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B-class MADS-box genes have been shown to be the key regulators of petal and stamen specification in several eudicot
model species such as Arabidopsis thaliana, Antirrhinum majus, and Petunia hybrida. Orthologs of these genes have been
found across angiosperms and gymnosperms, and it is thought that the basic regulatory function of B proteins is conserved
in seed plant lineages. The evolution of B genes is characterized by numerous duplications that might represent key el-
ements fostering the functional diversification of duplicates with a deep impact on their role in the evolution of the floral
developmental program. To evaluate this, we performed a rigorous statistical analysis with B gene sequences. Using max-
imum likelihood and Bayesian methods, we estimated molecular substitution rates and determined the selective regimes
operating at each residue of B proteins. We implemented tests that rely on phylogenetic hypotheses and codon substitution
models to detect significant differences in substitution rates (DSRs) and sites under positive adaptive selection (PS) in
specific lineages before and after duplication events. With these methods, we identified several protein residues fixed by PS
shortly after the origin of PISTILLATA-like and APETALA3-like lineages in angiosperms and shortly after the origin of
the euAP3-like lineage in core eudicots, the 2 main B gene duplications. The residues inferred to have been fixed by
positive selection lie mostly within the K domain of the protein, which is key to promote heterodimerization. Additionally,
we used a likelihood method that accommodates DSRs among lineages to estimate duplication dates for AP3—-PI and
euAP3-TM6, calibrating with data from the fossil record. The dates obtained are consistent with angiosperm origins
and diversification of core eudicots. Our results strongly suggest that novel multimer formation with other MADS proteins
could have been crucial for the functional divergence of B MADS-box genes. We thus propose a mechanism of functional
diversification and persistence of gene duplicates by the appearance of novel multimerization capabilities after duplica-
tions. Multimer formation in different combinations of regulatory proteins can be a mechanistic basis for the origin of novel

regulatory functions and a gene regulatory mechanism for the appearance of morphological innovations.

Introduction

The neo-Darwinian synthesis has provided a solid
framework to understand evolutionary processes in terms
of changes in the genetic composition of populations
(Dobzhansky 1951). However, this framework has not
considered ontogenetic processes explicitly (Gilbert et al.
1996). Any comprehensive theory aiming at explaining
the emergence of novel morphological traits and their fix-
ation within populations must feature development because
it determines the mapping functions of genetic variation in-
to morphological variation (Alberch 1980). Comparative
studies of the molecular basis of development can eventu-
ally bridge the gap between molecular evolution and phe-
notypic evolution in a macroevolutionary scale.

In angiosperms, the relatively abrupt and extensive
diversification that occurred shortly after they appeared
in the fossil record (Magall6n et al. 1999; Magallén and
Sanderson 2001) has been considered a classic example
of species radiation and has been linked to the appearance
of novel structures that allowed a unique reproductive
mode: flowers. The genetic bases of flower development
have been widely studied in eudicot model species such
as Arabidopsis thaliana and Antirrhinum majus since the
1990s. These studies yielded the ABC combinatorial model
for floral organ determination (Coen and Meyerowitz
1991). Four of the 5 genes in the ABC model belong to
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the Type II plant MADS-box genes, which have been
shown to be key regulators in several plant developmental
traits (Alvarez-Buylla, Liljergren, et al. 2000; Alvarez-
Buylla, Pelaz, et al. 2000; Ng and Yanofsky 2001). Further
studies have extended the interactions between ABC pro-
teins to another set of floral MADS-box proteins encoded
by the SEPALLATA genes subfamily to achieve their reg-
ulatory functions (Egea-Cortines and Davies 2000; Pelaz
et al. 2000; Honma and Goto 2001). Several studies have
yielded evidence indicating that the basic function of floral
ABC proteins is conserved across angiosperms and to some
extent even in gymnosperms (Bowman 1997; Egea-Cortines
et al. 1999; Kramer and Irish 1999, 2000; Siindstrom et al.
1999; Siindstrom and Engstrom 2002; Whipple et al. 2004:
Kim et al. 2005). A recent network dynamic model that
considers the concerted action of ABC and interacting
non-ABC proteins has proposed an explanation for the ro-
bustness of the floral genetic developmental program
among core eudicots (Espinosa-Soto et al. 2004).

In a previous study that focused on the complete fam-
ily of MADS-box genes for A. thaliana, we reported that
positive Darwinian or adaptive selection might have been
important in fixing specific protein residues after some of
the main duplication events leading to the paralogous
groups of the gene family (Martinez-Castilla and Alvarez-
Buylla 2003). However, we were not able to establish
whether or not adaptive evolution played a major role in
the functional diversification of orthologous genes in the
major angiosperm lineages. By comparing sequences of or-
thologous genes from several angiosperm species in a phy-
logenetic context, in this work, we address this question in
one of the main subfamilies of floral regulatory genes, the
so-called B MADS-box genes.
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There are 2 lineages of B type genes in angiosperms,
named APETALA3-like (AP3) and PISTILLATA-like (PI),
after their characterization in A. thaliana. As described in
the ABC model of flower development, when coexpressed
with A function genes in the floral meristem, B genes specify
petal formation, whereas when coexpressed with C function
genes, they specify stamen formation (Bowman et al. 1991;
Coen and Meyerowitz 1991; Meyerowitz et al. 1991). AP3
and PI proteins interact to form a heterodimer that indirectly
regulates PI expression and directly binds to the AP3 promoter
in a self-activating regulatory loop that maintains the B func-
tion in the second and third whorls of the meristem during
flower development (Krizek and Meyerowitz 1996; Hill
et al. 1998; Honma and Goto 2000).

It has been postulated that the obligate heterodimeri-
zation of PI and AP3 proteins observed in core eudicots
(Davies et al. 1996; Riechmann et al. 1996) evolved from
the homodimerization found in gymnosperms, perhaps via
a transitory state of facultative homo-heterodimerization
(Winter et al. 2002). The evolution of heterodimerization
in B-class proteins could have been fundamental for the
establishment of the floral genetic developmental program
in angiosperm lineages, promoting their floral morphol-
ogical diversification. In this study, we address whether
or not adaptive evolution was important during the origin
of obligate B-protein heterodimerization, particularly fol-
lowing the critical AP3-PI duplication toward the base
of angiosperms.

In a recent study, it was estimated that the duplication
leading to the AP3 and PI lineages in angiosperms occurred
260 million years ago (MYA) (Kim et al. 2004), shortly
after the angiosperm—gymnosperm divergence (fig. 1B),
after which the B MADS-box genes underwent a complex
pattern of independent duplications. A main duplication
occurred in the AP3 lineage, leading to 2 AP3 sublineages
distinguished by characteristic motifs in their C-terminal
region (Kramer et al. 1998). The paleoAP3 lineage is found
in basal angiosperms, monocots, magnoliids, and basal
eudicots with the proteins possessing a paleoAP3 motif
in their C-terminal. Most core eudicots possess a copy of
a paleoAP3-like gene, named TM6-like genes after its de-
scription in tomato (Pnueli et al. 1991). In contrast, the
euAP3 lineage is found exclusively in core eudicots B-class
genes, possessing the characteristic euAP3 C-terminal mo-
tif (see figs. 1A, 1B, and 4A). Experimental evidence based
on Arabidopsis genetic transformations using chimeric B
proteins have shown that the C-terminal domains of AP3
and PI as well as the 2 distinct AP3 genes paleoAP3 and
euAP3 are functionally divergent (Lamb and Irish 2003).
A further study in Petunia hybrida showed that PethDEF
(euAP3-like) and PethTM6 (paleoAP3-like) are also func-
tionally divergent, with PethTM6 having a more important
role in stamen specification and weaker expression in petals
(Vandenbussche et al. 2004).

