bioRxiv preprint doi: https://doi.org/10.1101/2023.01.10.523452; this version posted January 11, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Updated phylogeny and protein structure predictions revise the hypothesis on the

origin of MADS-box transcription factors in land plants

Yichun Qju %7, Zhen Li 347, Dirk Walther 1, Claudia Kéhler %2*

1 Max Planck Institute of Molecular Plant Physiology, Potsdam-Golm, Germany, 14476.

2 Swedish University of Agricultural Sciences & Linnean Center for Plant Biology, Uppsala

BioCenter, Uppsala, Sweden, 75007.

3 Department of Plant Biotechnology and Bioinformatics, Ghent University, Ghent,

Belgium, 9052.

4VIB Center for Plant Systems Biology, VIB, Ghent, Belgium, 9052.

" equal contribution
* corresponding author: Claudia Kohler

Mail: Max Planck Institute of Molecular Plant Physiology, Am Mihlenberg 1, Potsdam-
Golm, Germany, 14476

Phone: +49 331 567-8100

Email: Koehler@mpimp-golm.mpg.de

Key words: MADS-box transcription factors, land plants, MEF2, M-type, gene

duplication


mailto:Koehler@mpimp-golm.mpg.de
https://doi.org/10.1101/2023.01.10.523452
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.10.523452; this version posted January 11, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Abstract

MADS-box transcription factors (TFs) are broadly present in eukaryotic genomes. Varying
by domain structures, MADS-box TFs in plants are categorized into M-type and MIKC-type.
For about twenty years, M-type genes were considered closely related to the SRF genes
in animals, collectively referred to as Type | MADS-box genes. MIKC-type and animal MEF2
genes were grouped as Type Il, presumably duplicated with Type | genes before the
divergence of eukaryotes. Exploiting available genomic data, we reassessed the
evolutionary history of eukaryotic MADS-box genes and propose an alternative
hypothesis. Our phylogenetic analyses support the ancient duplication of SRF/MEF2;
however, both M-type and MIKC-type originated from the lineage of MEF2 via another
duplication event before the divergence of land plants. Protein structures predicted by
AlphaFold2 support this evolutionary scenario, with both M-type and MIKC-type proteins
in plants resembling the MEF2 3D structure, distinct from SRF. Therefore, we propose that
the most recent common ancestor of Archaeplastida (the kingdom Plantae) likely did not
inherit any SRF gene. The retained MEF2 TFs acquired a Keratin-like domain and became
MIKC-type upon the evolution of Streptophyta. Subsequently in land plants, M-type TFs
evolved from a duplicated MIKC-type precursor through loss of the Keratin-like domain.
M-type and MIKC-type then largely expanded and functionally differentiated in concert
with the increasing complexity of land plant body architecture. We attribute the adaption
to the terrestrial environment partly to the divergence among MEF2-type MADS-box
genes and the repetitive recruitment of these originally stress-responsive TFs into

developmental programs, especially those underlying reproduction.
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Introduction

MADS-box transcription factors (TFs) are broadly present in eukaryotes. They regulate
diverse and important biological functions as reported in animals, fungi, plants, and
protists (reviewed in Messenguy and Dubois 2003). The name derives from the four
founding members, Minichromosome maintenance 1 (Mcm1) from Saccharomyces
cerevisiae, AGAMOUS from Arabidopsis thaliana, DEFICIENS from Antirrhinum majus, and
Serum response factor (SRF) from Homo sapiens (Schwarz-Sommer et al. 1990). Animal
genomes generally encode for two types of MADS-box genes, SRF and myocyte enhancer
factor-2 (MEF2) genes that are present in one to a few copies. The budding yeast
Saccharomyces cerevisiae has four MADS-box genes; Mcm1 and Arg80 are related to the
animal SRF, and RIm1 and Smpl are related to MEF2. Several phylogenetic analyses
inferred the origin of SRF and MEF2 types through an ancient gene duplication event
(Fig.1a,b; Theissen et al. 1996; Alvarez-Buylla et al. 2000; Gramzow et al. 2010). After the
gene duplication the two ancestral genes of the distinct types diverged by the domains
downstream of the MADS domain; while SRF type TFs are characterized by a SAM domain
(SRF, ARG80 and MCM1), the corresponding region in MEF2 type TFs is referred to as the
MEF2 domain (Shore and Sharrocks 1995). The crystal structures of several MADS-box TFs
have been resolved, including human SRF and budding yeast MCM1, human MEF2A and
mouse MEF2C. The conserved MADS domain comprises an alpha helix, followed by two
antiparallel beta strands. MEF2 and SRF structures differ in the second alpha helix,
constituted by the SAM or MEF2 domain, respectively, where a kink in the SAM domain
of SRF TFs changes the orientation of the second helix in the opposite direction to that of
MEF2 TFs (Fig.2a). The two alpha helices and the connecting beta strands build up the

interface for TF dimerization and DNA-binding.

