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Transcription factors (TFs) have a central role in genome

regulation directing gene transcription through binding specific

DNA sequences. Eukaryotic genomes encode a large diversity

of TF classes, each defined by unique DNA-interaction

domains. Recent advances in genome sequencing and

phylogenetic placement of diverse eukaryotic and archaeal

species are re-defining the evolutionary history of eukaryotic

TFs. The emerging view from a comparative genomics

perspective is that the Last Eukaryotic Common Ancestor

(LECA) had an extensive repertoire of TFs, most of which

represent eukaryotic evolutionary novelties. This burst of TF

innovation coincides with the emergence of genomic nuclear

segregation and complex chromatin organization.
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Introduction
Transcription factors (TFs) are proteins that bind DNA by

recognizing specific sequence motifs located at regulatory

elements, such as promoters and enhancers. In turn, this

TF binding controls downstream chromatin processes such

as recruitment of RNA polymerases, DNA methylation,

and nucleosome chemical modifications and displacement.

Theresult is theactivation or repression ofgene expression.

Therefore, TFs have a crucial role in interpreting genomic

information and are central players in gene regulatory

networks. Although TFs are present in all life forms,

eukaryotes have a unique set of TF classes, as defined

by class-specific DNA binding domains (DBDs) [1�]. Some

of these TF classes are conserved across large evolutionary

distances [2,3].
www.sciencedirect.com 
Eukaryotic genomes tend to be larger than those of

prokaryotes. Furthermore, eukaryotic genomic DNA is

packed around histone-based nucleosomes that limit the

access to genetic information and can carry epigenetic

modifications, constituting a complex chromatin environ-

ment. Similarly, the origin of the nuclear envelope further

changed the way proteins could access and regulate DNA.

Therefore, the evolution of a new set of TF classes was

likely a pivotal event in the lineage that led to the Last

Eukaryotic Common Ancestor (LECA). These ancestral

eukaryotic TF classes diversified into large multi-gene

families like homeodomain or bHLH TFs [4]. Addition-

ally, new TF classes appeared in specific eukaryotic

lineages, further increasing the potential for sophisticated

genome regulation. This expansion was more pronounced

in plants and animals, both of which encode the most

diverse and abundant TF repertoires [3].

This review discusses the emergence and diversification

of eukaryotic TF classes, as well as the modes of TF

acquisition and the evidence of conserved TF function-

ality across eukaryotes.

Revisiting transcription factor diversity across
the tree of life
The continuously growing availability of genome sequence

data from key branches of the tree of life is transforming our

understanding of the evolution of major eukaryotic gene

families. For example, several deep-branching eukaryotic

species have recently been either described and/or

sequenced for the first time [5,6�,7�,8�]. Similarly, the

discovery and placement of Asgard archaea as the sister

group to eukaryotes reshaped our view on eukaryotic

origins [9��,10]. Although there is not yet a consensus on

the phylogenetic root of eukaryotes, phylogenomic

analyses have reduced the potential eukaryotic tree

topologies to a few alternative options, which chiefly differ

on the phylogenetic position of Discoba and Metamonada

[5,11]. Taking advantage of these new genomic data, we

reviewed the distribution of a curated list of DBDs

representing 74 TF classes in 158 eukaryotic species,

265 archaea and 5394 bacteria (Figures 1, 2) [12].

Some TF classes have pre-eukaryotic origins. For example,

the basal transcription factor machinery is present in

multiple archaeal species [13,14], including the TBP

(TATA boxbinding protein), NFYB (Nuclear transcription

factor Y subunit beta) and the TFIIB (Figure 2). CSD TFs

are also found across all domains of life. Interestingly, some

Asgard archaea also encode E2F/TDP, which is a key cell

cycle regulator in eukaryotes [15]. This constitutes a new

example of a gene family shared between Asgard archaea
Current Opinion in Genetics & Development 2019, 58-59:25–32
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Figure 1
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Current Opinion in Genetics & Development

Distribution of transcription factor classes across eukaryotic species.

