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Abstract

The colonisation of the land by streptophytes and their subsequent radiation is a major event in Earth
history. We report a stepwise increase in the number of transcription factor (TF) families and
subfamilies in Archaeplastida before the colonisation of the land. The subsequent increase in TF
number on land was through duplication within existing TF families and subfamilies. Almost all
subfamilies of the Homeodomain (HD) and basic Helix-Loop-Helix (bHLH) had evolved before the
radiation of extant land plant lineages from a common ancestor. We demonstrate that the evolution of
these TF families independently followed similar trends in both plants and metazoans; almost all
extant HD and bHLH subfamilies were present in the first land plants and in the last common ancestor
of bilaterians. These findings reveal that the majority of innovation in plant and metazoan TF families
occurred in the Precambrian before the Phanerozoic radiation of land plants and metazoans.

Introduction

Complex multicellular plants and metazoans diversified at the taxonomic, morphological and genetic
levels during the Phanerozoic eon (541 million years ago to present) (Carroll, 2001; Droser and
Gehling, 2015; Erwin et al., 2011; Kenrick and Crane, 1997a; Powell and Kowalewski, 2002).
Transcription factors (TFs) control a plethora of developmental mechanisms in eukaryotic organisms
that appear during the course of evolutionary radiations and transitions (Holland, 2013; Menand et al.,
2007; de Mendoza et al., 2013). The role of TF diversification around one of these major transitions—
the colonisation of the land by streptophyte plants — is not understood (Mukherjee et al., 2009; Pires
and Dolan, 2010). The move to land by plants was paralleled by a major body plan transition; the
evolution of complex 3D tissues and key morphological characters crucial for life on land such as the
epidermis, rooting and shooting systems, stomata, and water conducting tissues that are associated
with the function of characteristic TFs (Graham et al., 2000; Kenrick and Crane, 1997b; MacAlister
and Bergmann, 2011; Menand et al., 2007; Pillitteri et al., 2007; Pires et al., 2013; De Rybel et al.,
2013; Sakakibara, 2016; Tam et al., 2015; Xu et al., 2014). The recent availability of the genome
sequence of an aquatic streptophyte alga from a clade that is sister to the land plants (Wickett et al.,
2014), Klebsormidium flaccidum (Hori et al., 2014), and the liverwort, one of the earliest divergent
lineages of land plants (Kenrick and Crane, 1997b; Wickett et al., 2014), Marchantia polymorpha
(NCBI GenBank accession LVLJ00000000.1) allowed us to track the change in the number and size
of TF families and subfamilies during streptophyte evolution. Here we demonstrate that the origin of
the majority of TF families and subfamilies predate the radiation of extant land plant lineages.

Results and Discussion

47 of the 48 land plant TF families evolved before the colonisation of the land

We identified 48 (see Supplementary Material) TF families in the genomes of 15 species of
Archaeplastida (the lineage that includes red algae, chlorophytes and streptophytes) (Adl et al., 2005;
Archibald, 2009). These taxa comprise the red algae Cyanidioschyzon merolae; Porphyridium
purpureum, Chondrus crispus the chlorophytes Ostreococcus tauri, Micromonas pusilla, Chlorella
variabilis, Coccomyxa subellipsoidea, Volvox carteri and Chlamydomonas reinhardtii; the
streptophyte alga Klebsormidium flaccidum and the streptophyte land plants Marchantia polymorpha,
Physcomitrella patens, Selaginella moellendorffii, Oryza sativa and Arabidopsis thaliana (see
Supplementary Material, Supplementary table 1). TF genes were defined using established rules for
the identification and categorisation of TFs on the basis of their domain architecture (Finn et al. 2014;
Jin et al. 2014, Supplementary Material). The number of TF families that are present at each internal
node in the phylogeny was inferred using parsimony. This revealed that the number of TF families



increased progressively from node 1 to node 6 (fig 1). There were 17 TF families in the common
ancestor of all species in this analysis (node 1 fig 1) and 28 in the common ancestor of chlorophytes
and streptophytes (node 2 fig 1). 39 TF families were present in the aquatic common ancestor of K.
flaccidum and land plants (node 3 fig 1) and 47 TF families had evolved in the first land plants (node
4 fig. 1). The stepwise origin of TF families in the aquatic ancestors of land plants — from 17 TFs in
the last common ancestor of all species at node 1 to 47 in the first land plants — contrasts strikingly
with the subsequent evolution of TF families on land. During the radiation of plants in the terrestrial
realm TF number increased from 47 to 48; only one TF family, GeBP (node 5 fig. 1), evolved after
the divergence of bryophytes and vascular plants (fig. 1). This indicates that there was a stepwise
increase in the number of TF families in Archaeplastida before the radiation of land plants and since
that time there has been relatively little change in TF family number (fig. 1).

