis is a suggestion that something may have chan-
ged in the microbiota, and that this change might be con-
nected to the disease; at worst dysbiosis “obscures
mechanisms” (Olesen and Alm 2016). Dysbiosis claims
usually say nothing about function, and they talk about bal-
ance without quantification. “Normal” microbiome compo-
sitions are asserted as the nondysbiotic state, but there is
no way to index “normality” except in contrast to compo-
sitions associated with extremely disease-specific condi-
tions. lllness-associated microbiome indices at best
confirm diagnoses of disease (Gevers et al. 2017; Hooks
and O'Malley 2017).

There is already considerable discussion of “dysbiosis”
in human eukaryotic microbiome research (around 8% of
the papers in 578 papers analysed by total text, versus
5% of total bacterial microbiome papers analysed via
abstracts only; see Hooks and O'Malley 2017). The term
is particularly popular in fungal microbiome studies (see
Table 4).
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Table 4. Representative dysbiosis quotes from eukaryotic micro-
biome work

Citation Quote

Mar Rodriguez et al.  “Mycobiome dysbiosis is relevant in

(2015, p. 2) inflammatory diseases” and occurs when the
“finely tuned equilibrium between the host
and microbiota [is] disrupted”

Sokol et al. The faecal fungal mycobiota is imbalanced in

(2017, p. 1039) patients with IBD ... clear fungal dysbiosis

Li et al. Gut bacterial dysbiosis [that is] induced by
(2014, p. 958) antibiotic therapy could cause fungal
overgrowth
Lewis et al. The dysbiosis of Crohn's disease extends
(2015: 498) beyond bacteria to include fungi
lliev and Leonardi Fungal dysbiosis [in Crohn’s Disease] is
(2017, p. 1) characterized by an increased load of fungi ...

with pro-inflammatory effects, and a decrease
in fungi with beneficial effects

Dysbiosis ... is widely used to describe altered
bacterial communities as both a cause and a
consequence ... A similar process involving
fungal communities—fungal dysbiosis—could
affect the host mycobiota

lliev and Leonardi
(2017, p. 1)

We draw attention to the last quote in Table 4, which
says dysbiosis can be a cause and a consequence. Nor-
mally, we expect causes to produce effects (even though
effects can be part of a positive feedback loop, sequential
causal steps can still be specified). But in most cases
when dysbiosis is mentioned in eukaryotic (and bacterial)
microbiome research, nobody has a clue what the cause
or effect is (Arrieta et al. 2018). Most dysbiosis state-
ments are bet-hedging, as captured by the quote in
Table 4: "dysbiosis” might be a cause, but then again it
might be a consequence. Usually, if we find something is
a cause and a consequence, we know there is a problem.
It is probably too late for any field of microbiome research
to reverse this compulsion to discuss findings in terms of
dysbiosis, but perhaps there is still a chance that eukary-
otic microbiome research can be more careful about how
the term is applied.

Eukaryotic microbiota treatments: probiotics and
FMTs

If dysbiosis exists, so apparently must its opposite, often
called "homoeostasis” (Table 3). What can be done to
turn a supposedly dysbiotic microbiota into a hypotheti-
cally homoeostatic one? In most bacterial microbiome
research in medical contexts, probiotic interventions and
faecal microbiota/matter transplants (FMTs) are the main
“microbiome” treatment. It is often suggested that bacte-
rial probiotics such as lactobacilli or bifidobacteria can
revert the microbiota to a healthier state for the human
host (e.g. Libertucci and Young 2019; Rauch and Lynch
2012; Walsh et al. 2014). Many contested claims are
made about probiotics, and despite some consistent find-
ings in mouse studies, human probiotic meta-analyses and
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systematic reviews are at best “ambiguous” about probi-
otic benefits for most illnesses (see Marchesi et al. 2016;
Suez et al. 2019). Nevertheless, the majority of so-called
bacterial “microbiome” patents are for probiotics (Hooks
et al. 2018; Supplementary Material). Does this trend have
any parallels in eukaryotic microbiome research?

