PHILOSOPHICAL
TRANSACTIONS B

royalsocietypublishing.org/journal/rsth

)

ReView Check for

updates

Cite this article: Keeling PJ. 2019 Combining
morphology, behaviour and genomics to
understand the evolution and ecology of
microbial eukaryotes. Phil. Trans. R. Soc. B 374:
20190085.
http://dx.doi.org/10.1098/rstb.2019.0085

Accepted: 8 June 2019

One contribution of 18 to a discussion meeting
issue ‘Single cell ecology’.

Subject Areas:
evolution, microbiology, ecology

Keywords:
protist, genomics, evolution, ecology,
behaviour, eukaryotic

Author for correspondence:
Patrick J. Keeling
e-mail: pkeeling@mail.ubc.ca

THE ROYAL SOCIETY

PUBLISHING

Combining morphology, behaviour and
genomics to understand the evolution
and ecology of microbial eukaryotes

Patrick J. Keeling

Botany Department, University of British Columbia, Vancouver, British Columbia, Canada V6T1Z4
PJK, 0000-0002-7644-0745

Microbial eukaryotes (protists) are structurally, developmentally and
behaviourally more complex than their prokaryotic cousins. This complexity
makes it more difficult to translate genomic and metagenomic data into accu-
rate functional inferences about systems ranging all the way from molecular
and cellular levels to global ecological networks. This problem can be
traced back to the advent of the cytoskeleton and endomembrane systems
at the origin of eukaryotes, which endowed them with a range of complex
structures and behaviours that still largely dominate how they evolve and
interact within microbial communities. But unlike the diverse metabolic
properties that evolved within prokaryotes, the structural and behavioural
characteristics that strongly define how protists function in the environment
cannot readily be inferred from genomic data, since there is generally no
simple correlation between a gene and a discrete activity or function.
A deeper understanding of protists at both cellular and ecological levels,
therefore, requires not only high-throughput genomics but also linking
such data to direct observations of natural history and cell biology. This is
challenging since these observations typically require cultivation, which
is lacking for most protists. Potential remedies with current technology
include developing a more phylogenetically diverse range of model systems
to better represent the diversity, as well as combining high-throughput,
single-cell genomics with microscopic documentation of the subject cells to
link sequence with structure and behaviour.
This article is part of a discussion meeting issue ‘Single cell ecology’.

1. Introduction

Humans have long sought to explore and classify the nature and extent of Earth’s
biodiversity. However, measuring biodiversity is surprisingly challenging, and
the scope of the problem is much larger than was recognized for most of the
history of science. Perhaps ignorance was bliss, as this was a much easier
problem when life consisted of what we could see and touch, and the only
distinction was between animals and plants. The discovery of microbial life by
Leeuwenhoek in the late seventeenth century should have shattered that cozy
dichotomy, but instead the problem was kicked to the long grass by simply clas-
sifying microbial life as either microbial-plants or microbial-animals for another
two centuries, including the obviously problematic fungi (for a more thorough
and scholarly treatment of this history, see [1]). Modern concepts of distinct
microbial kingdoms evolved throughout the twentieth century, but the abun-
dance, diversity and importance of the microbial world consistently remained
a footnote, and microbial kingdoms were depicted as somehow ‘lower’ [2,3].
In many ways, this is not surprising since it is impossible to study nearly any
aspect of microbial life without some level of technological assistance, so diversity
will always be ‘seen” through the lens of whichever technology the observation is
based on. If the method biases criteria that are unrepresentative, then even the
best estimates will be misleading. Early reliance on simple morphology was
tied to the technology available at the time (basic light microscopy), and this
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bias led to underestimates since we did not understand, and
could not see, features to distinguish most microbes. The
dependence on cultivation was and continues to be a major
source of bias, since only a very small fraction of natural diver-
sity can be cultured [4-7], and many methods require pure
cultures. Ultimately, the first real insights into the breadth
and depth of the microbial world came from the use of DNA
sequence data to address two issues: the evolutionary problem
of how organisms are related phylogenetically, and the ecologi-
cal question of what genetic diversity exists in natural
communities. Early attempts to reconstruct a global tree of
life quickly showed that most phylogenetic diversity in the
tree of life is microbial [8,9], and as the tree has grown in
detail this impression has only grown stronger, with new
microbial diversity constantly being discovered. At the same
time, using molecular data to measure the genetic diversity
of natural communities has revealed that the bulk of
biodiversity in the environment is also consistently microbial
[10-15], and again the more we look in detail, the greater this
diversity grows: even microbial ‘species’ with marker genes
identical in sequence can be functionally diverse. Theoretically,
this diversity should be quantifiable using molecular tools, but
in practice, this goal remains elusive. Units of biodiversity are
seldom clear-cut, might not refer to functionally relevant
differences [16-20], estimates never encompass all the major
lineages of life and often draw conclusions from non-overlap-
ping subsets of taxa, all biased to underestimating whatever
the unit of diversity is. For example, relatively recent and aspir-
ationally definitive studies to estimate ‘global species diversity’
had little taxonomic overlap, used different measures of diver-
sity and different strategies, and varied by more than five
orders of magnitude [21,22].