Land plants radiated both taxonomically and morphologically after the colonisation of the
land (Bateman et al., 1998; Finet et al., 2010; Kenrick and Crane, 1997b; Nickrent et al., 2000; Qiu et
al., 2006; Wickett et al., 2014). However, this analysis revealed that this radiation was not
accompanied by an increase in the number of novel TF families (fig. 1). Instead, the number of TFs
within each family increased as land plants evolved after the colonisation of the land (de Mendoza et
al., 2013; Mukherjee et al., 2009; Pires and Dolan, 2010). It is possible that TF evolution was
accompanied by the origin of new subfamilies during land plant evolution. To test the hypothesis that
the origin of novel TF subfamilies paralleled the radiation of plants on land a gene tree analysis was
conducted on two of the major pan-eukaryotic TF families (included in the 48 TF families examined
above), Homeodomain (HD) and basic Helix-Loop-Helix (bHLH) (Degnan et al., 2009; Gyoja, 2014;
Holland, 2013; Mukherjee et al., 2009; Nam and Nei, 2005; Pires and Dolan, 2010; Sakakibara, 2016;
Simionato et al., 2007).

13 of the 14 subfamilies of Homeodomain transcription factors are present in streptophyte algae

Phylogenetic analysis of Archaeplastida HD proteins (fig. 2A, supplementary fig. S1) resolved the 14
monophyletic subfamilies previously reported by Mukherjee and colleagues (2009). 11 of the 14
subfamilies are supported by Shimodaira-Hasegawa-like approximate likelihood ratio test (SH-like
aLRT) values over 0.85 (supplementary fig. S1). There are 26 HD TFs in 13 subfamilies in the
genome of the streptophyte algae K. flaccidum (fig. 2A, Supplementary table 2); NDX is the only land
plant subfamily that is not present the K. flaccidum genome. This indicates that at least 13 HD
subfamilies had originated in an aquatic streptophyte ancestor before colonisation of the land.
Phylogenetic analysis of the 19 M. polymorpha HD TFs indicates that all 14 HD subfamilies
previously described in land plants are present in this early diverging land plant. Furthermore, there is
a single gene in the majority of K. flaccidum and M. polymorpha subfamilies, whereas there are
multiple genes in the same subfamilies of angiosperms (Supplementary table 2). The majority (13/14)
of TF subfamilies was also present before the colonization of the land, as described above in the
analysis of all TF families. Thus the colonization and subsequent diversification of plants on land was
not accompanied by the substantial evolution of new HD subfamilies.

26 of the 30 land plant basic helix-loop-helix subfamilies were present in the first land plants

The analysis of the gene tree of Archaeplastida bHLH genes indicated that the major families and
subfamilies had evolved before the colonisation of the land as observed with HD subfamilies. This
analysis revealed that there is a single bHLH protein in the red alga, C. merolae and 3 bHLH proteins
encoded in the genomes of the chlorophytes C. reinhardtii and V. carteri (Supplementary table 3).
However, none of the 30 streptophyte bHLH subfamilies were found in either red algae or
chlorophytes (fig.2B). There are 10 K. flaccidum bHLH TFs in 6 subfamilies all of which were



previously described in land plants — I\VVb, IVc,Vb, VIlI(a+b), XI and XIII. The genome of the
liverwort M. polymorpha encodes 49 bHLH proteins which comprise 25 of the 30 plant bHLH
subfamilies (fig. 2B, Supplementary table 3). The M. polymorpha sequences, together with the
sequences of P. patens, S. moelendorffii, O. sativa and A. thaliana, defined 4 new monophyletic
bHLH subfamilies: 1Vd(2), VIlIc(3), XVI and XVII. 23 of the 30 bHLH subfamilies are monophyletic
clades supported by SH-like aLRT values greater than 0.85 (supplementary fig. S2). The numbers of
bHLH subfamilies in the earliest divergent land plants (M. polymorpha and P. patens) allow us to
infer that 26 bHLH subfamilies were present in the first land plants.

These data indicate that some new bHLH subfamilies evolved while other subfamilies were
lost during the course of land plant evolution. Subfamilies V1lic(3) and X VI are present only in
bryophytes (liverworts and moss) suggesting that subfamilies V11lc(3) and XV1 were either lost
before the origin of vascular plants or that they evolved independently in the case that bryophyte
constitute a monophyletic clade (Cox et al., 2014; Wickett et al., 2014). There are only non-seed plant
proteins in subfamily XVII. The most parsimonious interpretation of this result is that subfamily
XVII was lost in the lineage giving rise to the seed plants after the divergence of the lycophytes from
the seed plants (fig. 2B, Supplementary table 3). Moreover, subfamilies 1b(2), IVd(1), IVd(2) and XV
are present in angiosperms only (fig. 2B, Supplementary table 3), suggesting that these 4 subfamilies
evolved in the lineage leading to the angiosperms after the divergence of lycophytes and seed plants.
These data suggest that in contrast to HD subfamilies evolution, there were losses and origins of new
bHLH subfamilies during the evolution of plants on land. The presence of 6 bHLH subfamilies in K.
flaccidum compared to 26 bHLH subfamilies in bryophytes (M. polymorpha and P. patens) suggests
that the majority of bHLH subfamilies originated around the time that plants colonised the land, or at
very least after the time when K. flaccidum and early diverging land plants last shared a common
ancestor.

