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Recent investigations on metazoan transcription factors (TFs) indicate that single-gene duplication events and the gain and
loss of protein domains are 2 crucial factors in shaping their protein—protein interaction networks. Plant genomes, on the
other hand, have a history of polyploidy and whole-genome duplications (WGDs), and thus, their study helps to understand
whether WGDs have also had a significant influence on protein network evolution. Here we investigate the evolution of the
interaction network in the well-studied MADS domain MIKC-type proteins, a TF family which plays an important role in
both the vegetative and the reproductive phases of plant life. We combine phylogenetic reconstruction, protein domain
analysis, and interaction data from different species. We show that, unlike previously analyzed interaction networks, the
MIKC-type protein network displays a characteristic topology, with overall high inter-subfamily connectivity, shared
interactors between paralogs, and conservation of interaction patterns across species. The evaluation of the number of
MIKC-type proteins at key time points throughout the evolution of land plants in the lineage leading to Arabidopsis sug-
gested that most duplicates were retained after each round of WGD. We provide evidence that an initial network, formed by
9-11 homodimerizing proteins interacting with each other, existed in the common ancestor of all seed plants. This basic
structure has been conserved after each round of WGD, adding layers of paralogs with similar interaction patterns. We thus
present the first model where we can show that a network of eukaryotic TFs has evolved via rounds of WGD. Furthermore,
we found that in subfamilies in which the K domain is most diverged, the interactions with other subfamilies have been
largely lost. We discuss the possibility that such a high proportion of genes were retained after each WGD because of their
capacity to form higher order complexes involving proteins from different subfamilies. The simultaneous duplications
allowed for the conservation of the quantitative balance between the constituents and facilitated sub- and neofunction-

alization through differential expression of whole units.

Introduction

Reconstructing the evolution of regulatory networks is
important to understand the development of organisms and
their evolutionary and physiological adaptation to environ-
mental changes and suggests points of intervention for
genetic manipulations. The abundance of genomic, proteo-
mic, and transcriptomic data enables the reconstruction of
the evolution of regulatory networks by comparative anal-
ysis of their constituent complexes. It also facilitates testing
models of how complex regulatory units evolve. For exam-
ple, the rewiring of genetic networks has been predicted to
evolve either by series of single-gene duplications (SGDs)
or whole-network duplications (Wagner 1994). Most theo-
retical studies concentrated on the emergence of hub-based
topologies, where some proteins have many interactions
and many have few, called scale-free topology (Barabsi
and Oltvai 2004; Yook et al. 2004). Among the most sig-
nificant claims concerning network evolution were the pos-
tulates that evolutionary pressures select certain topologies
(Conant and Wagner 2003; Milo et al. 2004) and that
SGDs have been the most important evolutionary events
in network growth (Pastor-Satorras et al. 2003; Middendorf
et al. 2005), although it is widely accepted now that most
eukaryotic lineages have encountered several whole-
genome duplications (WGDs).

However, most of these studies have not been linked
with phylogenetic analyses, and thus, the actual driving
forces of network evolution remain obscure. We have pre-
viously analyzed the evolution of interaction networks in-
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duced by dimerizing transcription factors, namely, the bZIP,
bHLH, and NR families in animal genomes (Amoutzias
et al. 2004, 2005). The main conclusions so far were that
the interaction networks of these families evolved mainly
by series of SGDs.

To test the possible effects of WGDs on the growth
and topology of interaction networks, it is reasonable to re-
construct the evolution of such networks in plants because
plants have undergone several WDGs. Of particular interest
are transcription factor (TF) families such as the MADS do-
main proteins, which all contain the highly conserved
MADS DNA-binding domain and can be found in animals,
fungi, and plants. In plants, MADS domain proteins of the
MIKC-type, which are widely spread, also contain I, K, and
C domains in addition to the MADS domain. The K domain
forms coiled-coil dimers with other K domains (Theissen
et al. 2000). The C domain acts as a transcriptional activator
and stabilizes protein interactions (Theissen and Saedler
2001).