Even the word ‘microbe’ has become biased: it should
ideally refer to all microscopic life inclusively, but it is more
commonly used to more narrowly refer to bacteria and
archaea, excluding microbial eukaryotes (e.g. most of the
studies on species concepts and numbers cited above). Eukar-
yotes include the plants, animals and fungi we know so well,
but eukaryotic diversity is dominated by microbial lineages,
collectively called protists [23]. Protists inhabit nearly all
known ecosystems, and carry out diverse, unique and signifi-
cant roles in global carbon and nutrient cycling. Their roles in
these processes are complex and we are beginning to acknowl-
edge that our models for microbial eukaryotic ecology are
over-simplistic [24]. Similarlyy, many major evolutionary
transitions also took place in protist lineages, including the
foundations for the evolution of multicellularity that gave us
the eukaryotes with which we are most familiar [25-27].
Understanding the nature and evolution of these innovations
requires a comprehensive and accurate assessment of protist
diversity—one that we do not have.

Despite the important questions surrounding protist
diversity, the pace of advances in microbial eukaryotic
research has lagged behind that of almost every other part
of the tree of life, including other microbes. One result of
this is that protist research has tended to follow in the meth-
odological footsteps of bacterial research. This has not been
without benefit; indeed, many technological advances made
in bacterial research have been quickly adapted to protists
[13-15,28-33]. However, microbial eukaryotes are in many
respects fundamentally different from bacteria, so there is
also the potential to sidetrack progress or even mislead
how we interpret data. The easy availability of tools and
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bacterial diversity can entice one to focus on problems of
marginal significance, rather than developing new methods
(or even new approaches using the same tools) to focus
directly on more important questions.

Here, I will summarize some of the unique practical
challenges that must be overcome to better fit microbial
eukaryotic diversity into our understanding of global biodi-
versity at both evolutionary time-scales (e.g. the divergence
of a new kingdom) and ecological time-scales (e.g. eat a
bacterium), and also examine whether existing strategies
successfully developed to understand bacterial diversity will
translate across domains of life. A strongly genome-centric
focus has been very successful in reconstructing major
events in the deep evolution of eukaryotes, but it is not as
clear whether the same can be said for ecology. This is not to
say that the adopted methods of environmental tag sequen-
cing, metagenomics, and more recently single-cell genomics
and transcriptomics are uninformative. However, we cannot
simply assume that these methods will yield the same answers
as they do in bacterial ecology, or can be analysed in the
same contexts. Because of the different ways that microbial
eukaryotes interact with their environment and neighbouring
microbial communities, understanding how protists function
will be much more dependent on coupling genomic data
with direct observations of cell structure and behaviour.

Protists are understudied because, in practical terms, they
embody many of the worst characteristics of both microbes
and eukaryotes. In the first instance, the challenging issues
that make the microbial world as a whole difficult to grasp
are just as true of protists as they are of bacteria. They are
tiny, single-celled organisms that are difficult to observe to
the point of abstraction: they live on the same planet as us,
but in a world that is so different from ours that physical
factors that most affect their activities and survival can be
different from those that we find important [34]. Where
known, they have huge population sizes and the structures
of these populations and demarkations between ‘species’, if
they exist, are poorly defined. They encompass an enormous
amount of diversity in the tree of life (figure 1), and much of
this is cryptic diversity, where two morphologically indistin-
guishable cells (to all but the most expert observers) can be
separated by a great deal of divergence at molecular or func-
tional levels. Also like bacteria, the vast majority of microbial
eukaryotes are not available in culture, and such culture sys-
tems and genomic data as do exist are strongly biased to
photosynthetic and parasitic species [35-37].