In land plants, MADS-box TFs (generally known as AGAMOUS-like (AGL) genes) have
evolved to be a flourishing family with typically as many as 50 to over 100 members in
angiosperms, in sharp contrast to the family size of MADS-box genes in other eukaryotes
(Gramzow and Theissen 2013). According to the domain architecture, the MADS-box TFs

in land plants can be specified into two types: while the M-type (Type I) TFs share no well-
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known conserved domain following the MADS-box domain, the MIKC-type (Type Il) TFs
have the MADS-box domain followed by the Intervening, Keratin-like and C-terminal
domains, among which the K domain is likely specific for plants (Alvarez-Buylla et al. 2000;
Parenicova et al. 2003). Due to their critical roles in establishing floral organ identity in
angiosperms, the MIKC-type MADS-box genes have been extensively studied. In contrast,
M-type MADS-box genes have only been identified along with the first angiosperm
genome of Arabidopsis thaliana, and gradually emerging studies have linked their
functions to the development of the female gametophyte and endosperm (Bemer et al.
2010; Masiero et al. 2011; Qiu and Kohler 2022). Besides their distinct domain
arrangements, land plants M-type and MIKC-type MADS-box genes vary in their
expression domains, numbers of exons; and noticeably, M-type MADS-box genes are fast
evolving and frequently undergo duplication and loss (Parenicova et al. 2003; Nam et al.

2004).

Among many known regulatory functions, MADS-box TFs act as major regulators of plant
reproduction and have been closely connected with the rise of flowering plants to
ecological dominance (Ng and Yanofsky 2001; Kaufmann et al. 2005). The family size of
MADS-box genes has been linked to the complexity of the plant body plan (Theissen et al.
1996; Thangavel and Nayar 2018; Kaufmann et al. 2005). Thus, solving the origin and
subsequent diversification of plant MADS-box genes is required to understand the

evolutionary success of land plants.

Upon the discovery of M-type MADS-box genes, a timely survey suggested that M-type
and MIKC-type genes in plants are orthologous to the SRF and MEF2 genes in other
eukaryotic lineages, respectively (Alvarez-Buylla et al. 2000). Based on this model, an
ancient duplication before the divergence of the extant eukaryotic lineages gave birth to
the two classes of MADS-box genes in plants, likewise in animals and other eukaryotes.
This model has been influential in the field of MADS-box evolution and served as a basis
for investigations of MADS-box gene evolution across all phylogenetic scales.
Nevertheless, some thoughtful critics on this model have been neglected for a while

(Kaufmann et al. 2005; De Bolt et al. 2003). Limited by the data availability twenty years
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ago, indeed, as noted by the authors (Alvarez-Buylla et al. 2000), the clustering of M-type
TFs in plants and SRF TFs in animals and fungi was not well supported in the original study

based on only a few Arabidopsis, animal, and fungal sequences.

The emerging genomes of Charophytes, the paraphyletic algal relatives of land plants,
have shed light on the evolution of gene families underlying the successful
terrestrialization of land plants. In the genomes of Chara braunii and Klebsormidium
flaccidum, only MIKC-type MADS-box genes are present (Nishiyama et al. 2018; Hori et al.
2014). Furthermore, in the genomes of the green algae Chlamydomonas reinhardtii,
Ostreococcus tauri, Ostreococcus lucimarinus and the red algae Cyanidioschyzon merolae,
no MIKC-type gene could be detected; however, the annotated MADS-box TFs, although
without a K domain, are identified as MEF2 type (Type Il) (Kaufmann et al., 2005;
Thangavel and Nayar 2018). Thus, SRF type MADS-box genes have so far never been found
in the charophycean, green or red algae. If M-type MADS-box TFs in land plants are
descendants of ancestor SRF genes as stated by the popular model, the orthologous SRF
genes should have been lost convergently and repeatedly in all of successive sister groups.
Thus, the systematic lack of SRF type genes in these lineages challenges the orthology
between M-type MADS-box TFs in land plants and SRF TFs in animals and fungi. We
therefore propose an alternative model explaining the evolution of MADS-box genes in

the green lineages.

