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Abstract

MADS-box transcription factors (TFs), among the first TFs extensively studied, exhibit a wide distribution across eu-
karyotes and play diverse functional roles. Varying by domain architecture, MADS-box TFs in land plants are cate-
gorized into Type | (M-type) and Type Il (MIKC-type). Type | and Il genes have been considered orthologous to the
SRF and MEF2 genes in animals, respectively, presumably originating from a duplication before the divergence of
eukaryotes. Here, we exploited the increasing availability of eukaryotic MADS-box sequences and reassessed their
evolution. While supporting the ancient duplication giving rise to SRF- and MEF2-types, we found that Type | and
Il genes originated from the MEF2-type genes through another duplication in the most recent common ancestor
(MRCA) of land plants. Protein structures predicted by AlphaFold2 and OmegaFold support our phylogenetic ana-
lyses, with plant Type | and Il TFs resembling the MEF2-type structure, rather than SRFs. We hypothesize that the
ancestral SRF-type TFs were lost in the MRCA of Archaeplastida (the kingdom Plantae sensu lato). The retained
MEF2-type TFs acquired a Keratin-like domain and became MIKC-type before the divergence of Streptophyta.
Subsequently in the MRCA of land plants, M-type TFs evolved from a duplicated MIKC-type precursor through
loss of the Keratin-like domain, leading to the Type | clade. Both Type | and Il TFs expanded and functionally differ-
entiated in concert with the increasing complexity of land plant body architecture. The recruitment of these origin-
ally stress-responsive TFs into developmental programs, including those underlying reproduction, may have
facilitated the adaptation to the terrestrial environment.
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phylogenetic analyses inferred the origin of SRF and
MEF?2 types through an ancient gene duplication event be-
fore the divergence of eukaryotes (fig. 1a) (Theissen et al.
1996; Alvarez-Buylla et al. 2000; Gramzow et al. 2010).
The two types can be distinguished by the domains down-
stream of the MADS domain; while SRF-type TFs are char-

Introduction

MADS-box genes are a famous and intriguing gene family,
broadly present in eukaryotic genomes. They encode
transcription factors (TFs) which regulate diverse and
important biological functions as reported in animals,
fungi, plants, and protists (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 have
two types of MADS-box genes, SRF and myocyte enhancer
factor-2 (MEF2) genes that are present in one to a few cop-
ies. The budding yeast Saccharomyces cerevisiae has four
MADS-box TFs; Mcm1 and Arg80 are related to the animal
SRF, and RIm1 and Smp1 are related to MEF2. Several

acterized 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 difference
is reflected by the resolved crystal structures of several
MADS-box TFs, including human SRF and budding yeast
MCM1, human MEF2A, and mouse MEF2C. Required to
build up the interface for TF dimerization and DNA-
binding, the conserved MADS domain comprises an
alpha helix and two antiparallel beta strands, while the
SAM or MEF2 domain constitutes a second alpha helix.
Remarkably, a kink present in the SAM domain of
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Fic. 1. The models of MADS-box transcription factor (TF) evolution. (A) 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 named Type | MADS-box TFs and considered orthologous to SRF-type
TFs in animals and fungi, while MIKC-type in plants were grouped as Type Il and clustered with MEF2-type in animals and fungi. Type | and Il
MADS-box genes originated by a hypothesized ancient duplication event predating the plant and animal divergence. (B) The model proposed in
this study: With a broad survey across eukaryotes, the ancient duplication giving rise to SRF- and MEF2-type can be inferred as early as the origin
of the most common recent ancestor of all living eukaryotic groups (consistent with model a). In several extant lineages both types have been
retained; however, in the lineage of Archaeplastida, SRF-type TFs were lost, and only MEF2-type TFs continued evolving. Subsequently, Type | and
I MADS-box TFs originated by duplication of a MEF2-type precursor in the most recent common ancestor of all land plants. Black, primitive
MADS-box TFs; yellow, SRF-type; blue, MEF2-type; green, Type |; cyan, Type Il. Square, gene duplication event; cross, gene loss. Orange bar, gain of

the K domain; empty orange bar, loss of the K domain.

SRF-type TFs turns the orientation of the second helix in
the opposite direction to that of MEF2-type TFs (fig. 2a).

