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Phylogenomic analyses show that gene and genome duplication events have led to the diversification of transcription
factor gene families throughout the evolutionary history of land plants and that gene duplications have played an
important role in shaping regulatory networks influencing key phenotypic characters including floral development and
flowering time. A molecular evolutionary investigation of the mode and tempo of selection acting on the angiosperm
MADS box API/SQUA, AP3/PI, AG/AGLI1, and SEP gene subfamilies revealed site-specific patterns of shifting
evolutionary constraint throughout angiosperm history. Specific positions in the four canonical MADS box gene regions,
especially K domains and C-terminal regions of all four of these MADS box gene subfamilies exhibited clade-specific
shifts in selective constraint following concerted duplication events. Moreover, the frequency of site-specific shifts in
constraint was correlated with gene duplications and early angiosperm diversification. We hypothesize that coevolution
among interacting MADS box proteins may be responsible for simultaneous increases in the ratio of nonsynonymous to
synonymous substitutions (dn/ds = w) early in angiosperm history and following concerted duplication events.

Introduction

Ancient polyploidy events (whole-genome duplica-
tions) are hypothesized to have played an important role
in the origin and diversification of angiosperms (e.g., Soltis
and Soltis 1999; De Bodt et al. 2005; Freeling and Thomas
2006). Most if not all flowering plant lineages have expe-
rienced one or more rounds of polyploidization in their evo-
lutionary history (e.g., Masterson 1994; Cui et al. 2006;
Soltis et al. 2009). Polyploidy is an important source of
gene family diversification, with the fate of duplicate genes
following genome-scale duplication influenced by gene
function. In general, genes involved in transcription regu-
lation, signal transduction, and development are preferen-
tially retained following genome duplications (Seoighe and
Gehring 2004; De Bodt et al. 2005; Maere et al. 2005; but
see Barker et al. 2008). For example, three ancient poly-
ploidization events evident in the Arabidopsis genome ac-
count for over 90% of the duplications in Arabidopsis
transcription factors and signal transducer gene families
(Maere et al. 2005).

The duplication and evolution of transcription factors
can have profound effects on genetic systems and pheno-
typic variation (Nei 2005; Nei and Rooney 2005; Freeling
and Thomas 2006). For instance, MIKC-type MADS box
transcription factors play important roles in controlling flo-
ral development and flowering time, especially in specify-
ing the identity of floral organs. The control of floral organ
identities has been characterized in the classical ABC and
expanded ABCE models of floral development (Coen and
Meyerowitz 1991; Pelaz et al. 2000; Theissen 2001), and all
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but one of the A, B, C, and E function genes identified in
Arabidopsis are MADS box genes (reviewed in Kaufmann
et al. 2005). These include APETALAI (API, A function),
APETALA3 and PISTILLATA (AP3 and PI, B function),
AGAMOUS (AG, C function), and SEPALLATAI/2/3/4
(SEPI1/2/3/4, E function; formerly named AGL2, AGLA4,
AGL9, and AGL3, respectively). Specific combinations
of proteins coded by these genes have been hypothesized
to interact as tetrameric regulatory complexes to initiate
and maintain the identity of specific floral organs (Theissen
and Saedler 1999, 2001; Theissen 2001). The “balance
gene drive” hypothesis predicts selection for dosage bal-
ance will result in the retention of interacting transcription
factors (among other genes involved in integrated com-
plexes or regulatory networks) following genome duplica-
tion, and the resulting duplicated regulatory modules can
serve as the building blocks for evolutionary innovations
(Freeling and Thomas 2006). Along these lines, the origin
and early diversification of flowers may have been spurred
by concerted gene duplication events and shifting patterns
of selection acting on novel regulatory complexes.
Phylogenetic analyses of the MIKC-type MADS box
genes sampled from a diverse set of seed plants have re-
vealed well-defined subclades (e.g., Becker and Theissen
2003) including AP1/SQUA, AP3/PI, AG/AGLII, and
SEP subfamilies. Interestingly, there seem to have been co-
incident duplication events across these subfamilies sug-
gesting codiversification, perhaps due to polyploidy.
Whether through polyploidy or not, gene duplications in
the lineage leading to the most recent common ancestor
(MRCA) of all extant angiosperms gave rise to AP3 and
PI lineages in the AP3/PI subfamily, AG and AGLI! line-
ages in the AG/AGLI I subfamily, and AGL2/3/4 and AGL9
lineages in the SEP subfamily. Another set of apparently
simultaneous gene duplications occurred later, in the
MRCA of core eudicots giving rise to euAPl, euFUL,
and AGL79 clades in the AP1/SQUA subfamily; euAP3
and TM6 clades in the AP3 lineage; euAG and PLE clades
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in the AG lineage; and AGL2/4, AGL3, and FBP9 clades in
the AGL2/3/4 lineage (supplementary figs. S1-S7, Supple-
mentary Material online; Kramer et al. 1998, 2004; Litt and
Irish 2003; Kim et al. 2004; Zahn, Kong, et al. 2005, Zahn
et al. 2006; Shan et al. 2007; Xu and Kong 2007). Coinci-
dent MADS box gene duplications also map back to the
MRCA of all grasses (Poaceae), giving rise to OsMADS14
and OsMADSI5 clades within the AP//SQUA subfamily;
OsMADS?2 and OsMADS4 clades within the PI lineage; Os-
MADSI13, OsMADS3, and OsMADSS58 clades within the
AG lineage; OsMADS34, OsMADS1, and OsMADSS5 clades
within the AGL2/3/4 lineage; and OsMADS7 and Os-
MADSS clades within the AGL9 lineage (supplementary
figs. S1, S4, S6, and S7, Supplementary Material online;
Zahn, Kong, et al. 2005; Preston and Kellogg 2006; Whip-
ple et al. 2007; Xu and Kong 2007).

