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Abstract

Studies of diverse phylogenetic lineages reveal that protein disorder increases in concert with organismic complexity but that

differences nevertheless exist among lineages. To gain insight into this phenomenology, we analyzed all of the transcription

factor (TF) families for which sequences are known for 17 species spanning bacteria, yeast, algae, land plants, and animals and

for which the number of different cell types has been reported in the primary literature. Although the fraction of disordered

residues in TF sequences is often moderately or poorly correlated with organismic complexity as gauged by cell-type number

(r2< 0.5), an unbiased and phylogenetically broad analysis shows that organismic complexity is positively and strongly correlated

with the total number of TFs, the number of their spliced variants and their total disordered residues content (r2> 0.8).

Furthermore, the correlation between the fraction of disordered residues and cell-type number becomes stronger when confined

to the TF families participating in cell cycle, cell size, cell division, cell differentiation, or cell proliferation, and other important

developmental processes. The data also indicate that evolutionarily simpler organisms allow for the detection of subtle differ-

ences in the conserved IDRs of TFs as well as changes in variable IDRs, which can influence the DNA recognition and multi-

functionality of TFs through direct or indirect mechanisms. Although strong correlations cannot be taken as evidence for cause-

and-effect relationships, we interpret our data to indicate that increasing TF disorder likely was an important factor contributing

to the evolution of organismic complexity and not merely a concurrent unrelated effect of increasing organismic complexity.

Key words: intrinsically disordered protein (IDP), complexity, transcription factors, evolution, cell-type number.

Introduction

Significant fractions of eukaryotic genomes encode for pro-

teins with intrinsically disordered regions (IDRs) (Dunker et al.

2000, 2013; Ward et al. 2004; Schlessinger et al. 2011; Yruela

and Contreras-Moreira 2012, 2013) that function in signaling

and regulatory pathways and dramatically increase protein

multifunctionality and nucleic acid interaction through a variety

of mechanisms contributing to development (Wright and

Dyson 1999; Dyson and Wright 2002, 2005; Levine and

Tjian 2003; Liu et al. 2006; Xie et al. 2007; Habchi et al.

2014; van der Lee et al. 2014; Wright and Dyson 2015;

Yruela 2015) including the transcriptional regulation of cell dif-

ferentiation (de Mendoza et al. 2013; Han et al. 2014; Ohtani

et al. 2017). Indeed, the massive expansions of transcription

factor (TF) families containing significant amounts of IDRs in

complex organisms has been used as evidence that IDRs and

their alternative splicing and posttranslational modification

have been a driving force in the evolution of complex multi-

cellularity (Niklas et al. 2014, 2015; Niklas and Dunker 2016;

Dunker et al. 2015; Babu 2016). This proposition is supported

by disorder predictions showing that 83–94% of all known TFs

possess extended regions of disordered residues and that the

degree of intrinsic disorder is significantly higher in eukaryotic

than in prokaryotic TFs (Liu et al. 2006; Minezaki et al. 2006).

The goal of this paper is to evaluate the proposition that

TFs rich in IDRs could directly contribute to the evolution of

complex multicellularity. Clearly, organismic complexity is dif-

ficult to quantify objectively since it is likely a multidimensional
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variable. However, for the purposes of this paper, we have

adopted an objective metric—the number of different cell

types characterizing an organism—with which to measure

complexity. This metric was adopted because: 1) it is applica-

ble to all eukaryotic organisms (Niklas et al. 2014; Chen et al.

2014) since it estimates the extent to which cells are pheno-

typically differentiated into distinct types independently of an

organism’s lineage or level of organization; 2) it can be used

to quantify the complexity of unicellular organisms that

change their cell phenotype as a result of reproductive or

physiological status (Niklas 2014; Duran-Nebreda et al.

2016); 3) it is statistically significantly correlated with prote-

ome size, the total disorder in proteomes, and other metrics

(Schad et al. 2011; Nido et al. 2012; Chen et al. 2014); 4) it

has been quantified objectively based on an extensive review

of the primary literature dealing with all eukaryotic lineages

(Bell and Mooers 1997); and 5) it has been used in previous

studies analyzing the relationship between genomic features

and organism complexity (Xia et al. 2008; Chen et al. 2011;

Schad et al. 2011; Nido et al. 2012; Xue et al. 2012).

So as not to bias the results of our study, we analyzed all of

the TFs (for which sequences have been documented) for

each of 17 phylogenetically diverse species (for which the

number of different cell types have been published). This pro-

tocol was used because some workers have reported only

moderate or poor correlations between IDRs and the number

of different cell types in different lineages when using the

fraction of disordered residues in entire proteomes, particu-

larly when the data from animals and plants are pooled for

regression analysis (i.e., Schad et al. 2011; Xue et al. 2012;

Chen et al. 2014). In addition, TFs are known to possess mod-

erate to large IDRs and are also known to play important roles

in the regulation of mechanisms implicated in the evolution of

multicellularity (i.e., cell division, cell cycle, cell differentiation,

or cell proliferation). Accordingly, after reporting the extent to

which the IDRs of all TFs are correlated with organismic com-

plexity, we then focus on those TFs that play critical roles in

developmental processes.

Materials and Methods

TF Sequences

Protein sequences of all TF families of 17 species were analysed.