In land plants, MADS-box TFs (also referred to as
AGAMOUS-like in the model plant Arabidopsis thaliana)
have evolved to be a flourishing family with typically as
many as 50 to over 100 members in plants, especially
angiosperm species (Gramzow and Theissen 2013), in
sharp contrast to the much smaller family sizes of
MADS-box TFs in other eukaryotes, typically comprising
only two to five members (supplementary table S1,
Supplementary Material online). According to the domain
architecture, the MADS-box TFs in land plants can be spe-
cified into two types: the Type | TFs are usually referred to
as M-type, since they share no well-characterized con-
served domain following the MADS domain, while the
Type Il TFs typically have the MADS domain followed by
the Intervening, Keratin-like and C-terminal domains, so
they are also known as MIKC-type. The | domain is analo-
gous to the SAM or MEF2 domain in animal MADS-box

2

TFs in terms of location and function, and the K domain
is likely specific for plants (Alvarez-Buylla et al. 2000;
Parenicova et al. 2003). Due to their critical roles in estab-
lishing floral organ identity in angiosperms, the Type II
MADS-box genes have been studied extensively. In con-
trast, Type | MADS-box genes have only been identified
along with the first angiosperm genome of A. thaliana.
Emerging studies have linked the functions of Type | genes
in several angiosperm species mainly to the development
of the female gametophyte and endosperm (Kohler et al.
2003; Kang et al. 2008; Bemer et al. 2010; Masiero et al.
2011; Paul et al. 2020; Qiu and Kohler 2022). Besides the
distinct domain arrangements of their encoded proteins,
land plants Type | and Il MADS-box genes vary in expression
patterns, numbers of exons, and noticeably, compared with
Type I MADS-box genes, Type | genes have evolved faster
and more frequently undergone duplication and loss
(Parenicova et al. 2003; Nam et al. 2004). Collectively, among
many known regulatory functions, MADS-box TFs act as
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Fic. 2. Protein analyses of MADS-box TFs. (A) Crystal structures (bold) of human SRF and MEF2A, and Arabidopsis SEP3 that were used as tem-
plates for structural comparisons (A-chains only), and AlphaFold2-predicted structural models of Archaeplastida MADS-box proteins including
Type | and Il TFs 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 (TM-scores, with “1” indicating high (perfect), “0” no (random) agree-
ment) of all predicted structural models by AlphaFold2 to human SRF and MEF2A, and Arabidopsis SEP3. SRF-type (yellow) and MEF2-type
(blue) TFs were inferred by phylogeny. (D) Similarity scores of predicted structural models by AlphaFold2 for land plant MADS-box TFs to hu-
man SRF and MEF2A, and Arabidopsis AtSEP3. (E,F,G) Similarity scores of predicted structural models by OmegaFold.

major regulators of plant reproduction and have been close-
ly 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;
Kaufmann et al. 2005; Thangavel and Nayar 2018). Thus,
identifying the origin and resolving the subsequent diversi-
fication of plant MADS-box genes is required to understand
the evolutionary success of land plants.

Upon the discovery of Type | MADS-box genes, a timely
survey suggested that Type | and Il genes in plants are
orthologous to the SRF and MEF2 genes in animals, re-
spectively (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 (fig. 1a). 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. As already noted by the authors of
the model (Alvarez-Buylla et al. 2000), however, the clus-
tering of Type | TFs in plants and SRF-type TFs in animals
and fungi is not well supported in the original study based
on only a few Arabidopsis, animal, and fungal sequences.
Although caught by some thoughtful critique (De Bodt

et al. 2003; Kaufmann et al. 2005), this pitfall has been ne-
glected since then.

The burst of available genome sequences of plants as
well as other major clades of eukaryotes encouraged us
to revisit the origin of MADS-box genes in land plants. In
particular the genomes of Charophytes, the paraphyletic
algal relatives of land plants, have shed light on the evolu-
tion of gene families underlying the successful terrestriali-
zation of land plants (Hori et al. 2014; Nishiyama et al.
2018). There, in the charophyte Klebsormidium flaccidum,
the only present MADS-box gene belongs to Type I, cod-
ing for a MIKC-type TF (Hori et al. 2014). Similarly, in the
Chara braunii genome, the three identified MADS-box
genes belong to Type Il, since they are all related to
MEF2 genes (Nishiyama et al. 2018). Furthermore, in the
genomes of the green algae Chlamydomonas reinhardtii,
Ostreococcus tauri, Ostreococcus lucimarinus and the red
algae Cyanidioschyzon merolae, the annotated MADS-box
genes are identified as MEF2-type, despite that the encoded
TFs lack a K domain (Kaufmann et al. 2005; Thangavel and
Nayar 2018). Surprisingly, SRF-type MADS-box genes have
so far never been found in the charophycean, green, or
red algae. If Type | MADS-box genes in land plants are des-
cendants of the ancestral SRF-type genes as stated by the
original model (Alvarez-Buylla et al. 2000), the orthologous

3
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SRF-type genes would have been lost convergently and re-
peatedly in all of successive sister groups to land plants,
the paraphyletic algal relatives. Thus, the systematic lack
of SRF-type TFs in these lineages challenges the orthology
between Type | MADS-box TFs in land plants and
SRF-type TFs in animals and fungi. Enabled by the newly
available genome sequences and the unprecedented power
to predict protein structures based on amino acid se-
quences, we reassessed the origin of plant Type |
MADS-box genes and propose an alternative model explain-
ing the evolution of MADS-box genes in the green lineages.