Results

Ancient duplication of MEF2 and SRF clades is supported using newly available genome

sequences

Capitalizing on newly available genome sequences spanning the broad phylogeny of
eukaryotes, we re-evaluated the original phylogenetic model of MADS-box gene
evolution with extended sample sequences. We searched published genomes of different
lineages of eukaryotes and identified MADS-box genes in 175 species (Supplementary
table 1). The species represent seven currently accepted eukaryotic groups: 1.
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Archaeplastida (e.g., streptophytes including land plants, green algae,
Prasinodermophyta, red algae, and glaucophytes), 2. Cryptista, 3. Haptista, 4. SAR
supergroup which are Stramenopila (e.g., brown algae, diatoms, oomycetes) / Alveolata
(e.g., ciliates, dinoflagellates, Apicomplexa) / Rhizaria, 5. Amorphea (e.g., animals, fungi,
amoebae), 6. Discoba, and 7. Metamonada (the latter two formerly were collected in

Excavata) (Burki et al. 2020).

Using the MADS-box domain sequences as input, we inferred phylogenetic trees with
maximum likelihood, neighbour joining, and Bayesian inference. All three methods
consistently find that the MADS domain sequences naturally form two major clades,
corresponding to current SRF and MEF2 lineages, as referenced by the known SRF and
MEF2 genes from animals, fungi, and amoebae (Fig.3; Supplementary Fig.S1). This finding
supports the overarching hypothesis that an ancient duplication of a MADS-box gene gave
rise to the SRF and MEF2 precursors. We found both SRF and MEF2 types of MADS-box
genes in nearly all of the surveyed Amorphea species, as well as Cryptista and Haptista.
Furthermore, two species in Discoba, representing a distinct group distantly diverged
from the plant and animal lineages, have both types of MADS-box genes (Supplementary
table 1). Together, this data provides supporting evidence for the presence of SRF and

MEF2 type MADS-box genes early before the diversification of modern eukaryotes.
MEF2 and SRF MADS-domains form distinct structures

SRF and MEF2 type MADS-box domains are known to form distinct protein structures
(Fig.2a). We applied AlphaFold2 to predict the structures of identified eukaryotic MADS-
box TFs and categorized predicted structures as either SRF or MEF2 type based on their
overlay pattern with resolved MADS-box structures (Fig.2b,c; Supplementary table 2). We
first analyzed the structures of Amorphea and Discoba TFs that inferred by phylogeny
belong to the MEF2 type. Indeed, the human SRF model was rejected, while the human
MEF2A model fitted well. In contrast, the sequences present in the SRF clade fitted

significantly better the human SRF model than the human MEF2A model (Fig.2b,c;
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Supplementary Fig.S2). This data indicates that the predicted structure of the MADS-

domain aids to classify proteins into MEF2 or SRF.
Land plant Type | and Il MADS-box TFs are both MEF2 type

Previous analyses predicted that Type | (M-type) MADS-box genes in land plants are more
closely related to the SRF type (Alvarez-Buylla et al. 2000). In contrast, our phylogenetic
analyses using three different approaches consistently predicted that Type | MADS-box
genes in land plants, clustered within the MEF2 clade. The latter, as expected, also
includes plant Type Il (MIKC-type) genes. Thus, both M-type and MIKC-type genes are
inferred to be MEF2 type and no SRF gene is present in land plants. We further tested this
finding using structural analyses. With the predicted models by AlphaFold2, MIKC-type
TFs in land plants resemble the MEF2 structure (Fig.2d). Similarly, M-type TFs in land
plants all mapped better to the human MEF2A compared to the SRF structure. The second
alpha helix of M-type TFs was not predicted to be twisted by a kink, as found in SRF type
TFs. Arabidopsis SEPALLATA 3 (AtSEP3) is thus far the only resolved crystal structure of a
plant MADS-box protein and as expected, it displays an MEF2 structure as a MIKC-type TF.
There is no resolved structure for plant M-type MADS-box TFs up to now. The predicted
models for both, MIKC-type) and M-type TFs in land plants, did well align with the AtSEP3
structure (Fig.2d), though with higher alignment scores for MIKC-type TFs, consistent with
them being more closely related to AtSEP3. Tightly adjacent to the MADS domain at the
C-region, the | domain of MIKC-type TFs resembles the second helix of the MEF2 domain
in Amorphea MEF2 type TFs. The second alpha helix in the predicted structural models of
the M-type TFs is formed by an Intervening domain-like region (Lai et al. 2021). While
initially not defined, the I-like domain in the Arabidopsis M-type TFs has been shown to
be required for both dimerization and DNA binding, functionally equivalent to the