Core eudicots are the most abundant angiosperm lin-
eage, comprising almost 73% of extant angiosperm species
(Drinnan et al. 1994), thus representing the largest evolu-
tionary radiation within the flowering plants. Members of
this group show arelatively invariant differentiation of their
floral perianth into distinct calyx and corolla (sepals and
petals). Congruent with this morphological pattern, the ex-

pression patterns and function of B genes also seem to be
well conserved (Bowman 1997; Kramer and Irish 1999). In
contrast, B MADS-box genes have divergent expression
patterns in noncore eudicots (Kramer and Irish 1999;
Kim et al. 2005), whose flowers do not have a well differ-
entiated calyx and corolla (fig. 1D). Molecular phylogenies
show a possible duplication of A, B, C, and the subfamily of
SEP1/2/4 floral MADS-box genes close to the base of the
core eudicot clade (Kramer and Hall 2005; Zahn et al.
2005). In the case of B genes, this duplication gave rise
to the euAP3 and TM6 (paleoAP3-like genes) lineages
(Kramer and Hall 2005). Based on sequence analyses
and experimental evidence, it has been hypothesized that
this duplication played an important role in the origin of
clearly differentiated petals in core eudicots (Kramer
et al. 1998; Lamb and Irish 2003).

Using statistical comparisons in a likelihood frame-
work, we tested for significant differences in the substitution
rates (DSRs) and for positive selection (PS) at individual
sites of the protein along the main B gene lineages, to test
key hypotheses regarding the evolutionary roles played by
the 2 main duplications: 1) the one leading to AP3 and PI
lineages in angiosperms, to explore the evolutionary forces
that could have played a role in driving the evolution of het-
erodimerization and 2) the one leading to the euAP3 and
TM6 lineages because this duplication could have been
key in the evolution of the floral developmental mechanisms
characteristic of the core eudicots. Additionally, we esti-
mated divergence dates with these data and compared our
results with the information in the angiosperm fossil record.

Our results strongly suggest that shortly after the du-
plication that lead to the AP3 and PI genes, functional di-
versification driven by PS acting on different sites within
the K domain, which is key for heterodimerization, oc-
curred along both duplicated gene lineages. We report an
estimated date for this duplication at 290 MYA, which is
closer to the divergence of angiosperms and gymnosperms
registered in the fossil record as compared with a previously
reported date (Kim et al. 2004). Our results suggest an early
origin for heterodimerization of B MADS-box proteins in
angiosperms shortly after they diverged from gymno-
sperms. Moreover, the estimated date for the euAP3—
TM6 duplication coincides with the origin of the core
eudicots lineage. This result, together with the strong signal
for PS along the euAP3 branch lineage, suggests a possible
functional divergence of AP3 duplicates that might have
been important for the evolution of the core eudicot floral
developmental genetic program.

Materials and Methods
Sequences

Full-length DNA sequences for coding regions of B
MADS-box genes were obtained from GenBank at the Na-
tional Center for Biotechnology Information Database
(http://www.ncbi.nlm.nih.gov/) using Blast and key word
searches for each plant family sensu the APG I (2003), aimed
at obtaining a homogeneous taxonomic sampling across an-
giosperm lineages. Accession numbers as well as species
names and plant families for each gene are presented in
table 1. We sorted the sequences into 3 data sets: one for
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Fic. 1.—A representation of the angiosperm phylogeny reconstructed with molecular data, modified from APG II (2003) (A). The main duplications
of B MADS-box genes (B) are coincident with the origin of angiosperms (AP3—PI duplication) and the origin of the core eudicots clade (euAP3-TM6).
The evolution and duplications of B genes are also coincident with the evolution of obligate heterodimerization between AP3 and PI paralogues found in
Arabidopsis from homodimerization found in gymnosperms (C). It is also possible that the evolution of perianth morphology is related with B MADS-box
gene duplications and heterodimerization evolution. At the base of angiosperms, there is not a clear differentiation between sepals and petals, which in turn

characterize flowers of core eudicot species (D).

B MADS-box genes, another including aricher sampling ex-
clusively for PI genes, and a third with a richer sampling for
AP3 genes to obtain improved alignments and phylogenetic
resolution inside each lineage.

Alignment Strategy

Downloaded sequences were edited to identify correct
open reading frames. We obtained preliminary amino acid
alignments for each of our 3 data sets using MUSCLE
(Edgar 2004). Independently, amino acid sequences were
analyzed using MEME, an algorithm based on likelihood
methods that finds highly conserved regions or motifs in
groups of related protein sequences (Bailey and Elkan
1994, 1995). Preliminary protein alignments were edited
manually using BioEdit (Hall 1999), first following previ-
ously reported alignments (Kramer et al. 1998) and finally
following MEME results. Especially in regions of the pro-

tein with ambiguous alignment (the C-terminal region), we
attempted to recover MEME motifs during manual edition.
Corresponding nucleotide sequences were aligned follow-
ing these amino acid alignments to obtain final codon align-
ments. We constructed a second data set by editing these
original codon alignments using Gblocks (Castresana
2000). Gblocks eliminate poorly aligned positions and di-
vergent regions, and we used it especially to eliminate
regions with a high number of in-dels, particularly in the
C-terminal, without losing characteristic conserved motifs.
Results from these alignments are emphasized. Alignments
are shown in the supplementary material.

Phylogenetic Analysis

We performed the phylogenetic analysis using Bayes-
ian methods as implemented in MrBayes 3.1.1 (Huelsenbeck
and Ronquist 2001) with our edited and nonedited codon
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Table 1

