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Cover lllustration: Female flowers of Amborella trichopoda. Amborelia, a candidate for the basal-most angiosperm
and B-function MADS-box genes are the focus of a study by Kim et al. (see the summary in the box below and the
full article on p. 2102). Photo credit: Sangtae Kim.

In this issue. ..

MADS-box genes and the basal-most an-
giosperm

Kim et al. examined gene structure and phylogeny of B-
function MADS-box genes to provide additional evidence to
support the basal-most status of Amborella among angio-
sparms, In particular, the AP3- and PrFhomologues of Am-
borella, Am.trAP3 and Am.tr.Pl, share several amino acid
strings, including a prominent DEAER maotif in the C-terminal
domain, the most variable iranscribed region. Duplicationtime
of wo major lineages of B-function genes was estimatad (o
be ca, 260 million years ago, placing the duplication after the
split betwaan axtant gymnosparms and angiosparms, but wall
before the oldest angiosperm fossils.

(see p. 2102)

Recovery from drought stress and fungal
endophytes

Lolium perenne, a commaon perennial grass widely used
for forage and turd, is often host to a fungal endophyte grow-
ing between its leal cells. In Cheplick’s study of endophyte
infection on host recovery from severe drought stress, unin-
fected plants, both drought-stressed and controls produced
maore tillars, and greater leaf area and mass, than did infected
plants. Although the ?[1‘!55 andophyte symbiosis 5 mulual-
istic in other wall-stuthed host-fungus pairs, the relationship
batwaen L. peramte and its endophyte may primarily banefit
the fungus, while being detrimental to the host under certain
anvironmental condilions,

(see p. 1960)

AFLP markers to detect a cryptic species
in an endangered community

The Litlle Aguja Pondweed { Potamogeton clystocanpus)
is restricted to a single drainage in west Texas, where it is
nearty morphologically indistinguishable from two more wide-
spread pondweed species. Whittall et al. used AFLPs and
DMNA sequences from the nuclear and chioroplast genome 1o
axamine the degree of genatic distinctivenass, hybridization,
and clonality in this endangered pondweed community, Sev-
anty-seven percent of the AFLP variation separates F. clys-
tocarpus from its sister species, Hybrids were only detecled
batwaan the widespread species and clonality ramainad lo-
calized to individual pools. These results indicate P, clysto-
carpus is a genatically distinct cryptic species.

[see p. 1960)

Architectural mimicry of sexual dimor-
phism is Solanum

In the vast majority of taxa with unisexual lowers, male
and female flowers differ significantly in size. Most literature
on this topic has focused on adaptive explanations for sexual
size dimorphism. In Sofanum, however, Diggle and Miller
found thal size diferences between flower lypas aré due o
floral architecture; that is, the different flower types are spa-
tially :mzijmgulud within inllorescences, and location greatly
affects flower size, irrespective of sexual function. Thus, in
Solanum, architectural effects mimic sexual size dimorphism
To the extent that spatial segregation of flower types is com-
mon among taxa with unisexual flowers, such architectural
“mimicry” may underlie other cases of sexual dimorphism.

[see p. 2024)
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PHYLOGENY AND DIVERSIFICATION OF
B-FuNCTION MADS-BOX GENES IN ANGIOSPERMS:
EVOLUTIONARY AND FUNCTIONAL IMPLICATIONS OF
A 260-MILLION-YEAR-OLD DUPLICATION?

SANGTAE KiM,?% MI-JEONG Y 00,2 VICTOR A. ALBERT,?
JAMES S. FARRIS,* PAMELA S. SOLTIS,® AND DoucLAS E. SoLT1s*¢

2Department of Botany, University of Florida, Gainesville, Florida 32611 USA; *The Natural History Museums and Botanical
Garden, University of Oslo, PO. Box 1172 Blindern, NO-0318 Oslo, Norway; “Molekylarsystematiska laboratoriet, Naturhistoriska
riksmuseet, Box 50007, SE-104 05 Stockholm, Sweden; and SFlorida Museum of Natural History, University of Florida, Gainesville,
Florida 32611 USA