Intervening domain in MIKC-type TFs (Lai et al. 2021).
Loss of SRF type genes in the most recent common ancestor of Archaeplastida

The origin and divergence of M-type and MIKC-type MADS-box genes in land plants can

be further inferred from the sister green lineages. In line with previous findings, the
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presence of only MEF2 type genes and the absence of SRF is observed in the genomes of
streptophytic algae, a series of successive sister groups of land plants. Klebsormidium
nitens, Mesostigma viride and Penium margaritaceum each have only one MEF2 gene;
Chlorokybus atmophyticus, Chara braunii and Spirogloea muscicola have more than one
copy, probably because of lineage-specific duplication (Supplementary table 1). The single
MEF2 clade of MADS-box genes along the evolution of streptophytes further suggests
that M-type and MIKC-type MADS-box TFs were formed by gene duplication in the
common ancestor of land plants. The loss of SRF type genes may be tracked back before
the diversification of the whole Archaeplastida clade. In green algae and a third lineage
of green plants, Prasinodermophyta, represented by Prasinoderma coloniale, there is no
confidently predicted SRF gene either. In a few species belonging to the core Chlorophyta
we found some genes harboring a partial SRF-like MADS-box domain; but these SRF-like
genes are quite divergent from other SRF sequences, represented by long branches, low
support scores and inconsistent phylogenetic clustering (Supplementary Fig.S3). Their
best BLASTP hits against all other MADS-box sequences were fungal SRF genes, indicating
that they probably arose from a horizontally transferred fragment in a common ancestor
of core chlorophytes. Sister to the green plants, likewise, none of the red algae surveyed
has an SRF gene, neither does the glaucophyte Cyanophora paradoxa. The lack of SRF
genes in the Archaeplastida lineage is unlikely a consequence of multiple independent
losses; instead, it raises the more parsimonious model that a common ancestor of the
Archaeplastida lineage did not inherit an SRF gene. MEF2 type ancestral genes remained
single-copy in many genomes, as reflected by most of the green algae and the
glaucophyte algae. However, in a few lineages MEF2 genes got duplicated, for example in
some red algae and streptophytes, and most pronouncedly in the land plant lineages. In
agreement with this evolutionary scenario, Archaeplastida MADS-box TFs with or without
a K domain, were all predicted by AlphaFold2 to align to the MEF2, not the SRF model
(Fig.2a; Supplementary Fig.S2). All these MEF2 type structural models share the
Intervening or MEF2 domain-like region, which constitutes the second helix with no kink.

The same prediction holds, specifically, for MIKC-type TFs in streptophytic algae, which


https://doi.org/10.1101/2023.01.10.523452
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.10.523452; this version posted January 11, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

are close sister genes to the land plant M-type and MIKC-type MADS-box genes (Fig.2a;
Supplementary Fig.S2) Thus, the predicted protein structures nicely mirror the suggested
phylogeny and support the MEF2 origin of both M-type and MIKC-type MADS-box genes

in land plants through lineage-specific gene duplication (Fig.1c).
Evolution of IKC domains after the MADS domain

In contrast to the previous proposition that the | domain in plant MIKC-type TFs and the
MEF2 domains in animals and fungi were independently acquired, the second alpha helix
in all MEF2 type TFs is likely to have a common origin. While previously unrecognized, the
I-like region in the M-type TFs and the corresponding region constituting the second helix
in the algal Archaeplastida MADS-box TFs are homologous to the I/MEF2 domain and
functionally conserved. Meanwhile, the SAM domain present in SRF type TFs has
gradually diverged from the precursor of the MEF2 domain, configuring the kink that
changes the orientation of the helix. Thus, the MADS-box domain that originally only
included the first helix and the antiparallel strands, can be extended to include the second
helix, since the helix-strand-helix structure is one functional unit and likely evolved
together. The phylogenetic trees generated with the alignments of only the conventional
MADS-box region largely agree with the phylogeny inferred from the alignments using

the extended region (Fig.3; Supplementary Fig.4).

Analysing the C-terminal sequences of these MEF2 type MADS-box genes in
Archaeplastida, we could also infer the gain and loss of the Keratin-like domain. Our data
confirmed the proposed streptophytic origin of MIKC-type MADS-box genes (Kaufmann
et al.,, 2005; Thangavel and Nayar 2018) and suggest that a MEF2 gene in ancestral
Streptophyta acquired the K domain and continued evolving as the plant-specific MIKC-
type. This is supported by the fact that K domains can only be identified in streptophytic
MADS-box genes by conserved domain search, but are absent in green algae or
Prasinodermophyta, and other eukaryotic groups. Subsequently, upon the rise of M-type

genes in land plants by duplication of a MIKC-type ancestral gene, the K domain got lost.