Sequences Used in This Study

Subclass Family Species Gene name Accession number
Cucurbitales Cucurbitaceae Cucumis sativus CucsCUM26 AF043255
Rosales Rosaceae Rosa rugosa RrMASAKOBP AB038462
RrMASAKOeuB3 AB099875
Malus domestica MaldPI AB081092
MaldTMé6
MaldMADS13
Fabales Fabaceae Medicago sativa MedsNMH7 AF042068
MedsNGL9 AF335473
Brassicales Brassicaceae Arabidopsis thaliana AratAP3 M86357
AratPI D30807
Arabidopsis lyrata AralPI AF143382
Brassica napus BranAP3 AF124814
Fagales Betulaceae Betula pendula BetpMADS2 BPE488589
Lamiales Veronicaceae Antirrhinum majus AntmDEF X52023
AntmGLO X68831
Syringa vulgaris SyrvPI AF052861
SyrvAP3 AF052869
Cornales Hydrangeaceae Hydrangea macrophylla HydmAP3 AF230702
HydmPI AF230711
HydmTM6 AF230703
Apiales Apiaceae Daucus carota DaucMADS2 AJ271148
DaucMADS3 AJ271149
Asterales Asteraceae Gerbera hybrida GerhDEF1 AJ009724
GerhDEF2 AJ009725
GerhGLO1 AJ009726
Hieracium piloselloides HiepDEF1 AF180364
Chrysantemum moriflorum ChrmCDM19 AY173064
ChrmCDM115 AY173060
ChrmCDMS86 AY173061
Myrtales Myrtaceae Eucalyptus grandis EucgEGM2 AF029976
Solanales Solanaceae Lycopersicon esculentum LyceTDR6 X60759
LyceAP3 AF052868
Petunia hybrida PethGP X69946
PethMADS2 X69947
Nicotiana tabacum PethTM6 AF230704
NtGLO NTGLOBOSA
Buxaceae Pachysandra terminalis PactAP3 AF052870
Caryophyllales Polygonaceae Rumex acetosa RumaRaD1 U28483
RumaRaD2 U28482
Caryophyllaceae Silene latifolia SillISLM2 X80489
SillSLM3 X80490
Ranunculales Papaveraceae Papaver nudicaule PapnAP3-2 AF052873
PapnPI-1 AF052856
Dicentra eximia DiceAP3 AF052875
Ranunculaceae Ranunculus ficaria RanfAP3 AF052858
RanfPI AF052854
Trautvetteria carolinensis TracAP3 AY162904
TracPI-1 AY162905
TracPI-2 AY162906
Berberis gilgiana BergPI-1 AY 162860
BergPI-2 AY162861
Akebia quintata AkeqAP3-1 AY162835
AkeqAP3-2 AY162839
AkeqPI-1 AY162837
Nymphaeales Sanguinaria canadensis SancAP3 AF130868
Sabiales Sabiaceae Meliosma dilleniifolia MeldAP3-1 AY436709
MeldAP3-2 AY436710
MeldAP3-3 AY436711
MeldPI AY436712
Chloranthales Chloranthaceae Chloranthus spicatus ChIsAP3 AF230710
ChlsPI AF230701
Piperales Piperaceae Piper magnificum PipmPI-1 AF052867
PipmPI-2 AF052866
Aristolochiaceae Peperomia hirta PephPI AF052865
PephAP3 AF052879
Asarum europaeum AsaePI AF230707
AsaeAP3 AF230698
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Table 1
Continued
Subclass Family Species Gene name Accession number
Canellales Winteraceae Drimys winterii DriwAP3-1 AY436722
DriwAP3-2 AY436723
DriwAP3-3 AY436724
DriwAP3-4 AY436725
DriwPI-1 AY436727
DriwPI-2 AY436728
DriwB_sister AY436726
LILIOPSIDA
Poales Poaceae Zea mays ZeamSilkyl AF181479
ZeamZPI1bm29 AJ292961
Zeam m16 ZMA292959
Zeam m18 ZMA292960
Oryza sativa OrysMADS16 AF077760
OsMADS2 L37526
OsMADS4 L37527
OrysAB0033 AB003323
Triticum aestivum TriaMADSS51 AB007506
Asparagales Agapanthaceae Agapanthus praecox AgapMADS1 AB079259
Orchidaceae Oncidium cv. “‘Gower Ramsey’’ OrciMADS3 AY196350
Orchis italica OrciPI AB094985
Hyacinthaceae Hyacinthus orientalis HyaoHPI 2 AF134115
HyaoHPI 1 AF134114
Asparagaceae Asparagus officinalis AspoDEF AB094964
Alismatales Alismataceae Sagittaria montevidensis SmAP3 AF230705
Liliales Liliaceae Lilium regale LilrDEF AB071378
LilrGLOA AB071379
Lilium longiflorum LillMADS1
Laurales Calycanthaceae Calycanthus floridus CalfAP3 AF230699
CalfPI AF230700
Dioscoreales Dioscoreaceae Tacca chantieri TaccPI AF230713
TaccAP3 AF230706
Austrobaileyales Tlliciaceae Illicum henryii MIhAP3-1 AY436729
IIhAP3-2 AY436731
IIhAP3-3 AY436733
IhPI-1 AY436734
IIhPI-2 AY436735
Nymphaeales Nymphaceae Nymphaea sp. NympAP3 AY436748
Sabiales Nymppl AY436744
Magnoliales Magnoliaceae Liriodendron tulipifera LirtAP3 AF052878
LirtPI AF052864
Magnolia praecocissima MagpMADSS AB050650
MagpMADS7 AB050649
Michelia figo MicfAP3 AF052877
MicfPI AF052863
GYMNOSPERMS
Coniferales Pinaceae Pinus radiata PrDGL AF120097
Picea abies PicaDALI 1 AF158539
PicaDALI?2 AF158541
PicaDAL13 AF158543
Cupressaceae Cryptomeria japonica CryiMADS2 AF097747
CryjMADS1 AF097746
Gnetales Gnetaceae Gnetum gnemon GnegGGM2 AJ132219
GnegGGM13 AJ132216
GnegGGM15 AJ132209

Note.—PI sequences are shown in bold.

alignments. The substitution DNA model was selected
with the help of Modeltest by using the Akaike Information
Criterion for first + second and third codon positions sep-
arately (Posada and Crandall 1998). Models found were
implemented in MrBayes, and partitioned analyses were
performed when we found different models for different
codon positions. Searches were started from a random tree
with a plain prior on 4 different Markov chains in 2,500,000
generations saving every 100th tree. At convergence
(around 20,000 generations), confirmed visually from the

graphs of the log likelihood scores, we discarded the first
3,000 trees as burn-in and constructed a consensus using the
Bayesian posterior probabilities (PPs) to evaluate clades
support.

Statistical Tests for DSR and PS Detection

To detect the selective regimes operating on each cod-
ing site (codon) of B proteins, we performed statistical tests
based on models of DNA substitution by codons that rely
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on estimates of the ratio ® = dN/dS of nonsynonymous sub-
stitution rates (dN) relative to synonymous substitution
rates (dS). Estimated ® values can provide an unambiguous
criterion to evaluate the selective regimes operating at the
molecular level, expecting o values = 1 for neutrality, ® <
1 for purifying selection, and ® > 1 for positive adaptive
selection.

We estimated likelihood scores using 2 different kinds
of codon models. The first kind comprises the so-called site-
specific models (Nielsen and Yang 1998; Yang et al. 2000)
and were designed to detect heterogeneous selection pres-
sures and PS among sites (codons) if the average nonsynon-
ymous substitution rate over all lineages is higher than the
average synonymous rate. The second kind, the so-called
branch-site models, has the same objective but exclusively
in particular lineages of a phylogeny, allowing the  ratio to
vary across sites and across lineages and detecting codon
specific PS or DSRs in preselected branches of a given tree
regardless of the average dN/dS ratio. Likelihood scores ob-
tained given such codon models were compared against
null models that imply homogeneity in substitution rates
and neutrality or purifying selection at all sites and
branches, statistically accepting PS and DSR only if the im-
provement in likelihood scores obtained with the PS/DSR
codon models was significant. Model comparisons were
performed using likelihood ratio tests (LRTs), which
require nested hypotheses of models being compared.
Degrees of freedom are equal to the number of extra
parameters in the alternative hypothesis. The LRT statistic
equals twice the difference of log likelihood scores of mod-
els compared (2Al = 2(l, — 1)), and its distribution can be
approximated with a chi-squared test; thus, statistical sig-
nificance was evaluated using a test of goodness of fit
for this statistic (Yang and Nielsen, 2002). The calculations
were performed following the algorithms implemented in
version 3.14 of the PAML package (http://abacus.gene.
ucl.ac.uk/software/paml.html).

The site-specific models used were 0, 1a, 2a, 3,7, and 8
according to the nomenclature and methods described in
Yang et al. (2000) and in the PAML documentation. These
models do not account for molecular rate shifts or PS in par-
ticular lineages, thus averaging over all sequences in the
phylogeny. PS is difficult to detect with these models be-
cause it often operates episodically on few amino acids
in a small number of taxa. In contrast, branch-site models
have more power to detect DSR and PS on specific lineages
because they allow for branches prespecified in the phylog-
eny to have a class of sites with a different @ from the rest of
the tree (model D) or for a class of sites with @ > 1 (model
A) (Yang and Nielsen 2002; Bielawski and Yang 2004).
Using branch-site models, we tested branches of main lin-
eages before and after important duplication events during
the evolution of B genes, which represent potential points
for the evolution of possible newly acquired biochemical
properties and roles in the floral developmental program fol-
lowing these duplications. We repeated this procedure for
different branches in the PI, AP3, and B MADS-box gene
Bayesian phylogenies (indicated with arrows in figs. 2 and
3). Branches selected are assigned as “foreground” and as
such have additional site classes that allow for PS, whereas
the other branches in the phylogeny comprise the “back-

ground” branches. First, we used codon model D as an in-
dicator of functional divergence as described in Bielawski
and Yang (2004) that was designed to detect substitution
rate shifts not necessarily due to PS. Then, for PS detection,
we used codon model A (Yang and Nielsen 2002) that was
designed to infer PS in the preselected tree branches.