B-function MADS-box genes play crucia roles in floral development in model angiosperms. We reconstructed the structural and
functional implications of B-function gene phylogeny in the earliest extant flowering plants based on analyses that include 25 new
AP3 and Pl sequences representing critical lineages of the basalmost angiosperms: Amborella, Nuphar (Nymphaeaceae), and Illicium
(Austrobaileyales). The ancestral size of exon 5 in PI-homologues is 42 bp, typical of exon 5 in other plant MADS-box genes. This
42-bp length is found in PlI-homologues from Amborella and Nymphaeaceae, successive sisters to al other angiosperms. Following
these basalmost branches, a deletion occurred in exon 5, yielding a length of 30 bp, a condition that unites all other angiosperms.
Severa shared amino acid strings, including a prominent * DEAER” motif, are present in the AP3- and Pl-homologues of Amborella.
These may be ancestral motifs that were present before the duplication that yielded the AP3 and Pl lineages and subsequently were
modified after the divergence of Amborella. Other structural features were identified, including a motif that unites the previously
described TM6 clade and a deletion in AP3-homologues that unites all Magnoliaes. Phylogenetic analyses of AP3- and PI-homologues
yielded gene trees that generally track organismal phylogeny as inferred by multigene data sets. With both AP3 and Pl amino acid
sequences, Amborella and Nymphaeaceae are sister to all other angiosperms. Using nonparametric rate smoothing (NPRS), we estimated
that the duplication that produced the AP3 and PI lineages occurred approximately 260 mya (231-290). This places the duplication
after the split between extant gymnosperms and angiosperms, but well before the oldest angiosperm fossils. A striking similarity in
the multimer-signalling C domains of the Amborella proteins suggests the potential for the formation of unique transcription-factor
complexes. The earliest angiosperms may have been biochemically flexible in their B function and *tinkered” with floral organ identity.

Key words:

MADS (MCM1, AGAMOUS, DEFICIENS, and SRF)-box
genes, which encode transcription factors, play important roles
in the development of plants, animals, and fungi (Schwarz-
Sommer et al., 1990; Shore and Sharrocks, 1995; Theil3en and
Saedler, 1995; Theifen et al., 1996, 2000; Riechmann and
Meyerowitz, 1997; Becker and Theif3en, 2003). Almost all
known MADS-domain proteins from vascular plants share a
conserved structural organization, the so-caled MIKC-type
domain structure, including MADS (M), intervening (1), ker-
atin-like (K), and C-termina (C) domains (Theif3en et al.,
1996, 2000; Minster et al., 1997; Becker and Theilen, 2003;
but see Alvarez-Buylla et al., 2000). Phylogenetic analyses
have revealed that the MADS-box gene family is composed
of several well-defined clades (e.g., Doyle, 1994; Purugganan
et a., 1995; TheilRen et al., 1996, 2000; Purugganan, 1997;
Miunster et al., 1997; Johansen et al., 2002; Bodt et al., 2003;
Parenicova et a., 2003; Becker and Theif3en, 2003); the mem-
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bers of each clade share similar expression patterns and highly
related functions (Theil3en and Saedler, 1995; Theil3en et al.,
1996, 2000; Becker and Theil3en, 2003).

Some of the best-known MADS-box genes control the or-
gan identity and initiation of the flower (Theil3en et al., 1996,
2000; TheiRen and Saedler, 2001). Studies in Arabidopsis and
Antirrhinum have shown that MADS-box genes encode the B
function of flora development, which together with A speci-
fies petals, and with C discriminates stamens from carpels (C
only) (Coen and Meyerowitz, 1991; Meyerowitz et al., 1991;
Coen et a., 1991). In Arabidopsis, the B function genes are
AP3 and PI. Further complexity in the specification of floral
organ identity involves the redundant functions of the SEPAL-
LATA MADS-box genes, which are collectively required for
petal, stamen, and carpel identities. Protein products of these
genes dimerize, and the tetramer (or multimer) configuration
is probably the active state in cells (Egea-Cortines et al., 1999;
Honma and Goto, 2000; Ferrario et al., 2003).

Two subclades of B-function genes have been recognized,
corresponding to AP3- and Pl-homologues, respectively (re-
viewed in Theil3en et a., 2000). Phylogenetic analyses have
revealed a complex pattern of gene duplication and divergence
in B-class genes. Kramer et al. (1998) and Kramer and Irish
(2000) suggested that the ancestral gene of the AP3/PI lineages
underwent duplication yielding the AP3 and PI lineages at
some time well before the diversification of the angiosperms.
Another major gene duplication, which yielded the TM6 and
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Fig. 1. Summary of angiosperm phylogeny (Qiu et a., 1999; P Soltis et al., 1999; Zanis et a., 2002; D. Soltis et al., 2000). Some of the structural changes

in AP3 and Pl identified or localized in this study are plotted on the tree.

eUAP3 lineages, is proposed to have occurred in the AP3 lin-
eage just prior to the diversification of the core eudicots (Kra-
mer et al., 1998; Kramer and Irish, 2000), a clade that com-
prises approximately 75% of all flowering plants (Drinnan et
al., 1994).