On the other hand, microbial eukaryotes also share many
complex features with macroscopic eukaryotes, and these
severely test many of the high-throughput methods that
have been used to tackle the problems of large populations,
extensive diversity and lack of culture in bacteria. For example,
many protists have large genomes (sometimes far larger than
typical animal genomes: [38-41]) with more genes, complex
gene families, repeating elements, and an architecture that
makes comprehensive characterization a rarity even among
‘complete genomes’. Like other eukaryotes, protist cells also
have many layers of structural complexity, regulation
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Figure 1. Tree of eukaryotes. A schematic tree summarizing current data on the relationships between major lineages of eukaryotes with selected ancient and recent
examples of structural complexity and behaviour. Examples of basic behaviours (and complex behaviours emerging from them) are indicated at the root of the tree,
and are predicted to be present in the last eukaryotic common ancestor (LECA). These include (left to right) gliding motility, ontogenetic development, phagocytosis,
amoeboid movement, forming endosymbiotic associations and flagellar swimming. These have all existed since the LECA or soon after, and in some cases, all
modern examples are homologous (e.g. flagella), whereas others are constantly reinvented in parallel (e.g. forming endosymbiotic associations or gliding motility).
Indicated around the branches of the tree are selected examples of complex structures and behaviours (often resulting from strings of basic behaviours) that
emerged many times in parallel. These include (left to right) creating cell walls or armour (by aggregating material, crystalization or scaffolding organic material
either inside the cell or by secretion), building and expelling extrusomes, intracellular infection, sensory organelles (light sensing eye spots is shown as an example),
structural complexity though symmetrical repetition and colony formation (by reproduction or aggregation). These traits have originated many times throughout the

evolution of eukaryotes. (Online version in colour.)

networks, developmental programs and growth requirements
absent in bacteria. Perhaps most challenging, however, is that
protists also exhibit a wide range of complex activities, akin to
animal behaviour. In addition to more universal behaviours
like taxis or modifying metabolism according to resource
availability, protists also actively hunt prey, shoot projectiles
to attack and defend themselves, stun prey and tear them
up, or suck out their cytoplasm, actively sort and filter par-
ticles, or ingest large items of food. Such behaviours occur
via multiple, independently evolved and complex strategies
involving novel and physically dynamic structures [23].
Understanding such features is critical to understanding
both the evolution and ecology of microbial eukaryotes. How-
ever, their secrets will not be easily revealed through high-
throughput sequencing alone, because these characteristics
cannot be inferred from a genome in the same way that we
can infer bacterial metabolic networks [37,42]. Instead, deter-
mining what microbial eukaryotes are really doing in natural
communities requires at least both genomics and traditional
cell biology approaches (and ideally also more biomechanics
and physics). This, in turn, depends on well-developed
model systems, or at very least culture systems, which are
both few and heavily biased.

And this problem is even more complex than it first seems,
because complex structures can be associated with a range of

behaviours in several different ways. For example, consider
the 9 + 2 microtubule-based flagella and their associated 9 + 0
basal bodies. These are easily identified, homologous struc-
tures with an obvious footprint in the genome [43,44], so the
existence of the structure can be predicted from genomics rela-
tively easily. However, these structures can be used in a variety
of ways that cannot be predicted from genomics. Flagella beat
to effect cell motility, but a wide variety of beat patterns and/or
appendages strongly modulate this function [45]. On another
level, flagella can also effect motility by a mechanism comple-
tely independent of beating: gliding motility [46,47]. And
further, flagella can also possess different functions altogether,
including sensing and feeding [48-51]. A single cell can use
one structure for all of these strategies, or can use several differ-
ent strategies and structures for one function: cells can swim
with flagella, but also glide or use amoeboid movement in
varying contexts, or during different life cycle stages [43,47].
This wide-ranging utility is also found in several other basic
behaviours (figure 2). Moreover, even if one did meticulously
work out the functional basis for one of these behaviours
(e.g. a particular flagellar beat pattern), it is not clear that this
could be used to infer the same behaviour from the genome
of another taxon, because at this level of detail such characters
likely evolved many times in parallel, and could, in this case,
have non-orthologous underlying mechanisms.
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Figure 2. Examples of eukaryotic behaviours, structures and functional coordination between them. Some basic cell behaviours that are common to many or all
eukaryotes are shown at the top, and under each example structures associated with that behaviour are indicated. Where more than one structure is listed, structures
might all work together to effect the behaviour, or alternatively in different systems different structures are associated with the behaviour. The bottom panel
provides examples of complex processes that can result from coordination of these behaviours and structures with other systems (with an emphasis on processes
that are most directly affected by the behaviour). This is not a comprehensive summary, but rather a few examples selected to present a range of complexity, age

and functional effects. (Online version in colour.)