Simulation studies have shown that Yang’s branch-site
tests to detect PS in specific branches are sensitive to model
assumptions and unable to distinguish between relaxation
of selective constraints and PS (Zhang 2004). Although re-
laxation of constraints can suggest important changes in the
biochemical properties of proteins, we additionally imple-
mented the modified models and the more conservative
branch-site LRT test 2 described in Zhang et al. (2005),
which are robust to violations of model assumptions.

In the case of alternative models that allow for PS
(model 2, 8, and model A), the PP that a site (codon)
was drawn from a given dN/dS class was calculated using
a Bayes Empirical Bayes approach that accounts for sam-
pling errors in maximum likelihood estimates of model pa-
rameters and that have shown to be conservative and to
have desirable statistical properties (Yang et al. 2005).
We report only those sites with a PP > 0.9 to belong to
a class under PS or ® > 1. To evaluate the impact of align-
ment ambiguities and in-dels in our results, we repeated
every test with our Gblocks edited alignments.

Estimation of Divergence Dates

We estimated divergence dates for major duplication
events in the phylogenies reconstructed for B genes and
AP3 genes using the heuristic rate-smoothing algorithm
(the AHRS algorithm) described in Yang (2004) and imple-
mented in PAML version 3.14. The calibration date used
for estimating the AP3-PI duplication date in the B
MADS-box phylogeny (fig. 2) was 121 MYA as minimum
for eudicot origins inferred from tricolpate pollen fossil
grains described in Doyle and Hotton (1991), and for the
euAP3-TM6 duplication in the AP3 phylogeny (fig. 34),
we used a calibration date of 132 MYA as minimum for
the origins of angiosperms inferred from fossil pollen grains
described in Brenner (1996). Following the AHRS algo-
rithm, the branch lengths for the topologies obtained in
our Bayesian analysis were estimated first by maximum
likelihood following the pruning algorithm of Felsenstein
(1981). Then the substitution rates and divergence dates
were obtained as preliminary values. A stochastic model
of changes in the substitution rates was adjusted with the
estimated branch lengths, and the obtained values were
used to classify branches into groups according to their
rates following maximization by maximum likelihood, thus
providing an objective method to consider differences in the
branch lengths and substitution rates for different branches,
and to enable their classification into different groups. In the
final step of the AHRS algorithm, the divergence times and
substitution rates were estimated (Yang 2004).

Results
Phylogenetic Analyses of B MADS-Box Lineages

We obtained phylogenetic hypotheses for the entire
set of B MADS-box sequences as well as AP3 and PI
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sequences separately using Bayesian methods with edited
and nonedited alignments and evaluated clade support with
the PP of each node. Figure 2 shows the consensus phylog-
eny obtained for B gene sequences with edited alignments.
As expected, we recovered the AP3-PI clade, which com-
prises angiosperm sequences exclusively, with a high PP
support value (0.99 PP). As sister sequences of this
AP3-PI clade, we recovered the clade of B-sister genes
(1.00 PP) in a poorly supported position (0.34 PP). At
the base of angiosperm B genes and B-sister genes, we re-
covered a grade of gymnosperm B genes.

Figure 3A and B shows Bayesian phylogenies for AP3
and PI lineages, respectively, rooted with the sequences of
the basal angiosperm Nymphaea. In both trees, the main
clades of angiosperms sensu APG II (2003) were recovered
as monophyletic with reasonable PP values. The relation-
ships between main clades were different in each paralo-
gous lineage, revealing a different evolutionary trajectory
that may indicate differences in their functional diversifica-
tion processes.

The trees with higher PP values at nodes for AP3
genes were obtained with nonedited alignments in a parti-
tioned analysis, with a substitution model including 2 sub-
stitution types for first and second codon positions and 6
substitution types for third positions. In the case of PI gene
trees, higher support values were obtained with complete
sequences using 6 substitution types in the model.

Heterogeneous Substitution Rates within B MADS-
Domain Protein Sites

We used different site-specific codon substitution
models to make inferences regarding among-site substitu-
tion rate heterogeneity in B MADS-box proteins and then
addressed whether or not some sites had been fixed by PS.
We performed analyses for the AP3, PI, and the entire set of
B gene sequence alignments with their corresponding phy-
logenetic hypotheses separately, repeating every test with
edited alignments that contained almost exclusively unam-
biguously aligned positions. Results were nearly identical
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Calculated P
0.99 (P = 0.064; M7

(P < 0.0001; MO rejected)
rejected 96%)

(P < 0.0001; MO rejected)
P < 0.0001; M3 K = 2 rejected
(P <0.0001; M3K =2

rejected)

P < 0.0001; MO rejected

AP3 genes
P=1P=1)

P

P < 0.0001; MO rejected

241
1145.445 (1336.25)
1563.664 (1811.87)

0.000308 (5.8466)
418.218 (475.62)

AP3 genes
0 (0)

Calculated P
0.99 (P < 0.0001;

(P < 0.0001; MO rejected)
M7 rejected)

(P < 0.0001; MO rejected)
P < 0.0001; M3 K = 2 rejected
(P <0.0001; M3K =2

rejected)

P < 0.0001; MO rejected

PI genes

P=1{P=1)

P

P < 0.0001; MO rejected

2Al
1027.76 (1304.18)
1284.40 (1591.19)
256.637 (287.005)

0.00039 (33.38)

PI genes
0(0)

Calculated P

(P < 0.0001; MO rejected)
0.999 (P = 0.999)

(P < 0.0001; MO rejected)

P < 0.0001;, M3 K = 2 rejected
(P <0.0001;, M3K =2

rejected)

B MADS-box genes

P=1@=1)
P < 0.0001; MO rejected

P
P < 0.0001; MO rejected

2Al
B MADS-box genes
0(0)
1111.226 (1471.606)
0.000022 (0.00016)
1531.07 (2036)
419.84 (564.80)

df
2
4
2
2

2
Note.—Different codon models implemented are MO (one-ratio) that calculates one ® for all sites; M 1(neutral) with sites restricted to be under negative selection or neutral evolution (null hypothesis); M2 (selection) adds an extra class to

M1, allowing some sites to be under PS by estimating their o ratio as free parameter, thus allowing it to have values greater than 1; M3 (discrete) here implemented with an unconstrained discrete distribution to model 3 site classes with o rate
values estimated as free parameters; M7 (beta) here implemented with the beta distribution to model 10 site classes with different @ rate values (null hypothesis). M8 (beta and ) adds an extra class of sites to M7 with @ values greater than 1

M3K =2
versus M3 K = 3

M3 K = 2 (null)

M3K =3

M7 (null) versus M8

(under SP). df, degrees of freedom; 2Al, twice the difference between the likelihood of 2 competing hypotheses. Models specifically designed to detect PS are M2 and M8. P values for significant results are shown in bold. Data correspond to

LRTs Done to Detect Heterogeneous Selection Regimes between Sites and PS in B MADS-Box Genes, PI, and AP3 Genes
analyses with edited alignments and following between parenthesis the results obtained with nonedited alignments.