Precambrian evolution of the majority of the HD and bHLH subfamilies in plants and
metazoans

To independently assess if morphological diversification was predated by the evolution of the
majority of TF subfamilies in another eukaryotic radiation we contrasted the evolution of both HD
and bHLH families in metazoans (Degnan et al., 2009; Larroux et al., 2008; Ryan et al., 2010).
Strikingly, in metazoans, like plants, there was an early origin followed by a stepwise increase of the
majority of HD and bHLH subfamilies before the radiation of bilaterians (fig. 3). This observation
indicates that the evolution of the majority of HD and bHLH subfamilies in the Precambrian predated
the major morphological diversification in both plants (radiation of land plants) and metazoans
(radiation of bilaterians) in the Phanerozoic (Clarke et al., 2011; Erwin et al., 2011; Kenrick and
Crane, 1997a; Parfrey et al., 2011).

We demonstrate that there was a stepwise increase in the number of TF families during the
course of Archaeplastida evolution before the colonisation of the land by plants. The majority of plant
TF families had already evolved by the time the first plants colonised the land. This stepwise increase
in the number of families before the radiation of land plants is paralleled by a similar stepwise
increase in the number of subfamilies in two of the major pan-eukaryotic TF families (HD and
bHLH). Taken together, these data demonstrate that there was a gradual increase in the number of TF
families and subfamilies before the radiation of plants on land. This was followed by a relatively
small increase in the number of TF families and subfamilies during and after the land plant radiation.
Therefore the morphological radiation of land plants was accompanied by an increase in number of
TF proteins within these highly conserved TF subfamilies. Similarly metazoan TFs originated in the
Precambrian before the bilaterian radiation. This suggests that TF diversification in the Precambrian
preceded two major radiations in organismal diversity in distant branches of the tree of life.



Materials and Methods are described in Supplementary Material.
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Figure 1. Distribution of transcription factor families in plants. Cladogram of Archaeplastida
phylogeny (based on Finet et al. 2010, Cox et al. 2014, Wickett et al. 2014) with the origin of the
transcription factor families (within green boxes) and total number of transcription factor families
(grey) present at each ancestral node (circled numbers) and in extant species (coloured according to

clade).
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Figure 2. Phylogenetic analysis of Homeodomain and bHLH Archaeplastida transcription
factors. Circular cladograms representing the Maximum Likelyhood (ML) analysis of Archaeplastida
homeodomain (A) and basic Helix-Loop-Helix (B) transcription factor proteins. The trees are
unrooted ML generated with the software PhyML 3.0, (Guindon et al., 2010) using the JTT model of
amino acid substitution, an estimated gamma distribution parameter and a SH-like aLRT test.
Subfamiles are grouped with blue ellipses. Coloured dots represent protein presence in each
subfamily. Arabidopsis thaliana (orange); Oryza sativa (grey); Selaginella moellendorffii (gold);
Physcomitrella patens (blue); Marchantia polymorpha (green); K. flaccidum (yellow) Chlorophytes-



Chlamydomonas reinhardtii; Ostreococcus tauri; Volvox carteri (black). See supplementary fig. S1
and S2 for fully annotated trees.
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Figure 3. A Precambrian origin the majority of HD and bHLH Transcription Factor
subfamilies. The number of HD (black) and bHLH (red) subfamilies present at each node of a
simplified time calibrated phylogeny of animals and Archaeplastida. Subfamily number for
Archaeplastida based on the current study and for animals based on (Degnan et al., 2009; Larroux et
al., 2008; Ryan et al., 2010). Phylogenetic tree for Archaeplastida based on (Cox et al., 2014; Wickett
et al., 2014), time calibrations for land plants based on (Clarke et al., 2011), time calibration for the
origin of streptophytes based on (Parfrey et al., 2011). Phylogeny and time calibration of animals
based on (Erwin et al., 2011). Dashed lines lack time calibrations. Abbreviated taxa names are At,
Arabidopsis thaliana; Os, Oryza sativa; Sm, Selaginella moellendorffii; Pp, Physcomitrella patens;
Mp, Marchantia polymorpha; Kf ,Klebsormidium flaccidum; Ot, Ostreococcus tauri; Aq,
Amphimedon queenslandica; Nv, Nematostella vectensis; Sp, Strongylocentrotus purpuratus; Hs,
Homo sapiens; Dm, Drosophila melanogaster; Lg, Lottia gigantea.



