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Transcription factors (TFs) are the main players in transcriptional
regulation in eukaryotes. However, it remains unclear what role
TFs played in the origin of all of the different eukaryotic multicellular
lineages. In this paper, we explore how the origin of TF repertoires
shaped eukaryotic evolution and, in particular, their role into the
emergence of multicellular lineages. We traced the origin and expansion of all known TFs through the eukaryotic tree of life, using the
broadest possible taxon sampling and an updated phylogenetic
background. Our results show that the most complex multicellular
lineages (i.e., those with embryonic development, Metazoa and
Embryophyta) have the most complex TF repertoires, and that these
repertoires were assembled in a stepwise manner. We also show that
a signiﬁcant part of the metazoan and embryophyte TF toolkits
evolved earlier, in their respective unicellular ancestors. To gain
insights into the role of TFs in the development of both embryophytes and metazoans, we analyzed TF expression patterns throughout their ontogeny. The expression patterns observed in both groups
recapitulate those of the whole transcriptome, but reveal some
important differences. Our comparative genomics and expression
data reshape our view on how TFs contributed to eukaryotic evolution and reveal the importance of TFs to the origins of multicellularity and embryonic development.
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of life (6, 15–22). However, it is not yet clear whether the evolutionary scenarios previously proposed are robust to the incorporation of genome data from key phylogenetic taxa that
were previously unavailable.
In this paper, we present an updated analysis of TF diversity
and evolution in different eukaryote supergroups, focusing on
various unicellular-to-multicellular transitions. We report genome
and/or transcriptome data from several unicellular relatives of
Metazoa and Fungi (including one ﬁlasterean, ﬁve ichthyosporeans,
a nucleariid, and the incertae sedis Corallochytrium limacisporum),
and use published data from key, but previously unsampled, eukaryotic lineages, such as Glaucophyta, Haptophyta, Rhizaria, and
Cryptophyta. We show that an important fraction of the metazoan
TF toolkit is not novel but rather appeared in the root of Opisthokonta and/or Holozoa. Similarly, we show that many plant TFs
are present in unicellular chlorophytes, and many fungal TFs are
present in microsporidians and nucleariids. Finally, we analyze the
TFome (i.e., the general TF repertoire) expression throughout
embryonic development in embryophytes and metazoans and show
that each phylostratigraphic layer of TFs differentially contributes
to successive stages of embryonic development, linking the evolutionary history of TFs to organismal ontogeny.

T

ranscription factors (TFs) are proteins that bind to DNA in
a sequence-speciﬁc manner (1) and enhance or repress gene
expression (2–4). In response to a broad range of stimuli, TFs
coordinate many important biological processes, from cell cycle
progression and physiological responses, to cell differentiation
and development (5, 6). Thus, TFs have a central role in the
transcriptional regulation of all cellular organisms, being present
in all branches of the tree of life (bacteria, archaea, and eukaryotes). There appears to be a correlation between elaborate
regulation of gene expression and the complexity of organisms
(7), such that the amount (as a proportion of an organism’s total
gene content) and diversity of TF proteins is expected to be directly correlated with this complexity (8). Indeed, TFs play
a crucial role in multicellular eukaryotes. For example, TFs are
the master regulators of embryonic development in embryophytes
and metazoans (9), and analyses of their embryonic transcriptional proﬁles support the presence of a phylotypic stage in both
lineages (10–14). These studies have also shown that evolutionarily younger genes tend to be expressed at earlier and later
stages of development, whereas the transcriptomes of the middle
stages (the phylotypic stage) are dominated by ancient genes (10,
13). It remains to be investigated how the evolutionary age and
the expression patterns of the different TFs shift throughout the
ontogeny of these lineages and whether TF expression proﬁles
correlate with the general transcriptome proﬁles.
Previous studies have analyzed the evolutionary history and
phylogenetic distribution of TFs in various branches of the tree
www.pnas.org/cgi/doi/10.1073/pnas.1311818110

Signiﬁcance
Independent transitions to multicellularity in eukaryotes involved the evolution of complex transcriptional regulation
toolkits to control cell differentiation. By using comparative
genomics, we show that plants and animals required richer
transcriptional machineries compared with other eukaryotic
multicellular lineages. We suggest this is due to their orchestrated embryonic development. Moreover, our analysis of
transcription factor (TF) expression patterns during the development of animals reveal links between TF evolution, species ontogeny, and the phylotypic stage.
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Results
Lineage-Speciﬁc and Paneukaryotic TFs. DNA-binding domains