Eukaryotic probiotics are less well known, and those for
humans are less diverse than bacterial probiotics. The
main eukaryotic probiotic is a strain of Saccharomyces
cerevisiae, called boulardii (often called S. boulardii rather
than the correct nomenclature of S. cerevisiae var. boular-
dii). This yeast is widely believed to have positive effects
on gut health, especially against diarrhoea, and numerous
studies attest to this therapeutic association (e.g. Czer-
ucka et al. 2007; McFarland 2010). As well as S. var bou-
lardii, some other microbial fungi (e.g. Aspergillus oryzae,
A. niger, Candida pintolepesii) have been used as livestock
probiotics and their use is associated with weight gain
(Chaucheyras-Durand and Durand 2010; Kabir et al. 2004;
Lara-Flores et al. 2003; Simon et al. 2001). However, little
that has been learned from other animal probiotic studies
translates well to humans and vice versa. In mouse exper-
iments, for example, S. var boulardii results in weight loss
and has even been touted as an anti-obesity agent (Ever-
ard et al. 2014). To add further complications, C. albicans,
the label for what is probably a species complex with vari-
able health implications (Criseo et al. 2015), has in
humans have been linked to gut disease and mental
health disorders (Severance et al. 2017; Sovran et al.
2018), as well as poor outcomes for FMT treatments (Zuo
et al. 2018). But in mice, C. albicans (not normally a
mouse gut colonizer unless mice have received antibiotic
treatment) has been interpreted as “protective” and pre-
ventive of intestinal diseases and viral infections (Jiang
et al. 2017; Tso et al. 2018; Wheeler et al. 2016).

Translating from rodent studies to human implications is
already problematic in bacterial microbiome research
(Nguyen et al. 2015) but should not be unexpected. Para-
sitology recognizes many examples of organisms eliciting
different immune responses in different hosts, such as
the contrasting effects of the tapeworm, Hymenolepis
diminuta, in rats and mice (McKay 2010). More broadly,
there are also highly variable interactions between hel-
minths and bacterial microbiota just in human intestines
(Cortés et al. 2019), and explaining such variability is of
considerable relevance for treatments that might be based
on eukaryotic microbiota.

Probiotics, both bacterial and eukaryotic, are often
assumed to have their effects by colonizing the gut, then
modifying the microbiota and what it is doing to the host
(Barc et al. 2008; Everard et al. 2014; Rauch and Lynch
2012). However, gut colonization of bacterial probiotics is
not uniform in humans, and mice seem not to be colo-
nized at all (Zmora et al. 2018). This is also the case for
eukaryote probiotics. Effects are strain-specific and rarely
generalize to other strains in the same species (McFar-
land 2010; Vanhee et al. 2010). Furthermore, when a pro-
biotic such as S. var boulardii does not remain long in
the normal gut (Edwards-Ingram et al. 2007; Vanhee
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et al. 2010), this raises questions about the extent of its
interactions with bacteria and host in the yeast's short tran-
sit times. There may be direct effects from the yeast on the
gut, although very little is known about mechanisms, espe-
cially in organisms other than mice; in addition, any
response to probiotics is highly individualized (Simon et al.
2001). Although colonization can be improved by giving
patients antibiotics, S. var boulardii is often used in the first
place to treat patients who were already suffering from
antibiotic-associated diarrhoea (Hempel et al. 2012).

