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Developing a detailed understanding of how all known forms of life are related to one another in the tree of life
has been a major preoccupation of biology since the idea of tree-like evolution first took hold. Since most life
is microbial, our intuitive use of morphological comparisons to infer relatedness only goes so far, and molec-
ular sequence data, most recently from genomes and transcriptomes, has been the primary means to infer
these relationships. For prokaryotes this presented new challenges, since the degree of horizontal gene
transfer led some to question the tree-like depiction of evolution altogether. Most eukaryotes are also micro-
bial, but in contrast to prokaryotic life, the application of large-scale molecular data to the tree of eukaryotes
has largely been a constructive process, leading to a small number of very diverse lineages, or ‘supergroups’.
The tree is not completely resolved, and contentious problems remain, but many well-established super-
groups now encompassmuchmore diversity than the traditional kingdoms. Some of themost exciting recent
developments come from the discovery of branches in the tree that we previously had no inkling even existed,
many of which are of great ecological or evolutionary interest. These new branches highlight the need for
more exploration, by high-throughput molecular surveys, but also more traditional means of observations
and cultivation.
Introduction: The Tree of Life Concept
The ‘tree of life’ is an important concept that helps us think more

clearly about the distant, sometimes murky past of early evolu-

tion. Phylogenetic trees in general are a powerful visual aid to de-

pict evolutionary relationships along a range of time scales in a

simple branching diagram. They are not family trees in the sense

that they show the births, deaths, and unions of contempora-

neous organisms, but rather a foundation on which to under-

stand long-term evolutionary processes that happened at the

level of populations that are now mostly extinct. As useful car-

toons, they can help organize complex evolutionary events;

but this strength can also be a weakness, since trees are open

to a range of misinterpretations [1,2]. One of the most common

is the notion of ‘lower’ and ‘higher’ forms of life depicted as

early-diverging or late-diverging branches, which are easily mis-

construed as steps in a scala naturae, or a great chain of being,

from simple to complex [3,4]. Of course, all extant organisms

have been evolving for the same period of time and none are

lower or higher. Molecular phylogenies depicting relationships

between species also often make the important assumption

that the evolutionary history of the gene(s) used to make the

tree somehow represents the species tree [5,6]. Complicating

processes like horizontal gene transfer (HGT), gene gain/loss,

hybridization, or endosymbiosis can be revealed or obscured

depending on the data, a problem amplified in an era where

hundreds or thousands of genes are routinely used to produce

species trees.

All these complexities became practical problems with the

democratization and maturation of genomic methods. For pro-

karyotes, it was quickly proposed that networks, rather than

bifurcating phylogenies, might better describe the evolution of

species due to a generally high frequency of HGT [7,8]. The
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more philosophically minded made the case that the prevalence

of HGT was high enough to even question the whole concept of

tree-like evolution in prokaryotes, or indeed the existence of a

tree of life [9,10]. If HGT and other complicating factors are so

common, then potentially every gene in a genome has a different

history and perhaps no gene fits the assumption that the evolu-

tion of species can be accurately described by bifurcating trees.

Today, with vast quantities of bacterial and archaeal genomic

data, the important impact of HGT on prokaryote evolution is uni-

versally accepted, but the debate over the notion of the tree-like

branching of species remains active [11].

What about eukaryotes? When we think of eukaryotes, it is the

animals, plants, and fungi that quickly jump to mind, and in these

well-studied, macroscopic, and often obligately sexual lineages

an overall tree-like evolutionary history has hardly been ques-

tioned. However, these organisms represent the minority of the

lineage diversity: most eukaryotes are single-celled organisms,

and for most of eukaryotic history only microbial species have

existed [12–14]. Microbial eukaryotes, or protists, represent

dozens of ‘kingdom-equivalents’, or major lineages containing

sometimes astonishingly high numbers of species that share

both ancestry and overall cellular and genomic characteristics

with their better-known multicellular cousins. But as microbes,

they also sharemany ecological, cell biological, and evolutionary

characteristics with prokaryotes [15]. Whether genomics would

resolve the tree of eukaryotes or complicate it, as it did with pro-

karyotes, was an important question that was seldom asked

while it was being answered.