(a) Barplot showing the total number of TF proteins encoded in the genome/transcriptome of different eukaryotic species. The y is square root

transformed. (b) Heatmap showing the number of TFs of each class (rows) found in each species. TFs are identified using Pfam HMM profiles for

different DNA-binding domains (DBDs) and HMMER3 hmmsearch (http://hmmer.org/) searches against predicted proteomes with default gathering

threshold (–cut_ga). The total number of proteins encoding a given domain is reported, not the total number of domains (i.e. TFs with more than

one copy of a particular DBD are counted only once). Asterisks indicate those species for which the genome is not available and transcriptomes

were used instead. The transcriptomes were obtained from previous assemblies (one asterisk) [5,6�,7�,53] or the publicly available Illumina reads

were downloaded from NCBI Sequence Read Archive (two asterisks) [8�,54]. The later were assembled into transcripts using Trinity (https://github.

com/trinityrnaseq/) and coding regions were identified using Transdecoder (https://github.com/TransDecoder/). To reduce redundancy in de novo

transcriptomes, transcripts classified as isoforms of the same gene were counted only once. Finally, proteins that encode more than one DBD

domain were counted only once, choosing the DBD with the lowest e-value from the HMM searches.
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Transcription factors across the tree of life.

Presence (blue) and absence (white) of TF classes in distinct eukaryotic lineages. Major phyletic patterns are subdivided by dashed lines. The

phylogenetic relationships among species are based on [6�,7�,8�,9��,53]. Arrow indicates the TF class (E2F/TDP) shared exclusively by Asgard

archaea and eukaryotes. Eukaryotic TF classes found in nucleocytoplasmic large DNA viruses are shown in red and TF classes found in a small

subset of bacterial genomes are shown in yellow.
and eukaryotes but absent from other archeal lineages

[9��,10], thus reinforcing the view of an Asgard-like

ancestor as the initial step toward eukaryogenesis. An

additional group of TFs are found in a small number of
www.sciencedirect.com 
bacterial species. For example, AP2 and Myb TFs are

found in 149 and 257 bacterial species respectively. There

are three possible explanations for these observed

distributions. First, this could indicate that these TFs have
Current Opinion in Genetics & Development 2019, 58-59:25–32
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bacterial origins [13]. Second, some bacterial lineages could

have acquired eukaryotic TFs through Horizontal Gene

Transfer (HGT). Finally, the presence of these eukaryotic

TFs in some bacterial genomes could also be explained by

contaminations in the genome sequencing/assembly

process.

Another possible source of eukaryotic TFs could have been

viruses. In particular, giant viruses such as Marseilleviridae

have been hypothesized as representatives of a fourth

domain of life or as having acquired genes from proto-

eukaryotic lineages, such as histone tetramers [16–18].

Intriguingly, some of these giant viruses encode for TFs

such as Homeobox or HMG-box that are specific to

eukaryotes. However, it is increasingly accepted that giant

virus lineages originated multiple times independently, and

that most of their genomic repertoire has been acquired from

eukaryotic hosts [19–21].

Despite the presence of a few TF classes in non-eukaryotic

lineages, the phylogenetic distribution of most other TF

classes indicates that they emerged in the lineage leading to

the LECA. These include major TF classes such as Homeo-

box, bZIP or Forkhead. Most phylogenies situate the root of

eukaryotesclose to Metamonads and/orDiscoba. Therefore,

depending on the exact topology of the deep branches of the

eukaryotic tree of life, the absence of particular TF classes

like GATA, bHLH, and HSF in Discoba and Metamonada

could change the inferred repertoire of TFs in the LECA.

Importantly, including data from free living species of

Metamonadsoffersacomplementaryviewtothesecondarily

reduced genomes of many parasites of this lineage. This is

illustrated by TFIIA or Forkhead TFs which were consid-

ered absent in Metamonads [14] but are, in fact, found in the

free-livingTrimastixmarina.Overall, thishighlights theneed

for additional efforts in sampling divergent eukaryotic

lineages and to resolve the eukaryotic tree of life to

reconstruct the genomic repertoire of the LECA.