We have written elsewhere about the oversimplifica-
tions in assuming that bacterial probiotics are reconstruct-
ing the microbiota (Hooks et al. 2018; Lynch et al. 2019).
So far, the probiotic treatment aspect of microbiota inter-
ventions has not gained a great deal of traction in eukary-
otic microbiome research. It will. We think that is simply
inevitable, given ease of treatment, low risk, and commer-
cial pressures. Using bacterial probiotics to intervene in
bodily and mental health conditions is already a major
growth industry (Fig. 1), albeit with many limitations
(Hooks et al. 2018). Eukaryotic microbiome researchers
should even now be thinking of how to do their probiotic
analyses in more sophisticated ways. These must inevita-
bly involve functional studies that look at the direct effects
and mechanisms of putatively probiotic eukaryotic
microbes in the gut, and take human and environmental
variation into account (Cortés et al. 2019). Although we
have focused on unicellular eukaryotes, we recognize the
growing potential for informing microbiome research and
therapies with ongoing efforts to develop helminth-based
microbiome treatments (e.g. Lukes et al. 2014; Rapin and
Harris 2018) as well as the potential for problems that can
arise from such therapies (McKay 2015).

FMTs are the other main intervention and treatment in
human bacterial microbiome research. Although there are
no exclusively eukaryotic microbiota transplants (single or
a few microbes introduced into a host are better
described as probiotics), there has been a little attention
to how eukaryotic microbes work in FMT treatments.
Some of the existing scrutiny is negative: if Blastocystis
and other protists are found in donor stools for FMTs, that
stool sample is often excluded from the treatment (Stens-
vold and van der Giezen 2018). Fungal contributions to
general FMTs are just beginning to be assessed. One
recent study found intriguing relationships between the
bacteria and fungi in FMTs, with different correlations
between fungi and bacteria apparently having different
therapeutic effects on hosts (Zuo et al. 2018). “Cross
kingdom" interactions in general are an emerging and very
promising emphasis in eukaryotic microbiome literature,
and may indicate a fruitful divergence point from existing
trends in bacterial microbiome research.

CROSS-DOMAIN RELATIONSHIPS AND THEIR
IMPLICATIONS

Despite the very basic descriptive focus of most eukary-
otic microbiome studies so far, some interesting findings
are already emerging about so-called cross kingdom
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relationships (aka "“interkingdom” or “transkingdom”; see
Table 3). These labels wusually refer to interactions
between different domains of life (see Rowan-Nash et al.
2019) and we will refer to them as such. This attention to
eukaryotic—prokaryotic—viral interplay (or the potential of it)
is at least partly due to the low abundance of eukaryotic
microorganisms, with mass effects not being expected
(unlike in bacterial microbiome research). Researchers
instead have to probe more deeply for hypotheses about
the feasible effects of eukaryotic microbes on the host,
both directly but increasingly indirectly, as a result of inter-
actions within the entire microbiota between eukaryotes,
prokaryotes and viruses.

In human studies, a range of relationships has been
investigated in order to understand the pathways by which
eukaryotic members of the microbiota might affect the
host. Fungi and bacteria have long been known to interact,
especially in oral niches (Shirtliff et al. 2009), and micro-
biome methods are also illuminating gut relationships
between domains. For example, Methanobrevibacter (a
genus of Archaea) and Candida were found to correlate
positively in the gut shortly after the host eats large
amounts of carbohydrate, and negatively in a high-fat, pro-
tein diet (Hoffmann et al. 2013). However, Candida in the
gut may be a contaminant or transient from the mouth,
which ties in with the rapid response to carbohydrate con-
sumption (Auchtung et al. 2018). Other studies have
detected simple correlations between bacteria, fungi,
inflammation and disease (e.g. Fujimura et al. 2016; Lewis
et al. 2015).