In particular 66 TF families from nine plant species including

four vascular plants (Zea mays [n¼ 5246], Oryza sativa

[n¼ 3119], Arabidopsis thaliana [n¼ 2757], Physcomitrella

patens [n¼ 1423]), one bryophyte (Selaginella moellendorffii

[n¼ 949]) and four chlorophytes (Chlamydomonas reinhardtii

[n¼ 367], Chlorella sp. NC64A [n¼ 321], Micromonas pusilla

[n¼ 309], and Ostreococcus tauri [n¼ 226]); 51 families from

six animal species including model organisms of different

categories such as one amphibian (Xenopus tropicalis

[n¼ 1147]), one fish (Danio rerio (n¼ 2345)), two mammals

(Homo sapiens [n¼ 1691], Mus musculus [n¼ 1483]), and two

other eukaryotes (Drosophila melanogaster [n¼ 604],

Caenorhabditis elegans [n¼ 706]); 248 regulator proteins

from the model yeast Saccharomyces cerevisiae and 304 reg-

ulator proteins from the bacteria Escherichia coli.

Protein sequences of plant species were retrieved from the

Plant TF Database, http://plntfdb.bio.uni-potsdam.de/v3.0/

(Pérez-Rodr�ıguez et al. 2010). Protein sequences of animal

species were retrieved from the Animal TF Database http://

bioinfo.life.hust.edu.cn/AnimalTFDB/ (Zhang et al. 2015).

Protein sequences from S. cerevisiae and E. coli were

retrieved from the Yeast TF Specificity Compendium,

http://yetfasco.ccbr.utoronto.ca/ (de Boer and Hughes 2011)

and Regulon DB, http://regulondb.ccg.unam.mx/ (Gama-

Castro et al. 2016). GO annotations for A. thaliana (Berardini

et al. 2004) and H. sapiens were obtained from Gene Ontology

Consortium, http://geneontology.org/.

Prediction of Disordered Residues

More than 60 predictors of disorder have been developed

(He et al. 2009). A comparison of four well-used predictors

and their variants across 1,765 proteomes showed consider-

able variation in their identification of IDRs (Oates et al.

2013), suggesting that predictor choice is important for

this work. In a detailed comparison of 16 commonly used

predictors, PONDR VSL2b (Peng et al. 2006) showed the best

overall accuracy for long IDRs (Peng and Kurgan 2012).

Because such long IDRs are a major feature of TFs (Liu

et al. 2006), PONDR VSL2b was selected for our studies.

Nevertheless, we also ran DISOPRED3 (Jones and Cozzetto

2015) being overall the results consistent with PONDR VSL2b

predictions (supplementary figs. S2 and S3, Supplementary

Material online).

Cell-Type Numbers

The number ofdifferent cell types for each organism was taken

from Bell and Mooers (1997) and Chen et al. (2014). H. sapiens

(n ¼ 240), M. musculus (n¼ 150), X. tropicalis (n¼ 150), D.

rerio (n¼ 119), Z. mays (n¼ 100), D. melanogaster (n¼ 60),

O. sativa (n¼ 44), C. elegans (n¼ 27), A. thaliana (n¼ 27), P.

patens (n¼ 20), S. moellendorffii (n¼ 20), S. cerevisiae (n¼ 4),

C. reinhardtii (n¼ 2), Chlorella sp. NC64A (n¼ 2), V. carteri

(n¼ 2), E. coli (n¼ 2), M. pusilla (n¼ 1), and O. tauri (n¼ 1).

Orthologue Searching

Automatic search for orthologues was carried out using the

comparative genomic tool EnsemblCompara83 that com-

bines BLAST search and maximum likelihood phylogenetic

gene trees, http://useast.ensembl.org/info/genome/compara/

homology_method.html (Vilella et al. 2009) and PLAZA,

http://bioinformatics.psb.ugent.be/plaza/ (Vandepoele et al.

2013; Proost et al. 2015). For this study we selected

Arabidopsis orthologues of TF families, which displayed
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poor or negative correlation between the fraction of disor-

dered residues and the number of cell types, and the ortho-

logues were represented in at least five organisms including

chlorophyte and/or bryophyte, and vascular plants. These

TFs were identified in the categories of Gene Ontology of

cell differentiation (GO:0030154), cell proliferation

(GO:0042127), regulation of cell size (GO:0008361),

regulation of cell growth (GO:0030308), cell cycle

(GO:0007049), regulation of cell proliferation

(GO:0042127), regulation of cell size (GO:0008361), or

embryo development (GO:0009793). Complete sequences

and the position of typical functional domains were taken

from Uniprot (http://www.uniprot.org/). In some cases, if nec-

essary, complete sequences were taken from Phytozome11

(https://phytozome.jgi.doe.gov/).

Data Analysis

Comparative analyses were done using: 1) a set of 66 TF

families in 17 species including model organisms of bacteria,

yeast, algae, land plants, and animals (see the above TF

sequences section); 2) subsets of TFs families represented in

selected animal and/or plant species; 3) orthologues associ-

ated with the regulation of the cell cycle, cell differentiation,

cell proliferation, and cell size (see the above TF sequences

section with the constraint that they must be represented in

all selected species to provide as broad an evolutionary over-

view as possible). Statistical analysis was done with Origin

Pro8.6. The coefficient of determination, r2, was based on

linear regression and determined using standard methods

(Anderson-Sprecher 1994). r2 values show the goodness of

a fit, and was calculated as:

r2 ¼ 1 – ðfRSS=df fErrorgg=fTSS=df fErrorgÞ

where RSS is the residual sum of square and TSS is the total

sum of square.

Sequence Alignment and Phylogeny Tree

Sequence alignment was done with ClustalOmega (http://

www.clustal.org/omega/; Sievers et al. 2011). All of the pro-

teins aligned contain the same conserved domains, which

anchors the alignment. Taken as reference the disorder pre-

diction in the consensus sequence of the alignment, three

types of disordered residues were calculated, which corre-

spond to: 1) identical disordered residues, where the amino

acid sequence and disorder predictions were 100% identity

(identical IDRs); 2) similar disordered residues where the dis-

order predictions were 100% identity but the amino acid

sequence varied (similar IDRs); and 3) variable disordered res-

idues where either amino acid sequence or disorder predic-

tions were not conserved (not identical) (variable IDRs) (Bellay

et al. 2011). Disordered residues were found using custom

Perl scripts. The fraction of each type of disordered region

with respect to the total of disordered residues was

calculated.