Divergence in expression and/or function of duplicate
genes has long been hypothesized to play a fundamental
role in organismal evolution (Ohno 1970; Force et al.
1999). Following duplication, one paralog may be silenced
due to the accumulation of deleterious mutations (nonfunc-
tionalization), or both may be retained if ancestral functions
are split between the duplicates (subfunctionalization), or
one of the paralogs takes on novel function (neofunction-
alization) (Force et al. 1999; Lynch and Force 2000; Moore
and Purugganan 2005). Whereas changes in regulatory, non-
coding sequences have been hypothesized to drive subfunc-
tionalization and neofunctionalization (e.g., Forceetal. 1999),
initially neutral or adaptive amino acid substitutions can also
cause differentiation in function of duplicate genes (e.g.,
Zhang et al. 2002; Barkman 2003; Barkman et al. 2007). Sig-
natures of reduced constraint or positive selection associated
with gene duplications can be detected in the ratio of nonsy-
nonymous nucleotide substitutions per nonsynonymous site
(dn) to synonymous substitutions per synonymous site (ds).
Whereas an estimated dy/ds (w) value near 1.0 suggests neu-
trality, o greater or less than 1.0 indicates putative positive
selection or purifying selection, respectively (reviewed by
Yang and Bielawski 2000). For example, analysis on the
AP3/PI gene subfamily indicated that residues that were in-
ferred to have been fixed by positive selection are concen-
trated within the K domain of AP3 and PI proteins
following the AP3—PI duplication and in the K domain and
C-terminal region of the euAP3 lineage following the eu-
AP3-TM6 duplication (Hernandez-Hernandez et al. 2007).
Similarly, the grass FULI (i.e., OsMADSI4) and FUL2
(i.e., OsMADSI5) clades mapping to the gene duplication
event predating the diversification of the Poaceae may have
been subject to different selective pressures as evidenced
by an elevated dy/ds ratio in the FUL2 clade (Preston and
Kellogg 2006). Whereas these and other studies indicate that
the mode and strength of selection acting on MADS box genes
varies across amino acid positions and evolutionary lineages
(e.g., Martinez-Castilla and Alvarez-Buylla 2003; Preston
and Kellogg 2006; Gascuel and Guindon 2007; Hernandez-
Hernéandez et al. 2007; Jaramillo and Kramer 2007), a com-
prehensive study of shifting selective constraint across
angiosperm MADS box gene subfamilies is still lacking. Such
an analysis is essential for understanding the role of MADS
box gene evolution in the early diversification of angiosperm
flowers.

In this study, we analyzed over 900 MADS box genes
to investigate variation in selective constraint across sites
and branches in phylogenies for the API/SQUA, AP3/PI,
AG/AGLI1, and SEP MADS box gene subfamilies. Codon
evolution was modeled as a Markov-modulated Markov
process with three dn/ds classes (g, w,, and w3), and
switching among rate classes (Guindon et al. 2004; Gascuel
and Guindon 2007; Chapman et al. 2008). This approach
takes into account the variability of selection regimes across
sites and lineages. Rate ratio parameters (w) and switching
rates were estimated from the data in a maximum likelihood
(ML) framework, and posterior probabilities (PPs) of each
selection class were estimated for assignment of sites on
each branch to rate ratio classes (Guindon et al. 2004).
We used this approach 1) to test whether shifts in selective
constraint occur within MADS box gene subfamilies
throughout the evolution of angiosperms; 2) to identify sites
and branches in each subfamily that have experienced shifts
to positive or relaxed selection; 3) to determine whether the
timing of shifts in site-specific selective constraint is corre-
lated among MADS box gene subfamilies; and 4) to deter-
mine whether shifts to positive selection or relaxed
constraint are associated with concerted gene duplication
events. Our results suggest that AP1/SQUA, AP3/PI, AG/
AGLI1, and SEP subfamilies show common patterns of
shifts in constraint associated with concerted duplication
events and early angiosperm diversification.

Materials and Methods
Sequence Retrieval and Alignment

The amino acid sequences and corresponding coding
regions of API/SQUA-, AP3-, PI-, AG/AGLII-, and SEP-
like genes were retrieved through Blast searches of publicly
available databases, including GenBank (http://
www.ncbi.nlm.nih.gov), the TIGR transcript assembly da-
tabase (Childs et al. 2007; http://plantta.tigr.org), and the
PlantTribes database (Wall et al. 2008; http://fgp.huck.-
psu.edu/tribe.html). Multiple query sequences were used
for each subfamily to obtain comprehensive samples. The
resulting data sets were then screened to remove sequences
shorter than 400-bp, sequences with many ambiguous base
calls and putatively allelic sequences sampled from the same
species with identity higher than 95% at the DNA level and
no indels. Sequence sets were further trimmed to include
exemplars from the best studied species if orthologs from
several congeneric species were available. After removing
incomplete or redundant sequences, 171 AP1/SQUA-like
genes, 231 AP3-like genes, 166 PI-like genes, 159 AG/
AGLI I-like genes, and 174 SEP-like genes were included
in phylogenetic and molecular evolutionary analyses for
each MADS box gene subfamily. To explore the evolution-
ary pattern of the extensively studied AP3/PI subfamily, we
compiled a combined AP3 and PI data set including 125
AP3-like genes and 103 PI-like genes. The outgroups of
each subfamily were chosen from the closest gene subfam-
ilies or gymnosperm homologs according to previous phy-
logenetic studies (Kramer et al. 1998, 2004; Litt and Irish
2003; Aoki et al. 2004; Kim et al. 2004; Stellari et al.
2004; Zahn, Kong, et al. 2005, Zahn et al. 2006; Shan
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etal. 2007). Detailed information about all genes included in
this study was listed in supplementary tables S1-S4, Sup-
plementary Material online, and alignments can be found
at http://jlmack.plantbio.uga.edu/Shanetal09.html.

Protein sequences for each of the six data sets (AP1/
SQUA, AP3, PI, AP3/PI, AG/AGLI1, and SEP) were first
aligned with MUSCLE 3.6 (Edgar 2004). A preliminary
tree was constructed with MADS, I and K regions of the
alignment and sequences were reordered on the basis of
their places on this tree. After automated global alignment,
local alignments of similar sequences were checked using
Blast2 sequences (Tatusova and Madden 1999) and data
matrices were adjusted manually (especially the C termi-
nus) using GeneDoc (Nicholas et al. 1997). The C-terminal
region is highly variable among the MADS box gene sub-
families, but relatively conserved motifs could still be iden-
tified within the subfamilies (Kramer et al. 1998, 2004,
Becker and Theissen 2003; Litt and Irish 2003; Vandenbus-
sche et al. 2003; Zahn, Kong, et al. 2005; Shan et al. 2007).
Recent studies of API/SQUA, AG/AGLI1, and SEP sub-
families suggest that well-aligned amino acid sites in the
C-terminal region are phylogenetically informative (Zahn,
Kong, et al. 2005, Zahn et al. 2006; Shan et al. 2007). In
order to objectively assess alignment quality, the column
scores of each amino acid site were estimated in ClustalX
1.83 (Thompson et al. 1997) and sites with a column score
greater than 12 were retained for tree reconstruction (Zahn,
Kong, et al. 2005; Shan et al. 2007). In the AG/AGLI I sub-
family, the inclusion of conserved C termini of grass Os-
MADS13-like genes and AGLII-like genes of rice and
maize caused conflict in the topologies between protein-
and DNA-based trees because of the high cytosine content
of their cDNA sequences (Zahn et al. 2006). Therefore, as
suggested by Zahn et al. (2006), only MADS, I and K re-
gions of these genes (TaAGL31, TaAGL2, OsMADSI3,
ZAG2,ZMM1,ZMM?25, and Os01g0886200) were included
in the further phylogenetic reconstruction of the AG/AGLI I
subfamily in this work. Codon-based cDNA alignments
corresponding to protein alignments of each subfamily
were generated using the aa2dna script (http://www.bio.
psu.edu/People/Faculty/Nei/Lab/software.html).