Associations have been found between Blastocystis
and other protists with proportions of bacterial phyla,
although these patterns have sometimes been unhelpfully
described in terms of “dysbiosis” or nondysbiosis (e.g.
Audebert et al. 2016). Bacterial increases and decreases
are thought in some conditions to be driven by the pro-
tists (Nieves-Ramirez et al. 2018), but not necessarily
with any implications for host health (Andersen and
Stensvold 2016). Entamoeba presence also correlates
with  bacterial phyla proportions, and may explain
increases in putatively anti-inflammatory bacteria (Morton
et al. 2015). Interactions between fungi and bacteria in
the intestines of mice on high-fat diets are proposed as
contributors to obesity (Heisel et al. 2017). To add to the
diversity of such cross-domain relationships, some stud-
ies have inferred interactions between gut metazoans
and eukaryotic microbes that affect host health (e.g.
Chabé et al. 2017; Reynolds et al. 2015). So far, how-
ever, most work on eukaryotic viruses and their role in
interdomain interactions in the human gut have focused
on the direct impact of these viruses on the host (Nor-
man etal. 2014), rather than their effects on
microeukaryotes colonizing the gut. This is an ecological
gap that needs filling because of the potential implica-
tions of viral infections for the relationship of eukaryotic
microbes to the human hosts.

Although some cross-domain research aims to gain clo-
ser insight into apparently pathogenic protists (e.g. Giar-
dia) and their relationships with bacterial microbiota in
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producing host disease (Barash et al. 2017), many stud-
ies explore more positive interactions. In many such
cross-domain analyses, distribution patterns are used to
formulate hypotheses about the evolved nature of these
interactions, such as the lower abundances of fungi being
seen as a “reservoir” for certain functional interactions in
particular contexts (Huffnagle and Noverr 2013). How-
ever, it is important to recognize that when cross-domain
correlations are found, these are not a sufficient basis on
which to infer “interactions,” even if some studies sug-
gest this to be the case. Transience could be a major
factor influencing any effects on the host. If an organism
is present only briefly, effects are more likely to be
pathogenic (Lukes et al. 2015). Even if organisms have a
persistent presence, other factors and causal structure
may be involved, meaning the relationships may be indirect
or even artefactual. For example, Hoarau et al. (2016, p. 1)
say, “we defined the microbial interactions [between fungi
and bacteria] leading to dysbiosis.” Leaving aside “dysbio-
sis,” what they found were correlations at the sequence
level, and physical proximity at the microscopic level. These
factors correlate with a host state of illness. But knowledge
of actual “interactions” requires causal evidence and mech-
anisms that capture what the organisms are actually doing.
What often happens instead is vague gestures towards
these mechanisms, some of which are more plausible than
others (Table 5).

Causal relationships are clearly some way off as the
sample of quotes in Table 5 indicates. But even though
this is understandably the situation for a fairly new area of
research, it does not license strong assumptions about
mechanisms. For example, “balance” is a problematic
notion, as we noted above when discussing dysbiosis.
Saying more or fewer taxa are associated with disease is
not explanatory of any relationship between those taxa.
And references to “cooperation” in the absence of fitness
calculations might misinterpret highly manipulative rela-
tionships (Coyte et al. 2015). It is probably better not to

Table 5. How do eukaryotes interact with bacteria in gut microbiota?

Citation Quote
Chabé et al. There is a “need to untangle whether bacteria
(2017, p. 932) community structure and function impact
Blastocystis or Entamoeba colonization or vice
versa”
Pandey et al. “Some of the diseases could be the outcome of
(2012, p. 224) predation of beneficial bacteria by Blastocystis”
Bar et al. Parasitic protozoan infections “are often
(2015, p. 1) accompanied by an imbalanced [bacteriall

microbiota and ... these bacteria may contribute
synergistically to disease progression”

"“A balance [is worked out] between bacteria and
a fungal microbiota” after antibiotics

“Bacteria and fungi coexist in different body sites
... and have evolved to cooperate in a way that
is beneficial to their existence and detrimental,
in some cases, to the host”

Sokol et al. (2017)

Ghannoum
(2016, p. 1)
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characterize these relationships initially with untested the-
oretical terms, and instead, to assess the positive and
negative dynamics between the microorganismal groups,
and then to evaluate the potential relationships with the
host.