Results

Ancient Duplication of SRF and MEF2 Clades is
Supported Using Newly Available Genome Sequences
Capitalizing on newly available genome sequences span-
ning the broad phylogeny of eukaryotes, we re-evaluated
the original phylogenetic model of MADS-box gene evolu-
tion with extended sample sequences. We collected pub-
lished genomes of different lineages of eukaryotes and
identified MADS-box genes in 175 species (supplementary
table S1, Supplementary Material online). The species
represent seven currently accepted eukaryotic groups: 1)
Archaeplastida (the kingdom Plantae sensu lato, e.g,
streptophytes including land plants and its closest
algal sister group Zygnematophyceae, 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 were previ-
ously collectively referred to as Excavata (Burki et al. 2020).
We selected protein sequences of MADS-box TFs from
the diverse eukaryotic groups. To perform multiple se-
quence alignments (MSAs), we extracted the conventional
MADS domain sequences of about 60 amino acids in
length as defined in previous studies (Shore and
Sharrocks 1995) extended by the corresponding regions
of SAM/MEF2/l domains, so that the extended MSAs
structurally cover the functional unit of two alpha helices
and the connecting beta strands. We inferred phylogenetic
trees with maximum likelihood, Bayesian inference, and
neighbor-joining. All three methods consistently found
that the MADS domain sequences naturally form two ma-
jor clades, corresponding to current SRF and MEF2
lineages, as referenced by the known SRF and MEF2 se-
quences from animals, fungi, and amebae (fig. 3 and 4;
supplementary fig. S1 and S2, Supplementary Material on-
line). This finding supports the overarching hypothesis
that an ancient duplication of a MADS-box gene gave
rise to the SRF-type and MEF2-type precursors. We found
both SRF- and MEF2-types genes in nearly all of the sur-
veyed Amorphea species, as well as Cryptista and
Haptista. Furthermore, two species in Discoba, represent-
ing a distinct group distantly diverged from the plant
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and animal lineages, have both types of MADS-box genes
(supplementary table S1, Supplementary Material online).
Together, our results provide supporting evidence for the
presence of SRF- and MEF2-type MADS-box genes early
before the diversification of major groups of extant
eukaryotes.

Land Plant Type | and Il MADS-box TFs are Both
MEF2-type

Previous studies concluded that Type | MADS-box genes in
land plants are more closely related to the SRF genes in an-
imals (fig. 1a) (Alvarez-Buylla et al. 2000; Nam et al. 2003).
In contrast, our phylogenetic analyses using three different
phylogenetic approaches consistently suggested that Type
| MADS-box TFs in land plants clustered within the MEF2
clade, which includes plant Type Il TFs (figs. 3 and 4;
supplementary figs. S1-S3, Supplementary Material on-
line). Thus, both Type | and Il genes are inferred to be
MEF2-type and no SRF-type gene is present in the extant
land plants. In addition, we carried out approximate un-
biased (AU) tests (Shimodaira 2002) to compare the two
competing phylogenetic trees of MADS-box TFs. One top-
ology represents our new phylogeny, which groups plant
Type | and Il both within the MEF2 clade; the other is a
constraint phylogeny forcing the plant Type | clade into
the SRF clade reflecting the previous model. The AU tests
significantly rejected the topology with the clustering of
plant Type | TFs in the SRF clade (supplementary fig. S4,
Supplementary Material online).