Maximum likelihood trees of selected sequences were cal-

culated using phylogeny.fr tool (http://www.phylogeny.fr/,

Dereeper et al. 2008).

Results

General Patterns and Correlations

As noted, it has been suggested in the literature that the

evolution of organismic complexity was driven by changes

in proteomic disorder. However, there is ample evidence

that some functional protein categories play a greater role

in driving evolution than others. For example, although the

number of TFs in proteomes represents only 0.6–10% of

proteomes, members of TF families play key roles in control-

ling the regulation of the cell cycle, cell division, cell differ-

entiation, cell proliferation or cell size, which are key processes

in multicellular organisms. These observations combined with

the finding that TFs are predicted to be highly enriched in IDRs

makes them good candidates to test the hypothesis whether

a positive correlation exists between the number of cell types

(see Materials and Methods) and the fraction of disordered

residues in TF proteins. This hypothesis was examined at three

levels (see Materials and Methods): 1) by analyzing a set of all

known TFs across different model organisms including bacte-

ria, yeast, green algae, plants and animals; 2) by examining

subsets of TFs families including those that are highly repre-

sented in animals and/or plants; and 3) by subsequently ana-

lyzing subsets of TF families (i.e., orthologues) associated with

the regulation of the cell cycle, cell division, cell differentiation,

cell proliferation and cell size with the constraint that they

must be found in all selected species to obtain as broad an

evolutionary overview as possible (supplementary table S1,

Supplementary Material online). Although the subsets of TFs

represent only a fraction of ca. 10% of all the TFs examined in

this study (fig. 1), they are known to play key roles in the

evolution of organismic complexity (Vogel and Chothia

2006). Nevertheless, it is important to note that the TF families

examined in our study (as well as the specific members within

each of these families) 1) vary in the extent to which they are

found in different proteomes (i.e., 277/2757 TFs in A. thaliana

and 153/1691 TFs in H. sapiens, fig. 1A and 1B, respectively,

and supplementary table S1, Supplementary Material online),

2) participate to different degrees in the aforementioned cel-

lular functions (i.e., 1/111 bZIP and 119/166 MYB in A. thali-

ana), and 3) are not represented in all lineages (fig. 1), which

makes any comparative analysis difficult. For this reason, we

selected all well-annotated orthologues of A. thaliana TFs in

those families found in all of the 17 phylogenetically repre-

sentative species.

Analyses using the set of all known TFs indicated that the

number of TF proteins correlates significantly and positively

Yruela et al. GBE
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with the number of cell types in both plants (r2¼ 0.97,

P¼ 1.3E-5) and non-plants (r2¼ 0.81, P¼ 1.4E-3) (supple-

mentary fig. S1, Supplementary Material online). Similarly, a

positive linear correlation was observed for the total of disor-

dered residues and the number of different cell types in plants

(r2¼ 0.82, P¼ 4.9E-4) and non-plants (r2¼ 0.88, P¼ 3.3E-4)

(fig. 2). A strong positive correlation was also observed for the

relationship between the fraction of spliced protein variants in

TFs and the number of different cell types (r2¼ 0.97, P¼ 5.2E-

6) (supplementary fig. S4, Supplementary Material online).

However, the fraction of disordered residues in TF sequences

did not manifest a significant correlation with the number of

different cell types (fig. 3).

The aforementioned trends varied within TF families. For

example, clear differences were found in the bHLH, MYB, and

bZIP families (fig. 4). The MYB family had a positive correlation

between cell-type number and the fraction of disordered

residues for both plants (r2¼ 0.60, P¼ 0.012) and non-plants

(r2¼ 0.91, P¼ 0.002) (fig. 4A and 4B and table 1).

Conversely, the bHLH and bZIP families had a poor or negative

correlation between cell-type number and the fraction of dis-

ordered residues (fig. 4C–F and table 1). Moreover, different

trends were observed when analyses were done on specific

members of these families with potential major implications

regarding the evolution of organismic complexity. In the

following sections, we illustrate the extent to which this var-

iation is manifest in all of the different TF families for which

sequence data and cell number data were available.

The bHLH Family

The basic helix-loop-helix bHLH family of TFs is represented in

all eukaryotic organisms (n¼ 862 in plants and n¼ 518 in

animals). The fraction of disordered residues within this group
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FIG. 1.—Distribution of TF protein functions (A and B, left panel) and representative TF families associated with regulation of cell differentiation, cell

proliferation, cell cycle, and cell size (A and B, right panel) in A. thaliana (A) and H. sapiens (B). The category “others” refers to poorly represented TF families,

with only one protein or only in some taxa.
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was poorly correlated with cell-type numbers for both plants

and non-plants (fig. 4 and table 1). However, subsets of

orthologues displayed clear positive correlations with cell-

type number (table 1). For instance, the analysis of the TF

orthologues encoded by NHLH1 genes (bHLHA35), typical

for animals (Lipkowitz et al. 1992; Brown et al. 1992), which

belongs to the Gene Ontology category of cell differentiation

(GO:0030154), revealed a significant positive relationship

between the fraction of disordered residues and the number

of cell types (r2¼ 0.89, P¼ 0.01). The sequence alignment

shows a gain of disordered residues in vertebrates compared

with the invertebrate C. elegans (fig. 5A). Although this gain

may reflect the fact that longer sequences are likely to have a

higher content of disordered residues, the alignment also

shows noticeable variations in the N-terminus and in the typ-

ical helix-loop-helix domain. A disordered region connecting

FIG. 2.—Log10-scatter plots of total disordered residues in TF proteins (x axis) versus the number of different cell types in plant (y axis) (A) and non-plant

species (B). Disordered residue predictions were made by PONDR VLS2b.
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two ordered segments within the bHLH domain with 70%

identity appears in animals such as D. melanogaster, D. rerio,

M. musculus, H. sapiens, but is absent in C. elegans.

Additionally, the length of conserved structured segments

within this domain and in the N-terminus decreases with

increasing organismic complexity as gauged by the number

of cell types. The maximum likelihood tree of these ortho-

logues in shown is figure 5C (left panel).

