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Abstract The transition from a unicellular life-style, with temporal cell differentiation to a multicellular life-style, with both temporal and spatial cell differentiation,
required the expansion of the regulatory capabilities of ancient animals. In this chapter, we describe how this change occurred from the perspective of transcription factor
(TF) evolution. First, we revise TF diversification throughout eukaryotes. We trace
the evolutionary origins of major TF classes and describe general patterns of TF
content and how they correlate with multicellular life-styles in eukaryotes. We then
focus on the animal TF developmental toolkit at the gene family level. Many of the
metazoan developmental TFs originated in a unicellular context; yet there are also
many TFs that evolved at the onset of Metazoa. Finally, we describe the changes that
led to the establishment of gene regulatory networks that control animal multicellularity and review different case-examples that have provided illuminating insights
into this question.
Keywords Cis evolution · Trans evolution · Co-option · Gene regulatory networks ·
Developmental toolkit · Choanoflagellates · Capsaspora owczarzaki · Porifera

Introduction
Animal development involves the orchestrated deployment of gene batteries to control spatial and temporal cell differentiation. Conversely, unicellular life cycles
mainly require temporal changes, in order to regulate the transitions from one life
stage to another or to regulate metabolic activities and responses to environmental
cues. Moreover, control over cell proliferation (in order to minimize the emergence
of non-cooperating cells) is a critical requirement in multicellular lineages (Grosberg
and Strathmann 2007). Transcription factors (TFs) are key players in these processes,
as they bind DNA in a sequence-specific manner and enhance or repress gene expression. Indeed, it has long been hypothesized that the complexity of the transcription
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regulation system is correlated with organismal complexity (Levine and Tjian 2003).
TFs can be viewed as regulatory hubs, where the information processed by the cell
must be translated into biogenesis. For this reason, TFs are often key downstream
targets of the major metazoan developmental signaling pathways (Pires-daSilva and
Sommer 2003). Taking all this into account, it has been hypothesized that the onset
of animal multicellularity was accompanied by an increase in transcription factor
diversity (Rokas 2008).
Despite the striking diversity of body plans found in metazoans, there is a transcription factor toolkit largely shared by all metazoans (Vaquerizas et al. 2009;
Degnan et al. 2009). This toolkit is known to be involved in embryonic development
in both bilaterian and non-bilaterian animal lineages (Technau and Steele 2011;
Adamska et al. 2011, Chapter “The Evolution of Developmental Signalling in Dictyostelia from an Amoebozoan Stress Response”). Therefore, animal TFs represent
a shared patterning language that facilitate multicellularity and govern development.
This fact brings up several questions. Since multicellularity evolved more than once
in the history of eukaryotes, can we identify similarities or differences between
animal multicellularity and other multicellularities in terms of transcription factor
toolkits? When did the metazoan TF types emerge and how did they evolve? Finally,
if metazoan TFs were present in the unicellular ancestors of Metazoa, how were they
adapted for use in the context of a multicellular developmental program?

A Natural History of Eukaryotic Transcription Factors
The acquisition of multicellularity by eukaryotes is a story of evolutionary convergence, since at least 26 independent transitions to multicellularity have been reported
(Grosberg and Strathmann 2007; Parfrey and Lahr 2013, Chapter “Timing the Origins of Multicellular Eukaryotes Through Phylogenomics and Relaxed Molecular
Clock Analyses”). If we restrict our definition of multicellularity to complex multicellularity, which involves extensive spatial cellular differentiation (see Chapter
“Independent Emergence of Complex Multicellularity in the Brown and Red Algae”
for a discussion of complex multicellularity), we can identify at least seven independent groups that have acquired complex multicellularity, including animals, plants,
fungi, and brown and red algae (Knoll 2011; Niklas and Newman 2013). Thus, it is
possible to analyze the sequenced genomes of species belonging to complex multicellular lineages and compare their transcription factor repertoires with those of
the closely related unicellular species. Indeed, eukaryotes are known to exhibit great
diversity in terms of TF abundance and TF type composition (Weirauch and Hughes
2011), which we define as the TFome, and by looking at patterns of abundance and
diversity we can infer trends associated with multicellularity.