Phylogenetic Analysis

ML analysis of phylogenetic relationships was per-
formed on each DNA matrix with PhyML version 2.4
(Guindon and Gascuel 2003) with the general time-
reversible model and optimization of the proportion of
invariable sites and the gamma distribution parameter for
variation in rates across variable sites. ML searches were
initiated with a BIONJ tree (Guindon and Gaschuel
2003). Recent studies of AP3-like genes showed that Pach-
ysandra AP3-like genes were placed at different positions
in the AP3 phylogenetic trees by different authors (e.g.,
Kramer et al. 2006; Herndandez-Hernandez et al. 2007).
The position of Pachysandra AP3 homologs may influence
inferences about selection following the euAP3-TM6 gene
duplication. Therefore, to gain a better understanding of
the evolutionary history of the AP3 lineage, the topology
of the AP3 gene tree was assessed with GARLI version
0.951 (Zwickl 2006; http://www.bio.utexas.edu/faculty/
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antisense/garli/Garli.html) in addition to PhyML, and the
AP3 gene tree with the highest log likelihood value was used
asastarting pointin PhyML for bootstrap estimation. Forall data
sets, bootstrap analyses were performed for 1,000 replicates.

Molecular Evolutionary Analysis

To investigate the molecular evolutionary patterns of
these MADS box subfamilies, we performed likelihood
analyses under a nested set of codon-substitution models
(MO, M3, M3 + S1,and M3 + S2) with FITMODEL version
0.5.3 (Guindon et al. 2004). Specification of models for var-
iation in rate ratios across codons was similar to the models of
Yang and Nielsen (2002). Model MO assumes that all the
sites in a sequence alignment are subject to the same selec-
tion process; thus, dn/ds (w) is constant over all the sites. As
implemented in FITMODEL, under the M3 model, variation
in selective constraint across sites is modeled as three rate
ratio classes with w; < m, < ms. Site-specific shifts from
one rate ratio class to another across gene phylogenies were
investigated using the approach of Guindon et al. (2004).
Switching was modeled as a time-reversible Markov process
with three additional parameters: the overall rate of inter-
change among rate ratio classes (), a coefficient for shifts
between w; and ws («), and a coefficient for shifts between
w, and w3 (f). The S1 model implemented in FITMODEL
imposes equal switching rates among i, ,, and ws rate
ratio classes (¢ = f§ = 1), and the S2 model allows o and
p to vary freely accounting for unequal rates of switches be-
tween selection classes (Guindon et al. 2004). The trees and
alignments used in the FITMODEL analysis were obtained
as described above, but the C termini of the “problematic”
grass genes in the AG-AGLII alignment were included
in the FITMODEL analysis. ML estimates were obtained
for other parameters including branch length, transition—
transversion rate ratio (x), switching parameters (9, o, and
p), substitution rate ratios (w;, ®,, and ®3), and equilib-
rium frequencies for sites in the three rate ratio classes
(1, p2, and p3).

Nested likelihood ratio tests (LRTs) were performed
for the following model comparisons: no rate heterogeneity
versus variation across sites (MO vs. M3), variation across
sites without versus with switching among substitution rate
ratio classes (M3 vs. M3 + S1), and equal switching rates
versus class-dependent switching rates across branches
(M3 + S1 vs. M3 + S2). The chi-squared test was em-
ployed to estimate the significant difference. Degrees of
freedom for each test were equal to the difference in the
number of parameter estimates for the models being com-
pared. Finally, FITMODEL estimated PPs for placing a site
in the highest rate ratio class (ws3) for each branch in gene
trees. Estimated PPs were visualized for each codon posi-
tion with BASS (Bayesian Analysis of Selected Sites) pro-
vided by J. Huelsenbeck.

Results
Shifting Constraint in the AP//SQUA Subfamily

The estimated topology of the API/SQUA tree was
quite similar to that of Shan et al. (2007; fig. S1). To
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Table 1

Likelihood Analysis of AP1/SQUA, AP3, PI, AP3/PI, AG/AGLI11, and SEP-Like Gene Sequence Data

MO (No M3 (Heterogeneity M3 + S1 (Shifting M3 + S2 (Unequal

Heterogeneity) Across Sites) Across Branches) Switching Rates)
AP1/SQUA
InL —58,583.26 —56,123.11 —55,743.82 —55,663.86
o w; s 0.18 0.04 0.18 0.51 0.01 0.19 0.73 0.01 0.14 0.89
)2 P2 D3 1.00 0.41 0.31 0.28 0.52 0.29 0.19 0.49 0.32 0.19
Ry» Ry3 R>3 1.64 1.64 1.64 1.19 0.13 4.99
AP3/PI
InL —60,660.89 —58,880.73 —57,963.22 —57,841.06
w o3 s 0.14 0.03 0.13 0.32 0.00 0.18 0.61 0.00 0.08 0.73
)2 23 D3 1.00 0.31 0.42 0.27 0.50 0.32 0.18 0.39 0.41 0.20
Ry Ri3 Ro; 1.63 1.63 1.63 0.73 0.11 4.58
AP3
InL —76,513.28 —74,146.39 —73,553.46 —73,387.09
) (o3 (o3 0.18 0.02 0.15 0.35 0.00 0.19 0.64 0.00 0.10 0.79
)2 P2 D3 1.00 0.26 0.37 0.37 0.44 0.35 0.21 0.33 0.46 0.21
R» Ry3 Ros3 1..57 1.57 1.57 0.70 0.002 4.09
PI
InL —50,971.57 —49,325.53 —48,916.41 —48,792.29
o ; s 0.16 0.03 0.16 0.39 0.00 0.22 0.78 0.01 0.08 0.90
D1 )2 D3 1.00 0.33 0.41 0.26 0.45 0.36 0.19 0.32 0.46 0.22
R Ri3 Ro; 1.58 1.58 1.58 0.54 0.11 4.09
AG/AGLI1
InL —50,534.61 —48,591.74 —48,246.51 —48,166.77
N W, w3 0.10 0.02 0.12 0.31 0.00 0.17 0.55 0.01 0.11 0.70
)2 P2 D3 1.00 0.49 0.28 0.23 0.57 0.30 0.14 0.50 0.36 0.14
Ri» Ri3 R 1.75 1.75 1.75 1.02 0.003 6.38
SEP
InL —57,923.68 —55,621.92 —55,147.22 —55,032.21
o ; s 0.14 0.02 0.12 0.38 0.00 0.14 0.65 0.01 0.10 0.82
D1 )2 D3 1.00 0.39 0.31 0.30 0.48 0.34 0.18 0.43 0.40 0.17
R Ri3 Ro; 1.61 1.61 1.61 0.99 0.003 4.79

investigate the substitution process within the AP//SQUA
subfamily, we performed likelihood analyses under a nested
set of codon-substitution models (MO, M3, M3 + S1, and
M3 + S2) (Guindon et al. 2004). Table 1 shows that log
likelihoods improved significantly as parameters were
added to the nested substitution models (P < 0.001; table 2).
These results suggest that M3 + S2 (unequal switching
rates among three rate ratio classes) is the best codon-
substitution model for the AP1/SQUA data set. Under this
model, the substitution rate ratio estimates for three classes
were w7 = 0.01, w, = 0.14, and w3 = 0.89 (table 1). The
switching rate between w, and w3 (R>3 = 4.99) was signif-
icantly higher than the switching rates between w; and @,
(R1> = 1.19) and between w; and w3 (R;3 = 0.13), imply-
ing that site-specific shifts between moderate purifying se-
lection (w,) and relaxed selection (w3;) occurred more
frequently than shifts involving the most highly constrained