Here, we review the current state of knowledge about the tree

of eukaryotes, look back on how it took shape and what that his-

tory tells us about its reliability, but also look towards some of the

future challenges that we know, or suspect, might dominate the
ier Ltd.
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Figure 1. Examples of eukaryotic
supergroups.
This plate shows an organism from each of the
major supergroups identified in Figure 2, with col-
oured boxes corresponding to the colour for that
group in Figure 2. From left to right, the top row
shows the ciliate Euplotes (Alveolates) and the
diatomPinnularia (Stramenopiles). The second row
shows star sand foraminiferans (Rhizarians), a
cryptomonad (Cryptista) above a centrohelid
(Haptista), and the charophyte green alga Micras-
terias (Archaeplastids). The third row shows the
euglenid Euglena (Discobids) and the tubalinid
Rhizamoeba (Amoebozoans). The bottom row
shows the parabasalian Trichonympha (Meta-
monad), the cnidrian animal Acropora (Opistho-
konts) and a dikaryan fungus (Opisthokonts). All
photos by P. Keeling.
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field of eukaryote evolution in the coming years. We also

compare these advanceswith parallel discoveries in the diversity

and evolution of bacteria and archaea. These characteristics

highlight fundamental differences between the evolution of pro-

karyotes and eukaryotes, as well as the central place of protists

in understanding these differences.

A Brief History of Eukaryotic Phylogeny
Before looking at the current tree of eukaryotes, let’s take a short

historical detour to better appreciate the winding path of discov-

ery. The first trees of eukaryotes were obviously not based on

molecular data, but usedmorphological or trophic characteristics

to decipher evolutionary relationships [16–18]. This was relatively

straightforward until modern microscopy began to reveal how

incredibly diverse these seemingly simple single-celled organ-

isms really were (Figure 1). Early attempts to organize protist di-

versity based on morphology were successful in identifying a

large number of lineages that we still acknowledge today, but

themorphological diversity was so great, and characters so often
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conflicting, that it was impossible to see

the details of the relationships between

most of these lineages. Attempts to syn-

thesize this information were forced to

leave them unresolved [17], or lump them

into a ‘blob’ of ‘lower’ forms of life [18].

Early molecular phylogenies based on

the small subunit ribosomal DNA quickly

painted a different picture, revealing that

the majority of phylogenetic diversity in

eukaryotes was actually in the protists,

rather than in the macroscopic organisms

[19]. These molecular trees also consis-

tently showed a distinct structure, with a

mix of protists andmulticellular organisms

in the so-called ‘crown groups’, and a

basal ladder of protists with seemingly

simpler, more ‘primitive’ characteristics

closer to someconception of the ancestral

state [19–22].

As sequencing technologies evolved,

the increasing use of protein-coding

genes for phylogenies slowly began to
challenge this basal/crown dichotomy [23–27]. This led to a

periodwhere the tree wasmore torn down than built up, because

no combination of genes or ultrastructural features offered an

improved resolution for the entire tree. Although important in-

sights emerged from these relatively small-scale analyses based

on both rRNA and proteins (e.g. the union of many small lineages

into large ones, like alveolates, stramenopiles, cercozoans, rhi-

zarians, and opisthokonts [24,28–31]), the big picture only began

to change fundamentally when the ever-greater access to

genomic data produced trees based on many genes concate-

nated into larger and larger data sets. This ‘phylogenomic’

approach has now grown to employ hundreds or even thou-

sands of genes to infer phylogenies [32–35]. These phyloge-

nomic analyses have converged on a fundamentally different

picture of eukaryotic relationships, in which the diversity is

distributed into a small number of very large assemblages [12].

These assemblages included recognized kingdoms (e.g., ani-

mals, plants, fungi) embedded as one of many subgroups (see

Box 1 for a glossary of these groups), and were informally called
ogy 29, R808–R817, August 19, 2019 R809



Box 1. A brief description of the major groups of eukaryotes.

Stramenopiles comprise well-knownmicrobial algae (e.g., diatoms) but alsomacroscopicmulticellular seaweeds (e.g., kelps) and

a vast diversity of free-living heterotrophic or mixotrophic protists and important pathogens of animals and plants (e.g., Blastocys-

tis or oomycetes). Stramenopiles also contain some of the most abundant environmental taxa in the sea (called MASTs forMArine

STramenopiles), most of which have not been characterized at the cellular level.

