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ABSTRACT

Advances in high-throughput nucleic acid sequencing have improved our under-
standing of microbial communities in a number of ways. Deeper sequence cov-
erage provides the means to assess diversity at the resolution necessary to
recover ecological and biogeographic patterns, and at the same time single-cell
genomics provides detailed information about the interactions between mem-
bers of a microbial community. Given the vastness and complexity of microbial
ecosystems, such analyses remain challenging for most environments, so
greater insight can also be drawn from analysing less dynamic ecosystems.
Here, we outline the advantages of one such environment, the wood-digesting
hindgut communities of termites and cockroaches, and how it is a model to
examine and compare both protist and bacterial communities. Beyond the anal-
ysis of diversity, our understanding of protist community ecology will depend
on using statistically sound sampling regimes at biologically relevant scales,
transitioning from discovery-based to experimental ecology, incorporating sin-
gle-cell microbiology and other data sources, and continued development of

analytical tools.

MICROBIAL ecosystems are poorly understood in large
part because the diversity of microorganisms has been
severely underestimated and inadequately described. A
strong understanding of diversity is essential to address
fundamental questions in community ecology, such as bio-
geography, community assembly, community stability, the
links between taxonomic, genetic, and functional diversity,
and the relationships between diversity and ecosystem
function. Without accurate means to identify microbial
diversity, elucidating the roles, functions, and interactions
of microorganisms in natural environments is hampered
and for these reasons microbial ecosystems have often
been described as a “black box".

Descriptions of eukaryotic microbial diversity have clas-
sically depended on identifications using morphological,
behavioural, or physiological criteria. These criteria, how-
ever, are inadequate to fully describe the diversity of
microbes, in particular bacteria and archaea, where diver-
sity often is manifested at the level of metabolism, but
also in microbial eukaryotes (protists), where there is sig-
nificant structural diversity but morphology alone is
increasingly seen as insufficient for differentiating closely
related species. Cryptic species abound in nature (see e.g.
Gentekaki and Lynn 2010; Katz et al. 2012; Kosakyan
et al. 2012; Lowe et al. 2010; Pfandl et al. 2009) and
genetic diversity often dramatically outweighs the

observed morphological diversity indicating the vast diver-
sity of protists that have escaped discovery. Furthermore,
obtaining morphological, behavioural, or physiological data
is not possible for all microorganisms. Cultivation is typi-
cally required, and this is extremely challenging or near
impossible for the vast majority of microorganisms. Micro-
scopic examination is also very labour-intensive. Particu-
larly from natural environments, obtaining morphological
and other classical data for identifying protists is neither
sufficient nor efficient for describing their diversity.

PROTIST DIVERSITY THROUGH THE EYES OF
HIGH-THROUGHPUT SEQUENCING

High-throughput sequencing provides a means to over-
come the limitations of classical methods for describing
microbial diversity. First, genetic data from molecular
markers, such as the small subunit ribosomal RNA gene,
more accurately describe diversity than morphological
characters, so closely related species are more often dif-
ferentiated and microbes that are not easily visualized are
surveyed equally. Second, the level of sampling is higher
and less biased. Thousands of sequences from a commu-
nity of microorganisms can be collected from an environ-
mental sample so a more complete survey of the diversity
is obtained, which is particularly important in the identification
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of the rarer species. Third, the process is not as labour-
intensive; therefore the community of organisms from
many samples can be handled efficiently. Microbial
communities can also be sampled sufficiently to obtain
meaningful and statistically significant comparisons.
Finally, because genetic data are acquired, these data can
be further analysed using phylogenetic and evolutionary
models.

High-throughput sequencing unearths basic information
about the diversity and composition of microbial communi-
ties that is essential for a deeper understanding of the
interactions and processes that drive microbial ecosys-
tems. It has been used extensively to study prokaryotic
diversity, but only recently has high-throughput sequenc-
ing been applied to uncover eukaryotic diversity from natu-
ral environments in a systematic way. From primarily
marine environments, using variable regions of the small
subunit ribosomal RNA (SSU rRNA) gene as taxonomic
markers, thousands of taxa are found; many more than
could be documented by classical methods (Cheung et al.
2010; Edgcomb et al. 2011; Logares et al. 2012; Monchy
etal. 2012; Orsi etal. 2012; Pawlowski etal. 2011;
Stoeck et al. 2009, 2010). Existing classification schemes
provided a broad taxonomic identity for the sequences
that have been characterized, but at a finer scale many of
the taxa were previously unknown. Sequencing has
enabled the discovery of new lineages of prokaryotes and
protists, but in the case of protists, it is important to
remember that many taxa classically defined by morpho-
logical criteria have not been sampled at the molecular
level; so many “novel molecular lineages” may turn out to
correspond to known protist groups.