For example, some intramicrobiome cross-domain rela-
tionships may be simply structured, such as that between
Blastocystis and Ruminococcus bacteria. The former pre-
dates on the latter, but this in turn leads to greater bacte-
rial microbiome diversity and evenness (Nieves-Ramirez
et al. 2018). Correlations between Blastocystis and anaer-
obic bacteria can also be driven by oxygen levels (Stens-
vold and van der Giezen 2018) and require particular age-
related diversity conditions in the bacterial gut microbiota
(Scanlan et al. 2018). But even though specific eukaryotic
and prokaryotic community structure can lead to more
anti-inflammatory by-products, it would be a mistake to
describe this as any kind of “cooperation” or “balance”
with the host. It is a basic ecological explanation of com-
munity structure that is not straightforwardly providing
benefit to any participant.

A good example of such complexities occurs with C. al-
bicans, which is frequently considered an opportunistic
pathogen that can harm immunocompromised hosts.
However, recent research on the interactions between
C. albicans and bacterial microbiota suggest there may be
benefits to the host from the presence of Candida. Can-
dida reductions after antifungal treatment are accompa-
nied by bacterial depletion and more colitis in the host
(Wheeler et al. 2016). In the authors’ interpretation of this
finding, “fungal and bacterial communities are co-depen-
dent and ... disruption of one community affects the
other” (Wheeler et al. 2016, p. 868). This type of depen-
dence has been interpreted in other research as having
benefits for the host. Jiang et al. (2017) reveal the “pro-
tective” effects of C. albicans and S. cerevisiae, which,
argue the authors, occur when these fungi substitute
functionally for bacteria that have been depleted in mouse
intestines by antibiotics.

Interesting as this finding is, it is not clear that fungi
should be conceptualized as functional replacements for
bacteria. The apparent benefits of fungi can be
explained somewhat differently. Tso et al. (2018) found
that mice with an “intact” or “unperturbed” microbiota
(i.e. not antibiotic-treated; the actual community compo-
sition was not analysed) were able to control C. albi-
cans growth so that it lived as a commensal and did
not take its pathogenic form (with hyphae). In the pro-
cess, exposure to C. albicans conferred resistance on
the mice to other pathogens (Tso etal. 2018). The
authors saw this experimentally evolved process as the
beginning of a mutualistic relationship, which is an
interpretation that requires more careful evolutionary-
theoretic consideration.

Evolving mutualistic microbiota interactions

An underlying assumption of much medically oriented bac-
terial microbiome research is that there is a coevolved
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mutualistic relationship between human hosts and micro-
biota. For instance,

Coadaptation and mutual benefit are key features of
these symbioses between hosts and their microbial
communities, or microbiotas (Relman 2015, p. 1127);

The shared evolutionary fate of humans and their symbi-
otic bacteria has selected for mutualistic interactions
that are essential for human health, and ecological or
genetic changes that uncouple this shared fate can
result in disease (Dethlefsen et al. 2007, p. 811);

The microbiome ... has coevolved with the host for an
optimal mutualism in performing crucial functions (Viaud
et al. 2014, p. 4217).

There are a number of problematic ideas about evolu-
tion and bacterial microbiota tied up in such claims.
Coevolution, which requires evidence of reciprocal adapta-
tion, has not yet been demonstrated on a broad scale in
bacterial microbiota (Foster et al. 2017). In particular, the
idea of a global evolved function of human bacterial micro-
biota (i.e. maintaining human health) is very unlikely. The
same evidence for an evolved mutualistic outcome is also
the evidence for the existence of so-called dysbiotic rela-
tionships: simply that there are bacteria and that they
coexist with the host, sometimes in states of evolved
codependence.