MIKC-type proteins bind DNA as dimers or higher
order complexes. Certain MADS protein complexes are
known to regulate the expression of genes in flower mer-
istems, whereas others act specifically in roots, flower in-
duction, or inflorescence architecture (Theissen et al. 2000).
Protein—protein interactions (PPIs) influence the function
of MADS protein by affecting their DNA binding (Egea-
Cortines et al. 1999) and/or transactivation potential (de
Folter et al. 2005). Reports of interactions (mainly dimer
formation) between MIKC-type proteins exist for many
plant species. However, large-scale studies have only been
performed in Arabidopsis and Petunia, using mainly the
yeast-two-hybrid (Y2H) system (Immink et al. 2002; de
Folter et al. 2005).

In this study, we investigate whether WGDs have had
an influence on the growth and topology of the MIKC-type

220z ¥snBny /| uo Jesn sousn Jo Juswpedaq “S'N AQ 9¥08EZ L/0L9/E/v2/l0IE/oqUY/ W00 dNo olWepeoe)/:Sd)Y WOl papEojUMOQ



Initial Network

/ LSD

o
\
o

(1) (ii)
One—Sided loss :
Newly duplicated
proteins loose their
interaction partners.
Restricted function,
eventual gene loss.

Global Conservation :
Paralogues have common
interacting partners.
Sub—/Neo—functionalization
happens at the level of gene

expression.

e

.
oy ©
&

Whole-Genome Duplications Shaped the MADS Network 671

. Duplicated state
/ with all interactions

e

(iidi)
Reciprocal Divergence :
Complementary loss of
interactions between
paralogues.
Sub—/Neo—functionalization
happens at the level of

protein interaction.

Fic. 1.—Possible scenarios of evolution following a WGD. Black circles represent ancestral proteins and gray circles represent newly duplicated
proteins. A line between 2 proteins represents their ability to form heterodimers. For simplicity, only the evolution of heterodimerization is displayed.

PPI network. We propose that SGDs and WGDs have dif-
ferent effects on the topology of a protein network. Concep-
tually, we first assume that WGDs, with the concomitant
duplicating of all interactions, can be followed by 3 non-
mutually exclusive scenarios: 1) global conservation and
the appearance of redundancy between close paralogs inter-
acting with more distant proteins; 2) one-sided loss, where
a recently duplicated protein becomes poorly connected;
and 3) reciprocal divergence, where the original protein also
loses some interactions (see fig. 1). Global conservation and
reciprocal divergence are characteristic of large-scale dupli-
cations (LSDs) because they can only occur after the simul-
taneous duplication of several proteins. Indeed, if only
series of SGDs are used to account for the growth of a net-
work, it becomes less probable that the topology presented
in scenario 1 would be observed: several SGD events would
be needed to account for this topology and all interactions
of all duplicated proteins would have to be conserved over
a relatively long period of time in order for the new dupli-
cates to be able to interact both with the ancestral and with
the previously duplicated proteins. Topologies of global re-
dundancy and reciprocal divergence can therefore be con-
sidered to have arisen following WGD events.

We will first analyze the conservation of the domain
architecture among subfamilies and then study the growth

of the MIKC family and the evolution of its topology. The
influence of WGD events in the evolution of the MIKC-
type PPI network will be discussed, as well as possible
explanations for the rapid growth of this family in plants.

Materials and Methods

In this study, protein interaction refers to a physical
interaction between 2 proteins, which results in the forma-
tion of a dimer. As substantial interaction data are only
available for Arabidopsis (Arabidopsis thaliana) (de Folter
et al. 2005) and Petunia (Petunia hybrida) (Immink et al.
2003) and, to a lesser extent, for Antirrhinum (Antirrhinum
majus) and Oryza (Oryza sativa), only these interaction sets
were used. All interactions we used in this study were found
in the literature where they have been experimentally deter-
mined. The complete lists and references are presented in
supplementary tables 1-4 (Supplementary Material online).

The sequences of maize (Zea mays) and gnetum
(Gnetum gnemon) were included in the phylogenetic anal-
yses to determine the age of gene duplications (see fig. 2).
Three sequences from charophycean green algae (Tanabe
et al. 2005) were also added. Green algae share a common
ancestor with all land plants, and thus, their sequences can
serve as an outgroup to root the tree of MIKC-type genes.
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Fi6. 2.—Phylogenetic relationship between the species studied. The
arrows on the tree represent specific time points to which we refer in the
present work. A: Angiosperm—gymnosperm split; B: eudicot-monocot
split; C: rosid—asterid split; and D: present time.