(DBDs) are univocal signatures of the presence of a particular type
of TF (8, 16). Therefore, we analyzed DBDs across eukaryotes to
survey the presence, abundance, and relative contribution of each

TF class (71 in total) throughout various eukaryotic lineages (Fig.
1). It should be noted that we used a conservative method that tends
to underestimate total counts, but minimizes false positives (Methods). We used a wide taxon sampling strategy optimized to have the
largest possible diversity, especially around multicellular transitions.
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Fig. 1. Presence and abundance of transcription factors (TFs) in eukaryotes. The heat map depicts absolute TF counts according to the color scale. TFs/DBDs
(rows) are clustered according to abundance and distribution, and species (columns) are grouped according to phylogenetic afﬁnity. Major eukaryotic lineages are indicated (Top). Raw data are in Dataset S1. Further taxonomic information is in Dataset S2.
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Fig. 2. Phylogenetic patterns of TFome composition across eukaryotes. For the sake of clarity and simplicity, the TF types that represent less than 2% of the
corresponding TFome are not considered. For the same reason, some TF types are summarized in higher-level categories according to structural similarities.
This is the case of the (i) Homeobox supergroup, which comprise Homeobox and Homeobox_KN/TALE; (ii) the bZIP supergroup, which comprise bZIP_1,
bZIP_2, and bZIP_Maf; and (iii) the p53-like supergroup, which comprise p53, STAT, Runx, NDT80, LAG1, and RHD. To the Left, the total number of TF types
present in each taxa and the relative abundance of each DBD type (reduced as speciﬁed in Methods, Ancestral Genome Reconstruction and Enrichment) in the
TFome of every species are depicted using the color code in the legend of DBDs. To the Right, a bar graph indicates the total number of TFs in each species,
and dots indicate the percentage of total TFs/total number of proteins. The black asterisks indicate species with WGDs. The red asterisks indicate strict
parasites. Raw data are in Dataset S1. Further taxonomic information is in Dataset S2.
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Our data divide eukaryotic TFs into two main groups according
to their phylogenetic distribution, paneukaryotic and lineage-speciﬁc TFs (Fig. 1). Paneukaryotic TFs are widely distributed and
were already present in the last common ancestor of eukaryotes
(LECA). These paneukaryotic TFs include HLH, GATA, SRF-TF,
bZIP, Homeobox, HMGbox, and zf-C2H2 (Fig. 1). Although
common to most eukaryotes, the abundance of paneukaryotic TFs
tends to be highly variable, with independent expansions in different lineages. A good example is the expansion of homeobox TFs
in both metazoans and embryophytes (Fig. 1). A few paneukaryotic
TFs, such as CFBF_NFYA, YL1, or TBP, are less prone to diversiﬁcation and are often lost secondarily (Fig. 1). Regarding the
lineage-speciﬁc TFs, we could deﬁne six taxonomically restricted
clusters of TFs: (i) TFs exclusive or mostly present in unikonts; (ii)
TFs that are speciﬁc to, or very uncommon outside, holozoans; (iii)
metazoan-speciﬁc TFs; (iv) TFs mostly present in Archaeplastida;
(v) Embryophyta-speciﬁc TFs; and (vi) fungal-speciﬁc TFs or TFs
that are predominant in fungal taxa (Fig. 1).
Protein domain architecture provides an additional layer of
TFome complexity (8, 17). For example, it is known that, during
their evolution, homeobox TFs acquired extra domains that
provided new binding targets and speciﬁcity (23). Therefore, we
analyzed the complexity of the gene architecture of TFs across
eukaryotes. Our data show that the complexity of the protein
domain architecture of some paneukaryotic TFs, including Myb,
zf-C2H2, Homeobox, and bHLH, is signiﬁcantly enriched in both
metazoans and embryophytes (Figs. S1 and S2).
Phylogenetic Patterns of TF Numbers. The total number of TFs
varies markedly between taxa (Fig. 1), raising the possibility that
these variations are correlated with some speciﬁc features, such
as organismal complexity. Our data show that complex developing multicellular taxa (i.e., Embryophyta and Metazoa)
present a dramatic increase in TF numbers compared with other
eukaryotes. Moreover, morphologically simpler forms within
these lineages, such as sponges within metazoans, and mosses
within embryophytes, have less TFs than morphologically more
complex groups (Fig. 2). In contrast, irrespective of their phylogenetic position, parasitic eukaryotes have signiﬁcantly fewer
TFs (Fig. 2). Notably, some species described as parasitic or endosymbiotic, such as the different Ichthyosporea or Capsaspora
owczarzaki (24, 25), have relatively rich TF repertoires, perhaps
revealing a more complex life cycle or an undescribed free-living
stage. Finally, whole-genome duplication (WGD) also partly
explains the existence of some particularly rich TF repertoires in
groups such as the vertebrates and the embryophytes, or Allomyces
macrogynus, the Mucoromycotina, and Paramecium (Fig. 2) (26,
27). Species with or without WGD that branch within the same
group, such as the deuterostomes Homo sapiens and Ciona intestinalis or the fungi Allomyces macrogynus and the chytrids, show
similar TFome proﬁles in terms of the proportions of each TF
class, suggesting that this tendency is independent of TF type. This
is consistent with the ﬁnding that TFs are one of the gene classes
that are most resilient to loss after WGD (28, 29). As for the total
number of TFs, the proportion of TFs in a genome (as a fraction
of the total number of proteins) also varies considerably. This
proportion is high in Embryophyta and to a lesser extent in Metazoa, similar to the pattern observed for the total number of TFs.
In contrast, Fungi, which have low numbers of TFs, have a high