Comparisons to detect heterogeneous ® between sites (Bielawski and Yang 2004)

LRTs. PS and Heterogeneous selection pressures among sites

Model comparisons
M1 (null) versus M2

MO (null) versus
MO (null) versus

Table 2
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with both data sets, and we focus on those derived from
alignments that exclude ambiguous regions. In a first anal-
ysis, we did not consider differences in rates at particular
branches within the phylogeny, thus assuming homoge-
neous selective pressures along all angiosperm and gene
lineages. Results are summarized in supplementary table
A (Supplementary Material online), whereas model com-
parisons performed with LRTs as well as the LRT statistic
values and P values are given in table 2.

Anisimovaetal. (2001) have pointed out the impact that
sequence divergence can have on the power of LRT tests for
detection of PS among sites thatuse models 0, 1,2,3,7,and 8
from Yang et al. (2000). They measure sequence divergence
as tree length because given the appropriate algorithm, tree
branches reflect expected number of nucleotide changes. To
evaluate sequence divergence in our data sets objectively, we
used 2 approaches. First, we used maximum likelihood to
estimate the branch lengths of our trees using the codon sub-
stitution model MO, to obtain branch lengths that reflect num-
ber of nucleotide changes per codon. Graphs showing the
branch lengths for these trees are shown in the supplementary
material. They show that the divergence within our data set
is not high, and thus, we do not expect false positives due
to saturated substitution rates (also Yang Z, personal
communication, see Discussion at http://www.rannala.org/
phpBB2). As a second test, we obtained branch lengths
for our trees including only third codon positions by using
the NJ algorithm, setting the GTR + I + G (general time
reversible model with a proportion of invariant sites and
a gamma distribution for the variation of rates among sites)
nucleotide substitution model as distance measure. Here,
branch lengths represent the expected number of changes
at third codon sites. In this case, large branch lengths can in-
dicate saturation. Distances for each branch were plotted and
are shown in the supplementary material. To guarantee
avoiding false positives due to saturation, we decided to ex-
clude from the substitution rate analyses the sequences with
distances greater than 2.0 from others. As expected, this was
the case of out-group sequences but also of Peperomia hirta
AP3 and PI-like sequences in the B MADS-box gene phy-
logeny, as well as SagmAP3, LilrDEF, TaccAP3, ChlsAP3,
and CucpAP3 in the AP3 phylogeny. These sequences were
also excluded from the substitution rates analyses.

We used the Model MO to estimate a general o value
for each data set. The » was very similar for all data sets
used (o = 0.151 for all B MADS-box genes, ® = 0.163 for
PI genes, and o = 0.170 for AP3 genes; supplementary ta-
ble A, Supplementary Material online), suggesting a similar
selection regime in both lineages and strong purifying se-
lection operating on the majority of sites. Among the mod-
els implemented, M2a and M8 imply PS by adding a class
of sites allowed to be under ® > 1. M8 is an elaborate codon
model that introduces the beta distribution to model among-
site heterogeneity and adds one extra class for sites under
PS. Using this model and edited alignments, we did not de-
tect any sites that could have been fixed by PS in AP3 and
PI genes. However, when nonedited alignments were used,
a few sites that could have been fixed by PS in AP3 and P/
genes were detected (see Results in supplementary table A,
Supplementary Material online). Although LRTs done to
detect PS with site-specific models failed, LRTs performed

G20z YoIBlN G0 U 3senb Aq £1.825 | 1/S9Y/Z/z/elone/equ/wos dno-olwspeoey/:sdpy woly pepeojumod


http://www.rannala.org/phpBB2
http://www.rannala.org/phpBB2

474 Hernandez-Hernandez et al.

to evaluate among-site heterogeneity in ® ratios between
sites (MO vs. M3 with K = 3, MO vs. M3 with K = 2,
and M3 K = 2 vs. M3 K = 3) without implying PS resulted
in a rejection of the null hypotheses in all cases, with both
edited and nonedited alignments (table 2).

Shifts in Substitution Rates and Changes in Protein
Residues Fixed by PS after the AP3—PI Duplication

It is difficult to detect PS using site-specific models if it
has occurred only on particular branches or in certain lin-
eages within the phylogeny because averaging over all lin-
eages might hide the signal for PS or DSR. It is reasonable
to expect molecular rate shifts and positive adaptive selec-
tion after gene duplications when functional diversification
processes affect one or both duplicates. Therefore, we de-
cided to assess whether or not signatures of molecular rate
shifts were detectable and whether or not PS had fixed cer-
tain amino acids at particular moments of B MADS-box
gene evolution, especially following the main duplication
events. To achieve this, we used branch-site—specific codon
models that detect DSR and PS at specific coding sites and
in particular branches of the phylogenetic tree. We focused
on 2 key duplications during the evolution of B genes that
coincide with important events in angiosperm evolution
(See fig. 1B): 1) the AP3—PI duplication before angiosperm
diversification, which is key for the origin and evolution of
heterodimerization and during which PS might have been
important in fixing some key protein residues and 2) the
euAP3-TM6 duplication within the AP3 genes in the clade
recovered for the core eudicots, which correlates with the
origin of differentiated petals in a bipartite perianth with
distinct calyx and corolla in this important angiosperm
group. We also selected branches before duplications as
contrasting hypotheses. Branches tested for DSR and PS
in the B gene phylogeny are indicated in figure 2
(B-H1-B-H3), whereas branches tested in the AP3 and
PI lineages are indicated in figure 3A for AP3 (AP3-H1
to AP3-H3) and in figure 3B for PI (PI-H1) phylogenies.

LRTs performed to detect DSR in selected branches are
shown in table 3, wherein we compare model D with model
M3 with 2 site classes. Model D is useful in detecting DSR in
branches selected as foreground lineages without assuming
PS (Bielawski and Yang 2004), thus giving insights into
functional diversification processes after duplications. The
ancestral branch leading to the AP3-PI angiosperm clade
(B-H1) was found, however, to have been under significant
DSR with both alignments. This could imply slight changes
in evolutionary rates early after the origin of angiosperms,
before their crown group diversification. With this LRT, we
also detected significant DSR after the AP3—PI duplication
in the branches leading to both lineages.

To evaluate whether or not the detected molecular rate
shifts could have been due to PS at particular sites along
those branches we used codon model A, which featured
an extra class of sites with @ values calculated from the data
as free parameters in foreground or selected branches, thus
allowing them to assume values of ® > 1 (Yang and
Nielsen 2002; Zhang et al. 2005). LRTs, parameter
estimates for classes under PS, and sites detected are listed
in table 4, and a summarized diagram of results for the

Table 3
LRT Tests for Significant DSRs for Each Foreground Branch

MD K = 2 versus M3 K = 2 (null)
2Al (calculated P)

8.224 (P = 0.016); reject null
(14.687 [P = 0.0006]; reject null)
5.648 (P = 0.05); reject null 95%
(19.0712 [P < 0.0001]; reject null)
5.490 (P = 0.06); reject null 94%
(4.358 [P = 0.11]; reject null 90%)
AP3-H1 (euAP3-TM6 3.392 (P = 0.18); cannot reject null
branch) (3.158 [P = 0.206]; cannot reject null)
AP3-H2 (TM6 branch) 12.424 (P = 0.002); reject null
(11.111 [P = 0.0038]; reject null)
0.3911 (P = 0.822); cannot reject null
(1.1436 [P = 0.56]; cannot reject null)
PI-H2 (core eudicots branch) 0.213 (P = 0.89); cannot reject null
(0.6844 [P = 0.710]; cannot reject null)

Hypothesis
B-H1 (AP3-PI branch)

B-H2 (PI branch)

B-H3 (AP3 branch)

AP3-H3 (euAP3 branch)

Norte.—Significant results are shown in bold. Data correspond to analyses with
edited alignments and following between parenthesis the results obtained with non-
edited alignments.

lineage-site analyses is shown in figure 4. We implemented
Test 1 and Test 2 as described in Zhang et al. (2005). In
particular, Test 2 has been shown to be conservative and
more robust than Test 1 with simulated and empirical data
sets (Zhang et al. 2005). Unless otherwise stated, all results
presented are for the edited alignments.