MADS Domains of SRF-type and MEF2-type TFs Form
Distinct Structures

The functional units of SRF- and MEF2-type (extended
MADS domain) are known to form distinct protein struc-
tures (fig. 2a). We applied AlphaFold2 (Jumper et al. 2021)
to predict the structures of identified eukaryotic
MADS-box TFs and compared their overlay patterns
with the resolved SRF- or MEF2-type MADS domain struc-
tures (fig. 2b and ¢; supplementary table S2, Supplementary
Material online). For the structures of TFs that belong to the
MEF2-type inferred by phylogeny, the human SRF (HsSRF)
structure was frequently not considered most similar, but
rather the human MEF2A (HsMEF2A) structure. In contrast,
the sequences present in the SRF clade fitted better to the
HsSRF structure than the HsMEF2A structure (fig. 2b and ¢;
supplementary fig. S5, Supplementary Material online). We
also applied OmegaFold (Wu et al. 2022) to predict the
structures of a larger set of MADS domain sequences
(supplementary table S3, Supplementary Material online).
Different from AlphaFold2 which makes use of MSAs for
prediction, OmegaFold is able to predict the structures
based on their individual primary sequences, without an
explicit alignment. The results of structure similarities ob-
tained from OmegaFold predictions agree with the com-
parisons based on the AlphaFold2 predictions (fig. 2e and
£, supplementary fig. S5, Supplementary Material online).
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Fic. 3. Maximum-likelihood (ML) tree of selected MADS domains (extended definition, 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 infer-
ence (underlined)/bootstrap values in neighbor-joining trees. Branch color: yellow, SRF-type; blue, MEF2-type; green, Type |; cyan, Type
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Fig. 4 Maximum-likelihood tree of extended MADS domain sequences including all MADS-box TFs from eight representative land plants.
Branches and clades are colored by category as labels aside. Sequence IDs and taxon color codes are the same as the expanded tree in
supplementary figure S2, Supplementary Material online. Arrows point to several TFs with known function as the landmarks for each type.

Hence, the predicted structure of the MADS domain sup-
ports the classification of proteins into SRF- or MEF2-type.

Based on AlphaFold2 and OmegaFold predictions, Type
Il TFs in land plants resemble the HsMEF2A structure (fig.
2d and g). Similarly, Type | TFs in land plants all mapped
better to the HSMEF2A compared to the HsSRF structure.
The second helix of Type | TFs was not predicted to be
twisted by a kink, as found in SRF-type TFs. There is no ex-
perimentally resolved structure for a plant Type |
MADS-box TFs available thus far. The only resolved crystal
structure of a plant MADS-box protein is that of the
Arabidopsis Type Il TF SEPALLATA 3 (AtSEP3), which, as
expected, displays a MEF2 structure (Lai et al. 2021). The
predicted models for both Type | and Il TFs in land plants,
did align well with the AtSEP3 structure (fig. 2d and g),
though Type Il TFs had higher structural similarity scores
to AtSEP3, consistent with the fact that they are more
closely related. In Type Il TFs, the | domain forms a helix,
resembling the second helix formed by the MEF2 domain
in the Amorphea MEF2-type TFs. Correspondingly, the se-
cond helix in the predicted structures of the Type | TFs is
formed by an I-like domain region (Lai et al. 2021). While
initially not defined in early studies (Alvarez-Buylla et al.
2000; Nam et al. 2004), the I-like domain in the
Arabidopsis Type | TFs has been shown to be required
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for both dimerization and DNA-binding, functionally
equivalent to the | domain in Type Il TFs (Lai et al. 2021).

Loss of SRF-type Genes in the Most Recent Common
Ancestor of Archaeplastida

The origin and divergence of Type | and Il genes in land plants
can be further inferred from the sister green lineages (figs. 3
and 4; supplementary figs. S1-S3, Supplementary Material
online). In line with previous findings, the presence of only
MEF2-type genes and the absence of SRF-type were observed
in the genomes of streptophytic algae, a series of successive
sister groups of land plants. Specifically, no SRF-type gene
is present in three genomes of Zygnematophyceae
(supplementary table S1, Supplementary Material online),
the closest sister algal group of land plants (Cheng et al.
2019; Jiao et al. 2020). These findings suggest that the most
recent common ancestor (MRCA) of land plants, as well as
the MRCA of Streptophyta did not have SRFs. The loss of
SRF-type genes may be tracked back to before the diversifi-
cation of the whole Archaeplastida clade. In green algae
and a third lineage of green plants, Prasinodermophyta, re-
presented by Prasinoderma coloniale, there is no confidently
predicted SRF-type gene either. In a few species belonging to
the core Chlorophyta, we found some genes harboring an
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open reading frame coding for a partial SRF-like MADS do-
main, but these SRF-like domains are quite divergent from
SRF-type sequences found in other eukaryotic lineages, indi-
cated by long branches, low support scores, and inconsistent
positions in our phylogenetic analyses (supplementary fig. S6,
Supplementary Material online). Their best BLASTP hits
against all other MADS-box sequences were fungal
SRF-type sequences, indicating that they probably arose
from a horizontally transferred fragment in the MRCA of
core chlorophytes. Likewise, in red algae, which are sister to
the green plants, no SRF-type gene was identified, neither
in the glaucophyte Cyanophora paradoxa. The lack of
SRF-type genes in the Archaeplastida lineage is unlikely a con-
sequence of multiple independent losses. Instead, it raises the
more parsimonious hypothesis that the MRCA of the
Archaeplastida lineage did not inherit an SRF-type gene, fur-
ther supporting that only MEF2-type genes gave birth to
Type | and I MADS-box genes in land plants.