proportion of TFs in their genomes. Notably, these measures are
strongly affected by the quality of genome sequencing and annotation, which differs markedly between the taxa studied, and which
can result in underestimation or overestimation of the total number of genes in a genome.
TFome Proﬁles in Eukaryotic Groups. We next evaluated the contribution of different TF types in each organism’s TFome, in
terms of the abundance of each TF type as a proportion of the
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total number of TFs in that particular genome (the TFome
proﬁle) (Fig. 2). Our analysis shows a clear phylogenetic pattern
of TF diversity that is recovered by clustering based on TF
content, with a few exceptions (Fig. S3).
Metazoans have a very distinctive TFome proﬁle, with Homeobox, zf-C2H2, and bHLH representing the largest fraction,
especially in Bilateria, in which these three TF classes represent
more than 50% of the total number of TFs (Fig. 2). These are
the same TFs that are signiﬁcantly enriched in protein domain
architecture in metazoans (Fig. S2). As suggested elsewhere, the
main role of these types of TF is in patterning and cell type
differentiation (19, 20). Conversely, p53-like TFs (including p53,
runx, T-box, NDT80, and STAT) and bZIP seem to represent
a larger fraction of the TFome in early-branching metazoans, but
a minor fraction in bilaterians. Sponges, which are possibly the
earliest branching metazoans (30–33), have some rather uncommon TFs expanded in comparison with other metazoans. For
example HTH_psq represents more than 9% of the TFome of
Amphimedon queenslandica (Fig. 2). In any case, most metazoans
have similar TFome proﬁles, with a few DBDs representing a
large percentage of their TF diversity, with some exceptions such
as zf-C4 (hormone receptors) in Caenorhabditis elegans or MADF
in Drosophila melanogaster (Fig. 2).
The TFome proﬁles of unicellular holozoans such as choanoﬂagellates, ﬁlastereans, ichthyosporeans and Corallochytrium
limacisporum are different to those of metazoans and fungi, but
similar to each other, with a small deviation of ichthyosporeans
(from Sphaeroforma arctica to Amoebidium parasiticum in Fig. 2),
which have a higher proportion of GATA and zf-TAZ than
others. Despite having the smallest TF repertoire among of all
holozoans, due mainly to the reduction or loss of some TF
classes (19), choanoﬂagellates have a very similar TFome proﬁle
compared with other holozoans.
Fungi have a very particular TFome proﬁle including some
fungus-speciﬁc TFs (Fig. 2), some of which were further expanded in Dikarya. For example, this is the case in ZnClus (also
known as zf-Z2-C6) and Fungal_transcription_factor, which become more abundant during fungal evolution (Fig. 1). In parallel, Dikarya presents important TF losses (Fig. 3), such as that
of E2F-TDP, zf-TAZ, CSD, and Tub, and represents an interesting case of simpliﬁcation and divergence. Indeed, most
early-branching Fungi, like chytrids, blastocladiomycetes, and
zygomycetes, show distinct TF diversity, in some cases resembling
that of the unicellular holozoans. Microsporidians show a drastic
reduction in their TF repertoire but conserve STE-like, one of the
fungus-speciﬁc TFs (Fig. 1). Nuclearia sp., the unicellular sister
group to Fungi (24), have typical fungus TFs such as STE-like and
fungal transcription factor 1. Interestingly, Nuclearia sp. also has
STAT and NF-κB, both secondarily lost in fungi and previously
thought to be exclusive to holozoans (19).
A common feature of all opisthokonts is the relative abundance of Forkhead TFs compared with other eukaryotes. In
contrast, the four amoebozoans analyzed have quite different
TFome proﬁles, although this is not unexpected because genome
data from Amoebozoa are still scarce. Entamoeba histolytica is
a strict parasite and therefore most likely derived, whereas
A. castellanii, the only nonprotostelid amoebozoan sampled to
date, shows a striking increase in the number of RFX TFs, and it
also has Forkhead and TEA/Sd TFs (34, 35).
The observed TF content of the group Archaeplastida, which
comprises Embryophyta and their unicellular relatives (Chlorophyta, Rhodophyta, and Glaucophyta), is consistent with previous analyses (17). Our data show that Viridiplantae (Embryophyta
plus Chlorophyta) share a unique set of TFs, which contrasts with
the TFome proﬁle of the glaucophyte Cyanophora paradoxa (36),
whereas the rhodophyte Cyanidioschyzon merolae contains only one
of those Viridiplantae-speciﬁc TFs (PLATZ). Similar to what is
observed in metazoans and fungi, embryophytes are particularly
de Mendoza et al.
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Fig. 3. TFs gains/losses and quantitative enrichments in eukaryote evolution,
based on our 77-species taxonomic sampling. The reconstruction of evolutionary gains/losses of given TFs types in each node and ancestral states has been
inferred using Dollo parsimony. The phylogenetic framework was taken from
up-to-date eukaryote phylogenomic studies (71–75). DBDs gains are shown in
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enriched in some TF families, especially SBP, AP2, B3, GRAS,
zf-Dof, and SRF/MADS. This supports the ﬁnding that the TF
proﬁles of independent multicellular lineages are a combination of
enriching particular paneukaryotic TF families and evolving new
TF families.
Despite the poor taxon sampling and large evolutionary distances between the heterokont species analyzed here, there is
a phylogenetic pattern in their TF proﬁles. The heat shock factors (HSFs) and the zf-TAZ are signiﬁcantly enriched in all
heterokont genomes (Fig. 3). The multicellular brown algae
Ectocarpus silicosus (37) and its unicellular relative Nanochloropsis
gaditana (38) are enriched not only for HSF but also for
Zn_cluster TFs, which are also abundant in fungi (see above).
Although brown algae have complex multicellularity, the total
de Mendoza et al.