The MYB Family

The myeloblastosis MYB family of TFs is also represented in all

eukaryotic organisms (n¼ 655 in plants and n¼ 98 in ani-

mals). Orthologues of the Arabidopsis MYB13 TF, also called

AtMYB3R, and members of the plant R2R3-type of the MYB

family, which belong to the Gene Ontology category of cell

differentiation (GO:0030154), showed a better correlation

with cell-type number (r2¼ 0.70, P¼ 0.05) in comparison

with the whole family (table 1). The sequence alignment

shows that the fraction of disordered residues increases

with complexity along the non-conserved C-terminus in land

plants. Also the fraction of ordered residues is reduced in the

second DNA binding domain (fig. 5B). The maximum likeli-

hood tree of orthologues is shown in figure 5C (right panel).

Similar trends were observed for the CELL DIVISION CYCLE

5 (CDC5) TF (Ohi et al. 1998: Lin et al. 2007; Gr€aub et al.

2008). Orthologues showed better positive correlations in

animals (r2¼ 0.81, P¼ 0.008) and plants (r2¼ 0.70,

P¼ 0.02) in comparison with the complete MYB family (table

1). The CDC5 protein is identified in the Gene Ontology cat-

egory of cell differentiation (GO:0030154). In addition,

orthologues of Dnj11 in C. elegans, also called DNAJC2 in

H. sapiens, showed a similar positive correlation with cell-

type number (r2¼ 0.70, P¼ 0.02). Orthologues of Dnj11 are

identified in the Gene Ontology category of regulation of cell

growth (GO:0030308).

The bZIP Family

This basic leucine zipper (bZIP) superfamily is represented in

both plants (n¼ 570) and animals (n¼ 249). It is one of the

most ancient plant TF families. It consists of 13 groups, one of

which, group H, is the most conserved, being present in all

green plant lineages (Guedes-Corrêa et al. 2008). Orthologues

of Arabidopsis HY5 (AtbZIP56) (Palme et al. 2016), which

belong to group H, showed a significant positive linear corre-

lation between the fraction of disordered residues and the

number of cell types (r2¼ 0.50, P¼ 0.05) (table 1). However,

across the entire family, a negative correlation was observed

(fig. 4E). The HY5 protein has been associated with light-

mediated morphogenesis (GO:0010099). Similarly, ortho-

logues of AtbZIP9 and AtbZIP63 TFs (Matiolli et al. 2011), which

are related to the Opaque2 family in maize, showed significant

positive correlations, especially orthologues of AtbZIP63

(r2¼ 0.84, P¼ 0.01), which plays a role in seed germination.

The sequence alignment of orthologues show that overall the

fraction of disordered residues increases from green algae and

bryophytes to the vascular plants (fig. 6). In the bZIP63 align-

ment, the structured region close to the conserved bZIP domain

(30% identity) is highly reduced in monocots (Z. mays, S.

bicolor and O. sativa) compared with the eudicot Arabidopsis

and the moss Physcomitrella (fig. 6B). Furthermore, the HY5

FIG. 3.—Scatter plot of fraction of disordered residues/total residues in TF proteins (x axis) versus the Log10 of the number of different cell types (y axis) in

plant and non-plant species. Disordered residue predictions were made by PONDR VLS2b.
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FIG. 4.—Scatter plot of fraction of disordered residues/total residues in TF families versus the Log10 of the number of different cell types in MYB (n¼655

and 98) (A, B), bHLH (n¼862 and 518) (C, D), and bZIP (n¼570 and 249) (E, F) families from plant (A, C, E) and non-plant (B, D, F) species, respectively.

Species codes are: Zm, Z. mays; Os, O. sativa; At, A. thaliana; Pp, P. patens; Sm, S. moellendorffii; Ce, C. reinhardtii; Chl, Chlorella sp. NC64A; Mp, M. pusilla;

Ot, O. tauri; Hm, H. sapiens; Mm M. musculus; Xt, X. tropicalis; Dr, D. rerio; Dm, D. melanogaster; Ce, C. elegans; Sc, S. cerevisiae; Ec, E. coli. The number of

proteins in each species is given between parentheses. Disordered residue predictions were made by PONDR VLS2b.
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alignment shows that the flexible segment involved in COP1

protein interaction (Holm et al. 2001) lacks in green algae

compared with vascular plants (fig. 6A). Maximum likelihood

trees of orthologues are shown in figure 6C.

The Zinc-Finger Families

Zinc-finger TFs have been classified in different families in

eukaryotes. Here, we report the results obtained with two

plant zinc-finger families, the C2H2 (n¼ 571) and C2C2-

GATA (n¼ 179) families. The data showed no significant

linear correlations between the fraction of disordered residues

and the number of cell types (r2¼ 0.14, P¼ 0.98 and

r2¼ 0.13, P¼ 0.85, respectively) when the complete families

were analyzed (table 1). However, AtZFZ (also named REIL2)

orthologues, which belong to the C2H2 family (Schmidt et al.

2013), and AtGATA9 orthologues, members of the C2C2-

GATA family, showed significant positive correlations with

cell-type number (r2¼ 0.54, P¼ 0.03 and r2¼ 0.88,

P¼ 0.003, respectively) (table 1). These TFs have been identi-

fied in the Gene Ontology categories of ribosomal large sub-

unit biogenesis (GO:0042273) and cell differentiation

(GO:0030154), respectively.