In agreement with this evolutionary scenario, the pre-
dicted structures of Archaeplastida MADS-box TFs
with or without a K domain all have higher similarity
scores to the HsMEF2A and AtSEP3 structures than to
the HsSRF structure (fig. 2a; supplementary fig. S5,
Supplementary Material online). All these MEF2-type
structures share the Intervening or MEF2 domain-like re-
gion, which constitutes the second helix with no kink.
Thus, the predicted protein structures mirror the new
phylogeny (figs. 1b and 2a).

Sporadic Losses of MADS-box TFs Across Eukaryotes
Except for Archaeplastida, some other eukaryotic lineages
have only either SRF- or MEF2-type genes (supplementary
table S1, Supplementary Material online). For example,
three species in Microsporidia, a group of unicellular para-
sites closely related to fungi and Sphaeroforma arctica and
Thecamonas trahens, belonging to successive sister groups
of animals and fungi, they all have only SRF-type genes. In
Haptista, Chrysochromulina tobin has only SRF-type genes,
while three other species have only MEF2-type genes, sug-
gesting reciprocal losses after the divergence from the
MRCA comprising both types. Some SAR species, like cili-
ates, oomycetes and the cercozoan Plasmodiophora brassi-
cae have only MEF2-type genes. Some surveyed species
belonging to the green algae, the brown algae, diatoms, di-
noflagellates and several Metamonada and Discoba protists
among others have no extant MADS-box genes. To rule out
the possibility that the observed absence of a certain type of
MADS-box genes is a result of incomplete gene annotations,
we scanned these genomes with the profile hidden Markov
model for known MADS domains (PF00319) from Pfam
(Paysan-Lafosse et al. 2023). We identified some unanno-
tated and incomplete MADS domains in a few species
(supplementary table S1, Supplementary Material online).
Importantly however, no SRF-type gene was detected in
the Archaeplastida. Therefore, the proposed SRF-type
gene loss in the MRCA of Archaeplastida is not an artifact
due to incomplete gene prediction.

Discussion

A New Hypothesis on the Origin of Type | and |l
MADS-box Genes in Land Plants

Supported by an updated phylogeny and predicted pro-
tein structures, we propose that in the land plant lineage
Type | MADS-box TFs arose as a second clade of
MEF2-type TFs, sister to the Type Il TFs. The birth of
Type | and Il MADS-box genes was the result of a gene du-
plication event of a MEF2-type ancestral gene in the MRCA
of land plants, which was followed by rounds of gene du-
plication largely expanding the MADS-box gene family.
This new model of the MEF2-type origin is also favored
by the principle of parsimony considering the absence of
SRF-type genes in the sister lineages of Archaeplastida, spe-
cifically those of streptophytic algae (fig. 1b).

The major difference between our model and the previ-
ously proposed model is the origin of plant Type |
MADS-box genes. Type | genes are known to have high
substitution rates (Nam et al. 2004), which is reflected
by long branches in previous phylogenetic analyses and
ours as well (figs. 3 and 4). Previous studies claiming that
Type | genes in Arabidopsis and rice are related to fungal
and animal SRF-type genes relied on few available se-
quences (Alvarez-Buylla et al. 2000; Nam et al. 2004).
Such limitation in sequence availability also affected an-
other early model, which suggested that Type | genes (re-
ferred to as M-type in that study) are polyphyletic, while
Type Il genes might be MEF2-like genes (Kofuji et al.
2003). The upsurge of eukaryotic genomes has been filling
the gaps between distantly related animal and plant se-
quences, making it possible to break the long branches
and improve the phylogenetic resolution of the
MADS-box gene family. Our new investigation covering di-
verse, previously underrepresented protist groups provides
comprehensive support for the hypothesized ancient du-
plication of SRF- and MEF2-types before the divergence
of extant eukaryotes. Besides, the Charophytic genomes
serve as great references for the gene family evolution in
land plants. We thus took the opportunity to revisit the
evolution of the MADS-box gene family that was likely a
key driver for plants adapting to land ecosystems.