Alveolates comprise three well-studied protist groups (ciliates, dinoflagellates, and apicomplexans), in addition to several smaller

groups of parasites and flagellates such as perkinsids, chrompodellids, and colponemids. Ciliates are a major group of microbial

predators and grazers in all known environments. Dinoflagellates are also extremely abundant in nature, about half as photosyn-

thetic algae and the rest are predators and parasites (including probably the most abundant marine eukaryotes, the MALVs). Api-

complexans in turn are all obligately associated with animals, most commonly as intracellular parasites (e.g. the causative agent of

malaria).

Rhizarians includes awide diversity of predominantly amoeboid protists with thin, filose pseudopodia usedmore in feeding than in

locomotion. The group also includes amoeboflagellates and flagellates, parasites of crop plants and invertebrates (e.g. Plasmo-

diophora and Bonamia, respectively), and even amoeboid algae (chlorarachniophytes).

SAR is the conglomerate of Stramenopiles, Alveolates, and Rhizaria, which together make an assemblage encompassing

perhaps half of all eukaryote diversity. Recently, the phylum Telonema was proposed as the sister lineage to SAR, making the

even larger group TSAR. Telonemids contain only two described species, and are thought to represent a widespread, although

not very abundant nor highly diverse, lineage of heterotrophic flagellates, and as sister to SAR would represent a good example

of a ‘lopsided tree’ discussed in the text.

Haptista contains two main lineages: the haptophytes and centrohelids. Haptophytes are all photosynthetic, mostly marine spe-

cies where they can bloom to high density (e.g. Emiliania). Centrohelids are free-living heterotrophs characterized by distinctive

radiating pseudopodia called axopodia, and are most often found in freshwater environments.

Cryptista contains the cryptomonads, algae best known for their red algal-derived plastids that retain a relict endosymbiont nu-

cleus (i.e. nucleomorph). The group also contains heterotrophic flagellates katablepharids and the lone genus Palpitomonas.

Archaeplastids are defined by the presence of primary plastids directly derived from endosymbiosis with a cyanobacterium. This

includes green algae (from which land plants emerge), the red algae, and glaucophytes.

Amoebozoans are the second primarily amoeboid group, including groupswith classical loose pseudopodia for feeding and loco-

motion. The group also includes slime molds and flagellates, as well as some important pathogens (e.g. Entamoeba).

Opisthokonts includes several protists, but alsomore familiar multicellular animals and fungi. Opisthokonts are defined by a single

posterior flagellum, and protist opisthokonts include a variety of heterotrophic flagellates, amoebae, and parasites. Opisthokonts,

Amoebozoans, and a few other small lineages are grouped together as Amorphea.

CRuMS is an amalgamation of several ‘orphan’ taxa: the Collodictyonids, Rigifilida, andMantamonas. These are all free-living pro-

tists without much in common morphologically (i.e. swimming flagellates, filose amoeboid cells, and gliding cells), but which

branch together in molecular phylogenies.

Discobids andMetamonads are two groups referred to as ‘excavate’ lineages, previously (with malawimonads) classified as the

Excavate supergroup based on a distinctive morphology. Molecular phylogenies have mostly failed to support this, so they are

treated as two separate and possibly related groups. Discobids includes photosynthetic euglenids (e.g. Euglena) parasites (e.g.

Trypanosoma) and many free-living heterotrophic flagellates. Matamonads contains anaerobic protists, including several patho-

gens (e.g. Giardia, Trichomonas) and symbionts in many animal guts (e.g. Trichonympha).
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‘supergroups’ to reflect their ‘larger than kingdom’ nature

[36,37]. In Figure 2, we synthesize many phylogenomic studies

into one schematic tree representing (we hope) a relatively

uncontroversial consensus of the current state of eukaryotic

relationships. The idea of supergroups remains the currency of

eukaryotic relationships at their highest levels. Unlike the old

Kingdoms of life, supergroups are mostly known by esoteric

names unheard of outside a small group of experts. Their

composition can be opaque, even if they include lineages we

all know well. For example, we know humans are animals, but

at various higher levels they are also holozoans, opisthokonts,

or obazoans (Figure 3).