number of their TFs is not signiﬁcantly increased, in contrast to
what is found in metazoans and embryophytes. This may be
explained by the presence of heterokont or brown-algae speciﬁc
TFs that have not yet been described due to the paucity of functional studies in this group (39, 40). Alternatively, the fact that
Ectocarpus siliculosus has modular growth instead of stereotypical
embryonic development (39) may account for the lack of complexity in their TFome. Data from multicellular brown algae with
embryonic development, such as Fucus spiralis (41), will be key to
answering this question.
Reconstruction of TF Gain/Loss and Expansion Across Eukaryotes. We
reconstructed the evolutionary history of the TFs in eukaryotes
by mapping gains and losses using Dollo parsimony. We used
Wilcoxon rank-sum tests to detect signiﬁcant lineage-speciﬁc
enrichments (Fig. 3). In terms of new gene gains, a strikingly
similar pattern is found in embryophytes and metazoans, and to
a lesser extent in Fungi. The emergence of these lineages with
complex multicellularity is thought to be linked to a burst in their
respective multicellularity toolkits, including TFs (42, 43). Our
data, however, suggest an increase in TFome complexity in two
steps. First, some innovation already took place in the ancestors
of complex multicellular organisms given that their closest extant
unicellular relatives (i.e., in holozoans and in the branch leading
to Embryophyta plus Chlorophyta) already have complex TFomes.
A second innovation step took place at the origin of metazoans
and embryophytes. Similarly, the enrichment of some TF families
follows the same two-step process, such as the enrichment of
T-box and CSD TFs in holozoans. Later on, at the origin of Metazoa, Forkhead, RHD, homeobox, and T-box TFs were signiﬁcantly enriched. However, GATA, ARID, HLH, AP2, and zf-GRF
were enriched in Archaeplastida, whereas SRF-TFs, homeobox,
and TBPs were enriched at the onset of Embryophyta. This means
that a large percentage of the metazoan and embryophyte regulatory toolkits were already in place before their origin and divergence. However, TFs that are enriched in metazoans fall into
ancient TF classes, whereas new domains account for more than
50% of TF diversity in Archaeplastida. The Fungi also gained
several speciﬁc TF families, such as STE-like or Copper-ﬁst TFs,
although some such as STAT or zf-TAZ were also lost, in contrast
to what is observed in metazoans and embryophytes. Moreover,
Zn_clust and NDT80 were signiﬁcantly enriched in Fungi (Fig. 3).
Finally, the only signiﬁcant case of depletion observed is that of
Myb TFs at the stem of Opisthokonta plus Apusozoa. It is worth
mentioning that this reconstruction remains tentative and is based
on our current genomic taxonomic sampling. The sequencing of
new genomes from additional taxa, especially in cases where a lineage is covered by only a single taxon, will help improve the resolution of the evolutionary scenario here presented.
Phylostratigraphic Analysis of TFome Expression in Multicellular
Ontogenies. Our results show that complex multicellular organ-