On another level again, multiple relatively simple behav-
ioural ‘building blocks’ can be assembled into complex and
coordinated cell functions with emergent ecological proper-
ties. For example, some microbial eukaryotes actively ‘hunt’
for prey, which can also be broken down into a highly coor-
dinated combination of behavioural traits including
swimming, environmental sensing, taxis, ejecting projectiles,
prey differentiation, phagocytosis and exocytosis. Without a
way to break down these actions into their simpler building
blocks, or even a way to infer the smaller behavioural units
from the kind of data we tend to collect, it is impossible to
realistically fit such complex ‘metabehaviours’ into our eco-
logical models without collecting more kinds of data.

These characteristics can be traced all the way back to the
origin and early evolution of eukaryotes. Most of the main
features of the complex and dynamic cytoskeleton and endo-
membrane systems that allow the range of behaviours in
modern eukaryotes today are predicted to have been present
in the last eukaryotic common ancestor, or LECA (figure 1),
and were arguably the most significant changes in the origin
of eukaryotes [52]. While this increased the capacity to create
new cell types across eukaryotic diversity, early eukaryotes
also greatly expanded the range of cell types that a single
species could assume through an increase in ontogenetic
complexity; once cell cycles commonly expanded to include
different cell types, organisms gained flexibility to adapt to
changing conditions by altering major structures or even
basic body plan, on top of more universal responses like initiat-
ing stress responses or changing expression of metabolic
pathways. The increasing importance of these systems on cellu-
lar function would also have precipitated a major shift in the
mode of evolution of early eukaryotic microbes—away from
selection on their fit within metabolic networks and towards
the behavioural characteristics of the cell. These kinds of charac-
teristics would be subject to change through different kinds of
evolutionary processes. Horizontal gene transfer (HGT), for
example, is important to shaping bacterial function because

of the relatively high degree of modularity and interchangeabil-
ity of metabolic enzymes. Changes to eukaryotic behaviour, on
the other hand, are more likely to be affected by altering devel-
opmental and expression networks owing to point mutations
in regions controlling the expression of regulators, or perhaps
even epigenetic switches, that affect downstream expression
patterns and ontogenetic programs. For example, selection to
swim faster is unlikely to lead to HGT from fast swimming
cells to slower ones. This is not to say that HGT does not
affect microbial eukaryotes, but rather that we cannot assume
that it is as significant in protist evolution as it is in bacteria.
The advent of these systems—the endomembrane and
cytoskeleton—also opened up completely new ecological
niches, so nascent eukaryotes would compete with prokaryotic
microbes in mixed microbial communities very differently from
the ways in which prokaryotes would compete with one another.
Differences in modes of mobility, speed of replication and popu-
lation sizes could all have seen significant changes, as would
sensory functions. The most obvious and probably most impor-
tant change, however, was the ability to eat bacteria. There is no
evidence that predation predated eukaryotes, and the emerging
ability to efficiently engulf and digest other members of a com-
munity to extract their energy and nutrients must have been a
game-changing invention for early eukaryotes. It probably had
a very strong impact on their early evolution, as it still does
today for much of eukaryotic diversity, where it is also a major
factor in how protists interact in microbial communities. How-
ever, despite the importance of this central characteristic in both
evolutionary and ecological time scales, we are only just begin-
ning to test whether it can be inferred from genomic data [53].

Genomic data have been so effective in bacterial systems not
only because it is very informative for these organisms, but



also because we have devised ways to generate and analyse it
in a high-throughput fashion. Ideally, the high-throughput
nature of genomic data could be combined with equally effi-
cient ways to directly observe the structure and behaviour of
protist cells. Yet, how to scale-up these kinds of observations
is not obvious, especially in the absence of culture systems
and other tools. Therefore, moving forward one question to
ask is: what information is sacrificed by each of the strategies
that are currently available?