Sporadic losses of MADS-box TFs across eukaryotes
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Except for the Archaeplastida, some other species have only either SRF or MEF2 type TFs
(Supplementary table 1). For example, three species in the Microsporidia, a group of
unicellular parasites closely related to fungi, have only SRF type TFs. Sphaeroforma arctica
and Thecamonas trahens, two successive sister groups of animals and fungi, also only
have SRF type TFs. In the Haptista, the species Chrysochromulina tobin has only the SRF
type, but three other species have only MEF2 type TFs, suggesting reciprocal losses after
the divergence from a common ancestor comprising two types of MADS-box genes.
Species in the SAR group, ciliates, oomycetes and the cercozoan Plasmodiophora
brassicae have only MEF2 type TFs. Some surveyed species belonging to the green algae,
the brown algae, diatoms, dinoflagellates and several Metamonada and Discoba protists
among others have no extant MADS-box genes (Supplementary table 1). We tested the
possibility that the observed lack of a certain type, or both, of MADS-box TFs is a result of
incomplete gene annotations. We therefore scanned the genomes with the profile hidden
Markov model for known MADS-box domains (PF00319) from Pfam (Paysan-Lafosse et al.
2022). We indeed identified some unannotated and incomplete MADS-domains in a few
species (Supplementary table 3); importantly however, no SRF open reading frame was
detected in the Archaeplastida. The most parsimonious explanation for this finding is that

SRF genes were lost in the common ancestral lineage leading to the Archaeplastida.

Discussion

Supported by an updated phylogeny and models of protein structure, we propose that in
the land plant lineage M-type (previously termed Type | and SRF-type) MADS-box TFs
arose as a second clade of MEF2 type TFs. Most likely, this was the result of a gene
duplication event of a Type lI-like (MIKC-type) ancestral gene that was followed by rounds
of gene duplication events largely expanding the MADS-box gene family. This new model
of the MEF2 evolutionary trajectory is favored by the parsimonious principle considering
the absence of SRF genes in the sister lineages of Archaeplastida, specifically those of

streptophytic algae (Fig.1c).
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The major difference between our proposed model and the previous popular model is the
origin of plant M-type MADS-box genes. M-type genes are known to have high
substitution rates (Nam et al. 2004), which is reflected by long branches (Fig. 3;
Supplementary Fig.1). Previous studies claiming M-type genes in Arabidopsis are less
closely related to fungal and animal MEF2 genes have suffered from biased and
inadequate sampling. The limitation in sequence sampling also affected another early
model, which suggested that M-type genes are polyphyletic, while MIKC-type genes are
MEF2-like genes (Kofuji et al. 2003). The surge of eukaryotic genomes filled the gaps
between distantly related animal and plant sequences and made it possible to calibrate
the incomplete phylogeny of the MADS-box gene family. Specifically, those species
representing diverse, previously underrepresented protist groups provided
comprehensive support for the hypothesized ancient duplication of SRF and MEF2 types.
At the same time, the Charophytic genomes serve as a great reference for the gene family
evolution in land plants. We thus took the opportunity to revisit the phylogeny of this

gene family that was likely a key driver for plants adapting to land ecosystems.

Our study also confirmed the sharp contrast between MADS-box gene family size in land
plants compared to that in other eukaryotes, as previously noted in animals and fungi
(Theissen et al. 1996; Thangavel and Nayar 2018). Most eukaryotes have only few MADS-
box genes (Supplementary table 1), revealing that the low-copy status remained constant
during the evolution of protist-like stages, and including early Archaeplastida. However,
following the inferred duplication of M-type and MIKC-type coupled with the
terrestrialization of plants, the MADS-box gene family largely expanded, which provided
the raw genetic material for subsequent functional differentiation. There have been
extensive studies showing that MADS-box TFs are key regulators of plant organ formation,
similar to homeobox genes in animals (Nam et al. 2003). The expansion of the MADS-box
gene family has been proposed to be linked to the increasing complexity of extant land
plants (Gramzow et al. 2014; Thangavel and Nayar 2018). Convergently and in concert
with the evolution of multicellularity, while less abundant in copy number, SRF and MEF2

genes in metazoan animals are both functioning in embryo patterning and continue to
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regulate muscle development after maturity (reviewed in Potthoff and Olson 2007).
Nevertheless, since multicellularity evolved independently in animals and plants, the
ancestral function of MADS-box genes may have been different. The missing link for
inferring the ancestral functional role of MADS-box genes lies in the unicellular, or under-

differentiated multicellular eukaryotes.