isms with embryonic development (i.e., embryophytes and metazoans) have the richer TFomes that evolved through two bursts
of innovation from the ancestral eukaryotic repertoire: one at
the stem shared with their unicellular relatives and the other during
the transition to multicellularity. To gain further insights into the
similarities and differences between embryophytes and metazoans,
we analyzed the deployment of TFome during the development of
three model organisms, zebraﬁsh (Danio rerio), fruit ﬂy (Drosophila
melanogaster), and mouse-ear cress (Arabidopsis thaliana).
We deﬁned the phylostratigraphy of the TFome of these three
species as previously described (10) (Fig. S4). Consistent with the
domain-based analysis, we recovered a similar evolutionary history of the TFome: two major steps of diversiﬁcation for both
embryophytes and metazoans (Fig. S4). Metazoans show overrepresented gains in TFs in phylostrata ps2, ps5, ps6, and ps8
(Eukaryota, Opisthokonta, Holozoa, and Metazoa, respectively)
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Discussion
Phylogenetic Inertia, Lifestyle, and Genome Structure Inﬂuence the TF
Repertoire of Eukaryotic Taxa. Our study reconstructs with un-

precedented detail the phylogenetic distribution of TF classes
during eukaryote evolution, based on the presence or absence of
their speciﬁc DBDs. We provide evidence of a paneukaryotic TF
complement that is present in almost all eukaryotic groups analyzed, and that was further expanded in some speciﬁc lineages,
such as metazoans and embryophytes. These expansions were
mainly due to gene duplications, and, in some lineages, to diversiﬁcation in protein domain architecture. In contrast, other
TF classes present sharp phylogenetic boundaries, to the point
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and embryophytes in phylostrata ps2, ps3, ps4, ps5, and ps6
(Eukaryota, Bikonta, Archaeplastida, Viridiplantae, Embryophyta).
Moreover, founder-gene analysis suggests that the evolution of the
TFome was marked by periods of novel protein emergence as well
as phases of extensive duplication (Fig. S4).
Next, we used previously published gene expression datasets
covering a series of developmental stages for these three model
species (10, 44–46) to describe the average expression of the
whole TFome during development (Fig. 4 and Figs. S5 and S6).
However, the data used for D. melanogaster and A. thaliana have
less staging density than D. rerio data, increasing the possible
noise. D. rerio has two peaks of TF activity during embryogenesis,
one during gastrulation and a less pronounced one in the pharyngula stage, known as the vertebrate phylotypic stage (Fig. 4A).
D. melanogaster has a similar TFome proﬁle during development
to that observed in D. rerio, with a peak of TF expression during
gastrulation and a subsequent peak during metamorphosis (Fig.
S5A). In both these metazoan taxa, TF expression increases after
early development and decreases in adult stages, when most
structures have already developed. As A. thaliana datasets were
much poorer in stages, we used two different expression datasets
(45, 46). Both datasets show an increase in TF expression in the
mature stage, in contrast to what is observed in metazoans (Fig.
S6A). This can be explained by the fact that embryophytes have
an indeterminate development (47), in which organogenesis and
the formation of new structures take place later in development,
even during the adult stage. Nevertheless, variability in
A. thaliana datasets is still high, and there is lack of data of later
developmental stages, so conclusions from A. thaliana should be
taken with caution.
To evaluate the contribution of the phylostrata that showed
statistically signiﬁcant signals in the overrepresentation analyses
(Fig. S4), we decomposed the data and calculated relative
expressions of each phylostrata along development (10). D. rerio
and D. melanogaster show similar expression patterns in early
development, with a peak of opisthokont genes (ps5) before gastrulation and a peak of metazoan genes (ps9) during gastrulation
(Fig. 4C and Fig. S5C), a deﬁning developmental process that is
essential for metazoan embryogenesis. The relative expression of
genes from these two phylostrata (opisthokont and metazoan)
again shows an increase in expression in later stages of development. Despite D. melanogaster being poorer in staging density, the patterns seem to be consistent with those in D. rerio. In
contrast to metazoans, A. thaliana shows a very different pattern,
in which eukaryotic TFs (ps2) predominate early development,
followed by bikont TFs (ps3), and ﬁnally plant-speciﬁc TFs in the
mature stage (ps4–6) (Fig. S6C). To evaluate general trends of TF
age along development we used the transcriptome age index
(TAI), from which we identiﬁed complementary patterns to the
contribution of speciﬁc phylostrata, with newer genes being more
predominant in later development of all three species (Fig. 4B and
Figs. S5 and S6). The younger genes in later development of
D. rerio may have been inﬂuenced by the presence of the reproductive tract in the samples, as numerous TF innovations have
been described in the reproductive tract (48).
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Fig. 4. (A) Average expression level of the TFome during development in
Danio rerio. The area shaded in red is the proposed phylotypic stage (10). (B)
Transcriptome age index (TAI) of the TFome during development in Danio
rerio. The higher the TAI, the younger the TFs that are expressed, and vice
versa. The gray area around TAI values corresponds to ±1 SEM. (C) Relative
expression of TFs sorted by signiﬁcantly enriched phylostrata during development in Danio rerio. For easier comparison, relative expression is
shown in relation to the highest (0) and lowest (1) expression values across
developmental stages (Methods). Bl, blastula; Cl, cleavage; G, gastrula;
H, hatching; Juv, juvenile; Ph, pharyngula; Se, segmentation; Z, zygote.