Pl-family genes have a highly conserved region of amino
acid sequences at the C-termina end called the ‘Pl motif.”
Members of the AP3 family have a less well-conserved *‘ Pl
derived motif,” which can be aligned with the Pl motif of the
Pl family. AP3 genes also have a well-conserved ““euUAP3” or
“palecAP3" motif at the C-terminal end. A sequence similar
to the paleoAP3 motif is also seen in B-class genes of the fern
Ceratopteris (Munster et a., 1997). Therefore, the presence of
the paleoAP3 motif is a synapomorphy (shared, derived state)
of B- and related gene families (GGM13-, GGM2-, DAL12-,
and CIJMADSI-homologues), and the loss of the paleoAP3
motif is believed to be a synapomorphy for the Pl lineage
(Kramer et a., 1998; Winter et al., 2002a).

The exon lengths of MADS gene families are well con-
served in most cases (Johansen et a., 2002). For example,
exon 6 in both AP3- and PI-homologues is 45 bp long (Jo-
hansen et al., 2002; Winter et al., 2002a). Additionally, the PI-
homologues reported to date are al distinguished from the
AP3-homologues by an exon 5 that is 30 bp rather than 42 bp
in length (Johansen et a., 2002; Winter et al., 20024). In most
other MADS gene families, exons 5 and 6 are generally 42 bp
(Johansen et al., 2002; Winter et a., 2002a).

The overall framework of angiosperm phylogeny has crys-
tallized (e.g., Qiu et al., 1999; D. Soltis et a., 2000; Zanis et
al., 2002) (Fig. 1). A series of studies identified the same early-
branching basal angiosperms (Mathews and Donoghue, 1999;
Qiu et al., 1999; P Soltis et a., 1999; Parkinson et a., 1999;
Barkman et a., 2000; Graham and Olmstead, 2000; D. Soltis
et a., 2000; Zanis et a., 2002; Borsch et al., 2003): Amborella
(Amborellaceage) is sister to al other extant angiosperms, ei-
ther alone, or with the water lilies (Nymphaeaceae). Ambor-
ellaceae and Nymphaeaceae are followed by the Austrobail-
eyales clade (Fig. 1).

To understand the diversification of B-class genes during
the evolutionary history of angiosperms, phylogenetic analy-
ses using B-class genes from representatives of al major lin-
eages of angiosperms are needed. However, sequences of the
AP3- and Pl-homologues identified to date only represent
core- and early-diverging eudicots and some magnoliid taxa
(Kramer et al., 1998; Kramer and Irish, 2000). Critical lineages
of basal angiosperms, including all of the early-branching taxa
(Amborella, Nymphaeaceae, and Austrobaileyales), have not
yet been analyzed for B-class genes. Furthermore, only a few
seguences have so far been obtained for other basal lineages,
such as Chloranthaceae (e.g., Chloranthus) and the magnoliid
clade of Laurales (avocado relatives), Piperales (black pepper
relatives), Canellales (mountain pepper relatives), and Mag-
noliales (magnolia relatives). In the eudicots (Fig. 1), AP3-
and PI-homologues have been isolated from several early-di-
verging eudicots (Papaveraceae and Buxaceae, the poppy and
boxwood families, respectively), but in the core eudicots, only
the rosid (rose relatives), Caryophyllaes (beet relatives), and
asterid (e.g., Antirrhinum) clades have so far been sampled.
No data are available for Saxifragales (saxifrage relatives),
Santalales (mistletoes), or Gunnerales (gunneras). The latter
lineage has recently been shown to be sister to al other core
eudicots (D. Soltis et al., 2003).

We sought to improve both the taxonomic coverage and our
understanding of phylogenetic relationships of AP3- and PI-
homologues among critical lineages of flowering plants. Our
goas were to: (1) isolate and sequence both AP3- and PI-
homologues from early-branching angiosperms, as well as
from several previously unsampled lineages of core eudicots;
(2) trace structural changes in the AP3 and Pl lineages, in-
cluding motif regions and lineage-specific insertions/del etions;
(3) conduct phylogenetic analyses of B-class genes to deter-
mine how well these gene trees track organismal phylogeny
based on results from recent multigene studies; and (4) esti-
mate the timing of the duplication event that yielded the AP3
and Pl lineages.
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MATERIALS AND METHODS