Both MEF2 and SRF genes in unicellular and multicellular fungi, amoebae, and oomycetes
have been shown to function in various stress response (Messenguy and Dubois 2003;
Ding et al. 2020; Rocha et al. 2016; Wang et al. 2018; Galardi-Castilla et al. 2013;
Leesutthiphonchai and Judelson 2018). Thus, the regulation of stress responsive
programs is possibly the ancestral function of MADS-box genes, which has been
maintained in multicellular metazoans, both invertebrates and vertebrates (Vrailas-
Mortimer et al. 2011; Blanchard et al. 2010; van der Linden et al. 2007; Potthoff and Olson
2007). The stress-responsive rather than housekeeping function of ancestral MADS-box
genes could explain the observed gene loss in several extant lineages. Originated from an
ancestral stress-responsive TF, SRF and MEF2 initially had presumably redundant
functions upon duplication. Thus, the loss of SRF could have been compensated by MEF2
TFs in the unicellular ancestor of Archaeplastida. Supporting this assumption, the only
MADS-box TF studied in microalgae, Coccomyxa subellipsoidea CsubMADS]1, acts as a key
regulator of stress tolerance (Nayar and Thangavel 2021). The colonization of the
terrestrial habitat most likely required an expansion of the genetic toolkit regulating
stress responses. Consistently, many MADS-box TFs have known function in regulating
the response to stress, like FLOWERING LOCUS C (FLC), ARABIDOPSIS NITRATE
REGULATED 1 (ANR1, AGL44) or AGL21 (Castelan-Muiioz et al. 2019).

In many unicellular organisms, the onset of reproduction is frequently induced by
environmental stress, which may have facilitated the recruitment of MADS-box genes into
the reproductive program (Piccirillo et al. 2015; Galardi-Castilla et al. 2013; Escalante et
al. 2003; Leesutthiphonchai and Judelson 2018). In the land plant lineage, the evolution
of spores and seeds that allow to withstand adverse environmental conditions may have

been made possible by coupling the MADS regulation of resistance to reproductive
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development. This is particularly evident in flowering plants, where MADS-box genes
regulate floral patterning, but also the onset of flowering in responses to environmental

cues (Castelan-Munoz et al. 2019).

In summary, we conclude that the duplication of ancestral MEF2 type genes after plant
landing gave rise to M-type and MIKC-type precursors that likely generated the genetic
toolkit allowing both vegetative and reproductive programs sensing the environment,
facilitating the evolution of complex structures adapted to the terrestrial environment.
The varying sequences in the C-terminus of M-type and MIKC-type TFs largely increased
the diversity of protein-protein interaction and thus the potential to form regulatory
complexes. Multiple rounds of duplication and diversification of MIKC-type and M-type
TFs likely have promoted the transition from a gametophyte-dominant to a sporophyte-
dominant life cycle by equipping the sporophytic phase with developmental innovations

such as flowers, fruits and seeds.

Interestingly, while animal MEF2 gene family did not expand as dramatically as the land
plant orthologs, the increasing forms of splice variants have also largely increased the
diversity of animal MEF2 TFs (Theissen et al. 1996). Animal MEF2 TFs are expressed
predominantly within the early mesoderm (Potthoff and Olson 2007), which further
differentiates into muscles and vascular and neuronal tissues, so that its function greatly
promotes the mobility, integrity and sensibility of metazoans. Convergently, the plant
MEF2 genes got recruited into body patterning and reproduction in response to
environmental stimuli. Thus, during the evolution of multicellularity in both animals and
plant, MEF2 type MADS-box TFs contributed to the formation of increasingly complex

body plans adapted to the surrounding environment.

Methods

Sequence and phylogenetic analyses
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To search for MADS-box proteins in the investigated species (Supplementary table 1),
amino acid sequences of MADS-box proteins of Arabidopsis thaliana, human and yeast
were used as queries in BLASTP programs. The output sequences were aligned to the
MADS domain entries in the Conserved Domain Database (Lu et al. 2020) by the
conserved domain search tool, CD-Search (Marchler-Bauer and Bryant 2004), which
guided the extraction of MADS domains in each species. To inspect any missed MADS-box
genes, HMM searches were carried out with HMMER (Eddy 2011). Genomes of interest
were scanned against the MADS-box TF associated profile hidden Markov model
(PFO0319) retrieved from Pfam (now hosted by InterPro, http://www.ebi.ac.uk/interpro/)
(Paysan-Lafosse et al. 2022).