The MADS, I, and K domains were defined based on
an initial alignment of MIKC-type proteins. The set of
retrieved sequences was then scanned for matches to the
hidden Markov model of the domains. All proteins
containing a MADS and/or a K domain with an E value less
than 0.01 were selected and added to the alignment using
ClustalW (Thompson et al. 1994). Only the defined do-
mains (MADS, I, and K) were used for the maximum likeli-
hood (ML) phylogenetic reconstruction. The visualization
and annotations were done with TreeDyn (Chevenet et al.
2006) and Inkscape.

To determine the domain composition of each protein,
we used the PRODOM database (Servant et al. 2002),
which was constructed by automatically clustering con-
served sequence fragments into families, based on multiple
alignments. PRODOM domains are thus conserved sequen-
ces of amino acids across proteins but do not necessarily
represent structural domains as experimentally defined.
Therefore, a domain could be represented by more than
one PRODOM domain ID if different portions of the do-
main have different degrees of conservation across proteins.
The full sequence of each protein was blasted against the
PRODOM database with default BlastP parameters, which
returned a large number of descriptions and alignments
(=v1000 — b 1000). The Blast result was then processed
to select between overlapping domains and to eliminate hits
with an E value greater than 1 X 10™* or less than 60%
conserved residues.

Using the phylogeny and interaction data of today’s
MIKC-type protein networks, we estimated the state of the
ancestral network at specific time points, just before the
splits of the species and branches (see fig. 2) we considered
(see fig. 4, part II). More precisely, starting from the Ara-
bidopsis network, we estimated the network of the eudicot
ancestor (i.e., just before the rosid—asterid split): for each
Arabidopsis protein, if an ortholog was found in Petunia
or Antirrhinum, we considered that this protein as well
as its interactions was already present in their common
ancestor’s genome. However, if no ortholog could be
found, we considered that this protein was a rosid-specific
protein that was not in the ancestor’s genome. We used the
same deduction process to estimate the network of the com-
mon ancestor of the eudicots and monocots and the network
of the ancestor of the angiosperms and gymnosperms.
Whenever a protein that had interactions was found to
be lineage specific, its interactions were reported to its clos-
est conserved paralog. This is justified by the high overall
conservation of interactions, which makes it more likely

that all interactions are inherited from ancestor proteins
and not suddenly gained by a specific pair of proteins.

More details on the methods used can be found in the
Supplementary Material online.

Results
Conservation and Divergence Patterns of Different
Domains

In order to clarify the relationships between the sub-
families and of specifying changes in primary protein struc-
ture during the evolution of the MIKC-type protein family,
the domain composition of the full-length proteins was de-
termined in terms of PRODOM domains.

Globally, the MADS and K domains are under
higher structural or functional constraints because they
are significantly more conserved than the I and C domains
(Parenicova et al. 2003). In accordance with these results,
we have found that the MADS domain is highly conserved
across all subfamilies (see fig. 3 and supplementary fig. 1
[Supplementary Material online]). In our analysis, the K do-
main is represented by several PRODOM domain IDs (see
fig. 3). The first PRODOM domain (PD000423) is common
to all subfamilies except the FLC subfamily and corre-
sponds to the first 2 of the 3 predicted amphipathic o helices
of the K domain (Kaufmann et al. 2005). However, the C-
terminal part of the K domain (or K3) and the C domain
show more variation, which is reflected by different PRO-
DOM domains that are subfamily specific. This is in agree-
ment with some experimental evidence that the K3 helix is
less important in the formation of dimers (Yang et al. 2003)
and could be under fewer structural constraints.

The SEPALLATA-like and AGL6-like subfamilies
share the same PRODOM domain ID for K3 (PD352768),
whereas the SQUA-like subfamily possesses a different
one (see fig. 3). This indicates that SEPALLATA-like
and AGL6-like subfamilies are more closely related to each
other than to SQUA-like subfamily, in accordance with the
phylogenetic reconstruction shown in figure 3.