Considering howmany revisions have beenmade to the tree of

eukaryotes in the past, we certainly should ask whether the cur-

rent, phylogenomic-based tree is also just a blip, soon-to-be-re-

placed by yet a different view. Anyone recalling the history of this

field would be reluctant to rule this out, but the recent history also
R810 Current Biology 29, R808–R817, August 19, 2019
contains cause for optimism that has not always been evident.

Phylogenetic methods, evolutionary models, the quantity and

quality of data, and computational power available at a given

time all influence the reconstruction of the tree, so change over

time is expected. The question is what kind of changes have

we observed as the field evolved? To answer this question, we

can look back on how the tree was described 15 years ago,

when the supergroup concept took hold, to see what has

changed.

Changes to the tree fall under two general themes. The first

and most obvious theme is that the tree grew through the addi-

tion of more taxa [38–45]. This takes the form of re-sampled

groups that we already knew about, but also newly discovered

groups (usually consisting of just a few species or genera, see

below for more details). Sometimes these new taxa proved diffi-

cult to resolve into the bigger picture of supergroups, but in other

cases they fell immediately into place. The second major theme
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Colponemids

Figure 2. The eukaryotic tree of life.
A schematic tree of eukaryotes based on a
consensus of phylogenomic studies together with
morphological and cell biological information. The
more uncontentious supergroups are boxed in
colour, while more contentious ones are boxed in
grey. Completely unresolved relationships are left
unresolved, and some particularly contentious pro-
posals for deep-branches are indicated by dashed
lines. Wherever possible, informal names are used.
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is the coalescence or shuffling of lineages; more data and addi-

tional analyses resulting in two or more major groups branching

together, forming a new, larger group [46–52]. Neither of these

two kinds of change are mutually exclusive, nor necessarily con-

tradicts the original structure of the tree. Thus, much of the over-

all structure of the trees as conceived 15 years ago is consistent

with today’s view, but today’s tree is better resolved, better

fleshed out, and contains many groups that were not part of

the original supergroup schemes. For example, where we once

had alveolates and stramenopiles together (as part of a larger

group called chromalveolates, discussed below), the addition

of rhizarians led to the SAR supergroup [46,47], and the subse-

quent addition of telonemids led to the TSAR supergroup [52],

all through processes of growth and coalescence. The same

processes have been repeated in other parts of the tree: obazo-

ans grew from the addition of breviates and apusomonads to

opisthokonts [40]; CRuMS is an unforeseen collection of orphan

flagellated or filose protists that have recently coalesced [51];

haptistans represent the merging of long-known haptophytes

and centrohelids [50]. These changes will have to withstand

repeated tests, ideally involving independent datasets and the

addition of more taxa, to become fully accepted in mainstream

evolutionary schemes. But the way the tree has changed over

time suggests that a clearly describable tree underlays the evo-

lution of eukaryotes over long time spans.

Controversial Branches in the Tree of Eukaryotes
The changes to the tree outlined above collectively represent

numerous augmentations and amalgamations. In contrast,
Current Biol
changes in the form of reversals from

what we thought were well-resolved

branches have been relatively rare. This

is not to say that there has been no contro-

versy, dead ends, or misleading results.

Indeed, a number of longstanding ques-

tions remain in a fog even after repeated

direct analyses using very large data

sets and the best available methods. In

general, we can break down the remaining

outstanding questions about the eukary-

otic tree into two general categories: the

parts of the tree that remain uncertain

despite close examination (the controver-

sial branches discussed below), and the

parts of the tree we know are uncertain

because we lack the data to address

them (the missing branches discussed in

the next section).
One very controversial branch on the tree, but which is not

always recognized as such, is the archaeplastids. This group

has been included in broad evolutionary schemes of eukary-

otic diversity for decades, but continues to lack comprehen-

sive support from most molecular trees. Unlike any other

current supergroup, the archaeplastids are anchored in an

evolutionary hypothesis supported by solid morphological,

molecular, and biochemical commonalities of their primary

plastids [53,54]. Molecular phylogenies based on plastid data

and other molecular features common to these plastids have

from the beginning strongly supported their single origin

[53–56]. However, to this day no phylogeny using nuclear

data for a sufficiently broad taxon-sampling has provided un-

ambiguous strong support for the monophyly of the group, or

any consistent alternative (they are most often interrupted by

cryptists, but not always and not in a consistent position

[49,50,52]). This puts archaeplastids in a peculiar position: it

has remained a supergroup throughout all recent iterations

of the tree, but the consistency of evidence supporting it are

still crucially missing.

