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Eukaryotic evolution: Deep phylogeny does not imply
morphological novelty
Brian S. Leander1,2
1Department of Zoology, University of British Columbia, Vancouver, BC 1Z4 V6T, Canada
2Department of Botany, University of British Columbia, Vancouver, BC 1Z4 V6T, Canada
Correspondence: bleander@mail.ubc.ca
https://doi.org/10.1016/j.cub.2022.12.016

Eukaryotic diversity is often depicted as a molecular phylogenetic tree consisting of a few supergroups that
originated over a billion years ago. A new study reveals an ancient group of tiny phagotrophic flagellates that
reinforces inferences about early evolutionary history.
Microbial organisms have dominated the

planet in both abundance and

phylogenetic diversity for over three billion

years, yet the novel traits of many of these

lineages remain poorly understood or

completely unknown. It is well known,

however, that some microbes are more

complex than others at both

morphological and genetic levels,

reflecting diverse modes of nutrition,

ecological roles, and evolutionary

histories. For instance, the origin of

eukaryotes about a billion years ago

involved several key innovations that

increased cellular complexity, including

the emergence of a cytoskeletal system

that facilitates locomotion, reproduction,

and the ingestion of bacterial prey cells

through a process called ‘phagotrophy’1.

Although several lineages of modern

phagotrophic eukaryotes have retained

their appetite for bacteria, some

phagotrophic eukaryotes eat other

microbial eukaryotes instead.

Phagotrophic modes of nutrition are

inferred to reflect the early evolutionary
history of eukaryotes, which ultimately set

the stage for the astounding array of

biological novelty found within the known

supergroups, such as the independent

origins of multicellularity, parasitism,

secreted cell coverings, intracellular

armor, extrusomes, and photosynthesis

via endosymbiosis. A new study by

Tikhonenkov et al.2 sheds additional light

onto the earliest stages of eukaryotic

evolution through the cultivation and

characterization of several new strains of

tinyphagotrophic flagellates (<10mm) that

not only have retained many ancestral

traits, but collectively form a new group of

eukaryotes, called the Provora.

The first knownmember of the Provora,

Ancoracysta twista, was described in

2017 by Janou�skovec et al.3 and, at

the time, was considered an orphan

lineage within the tree of eukaryotes,

because it did not nest within any of

the known supergroups4. Advances in

phylogenomics and phylotranscriptomics

have led to the discoveries of several

other orphan lineages of tiny,
morphologically streamlined

phagotrophic flagellates4–8. The newly

reported Provora now contains seven

species that were collected from diverse

and distant geographical locations,

including the Caribbean Sea, Black Sea,

Red Sea, Pacific Ocean, and Atlantic

Ocean. The global distribution of this new

group is bolstered by re-analyses of

previously published environmental rDNA

sequence surveys of eukaryotic

diversity2. These analyses also suggest

that members of the Provora might be

numerically rare in specific locations

despite their cosmopolitan distributions,

making single-cell isolation and

cultivation efforts particularly important.

However, there are several reasons

beyond rarity that would explain why it is

difficult to find tiny phagotrophic

flagellates with global distributions, the

most important of which are that sampling

tiny fast-moving cells from a specific spot

within a vast continuous ocean is

essentially random and our overall

knowledge of marine microbial diversity is
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Figure 1. Phagotrophic flagellates.
Light and scanning electron micrographs of tiny phagotrophic flagellates representing different
supergroups of eukaryotes that originated over a billion years ago. (A) Light micrograph of Andalucia
godoyi (Supergroup = Discoba; reproduced from Lara et al.15). (B) Light micrograph of Colpodella edax
(Supergroup = Alveolata; reproduced from Leander et al.16). (C) Light micrograph of Cantina marsupialis
(Supergroup = Stramenopiles; reproduced from Yubuki et al.17). (D) Light micrograph of Rhodelphis
limneticus (Supergroup = Archaeplastida; reproduced from Gawryluk et al.14). (E) Light micrograph of
Nibbleromonas arcticus (Supergroup = Provora; reproduced from Tikhonenkov et al.2). (F) Scanning
electron micrograph of Kipferlia bialata (Supergroup = Metamonada; reproduced from Yubuki et al.18).
(G) Scanning electron micrograph of Colpodella edax (Supergroup = Alveolata; reproduced from
Leander et al.16). (H) Scanning electron micrograph of Rictus lutensis (Supergroup = Stramenopiles;
reproduced from Yubuki et al.19). (I) Scanning electron micrograph of Rhodelphis limneticus
(Supergroup = Archaeplastida; reproduced from Gawryluk et al.14). (J) Scanning electron micrograph of
Nibbleromonas kosolapovi (Supergroup = Provora; reproduced from Tikhonenkov et al.2). (A–E) Images
at same scale, bar = 3 mm; (F–J) Images at same scale, bar = 3 mm. Panels A–C and G reprinted with
permission from John Wiley and Sons. Panels D, E, I, and J reprinted with permission from Springer
Nature ª 2019; 2022.
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still exceedingly limited. The simple fact

that members of the Provora have been

captured repeatedly suggests that they

are probably not rare. We now know, for

instance, that diplonemids are among the

most common and widespread groups of

planktonic phagotrophic flagellates in

the world’s oceans despite initial

assumptions that they were also relatively

rare9,10. In order to explain the rarity of the

provoran species in environmental rDNA

sequence surveys, Tikhonenkov et al.2

compared these tiny phagotrophic

flagellates with apex animal predators by

stating ‘‘as eukaryovorous predators their

rarity relative to other microbes is not

surprising and does not indicate a lack of

ecological impact any more than a lion’s

rarity compared to wildebeest does’’.