The identification of Type | TFs in land plants as mem-
bers of the MEF2-type lineage suggests that plant Type |
and Il should both be considered as “Type II” as defined
by Alvarez-Buylla et al. (2000). Thereby, to avoid future con-
fusion in nomenclature, we propose that referring to “Type
I” and “Type II” should be restricted to MADS-box TFs in
land plants, considering that these terms have been widely
used in the literature in plant sciences. To differentiate the
two clades of MADS-box TFs that originated from the an-
cient eukaryote-wide duplication, we suggest referring to
them as “SRF-type” and “MEF2-type”, respectively, as
“SRF” and “MEF2” have been commonly used even before
the proposed categories by Alvarez-Buylla et al. (2000).
Additionally, we recommend to use “M-type” and
“MIKC-type” only when distinguishing the MADS-box TFs
in plants by domain architecture rather than their origin.
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Evolution of | and K Domains

In contrast to the previous proposition that the | domain
in plant Type Il (MIKC-type) TFs and the MEF2 domains in
animals were independently acquired, we propose that
these domains constituting the second helix in all
MEF2-type TFs have a common origin. Originally, the
MADS domain was defined only to include the first helix
and the antiparallel strands. However, we suggest an ex-
tended definition to include the second helix, since the he-
lix-strand-helix structure functions as one unit that
probably evolved together (Riechmann et al. 1996; Lai
et al. 2021). Thus, the recently recognized I-like region in
the Type | TFs (Lai et al. 2021) and the second helix
in all other MEF2-type TFs are likely homologous,
since they are structurally and functionally conserved.
Meanwhile, the SAM domain in SRF-type TFs has gradually
diverged from the precursor of the MEF2 domain. The
turnover of the helix orientation was likely a key event es-
tablishing the two subclades, because SRF-type TFs do not
heterodimerize with MEF2-type (Shore and Sharrocks
1995).

Admittedly, the predicted MEF2-type structure alone
does not completely reject the previous hypothesis of an
SRF-type origin of plant Type | TFs; it is possible that the
hypothetically SAM-derived domain of plant Type | TFs
changed the helix orientation convergently like in Type Il
TFs. Nevertheless, our phylogeny of the MADS domain, in-
dependent from the second helix, also suggests the
MEF2-type origin of plant Type | TFs (supplementary
figs. S3 and S4, Supplementary Material online), which is
congruent with the most parsimonious evolution of their
structures.

In terms of the Keratin-like domain, we confirmed
the proposed streptophytic origin of the MIKC-type
(Kaufmann et al. 2005; Thangavel and Nayar 2018), since
K domains have only been identified in streptophytic
MADS-box TFs (fig. 1b). Hence, the MEF2-type TF in the
MRCA of Archaeplastida had no K domain and is thus
an M-type. An ancestral M-type TF in the MRCA of
Streptophyta acquired the K domain and continued evolv-
ing as a plant-specific MIKC-type. Subsequently, in the
MRCA of land plants, a gene encoding MIKC-type TF du-
plicated into the paralogous precursors of Type | and I
genes. The Type | TF precursor lost the K domain, leading
to the extant Type | TFs as derived M-type (fig. 1b).

The loss of K domain in the Type | TFs partially explains
the exon number differences between Type | and Il genes
(Kofuji et al. 2003; Parenicova et al. 2003). Type Il genes,
and most of Charophytic MADS-box genes, usually have
multiple exons, with the first one coding for the MADS do-
main, the second one coding for the | domain and the next
three to six exons coding for the K domain (Parenicova
et al. 2003; Nishiyama et al. 2018; Rimpler et al. 2023).
Type | genes, in contrast, typically have only one or two
exons, where the MADS and I-like domains are encoded
by a single exon (Parenicova et al. 2003). The lack of introns
between the MADS domain and I-like domain coding
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regions suggests that the Type | precursor formed through
spliced mRNA and cDNA intermediates by retroposition,
as previously proposed (Kofuji et al. 2003).