RNA extraction—RNA extraction kits available commercialy (e.g., RNA
WIZ Kit from Promega, RNeasy Plant Mini Kit from Qiagen) are designed
for use based on investigations of model plants (e.g., Arabidopsis). These kits
have rarely been tested on other flowering plants, such as lineages of basal
angiosperms. In our initiadl RNA extractions of basal angiosperm taxa (e.g.,
Amborella and Nuphar), we employed commercially available kits, and these
efforts failed. We therefore developed our own protocol for isolating high
yields of RNA from these difficult plant tissues. Our method combined parts
of the CTAB DNA extraction protocol (Doyle and Doyle, 1987) with the
subsequent use of the RNeasy Plant Mini Kit (Qiagen, Stanford, California,
USA) (Detailed method provided at http://www.flmnh.ufl.edu/soltislab/sol -
tislab_protocols.htm). This protocol has worked well in al of the basal an-
giosperm taxa that we have tested. One problem with this method, however,
is DNA contamination. We therefore treated al samples with DNase (DNA
free; Ambion, Austin, Texas, USA) before subsequent experiments.

RT-PCR and cDNA sequence determination—Reverse transcription was
performed following the manufacturer’s directions using SuperScript 1| RNase
H-reverse transcriptase (Invitrogen, Carlsbad, California, USA) and polyT
primer (5'-CCG GAT CCT CTA GAG CGG CCG C(T),-3'). PCR (poly-
merase chain reaction) was performed using a B-class gene-specific primer
(5'-GGG GTA CCA AYM GIC ARG TIA CIT AYT CIA AGM GIM G-3')
and the polyT primer used in reverse transcription (Kramer et al., 1998). PCR
conditions were those employed by Kramer et al. (1998). We also used ad-
ditional primers for PCR: AP3-PIf (5'-GSK MGI GGl AAG ATC KAG AT-
3’) and newAP3-PIf (5'-AAC MGG CAR GTG ACG TAY TC-3') (designed
by Michael Zanis). PCR bands over 800 bp in size were excised from the
agarose gel and purified using the Geneclean Il Kit (Q-Bio Gene, Carlsbad,
California, USA). Purified DNAs were cloned using the TOPO TA Cloning
Kit (Invitrogen). Plasmid DNAs were purified from cloned cells using the
eZ.N.A. Plasmid Miniprep Kit (Omega Bio-tek, Doraville, Georgia, USA).
Cycle sequencing reactions were performed using the CEQ DTCS-Quick Start
Kit (Beckman Coulter, Fullerton, California, USA), and cDNA sequences
were determined using a CEQ 8000 sequencing system (Beckman Coulter).
Because the positions of al B-class gene-specific primers that we used in this
study were approximately 75 bp after the start codon, 5" end sequences of
each gene were not included in this study.

To determine the genomic DNA sequence of Amborella trichopoda, we
designed specific primers for Amborella Pl-homologues at the MADS domain
(AF1P; 5'-AGC GGA ATA CTG AAG AAG GC-3') and the 3’ end of the
translating region (AF6P; 5'-TGC TGA AGA TTG GGT TGG-3') for PCR
and sequencing. We compared the genomic sequence with the cDNA sequence
to determine the sizes of the exons and introns. PCR conditions for genomic
DNA analyses followed Kim et al. (2001).

Alignment—A data set was constructed of 103 previously reported B-func-
tion genes obtained from GenBank and 24 new sequences that we produced
(excluding Am.tr. AP3-2; see Results and Discussion) (Table 1). Three differ-
ent alignments, referred to as alignments I, I, and 111, were used for phylo-
genetic analyses. For all three matrices we first aligned the amino acid se-
quences and used this amino acid alignment to produce a data set of aigned
nucleotide sequences. We then analyzed both nucleotide and amino acid se-
quences phylogenetically (see next section). Alignment | includes all available
AP3- and PI-homologues from angiosperms. Amino acid sequences of these
genes were aigned using CLUSTAL X (Thompson et a., 1997) with the
default options and then adjusted manually. In alignment |1, we divided se-
quences into small subgroups based on organismal relationships (e.g., basal
angiosperms, Magnoliales, early-diverging eudicots, monocots) or sequence
similarity (e.g., euAP3 and TM6). We aligned sequences within each subgroup
first. We aso placed both AP3- and Pl-homologues of basal angiosperms
(Amborella, Nuphar, and Illicium) in a subgroup because we recognized sim-
ilar shared amino acid sequences between AP3 and Pl of Amborella, including
the “DEAER” motif. Based on aligned sequences of this subgroup, other
subgroups were subsequently combined into the alignment using the *“ profile
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aignment” method in CLUSTAL X (file-to-file alignment). We adjusted pre-
viously reported motif regions following Kramer et al. (1998). The alignment
of the MIK-region in alignment |l was the same as that of aignment I; how-
ever, alignments | and |l differed in the more variable C-domain region.
Alignment 111 includes not only angiosperm sequences, but also three pub-
lished gymnosperm B-class genes (Mouradov et al., 1998, 1999). These gym-
nosperm sequences were added to alignment I1.