However, lions are rare because there is

not enough energy moving through the

food web to support a large population of

large apex predators. This is unlikely to be

true for tiny marine phagotrophs like

provoran species, because they occur

at the lowest trophic levels in aquatic

food webs by eating the most abundant

energy source on the planet outside of

photosynthesis: other free-living

microbes. Moreover, tiny marine

phagotrophs are then eaten by organisms

occurring at higher levels in the food web,

such as meiofauna and zooplankton,

which are well-known to be abundant and

ubiquitous components of aquatic

communities11.

Although diverse at molecular and

metabolic levels, what is most remarkable

about many microbes is how stable they

have been at the morphological level for

hundreds of millions of years. From the

perspective of gross morphology, the

species within the Provora are nearly

identical to each other and to hundreds of

other species within several different

supergroups of eukaryotes (Figure 1). This

display of apparent morphostasis over

vast phylogenetic distances provides

compelling evidence for reconstructing

the ancient phagotrophic ancestors of

eukaryotes as a whole. In fact, the degree

of morphostasis in some of these tiny

phagotrophic flagellates with deep

phylogenetic positions includes fine

details associated with the overall

organization of their relatively complex

microtubular cytoskeletons12.

The reoccurring morphotype of these

tiny bacterivorous and eukaryovorous
phagotrophs consists of a rounded cell

less than 10 mm in diameter with two

flagella and a ventral groove or

‘cytostome’, which functions as a

‘mouth’. The anterior flagellum is used

mainly for swimming, and the posterior

flagellum tends to sit in the ventral groove

to facilitate feeding. If the bacterial or

eukaryotic prey cells are also tiny

(<10 mm), then they are usually consumed

by whole-cell phagocytosis; if the prey

cells are relatively large (>10 mm), then

other feeding behaviours are used to

access pieces of the prey cell instead,

such as ‘nibbling’ and vampire-like

cytoplasmic sucking called

‘myzocytosis’. Ultimately, these tiny

phagotrophs take on amorphotype that is

well-adapted to arguably the most stable

environment on earth: a vast ocean

brimming with bacteria and other

minuscule free-living eukaryotes. This
Current Bio
abiotic continuity combined with the

relatively low competition for incredibly

abundant resources appears to have

produced several lineages of tiny

phagotrophs that retain similar

morphology but are phylogenetically

divergent.

In summary, these tiny phagotrophs,

which are sometimes only 3 mm in

diameter, fall far outside our realm of

normal experiences and sit very close to

the wall of minimum complexity required

for a fully functional eukaryotic cell. This

highly streamlined morphology means

that distinguishing representatives of

different lineages from one another at the

morphological level involves analyses of

fine ultrastructural details, mostly

associated with the microtubular flagellar

apparatus, mitochondrial cristae, and

extrusive organelles3,12,13. Therefore,

most novelty in tiny phagotrophic lineages
logy 33, R98–R121, February 6, 2023 R113
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like the newly reported Provora is not at

the behavioural or morphological level,

but is associated with the composition

and organization of their nuclear and

mitochondrial genomes2,3,14. A report of a

new group of tiny phagotrophic flagellates

is exciting not because it shows

morphological novelty, but because it

shows morphostasis over a vast amount

of time and has a compelling phylogenetic

position and genetic information that

connects this ancestral morphotype to

larger, more complicated and sometimes

more familiar groups of eukaryotes,

like animals, fungi, plants, kelps,

dinoflagellates, apicomplexan parasites,

and red algae. So far, the Provora only

contains tiny phagotrophic flagellates, but

perhaps new lineages with more complex

morphologies and behaviours will

someday be discovered and shown to be

more derived members of this new group

of eukaryotes. Nonetheless, there is little

doubt that if you could travel back in time

and observe the most recent common

ancestor of most, if not all, modern

eukaryotes using a light or scanning

electron microscope, it would look very

similar to the tiny phagotrophic flagellates

described in Tikhonenkov et al.2 and

illustrated in Figure 1.
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Xerobranching, a temporary suppression of root branching when water
is limiting, is controlled by the plant hormone abscisic acid (ABA). A
recently published study reveals how root branching is dynamically
controlled by redistribution in opposite directions of ABA and auxin.
Climate change has led to significant

increases in drought severity in many

agricultural regions1. We, as humans,
have developed various practices to deal

with drought, including selective breeding

and efficient irrigation. Plants have also
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