that some well-deﬁned eukaryotic lineages can be deﬁned by
their shared and speciﬁc TFome proﬁles. This suggests an important role for phylogenetic inertia in deﬁning the TFome
composition of a given clade (49).
Our results suggest a relationship between TFome content,
lifestyle, genome dynamics, and multicellularity. For example,
strict parasitism, which has been shown to be linked to genome
reduction and extensive gene loss (50), is associated with a
de Mendoza et al.

Metazoa and Embryophyta Have the Richer TFome Among Eukaryotes.

Notably, our data show that embryophytes and metazoans have
the most complex TF repertoires of all eukaryotes. This contrasts
with the relatively less complex TF repertoire of other multicellular lineages, such as Fungi, the brown algae E. siliculosus, or
even the red alga Chondrus crispus (51). There exists the possibility that our analysis has missed as-yet-undescribed TFs that
are unique to those lineages, as TFs that are restricted to small
clades may be more prevalent than expected (52). In any case,
fungi and brown and red algae did not expand their repertoire of
paneukaryotic TFs (Homeoboxes, bHLH, and bZIPs) nor their
protein domain architectures, in contrast to embryophytes or
metazoans. We suggest that this difference is due to the fact that
both embryophytes and metazoans go through a complex embryonic development, in contrast to the modular development of
fungi and brown and red algae. The orchestrated embryonic
development of both metazoans and embryophytes may need
a more complex regulation and, thus, a more complete transcriptional regulation molecular toolkit.
Preadaptive Expansion of the TF Repertoire in the Unicellular
Ancestors of Both Metazoa and Embryophyta. Moreover, our data

show that the TF toolkit of metazoans and embryophytes was
assembled in a stepwise manner from the ancestral eukaryotic
TFome, with bursts of TF innovation in (i) their unicellular
relatives, and (ii) at the origin of the metazoan or embryophyte
lineages. Notably, both unicellular holozoans and chlorophytes
already have complex TFomes, both with regards the number of
genes and in the complexity of the protein domain architectures.
Further expansions, however, occurred at the origin of both
metazoans and embryophytes.
Analysis of TF Expression Patterns Highlight Differences on the
Ontogeny of Both Metazoa and Embryophyta. The role of the dif-