We recently performed such analyses and identified some general trends in the
total abundance of TFs (Fig. 1; de Mendoza et al. 2013). For example, taxa with
complex multicellular development taxa, i.e. Embryophyta and Metazoa, present a
dramatic increase in TF numbers compared to other eukaryotes. Moreover, the morphologically simpler forms within these groups (sponges, mosses, etc.) have fewer
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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 colour scale. TFs were identified using the HMM profiles of
their respective DNA-binding domains. TF types (rows) are clustered according to abundance and
distribution, and species (columns) are grouped according to phylogenetic affinity. Major eukaryotic
lineages are indicated (Top). (Adapted from de Mendoza et al. 2013)
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TFs (de Mendoza et al. 2013). Irrespective of their phylogenetic relationships, the
lowest numbers of TFs are observed in parasitic eukaryotes, an example of convergent simplification (Iyer et al. 2008; de Mendoza et al. 2013). Nonetheless, some
species described as parasitic or symbiotic, such as most ichthyosporeans and the
filasterean Capsaspora owczarzaki (both close relatives of metazoans; see Chapter
“Filastereans and Ichthyosporeans: Models to Understand the Origin of Metazoan
Multicellularity”) have a relatively rich TF repertoire, suggesting a more complex
life cycle or an unknown free-living stage. Paradoxically, choanoflagellates, which
are free-living and in some cases colonial and prey-catching organisms (Chapter
“Choanoflagellates: Perspective on the Origin of Animal Multicellularity”), have a
lower total number of TFs compared to related lineages (such as filastereans and
ichthyosporeans). Another factor that can explain particularly rich TF repertoires
is the occurrence in some groups of Whole Genome Duplications (WGD) (such as
those found in vertebrates, zygomycetes, the ciliate Paramecium and embryophytes;
also see Chapter “The Evolution of Transcriptional Regulation in the Viridiplantae
and its Correlation with Morphological Complexity”) (Maere et al. 2005; Van De
Peer et al. 2009). WGD tends to lead to the deletion of excess copies of duplicated
genes; however, the TFs are one of the most resilient genes to this type of loss (Van
De Peer et al. 2009; De Smet et al. 2013). Therefore life-style and genome dynamics
influence the total number of TFs in eukaryotic genomes.
Based on their phylogenetic distribution, TFs can be divided into two groups
(Fig. 1): those that are paneukaryotic and those that are lineage-specific. The first
group includes TFs that have undergone independent expansions in several lineages,
such as Myb_DNA-binding, HLH, GATA, SRF-TF, bZIP, Homeobox, HMGbox and
zf-C2H2 (Fig. 1). The expansion of ancient TF families was an evolutionary source
of innovation that allowed diversification of the TFome, in some cases related to multicellularity (de Mendoza et al. 2013). The second group includes plant-, fungal- and
animal-specific clusters of TFs, indicating that some lineages have evolved their own
repertoires of TFs by diversifying their ancestral TFome. This correlation between
clusters of lineage-specific TFs and eukaryotic groups with multicellular lineages
might also be due to sampling bias as those lineages represent the most-sampled
taxonomic groups. In these groups, more genomes are available and, more importantly, many TF families have been investigated experimentally. Thus, new specific
TF clusters are likely to be found in other eukaryotic groups, such as stramenopiles or
rhizarians, once their TFome are surveyed. The absence of experimental studies may
also explain some exceptionally TF-poor taxa in which unknown TF families may
have an important role. The case of the IBD family unique to Trichomonas vaginalis
provides a good example of this (Iyer et al. 2008). It seems clear that ancestral TF
types evolved dynamically through gene family expansions in some lineages, while
new TFs were added to the ancestral repertoire in the lineages that led to fungi, plants
and animals.
As we discussed above, there are strong phylogenetic patterns of TF diversity, in
terms of both lineage-specificity and abundance. In addition, there are patterns in
the relative contribution of each TF type in the TFome of each species, measured as
the number of genes of each TF class as a percentage of the total number of TFs in
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that genome (Fig. 2). For example, animal genomes are dominated by Homeobox,
zf-C2H2 and bHLH TFs (accounting for more than 50 % of the TFome), whereas
unicellular holozoans have a distinct TFome profile, indicating that the transition to
multicellularity involved a system-level change in TF type proportions (de Mendoza
et al. 2013). The TF types that became predominant in animal genomes are mainly
those involved in patterning and differentiation in animals, a structural requirement
for an organism with diverse cell types (Degnan et al. 2009; Sebé-Pedrós et al.