The alignment of ZFZ orthologues shows that disordered

residue composition varies along the sequences, but that it

increases going from the algae (C. reinhardtii and V. carteri) to

the monocots (Z. mays and O. sativa) within the C2H2

domains typical of this zinc-finger group (fig. 7A). Note also

that the number of C2H2 domains decreases in algae (n¼ 1)

compared with vascular plants (n¼ 3–4). Similarly, the

sequence alignment of GATA9 orthologues shows a disor-

dered residue higher fraction around the conserved typical

zinc finger domain in monocots (fig. 7B). Maximum likelihood

trees of these orthologues are shown in figure 7C.

Table 1

Regression Parameters of Scatter Plots of Disordered Residues Fraction Versus the Log10 of Number of Cell Types for Several Families and Orthologues of TFs

Transcription Factor Species Proteins Slope r2 Pearson’s r P Value F

Plants

Families

MYB 8 655 10.39 0.60 0.80 0.01 11.38

bHLH 9 862 �2.16 0.07 �0.26 0.5 0.50

bZIP 9 570 �9.17 0.88 �0.94 1.2E-4 58.11

C2H2 zinc finger 9 571 0.05 0.14 0.005 0.98 1.85E-4

C2C2-GATA 9 179 0.78 0.13 0.07 0.85 0.03

E2F/DP 9 75 �4.18 0.19 �0.54 0.13 2.89

ABI3/VP1 9 263 �4.27 0.50 �0.76 0.02 8.17

SBP 8 200 �6.95 0.55 �0.78 0.02 9.48

ARR-B 9 60 4.97 0.52 0.77 0.02 8.68

NAC 5 541 1.56 0.35 0.72 0.17 3.17

Orthologues

MYB13 6 6 1.51 0.70 0.88 0.05 9.17

CDC5 6 6 6.83 0.70 0.87 0.02 12.86

HY5 7 7 4.16 0.50 0.76 0.05 6.67

bZIP9 5 5 1.47 0.30 0.72 0.27 2.19

bZIP63 5 5 2.39 0.84 0.93 0.01 22.21

ZFZ 7 7 10.00 0.54 0.78 0.03 8.08

GATA9 5 5 5.42 0.88 0.95 0.003 38.75

E2F 8 8 4.92 0.88 0.95 2.9E-4 55.98

ABI3 6 6 3.26 0.86 0.94 0.004 32.18

SBP15 6 6 3.20 0.86 0.94 0.004 32.23

Animals

Families

MYB 6 98 7.36 0.91 0.96 0.002 51.18

bHLH 5 518 13.63 0.39 0.73 0.1552 3.56

bZIP 6 249 �10.71 0.23 �0.62 0.23 6.78

E2F 6 46 �12.21 0.50 �0.77 0.06 6.08

Orthologues

NHLH1 5 5 3.85 0.89 0.95 0.01 33.34

CDC5 6 6 13.20 0.81 0.92 0.008 23.23

Dnj11 7 7 4.63 0.70 0.87 0.02 12.59

E2F 5 5 �2.88 �0.10 �0.41 0.48 0.62
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The E2F/DP Family

The E2F/DP family is present in both plants (n¼ 75) and ani-

mals (n¼ 46). Negative correlations were observed between

the fraction of disordered residues and the number of cell

types in both kinds of organisms (r2¼ 0.19, P¼ 0.13 and

r2¼ 0.50, P¼ 0.06, respectively) (table 1). In contrast,

AtE2F-B (also named AtE2F-1) orthologues (Sozzani et al.

2006; Tsai et al. 2008) manifested a strong positive relation-

ship between both variables (r2¼ 0.88, P¼ 2.94E-4) (fig. 8A).

It is worth noting that plant and animal orthologues exist and

that this protein has been identified in the Gene Ontology

category of cell cycle (GO:0007049).

The sequence alignment displays an increase of disordered

residues with increasing organismic complexity that is more

pronounced in the case of plants as opposed to animals (fig.

8B). The coil-coiled domain appears more disordered in land

plants in comparison with green algae, and it gains increasing

flexibility with increasing organismic complexity. Note also

that additional interacting motifs involved in the retinoblas-

toma (Rb) protein binding or in the cyclin A/CDK2 binding

FIG. 5.—Comparison of orthologues from the bHLH and MYB TF families. Alignments of orthologue proteins encode by (A) NHLH1 gene from H.

sapiens (Q02575), M. musculus (Q02576), D. rerio (Q6P0A8), D. melanogaster (O77278) and C. elegans (Q18590) and (B) MYB13 orthologues from Z. mays

(K7TYD9), O. sativa (Q6K1S6), Glycine max (Q0PJK2), A. thaliana (Q9LNC9) and S. moellendorffii (D8RNQ0). The number of cell types is given between

parentheses on the left side of the sequence. The protein length is written on the right side of the sequence. Sequences are represented by color coded bars

representing predicted disorder: disordered residues (red), ordered residues (grey), and alignment gaps (white). (C) Maximum likelihood trees of NHLH1 (left

panel) and MYB13 (right panel) sequences used in the alignments. The specie name and the corresponding number of cell types are given in the tree.
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appear with increasing complexity. The maximum likelihood

tree of orthologues is shown in figure 8C.

Plant Specific TFs

The correlation between the fraction of disordered residues

and the number of cell types in specific TFs varied in plant

protein families that have no correspondence in animals, as

for example the ABI3/VP1, AP2-EREBP, ARR-B, C2C2-CO-like,

C2C2-Dof, PBF-2-like/Whirly, SBP-box, and WRKY families,

which are present in all plant lineages including the green

algae. In general, all of these families showed poor or negative

correlations between both variables, with the exception of the

ARR-B family (n¼ 60), which displayed a significant positive

correlation (r2¼ 0.52, P¼ 0.02) (table 1). The NAC family

(n¼ 541), one of the largest families of plant-specific TFs

and only represented in higher plants, showed a positive

but not exceptionally strong correlation (r2¼ 0.35, P¼ 0.17).