Aligned amino acids were converted to DNA sequences using the program
AA2DNA (provided by Jongmin Nam). Separate matrices of DNA and amino
acid sequences of alignments I, Il, and Ill, for the entire gene (MIKC) and
only the M-, |-, and K-domains were constructed for phylogenetic analyses.

Phylogenetic analyses—Three different methods of phylogenetic inference
were used: maximum parsimony (MP), support weighting (Farris, 2001), and
Bayesian (Huelsenbeck and Ronquist, 2001). The maximum parsimony anal-
yses for all matrices were conducted using PAUP* 4.0b10 (Swofford, 2001).
The search strategy involved 100 random addition replicates with TBR branch
swapping saving all optimal trees. To assess support for each node, bootstrap
analyses (Felsenstein, 1985) were performed using 100 bootstrap replicate
heuristic searches with 10 random taxon addition replicates and TBR branch
swapping saving al optimal trees.

We applied the support weighting method (Farris, 2001) to the MIKC-
DNA-III and MIK-DNA-I1I alignments. This method measures the degree to
which changes in a character (site) are concentrated in the supported branches
of atree. Jackknife resampling was used to generate randomly selected suites
of initial weights in successive support weighting, and this provides a way of
assessing the stability of successive weight results (Farris, 2001). Support
values for the support weighting tree were generated by parsimony jackknifing
(Farris et al., 1996) of the original data matrix using 1000 replicates.

Bayesian analyses were conducted using MrBayes 2.01 (Huelsenbeck and
Ronquist, 2001) for MIKC-DNA-III and MIK-DNA-IIl. We used uniform
prior probabilities and the general time-reversible + gamma + | model of
molecular evolution. This model of molecular evolution was selected as the
optimal model (Akaike information criterion) by ModelTest (Posada and
Crandall, 1998). We ran four chains of Markov Chain Monte Carlo (MCMC),
sampling every 1000 generations for 1000000 generations, starting with a
random tree. Stationarity was reached at approximately generation 35000;
thus, the first 35 trees were the “burn in” of the chain, and phylogenetic
inferences are based on those trees sampled after generation 35000.

Estimation of divergence time—We calculated MP branch lengths and op-
timized these using PAUP* 4.0b10 onto a phylogenetic tree based on recent
multigene studies (Qiu et al., 1999; P. Soltis et al., 1999; Zanis et a., 2002).
Two data sets were analyzed: one contained the euAP3 genes, along with the
paleoAP3 and PI genes, and the second contained the TM6, plus the palecAP3
and Pl genes. Separate analyses of the MIK and MIKC regions for each data
set were conducted. Trees with branch lengths were transformed into ultra-
metric trees using nonparametric rate smoothing (NPRS) (Sanderson, 1997)
as implemented in TREEEDIT (version 1.0 alpha 10 by A. Rambaut and M.
Charleston). The characteristic pollen of the eudicots, combined with their
extensive fossil record, places the origin of the eudicots at 125 mya (Hughes,
1994), one of the firmest dates in the paleobotanical record. This minimum
age for eudicots was used to calibrate the tree. This calibration point was
dternatively applied to the eudicot node in the AP3 and PI clades of each
tree. To compute error estimates for the ages, we reapplied the NPRS pro-
cedure to 100 bootstrapped matrices obtained by resampling the data irre-
spective of codon position using PAUP*4.0b10 (cf. P Soltis et a., 2002).

RESULTS AND DISCUSSION

We report 25 new B-class gene sequences, which have been
cloned from nine taxa including seven basal angiosperms (Am-
borella, Nuphar, Illicium, Persea, Asimina, Eupomatia, and
Magnolia) and two eudicots (Gunnera and Ribes) (Table 1).
None of these sequences is closely related to the B-sister
gene family (Becker et a., 2002); when we include B-sister
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seguences in our analyses, our sequences were placed in the
B-class clade instead of the B-sister clade. Because we ob-
tained only an incomplete sequence from one of the AP3-ho-
mologues of Amborella (Am.tr.AP3-2), we excluded this se-
guence from the phylogenetic analyses and used it for se-
guence comparison only.