2011). Conversely, p53-like TFs (e.g. T-box, Runx, p53 and others) or bZIP seem to
be proportionally more important in non-bilaterian metazoans, with less cell types
and simpler patterning. In contrast, they represent a small percentage in bilaterian
lineages. The higher proportion of p53-like or bZip TFs in non-bilaterians and unicellular holozoan TFomes could reflect their potential role in regulating house-keeping
functions, such as metabolic processes, proliferation or immunity response, although
T-box is an interesting exception (Hammonds et al. 2013; Sebé-Pedrós et al. 2013).
Finally, the simplicity of the TFome of other complex multicellular eukaryote
lineages, mainly red algae and brown algae (phaeophytes) (discussed in Chapter
“Independent Emergence of Complex Multicellularity in the Brown and RedAlgae”),
is an intriguing question. Indeed, there is no expansion of total number of TFs when
comparing the multicellular brown algae Ectocarpus silicosus and its unicellular
relative Nanochloropsis gaditana (Cock et al. 2010; Radakovits et al. 2012). Judging
from the large number of unique TFs in other complex multicellular lineages (plants
and animals), there are likely to be undiscovered stramenopile- or brown-algaespecific TFs, but there is a dearth of functional studies in this group (Peters et al.
2008; Coelho et al. 2011). It is worth mentioning that E. siliculosus does not have a
typical embryonic development, but rather a modular growth strategy, although this
is not the case for other multicellular brown algae, such as Fucus spiralis (Bouget
et al. 1998). We hypothesize that a richer TF repertoire will be found in brown algae
with embryonic development. The case of red algae is similar, since the TFomes of
both Pyropia yezoensis and Chondrus crispus are surprisingly simple compared to
the unicellular red algae Cyanidioschyzon merolae (Nakamura et al. 2013; Collen
et al. 2013).
The simplicity of the TF repertoires of some multicellular eukaryotes may be
explained by their modes of development, although the identification of new lineagespecific TF types remains a critical issue to be resolved through future research
in these groups. We can conclude that complex multicellularity is associated with
enrichment of the TF toolkit (both in terms of abundance and innovation) in lineages
with complex embryonic development: plants and animals. However, this toolkit is
greatly influenced by the TF repertoires of their respective unicellular ancestors (de
Mendoza et al. 2013). In the next section, we will focus on the early evolution of
animal TF families in order to gain further insights into which genes evolved in a
unicellular context.
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Early Origins of Metazoan Developmental TFs
TFs have very disparate evolutionary origins and patterns. While some TF families
seem to have remained quite static throughout evolution, preserving a high degree of
similarity between orthologous gene families (Sebé-Pedrós et al. 2011), others such
as zf-C2H2 evolved at a faster rate, making it extremely difficult to assign them to
specific orthologous gene families over large evolutionary distances (Vaquerizas et al.
2009). Although the field of evolutionary developmental biology has identified many
well-known animal developmental TF families in different phyla, these are only a
subset of all TFs in metazoan genomes. Even among the members of a particular TF
type, usually only some of them are developmental TFs. Therefore the identification
of such TFs requires precise class and family phylogeny-based classifications. Here
we will review the evolutionary histories of animal multi-gene TF families.
Homeobox is one of the most abundant and diverse developmental TF types in
animals, and a milestone in the evolution of animal development (Bürglin 2011).
During metazoan evolution, Homeobox genes increased from a rather simple gene
complement to a highly diversified toolkit (Larroux et al. 2008). This expansion coincided with an increase in domain combinations (Bürglin 2011), including Pou, Lim,
Cut or Paired domains that are found adjacent to the homeodomain. Some of these
co-occurring domains are metazoan innovations (Pou, Cut, Paired, Six, Prospero or
Iro-box), while others are ancient eukaryotic domains (e.g. LIM or zf-C2H2) fused
to Homeobox proteins by domain shuffling. Unicellular relatives of metazoans do
not possess a rich Homeobox complement; for example, choanoflagellates have just
two Homeobox genes, both belonging to the TALE superclass (King et al. 2008).
In fact, TALE Homeoboxes represent one of the two ancient lineages of Homeobox
that, together with non-TALE Homeoboxes, have been present since the origin of
eukaryotes (Derelle et al. 2007). In animals, the TALE superclass diversified into
few families, namely Iroquois, PBX, Meis/PREP and Tgif (Larroux et al. 2008;
Bürglin 2011; Fig. 3). In contrast, non-TALE Homeoboxes are extremely diverse.