From Stress Response and Reproductive Induction to
Complex Structural Programming
Our study also confirmed the sharp contrast between
MADS-box gene family size in land plants compared to
that in other eukaryotes (Theissen et al. 1996; Thangavel
and Nayar 2018). Most eukaryotes have only a few
MADS-box genes (supplementary table S1, Supplementary
Material online), revealing that the low-copy status re-
mained constant during the evolution of protist-like stages,
including early Archaeplastida. However, following the in-
ferred duplication of Type | and Il MADS-box TFs 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 genes
are key regulators of plant organ formation (Smaczniak et al.
2012; Theissen et al. 2016; Thangavel and Nayar 2018), simi-
lar to homeobox genes in animals (Nam et al. 2003; Lynch
and Wagner 2008). 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
regulate muscle development after maturity (Potthoff and
Olson 2007). Nevertheless, since multicellularity evolved in-
dependently in animals and plants, the missing link for infer-
ring the ancestral functional role of MADS-box genes and
understanding their functional evolution lies in the unicel-
lular, or under-differentiated multicellular eukaryotes.
Both SRF- and MEF2-type genes in unicellular and
multicellular fungi, amoebae, and oomycetes have been
shown to function in various stress responses (Messenguy
and Dubois 2003; Galardi-Castilla et al. 2013; Rocha et al.
2016; Leesutthiphonchai and Judelson 2018; Wang et al.
2018; Ding et al. 2020). Thus, the regulation of stress-
responsive programs is possibly the ancestral function of
MADS-box genes, which has been maintained in multicellu-
lar metazoans, both invertebrates and vertebrates (Potthoff
and Olson 2007; van der Linden et al. 2007; Blanchard et al.
2010; Vrailas-Mortimer et al. 2011). The stress-responsive ra-
ther 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-type TFs initially had presumably redundant
functions upon duplication. Thus, the loss of SRF-type could
have been compensated by MEF2-type TFs, which is likely
the case in the unicellular ancestor of Archaeplastida.
Supporting this assumption, the only MADS-box TF studied
in microalgae, Coccomyxa subellipsoidea CsubMADS1,
acts as a key regulator of stress tolerance (Nayar and
Thangavel 2021). The colonization of the terrestrial habitat

£20Z 1870100 9Z U0 Jasn jalisieAlunsyniqiue sebusag Aq 961252 /2/¥6 L PESW/6/01/310148/8qW/Wwod dno"olwapede//:sdny wolj papeojumoq


http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad194#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad194#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad194#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad194#supplementary-data

Updated Phylogeny of MADS-box Genes in Land Plants - https://doi.org/10.1093/molbev/msad194

MBE

most likely required an expansion of the genetic regulators
responsive to the environment. Consistently, many MADS-
box TFs have known function in regulating the response to
stress, like FLOWERING LOCUS C, ARABIDOPSIS NITRATE
REGULATED 1 (ANR1, AGL44), or AGL21 (Castelan-Murioz
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 repro-
ductive program (Escalante et al. 2003; Galardi-Castilla et al.
2013; Piccirillo et al. 2015; Leesutthiphonchai and Judelson
2018). In the land plant lineage, the evolution of spores and
seeds that allow to withstand adverse environmental condi-
tions may have been made possible by coupling the
MADS-box TF regulation of stress resistance to reproductive
development. This is seen for example in flowering plants,
where MADS-box genes regulate floral patterning, but also
the onset of flowering in responses to environmental cues
(Castelan-Murioz et al. 2019).

MADS-box TFs supposedly evolve functionally by rewir-
ing gene regulatory networks. The DNA-binding sites re-
cognized by SRF- and MEF2-type TFs have been
extensively characterized as variants of CArG-box (Shore
and Sharrocks 1995; Wu et al. 2011), which are also con-
served among investigated plant MADS-box TFs (Aerts
et al. 2018). Arabidopsis PHERES1 is currently the only
plant Type | TF with known genome-wide DNA-binding
sites in vivo, and the binding motifs are the same as that
of Type Il (Batista et al. 2019). Without dramatic sequence
innovation in the DNA-binding sites, however, a given
MADS-box TF achieves various collections of targets by
different dimerization options (Lai et al. 2021; van
Mourik et al. 2023). The combination of heterodimers
got largely magnified in land plants, and specifically Type
I TFs no longer homodimerize (de Folter et al. 2005).
Moreover, the varying sequences in the C-terminus of
Type | and Il TFs further increased the diversity of pro-
tein—protein interaction and thus the potential to form
regulatory complexes. Multiple rounds of duplication
and diversification of Type | and Il TFs likely have pro-
moted the transition from a gametophyte-dominant to
a sporophyte-dominant life cycle by equipping the sporo-
phytic phase with developmental innovations such as
flowers, fruits, and seeds.

Interestingly, while animal MEF2 subfamily did not ex-
pand as dramatically as the land plant orthologs, large
numbers of splice variants have also increased the diversity
of MEF2 TFs (Martin et al. 1994; Theissen et al. 1996).
Animal MEF2 TFs are expressed predominantly within
the early mesoderm (Potthoff and Olson 2007), which fur-
ther differentiates into muscles, vascular, and neuronal tis-
sues, 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 ani-
mals and plants, MEF2-type TFs contributed to the forma-
tion of increasingly complex body plans.

In summary, we conclude that the duplication of an an-
cestral MEF2-type TF with a similar domain architecture to
the extant MIKC-type TFs occurred in the MRCA of land
plants. This event gave origin to the Type | and Il precur-
sors, which subsequently underwent gradual expansion,
resulting in a vast family. This expansion played a crucial
role in enabling the evolution of intricate structures tai-
lored for the challenges of the terrestrial environment. In
particular, importantly, among these structures relying
on Type | and Il MADS-box gene function are flowers
and endospermic seeds, the two most prominent novelties
of angiosperms. Gaining insight into the original functions
of MIKC-type transcription factors and unraveling the im-
pacts of the recent duplications and divergence of these
transcription factors on driving developmental innova-
tions across various plant lineages holds the promise of
captivating future research pursuits.