Another hotspot for debate is the excavates, a supergroup

that has been included in most schematics of eukaryotic diver-

sity for many years, but is absent from Figure 2. The idea that

‘excavate’ organisms formed a supergroup was originally

based on their morphology, or specifically a particular feeding

groove found in many enigmatic protists [57]. However, a

monophyletic excavate lineage was never really fully sup-

ported in single gene trees or phylogenomics, or only after

some tweaking [48,58,59], and instead recent analyses split
ogy 29, R808–R817, August 19, 2019 R811
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Figure 3. Naming supergroups.
Supergroup names have subsumed traditional
kingdoms of life. This is a portion of the tree
surrounding the familiar kingdoms, animals and
fungi (formally Metazoa and Fungi). Under the
current hierarchical names above the kingdom
level, the familiar animals are also known by their
less familiar, larger formal group names, Holozoa,
Holomycota, Opisthokonta, Obazoa, or Amor-
phea.
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them into three subgroups; the discobids, metamonads, and

the small orphan group malawimonads [51,60]. At the same

time, a similar feeding groove has been found in protists

clearly branching in other supergroups [61,62], suggesting

that the excavate condition might be ancestral to most or

even all eukaryotes and not an indication of relatedness in

one subgroup. Ultimately, the lack of comprehensive phyloge-

netic support left the excavate hypothesis mired in debate sur-

rounding a few poorly studied taxa and the technical problems

of reconstructing trees from the fast-evolving genes common

to many excavate taxa.

A similar story unfolded for another former supergroup that we

already mentioned, the chromalveolates. This supergroup was

also proposed based on a uniting biological feature of plastids,

in this case the common origin of a red algal-derived secondary

plastid [63,64]. As with archaeplastids, data for themonophyly of

the plastids soon appeared [65–67], but concurrent support from

nuclear data never materialized. Instead, the main chromalveo-

late subgroups were split by the addition of previously unrelated

lineages: alveolates and stramenopiles branched with rhizarians,

altogether forming the SAR group (see above); and cryptomo-

nads and haptophytes saw a collection of relatively small line-

ages coalescing around them, forming cryptists (Palpitomonas,

katablepharids, cryptomonads) [42,68] and haptists (hapto-

phytes, centrohelids) [43,50,69], respectively. Although these

respective lineages are all robust, their position in the tree proved

to be among the most controversial branches, and remain so

today. Most frequently, haptists are related to the TSAR group,

and cryptists to archaeplastids, but in both cases further evi-

dence is required.

Finally, and perhaps the most vexing unsolved issue, is the

root of the eukaryotic tree. The root is a particularly thorny ques-

tion since it demands that we look even further back in time to the

relationships between eukaryotes, archaea, and bacteria. This

problem has been tackled by traditional phylogenetic recon-

struction based on single or genome-level sampling, simply

analyzing genes shared between eukaryotes and prokaryotes,
R812 Current Biology 29, R808–R817, August 19, 2019
or more recently mitochondria and their

proteobacterial sisters [70–72]. Other

phylogenetic tricks have been used, for

instance trying to identify deep splits in

the eukaryotes indicated by gene fusions,

gene duplications, new gene families, or

insertions and deletions in proteins, but

none of these has converged towards a

widely-accepted position for the root.

The absence of a clear root also affects

our understanding of the earliest splits in
the tree, so until we have a better idea of where the root lies it

will be impossible to fully reconstruct how the supergroups are

related to one another.

Missing Branches in the Tree of Eukaryotes
The controversies listed above can be thought of as problems

that we have identified and affect specific parts of the tree. But

we also know there are problems that are more difficult to

enumerate with current data, and in some cases we can’t even

predict exactly what part of the tree they affect. These issues

come from taxa that are currently missing in the tree.