Table 2
LRTs between Different Model Comparisons

rate ratio classes (table 1). Whereas w5 values approaching
1.0 are described as indicating relaxed selection, we cannot
discount the possibility that the w3 rate ratio class includes
sites that have been subject to positive selection (e.g., Her-
nandez-Hernandez et al. 2007). Functionally critical (i.e.,
adaptive) substitutions at sites in the w; class could be iden-
tified experimentally.

To characterize variation in the propensity of codons
to evolve under relaxed constraint, we assessed the number
of branches in the AP//SQUA gene tree for which each co-
don was placed in the w5 rate ratio class with high PPs. The
alignment included 236 codons, 89 of which showed evi-
dence of relaxed selection at some point in the history of the
API1/SQUA gene family (PP > 0.9; summarized in fig. 1A).
As expected, few codon positions in MADS (2/57; 3%) and
K (22/87; 25%) domains showed evidence of relaxed selec-
tion on one or more branches. In contrast, relaxed constraint

MO versus M3 LRTs (P Value)

M3 versus M3 + S1 LRTs (P Value)

M3 + S1 versus M3 + S2 LRTs (P Value)

API1/SQUA 4,920.31 (0)
AP3/PI 3,560.33 (0)
AP3 4,733.78 (0)
PI 3,292.08 (0)
AG/AGLI1 3,885.75 (0)
SEP 4,603.51 (0)

758.58 (<0.001)

1,835.02 (0)

1,185.86 (<0.001)
818.26 (<0.001)
690.45 (<0.001)
949.41 (<0.001)

159.91 (<0.001)
24431 (<0.001)
332.75 (<0.001)
248.23 (<0.001)
159.48 (<0.001)
230.01 (<0.001)
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Fic. 1.—Distribution of branches with relaxed selection on each site across AP1/SQUA (A), AP3/PI (B), AP3 (C), PI (D), AG/IAGLI1I (E), and SEP
(F) alignments, respectively. The MADS domain and the K domain are shadowed (gray). The X-axis represents the position of codons in the alignment,
the Y-axis represents the number of branches exhibiting relaxed selection (PP > 0.9). The number on the top of each panel denotes the percentage of
sites with relaxed selection in the MADS domain, the I region, the K domain, and the C-terminal region, respectively.

was inferred on multiple branches for 10 (10/30; 33%) and
55 sites (55/62; 89%) in the I- and C-terminal regions, re-
spectively (fig. 1A).

Shifts to relaxed selection at six codon positions (65,
99, 113, 194, 203, and 227; figs. 2 and 3A) were associated
with the core eudicot duplication event, and two codons
showed shifts to w; following the Poaceae duplication
event (at positions 205 and 207; figs. 2 and 3A). Among
these sites, position 65 in the I region, and positions 99
and 113 in the K domain showed relaxed selection through-
out the AGL79 clade (figs. 2A—Cand 3A). In the C-terminal
region, position 194 showed both euAP/ and AGL79 line-
age-specific relaxation (figs. 2D and 3A); position 203
showed euFUL lineage-specific relaxation (figs. 2E and
3A); position 227 showed euAP1 lineage-specific relaxation
(figs. 2H and 3A); position 205 showed OsMADSI4 and
OsMADSI5 lineage-specific relaxation (figs. 2F and 3A);
and position 207 showed OsMADSI4 lineage-specific re-
laxation (figs. 2G and 3A). Notably, the conserved charged
lysine (K) found at position 99 in the K domain of nearly all

euAP1- and euFUL-like proteins of core eudicots and FUL-
like proteins of basal eudicots and basal angiosperms was
replaced by a hydrophobic or uncharged amino acid such as
methionine (M), valine (V), leucine (L), isoleucine (I), al-
anine (A), serine (S), and threonine (T) within the AGL79
clade.

The number of sites evolving under relaxed selection
varied among 347 branches on the AP//SQUA gene tree,
ranging from O to 41 (0-17.4%; fig. 4A). Interestingly,
branches with the largest number of sites evolving under
relaxed selection were found on deep internal branches
of the euFFUL and AGL79 lineages, including branches lead-
ing to the AGL79 and euAP] clades, and the euFUL lineage,
as well as some FUL-like genes in the basal eudicot, Mag-
noliid, and monocot clades (fig. 5A).

Shifting Constraint in the AP3/PI Subfamily

The estimated phylogenies from AP3, PI, and AP3/PI
data sets were very similar to previous studies (Kramer et al.
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1998, 2006; Aoki et al. 2004; Kim et al. 2004; Zahn et al.
2005; Hernandez-Hernandez et al. 2007), verifying previ-
ously inferred duplications in the AP3/PI gene subfamily
(figs. S2-S5, Supplementary Material online, see Introduc-
tion). The primary difference between the trees generated
by PhyML and GARLI was the position of Pachysandra
AP3 homologs, which grouped with the basal eudicot spe-
cies Trochodendron AP3 homologs in the PhyML tree (sup-
plementary fig. S2, Supplementary Material online) but as
sister to the core eudicot euAP3-like genes in the GARLI
tree (supplementary fig. S3, Supplementary Material on-
line). We used the GARLI tree for further analyses because
its log likelihood (—74,742.77) was superior to that of the
PhyML tree (—74,794.17).

As was inferred for the AP1/SQUA subfamily, branch-
and site-specific variation in evolutionary constraint within
the AP3/PI subfamily best fit the M3 + S2 model (tables 1
and 2). The substitution rate ratios and their corresponding
equilibrium frequencies in the three selection regimes under

M3 + S2 suggest that heterogeneous evolution occurred
during the course of the evolution of the AP3/PI subfamily
and the paralogous AP3 and PI lineages (tables 1 and 2).