Proteins of the FLC-like subfamily, which display
a highly divergent K domain (see fig. 3), have not been
reported to form dimers in Y2H assays and FLC homo-
dimers have only been observed in gel retardation experi-
ments, which reveals the weakness of this interaction.
Similarly, the AGL12-like proteins have a (slightly less) di-
vergent K domain, which is not predicted to form coiled-
coil regions by standard tools (Alvarez-Buylla et al. 2000),
and AGL12 has a very limited number of interaction part-
ners. This peculiarity of AGL12 and FLC is also reflected at
the level of their expression patterns, which are very broad
in terms of number of tissues, whereas expression of most
other MIKC-type proteins is more tissue specific (Becker
and Theissen 2003).

The Growth of the MIKC-Type Gene Family during Seed
Plant Evolution Corresponds with WGDs

Three WGDs have been detected in the angiosperm
lineage leading to Arabidopsis and are estimated to have
occurred in early angiosperm evolution (before the mono-
cot—eudicot split), in early eudicot evolution (before the
asterid—rosid split), and in the lineage leading to Arabidopsis
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Fi6. 3.—Domain conservation and divergence across the MIKC subfamilies. Different PRODOM domain IDs are represented by different symbols.
Full boxes highlight similarities, and dashed boxes highlight differences. Uncertainties in the phylogeny of the MIKC-type proteins are represented by
dashed lines. For each subfamily, the name and the number of interactions of the protein with the most interactions is given (Max Int). See supplementary
figure 1 (Supplementary Material online) for the full tree and further discussion.

as given in (Bowers et al. 2003, de Bodt et al. 2005, Cui
et al. 2006, respectively. Comparing the MIKC-type pro-
teins of the species included in our phylogenetic analysis
(see fig. 2) and inferring likely gene duplications and losses
at specific time points provide insights into the size and
composition of the MIKC-type protein family in ancestor
organisms before each of the aforementioned splits.

As shown in the timeline of figure 4 (part I) the number
of MIKC-type proteins in flowering plants has increased
over time, almost doubling between each aforementioned
splits, which corresponds with the timing of reported
WGDs. All these duplications have occurred in most sub-
families (see the simplified phylogeny in fig. 4, part I).
Therefore, although our species sampling only allows raw
estimates, the timing and distribution of the duplications
is consistent with the hypothesis that WGDs had a major
role in the formation of the MIKC-type protein family.
We next assess whether this series of LSDs also had an in-
fluence on the PPI network of the MIKC-type proteins.

An Ancestral Network of 9-11 Proteins Is Still the Core
of the MIKC-Type Protein Network

We estimated the number of MIKC-type proteins of
the seed plant ancestor (just before the gymnosperm—angio-
sperm split) to be between 9 and 11: in our phylogenetic
reconstruction (see supplementary fig. 1, Supplementary
Material online), only 8 subfamilies possess a gymnosperm
ortholog, but GGM2 has been reported to belong to the
DEF-GLO subfamily, bringing the number to 9 (Winter

et al. 2002). Additionally, it is possible that the respective
ancestral protein of the SQUA and SEPALLATA subfami-
lies already existed in the genome of the early seed plant
ancestors (Zahn et al. 2005). According to our modeling
of the ancestral interaction patterns, the overall topology
of the network has remained nearly constant during evolu-
tion (see fig. 4, part II, B-D). Therefore, according to this
model, the 3 rounds of WGDs have added layers of inter-
acting paralogs without modifying the original topology of
the MIKC-type PPI networks, which stretches back to be-
fore the angiosperm—gymnosperm split.

The MIKC Interaction Network Has a Specific Topology

We find 3 specific properties of the topology of the
MIKC-type protein interaction network, which distinguish
it from other eukaryotic networks (Amoutzias et al. 2004).
Experiments involving loss-of-function mutants have shown
that paralogous MIKC-type proteins had partially redun-
dant roles as triple or even quadruple mutants were required
to observe particular phenotypic effects (Pelaz et al. 2001;
Pinyopich et al. 2003). Here we provide an explanation for
this observed functional redundancy by revealing how fre-
quently paralogous proteins share similar interaction part-
ners. In the SEPALLATA subfamily, for example, we
discovered that within each species, all the paralogs have
a very similar interaction pattern (see fig. 5). This is partic-
ularly striking in Petunia, where the 6 SEPALLATA-like
paralogs have similar interaction patterns, 4 of which are
able to form homodimers, of which 3 are also able to form
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LSD events (de Bodt et al. 2005), and vertical dotted lines indicate splits

. The estimated minimum number of MIKC-type proteins before each of the

aforementioned splits along with the maximum number in parentheses (uncertainties due to occasional low bootstrap values in the tree presented in

supplementary fig. 1, Supplementary Material online) are also displayed.