More than a century of classical microscopy studies has pro-

vided us with numerous accounts, sometimes very detailed, of

protists that need to be re-visited to add to phylogenomic trees

[73]. In some cases, we have solid expectations of where they

will go, but there are also many ‘orphan’ taxa for which it

is anyone’s guess where they will eventually fall. Recent

examples show that these orphans offer an exciting pool of

untapped information. Adding centrohelids, telonemids, colpo-

nemids, and colpodellids to the tree added complexity

to our understanding of the evolution of complex plastids

[50,52,68,74,75]. Aphelids were found to hold important clues

into the contentious early evolution of fungi and their close

relatives, the microsporidian parasites and the still-mysterious

rozellids/cryptomycetes [76,77]. Other lineages, like hemimas-

tigophorids, or diphyllateans, rigifilids, and mantamonads

have also recently been added to phylogenomic trees, possibly

forming completely new branches [45,51]. Simply skimming

reference volumes of protist diversity yields a long list of other

potential candidates worthy of re-discovery [73]. Many of these

orphans are likely isolated genera with unique features, rather

than large and diverse lineages, but it is still possible that

they form the tip of a diversity iceberg (see below section on

lopsided trees). Either way, each new lineage added to the

tree is an important piece of the puzzle to reconstruct how eu-

karyotic diversity evolved that will hopefully spark someone’s

curiosity.
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The above lineages were all known from microscopy and their

importance really emerged with molecular phylogenetic ana-

lyses, but there is also huge potential for discovery from the

opposite direction — discovering lineages by molecular means.

Environmental DNA or RNA sequencing has been amajor source

of discovery for bacterial and archaeal diversity, revealing

dozens of environmental phyla [11]. Environmental surveys of

eukaryotes have yielded somewhat different results, probably

because the morphological record had allowed more eukaryotic

diversity to be recognized prior to molecular surveys. Indeed,

environmental DNA sequencing of eukaryotes has yielded

massive expansions of diversity (sometimes major unknown

groups) but generally within or related to already established su-

pergroups [15,78–80]. These environmental lineages are still very

important, especially as some represent very diverse and

ecologically significant groups that we had no inkling even

existed, or at least had little appreciation of their ecological rele-

vance. Marine samples in particular have revealed several wide-

spread and highly abundant lineages like MALVs, MASTs,

MAOPs (marine alveolates, stramenopiles, and opisthokonts,

respectively), eupelagonemids [78,79], and dozens of cases of

smaller new subgroups related to virtually every major protist

lineage known [81,82]. In soils, several groups of gregarine api-

complexan parasites of invertebrates were shown to dominate

the diversity of protists [80], and most likely similar observations

will be made everywhere else we look.

Lastly, an unanticipated challenge to reconstructing a com-

plete tree of eukaryotes has emerged from recent discoveries

of high-ranking lineages that were presaged by neither

morphology nor environmental DNA surveys. These are new

taxa that were discovered by the doggedly traditional means of

exploring the environment and characterizing new organisms

at the morphological and molecular levels, either through estab-

lishing cultures or by single cell microscopy and genome-wide

sequencing. Some of these new taxa are so different from known

lineages as to prove challenging to position in the tree, even with

phylogenomic data, and remain without any obvious closest rel-

atives (e.g. Picozoa, Ancoracysta) [44,83–85]. Others occupy

crucial phylogenetic positions close to established groups

(e.g., Chromera, Vitrella, Acavamonas, Rhodelphis, Palpitomo-

nas) [42,74,86–88]. Each of these taxa has provided new per-

spectives on how major lineages or evolutionary transitions

originated or unfolded, affecting how we interpret the evolution

of mitochondria, plastids, the cytoskeleton, the endomembrane

system, as well as processes as diverse as parasitism, photo-

synthesis, or mixotrophy. But they also shed equally important

light on the depth ofmethodological biases inmolecular diversity

surveys, and the importance of multiple approaches, which will

be outlined in the next section.