To infer mutualistic relationships (equivalent to saying
there are fitness benefits on both sides despite costs), it
is necessary to break interactions down to specific
microbe-host pairs in order to calculate benefits (Bron-
stein 2001; Hillesland 2018; Mushegian and Ebert 2016).
Detailed data are necessary to evaluate such relationships.
If mutualisms are indeed found, mechanisms need to be
sought. Cost-free by-product mutualisms will probably
occur more frequently than costly cooperative interactions.
In many cases, intense intramicrobiota competition and
exploitative host control are better broad descriptions of
these relationships than cooperation (Foster et al. 2017).
Often, bacterial microbiome researchers invoke “stability”
in the same breath as “mutualism” (e.g. Dethlefsen et al.
2007). But again, microbiota stability is very likely to be
driven by highly competitive relationships between the
microorganisms, and between them and the host, rather
than cooperation (Coyte et al. 2015).

In eukaryotic microbiome research, some similarly loose
ideas about mutualism are already gaining ground. There
are broad claims about general functions or benefits for
hosts from eukaryotic microbiota. For example,

Some intestinal protozoans could play an important, yet
largely unrecognized, role in shaping the gut bacterial
microbiota and in maintaining the host-microbe equilib-
rium, and they should be considered as ‘friends’ of the
human gut (Chabé et al. 2017, p. 927);

Many common eukaryotic residents of the human gut
are commensal or beneficial rather than parasitic ... Is
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the eukaryome [eukaryotic microbiome] beneficial over-
all? We do not know, and clear-cut cases of beneficial
eukaryotes in the human gut are few. Yet, new findings
in diverse fields suggest that we may ignore possible
beneficial roles of the eukaryome at our peril (Lukes$
et al. 2015, p. 3).

Perhaps, but we may also overestimate the beneficial
roles of eukaryotic microbiota “at our peril,” especially
when genuine colonization is unclear, let alone strong func-
tional effects with evolutionary implications. Should we
expect mutualistic interactions between eukaryote micro-
biota and human hosts? So far, little evidence is available to
enable the evaluation of mutualistic relationships between
humans and eukaryotic microbes (Bar et al. 2015; Huffnagle
and Noverr 2013). In some cases when mutualism is pos-
ited, the relevant organism both benefits and harms. For
example, in mouse intestines the protist Tritrichomonas
musculis (a parabasalid) increases host immune responses
to pathogens while making the mice more prone to colitis
and cancer (Chudnovskiy et al. 2016). And on the other
hand, there are analyses showing potentially positive inter-
actions between a range of microbial groups that are disad-
vantageous for the host (e.g. Ghannoum 2016; Liguori et al.
2016). Not only may host-directed mutualism and coopera-
tion not be the most appropriate expectation of host-micro-
biota relationships, but also any codependencies may
change radically over time and context. “Conditional mutu-
alism"” (Table 3) occurs when there are fluctuating benefits
that are dependent on context (Bronstein 1994; Cushman
and Whitham 1989), and this might be a more appropriate
term for any benefit-producing relationships between
eukaryotic and bacterial microbiota and hosts. But if this
term applies, so will its opposite.

Contextual pathogenicity

Bacterial microbiome research is just beginning to work
with the well-known idea that pathogenicity is contextual
(Table 3) rather than the other side of a “fundamental
dichotomy” between commensality and pathogenicity
(see Jiang et al. 2017, p. 814). In other words, organisms
are not by their nature pathogens, but their pathogenic
effects are determined by context (e.g. Chen et al. 2018).
Protistology, the study of eukaryotic microbes, has long
recognized opportunistic pathogenicity, when organisms
may live asymptomatically in a host and only cause prob-
lems when the host (or resident microbiota) health state
changes (e.g. Kaplan et al. 2000; Richardson 1991).
Numerous individual protists and fungi exhibit opportunism
that fluctuates from fully and partly asymptomatic infec-
tions to varying levels of pathogenicity: Dientamoeba, Can-
dida, Entamoeba, Giardia, Toxoplasma, Pneumocystis,
Blastocystis and Cryptosporidium (Bartelt and Platts-Mills
2016; Bouzid et al. 2013; Bruijnesteijn van Coppenraet
et al. 2015; Nieves-Ramirez et al. 2018; Osman et al.
2016). S. var boulardii, although often characterized as a
probiotic and thus assumed to have a positive influence
on the gut, is also an opportunistic pathogen (Edwards-
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Ingram et al. 2007). When patients are immune-deficient,
the yeast can cause tissue and blood infections that may
be life-threatening (Boyle et al. 2006). But on the other
hand, Blastocystis may not deserve its standard status as
potentially pathogenic: a detailed analysis shows it is very
probably an ordinary commensal, inclined to healthy gut
conditions (Beghini et al. 2017).