Sponges and ctenophores, which are potentially the two earliest branching metazoans, already possess members of the 5 classes of non-TALE Homeobox (ANTP,
PRD-like, POU, LIM and SINE) (Larroux et al. 2008, Ryan et al. 2010). Later in

←
Fig. 2 Phylogenetic patterns of TFome composition across eukaryotes. For clarity, TF types representing < 2 % of the corresponding TFome are not considered, and some are summarized in
higher-level categories according to structural similarities. This is the case of (i) the Homeobox supergroup, which comprises 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
taxon and the relative abundance of each DNA Binding Domain (DBD) type in the TFome of every
species are depicted using the colour code in the legend of DBDs. In the line graph (Top), the solid
line indicates the total number of TFs in each species, and the dotted line indicates this number as
a percentage of the total number of proteins. The black asterisks indicate species with WGDs. The
red asterisks indicate strict parasites. (Adapted from de Mendoza et al. 2013)
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animal evolution, other classes emerged, including HNF in the last common ancestor
of Placozoa, Cnidaria, and Bilateria, and CUT, PROS and ZF in the bilaterian stem
(Putnam et al. 2007; Srivastava et al. 2010). This rapid process of duplication and subfunctionalization is characteristic of metazoan Homeobox gene families, which, once
they evolve, tend to maintain a conserved domain architecture and clear aminoacidic
motifs typical of each gene (Bürglin 2011). In contrast, clear orthologs outside
animals are scarce and generally do not bear the key amino acids or concurrent protein
domains that characterize animal Homeobox families (Sebé-Pedrós et al. 2011).
T-box genes are also key developmental TFs in animals. They originated in the
common ancestor of Opisthokonta and were secondarily lost in Dikarya fungi and
in choanoflagellates. Brachyury was the ancestral T-box class; a second class, Tbx7,
originated in the common ancestor of Holozoa (Sebé-Pedrós et al. 2013). All other
T-box classes (including Tbx1/15/20, Tbx2/3, Tbx4/5, Eomes, TbxPor and Tbx8)
originated at the stem of Metazoa, except Tbx6, which appeared in the cnidarianbilaterian ancestor (Fig. 3; Sebé-Pedrós et al. 2013). Therefore, like Homeobox
TFs, T-box TFs underwent rapid radiation and subfunctionalization at the origin of
Metazoa, and some classes, like Tbx8 or TbxPor, were later lost in many metazoan
lineages. In contrast to Homeoboxes, little innovation occurred in the T-box TF
family after the early stages of animal evolution, except for the diversification of
Tbx1/15/20 at the stem of the cnidarian-bilaterian ancestor.
Forkhead domain containing genes (Fox) have an ancient eukaryotic origin, and
although they are scarce in bikonts, they are quite abundant in opisthokont genomes
(Figs. 1, 2). All Fox genes found in non-metazoans are of Class II, including clear
homologs of Fox N1/4 and Fox J2 in choanoflagellates (Larroux et al. 2008; SebéPedrós et al. 2011). Class I Fox genes originated at the onset of Metazoa, with Fox D,
G and L2 present in non-bilaterian metazoans; Fox A, B, C, E, Q1 and Q2 are found
in Placozoa + Cnidaria + Bilateria; and Fox F, H, L1 and I originated in Bilateria
(Fig. 3; Larroux et al. 2008; Sebé-Pedrós et al. 2011).
Basic Helix-Loop-Helix (bHLH) transcription factors are one of the main eukaryotic TF types (Figs. 1 and 3) and metazoans have six groups (A, B, C, D, E and F)
(Simionato et al. 2007). Most bHLH TFs conserved between metazoans and their
unicellular relatives belong to Group B. For example, Myc/Max/Mad, SREBP, USF,
Mlx, MondoA, and MITF can be found in both lineages, while Src, AP4, FigAlpha
and MNT are metazoan innovations (Fig. 3; Sebé-Pedrós et al. 2011). We find Group
C genes in C. owczarzaki, which are co-orthologs of metazoan Group C bHLH TFs.
Group F, also known as the COE family, includes TFs with a COE DNA-binding
domain that also has an HLH domain at the C-terminal part of the protein. This
COE domain can be found in the C. owczarzaki genome, but it does not have any
trace of the HLH domain (also degenerated in some metazoan orthologs) (Suga et al.
2013). Finally, of the six metazoan groups, bHLH A, D and E are unique to metazoans and have diversified into many subfamilies (Group A genes), most of which
are heterodimerizing classes (Simionato et al. 2007).