Biased Both Ways
A lot has been said about the extreme biases inherent in mi-

crobial cultivation methods. Indeed, the famous ‘great plate

count anomaly’, which argued that only a small fraction of nat-

ural bacterial diversity can be cultivated [89], ultimately led to

the widespread use of environmental DNA and metagenomics

to circumvent this bias and measure microbial diversity directly

from the environment. Cultivating protists comes with at least

as many problems as bacteria, and so shares many of the
same biases: we are better at cultivating algae, so they are

over-represented in culture collections, whereas free-living

heterotrophs are badly under-represented [90]. Since the

widespread adoption of environmental DNA for surveying

both prokaryotic and eukaryotic microbes, the inherent biases

of this approach have been examined, but most of this work

has taken the form of comparing one environmental method

against others. For example, issues surrounding the choice

of PCR primers, PCR-independent methods such as miTags

and metagenomics, or using DNA versus RNA as template

have all been tested [91]. But testing the biases of the environ-

mental approach against entirely molecular-independent

methods, like culturing and microscopy, is much more difficult.

This requires a strong body of morphological information

and culturing expertise to cross reference with molecular

surveys. Without such comparisons, it is hard to say whether

molecular surveys in general have systematic biases leading

us to overlook whole lineages, as we know it to be the case

with cultivation.

A growing body of evidence suggests that environmental

DNA, when applied globally, is indeed missing large chunks of

the diversity. Most obviously, some groups known to be rela-

tively abundant in some environments are systematically poorly

represented in environmental DNA surveys of those same envi-

ronments. For example, certain lifestyles, like some forms of

parasitism or symbiosis in general, are likely not represented

as much as they should be. Indeed, if you filter all the animals

out of an environment and survey the remaining protist diversity,

it is not surprising that parasites or other symbionts that spend

little or no time outside of their host will be under-represented.

This sounds trivial, but a major fraction of protist diversity

corresponds to parasitic taxa, and many diverse and common

parasitic lineages have escaped detection in exactly this way.

Rhizarianmicrocell parasites are an excellent example. One spe-

cies of these tiny intracellular parasites,Mikrocytos mackini, has

long been known from histopathology to be common in food

oysters [92], but corresponding sequences were consistently

absent from environmental surveys, even oyster habitats.

However, a survey of diverse marine invertebrates with a combi-

nation of specific primers eventually revealed a widespread

lineage of diverse parasites (the mikrocytids), none of which ap-

pears in environmental DNA surveys of environmental samples

with taxonomically broad primers [81]. Their invisibility in molec-

ular surveys was the result of a bias against their divergent rRNA

sequence (and this is a common feature of many parasites),

compounded by a bias against their obligate intracellular life-

style. Thus, to adequately reveal the phylogenetic diversity of

such a group by environmental DNA methods, one must target

not only the right habitat (inside marine invertebrates), but also

use lineage-specific PCR primers, all of which is predicated on

a substantial body of prior knowledge. Organisms like these

are not going to be detected and characterized in broad surveys

of environmental diversity; they must be deliberately looked for.

While the current trend is towards molecular methods and

their high-throughput nature (for good reasons), there is also

increasing evidence that what’s currently missed by these

methods is highly relevant. Imagine for a moment that you are

visiting the Earth from another planet to investigate biodiversity,

and randomly select 1000 animals from a patch of the Serengeti.
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Figure 4. Lopsided trees.
One result of a current wave of discovery is that
more nodes of the tree are becoming lopsided —
on one side of a node is a long-studied branch of
great diversity with thousands of known species,
but on the other side is a single genus or species
(left side). There are two main explanations for this
observation. The sampling may be uneven (right
side, top), such that the second lineage is also
large and diverse but has mostly escaped our
notice. In this case, continued exploration will yield
a great number of potentially interesting new taxa.
The other possibility is that there has been uneven
evolutionary processes of speciation and/or
extinction (right side, bottom), such that only a few
relict branches remain to be discovered. In this
case the few remaining taxa are potentially very
important for understanding the evolution of their
well-studied sisters.
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You may come to the correct conclusion that wildebeest and

gazelles are common, but you may not realize that lions and

leopards even exist, or you may write them off as insignificant

‘rare biosphere’ taxa. But, of course, they play a crucial role

in the ecosystem and represent a significant branch in the tree

of animals. Global surveys of protist diversity have thus far

concentrated mainly on what’s abundant, although the rare mi-

crobial biosphere is increasingly being scrutinized in more detail

[93–95]. It is possible that because such rare species are lying

low in all environments, some of the most surprising recent

results are coming from a re-appreciation of ‘old’ culture- and

microscopy-based biodiversity surveys [44,45,74]. These low-

throughput approaches are not free of bias, but they have

different biases and so capture diversity that is overlooked by

high-throughput molecular methods. As a result, some of the

most interesting protist lineages described in recent years

have been found through the often-undervalued work of ‘clas-

sical’ protistology, or just by chance, and are absent, rare, or dis-

regarded in even very large environmental DNA databases.