Although much more mechanistic detail is needed about
how “opportunism” of this sort works, eukaryotic micro-
biome research is already primed—with its protistology
and mycology roots—to develop better experimental
insights (Kaneshiro and Dei-Cas 2009). Defining the con-
texts of pathogenicity and the host-microorganism interac-
tions that produce them is a finer grained way in which to
generate causal insight than lumping the whole microbiota
into "dysbiotic” or “homoeostatic” categories, with mutu-
alism assumed as the default relationship. Existing
insights about the contextual nature of protist and fungal
pathogenicity can serve eukaryotic microbiome research
well, especially in light of this young field’s growing atten-
tion to cross-domain interactions.

CONCLUSIONS AND PERSPECTIVES

What should we say to summarize the state of eukaryotic
microbiome research vis-a-vis bacterial microbiome
research? There are negatives and positives. Most obvi-
ously, much more methodological development is still
needed. More quantified functional analysis is necessary
(not just barcodes and OTUs), and more experimental
work. The other area requiring development is ecological
modelling. We see considerable promise in that strand of
potential development. In fact, we suggest that our over-
view of current human eukaryotic microbiome research
shows extraordinary opportunities for more sophisticated
analyses that combine ecological theory and quantitative
data. Why is this?

The answer lies partly in the fact that there is so much
less diversity in eukaryotic microbiomes compared to the
“overwhelming diversity” of bacterial microbiomes. The
more complex the community, the more difficult it is to
study without shortcuts (e.g. “dysbiosis”) and being
drowned in data. This low diversity enables a strong focus
on interactions between various eukaryotes and bacteria,
viruses, and host conditions. Having this interactive
emphasis makes an excellent basis for ecological mod-
elling that elucidates community structure and function.

Traditionally, human eukaryotic microbes have been
modelled in mice to understand disease effects. This
approach is not without problems. As is the case for bac-
terial taxa, there are limited fungal taxa that are the same
in the mouse and human gut (Richard et al. 2015). Colo-
nizing mice with human eukaryotic microbes often
requires antibiotic treatment, which although confounding
the analysis of cross-domain interactions, does allow
insight into mechanisms of colonization and pathogenesis
(e.g. Chudnovskiy et al. 2016; lliev et al. 2012; Watanabe
et al. 2017). Germ-free mice are also used as models for
eukaryotic microbes (e.g. Phillips and Balish 1966;
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Westwater et al. 2007), but unlike bacterial microbiome
research are not yet a mainstay of causal investigation in
eukaryotic microbiome research. It is not clear that germ-
free models are the most effective means by which to
understand the relationships between hosts and eukary-
otic microbes (Naglik et al. 2008), largely because the
effects on the host of these bigger but less abundant
organisms have a high likelihood of being bacterially
mediated.

Despite an existing platform of experimental work on
human-associated eukaryotic microbes, because of inter-
actions with bacteria (and viruses), and the abundance of
these entities, a great deal of bioinformatic analysis is still
needed to pick out relationships worth investigating across
time and in different contexts. Computational and mathe-
matical modelling then comes to the fore in understanding
these interactions mechanistically. Bacterial microbiome
research has begun illuminating potential causal interac-
tions with computational models based on sequence data
(e.g. Manor et al. 2014); such data can be used to test
ecological models of community structure (e.g. Stein et al.
2013). Eukaryotic microbiome research is not at present
invested in such methods, but piggy-backing on existing
bacterial work by adding eukaryotic variables would valu-
ably expand such efforts.