ferent TFs in the ontogeny of the organisms analyzed varies
according to the evolutionary origin of the different TFs in the
tree of life (their phylostrata). Thus, the relative importance of
TFs corresponding to different phylostrata changes between
developmental stages. For example, gastrulation shows remarkably high expression of TFs of metazoan origin. In general,
both in D. rerio and D. melanogaster, evolutionarily younger TFs
seem to be more important in later stages of development,
somehow being added to terminal speciﬁcations, whereas evolutionarily older genes are prevalent in the earlier stages of development. Indeed, TF expression by itself marks the phylotypic
stage of metazoans.
de Mendoza et al.
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Conclusions
To sum up, we show that the evolution of the TFome is characterized by important similarities between the independent
transitions to multicellularity of embryophytes and metazoans.
Not only do they share a common pattern of TF origin and expansion, which is richer than other eukaryotes, but also express
their TFs differentially during development, depending on their
evolutionary age. This suggests that common evolutionary forces
drove the unicellular-to-multicellular transition in two phylogenetically distinct lineages. We hypothesize that is due to their
complex embryonic development rather than just their multicellular lifestyle or number of cell types. The success of metazoans and embryophytes in producing extensive morphological
diversiﬁcation is due to the speciﬁc adaptations of their genomes,
with the TFome being a key aspect into the acquisition of a
complex multicellularity and phenotypic plasticity.
Methods
TF Identiﬁcation. We obtained data on complete proteomes from publicly
available databases. We also used RNAseq data for some taxa sequenced by the
Broad Institute (www.broadinstitute.org/annotation/genome/multicellularity_
project/MultiHome.html). To have a better representation of unicellular taxa
close to Metazoa, we also screened some taxa whose RNAseq were sequenced
in-house. These include the nucleariid Nuclearia sp. (sister group of Fungi) and
several unicellular holozoans (Ministeria vibrans, Pirum gemmatta, Abeoforma
whisleri, Amoebidium parasiticum, and Corallochytrium limacisporum). In
this case, nonﬁltered reads were assembled using Trinity software (53), and
a six-frame translation of the assembly was generated. A PfamScan was performed on all proteomes and transcriptomes using PFAM A, version 26, and
selecting the gathering threshold option as a conservative approach, which can
underestimate total counts for some domains but minimizes false positives (54).
TFs were selected from two database resources (Transcriptionfactor.org,
PfamTOGo website) as well as previous studies on this topic (6, 16, 55). In all
cases, we deﬁned a univocal one-to-one relationship between TF class and
DBD class. DBDs that appeared just in combination with other DBDs were
neglected to avoid an overestimation of TF numbers in some genomes.
We counted the number of genes containing a given DBD, and the number
of different associated domain architectures associated with each DBD in
each species using custom Perl scripts (Fig. 1 and Fig. S1). In cases in which
two or more DBDs were found in the same gene, the evolutionarily older
DBD, or the larger when age was identical, was considered the deﬁning of
the TF type. To avoid overestimating architecture numbers due to problems
with detecting small repeated domains, consecutively repeated domains
were counted only once. Therefore, domain architectures were deﬁned on
the basis of the number and order of their domains, but not by the number
of repeats of each domain.
Ancestral Genome Reconstruction and Enrichment. Statistical analyses were
performed using custom R scripts. We tested for enrichment of TF numbers
using the Wilcoxon rank-sum test, with a signiﬁcance threshold of P < 0.01.
Cluster analysis was performed using the pvclust R package, using the absolute value of sample correlation, complete hierarchical clustering, and
100,000 replications.
Analysis of gain and loss of TFs and reconstruction of ancestral state were
performed using Mesquite (56), and the most parsimonious assumption was
taken, except in the cases highlighted in Fig. 3. In cases when a DBD’s secondary loss was inferred based on its absence in a single species (lineages
represented by a single taxon are Rhizaria, Haptophyta, Cryptophyta,
Glaucophyta, and Rhodophyta), we conﬁrmed its absence by performing
tblastn against EST and nucleotide collection (nr/nt) databases at the National Center for Biotechnology Information (NCBI) website, which include
other taxa from those lineages. The results are indicated in Table S1.
Phylostratigraphic Analyses. The theoretical basis of genomic phylostratigraphy and detailed phylostratigraphic procedures have been described
previously (10, 13, 57–59). Protein coding sequences for Danio rerio (25,638
genes), Drosophila melanogaster (13,413 genes), and Arabidopsis thaliana
(27,148 genes) were retrieved from the Ensembl database (version 69) (60).
We compared these protein sequences against the nonredundant (nr) database from NCBI using the BLASTP algorithm (BLAST program) with an Evalue cutoff of 10−3 (61). This database contains the most exhaustive set of
known proteins across all organisms and is therefore the most suitable
dataset for phylostratigraphic analysis. Before performing sequence simi-
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marked reduction of TFs. The opposite, however, is not always
true, in that free-living species do not always have rich TFomes.
Instead, WGDs are associated with rich TFomes. Moreover, the
relative abundance of each TF class as a proportion of overall
TFome of each species further highlights a strong phylogenetic
patterning, probably as a result of the combined effects of phylogenetic inertia and system-level adaptation. In fact, each particular clade has a characteristic TFome proﬁle, although a few
lineages, such as Metazoa, Embryophyta, and Dikarya, show
drastic shifts in their TFome proﬁles compared with their
ancestors. Unicellular holozoans (Choanoﬂagellata, Filasterea,
and Ichthyosporea) and early-branching fungi (Mucoromycota,
Blastocladiomycota, and Chytridiomycota) have rather homogeneous TF proﬁles despite being paraphyletic. Conversely, the
crown groups of these lineages, metazoans and Dikarya, respectively, changed their ancestral TF proﬁle, suggesting that
a genome-wide reshaping of the TF cellular function occurred at
the boundaries of key evolutionary transitions followed by a
posterior stasis.