The HMGbox domain encompasses a large family of DNA-binding proteins,
some of which have sequence-specific TF activity. Metazoans have a unique set of
subtypes of these TFs, with the Sox family being the most diverse. Of the five known
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groups of human Sox genes, B1, B2, C, E and F are present in the non-bilaterian
metazoans, while Group D appeared at the stem of Bilateria (Fig. 3; Fortunato et al.
2012). Tcf/Lef genes are also animal-specific HMGbox TFs, and act as the regulators
of the Wnt pathway (Larroux et al. 2008). No Sox or Tcf/Lef genes are found outside
Metazoa.
bZIP is another paneukaryotic TF family (Fig. 1), in this case quite homogenously
distributed throughout eukaryotes in terms of relative abundance (Fig. 2). Some
metazoan bZIP classes, including Oasis, Atf6, CREB, Atf2, C/EBP, PAR and Atf4/5,
originated in unicellular holozoans (Fig. 3), constituting homodimerizing classes in
most cases. In contrast, the heterodimerizing bZIP classes Jun, Fos, XBP1, MAF
and Nfe2 are metazoan innovations, with bZIP BACH, B-ATF and Atf3 evolving
later in the metazoan lineage (Sebé-Pedrós et al. 2011).
NFkappaB genes have also been found to have a more ancient origin than previously thought (Sebé-Pedrós et al. 2011; de Mendoza et al. 2013). As for T-box
genes, they originated in the last common ancestor of opisthokonts and were lost in
both choanoflagellates and fungi (Fig. 3). This ancestral gene had the typical NFkappaB domain structure, with a RHD domain followed by Ankyrin repeats. Later on in
metazoans, two other RHD domain-containing TFs without Ankyrin repeats evolved:
NFAT in Placozoa + Cnidaria + Bilateria and Rel in Bilateria (Gauthier and Degnan
2008; Sebé-Pedrós et al. 2011).
STAT TFs were present in the last common ancestor of opisthokonts and apusozoans and were lost in fungi. STAT TFs are found in organisms with tyrosine kinase
genes, such as choanoflagellates and filastereans. In this context, STAT TFs interact
with Y-phosphorylated proteins through their C-terminal SH2 domain, constituting
the transcriptional outputs of tyrosine kinase signaling.
Although MADS-box (SRF domain) TFs are paneukaryotic, TFs with specific
Mef2 signatures appeared at the stem of the Opisthokonta, are were secondarily lost
in Dikarya fungi and choanoflagellates. Finally, p53 and Runx TFs are holozoan
innovations.
In summary, metazoan developmental TFs have three main sources: first, de novo
types that emerged at the onset of Metazoa; second, co-opted genes that originated
in their unicellular relatives; and third, duplication of pre-existing TFs, sometimes
accompanied by diversification of co-occurring domains. Among the truly metazoan
innovations we find Smad (MH1 domain), Ets, DoubleSex, AP-2 and the Nuclear Receptors (zf-C4 domain) (Fig. 3). Key TF types that originated in unicellular Holozoa
include NFkappaB, T-box, p53, the Myc/Max network, Grainyhead and LSF, and
Runx. Finally, significantly enriched developmental TF types in metazoans include
Homeobox, T-box, Fox, Sox and NFkappaB (Fig. 1). All of these TF types were
present before the emergence of animal multicellularity, but new specific families
involved in development emerged during metazoan evolution.
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Establishment of the Metazoan TF Regulatory System
Transcriptional regulation by sequence-specific TFs goes beyond the TFome content
itself. TFs act in a cellular context and their activity requires interaction with other
proteins and, of course, with specific DNA sites. TFs bind to enhancers and promoters
of genes and also interact with cofactors that modulate their activity in various ways
(for example, controlling translocation to the nucleus or restricting DNA binding
specificity). Moreover, TF binding is influenced by the epigenetic context, such as
nucleosome positioning, histone modifications and DNA methylation patterns (Spitz
and Furlong 2012). The cross-talk between TFs and all of these elements is what
ultimately defines the TF regulatory system.