FIG. 6.—Comparison of orthologues from the bZIP TF family. (A) Alignment of HY5 orthologues in Z. mays (B6UEP1), O. sativa (Q0E2Y8), G.

max (I1KXV2), A. thaliana (O24646), S. moellendorffii (D8RQ04), C. reinhardtii (A8IM85), and O. lucimarinus (A4RRH6). (B) Alignment of ZIP63

orthologues in Z. mays (B4FJ00), S. bicolor (C5WX70), O. sativa (Q7X9A8), A. thaliana (B9DGI8) and P. patens (A9TD07). The number of cell types

is given between parentheses on the left side of the sequence. The protein length is given on the right side of the sequences. Sequences are

represented by color coded bars representing predicted disorder: disordered residues (red), ordered residues (grey), and alignment gaps (white).

Typical bZIP domain (black box), C3HC4 zinc-finger type domain (black star), and COP1 interacting domain (black triangle) are shown. (C)

Maximum likelihood trees of HY5 (left panel) and ZIP63 (right panel) sequences used in the alignment. The specie name and the corresponding

number of cell types are given in the tree.
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Orthologue differences were also found in these families.

Two examples are reported here, that are, the ABI3/VP1 fam-

ily and the SBP-box family.

The complete ABI3/VP1 TF family (n¼ 263) showed a

negative correlation between the fraction of disordered resi-

dues and the number of cell types (r2¼ 0.50, P¼ 0.02) (table

1). However, orthologues of AtABI3 (ABSCISIC ACID

INSENSITIVE 3) (Delmas et al. 2013) showed a strong positive

relationship between both variables (r2¼ 0.86, P¼ 4.0E-3).

ABI3 TF has been associated with embryo development

(GO:0009793) and plastid organization (GO:0009657).

A negative trend was observed within the complete SBP-

box family (n¼ 200) (r2¼ 0.55, P¼ 0.02). However, ortho-

logues of the Arabidopsis squamosa promoter-binding-like

protein SPL15 (Schwarz et al. 2008) showed a strong positive

correlation (r2¼ 0.86, P¼ 4.0E-3). AtSPL15 is reported to be

involved in the regulation of cell proliferation (GO:0042127)

and regulation of cell size (GO:0008361).

FIG. 7.—Comparison of orthologues from zinc finger TF families. (A) Alignment of FZF orthologues in Z. mays (B6TYD5), O. sativa (Q5Z8K9), A. thaliana

(Q9ZQ18), P. patens (A9RG33), S. moellendorffii (D8RTH9), V. carteri (D8UB30) and C. reinhardtii (A8JD88). (B) Alignment of GATA9 orthologues in Z. mays

(K7VQ40), M. truncatula (G7LFY2), O. sativa (Q6F2Z7) A. thaliana (O82632) and O. lucimarinus (A4RXG3). The number of cell types is given between

parentheses on the left side of the sequence. The protein length is given on the right side of the sequences. Sequences are represented by color coded bars

representing predicted disorder: disordered residues (red), ordered residues (grey), and alignment gaps (white). Typical C2H2 and zinc-finger GATA-type

domains (black box) are shown. (C) Maximum likelihood trees of the ZFZ (left panel) and GATA9 (right panel) sequences used in the alignments. The specie

name and the corresponding number of cell types are given in the tree.
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FIG. 8.—Comparison of orthologues from the E2F/DP TF family. (A) Scatter plot of fraction of disordered residues/total residues (x axis) versus the Log10

of the number of different cell types (y axis) in plants: Z. mays (B4FB61), O. sativa (Q5QL93), A. thaliana (Q9FV71), P. patens (A9RQX0), S. moellendorffii

(D8TCC4), V. carteri (Vocar.0001s0396.1), M. pusilla (C1MLR6) and O. tauri (A4RSR6) and animals: M. musculus (P56931), X. tropicalis (F6VW96), D. rerio

(A5WUE8), D. melanogaster (O77051) and C. elegans (G5EF11). (B) Alignment of E2F1 orthologues. The number of cell types is given between parentheses

on the left side of the sequence. The protein length is given on the right side of the sequences. Sequences are represented by color coded bars representing

predicted disorder: disordered residues (red), ordered residues (grey), and alignment gaps (white). Typical DNA-binding and coiled coil domains (black box),

cyclin A/CDK2 binding (black star) and retinoblastoma protein binding (black triangle) are shown. (C) The maximum likelihood tree of the E2F1 sequences

used in the alignments. The specie name and the corresponding number of cell types are given in the tree.
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Evolution of Disorder in Orthologue Sequences

The distribution of IDRs was analyzed in TF orthologues (fig.

9). We defined three different regimes within orthologue

alignments: identical IDRs; similar IDRs, and variable IDRs

(see Materials and Methods). Analyses indicated that the frac-

tion of identical IDRs is higher in simpler organisms such as the

green algae (chlorophyte) and non-vascular land plants (bryo-

phyta) in comparison to the vascular plants and animals.

Overall the data for animals showed lower amount of identi-

cal IDRs compared to plants. No difference was observed

between invertebrates and vertebrates. The amino acid con-

tent of similar IDRs and variable IDRs represented a higher

proportion or total disordered residues than that of identical

IDRs. However, the fraction of less conserved IDRs (variable

IDRs) was lower in the green algae (chlorophyte) and the non-

vascular plants in comparison to vascular plants and animals.