Methods

Sequence and Phylogenetic Analyses

To search for MADS-box proteins in the investigated spe-
cies (supplementary table S1, Supplementary Material
online), amino acid sequences of MADS-box proteins
of Arabidopsis (retrieved from TAIR10, https://www.
arabidopsis.org/), human (retrieved from Ensembl, http://
www.ensembl.org/Homo_sapiens/Info/Index), and yeast (re-
trieved from Mycocosm, https://mycocosm.jgidoe.gov/
Sacce1/Saccel.homehtml) were used as queries in BLASTP
program runs. We also included three charophytic
MADS-box sequences reported by Tanabe et al. (2005). The
output sequences were aligned to the MADS domain entries
in the Conserved Domain Database (Lu et al. 2020) by the con-
served 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 (PF00319) retrieved from Pfam
(now hosted by InterPro, http://www.ebiac.uk/interpro/)
(Paysan-Lafosse et al. 2023).

MUSCLE was used to generate the amino acid align-
ments of MADS domains extracted from the selected se-
quences with default settings (Edgar 2004). We first
analyzed all MADS-box TFs from a series of representative
land plants: Arabidopsis (angiosperm); Cycas panzhihuaen-
sis, Ginkgo biloba, and Gnetum luofuense (gymnosperms);
Ceratopteris richardii  (fern), Physcomitrium patens,
Marchantia polymorpha, and Anthoceros angustus (bryo-
phytes) (supplementary fig. S2, Supplementary Material
online). This enormous data set was dominated by recent-
ly duplicated and possibly redundant plant sequences.
Therefore, we specifically generated a downsized data set
for which the sample sizes from animals and plants were
comparable, and the selected sequences of plant Type |
and Il TFs represented all major lineages of land plants
and different well-established subfamilies. We prepared
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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 alignments of the extended
MADS domain definition to include the second helix
additionally. We also applied two different alignment
tools, T-coffee (Notredame et al. 2000), and MAFFT
(Katoh et al. 2019), which returned similar alignments
(supplementary fig. S7, Supplementary Material online).

IQ-TREE 1.6.7 was applied to perform phylogenetic ana-
lyses 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). One thousand replicates
of ultrafast bootstraps were applied to estimate the sup-
port for reconstructed branches (Hoang et al. 2018). We
also selected the second-best suggestions of substitution
models, JTT (Jones et al. 1992) and WAG (Whelan and
Goldman 2001), in additional ML analyses (supplementary
fig. S8, Supplementary Material online). 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 lar-
ger than 100 (Lartillot et al. 2009). MEGA11 (Tamura et al.
2021) was applied to generate neighbor-joining trees with
P-distance (proportion of different amino acids), gamma dis-
tribution allowed for rate among sites and gaps treated by
pairwise deletion. One thousand bootstrap replicates were
generated and majority rule defines the consensus tree.

All these alternative approaches generated phylogenet-
ic trees in agreement with each other, reflecting the ro-
bustness of our new hypothesis. We further compared
the topology of constraint phylogenetic trees fitting the
previous and the new hypotheses, by several tree topology
tests such as AU tests (Shimodaira 2002) supported in
IQ-TREE (Nguyen et al. 2015).

Protein Structure Prediction and Analyses

We predicted the protein structures of selected MADS-box
TFs by the web-based service ColabFold (https://
colab.esearch.google.com/github/sokrypton/ColabFold/blob/
main/AlphaFold2.ipynb) (Mirdita et al. 2022). The top-ranked
models were compared to resolved MADS-box protein struc-
tures, HSMEF2A (1EGW), HsSRF (THBX), and AtSEP3 (7NBO),
chains A respectively, downloaded from RCSB Protein Data
Bank (https://www.rcsb.org/). The program “maxcluster”
(http://www.sbg.bio.icacuk/~maxcluster/indexhtml)  was
used to perform structural comparisons based on computed
TM-scores (Zhang and Skolnick 2005). Since AlphaFold2 pre-
diction relies on MSAs, we left out nearly identical sequences
which may result in the same MSAs and produce pseudore-
plication. We also applied OmegaFold (https://github.com/
HeliXonProtein/OmegaFold) (Wu et al. 2022) to predict
the structures of all investigated MADS-box TFs based solely
on their primary sequences.
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