PS was significantly supported for the ancestral branch
leading to the angiosperm AP3-PI clade (B-H1) only using
edited alignments. Interestingly, with both data sets, we
detected a clear signal of PS after the AP3—PI duplication,
in the PI lineage (B-H2) and in the AP3 lineage (B-H3),
where the statistical support for PS was even stronger (table
4). We detected several sites under PS in both lineages with
the Bayes Empirical Bayes approach, but we report here
only the ones with PP values greater than 0.9. Remarkably,
all sites inferred to have been fixed by PS are within the K
domain. In figure 4B, we show the position of sites detected
mapped in the K domain of B-protein sequences from A
thaliana following Yang and Jack (2004). According to
their position in the PISTILLATA and APETALA3 protein
sequences of A. thaliana, we detected that site 100N with
0.93 PP and 142A with 0.94 PP were fixed by PS in the PI
branch lineage. Both fall within the K domain region. In the
branch leading to AP3 clade, we detected site 130E with
0.95 PP, also in the K domain.

PS after the euAP3-TM6 Duplication in Core Eudicots

To gain insight into the functional diversification of
AP3 and PI genes in core eudicots, we tested for DSR and
PS in B genes of this clade. Branches selected as hypotheses
or foreground branches are indicated with arrows in figure 3A
and B. We focused especially on the euAP3—TM6 duplication
of AP3 genes of core eudicots, in a manner analogous to that
used for the AP3—PI duplication in angiosperms. Table 3
shows the LRT comparisons performed with log likelihood
scores and the results obtained for DSR tests in foreground
branches tested on AP3 and PI phylogenies. According to our
results, there are no significant DSRs in the branches leading
to core eudicot AP3 or PI genes. Nor did we detect DSR in the
branch leading to the euAP3 lineage in the AP3 phylogeny,
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Table 4

Likelihood Scores and LRTs 1 and 2 Comparisons for PS in Selected Lineages

Hypotheses

Likelihood scores MA

Test 1

Test 2

MA (0, = 1)

MA versus Mla (null)

MA (0, = 1) versus Mla (null)

Mla

2Al (calculated P)

2Al (calculated P)

Sites under PS (PP) and parameter estimate
(proportions, p; and ® values)

B MADS-box genes
B-H1 (AP3-PI branch)

B-H2 (PI branch)

B-H3 (AP3 branch)

AP3 genes
AP3-H1 (euAP3-TM6 branch)

AP3-H2 (TM6 branch)

AP3-H3 (euAP3 branch)

PI genes
PI-H2 (core eudicots branch)

—26283.30 (—35552.72)
—26285.96 (—35553.60)
—26288.04 (—35553.98)
—26277.08 (—35548.42)
—26284.99 (—35552.01)
—26288.04 (—35553.98)
—26281.73 (—35552.72)
—26284.99 (—35553.60)
—26288.04 (—35553.98)

—24713.97 (—28035.81)
—24714.39 (—28036.17)
—24714.74 (—28036.56)
—24714.74 (—28036.56)
—24714.74 (—28036.56)
—24714.74 (—28036.56)
—24696.80 (—28013.35)

—24704.48 (—28022.89)
—24714.74 (—28036.56)

—17398.85 (—19564.37)
—17398.85 (—19564.37)
—17399.53 (—19565.78)

9.477 (P = 0.0087); reject
null 99% (2.512 [P =
0.2847]; cannot reject null)

21.9177 (P < 0.0001);
reject null (11.118 [P =
0.0038]; reject null 99%)

12.617 (P = 0.0018); reject
null (6.4451 [P = 0.0398];
reject null 96%)

1.533 (P = 0.464); cannot
reject null (1.498 [P = 0.47];
cannot reject null)

0 (P = 1); cannot reject null
(0 [P = 1]; cannot reject null)

35.88 (P < 0.0001); reject null (46.40
[P < 0.0001]; reject null)

1.365 [P = 0.50]; cannot reject null (2.818
[P = 0.244]; cannot reject null)

5.318 (P = 0.0211); reject null 98% (1.764
[P = 0.284]; cannot reject null)

6.458 (P = 0.011); reject null 99% (3.084
[P = 0.0790]; reject null with 92%)

6.534 (P = 0.0105); reject null 99%
(2.50 [P = 0.11]; reject null 90%)
0.843 (P = 0.35); cannot reject null (0.755

[P = 0.38]; cannot reject null)

0 (P = 1); cannot reject null (0.00007
[P = 0.99]; cannot reject null)

15.35 (P < 0.0001); reject null (19.066
[P < 0.0001]; reject null)

0 [P = 1]; cannot reject null (0
[P = 1]; cannot reject null)

100N (0.932), 142A (0.942)

DP2a = 0.15305, pyy, = 0.12226,
m,, = 4.76884, 0,, = 4.76884

130E (0.952)

P2a = 0.09479, py, = 0.07437,
Wy, = 4.11440, ©,, = 4.11440

148R (0.939), 162C (0.945), 191K (0.953),
305P (0.993), 313S (0.984), 3161 (0.988),
317T (0.978), 318F (0.979)
Pra = 0.10834, pa, = 0.04956;

w5y = 1196146, 00, = 11.96146

Note.—Significant results are shown in bold. P and » values correspond to the analyses with nonedited alignments. The letter next to the site number under PS corresponds to the respective site in AP3 or PI sequences from Arabidopsis

thaliana. Data correspond to analyses with edited alignments and following between parenthesis the results obtained with nonedited alignments.
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FiG. 4—(A) Schematic representation of the evolution of B MADS-box genes within angiosperms and gymnosperms and the C-terminal motifs
characteristic of each gene lineage. Thick lines in the gene phylogeny show branches with significant DSRs detected with LRT comparisons. Arrows
indicate branches where PS was detected with statistical significance. The sites found to be under PS (PP > 0.9) in those branches are indicated with the
number in our complete alignment and corresponding residue in the Arabidopsis PI or AP3 protein. The protein domain where they are located is shown
inside brackets. Estimated dates for the AP3—PI and eu AP3—TM6 duplications are shown. (B) Sites detected to be under PS in PI, AP3, and euAP3 lineages
are mapped in the K domain of PISTILLATA and APETALA3 from Arabidopsis. Lines indicate the 3 putative amphipathic a-helices, K1, K2, and K3;
and regions critical for PI/AP3 and for PI/SEP3 interaction according to Yang and Jack (2004).

but interestingly we observed a strong signal of significant
DSR in the TM6 branch lineage.

Two alternative scenarios could account for our obser-
vation of DSR in the TM6 and euAP3 branches. On one
hand, when DSRs were detected, PS could have acted
throughout sites. Alternatively, when DSRs were not
detected, PS could have acted on only a very small propor-
tion of sites in foreground branches, thus yielding a hidden
signal in DSR tests. To distinguish between these possibil-
ities, we applied model A to the same branch-selection tests.
Results are shown in table 4. We did not obtain a signal of
PS for the ancestral core eudicot AP3 (AP3-H1) or PI (PI-
H1) branches or in the branch leading to core eudicot TM6
lineage, but PS was detected with a strong signal in the
branch leading to the euAP3 genes (AP3-H3) (see fig.
4A). The conflicting results of DSR and PS analyses in
the euAP3 (DSR tests negative, PS positive) and TM6
(DSR tests positive, PS negative) branches could be an in-
dication that there were DSRs within the TM6 branch early
in the origin of this lineage but that these were not due to
PS. In contrast, in the euAP3 lineage, substitution rates
were overall homogeneous, probably because their func-

tional diversification depended on a very small number
of amino acid substitutions that were indeed fixed by PS.