Part II shows estimations of the MIKC-type PPI network at different times.

(A) Before the angiosperm—gymnosperm split, (B) before the eudicot-monocot split, (C) before the rosid—asterid split, and (D) today. Black circles
represent homo- and heterodimerizing proteins, triangles represent heterodimerizing-only proteins, full lines represent dimerization, and dotted lines

represent interactions observed only in higher order complexes.

higher order complexes with the same partners. These pro-
teins therefore display a high degree of global redundancy,
as defined in figure 1 (i). In Arabidopsis, 3 of the 4 SEPAL-
LATA paralogs have been observed to form homodimers
and share the same interaction partners, with some level
of reciprocal divergence (see fig. 1, iii). In the lesser studied
species Antirrhinum and Oryza, the data we collected
seemed to confirm this tendency of PPI redundancy among
paralogs (see fig. 5). Interestingly, some of the SEPAL-
LATA paralogs originated from a duplication preceding

the eudicot—-monocot split, which proves that even distant
duplicates can have similar interaction patterns. What is
striking about the conservation of interactions between
paralogous proteins in the MIKC-type network is that this
conservation is observed across all subfamilies (see supple-
mentary figs. 2-5, Supplementary Material online).

In all subfamilies for which interaction data are
available, the interaction patterns of orthologs are strikingly
similar. Forexample, in Arabidopsis, SEP3 (aSEPALLATA-
like protein) interacts with SHP1 (of the AGAMOUS
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FiG. 5.—An example of the topology of the MIKC network: the MADS-box SEPALLATA-like PPI display high intra- and interspecies conservation
as well as high inter-subfamily connectivity. The phylogenetic tree is the same ML tree as presented in supplementary figure 1 (Supplementary Material
online). The topology presented here is a global property of the MIKC network, as can be seen in supplementary figures 2—5 (Supplementary Material

online). For each protein of the SEPALLATA subfamily for which interactio
a curve linking the protein to its diverse interaction partners. Whereas dimeri:
higher order complexes are represented by discontinuous lines.

subfamily), whereas in Petunia, FBP2 and FBP6, which are
direct orthologues of SEP3 and SHPI, respectively, also
interact (see fig. 5). This conservation of interaction pat-
terns is found throughout the available data. There are still
numerous putative protein interactions that have not been
investigated, such as the interactions of the AGL17-like
proteins, for which only Arabidopsis data are available
(see supplementary fig. 2, Supplementary Material online).

ns are known, the corresponding interactions are displayed in the form of
zations are represented by continuous lines, interactions only observed in

Similarly, available data show that higher order complex
formation is conserved across species as well as homodime-
rization. This striking conservation of interaction patterns
across species is likely to be even stronger as more inter-
action data are collected.

Another specific property of the MIKC-type protein
interaction network is that the majority of the heterodimers
that they form consists of proteins from different subfamilies
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(see figs. 4 [part II, D] and 5). When we consider 2
subfamilies as interacting if there is at least one protein
of a subfamily that interacts with a member of the other sub-
family, we find that of a total of 12 subfamilies, 6 formed
a clique. In graph theory, a clique in an undirected graph G
is a set of vertices V such that for every 2 vertices in V, there
exists an edge connecting the two. Additionally, 2 more
subfamilies could be added to this set of highly connected
subfamilies, each of them missing only one interaction:
these 8 subfamilies thus form 24 of the 26 possible inter-
actions. However, not all MIKC subfamilies display the
same connectivity: 4 subfamilies (sister clades GGM13
and DEF-GLO and highly diverged K domain AGL12
and FLC) are noticeably less connected (see fig. 4, part
II, D).

Discussion

Our results support the theory that the expansion of the
MIKC-type gene family was mainly due to WGDs. More-
over, we found that as a general rule in the MIKC-type PPI
network, the interactions of paralogous proteins were
highly similar, orthologs had conserved interaction patterns,
and the subfamilies were highly connected by PPI. These
additional results reveal the unique topology of the MIKC-
type PPI network.