MUSCLE was used to generate the amino acid alignments of MADS-box domains
extracted from the selected sequences with default settings (Edgar 2004). We prepared
two sets of alignments for the subsequent phylogenetic analyses: the alignments of only
the conventional MADS-box region corresponding the first helix and the antiparallel
strands; the alighments of the extended MADS-box domain definition to include the

second helix additionally.

IQ-TREE 1.6.7 was applied to perform phylogenetic analyses for maximum likelihood trees
(Nguyen et al. 2015). The implemented ModelFinder determined LG amino acid
replacement matrix (Le and Gascuel 2008) to be the best substitution model in the tree
inference (Kalyaanamoorthy et al. 2017). 1000 replicates of ultrafast bootstraps were
applied to estimate the support for reconstructed branches (Hoang et al. 2018). MEGA11
was applied to generate neighbour-joining trees (Tamura et al. 2021), with p-distance
(proportion of different amino acids), gamma distribution allowed for rate among sites
and gaps treated by pairwise deletion. 1000 bootstrap replicates were generated and
majority rule defines the consensus tree. Bayesian inference was carried out by
Phylobayes (v3.2) under the CAT+GTR model with two chains. A consensus tree was built
after the two chains were converged with the maxdiff less than 0.3 and the effective

sample sizes of different parameters larger than 100 (Lartillot et al. 2009).
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Protein structure prediction and analyses

We predicted the protein structures of selected MADS-box TFs by the web-based service
ColabFold

(https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2
.ipynb) (Mirdita et al. 2022). The top ranked models were compared to resolved MADS-
box protein structures, HSMEF2A (1EGW), HsSRF (1HBX) and AtSEP3 (7NBO), chains A
respectively, downloaded from RCSB Protein Data Bank (https://www.rcsb.org/). The
program “maxcluster” (http://www.sbg.bio.ic.ac.uk/~maxcluster/index.html) was used
to perform structural comparisons based on computed TM-scores (Zhang and Skolnick

2005).
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Figures and legends

Fig.1 The models of MADS-box transcription factor (TF) evolution. a. The model by
Theissen et al. (1996): Before the identification of M-type MADS-box TFs, known MADS-
box TFs in plants were all belonging to the MIKC-type. The two types of MADS-box TFs in
animals and fungi, SRF and MEF2, were considered duplicates that diverged after the split
of the plant and animal lineages. b. The model by Alvarez-Buylla et al. (2000): Upon the
identification of M-type MADS-box TFs in the genome of Arabidopsis thaliana, they were
considered orthologous to SRF type TFs in animals and fungi, collectively named Type |
MADS-box TFs, while MIKC-type in plants and MEF2 type in animals and fungi were
clustered as Type Il. Type | and || MADS-box genes originated by a hypothesized ancient

duplication event predating the plant and animal divergence. c. The model proposed in
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this study: With a broad survey across eukaryotes, the ancient duplication giving rise to
SRF and MEF2 can be inferred as early as the origin of the most common recent ancestor
of all living eukaryotic groups (consistent with model b). In several modern lineages both
types have been retained; however, in the lineage of Archaeplastida, SRF type TFs got lost,
and only MEF2 continued evolving. Subsequently, M-type and MIKC-type MADS-box TFs
originated by gene duplication of a MEF2-type precursor in a common ancestor of all land
plants. Black, primitive MADS-box TFs; yellow, SRF type; blue, MEF2 type; green, MIKC-

type; cyan, M-type. Square, gene duplication event; cross, gene loss.

Fig.2 Protein analyses of MADS-box TFs. a. Crystal structures (bold) of human SRF and
MEF2A, and Arabidopsis SEP3 that were used as templates for structural comparisons (A-
chains only), and AlphaFold2-predicted structural models of Archaeplastida MADS-box
proteins including M-type and MIKC-type in land plants. Models were trimmed to the
relevant structural segments matching the template structures. Structures were drawn
using Pymol (Schrédinger and DelLano 2020). b.c. Similarity scores of all predicted models
to human SRF and MEF2A, and Arabidopsis SEP3. SRF type (yellow) and MEF2 type (blue)
were inferred by phylogeny. d. Similarity scores of predicted models for land plant MADS-
box TFs to human SRF and MEF2A, and Arabidopsis AtSEP3.