Eukaryotic microbiome research would also benefit from
intermediate methods that fall between the complex com-
munities described by detailed microbiome analyses and
more abstract mathematical and computational models.
Synthetic microbial communities are another tool being
developed for bacterial microbiome research in order to
understand microbial communities from the “bottom up”
(De Roy et al. 2014; Dolinsek et al. 2016; Elzinga et al.
2019; Vega and Gore 2018). Representative synthetic
communities can be used to isolate hypothesized organi-
zational and causal relationships (e.g. Venturelli et al.
2018). Even if these interactions occur naturally in much
more complex communities, such simplifications nonethe-
less allow the identification of relevant causal variables,
and the direction of causality. Although this approach is
not discussed explicitly yet in eukaryotic microbiome
research, it has been used to demonstrate, for example,
fungal-bacterial interactions in vitro (Shi et al. 2017).
Again, the lower diversity and abundance of eukaryotic
microbes makes them highly amenable to such modelling,
as does the general ecological focus on interactions that
drives much eukaryotic microbiome research (even in
medical contexts). In other words, low abundance, poten-
tial transience, instability, and lack of mass effects (see
Tables 1 and 2) are highly advantageous to a more func-
tional, explanatory and sophisticated approach in eukary-
otic microbiome research. To encourage such devel-
opments, both positive and negative lessons can be
learned from reflections such as ours above on the record
of bacterial microbiome research.

One final point of comparison between eukaryotic and
bacterial microbiome research still needs addressing.
Should researchers worry about “overselling” the eukary-
otic microbiome? Some dangerously simplistic messages
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have emerged from bacterial microbiome research (see
Eisen 2017; Hooks et al. 2018). These strong claims have
broad treatment implications that include dietary interven-
tions and probiotics. Does the equivalent exist in eukary-
otic microbiome research? There are numerous
statements about mycobiomes and human health bene-
fits, but so far, less emphasis on easily implemented
changes to the eukaryotic microbiome. The growing atten-
tion to cross-domain interactions may protect the field
from simplistic assumptions about causal relationships,
and this in turn may prevent overblown publicity as
eukaryotic microbiome research develops.

Our final suggestion is that the label of “eukaryome” or
"eukaryotome” for eukaryotic microbiomes might be worth
avoiding along with oversimplification and hyperbole. Some
fungal microbiome researchers encourage the uptake of the
term “mycobiome” in order to distinguish such studies
from bacterial microbiome research (e.g. Cui et al. 2013).
However, this term is frequently used nowadays without
any actual “microbiome” methods, simply in reference to
fungal communities. Protist microbiome researchers have
suggested “eukaryome” and “eukaryotome” as an alterna-
tive that would include helminths (Andersen et al. 2013;
Lukes et al. 2015). “Meiofauna” is another term proposed
for eukaryotic components of microbiota (e.g. Stappenbeck
and Virgin 2016), even though this term has traditionally
been used for organisms with sizes that fall between micro-
bial and macrobial.

As we noted in the introduction, we excluded helminth
literature from our survey purely for size reasons, because
we think there are advantages to focusing on the unicellu-
lar occupants of human bodies and other hosts (e.g.
shared knowledge deficits, methodological synergy).
Including too many eukaryotes (especially the larger ones)
might also confuse public communication about the aims
and achievements of microbiome research (e.g. Fig. S1).
Given the potential of eukaryotic microbiome research to
clarify general microbiome strategies, introducing further
obscuration would be counterproductive. Nevertheless,
we acknowledge that eukaryotic microbiome research is
ideally located for drawing on knowledge and strategies
from macroeukaryote parasitology as well as prokaryotic
microbiome and virome research. In this respect, we fore-
see eukaryotic microbiome research going beyond its own
domain to achieve deeper insight into the relationships
between human hosts and their multiscale symbionts.
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