The 5" ends of the trandating region of B-class gene se-
guences have generally not been determined in previous stud-
ies because genes were amplified and sequenced using primers
designed for the 5’ end of the trandlating region. Likewise, we
did not determine the sequence of this region of most sequenc-
es that we report. In our data matrix, which consists of the 24
new full or nearly full-length sequences that we obtained (ex-
cluding Am.tr.AP3-2) and other sequences from GenBank,
only 23 of 54 Pl-homologues and 34 of 72 AP3-homologues
include the complete 5’ end of the translating region. We may
assume that all B-class genes have the same starting point at
the 5’ end of the translating region in the aligned sequence
matrix because the MADS domain is so strongly conserved
(Ma and dePamphillis, 2000) and al previously published se-
guences having the complete 5’ end of the translating region
have the same starting point in the aligned sequence matrix.
The description we provide dealing with gene length is based
on this reasonable assumption. The putative size ranges that
we estimate for each gene family are 163-239 amino acids
(aa) for PI-homologues and 195-261 aa for AP3-homologues.
Thus, the average size of AP3-homologues is approximately
20 aa larger than PI-homologues.

Structural features—The AP3-homologues of Magnoliales
that we report did not possess the Pl-derived motif typical of
AP3-homologues (Kramer et al., 1998; Kramer and Irish,
2000), but rather a deletion of 10 aa unique to this clade (Fig.
2). In the remaining AP3-homologues studied, the PI-derived
motif was loosely aligned with the Pl motif (Fig. 2). We rec-
ognized two different groups of sequences in the Pl-derived
motif. Group A (hereafter referred to as Pl-derived A, abbre-
viated as Pl-dA) occursin all basal angiosperms, with the ex-
ception of Magnoliales, and in early-diverging eudicots (Fig.
2). The PI-dA sequences have amost the same number of
amino acids as found in the PI motif (Fig. 2) and are easily
aligned with the Pl motif. The second group of the PI-derived
motif, Pl-derived B (abbreviated as PI-dB), occurs in al core
eudicots (both TM6 and euAP3 lineages). These PI-dB se-
guences were difficult to align among themselves, as well as
with the PI-dA sequences, and with the Pl motif (Fig. 2). Less
than half of the consensus sequence of the Pl-derived motif
(FXFRLQPXSQPNLH) (Kramer et a., 1998) isidentical to the
PI-dB sequences. The PI-dB group typically has many histi-
dine (H) and asparagine (N) residues, which are not present
(or arerare) in PI-dA (Fig. 2).

Kramer et al. (1998) described the paleoAP3 motif and its
modification following an apparent duplication to form the
TM6 and euAP3 clades. Their TM6 clade was recovered in
phylogenetic analyses with low bootstrap support and pos-
sessed the paleoAP3 motif (Kramer et al., 1998). The TM6
lineage shares the paleoAP3 motif with basal angiospermsand
early-diverging eudicots, and the PI-dB motif with the euAP3
gene lineage (Fig. 2). We discovered a region of 10 amino
acids that represents a previously undescribed motif that char-
acterizes hypothetical proteins previously referred to as TM6
clade members. This “TM6 motif’’ is located just before the
PI-dB region with AVAFANGVxNL, the most frequent amino
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acids at each position (Fig. 2). The TM6 lineage is therefore
easily identified by this newly recognized motif. Although
Kramer et a. (1998) placed CMB2 (Dianthus) in their TM6
lineage, the CMB2 aa sequence does not have the newly re-
ported TM6 motif. In our phylogenetic analyses (see below:
phylogenetic analyses) CMB2 fluctuated in position and did
not always appear with TM6 genes.

The trandated AP3- and Pl-homologues of Amborella
(Am.trAP3 and Am.tr.Pl) share a number of amino acid
strings in the first half of exon 7 (also a part of the C-domain),
which is the most variable region of B-class proteins (Fig. 3).
In contrast, conspecific AP3- and PlI-homologues from flow-
ering plants other than Amborella are not easily alignable in
this region. The alignment of AP3- and PI-homologues re-
vealed a Pl-specific gap (Fig. 3: box B) and two AP3-specific
gaps (Fig. 3: boxes C and D).

Twelve amino acid sites, including a “‘DEAER” moatif,
which is a string of five amino acids, were identical between
Am.trAP3 and Am.tr.Pl in the 24 aligned amino acids of this
variable region of exon 7 (Fig. 3). This shared aa sequence
between the AP3- and PI-homologues of Amborella was not
found in any other angiosperm, including Nuphar and Illicium
(Fig. 3). In the absence of evidence for gene conversion acting
among MADS-box genes, we believe that the most parsimo-
nious interpretation of the DEAER motif is that it is an an-
cestral feature among flowering plant B-class proteins that was
subsequently modified in both the AP3 and PI lineages |eading
to all other angiosperms. This is supported by our failure to
locate the DEAER motif in gymnosperm B-class and B-sister
protein sequences (Becker et a., 2002). Thus, this feature ap-
parently evolved along the branch leading to flowering plants
(its ancestral and unknown stem lineage, now extinct) because
there is no indication that it predates the angiosperm-gymno-
sperm split. QxAL in exon 7 and LEXQNK in exon 6 are
supporting examples of shared amino acid strings found only
in Am.trAP3 and Am.tr.Pl (Fig. 3).