Discussion

Organism Complexity

Different criteria have been used to measure organismic com-

plexity, for example, genome size, proteome size, protein

length, alternative splicing events, protein disorder, and num-

ber of cell types (Linch and Conery 2003; Taft and Mattick

2003: Xia et al. 2008; Schad et al. 2011; Chen et al. 2012,

2014; Xue et al. 2012; Niklas et al. 2014). However, not all of

these variables show the same degree of correlation with

organismic complexity across all lineages and kingdoms. In

particular, although the fraction of disordered residues

increases significantly between prokaryotes and eukaryotes

it has not been established as a significant predictor of organ-

ism complexity across eukaryotic clades (Schad et al. 2011;

Chen et al. 2014). We attribute this to the fact that many

previous studies have only compared complete proteomes,

which can obscure trends due to evolutionary changes within

specific protein families and functions. When the focus is

shifted away from the complete proteome and focused on

TFs, particularly those involved in key developmental proc-

esses, the relationship between the fraction of disordered

residues and organismic complexity becomes far clearer. For

example, one previous analysis, focusing on the set of proteins

that constitute the centrosome in animal cells, which are par-

ticularly involved in asymmetric cell division and which are

enriched in coiled-coiled regions or IDRs, reported positive

correlations between the fraction of disordered residues and

organism complexity (Nido et al. 2012). Indeed, the analyses

presented here verify a strong positive correlation between

the number of different cell types and the total number of

disordered residues in all known TFs.

We interpret the observed positive correlation between

these two variables to indicate that increases in the functional

versatility of TFs could contributed significantly to the

FIG. 9.—Bar-plot of the fraction of identical IDRs (dark red), similar IDRs (pink) and variable IDRs (blue) in chlorophyte, bryophyte and angiosperm plants,

and invertebrate and vertebrate animals. The data represent the average of nine groups of orthologues in plants and three groups of orthologues in animals.
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evolution of multicellularity, a conclusion that is consistent

with the positive correlation observed previously between

the number of cell types and the number of total disordered

residues (Niklas et al. 2014). In contrast, our analyses reveal a

weaker correlation between the proteome fraction of disor-

dered residues and the number of different cell-types (as

reported by Schad et al. 2011; Chen et al. 2014) because

the correlation between these two variables of interest differ

among different TF families. Some families manifest positive

correlations (e.g., MYB and ARR-B), whereas others are poorly

correlated (e.g., bHLH, C2H2, and C2C2-GATA) or are even

negatively correlated (e.g., bZIP, E2F/DP, ABI3/VP1, and SBP).

This phenomenology could indicate that different TF families

have experienced different evolutionary processes (Pires and

Dolan 2010; Carretero-Paulet et al. 2010; Feller et al. 2011)

which probably have obscured the results of some compara-

tive studies.

Anadditional confounding factor is evolutionarydivergence

in some but not all TF families. For example, ABI3/VP1, AP2-

EREBP, ARR-B, C2C2-CO-like, C2C2-Dof, PBF-2-like/Whirly,

ARR-B, SBP-box, and WRKY families took on different func-

tionalities after the Chlorophyta (green algae) and

Streptophyta (charophycean algae and the land plants)

diverged in the early Paleozoic (Ria~no-Pach�on et al. 2008)

and, in general, they showed poor or negative correlations

between both variables. Such phylogenetic divergences can

mask or obscure correlations between organismic complexity

and the extent to which TFs are disordered. Rapid evolutionary

dynamics can drive related proteins to functionally diverge as a

consequence of restructuring (Siltberg-Liberles 2011; Dos

Santos et al. 2016). Recent proteins often evolve through point

mutations, insertion and deletion events, which affect IDRs

(Light et al. 2013a, 2013b; Khan et al. 2015). IDRs can rapidly

change and undergo rearrangements (and thereby evolve

more rapidly) than ordered regions, even under lower selective

pressure, particularly when dealing with ancient divergences.

In contrast, the retention of functionality can be favored in

more recently divergent lineages allowing stronger correla-

tions. For instance, the MYB family, which is enriched in

sequence segments involved in cell cycle regulation and cell

proliferation (Cominelli and Tonelli 2009), manifest strongpos-

itive correlations in both animals and plants (fig. 1).

Another factor that affects the correlation between

organismic complexity and the disordered residue fraction in

TFs is the distinction between haploid and diploid organisms.

For example, when haploid unicellular algae and diploid vas-

cular plant sporophytes are treated together, a poor or even

negative correlation is observed, whereas strong correlations

are observed among the vascular plants. In this context, it is

also worth noting that morphological criteria are used to

identify the number of different cell-types (Bell and Mooers

1997) and that this protocol can seriously underestimate the

number of different cell types that an unicellular organism

produces a result of different physiological cellular states.

Evolution of TFs Disorder

Strong positive correlations between the proportion of disor-

dered TF residues and cell-type number were particularly evi-

dent for TF orthologues involved in cell division, cell

differentiation, and cell proliferation, which is consistent

with the positive correlation between these two variables in

centrosome proteins that regulate cell division and differen-

tiation in animal cells (Nido et al. 2012). Furthermore, our data

reveal variations in the predicted IDRs in TF sequences (fig. 9),

particularly variations in more conserved IDRs (identical IDRs

and similar IDRs), which are more prevalent in simpler organ-

isms (e.g., green algae and mosses) compared to late-

divergent plant and animal lineages (e.g., angiosperms and

mammals). These types of IDRs are strongly associated with

diverse multifunctional signaling and regulation pathways

(Bellay et al. 2011). Collectively, we interpret our results to

indicate that increases in the flexibility/ductility in functional

disordered TF domains likely facilitated the innovation of more

complex gene regulatory networks involved in cell growth,

cell division and cell proliferation, and thus contributed to

the evolution of complex multicellularity, for example, the

number of functional disordered C2H2 motifs increased in

FZF orthologues of vascular plants compared with green algae

(fig. 7) and additional functional TF motifs appear in bZIP and

E2F/DP TF families of more complex organisms (figs. 6 and 8).