Currently, little is known about the functions of TFs in the unicellular relatives of
animals, so it is not possible at this time to have a clear picture on how TF activities
changed during the transition to animal multicellularity. Nevertheless, experimental
approaches have provided some insights into this issue. There are two main evolutionary changes that may have accompanied an increase in regulatory interactions
in animals: trans and cis regulatory changes. Trans regulatory changes involve the
appearance of new physical interactions between TFs and cofactors (which may be
either new or ancient) and/or new DNA-binding motif specificity. Cis regulatory
changes involve the evolution of new DNA binding sites for a particular TF, which
results in new downstream targets controlled by a TF and, therefore, the re-wiring
of the TF network. The following cases provide examples of such processes.
The evolution of Brachyury, a well-known T-box TF with essential roles in gastrulation and mesoderm specification in animals (Technau 2001), is an example
of a trans regulatory change. The presence of a clear Brachyury ortholog in C.
owczarzaki was one of the most striking findings in the first unicellular holozoan
TF survey (Sebé-Pedrós et al. 2011), and the exploration of its functional conservation using heterologous expression in Xenopus laevis and protein binding microarray
(PBM) experiments revealed a suggestive pattern. C. owczarzaki Brachyury can rescue artificially inhibited embryo gastrulation in Xenopus laevis, although it does
so in a rather unspecific way, activating diverse downstream genes that are commonly activated by different T-box gene families in metazoans. In contrast, sponge
and ctenophore Brachyury homologs behave very much like endogenous Xenopus
laevis Brachyury (Yamada et al. 2010; Sebé-Pedrós et al. 2013). Moreover, the results of the PBM experiments showed that the differences between C. owczarzaki
Brachyury and metazoan Brachyury were not due to changes in the DNA-binding
motif specificity of the different Brachyury genes studied (Sebé-Pedrós et al. 2013).
Taken together, these two results strongly suggest that Brachyruy target specificity
in metazoans arose through interaction with cofactors (Smad and probably others)
that were probably established at the onset of Metazoa (Fig. 4a).
Generally, transcription binding site recognition motifs seem to be highly conserved in some TF families, such as bHLH or T-box (Jolma et al. 2013; Sebé-Pedrós
et al. 2013). In contrast, other families are more labile in their sequence binding
preferences (Nakagawa et al. 2013), such as in Homeoboxes, zinc fingers (C2H2)
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Fig. 4 Trans changes during the evolution of metazoan TF networks. a Schematic representation
of the results from Sebé-Pedrós et al. 2013. Brachyury, an essential TF for animal development,
is found in the unicellular Capsaspora owczarzaki. In a heterologous expression assay, only the
early-metazoan Brachyury orthologs (of the sponge Sycon ciliatum and the cnidarian Nematostella
vectensis) show the same molecular phenotype as the endogenous Xenopus laevis Brachyury ortholog (Activation of Wnt11 and non-activation of Chordin). This suggests that the trans regulatory
interactions between Brachyury and cofactors like Smad (and probably other unknown cofactors,
shown as “X?”) were established at the onset of Metazoa. b Schematic representation of the results
of Reinke et al. 2013. Analysis of the in vitro interactions of all bZIPs of several metazoans and of
the choanoflagellate Monosiga brevicollis showed that the proportion of heterodimeric interactions
(versus homodimeric interactions) was much lower in a unicellular context. This result suggests an
increase in the complexity of the bZIP heterodimerizing network during the transition to animal
multicellularity, which probably allowed new regulatory outputs by combining old (and also new)
bZIP TFs

and Nuclear receptors (Jolma et al. 2013), all of which are major components of
animal TF toolkits (de Mendoza et al. 2013). The plasticity of DNA-binding motif recognition is crucial to avoid cross-activation between TF paralogs. Thus, the
transition to animal multicellularity involved the expansion of some of these labile
families, which may have facilitated the acquisition of developmental complexity by
allowing denser, non-overlapping readers of cis-regulatory information.
An open question is how these gene regulatory networks changed, not only quantitatively (more interactions), but also qualitatively. For example, it is conceivable to
find that C. owczarzaki Brachyury regulates fewer downstream genes, and is more
directly connected to batteries of effector genes than to other regulatory TFs. The
degree of hierarchy of these interactions (where each level is defined as a master
regulatory gene regulating another regulatory gene) would probably be lower in the
case of unicellular gene regulatory networks. As a working hypothesis, shallower
regulatory networks could have been intercalated into more complex wiring when
developmental multicellularity evolved (Davidson and Erwin 2006).