The majority of codon positions in AP3/PI, AP3, and
PI alignments were inferred to be evolving under purifying
selection throughout most of their respective gene trees; the
equilibrium frequency of sites in the w5 class was 20%,
21%, and 22% for AP3/PI, AP3, and PI alignments, respec-
tively (table 1). Further, the switching rate from w, to w3
(R,3) was significantly higher than switching rates from w,
to w, (R;5) and from w; to ws (R;3) in all the three data sets,
implying that the AP3/PI subfamily members underwent
shifts among selection regimes similar to those inferred
for the AP1/SQUA subfamily (table 1, fig. 5).

Unlike the AP1/SQUA, AG/AGLI1, and SEP subfam-
ilies (see below), analysis of the AP3/PI subfamily indi-
cated relaxed selection on at least one branch was
inferred for 15 codons in the MADS domain (fig. 1B).
This pattern also held for the I region (16 codons)
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R o and the K domain (51 codons) (fig. 1B). Only eight of 90
2 8585 X codon positions showing support for shifts to relaxed selec-
ERGIGIGIGIG] tion coincided with the AP3—PI duplication event (supple-
]euFUL mentary fig. S8, Supplementary Material online).
L Moreover, there were distinct patterns of shifting selection
AGL79 i within the AP3 and PI subclades. Positions 118, 119, 130,
153, and 156 in the K domain exhibited relaxed constraint
euAP1 within the AP3 clade relative to the rest of the tree (fig. 3B,
- supplementary figs. S§B—S8D, S8G, and S8H, Supplemen-
tary Material online). In contrast, position 65 in the I region
and positions 142 and 152 in the K domain are highly con-
OsMADS15 strained in the AP3 clade but exhibited relaxed selection in
OsMADS14 the PI clade (fig. 3B, supplementary figs. S8A, S8E, and
D B S8F, Supplementary Material online). For example, the an-
LIL] cestral, positively charged lysine at position 65 (K65) was
replaced by hydrophobic or uncharged amino acids, such as
valine (V), isoleucine (I), leucine (L), proline (P), threonine
=88 SIE 1< (T), and serine (S) within the PI lineage.
H In the AP3 alignment, 9, 16, 51, and 46 codons showed
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relaxed selection in MADS, I, K, and C-terminal regions,
respectively (fig. 1C), whereas these domains exhibited re-
laxed selection at 11, 11, 46, and 24 codons, respectively, in
the PI alignment (fig. 1D). Six codon positions showing
support for reduced constraint were associated with the eu-
AP3-TM6 duplication event and included position 48 in the
MADS domain, positions 122, 123, and 133 in the K do-
main, which showed relaxed selection on branches through-
out euAP3 and TM6 clades (fig. 3B, supplementary figs.
S9A-S9D, Supplementary Material online). In contrast,
=] shifts to relaxed selection were observed at positions 198
and 213 in the C terminus, but these were restricted to
the euAP3 clade (fig. 3B, supplementary figs. SOE and
2222588509885 SO9F, Supplementary Material online). Moreover, R122
and G123 were highly conserved in most of paleoAP3-like
proteins of basal eudicots and basal angiosperms but
showed divergence in core eudicot euAP3 and TM6-like
proteins. No codon position showed significant evidence
of relaxed selection in association with the OsMADS2—
OsMADS4 duplication event within the PI lineage.
Figure 4B—D shows that the number of sites evolving
L under reduced selection varied across branches of AP3/PI,
£ AP3, and PI gene trees. Moreover, shifts to relaxed selection
were mainly concentrated on internal nodes (fig. 5B—D).
Branches with the largest number of sites showing relaxed
- selection distributed either on deep nodes spanning the
whole AP3 gene tree or on internal branches of basal and
core eudicots in the P/ gene tree (fig. 5C and D). Among
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Fic. 3.—Sites exhibiting shifting selective constraint following
major duplication events in AP//SQUA (A), AP3/PI (B), AG/AGLI1 (C),
wimlmlllE wimlmlm and SEP (D) subfamilies. Lineages emanating from these gene
m | |71  duplications are bracketed. Gray bars indicate that relaxed selection was
3 D inferred (PP greater than 90% for selection class ;) for the majority of
—%&< 3:NABSE branches within bracketed clades, whereas white bars indicate that
purifying selection (w; or m,) was inferred for the majority of lineages.
Codon position within each alignment is indicated above each bar. Site
numbers with asterisks in (B) refer to the AP3 alignment (not the AP3/PI
alignment). Domain membership is also indicated—M, MADS domain; I,
7 I'region; K1, K2, and K3, regions in the K domain (Yang et al. 2003); K1/

= 2 and K2/3, regions between K1 and K2 or K2 and K3 subdomains; C, C-
terminal region.
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FiG. 4 —Distribution of branches with different numbers of sites under relaxed selection across AP1/SQUA (A), AP3/PI (B), AP3 (C), PI (D), AG/
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percentage of sites with relaxed selection in the entire alignment.

these branches, only the branch leading to the euAP3 lin-
eage was subject to relaxed selection at many sites following
the euAP3-TM6 gene duplication (fig. 5C). The branch
subtending the euAP3 and TM6 clades also exhibited re-
laxed selection at many codon positions, suggesting that
the ancestral gene of euAP3 and TM6 may have been evolv-
ing under weak constraint, but experienced purifying selec-
tion within both clades following the euAP3-TM6 gene
duplication. No such shift in selection was observed
following the AP3—PI duplication event (fig. 5B) nor the
OsMADS2-OsMADS4 duplication event (fig. 5D).

Shifting Constraint in the AG/AGLI1 Subfamily

The estimated AG/AGLI 1 gene tree was similar to that
published by Zahn et al. (2006) but with improved resolu-
tion because of the increased sampling density (supplemen-
tary fig. S6, Supplementary Material online). As with the
API/SQUA and AP3/PI subfamilies, the M3 + S2 model
provided the best fit for the AG/AGLII data set (tables 1
and 2). The estimated equilibrium frequency of sites evolv-
ing under relaxed selection was slightly lower for the AG/
AGLI1]I subfamily relative to the others (w; = 0.7; p; =
0.14; table 1). No sites with branches showing relaxed se-
lection were observed in the MADS domain, but 11 I-

region codons, 23 K-domain codons, and 30 C-terminal co-
dons exhibited at least one branch evolving under relaxed
selection (fig. 1E). Long-term shifts to the w; selection class
were associated with concerted gene duplication events at
just 12 codon positions (fig. 3C, supplementary fig. S10,
Supplementary Material online).

As shown in figure 4F, the number of sites with re-
laxed selection varied across branches of the AG/AGLI1
gene tree but within a narrower range than observed for
other subfamilies (from O to 23). Only 18 branches with
16 or more sites evolving under reduced constraint were
inferred (fig. 4E). These branches distributed among deep
nodes within the core eudicot euAG lineage, AG-like genes
of basal eudicots and magnoliids, and core eudicot AGL/I-
like genes. Only the branch leading to the euAG lineage was
subject to relaxed selection at many sites following the ma-
jor duplication event resulting in the PLE and euAG clades
(fig. 5E).