The first glimpses into the molecular diversity of marine
protists using high-throughput sequencing demonstrated
the extent to which diversity has been underestimated
and also the impossibility of documenting this diversity
using classical means. From these few studies, new eco-
logical insights also emerged. For example, the composi-
tion of the protist community varied depending on the
availability of oxygen in some marine environments (Log-
ares et al. 2012; Orsi et al. 2012), while deep-sea sedi-
ment communities from arctic and antarctic polar regions
were shown to be surprisingly similar (Pawlowski et al.
2011). Clearly, further sampling is needed to clarify these
patterns, and doubtless this is only the beginning.

THE GENETIC DIVERSITY YARD-STICK

As high-throughput sequencing has become more widely
applied, new methodologies have also been developed to
analyse the sheer quantity of data and provide diversity
estimates (Caporaso et al. 2010; Schloss et al. 2009). At a
more fundamental level, however, new methods also chal-
lenge our notions of microbial diversity: how is diversity
described from purely molecular sequences?

Regardless of the methodology used, we must remain
conscientious of the level of diversity that is measured.
Different measures of diversity, whether based on mor-
phology or genetic sequences, are not necessarily equiva-
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lent. Typically, DNA sequences are clustered at a defined
level of similarity and a sequence chosen from this clus-
ter, the operational taxonomic unit (OTU), represents that
“taxon”. Often, a similarity of 97% for SSU rRNA gene
sequences is used to demarcate “species”, but this is an
assumption that should never be forgotten. In protists,
multiple species concepts exist and there is no single con-
cept that is adequate or universal. No measure of molecu-
lar diversity can be realistically and uniformly applied
across such a large spectrum of biological diversity. More-
over, even for well-studied protists such as diatoms
(Mann 2010) or ciliates (Hall and Katz 2011), where there
has been some attempt to characterize a biological spe-
cies concept (a species defined by reproductive isolation),
it remains unclear which, if any, diversity measure corre-
sponds to a biological species. For most protists, species
boundaries are untested, their reproductive strategies are
poorly known, and flexibility should be incorporated in our
descriptions of their diversity.

The classification of marker sequences is useful to get
an overview of the taxonomic composition of the commu-
nity and to identify sequences that are similar to known
taxa, but such classification is not always possible. Many
environmental sequences are too different from
sequences in existing databases to make clear identifica-
tion possible. Moreover, the 18S rRNA gene is also a rela-
tively conservative taxonomic marker so short sequences
(typically ~250 bp) as obtained from current high-through-
put sequencing technologies do not provide enough infor-
mation to accurately classify the sequence beyond the
genus level. In addition, classifications for many protists
are uncertain because the organisms cannot be definitively
placed in the tree of life, the classifications do not reflect
phylogeny and are in flux, and the boundaries for a taxo-
nomic level are difficult to demarcate, particularly when
defining species. Because of these difficulties, the exact
classification of an OTU may be misleading, but as we dis-
cover the range and extent of protist diversity, these
molecular data can and should be used to clarify the clas-
sification and identification of protists.

These difficulties notwithstanding, the sequencing of
molecular markers provides a measure of diversity that is
vastly more ecologically and evolutionarily informative than
classical descriptions. The finer scale of diversity they pro-
vide can reveal spatial and temporal patterns that were
not previously possible using morphological descriptions.
Even more detailed patterns will emerge from deep sam-
pling of more divergent markers, for example, the internal
transcribed spacer of the rRNA operon. These types of
data are needed to gain a more sophisticated understand-
ing of the relationship between diversity and ecosystem
function, community assembly, and the response of the
community to environmental changes.