Biases against such lineages may be in part due to their status

as microbial predators, expected to be relatively rare in nature,

but this no moremeans they are unimportant than it does of lions

or leopards.

Increasingly Lopsided Trees
An interesting implication of each new discovery of a protist spe-

cies that falls outside of a known phylum, kingdom, or super-

group is that large parts of the tree of eukaryotes are becoming

lopsided. By this we mean that on one side of a node is a large,

diverse, and well-studied group that contains hundreds or thou-

sands of described species, but on the other side of the same

node is a single species or genus. They diverged from a common

ancestor at the same time, so why is the diversity not more uni-

formly distributed?One answermay be that the diversity is in fact

uniform, but we have only scratched the surface of this new line-

age and a lotmore is out therewaiting to be discovered (Figure 4).

This argument has been borne out for several such branches on

the tree of eukaryotes, sometimes with far-reaching evolutionary
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implications. For example, the genus

Rozella was formerly the lone sister to all

‘classical’ fungi [96], but we now know it
to be just the first identified representative of several paraphy-

letic and diverse lineages (rozellids/cryptomycetes, aphelids,

microsporidians) that have reshaped our views of early fungal

evolution [76,77,97]. Similarly, the only known sisters to the

diverse phylum of apicomplexan parasites were a curious

pair, the photosynthetic chromerids and the predatory colpodell-

ids [86,98], but these two are now seen instead as the few

cultured representatives of a diverse ‘chrompodellid’ branch

on the tree encompassing substantial ecological and evolu-

tionary diversity [75].

The alternative to the ‘more will come’ situation described

above is that the tree really is lopsided: one descendent of this

ancestor diversified a lot more successfully than the other. This

explanation might intuitively seem far-fetched, but there are

examples known from multicellular lineages where it seems un-

likely that vast fractions of the diversity have been overlooked.

Amborella, for example, is a mono-specific genus found only

on the island of New Caledonia, which appears to be sister

to all other flowering plants [99]. This species is widely recog-

nized as something of a treasure since it alone holds many

clues into plant evolution. But the tree of eukaryotes quite

possibly includes many such treasures scattered throughout

the less-studied protist branches. If their ‘lone-branch’ status

holds up, organisms like Telonema, Rhodelphis, Ancoracysta,

Acavomonas, or Palpitomonas will be every bit as informative

about the evolution of major lineages as Amborella is for plants.

Concluding Remarks
Probably the most significant conclusion to emphasize is that

there are many reasons for optimism that a tree of eukaryotes

exists to be found, and that the phylogenomic approach is

progressing in the right direction. This is significant, because it

suggests that different parts of the tree of life have been shaped

by various evolutionary processes in different ways. Over the last

decade and more, the primary changes we have seen in the tree

of eukaryotes have been what we might call ‘constructive’; new

branches have been added, and most often found a well-sup-

ported place in the tree, and old branches have merged into
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fewer, larger assemblages. Notable remaining problems include

a few key taxa, the relationships between the largest assem-

blages, and the position of the root. Some of these may be

beyond our ability to resolve, only time will tell, but based on

the general trends we are optimistic that progress will continue

to be made.

Less obvious, but equally important to emphasize, is the

importance of exploration and the discovery of new lineages.

We need to look beyondmolecular data and recognize the major

advances coming from simply looking at what’s out there in the

environment, and getting new species into culture. It is illumi-

nating that the biggest surprises from this direction come from

new organisms that are at first glance perhaps not especially

interesting looking. The world is full of small flagellates eating

bacteria and other flagellates that rarely catch our eye. But these

are what the ancestor of all modern eukaryotes looked like, and

arguably represent the greatest fraction of modern eukaryotic

diversity. They are hard to identify, hard to isolate, hard to cul-

ture, but worth the effort.
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