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Another example of trans evolution is the increase in interactivity found in bZIP
TFs when comparing metazoans with unicellular eukaryotes (Reinke et al. 2013).
bZIP TFs bind to DNA as dimers, usually homodimers (two bZIPs of the same
class) but also as heterodimers, although not all possible heterodimeric interactions
occur. Phylogenetically, some heterodimeric interactions can be predicted, but most
remain elusive in non-model organisms. Reinke and co-workers examined the in vitro
dimerization affinities of all bZIPs in several species, including a unicellular relative
of metazoans, the choanoflagellate Monosiga brevicollis. They found that metazoan
bZIPs have a higher proportion of heterodimeric interactions than M. brevicollis
Therefore, there was an increase in complexity of the bZIP interaction network,
which generated new combinatorial binding specificities (Fig. 4b).
bHLHs are another type of heterodimerizing TF. Myc is an animal bHLH TF
responsible for cell cycle control, growth and apoptosis, and is a crucial oncogene in
many types of cancer. It binds to DNA in association with Max, another bHLH TF.
Max has the ability to interact with other bHLH TFs, mainly Mxd/Mad and MNT.
Mxd/Mad and MNT proteins antagonize Myc, controlling cell cycle arrest and gene
repression. This network was already established in a pre-metazoan context, where
we find members of the Myc, Max and Mlx/Mad families, while MNT appeared
later on, in the Eumetazoan split (Sebé-Pedrós et al. 2011; Young et al. 2011). It has
been shown that M. brevicollis Myc and Max orthologs heterodimerize, revealing
experimentally that the heterodimerization network was present and functionally
conserved (Young et al. 2011). Moreover, a core set of ancient eukaryotic genes
involved in ribosome biogenesis seems to be regulated by Myc in Holozoan genomes.
The E-box motif (the typical DNA-binding motif of Myc/Max dimers) is found to
be enriched in the promoters of M. brevicollis and animals that have Myc and Max
orthologs, whereas fungi and C. elegans, which both lack Myc genes, are depleted of
E-boxes in the promoters of those ribosomal genes (Brown et al. 2008). Myc network
data from unicellular holozoans tell us that not only were the physical interactions
between different TFs already in place, but also that there is some cis-regulatory
conservation in the downstream genes involved in basic cell processes.
Despite this rather simple cis-regulatory conservation between unicellular taxa
and metazoans, there is evidence of an increase in cis-regulatory interactions in
metazoans. The 5 intergenic regions of TFs and other regulatory genes (where many
regulatory proteins bind) are expanded in metazoan genomes (compared to the mean
intergenic distance of the genome), which allows for a more complex regulatory
landscape (both in terms of the number and combination of regulatory modules,
such as enhancers or repressors) and, ultimately, for complex spatiotemporal regulatory states (Nelson et al. 2004; Suga et al. 2013). This complex regulatory landscape
explains why some TFs, such as NK or Hox, have evolved in syntenic blocks. Other
TFs have retained by-stander genes, forming micro-syntenic blocks. The by-stander
gene contains cis-regulatory elements embedded in its gene body that regulate the
expression of the TF, preventing genomic recombination that would separate the two
neighbours (Irimia et al. 2012). Overall, we can observe how the unique metazoan
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genomic architecture is greatly influenced by regulatory interactions between enhancers and downstream genes. These interactions allow complex developmental
gene regulation by TFs.
In summary, current evidence suggests that not only did the TF repertoire itself
changed during the origin of animal multicellularity, but a fundamental change also
occurred in the gene regulatory networks in which these genes were embedded.
These created more complex patterns of spatiotemporal regulation of gene expression, an essential feature of a complex multicellular entity. Some of these major
regulatory changes occurred early in metazoan history, and became virtually frozen,
producing what is known as kernel gene regulatory networks; while others were
incorporated later in a phylum-, class- or species-specific manner, forming the basis
of the morphological and functional diversity of extant metazoans (Davidson and
Erwin 2006).

Summary
1. From a broad eukaryotic perspective, it is clear that phylogenetic inertia is an
important factor that conditions the TF toolkit of different origins of multicellularity. Therefore, studying the TF repertoire of metazoans’ unicellular relatives is
essential for understanding the foundation of the metazoan TFome.
2. Various evolutionary forces have shaped the metazoan TFome, including de novo
gene origin, gene family expansion and gene co-option.
3. The establishment of complex gene regulatory networks accompanied the origin
of Metazoa. In the context of these networks many TFs were locked into specific
developmental processes.
4. A global rearrangement of both TFome content and cis and trans interactions
facilitated an explosion in the regulatory capabilities of TFs in Metazoa.
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