larity searches, we excluded all sequences of viral or unknown taxonomic
origin, as well as those from metazoan taxa with a currently unreliable
phylogenetic position (Myxozoa, Mesozoa, Chaetognatha, and Placozoa).
Following this cleanup procedure, we complemented the nr database with
sequenced genomes that were not present in the database but were otherwise available in other public repositories. The ﬁnal database contained
8,393,531 protein sequences.
Using the BLAST output obtained above, we selected the gene IDs from the
TFs obtained from PfamScan analysis for each species separately and mapped
them onto the consensus phylogeny. We used the phylogenetically most
distant BLAST match using an E-value cutoff of 10−3 as the criterion for
assigning the evolutionary origin of a gene. This is a quite conservative
method for sorting genes that aims to detect novelty in the protein sequence space (10, 57, 62). The number and choice of internodes in the
phylogeny are a result of balancing the robustness of these internodes in
phylogenetic studies (32, 63–68), the availability of sequence data for the
sequence similarity searches, and the importance of evolutionary transitions
(Table S2). Our consensus phylogenies span 16 evolutionary levels (phylostrata) for Arabidopsis thaliana, 18 for Danio rerio, and 20 for Drosophila
melanogaster, starting from the origin of cellular organisms (ps1).
We also calculated the number of founder TFs in each phylostratum by selfcomparing sequences within a phylostratum by BLAST analysis (E-value cutoff
1e 10−3). For instance, we compared all of the TFs in the ﬁrst phylostratum
(ps1) to TFs genes from phylostratum 1 (ps1). The number of founder TFs in
each phylostratum, Gf, was calculated from the number of hits (H) obtained
for every TF using Eq. 1:
G

Gf ¼ ∑

1

i¼1 Hi

;

[1]

where G represents the number of TFs in the phylostratum and 1 ≤ H ≤ G.
The lowest possible value of Gf is 1, indicating that all genes in the phylostratum are related, and the highest possible value is G, indicating that all
genes in the phylostratum are founders. However, gene founder analysis
encompass full sequence length not only domains that are signatures of TFs,
providing a complementary view on the DBD approach. The additional
domains present in a TF gene may be responsible for the overestimation of
phylostratum 1 counts in Arabidopsis thaliana TFs phylostratigraphy.
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Overrepresentation Analysis and Statistics. We analyzed overrepresentation
of TFs both at the level of total genome and at the level of founder genes. In
both cases, and for every group of TFs of interest, we performed overrepresentation analyses by comparing the frequency of TFs in each phylostratum to that of all genes in that phylostratum (expected frequency) (57, 58).
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TAI. TAI is a measure that reﬂects the evolutionary age of a transcriptome at
a given ontogenetic stage (10). TAI is the weighted mean of phylogenetic
ranks (phylostrata) and is calculated for every ontogenetic stage s as follows
(Eq. 2):
TAIS ¼

∑ni¼1 psi ei
,
∑ni¼1 ei

[2]

where psi is an integer representing the phylostratum of gene i (e.g., 1, the
oldest; 18, the youngest for D. rerio), ei is the microarray signal intensity
value of gene i, which acts as weighting factor, and n is the total number
of genes analyzed. Note that TAI = 1 indicates that all expressed genes in
a speciﬁc stage coming from ps1 (origin of cellular organisms), and TAI =
18 (zebraﬁsh) indicates that a given stage expresses only D. rerio-speciﬁc
genes. Therefore, lower TAI values correspond to a phylogenetically older
transcriptome.
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