Shifting Constraint in the SEP Subfamily

The estimated SEP subfamily phylogeny (supplemen-
tary fig. S7, Supplementary Material online) largely agreed
with previous studies (Zahn, Kong, et al. 2005). One excep-
tion was the poorly supported placement of the Amborella
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Amborellaceae, Nymphaeaceae, and Austrobaileyales. The unboxed ingroup genes are from the Magnoliids and Chloranthaceae.

and Nuphar AGL2/3/4 homologs with the monocot clade
rather than at the base of the AGL2/3/4 clade (supplemen-
tary fig. S7, Supplementary Material online). This place-
ment is likely an artifact, but we used our ML gene tree

for the molecular evolutionary analyses. The results of
LRTs were similar to those for other gene subfamilies (ta-
bles 1 and 2). Whereas shifts in selection were not inferred
for any sites within the MADS domain, 14 I-region codons,
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28 K-domain codons, and 51 C-terminal codons were in-
ferred as evolving under relaxed selection on one or more
branches (fig. 1F). Fourteen codon positions showing sup-
port for lasting reduced constraint following major gene du-
plications were observed (fig. 3D, supplementary fig. S11,
Supplementary Material online). For instance, a shift to
relaxed selection in the AGL2/3/4 clade immediately fol-
lowing the AGL2/3/4-AGL9 duplication was seen at posi-
tion 82 in the I region and positions 175 and 222 in the
C-terminal region (fig. 3D, supplementary figs. S11A,
S11G, and S11M, Supplementary Material online). Re-
laxed selection was inferred within the OsMADSI and
OsMADSS clades at positions 86, 136, and 162 in the K
domain and positions 199 and 202 in the C-terminal region
(fig. 3D, supplementary figs. S11B, S11D, S11F, S111, and
S11J, Supplementary Material online). Reduced constraint
was, however, limited to the OsMADS34 clade for position
121 in the K domain (fig. 3D, supplementary fig. S11C,
Supplementary ~ Material ~ online)  following  the
OsMADS1/5-OsMADS34 gene duplication event.

In the SEP gene tree, the number of sites placed in the
w3 = 0.82 rate ratio class (PP > 0.9) varied from 0 to 46
across branches (fig. 4F). Branches with the most codon
positions evolving under reduced constraint (fig. 4F) were
all in the AGL2/3/4 clade and most were basal to the core
eudicot triplication and Poaceae gene duplication events
(fig. SF). In contrast, all branches within the AGL9 clade
had fewer codon positions evolving under relaxed selec-
tion. This pattern is similar to the distribution of least con-
served branches in the AP3/PI gene tree (fig. 5B).

Discussion

Molecular evolutionary analyses provide a powerful
approach for identifying amino acid changes that may be
associated with evolution of gene function. The results de-
scribed above reveal some common themes in the evolution
of MADS box genes involved in floral development. As has
been predicted (Ohno 1970; Force et al. 1999), shifts to re-
duced selective constraint at many sites in ancestral MADS
box genes were inferred following some (but not all) con-
certed gene duplications (fig. 3). Shifts in constraint were
also inferred on deep branches within the analyzed gene
trees in association with the diversification of floral form
across major angiosperm lineages (fig. 5). The inferred re-
duction in selective constraint early in angiosperm history
and following duplication events implies increased allelic
diversity at these points in time and increased opportunity
for novel gene interactions. We hypothesize that the shared
timing of shifts in site-specific selective constraint among
MADS box gene families is due in part to coevolution of
interacting proteins coded by API/SQUA, AP3/PI, AG/
AGLI11, and SEP genes. Future work will test this hypoth-
esis experimentally.

Site-Specific Shifts in Constraint Evident throughout
MADS Box Gene Evolution

The MADS box genes belonging to AP1/SQUA, AP3/
PI, AG/AGLI1, and SEP subfamilies, play important roles
in the development and evolution of angiosperm flowers.

Similar to other studies, our results indicate that purifying
selection has played an important role in the evolution of
these MADS box gene subfamilies throughout most of an-
giosperm history, but there have been branch- and site-
specific shifts in selection within each MADS box subfamily
(e.g., Gascuel and Guindon 2007; Hernandez-Hernandez
et al. 2007). In contrast to the patterns of positive selection
of AP3/PI-like genes reported by Hernandez-Herndndez
et al. (2007), however, we did not detect positive selection
on any branches or at any sites within MADS box
subfamilies.

The failure of FITMODEL to detect positive selection
in our analyses may be due to a lack of statistical power.
The widely used branch-site tests of Yang and Nielsen
(2002) may offer more statistical power to detect changes
in selection as it requires a constrained alternative hypothesis
to compare predefined “foreground” and “background”
branches (e.g., Martinez-Castilla and Alvarez-Buylla
2003; Aagaard et al. 2006; Preston and Kellogg 2006;
Hernandez-Hernandez et al. 2007). However, variation in
the mode and strength of selection on “background”
branches is typically uncharacterized, and may influence in-
ferences about selection on “foreground” branches as has
been shown for the branch model (Nunney and Schuenzel
2006). Such variation should be expected in MADS box
gene subfamilies with complicated histories. In addition
to major concerted duplications (see Introduction), many
more recent, subfamily-specific gene duplications and shift-
ing expression patterns among duplicate genes may have
prompted shifts in selective constraint. It is not clear
how such shifts in selective constraint on “background” af-
fect the widely used branch-site tests for positive selection.

A comparison of our FITMODEL results with those
reported by Herndndez-Herndndez et al. (2007) for the CO-
DEML branch-site tests is somewhat illuminating. Herndn-
dez-Hernandez et al. (2007) found intriguing evidence for
positive selection acting on sites in the functionally impor-
tant K domain following the AP3—PI (PI86N, PI127A, and
AP3115E) and euAP3-TM6 duplications (AP399R,
AP3112C, and AP3141K; positions correspond to Arabi-
dopsis AP3 [Genbank G.I. 15232493] and PI [GenBank
G.I. 15241299] proteins). As described above, we did
not find evidence for positive selection (ws > 1.0), but it
is possible that sites placed in the w5 class have indeed ex-
perienced positive selection. More puzzling is the observa-
tion that whereas FITMODEL uncovered evidence for
shifting selective constraint at sites identified in the CO-
DEML branch-site analyses, PPs for these sites being in
the wj; rate ratio class following the AP3—PI and euAP3—
TM6 duplications were less than 0.9 (supplementary figs.
S8 and S9, Supplementary Material online). It is unclear
whether the discrepancies between the results of the FIT-
MODEL and CODEML analysis are due to lack of statis-
tical power in the FITMODEL analysis or the fact that the
CODEML branch-sites test does not account for variation
among background branches.