SAMPLING AND SCALING IN PROTIST ECOLOGY

Compared to multicellular organisms, fundamental infor-
mation regarding protistan community ecology is lacking.
Biogeographic patterns, for example, are completely
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unknown for the vast majority of protists but are important
for understanding the factors that may regulate their local
or global distributions. The detection of biogeographical
patterns depends on measuring diversity at an appropriate
level and sampling the environment at a scale that
matches the ecological effects driving the pattern, such as
climate or nutrient/food availability. For multicellular organ-
isms, the scaling of biogeographical patterns with diversity
is a well-known phenomenon (Holt et al. 2013; McGill
2010). At a broad scale, a taxon could be ubiquitous (e.g.
mammals), but at a finer scale of diversity, taxa compris-
ing a broader taxon may show more restricted distribu-
tions (e.g. polar bears). For protists, the ease by which
microbes can disperse or their large population sizes have
often been cited as reasons for the observed ubiquity of
some protist taxa, but there is generally little supporting
evidence and the effects of cryptic species on these con-
clusions have not been thoroughly tested (Azovsky and
Mazei 2012; Bass et al. 2007; Fenchel and Finlay 2004;
Foissner 2007). More likely, greater sampling resolution
with finer levels diversity will reveal more detailed pat-
terns. High-throughput sequencing can facilitate the
greater sampling effort that is needed to detect patterns
of ubiquity and endemism of protist taxa, and reveal the
diversity levels and the scale of ecological effects that
dictate these biogeographical patterns.

Biogeographic patterns are also difficult to detect
because the composition of natural communities is
dynamic. Community composition can shift due to envi-
ronmental changes, the influx/efflux of dispersing organ-
isms, or historical effects such as the diversification and
speciation of resident taxa. Marine environments, for
example, are subject to numerous environmental factors
that affect the composition and activities of the microbial
community. A coastal marine environment is modified by
currents, tides, terrestrial run-off, temperature, rainfall,
nutrient influxes, and many others, which change the
physical and chemical environment to varying degrees and
influence the physiology, growth rates, interactions, and
dispersal of microbes in the community. Randomized, rep-
licated sampling regimes are relied upon to detect correla-
tions between environmental variables and community
composition. However, these environmental variables are
often difficult to measure and in most cases their roles in
regulating community composition or ecological functions
are not clear.

PROTIST ECOLOGY OF TERMITE AND COCKROACH
HINDGUTS

Marine environments are extremely important ecosystems
to study because of their role in global biogeochemical
cycles, climate, and productivity. But because the environ-
ment is dynamic, they are also extremely challenging to
study and the results even more challenging to convert to
general principles. Simpler and less dynamic ecosystems
may not have the global impact of the oceans, but they
nonetheless offer an important but overlooked contribution
to our understanding of microbial ecology. Fundamental
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insights into the ecology and evolution of microorganisms
and microbial communities will be more readily studied
and interpreted in more controlled but still natural sys-
tems. In such systems, factors driving patterns of commu-
nity composition can be determined with less sampling
effort and fewer variables to account for.

The hindguts of lower termites and wood-eating Crypto-
cercus cockroaches are such environments. These
insects’ hindguts harbour microbial communities that are
dominated by protists, but also include bacteria and
archaea. The microbes are substantially isolated from
external environmental fluctuations and community com-
position has largely been influenced by historical rather
than ecological effects. The symbionts are vertically trans-
mitted across generations (and among members of the
colony) by the feeding of hindgut fluid (via proctodeal
trophallaxis) to their young or newly moulted individuals
(Nalepa et al. 2001), so dispersal of symbionts between
host species is rare. This has resulted in the co-evolution
of the insect hosts with their hindgut symbionts so that
related hosts tend to share related symbionts (Kitade
2004; Noda et al. 2007). In closely related hosts (e.qg.
members of the same insect species), this association is
very strong and stable over space and time: each host
species of termite/cockroach generally harbours unique
species of symbionts, so the microbial communities are
highly endemic.

The protists inhabiting lower termite and cockroach
hindguts are intriguing in their own right. Initially described
as “parasites” (Leidy 1881), most of the protists are now
considered beneficial symbionts that carry out the break-
down of lignocellulose to produce acetate, which is con-
sumed by their hosts (Brune and Ohkuma 2011). These
symbiont communities are often studied for biotechnologi-
cal applications to convert lignocellulose to fuel (see e.g.
Cairo et al. 2011; Scharf et al. 2011; Tartar et al. 2009;
Todaka etal. 2010; Zhang etal. 2012). In terms of
biodiversity, hindgut protist communities are predomi-
nantly composed of parabasalid and oxymonad taxa, many
of which have been studied primarily for the discovery
and characterization of novel and evolutionarily significant
lineages (see e.g. Carpenter et al. 2011; Cepicka et al.
2010; Dacks and Redfield 1998; Heiss and Keeling 2006;
Leander and Keeling 2004; Noda et al. 2009; Ohkuma
et al. 2008; Saldarriaga et al. 2011).