Following the initial burst of TF innovation in LECA,

novel TF classes emerged in specific eukaryotic lineages

(Figure 2). Many of these innovations occurred in the

Amorphean lineage and, within this group, in the

Opisthokont lineage, which includes animals, fungi and

their unicellular relatives. Many novel TFs emerged at

the root of Holozoa, comprising animals plus choanofla-

gellates, filastereans, and teretosporeans. This expansion

of new TFs was particularly pronounced in animals, both

in terms of number of TF classes and number of TFs

encoded in animal genomes (Figures 1, 2) [3,22]. More

recently, an expansion in TF genes has also been

described in multicellular fungi [23]. A similar stepwise

TF evolution is observed in the plant lineage, with

specific TF classes originating at the root of

Chloroplastida (plants and their algal relatives) and later

innovation and expansion in the number of TFs at the

root of land plants (Figures 1, 2) [24–26].
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It is important to note that the observed phylogenetic

patterns of TF acquisition are biased by model-system

studies. Most TFs were characterized in plant, fungal or

animal model species, which at least partially explains

why we observe many lineage-specific TF classes in these

groups. In contrast, we are very likely missing specific TF

classes in other, understudied major eukaryotic lineages.

Modes of transcription factor evolution
The most widespread mechanism of TF diversification is

gene duplication. Gene duplication explains the expansion

of many TF classes into large multi-gene families and, in

many instances, gene duplication comes in hand with novel

domain acquisitions. This has been particularly well estab-

lished in the animal and plant lineages [25,27�,28] (Figure 1).

Interestingly, some of these duplications date back to the

origin of eukaryotes. For example, E2F/TDP is found in

single copy in Asgard archaea but in eukaryotes two paralogs

are present, E2F and DP, which are known to heterodimer-

ize through their C-terminal domains (Pfam PF08781, Pfam

PF16421)[15].AnotherexampleofancestralLECAparalogs

are TALE and non-TALE Homeobox, distinguished by a

insertion of three amino acids in the TALE subclass [28].

While gene duplications can explain the expansion of TF

classes, it is unclear how entirely new TF classes, with unique

DBDs, first emerge. De novo gene origin seems to be the most

likely scenario to explain the origin of many of these TFs.

However, structural similarities between different DBD

types might indicate evolutionary affinities obscured by rapid

sequence evolution. For example, it has been proposed that

Homeobox TFs are derived from Helix-Turn-Helix DBDs

[4]. Another mechanism that could have fostered the origin of

eukaryotic DBDs is domestication of transposable elements.

For example, the plant MUSTANG and FAR/FHY families

of TFs evolved from MULE DNA transposons [29,30].

Similarly, many other TFs have been proposed to have

originated from transposons in animals and fungi [31,32].

However, transposons also capture sequences from host

genomes [33], thus confounding the reconstruction of the

evolutionary history of these transposon-derived TFs. Still,

given that one of the key events in eukaryotic history was

invasion by transposable elements [34,35], ancestral gain of

transposon-derived DBDs could have played an important

role in the evolution of LECA.

Conserved TF functions across eukaryotes
Although many TF classes date back to the eukaryotic

ancestor, weare ignorant regarding theextent to which they

function in a similar manner and whether they mediate

similar regulatory programs in different eukaryotic

lineages. However, recent analyses of non-conventional

model systems provide interesting examples of evolution-

arily conserved TF functions or convergent deployment of

the same TF classes in similar processes.
www.sciencedirect.com
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The best examples of conserved function across eukar-

yotes come from TALE Homeobox TFs. Two studies in

the moss Physcomitrella patens and the unicellular green

alga Chlamydomonas reinhardtii indicate a conserved role

of heterodimerizing TALE homeoboxes in sexual deter-

mination in the plant lineage [36,37�,38]. A more recent

report showed that this conservation extends to the

multicellular brown algae Ectocarpus siliculosus, where

two heterodimerizing TALE TFs (Ouroboros and Sam-

sara) control sporophyte–gametophyte transitions [39��].
A previous report identified two homeobox-like hetero-