Some of the protein residues inferred to have been
fixed by PS in the euAP3 lineage were also found within
the K domain, whereas others were found within the C-
terminal domain (fig. 4). According to their correspondence
to the APETALA3 protein sequence of A. thaliana, sites
148R (0.93 PP), 162C (0.94 PP), and 191K (0.95 PP)
are within the K domain, whereas sites 305P (0.99 PP),
313S (0.98 PP), 3161 (0.98 PP), 317T (0.97 PP), and
318F (0.97 PP) correspond to sites on the characteristic
euAP3 motif in the C-terminal region of the protein. It is
noteworthy that all sites detected to have been fixed by
PS were corroborated in the analysis with both data sets,
for the edited and the nonedited alignments.

Estimation of Divergence Dates

We used the Bayesian phylogenies generated to esti-
mate divergence times of major duplication events in B
MADS-box genes. For the AP3-PI duplication, we
obtained an estimated date of 290 MYA, earlier than
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~260 MYA (230-290 MY A) estimated in previous studies
(Kim et al. 2004) and closer to the angiosperm—
gymnosperm divergence that occurred shortly after the
origin of the seed plants 290-309.2 MYA (Mapes and
Rothwell 1984, 1991). The date of the euAP3-TM6 dupli-
cation was estimated at 92.3 MY A, which is relatively later
than Fagales fossils dated at 96.2 MYA and thought to be
coincident with the radiation of the core eudicots (Doyle
and Hotton 1991; Magall6n and Sanderson 2001).

Discussion

Several studies have addressed the evolutionary pat-
terns of floral developmental genes at population levels,
showing evidence of distinct forces driving the evolution
of different loci and including the signal of adaptive evo-
lution in some such as LFY or TLF] (Purugganan and Sud-
dith 1999; Olsen et al. 2002; Moore et al. 2005). In our
study, we used likelihood based statistical methods to ex-
plore the evolutionary patterns of floral developmental B
MADS-box genes of flowering plants, which have been
shown to play key roles in petal and stamen development
(Bowman et al. 1991; Coen and Meyerowitz 1991; Meyer-
owitz et al. 1991). This approach allowed us to detect
changes in substitution rates in particular gene and angio-
sperm lineages and to infer whether or not these rate shifts
were due to positive (adaptive) selection at specific residues
in the different protein domains. With our substitution rate
estimates and statistical tests, we outline here an evolution-
ary scenario for the functional diversification of B genes in
which adaptive selection at strategic protein residues in du-
plicated gene lineages played a major role. We finally pro-
pose a model for the maintenance and diversification of
regulatory gene duplicates that is relevant for the explana-
tion of the genetical basis of the appearance of novel mor-
phological traits.

We focused on the 2 main duplications along the evo-
lutionary history of B MADS-box genes, the AP3—PI and
the euAP3-TM6 duplication. Phylogenetic analyses show
that the main AP3-PI duplication occurred at the base of
angiosperms and that the en AP3—TM6 duplication occurred
at the base of core eudicots (Kramer et al. 1998, 2004). Both
duplications occurred before the crown group diversifica-
tion of each plant lineage, linked with the appearance of
novel morphological structures conforming flowers in
angiosperms and the establishment of the floral pattern
characteristic of core eudicots. Experimental studies have
demonstrated that the AP3 and PI lineages as well as the
euAP3 and TM6 lineages exhibit functional divergence,
each having relatively distinct biochemical roles in the
floral developmental genetic program (Lamb and Irish
2003; Vandenbussche et al. 2004). Our estimates of dupli-
cation dates indicate that the AP3—PI duplication occurred
290 MY A, 30 million years earlier than previously thought
(Kim et al. 2004), placing this duplication closer to the or-
igin and divergence of angiosperms and gymnosperms
290-309.2 MYA (Mapes and Rothwell 1984, 1991). We
also estimated that the euAP3-TM6 duplication occurred
92.3 MYA, perhaps during the time span of origin and
amazing radiation of the core eudicot clade around 96
MYA (Brenner 1996). Taken together with our PS and
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DSR test results, these dates suggest the relevance of the
main B gene duplications in the origins of the genetical
mechanisms of the floral developmental program at the base
of angiosperms and its establishment in core eudicots.

In our statistical tests, we found a strong signal of PS
after the AP3—PI duplication, compelling evidence that pos-
itive adaptive selection was instrumental for the rapid func-
tional diversification of B genes during angiosperm species
radiation. Moreover, the sites inferred to have been fixed by
PS in AP3 and PI lineages are found within the K domain
(fig. 4B), that is crucial for the protein—protein interactions
among MADS-domain proteins required for achieving
their regulatory activities (Fan et al. 1997; Yang et al.
2003). Yang and Jack (2004) observed a strong correlation
between alterations in the protein—protein interactions
detected with yeast 2 hybrid experiments and the plant
rescue or overexpression floral phenotypes of lines express-
ing different B proteins with mutations in the K domain,
thus suggesting a correlation between protein—protein inter-
action strength in these regulatory proteins and the emer-
gence of different phenotypes.

It has been postulated that the K domain folds into 3
amphipathic a-helices referred to as K1, K2, and K3 sep-
arated by interhelical regions, each conferring different di-
merization specificities (Yang et al. 2003). Remarkably,
one of the sites inferred under PS, 100N in the PI lineage,
falls within the K1 region that has been shown specifically
to control the strength of the PI/AP3 interaction (Yang an
Jack 2004). In addition, site 142A, found to have been fixed
by PS also on the PI lineage, is in the K2 region, whereas
site 130E in the AP3 lineage is in the interhelical region
between K1 and K2, which has been shown to be important
in PI for both the PI/AP3 and the PI/SEP3 interaction (Yang
and Jack 2004). Congruent to a remarkable degree with our
results is the finding that a PI protein mutant in site 142A
(A127P in Yang and Jack 2004) showed severe defects in
the PI/SEP3 interaction (Yang and Jack 2004), and other
mutants with severe defects in protein—protein interactions
reported in Yang and Jack (2004) include mutations in sites
reported here as fixed by PS. These data provide partial ex-
perimental support for the functional relevance of the sites
identified in this study to have been fixed by PS. The
changes detected here in the protein—protein interaction
domains of B sequences could have been fixed by PS
for different multimeric combinations and downstream
specificities affecting flower development and its evolution
during angiosperm diversification. Our results indicate the
direction of further experimental work.

It has been suggested that the obligate heterodimeriza-
tion between the AP3 and PI proteins observed in core eudi-
cots evolved from homodimerization because a B-like
protein from Gnetum gnemon was shown to be capable
to bind DNA in a sequence-specific manner as a homodimer
in vitro (Winter et al. 2002, see fig. 1). LMADSI, an AP3
protein from the monocot Lilium longiflorum was also ob-
served to be capable to form homodimers as well as heter-
odimers with the PISTILLATA protein of Arabidopsis in
vitro (Tzeng and Yang 2001; Tzeng et al. 2004). These
studies suggested that this “facultative” condition could
be an intermediate evolutionary state between homodime-
rization and heterodimerization, which could have appeared
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after the monocot divergence 140-200 MYA (Winter et al.
2002). In contrast, our data suggest that heterodimerization
appeared shortly after the split between angiosperms and
gymnosperms. At this point in evolution, which coincides
with the AP3—PI duplication, strategic changes in residues
within the protein—protein interaction domain appear to
have been fixed by PS. In concordance with our suggestion,
experimental studies of B genes from the monocot Zea
mays showed that B function is conserved between maize
and Arabidopsis (Whipple et al. 2004). In maize, SL1
(AP3) and ZMM16 (PI) form obligate heterodimers to bind
DNA and also interact forming heterodimers with their re-
spective orthologs in Arabidopsis (ZMM16/AP3, SL1/PI)
to be functional both in vitro and in vivo (Whipple et al.
2004). It has also been reported the obligate functional het-
erodimerization in rice (Moon et al. 1999).