The ecology of this environment is less well studied,
but the hindgut communities of lower termites and Cryp-
tocercus cockroaches offer a number of advantages over
other environments to examine microbial ecology, espe-
cially for protists. As protist-dominated communities, the
ecology and evolution of eukaryotic microbes can be
addressed more readily. The historical imprint on commu-
nity composition allows investigations into the diversifica-
tion and adaptation of the symbionts within a host
lineage. Ecological interactions between microbes and
changes in community composition are also more tracta-
ble as the magnitude of diversity in the community is
moderate and relatively consistent. Bacteria often occur
as ecto- and endosymbionts of the protists and the nature
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Figure 1 Visualizations of protist diversity from the hindguts of Cryptocercus cockroaches, and Reticulitermes and Zootermopsis termites. These
figures were generated from high-throughput sequencing data of the V4 region of the SSU rRNA gene (unpublished data) to give examples of
what such data might look like when analysed and visualized differently. (A) Network analysis (force-directed layout) showing protist symbiont
OTUs (grey dots) connected to their hosts (coloured circles, squares, or triangles) by a line. The relatively few symbiont OTUs shared between
two hosts (indicated by grey dots with lines to more than one host), indicate a strong host-endemicity of symbionts. At the same time, the large
number of symbiont OTUs that are shared between multiple individuals of a given host taxon indicates that there is a greater degree of symbiont
variability, probably of closely related cryptic variants, within a host than previously thought, (B) Phylogenetic tree of all sequences obtained from
the hindgut samples. Terminal and internal branches of the tree were coloured if the branch lead to descendant OTUs from a single host genus.
The colouration reveals when in evolutionary time host-specific symbiont lineages evolved and diversified. Blue branches are Cryptocercus-

specific lineages, yellow are Reticulitermes-specific, and green are Zootermopsis-specific.

of these protistan—bacterial interactions can be studied in
a very directed, reproducible, and intensive way. Across
hindguts from different host species, the composition of
the communities may be different, but the general func-
tion of the community — to digest wood and provide fuel
for their host — is common, so the relationship between
diversity and ecosystem functioning can be investigated
directly. In addition, some taxa may not have strictly co-
evolved with their hosts, so the effect of dispersal on
community composition and the ecology of the hindguts
can also be examined.

As with most microbial communities, however, the
microbial diversity in termite hindguts has been underesti-
mated. Because the focus has been on understanding the
evolution of particular taxa, the diversity of taxa within
most hindguts are not fully described and biased towards
the larger protists. In particular, the diversity of bacteria
and archaea in most hosts is totally unknown. The protis-
tan diversity is largely known through morphological
descriptions, which are marked by the historical tendency
to assume similar looking protists found in different hosts
are most likely the same species. The use of molecular
markers has shown this to be false in several examples
and has generally expanded the known diversity (Gile
et al. 2011; Harper et al. 2009; James et al. 2013; Oh-
kuma et al. 2005; Stingl and Brune 2003; Strassert et al.
2009). Remarkably, this trend is even true for large, easily
identifiable symbionts from well-studied termites. For
example, using even low-throughput molecular sequencing
and DNA barcoding in the termite host whose hindgut has
been the subject of arguably the most intensive study of
any such environment, we recently showed that the spe-
cies-level diversity of the largest and most easily identifi-
able symbionts has been underestimated by nearly
twofold (Tai et al. 2013).