The FITMODEL analysis also implicated a number of
shifts in constraint following AP3—-PI (P11421, PI152M,
AP3118I, AP3119Q, AP3130N, AP3157Q, and AP3160I)
and euAP3-TM6 (AP348F, AP3122R, AP3123R,
AP3133K, AP3198R, and AP3213P) duplications that were



not elucidated in the CODEML analysis (supplementary
figs. S8 and S9, Supplementary Material online). Most of
these sites show patterns of variation in constraint that are
consistent with the clade model implemented in CODEML
(Bielawski and Yang 2004), but this model was not consid-
ered by Hernandez-Hernandez et al. (2007). Focusing on the
AP3 tree, a number of sites show an interesting shift to re-
laxed selection in association with the euAP3-TM6 duplica-
tion followed by a shift back to high constraint in the lamiid
AP3 clade (supplementary fig. S9A, B, C, E, F, and I, Sup-
plementary Material online). We do not know of any reason
why this pattern would have been hypothesized in advance
as is required for the CODEML clade test, and these results
underscore the utility of exploratory molecular evolutionary
analyses for uncovering intriguing patterns worthy of exper-
imental investigation.

Our study indicates that sites with branches showing
relaxed selection are not distributed evenly across align-
ments of these gene subfamilies. For instance, fewer
(AP1/SQUA and AP3/PI subfamilies) and no (AG/AGLI1
and SEP subfamilies) shifts to relaxed constraint were iden-
tified in the MADS domain. Greater than 60% of sites with
at least one branch showing relaxed selection mapped to the
C-terminal region (fig. 1). These findings were consistent
with previous analyses of variation in the level of constraint
among domains in MIKC-type MADS box genes (Becker
and Theissen 2003; De Bodt et al. 2003; Kaufmann et al.
2005; Nam et al. 2005).

Long-term shifts to reduced selective constraint imme-
diately following concerted gene duplication events were
identified at a few positions in the four regions, especially
the K domain and the C-terminal region within each sub-
family (fig. 3). The shifting levels of selective constraint
elucidated in our analysis provide insights into the func-
tional importance of specific amino acid residues. Notably,
one of the sites that we inferred exhibiting switch in selec-
tive constraint, 1421 in the PI lineage, has been demon-
strated to be functionally important for Arabidopsis PI
gene. When the isoleucine (I) at position 142 of PI was re-
placed with a proline (P), the strength of interaction be-
tween the mutated PI protein and the wild-type AP3
protein is only 40-50% of wild-type level and 35S::PI''**"
transgenic plants show very weak floral organ identity con-
version (Yang et al. 2003). Moreover, the PI-SEP3 inter-
action is also affected when position 142 of PI is mutated.
The strength of the PI"'***-SEP3 interaction and PI''**"—
SEP3 interaction is about 20% and 66% of wild-type PI-
SEP3, respectively (Yang and Jack 2004). In addition to
1421 of PI, many amino acid substitutions within the Ara-
bidopsis AP3 and PI K domains have been shown to reduce
protein—protein interactions and result in defects of floral
phenotypes in transgenic Arabidopsis lines expressing mu-
tated B genes (Yang et al. 2003; Yang and Jack 2004). A
similar experimental approach could be used to test whether
site-specific changes in selective constraint that we inferred
within the API/SQUA, AP3/PI, AG/AGLI1, and SEP gene
trees are associated with changes in DNA or protein-binding
capacity. For example, position 99 in the API/SQUA
alignment, positions 119, 130, and 156 in the AP3/PI align-
ment, positions 122 and 123 in the AP3 alignment, position
128 in the AG/AGL11 alignment, and positions 86, 121, and
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162 in the SEP alignment exhibited radical amino acid sub-
stitutions in the K domain following the gene duplications
(fig. 3, see Results).

Patterns of Sequence Evolution Support Functional
Differences between Subfamilies

The AP1/SQUA, AP3/PI, AG/AGL11, and SEP-like
proteins are hypothesized to function as master regulators
in the floral development by homo- or heterodimerization in
Arabidopsis (Fan et al. 1997; Honma and Goto 2001; Pelaz
et al. 2001; Favaro et al. 2003; Yang et al. 2003; Fornara
et al. 2004; de Folter et al. 2005). Similar interactions have
also been documented in Antirrhinum (Davies et al. 1996,
1999; Egea-Cortines et al. 1999; Causier et al. 2003), to-
mato (Busi et al. 2003; de Martino et al. 2006; Leseberg
et al. 2008), Petunia (Favaro et al. 2002; Kapoor et al.
2002; Ferrario et al. 2003; Immink et al. 2003; Vandenbussche
et al. 2004), rice (Moon et al. 1999; Lim et al. 2000; Favaro
etal. 2002; Cooper et al. 2003; Lee et al. 2003; Fornara et al.
2004), and several basal eudicot species (Aquilegia
vulgaris, Akebia trifoliata, Euptelea pleiospermum, and Pa-
chysandera terminalis) (Shan et al. 2006; Kramer et al.
2007; Liu C, Zhang J, Zhang N, Shan H, Su K, Zhang K,
Meng Z, Kong H, Chen Z, submitted). These findings sug-
gest that the interaction behaviors among AP1/SQUA, AP3/
PI, AG/AGLI11, and SEP proteins may be conserved over
much of angiosperm evolution. At the same time, gene du-
plication events in multiple MADS box gene subfamilies
have produced novel lineages that have been maintained
through angiosperm history (Zahn, Kong, et al. 2005).

The typically conserved MADS domain is essential
for dimerization and DNA binding (Huang et al. 1996;
Mizukami et al. 1996). We found that the MADS domain
of AP3/PI subfamily members have experienced less con-
straint than the corresponding domains in other subfamilies.
In the MADS domain, 26%, 16%, and 19% of sites in AP3/
PI, AP3, and PI alignments, respectively, exhibited shifts in
selection on at least one branch, in contrast to 0—3% in the
MADS domain of members of other subfamilies. It is known
that AP3 and PI form obligate heterodimers in Arabidopsis
(Riechmann et al. 1996), whereas AP1/SQUA-, AG/
AGL11-, and SEP-like proteins function as homodimers
or heterodimers among them (Huang et al. 1996; Mizukami
etal. 1996; de Folter et al. 2005). It is reasonable to speculate
that changes in one subunit of a heterodimer can promote
selection for changes in the other subunit, analogous to com-
plementary changes in DNA or RNA duplexes. Consistent
with this hypothesis, inferred shifts in selection were concen-
trated early in eudicot history for both AP3 and PI MADS
box subfamilies (fig. 5C and D).