Environmental sequence tag data (almost always SSU
rRNA) was the earliest molecular strategy to quickly assess
overall environmental diversity [13,14]. This continues to be
a common and useful method owing to its speed and effi-
ciency. However, it reveals only the taxonomic identity of
the cells and nothing about their morphology or behaviour,
with the exception of cases where it is coupled to in situ
identification [54-56], or by inferring how similar sequences
are to homologues from better-studied relatives and extrapo-
lating similar behaviours and lifestyles. Metagenomic and
related ‘meta-omic’ methods can give a broad picture of the
functions of a whole community [28,29,57] but, given the
size and nature of eukaryotic genomes, likely not much
about the function of individual species or populations
since few genes will be physically linked in any sample.
Like sequence tag methods, all non-genomic information is
also lost. Another general approach that goes back to the
cell as a unit of biology is to use microfluidics strategies to
make some kind of measurements on individual cells. Micro-
fluidics strategies to measure or sort specific activities are
increasingly accessible technologically, but they have not yet
been widely used in protists. Fluorescence-activated cell sort-
ing (FACS) has been used to enrich for a subset of taxa from
complex communities based on pre-defined criteria, allowing
more targeted analyses of certain members of a community at
the genomic level [30,58-65]. This is essentially a metage-
nomic approach, but by disentangling some of the
complexity it allows for deeper sampling of whatever kind
of organisms has been targeted. Related to this, individual
cells can also be sorted and coupled to single-cell genomics
methods such as single amplified genomes (SAGs), or
single amplified transcriptomes (SATs) [30,59,62,65-69].
These methods are an important technical break from the
mixed nature of ‘meta-omic’ data, because they retain the
individuality of the sample, so all the genes in a dataset
can ideally be considered to have come from the same
genome (though in practice there is often contamination).
These methods still require a priori criteria for sorting, and
none of these approaches directly links the genomic data
with information about the physical nature of the organism
from which the sequence is derived. In theory, single-cell sort-
ing could provide such information, but unfortunately, no
system currently combines microscopic imaging with cell
sorting in a way that retains a link between an image and a
sorted cell.

This common weakness—the absence of a link between
high-throughput genomic data and structural and behaviour-
al data from uncultivated protist cells—represents a major
methodological challenge. One way forward is a massive
increase in the diversity and taxonomic distribution of well-
developed model systems. This would allow for much more
accurate inferences about the function of various systems
from genomic data, as well as the likely biological character-
istics of a taxon represented by sequence data. This would,
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etics along the lines envisioned by evolutionary cell biology
[70,71], more direct mechanical observations of cellular be-
haviour and how they effect function (e.g. [51]), in addition
to a greater general appreciation of skills sometimes sadly
considered old fashioned, like natural history and cultivation
[36,72,73]. However, a compromise between throughput and
information retention is possible with existing resources, by
linking single-cell genomics methods to directly isolated
cells. For example, a single cell can be imaged or filmed at
high resolution to document the basic features of its mor-
phology and whatever behaviours are currently on display,
and then manually isolated to couple that information with
genomic data from the same cell generated by SAG or SAT
methods [31,68,69]. This retains the direct link between geno-
mic data and basic information about the appearance and
activities of the cell from which the sequence data are
derived, but is not entirely high-throughput since the initial
observations and isolation are not automated. Even simple
morphological observations such as these can actually
reveal a lot that would not be obvious in sequence data
alone. Whether a cell is pigmented or colourless can be deter-
mined, as can whether it is motile and by what means (e.g. by
flagellar swimming, amoeboid movement, or gliding). Pha-
gocytosis and exocytosis can be observed, food can be
documented and sometimes identified in a cell (and corre-
lated to genomic data), as can other kinds of characters and
interactions like size, biomass, shape, parasitism and symbio-
tic associations. This certainly does not constitute an
exhaustive understanding of the nature of a cell from which
genomic data are derived, but given that these single-cell
technologies currently exist, it could represent a step in the
right direction for gaining a more complete picture of the
diversity of uncultured eukaryotes in microbial communities.

It is true that the future of this field will be defined in large
part by what tools are readily available. However, it is critical
that we carefully assess what questions need asking before
simply applying available technology and allowing the pres-
ence of that technology to define these questions.
Furthermore, understanding the evolution and ecology of
microbial eukaryotes requires ‘old-fashioned’ skills and
methods that we need to support: we need more expertise
in cultivation and documenting natural history, as well as
improved skills to observe what a eukaryote is doing in its
environment. Indeed, a number of recent papers have
described new and unexpected diversity in protists, high-
lighting results of such methodologies, and they can be
combined with genomics and advanced microscopy [74-
76]. One way forward will require balancing methodological
development to couple this kind of information to genomics
methods with higher-throughput, while at the same time
developing a more diverse set of model microbial eukaryotic
systems that are cultivable and tractable. Together, such
advances will allow inferences about functions in natural
communities to be more accurate, and in turn increase the
predictive power of environmental survey data.

This article has no additional data.
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