It is also possible that these shared aa strings are homopla
sious, having arisen alternatively via convergent mutations in
the two genes or gene conversion. The lack of such similarity
between AP3- and PI-homologues of other species argues
against convergent mutations in the Amborella genes. To test
for the possibility that either ancient or recent gene conversion
was responsible for the shared aa strings between Amborella
AP3- and Pl-homologues, we used GENECONV (Sawyer,
1989), with a range of mismatch penalties (gscale = 0, 1, 2).
Similarities between the Amborella genes were not identified
as significant **fragments.” We therefore conclude that the
shared strings are most likely ancestral motifs. If the shared
motifs are indeed ancestral between the AP3- and PI-homo-
logues, our results support Amborella as the sister organism
to all other extant angiosperms, a placement that has been well
supported by plastid, mitochondrial, and nuclear rRNA genes
(e.g., Mathews and Donoghue, 1999; Qiu et al., 1999; P Soltis
et al., 1999; Parkinson et a., 1999; Graham and Olmstead,
2000; D. Soltis et al., 2000; Zanis et a., 2002; Borsch et al.,
2003; Hilu et a., 2003).

The size of exon 5 in all Pl-homologues reported to date is
30 bp. However, exon 5 in other MADS genes (e.g., AP3-,
AP1-, and AG-homologues) is generally 42 bp in length (Jo-
hansen et al., 2002; Winter et al., 2002a). A length of 30 bp
for exon 5 was thought to be a general feature of all Pl-ho-
mologues, but genomic DNA sequences of Pl-homologues
have been reported only for PI (Trobner et al., 1992) and GLO
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2 st csssiiid crsisiie MR H b

° TcPI. Tacca . .——REMDLAYH——QKDREYPP——Q—MPLAFRVQPL —————— QPNL-Q----EDKQ-------—--——-—

= CpPI.Caltha e e NG-——mmmmmm e REYPS--QMPPFTFQLHPS-—-—-- QPNL-Q----EIK-----—=-—-—=m=

o PI.Arabidopsis T - MMMRDHOGQFGYRVQPI-————— QPNL=Q====E-KIMSIiVID~~==~w==

fE GLO.Antirrhinum .. .N-VMESQAVYDHHHHONIADYEAQMPFAFRVQPM—-—-——— QPNIi—Q~===ErRE~—=—=ammmms e

[L NTGLO.Nicotiana .. .N-MGEIGEVF---HQREN-EYQTOMPFAFRVQPM———-——— QBPNTj— Q=== R R e
FBP1l. Petunia . .N-MGEIGEVF---QQRENHDYQNHMPFAFRVQOPM—-———-—-— QPNL-Q-—---F-RL--——=-——=—-———-——

& ga]eoAP:& motif
sAP3.Chloranthus . . YDMLDREG-DYET-AFGLANGGGHV-FAFRLQPI--—--— Q NL-H----DNG----Y-GTH----—
I1AP3.Il1licium NGA-ESTG-DL----- —-QPNL-H----DVV----Y-STHELRLG-