On the other hand, variable IDRs, which are not associated to

a known specific function (Bellay et al. 2011) but can

contribute to increase functionality (Fuxreiter et al. 2011)

also increase in complex organisms.

Roles of IDRs in TFs

The experimental exploration of how IDRs and IDPs affect

regulation (Dunker et al. 2000) poses a considerable

challenge, especially in plants. Nevertheless, some studies

have shed light on how IDRs affect TF functionalities. For

example, the X-ray crystallographic structure of E2F1 in com-

plex with the retinoblastoma (Rb) C-terminus domain and DP1

(pdb 2AZE) indicates that coiled-coil domains (also called leu-

cine zippers) in E2F1 and DP1 form a heterodimer (Rubin et al.

2005) and interact with high-affinity with the Rb domain. The

coiled-coil domains of both E2F1 and EDP1 are predicted IDRs

(figs. 8 and 10) and thus likely undergo a disorder-to-order

transition on binding (Bracken 2001), a feature that is likely

shared by all E2F/DP family members.

Note that the Rb domain is absent in unicellular organisms

and that the hyperphosphorylation of RbC destabilizes the

RbC-E2F-DP complex, indicating that this interaction is regu-

lated by PTMs, a mechanism commonly observed in IDRs

(Gavis and Hogness 1991; L�opez and Hogness 1991; Galant

et al. 2002; Ronshaugen et al. 2002; Iakoucheva et al. 2004).

This mechanism for the regulation of TFs associated with IDRs

is probably altered in green algae and invertebrates, which

lack conserved phosphorylation sites typical in vascular plants
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and mammals. For instance, Ser177, Y378 and S379 in A.

thaliana (Magyar et al. 2005), and Ser125 and Ser 119 in M.

musculus (Wu et al. 2012; Mertins et al. 2014) are absent in

sequences of V. carteri, M. pusila, O. tauri and C. elegans,

respectively.

The increase of IDR flanking the DNA-binding domains can

also influence DNA recognition (Fuxreiter et al. 2011). Our

results show that changes in the length and/or amino acid

composition of IDRs outside the DNA-binding domains in the

bHLH, MYB, bZIP, zinc finger, or E2F/DP TF orthologues corre-

late positively with increasing complexity. These changes can

influence selectivity or binding affinity through dynamic inter-

actions within the DNA-binding site and affect the flexibility/

ductility required for specific functions. These IDRs can also

promote and modulate the conversion from a non-specific to

a specific complex by changes in flexibility and mobility

achieved by direct or indirect mechanisms, for example, hydro-

gen bonding and electrostatic interactions with phosphates

(Luscombe et al. 2001; Gromiha et al. 2004). In the Hox family

of TFs, IDR outside the DNA-binding site facilitates DNA

binding, and recognize specific minor grove sequences (T�oth-

Petr�oczy et al. 2009) and enable rapid sequence search via

brachiation (Vuzman and Levy 2010). They also have the

dual functionality of inhibiting DNA binding unless bound to

a partner TF, thus effectively preventing spurious DNA recog-

nition (Passner et al. 1999). The IDRs in homeobox proteins also

affect DNA affinity (Liu et al. 2008) and directly recruit many

other proteins (Hsiao et al. 2014). Another example is the DNA

recognition domain in ANAC046, a plant-specific NAC tran-

scription factor. This domain forms the RCD1-ANAC046 com-

plex that does not involve folding-upon-binding (O’Shea et al.

2005). Yet more examples are the NPR1-interacting proteins

(NIPs) whose conserved disordered leucine zipper domain stim-

ulates DNA-binding (Després et al. 2003).

Distant IDRs also affect DNA binding modulating confor-

mational selection, flexibility and competitive binding

(Fuxreiter et al. 2011). The spanning IDRs in the C-terminus

and N-terminus of the orthologues in bHLH, MYB, bZIP, zinc-

finger, and E2F/DP TF families (variable IDRs) can fine-tune

protein and DNA interactions. The specificity/affinity of DNA

binding can be also linked to whole protein recognition

mechanisms by means of allosteric regulation (Lefstin and

Yamamoto 1998; Ma and Nussinov 2009). An example is

the disordered segment in the C-terminus PB1 domain of

the Arabidopsis Auxin Response Factor 7 (ARF7), which

facilitates the interaction with other TFs and phytohormones

such as Indole Acetic Acid (IAA) (Guilfoyle and Hagen 2012) to

modulate IAA signaling in cell division and plant development

(Korasick et al. 2014).

Concluding Remarks

Experimental studies indicate that the conserved functional

domains in TFs typically consist of DNA-binding structured

motifs linked to IDRs, which modulate TF function in ways

including the formation of protein-complexes via disorder-to-

order transitions. The recruited protein partners include other

TFs and coactivators and corepressors. Although additional

research is required to further substantiate this conclusion,

we argue that evolutionary variations of IDRs in general con-

tribute to signaling and regulation in fundamental ways those

likely increased TF multifunctional domains facilitating the evo-

lution of multicellular organisms within all eukaryotic lineages.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.

FIG. 10.—Structure of human E2F1 and DP1 proteins in the monomer and heterodimer states. X-ray crystallographic of partial human E2F1-DP1

heterodimer (pdb 2AZE; Rubin et al. 2005) is shown as cartoon. The E2F1 (198–301 residues in pink) and DP1 (196–350 residues in blue) proteins are shown.

Predicted disordered residues in monomers by PONDR VLS2b are shown in red line. The three-dimensional cartoons were drawn using PyMol 1.4.1

(Schrodinger LLC).
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