The hypothesis of the intermediate “facultative” state
between functional homodimerization and obligate hetero-
dimerization relies on the assumption that monocots are the
intermediate lineage between gymnosperms and core eudi-
cots. However, the phylogenetic position of monocots rel-
ative to eudicots and basal angiosperms is not yet resolved
(APG 1II 2003). Monocots represent relatively derived lin-
eages, and it is possible that the observed in vitro homodi-
merization of LMADSI in Lilium is a reversion to
a plesiomorphic state. Alternatively, the Lilium in vitro re-
sults may not hold in vivo, and this taxon also could have
a conserved B function with respect to Arabidopsis. There-
fore, additional in vivo functional assays of homo and
heterodimer B proteins in monocots and other basal angio-
sperms as well as a molecular evolutionary analysis with
more monocot sequences are needed.

Another important duplication occurred during the
evolution of AP3 genes that coincides with the origin of
core eudicots, the euAP3-TM6 duplication, that could have
had an impact in the evolution of flower development in this
speciose group of flowering plants (Lamb and Irish 2003;
Vandenbussche et al. 2004). The floral structure in core
eudicots is characterized by a fixed number of floral organs
in each whorl and a perianth with a distinct calyx and co-
rolla, suggesting a canalization of the floral developmental
program to morphologically differentiated sepals and pet-
als, in contrast to the more plastic and undifferentiated peri-
anth structure found in noncore eudicot species (Drinnan
et al. 1994; Magallén et al. 1999; Lamb and Irish 2003).
Core eudicots share 2 paralogous B genes that differ in their
C-terminal characteristic motifs, named euAP3 genes and
TM6-like genes. The latter shares the ancestral paleoAP3
motif in their C-terminal domain, which is found in mono-
cots, basal angiosperms, and basal eudicots, whereas the
euAP3 lineage is characteristic of core eudicots (fig. 4A).
The appearance of the euAP3 lineage has been postulated
to be important in the evolution of the floral developmental
program characteristic of this lineage (Lamb and Irish
2003).

We found strong evidence for PS after the euAP3—
TM6 duplication (figs. 3A and 4A) only in the euAP3
lineage, in coincidence with available evidence for the func-
tional divergence of these lineages (Lamb and Irish 2003;
Vandenbussche et al. 2004). In our analysis, we detected
sites 148R, 162C, and 191K to have been fixed by PS in

the branch leading to the euAP3 clade. Site 148R is in
the K1 subdomain, important for PI/AP3 dimerization
(Yang and Jack 2004). Site 162C is in the interhelical re-
gion between K1 and K2. In PI, those regions are important
for PI/AP3 and PI/SEP3 dimerization. Site 191K falls
within the interhelical region between K2 and K3, which
in PI protein of Arabidopsis has been experimentally shown
to be specifically important for the PI/SEP3 (or SEP1) di-
merization. Mutations in K2 and K3 are shown to be defec-
tive in forming AP3/PI/SEP1 ternary complexes (Yang and
Jack 2004). In the euAP3 lineage, we also detected several
sites under PS that correspond to sites on the characteristic
euAP3 motif in the C-terminal region of the protein. It was
observed that a frameshift mutation due to a single nucle-
otide deletion in the ancestral C-terminal paleoAP3 motif
leads to the appearance of the euAP3 motif (Kramer
et al. 2006), and it has been shown experimentally that these
motifs are responsible for the functional diversification of
euAP3 and paleoAP3 genes (Lamb and Irish 2003).

Our results reveal that in contrast to the AP3—PI du-
plication that fostered the possibility for acquisition of
new functions by fixation of amino acid changes by PS
in both duplicates in a symmetrical pattern, the euAP3—
TMG6 duplication was followed by an asymmetrical pattern
of diversification, in which one gene copy retained the an-
cestral states (TM6 lineage), whereas in the other, new res-
idues were fixed by adaptive evolution (euAP3 lineage).
Whipple et al. (2004) experiments suggest that paleoAP3
sequences from Z. mays (SILKY1) function relatively well
in Arabidopsis, which only has a euAP3 paralogue. How-
ever, future experiments should be performed with core eu-
dicot species possessing both duplicates and additional
complementation analyses and not only overexpression ex-
periments must be done to better address functional conser-
vation between paleoAP3 proteins from monocots and AP3
proteins from core eudicots.

It has been suggested that new sequences in the C-
terminal domain evolving in euAP3 genes in core eudicots
could have been associated with the evolution of differen-
tiated petals (Kramer et al. 1998; Lamb and Irish 2003).
Since their discovery, the importance of characteristic
motifs in the C-terminal domain of B genes in the functional
specificity of the proteins and in the evolution of B function
has been emphasized. This has stimulated a search for sim-
ilar motifs in other floral regulatory genes (Johansen et al.
2002; Kramer et al. 2004). However, in a recent study in
Pisum sativum (Fabales, eurosids I), it was shown that there
is a functional conservation of PISTILLATA activity in its
PsPI homolog, that is an atypical PI-type polypeptide that
lacks the highly conserved C-terminal PI motif (Berbel
et al. 2005), suggesting the importance of other domains
in the functional diversification of B function. Our study
emphasizes the importance of the K domain in addition
to the COOH region in the functional diversification of
B MADS-box genes. The strong signal for PS detected
for particular sites within both the K and C-terminal do-
mains in euAP3 genes also suggests the importance of these
genes in the evolution of the floral developmental mecha-
nism in core eudicots, perhaps by strengthening the
interaction of MADS-box proteins and altering the specific-
ity of multimers.
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Conclusions

Our results strongly suggest that shortly after the du-
plication leading to the AP3 and PI genes, both lineages
experienced a dramatic functional diversification driven
by PS acting at specific sites of the K domain, whose main
role is to promote heterodimerization with other MADS
proteins to achieve different regulatory functions. In addi-
tion, we reported an estimated date for this duplication at
290 MYA, closer to the split of angiosperms and gymno-
sperms than the one reported previously. This suggests an
early origin of heterodimerization capabilities of B MADS-
box proteins in angiosperms, very close to the split from
gymnosperms. Similarly, the euAP3-TM6 duplication in
core eudicots seems to have been fundamental in the diver-
sification process of these genes, also driven by PS acting at
certain residues of the K and C-terminal motifs early after
the formation of the euAP3 lineage.

Our study emphasizes the importance of the K domain
in the evolutionary diversification of B genes. The impor-
tance of this domain in B gene function and evolution had
been overshadowed by the discoveries of diagnostic C-ter-
minal motifs and studies of their functional importance in B
genes (Kramer et al. 1998, 2004; Lamb and Irish 2003). It
has been speculated that the evolution of combinatorial
multimer formation of MIK C-type MADS-domain proteins
facilitated diversification of this gene family (Kaufmann
et al. 2005). Our results support that the functional diver-
gence of B MADS-box genes after duplications fostered
different possible combinations for multimer formation that
could have allowed the appearance of novel regulatory
functions as the basis for the origin of morphological nov-
elties.

Supplementary Material

Supplementary material is available at Molec-
ular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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