By using methods that increase sampling by many
orders of magnitude, the diversity of the whole communi-
ties can be established, including smaller protists and bac-
teria that are more difficult to observe and identify. These
data also inspire new ways to analyse and visualize the
data from which different kinds of insights can emerge.
For example, a network analysis demonstrates the rich-
ness of genetic diversity from the hindgut communities of
Cryptocercus cockroaches, and Reticulitermes and Zoo-
termopsis termites (Fig. 1A). The first observation from
these networks is that diversity is much larger than

observed morphologically, and larger even than has been
observed using lower throughput molecular methods (e.g.
Tai et al. 2013). Most of this diversity cannot be attributed
to described species; some certainly represents population
level diversity (or “strain level variation”), but there are
also genetically distinct OTUs with species-level variation.
The second observation, one that would have been more
difficult to see from a phylogenetic representation, is that
the protist taxa tend to be highly endemic to a host genus
with few taxa occurring in more than one host. High-
throughput sequencing data can also be analysed from an
evolutionary point-of-view. For the symbionts from the
hindguts of Cryptocercus, Reticulitermes, and Zootermop-
sis, many taxa originated from relatively recent radiations
(Fig. 1B), and different patterns can be seen for Cryptocer-
cus and the termites. These data can also be explored
using multivariate statistics to identify specific trends
to be tested more explicitly. From these initial findings,
these new vantage points guide further investigations
of the diversification, speciation, and co-evolutionary
processes in protists.

FROM COMMUNITIES TO SINGLE CELLS

Transitioning from the study of protist diversity patterns
across communities to establishing ecological function will
also be helped by high-throughput sequencing. On the
one hand, supplementing microbial community assembly
data with functional information such as meta-transcripto-
mics can establish links between diversity and ecosystem
function. But probably more importantly, high-throughput
sequencing can also be used to examine the biology of
single cells. One of the primary limitations in studying nat-
ural microbial communities is the necessity of cultivation
or collection of numerous cells to amass enough material
for study. Cultivation is rarely readily possible and can
induce major changes to the organism’s physiology. Tak-
ing a meta-omic approach has been useful, but the entire
community of microbes is analysed collectively. Members
of the community cannot easily be sorted based on iden-
tity or function so ecosystem functions, such as primary
productivity or nitrogen uptake rates, are measured with
little knowledge of the contributing microorganisms. From
a single cell, however, the analysis and interpretation
steps are significantly simplified: the biology of the individ-
ual is recovered, individual variation can be assessed, and,
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most importantly, a direct association can be made
between identity and function.

Ecologically, single-cell sequencing can be used not only
to explore the biology of that cell but also its interactions
with other microorganisms. The ecological interactions
between microorganisms are generally unknown in natural
environments. For protists, single-cell sequencing has
been successfully applied to discover interacting partners.
These pioneering investigations have identified the bacte-
rial prey, bacterial symbionts, and viruses interacting with
specific protists (Martinez-Garcia et al. 2011; Thompson
et al. 2012; Yoon et al. 2011).

In hindgut communities, many of the larger protists
harbour bacterial ecto- and/or endosymbionts. High-
throughput sequencing of symbiont bearing protists has
enabled genome assemblies of the bacterial symbionts
and provided insights into the biochemical nature of the
interaction between protists and their symbionts. These
interactions appear to be driven by a need for nitrogenous
compounds that the bacteria can produce for their host
(Hongoh et al. 2008a,b).

The analysis of single cells is a tremendous advance for
microbial ecology. The biology of the individual can be
resolved. Interactions between individual microorganisms
can be determined. From single cells in a community, net-
works can be built of the interactions and functions that
comprise the ecosystem.

CONCLUSIONS

Sequencing technologies and other molecular tools are
rapidly changing our knowledge of protist diversity, espe-
cially in natural environments. In the absence of cultiva-
tion, DNA sequencing has provided the means to more
easily and fully assess environmental microbial diversity.
Using high-throughput sequencing, the observed diversity
is of a magnitude that was unfathomable just a decade
ago.

The next challenge is to embrace this diversity and dis-
cover the ecological and evolutionary processes that
explain it. This will entail the use of statistically sound
sampling regimes at biologically relevant scales, transition-
ing from discovery-based to experimental ecology,
incorporating single-cell microbiology, and continued devel-
opment of analytical tools. Many natural communities,
such as termite/cockroach hindguts, have features that
simplify community analyses compared with more
dynamic environments and can provide greater insight into
the complexity of microbial ecosystems.

Although the most rapid advances in protist ecology
are being made by applying high-throughput sequencing
technologies, other data sources should be integrated to
find the relationships between diversity and ecosystem
functioning and the response of the microbial community
to environmental changes. Ultimately, although we are in
the sequencing age, this is but one tool to help us
understand and manage the ecology of protists and their
role as conduits between the micro- and “macro”-bial
worlds.

Tai & Keeling
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