Indeed, by comparing the MADS MIKC-type protein
network with other TF networks of similar size—bHLH,
NR, and bZIP (Amoutzias et al. 2004, 2005, 2007)—we
identified intriguing common principles between these
eukaryotic networks and specificities of the MADS net-
work. In all 4 networks, we observed that heterodimerizing
proteins emerged via duplication and divergence of homo-
dimerizing ancestors. In the MADS just as in the bHLH and
the NR protein interaction networks, the gain of additional
domains—here the I, K, and C domains which were gained
before the split of land plants and charophycean green algae
(Tanabe et al. 2005)—has influenced the topology of the
network, causing compartmentalization of the interactions,
which is reflected by the fact that most interactions happen
between MIKC-type proteins and not with other types of
MADS proteins (de Folter et al. 2005). The level of inter-
subfamily connectivity, on the other hand, is strikingly
more important in the MIKC network than in the bHLH
network, where interactions between distantly related fam-
ily members are uncommon. In addition, the level of con-
servation of interaction partners, both between paralogs and
across species, is particularly high in the MIKC-type pro-
tein network.

We therefore suggest that the relatively fast succession
of WGDs, which have occured in angiosperm evolution,
have influenced not only the growth of the MIKC PPI net-
work but also its topology. The fact that so many interac-
tions are repeated between paralogs and orthologs makes it
very likely that these interactions are inherited and con-
served from the ancestral proteins, after duplication and/
or speciation. Based on this hypothesis and the deductive
process presented in Materials and Methods, we suggest
an evolutionary scenario for the MIKC-type PPI network,
which is presented in figure 4 (part II). This network growth
model of LSD followed by restricted loss of gene and PPI

could explain the formation of other protein networks in
protein classes known to be preferentially retained after
WGD events (Maere et al. 2005).

However, given the degree of redundancy of interac-
tion patterns among paralogs, how can the retention of so
many MIKC-type genes be explained, when most of the
other classes of duplicated genes are lost after WGD
events? One of the distinguishing features of the MIKC-
type proteins is their capacity to form higher order com-
plexes, the composition of which is conserved across
species. These complexes, which have been isolated in all
eudicot species considered in this study, are known to bind
DNA in vivo and are essential for the formation of flowers in
angiosperms (Honma and Goto 2001; Pelaz et al. 2001).
Considering the importance of these complexes for the
regulation of essential plant organs, the simultaneous du-
plication of all constituents could have presented a consid-
erable advantage, allowing for a higher number of such
complexes and their differential expression (Kaufmann
et al. 2005).

Considering the conservation of the network topology
across species and between paralogs, it is likely that differ-
ent phenotypes are induced by differential expression of
paralogs during development, selective DNA binding, and
differential transcription activation capacity (Ditta et al.
2004). Gene duplications and the differential expression
of the resulting paralogs enable the fine-tuning of gene reg-
ulation in different tissues or under different conditions.
This is reflected by the fact that in ferns the expression
of MIKC genes is more ubiquituous than in seed plants
(Miinster et al. 1997).

Therefore, the fact that so many MIKC-type proteins
have been retained along with conserved interaction pat-
terns can be at least partially explained by their differential
expression.

Conclusion

The integrated analysis of sequence, phylogenetic, and
PPI data has revealed the specific structure of the MIKC
network, characterized by a high number of shared interac-
tors between paralogs, high interaction pattern conservation
between orthologs, and high inter-subfamily connectivity.
We have compared this topology with that of other net-
works of similar size and delineated common principles
and specific traits of the MADS network. Together with
the estimated duplication time of the MIKC-type genes
and their homogenous distribution among most subfami-
lies, these results clearly indicate that series of WGDs
shaped the structure of the MIKC network.

The question of why MIKC genes were specifically
retained after WGD events is still open. However, one pos-
sible advantage of the duplicates is the increased combinato-
rial potential for multimer formation, allowing for differential
expression of paralogous proteins and complex-specific
DNA-binding properties. Finally, the simultaneous expan-
sion of pollinators and angiosperms approximately 65
MYA supports the hypothesis that pollinators played a
key role in the evolution of flowering plants and vice versa.
Asthe MADS-box proteins have adirectrole in the formation
of reproductive organs, it is probable that the expansion and
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topology of the MADS PPI network has facilitated this co-
adaptation.

Supplementary Material

Supplementary tables 1-4 and figures 1-5 are avail-
able at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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