Fig.3 Maximume-likelihood (ML) tree of selected MADS-box domains (the first and second
alpha helix and the connecting beta strands). Numbers for given branches of interest are
support values: bootstrap values in ML trees (bold) / posterior probability in Bayesian
inference (underlined) / bootstrap values in neighbor-joining trees. Branch color: yellow,
SRF type; blue, MEF2 type; green, MIKC-type; cyan, M-type. Sequence IDs colored by

category as listed on the right.

Supplementary materials

Fig.S1 a. Bayesian inference of phylogeny of surveyed MADS-box domains. Posterior
probabilities are labelled next to branches of interest. b. Neighbor-joining tree of

surveyed MADS-box domains. Bootstrap values are labelled next to branches of interest.
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Fig.S2 Similarity scores of predicted models in each taxonomic group to human SRF and

MEF2, and Arabidopsis SEP3.

Fig.53 Maximume-Likelihood tree of surveyed MADS-box domains with SRF-like sequences
in the core Chlorophytes (green clade pointed by the arrow). Bootstrap values are labelled

above branches of interest.

Fig.54 Phylogenetic trees inferred with the alignment of the conventional definition of
MADS domain (only the first helix and the beta strands). a. Maximum likelihood tree.
Bootstrap values are labelled next to branches of interest. b. Bayesian inference of
phylogeny. Posterior probabilities are labelled next to branches of interest. c. Neighbor-

joining tree. Bootstrap values are labelled next to branches of interest.
Table S1. Species surveyed in this study.

Table S2. Protein similarity scores of AlphaFold2 predicted models for MADS-box TFs to
human SRF and MEF2, and Arabidopsis AtSEP3.
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Fig.1 The models of MADS-box transcription factor (TF) evolution. a. The model by Theissen et al.
(1996): Before the identification of M-type MADS-box TFs, known MADS-box TFs in plants were all
belonging to the MIKC-type. The two types of MADS-box TFs in animals and fungi, SRF and MEF2,
were considered duplicates that diverged after the split of the plant and animal lineages. b. The
model by Alvarez-Buylla et al. (2000): Upon the identification of M-type MADS-box TFs in the
genome of Arabidopsis thaliana, they were considered orthologous to SRF type TFs in animals and
fungi, collectively named Type | MADS-box TFs, while MIKC-type in plants and MEF2 type in
animals and fungi were clustered as Type Il. Type | and Il MADS-box genes originated by a
hypothesized ancient duplication event predating the plant and animal divergence. ¢. The model
proposed in this study: With a broad survey across eukaryotes, the ancient duplication giving rise
to SRF and MEF2 can be inferred as early as the origin of the most common recent ancestor of all
living eukaryotic groups (consistent with model b). In several modern lineages both types have
been retained; however, in the lineage of Archaeplastida, SRF type TFs got lost, and only MEF2
continued evolving. Subsequently, M-type and MIKC-type MADS-box TFs originated by gene
duplication of a MEF2-type precursor in a common ancestor of all land plants. Black, primitive
MADS-box TFs; yellow, SRF type; blue, MEF2 type; green, MIKC-type; cyan, M-type. Square, gene

duplication event; cross, gene loss.
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Fig.2 Protein analyses of MADS-box TFs. a. Crystal structures (bold) of human SRF and
MEF2A, and Arabidopsis SEP3 that were used as templates for structural
comparisons (A-chains only), and AlphaFold2-predicted structural models of
Archaeplastida MADS-box proteins including M-type and MIKC-type in land plants.
Models were trimmed to the relevant structural segments matching the template
structures. Structures were drawn using Pymol (Schrédinger and DelLano 2020). b.c.
Similarity scores of all predicted models to human SRF and MEF2A, and Arabidopsis
SEP3. SRF type (yellow) and MEF2 type (blue) were inferred by phylogeny. d.
Similarity scores of predicted models for land plant MADS-box TFs to human SRF and
MEF2A, and Arabidopsis AtSEP3.
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Fig.3 Maximume-likelihood (ML)
tree of selected MADS-box
domains (the first and second
alpha helix and the connecting
beta strands). Numbers for given
branches of interest are support
values: bootstrap values in ML
trees (bold) / posterior probability
in Bayesian inference (underlined)
/ bootstrap values in neighbor-
joining trees. Branch color: yellow,
SRF type; blue, MEF2 type; green,
MIKC-type; cyan, M-type.
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