The K domain of MADS-box proteins forms an inter-
action surface containing three amphipathic o-helices es-
sential for the interaction with other MADS box protein
dimers (Fan et al. 1997; Yang et al. 2003). We found that
the K domain in the AP3/PI subfamily included 53-61% of
the sites showing shifts to relaxed selection on at least one
branch, compared with only 25-32% such K-domain sites
of the other three subfamilies. As described above, this pat-
tern might be explained by the fact that eudicot AP3 and PI
proteins must form heterodimers.
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Among the four subfamilies, the AG/AGLI1 subfam-
ily had the smallest number of branches with 16 or more
sites evolving under relaxed selection, suggesting that
members of this subfamily are more highly conserved than
others. Indeed, it is known that functions of AG/AGLI I ho-
mologs in controlling the development of stamens, carpels,
and ovules tend to be conserved where functional compar-
isons were performed, even for gymnosperm homologs
(Ma and dePamphilis 2000; Zahn et al. 2006), whereas
functions of API/SQUA and SEP homologs are thought
to be more variable (e.g., Uimari et al. 2004). Within the
SEP subfamily, the fact that relaxed selection was inferred
for more sites and branches within the AGL2/3/4 clade rel-
ative to the AGL9 clade suggests that potentially functional
overlap between the AGL2/3/4 paralogs (Flanagan and Ma
1994; Mandel and Yanofsky 1995) might result in reduced
selection pressure on duplicates.

Shifts of Selection Are Associated with Functional
Divergence after Speciation and Duplication

Whereas our FITMODEL analyses did not detect ev-
idence of positive selection, shifts to nearly neutral rate ratio
classes were inferred throughout MADS box subfamily
gene trees. One may expect relaxed constraint at some sites
following gene duplications (Ohno 1970), but we found
that branches exhibiting shifts in constraint at many sites
were only weakly associated with gene duplication events
in the AP3/PI and other MADS box gene subfamilies. Most
branches showing many site-specific shifts to reduced con-
straint tended to be concentrated on deeply internal
branches of MADS box subfamily gene trees coincident
with the origin of the basal eudicot, monocot, and magno-
liid lineages (fig. 5). These changes were associated with
speciation events early in angiosperm history, rather than
gene duplications. Considering the extreme variability in
floral form and development among ancient angiosperm
lineages (Endress 2001), we hypothesize that branches
showing relaxed selection on the spine of MADS box sub-
family trees may represent coevolution of interacting
MADS box proteins in association with the early diversi-
fication and evolution of angiosperms.

Comparative genome analysis of Arabidopsis, poplar,
grapevine, papaya, and rice has revealed many genome-
duplication events specific to major evolutionary events
(Wang et al. 2005; Yu et al. 2005; Jaillon et al. 2007; Ming
et al. 2008; Tang et al. 2008). The core eudicot MADS box
gene duplications (euAP3/TM6 and AG/PLE) and triplica-
tions (euFUL/AGL79/euAP1 and AGL2/4/FBP9/AGL3; see
fig. 5) may correspond to the gamma event characterized
most recently by Tang et al. (2008). Additionally, an an-
cient genomewide duplication has been proposed to have
occurred in the common ancestor of all or most extant an-
giosperms excluding Amborella (Cui et al. 2006). The du-
plication of AP3/PI, AG/AGLI1, and SEP genes may have
also occurred as part of an uncharacterized genome dupli-
cation, or alternatively independent duplications may have
accumulated over 170 MYA on the branch leading to the
last common ancestor of all extant angiosperms (including
Amborella; Leebens-Mack et al. 2005 for divergence time

estimates). In any event, gene and whole-genome duplica-
tions have promoted the expansion and evolution of AP/
SQUA, AP3/PI, AG/AGLI1, and SEP subfamilies and con-
tributed to an increased complexity of regulatory network
controlling floral development (Zahn, Kong, et al. 2005;
Hernandez-Hernandez et al. 2007; Soltis et al. 2007; Veron
et al. 2007). However, our results suggest that shifts of se-
lection pressure in these MADS box gene subfamilies were
not always associated with gene or whole-genome duplica-
tions (fig. 5). However, a number of branches leading to the
core eudicot lineages do show shifts in selective constraint
at many sites following gene duplications and triplications
at the base of core eudicots. These include shifts on the
branches at the base of the AGL79 and euFUL lineage
(fig. 5A), the euAP3 lineage (fig. 5C), the euAG lineage
(fig. 5E), as well as the AGL3 and FBP9 lineages (fig.
5F). Duplications in the AP3 subfamily at the base of
the ranunculid clade (Kramer et al. 2003) are also followed
by shifts in selective constraint (fig. 5B and C).

Genetic and functional analyses of floral organ identity
genes in core eudicot species, such as Arabidopsis, Antir-
rhinum, and Petunia, have indicated that nearly all these
genes are important for normal development of flowers. Af-
ter the gene duplication event at the base of core eudicots,
the novel euAP3-like genes appear to have obtained novel
functions in petal identity while retaining their ancestral
function in determining the development of stamens
(Sommer et al. 1990; Jack et al. 1992; Vandenbussche
et al. 2004). Although all Arabidopsis SEP-like genes were
believed to have redundant function, phenotypic differ-
ences between plants with mutant sep//2/3 and sepl/2/3/
4 genes showed that SEP4 (i.e., AGL3) possesses at least
one slightly different function from the other three SEP
genes (Ditta et al. 2004). Similarly, euFUL-, AGL79-,
and euAP/-like genes, and euAG- and PLE-like genes also
showed functional divergence following gene duplications
(Zahn et al. 2006; Shan et al. 2007; and references cited
therein). Considering our results along with functional data,
we hypothesize that relaxed selection in core eudicots may
have permitted substitutions responsible for functional di-
vergence and have increased the complexity of interaction
of MADS box proteins following the concerted duplica-
tions in a common ancestor of all core eudicots. After a rel-
atively short evolutionary period, any modified genetic
system controlling floral development could have been
fixed by purifying selection. Although we did not detect
positive selection, adaptive amino acid substitutions may
have also played a role in functional diversification. Fur-
ther, changes in MADS box gene function can also be
driven by changes of regulatory elements (Moore et al.
2005; Duarte et al. 2006).

Overall, our results indicate that shifts in selective con-
straint acting on MADS box genes are associated with rapid
diversification early in the angiosperm history and in the
core eudicots. Shifts in constraint acting on MADS box
genes are more strongly associated with concerted duplica-
tions (likely due to polyploidization) early in the history of
core eudicots relative to the duplications that predated di-
versification of the angiosperm crown group. However,
functional divergence and speciation are intimately related,
especially in the case of whole-genome duplications. For



example, the observed time lags between the early duplica-
tions in the API/SQUA, AP3/PI, AG/AGLII, and SEP
subfamilies and shifts in selective constraint (fig. 5) are con-
sistent with the “balance gene drive” hypothesis (Freeling
and Thomas 2006) that predicts changes in the function of
duplicated regulatory genes may occur after a period of pu-
rifying selection to maintain dosage balance following con-
certed duplications (including polyploidization).

Supplementary Material

Supplementary figures S1-S11 and supplementary
tables S1-S4 are available at Molecular Biology and Evo-
lution online (http://www.mbe.oxfordjournals.org/).
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