dimerizing TFs (MatA and MatB) controlling haploid-to-

diploid transitions in the amoebozoan Dictyostelium
discoideum, although in this case these case it is unclear

whether these are highly divergent homeobox homologs

or a lineage-specific TF class [40]. In any case, these

results indicate that heterodimerizing TALE homeo-

boxes are likely linked to an ancient mode of sex

determination or, at least, that this system is particularly

amenable to be co-opted into this function. Interestingly,

TALE homeoboxes are also known to heterodimerize

with non-TALE homeoboxes: Hox in animals and

MATa1 in yeast [28]. However, while the TALE

homeoboxes involved in this heterodimerization are

deeply conserved, the interacting non-TALE

homeoboxes are later innovations within each lineage

[41]. In summary, while the specific dimerization partners

may vary in each lineage, the capacity of TALE
Figure 3
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homeoboxes to heterodimerize seems to be an ancient

conserved mechanism present in the LECA.

Other cases of conserved roles of TFs span relatively

shorter phylogenetic distances. One such example is the

TF Brachyury, a member of the T-box class involved in

animal gastrulation and mesoderm differentiation.

Analysis of the Brachyury ortholog of the unicellular

holozoan Capsaspora owczarzaki showed that this distant

ortholog could rescue gastrulation and mesoderm

specification in the frog Xenopus, through recognition of

the same DNA binding motifs [42]. Moreover, the

inferred Capsaspora Brachyury regulatory network and

the mouse Brachyury network share target genes linked

to actin-based cell motility. This indicates a possible

conserved role of this TF in regulating amoeboid cell

behavior across more than 800 million years of evolution

and predating the origin of animal multicellularity [43].

The conserved binding motifs observed in Brachyury and

other T-box TFs across Opisthokonts represent a

common theme in TF evolution. Many TF classes have

highly conserved core motifs, and specific orthologues

conserve identical binding properties across vast

evolutionary distances [44,45,46��]. Notable exceptions

include Myb/Sant, B3 and, especially, zfC2H2 TF

classes, all of which have fast diverging binding motifs

[46��]. Overall, the DNA sequences that define TF
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binding can be highly conserved in evolution and consti-

tute a constrained regulatory lexicon. Together, these

sequence motifs are essential building blocks of the

genetic programs that define eukaryotic cell decisions,

from physiological states to developmental processes.

Conclusions
Comparative genomics indicates that few TF classes pre-

date the origin of eukaryotes, as these TFs can be found

in extant archaea and/or bacterial species (Figure 3).

Regardless of the different eukaryogenesis scenarios

[47–49], a large number of novel TF classes emerged

at the root of eukaryotes. This burst of innovation was

accompanied by changes in the nuclear chromatin envi-

ronment such as the emergence of nucleosomes with

protruding histone tails bearing chemical modifications.

In this context, novel TFs could have played a crucial role

in LECA genome regulation, mobilizing regulatory

processes such as chemical DNA and histone modifica-

tions and controlling chromatin accessibility. Later in

eukaryotic evolution, additional lineage-specific TF

classes emerged and TF repertoires expanded in the

plant and animal lineages, concomitantly with the

emergence of complex multicellularity.

The study of TF function is still heavily biased toward a

handful of model species in the plant, animal and fungal

lineages. Still, pioneering studies are uncovering the

existence of at least some conserved features across

eukaryotes, including TF dimerization networks and

TF DNA binding motif preferences. We predict that

the phylogenetic expansion of functional TF studies will

transform our view on TF function and evolution. This

transformation will be unlocked by coupling genomic

data with current high-throughput approaches such as

in vitro TF sequence binding affinity assays, genome-

wide profiling of TF binding, and proteomics studies of

chromatin beyond model species [50]. Additionally, the

establishment of genetic manipulation tools in species

representing unsampled eukaryotic lineages will crucially

open the window to both targeted studies and genetic

screens [51,52]. The comparative analysis and

interpretation of these data will ultimately allow us to

uncover general principles of TF regulation across

eukaryotes and it will contribute to reconstruct the

cellular and regulatory biology of the LECA.
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