PaAP3. Persea .. .CALGDNGGPDYET-ALGWANGGSQM—-FAFCIQPC-- -QPNL-QF---ETS----[Y-GSHDLRLA-
AeAP3-1.Asarum . .YGIAYNETLDYKS-VLGLANDASHI-FAFRIQPC-—-—--— QPNL-HF---NAG---—-[Y-GIHDLRLA~
As.lo.AP3.Asimina ...YGLVDDG-ADYEA-VLALAN-GTH-—| NL-H----DAG----[F-GIHDLRLA-
Eu.be.AP3-1.Eupomatia . .YGLVDDGGPDYES-ALALANGGAHH SL-H----DAG----Y-GIHDLRLA-
Eu.be.AP3-2.Eupomatia . .YGLVDDGGPDYES-ALALANGGAHH: SL-H----DAG---—-[Y-GIHDLRLA~
LtAP3.Liriodendron . . YGLVDNGGPDYES—-ALVLANGGAH- | RL-H----NTG----|F-GIHDLRLA-
Ma.gr.AP3.Magnolia . .YGLVDNGGLDYES-ALVLANGGAH- | SL-H----DTG---—F-GIHDLRLA-
MpMADS7.Magnolia . .YGLVDNGGPDYES-ALVLANGGVH-| SL-H-—--DTG---—{F-GIHDLRLA-
[72] MfAP3.Michelia .. .YGLVDNGGPDYES-ALVLANGGAH- ILi=HF===DTG=~~=F~GIHDLRLA~
g TcAP3. Tacca ... YGFVDNDPTNYDS-ALALANAGSHV— NL-H----GIG----[Y-SSHDLRLA-
(e)] LRDEF.Lilium . .YGYVDEDPSNYDG-GLALANGASHL-YEFRVQPS-— —QPNL-HF---GMG----[Y-GSHDLRLA-
52 Gu.ti.AP3-1.Gunnera . .YGMVDNE-EDYEA-AVPFANGA-NLEHGFRLQ-LHH----NHNLNH---GGG—--—-[Y-EFHDLRLA-
o Gu.ti.AP3-2.Gunnera .. .YGMVDNE-EDYEA-AVAFANGA-NLFHGFCLQRIHH----NHNLNH----GGG----Y-EFHDLRLA-
g Gu.ti.AP3-3.Gunnera . ..YGMVDNE-EDYEA-AVAFANGA-NLFHGFRLQRIHH--—--NHNLNH---GGG-—---Y-EFHDLRLA-
= Gu.ti.AP3-4.Gunnera .. .YGMVGNE-EDYEA-AVPFANGA-NLFHGFRLQ-LHH--—--NHNLNH----GGG----Y-EFHDFRLA- %
05 Gu.ti.AP3-5.Gunnera . .YGMVDNE-EDYEA-AVAFANGA-NLEHGFRLORIHH----NHNLNHF---GGG—--—-[Y-EFHDLRLA- g
CL PTD. Populus o 2 » LGLVDN === EA-AVALANGASNLEYAFRLHHGHNHHHHLPNLHLF----GDG----|F-GAHELRLP- =
<t MdTM6.Malus . .YCYVDNE-GDYES-JALVLANGANNLEYTFQLHRNSDQLHH-PNLHHHR--GSSLGSS|ITHLHDLRLA- §
HmTM6 . Hydrangea .. .YGLVEND-GEYDS4AVAFANRVPNSFYAFGLQPSH---—-—-— PNLHH|---GGGG---|Y-GSHDLRLA- =
TM6 . Lycopersicon .. .YGVVENE-GHYHSJAVAFANGVHNLE YAFRLQPLH--—--—-— PNLONE~=~GG—~~~- F-GSRDLRLS|-
PhTM6. Petunia . . YGVVENE-GHEFNS-AMAFANGVHNLEYAFRLOQTLH-———-—— PNLQON|---GGG----|F-GSRDLRLA~
GDEF1.Gerbera ...YDTGENE-GDYES4VVAYSNGVSNLFYAFCVHPN-NI----P------H-GAG----[Y-ELHDHQHTN
CMB2.Dianthus ...FATGEDDPRNYEA-AAAAAVYGNDV—-AAA-———————————— NL--fF-====————-| F-ALSRHPITH-
Ri.sa.AP3-1.Ribes .. .FGLVDNG-GREYDTVFGYQNGGGARIFALHMQ-N-NQ—-—---TNHNHHLHSGGGS---D-LTTFALLE~ g
NTDEF.Nicotiana ...G-LVEQE-GDYNS-VLGFPNGGP-RILALRLQPN-HQ-—---PN--HHLHSGGGS---D-ITTFAL-A- g
PMADS1. Petunia ...G-LVEQE-GDYNS-VLGFPNGGH-RILALRLQPNHHQ----PNHHHHLHSGGGS---D-ITTFALLE- £
DEF.Antirrhinum . .FGLVDNE-GDYNS- VLGFPNGGP RIIALRLPTN--—---—-—-— HHPITLHSGGGS—---D-LTTFALLE~ E
S BRifrriiir fpogririiid <
3
PI-dB motif euAP3 motif

Fig. 2. A part of the alignment of the C domain of AP3- and PI-homologues showing various motifs. Gray boxes in AP3 indicate a deletion found only in
Magnoliales. The Pl-derived A (PI-dA) motif and Pl-derived B (PI-dB) motif in the previously recognized Pl-derived motif and the TM6 motif (thick-lined
box) are newly recognized in this study. The most frequent amino acid at each site in the TM6 motif is highlighted in boldface.

(Goto and Meyerowitz, 1994), each of which has an exon 5
of 30 bp. However, by sequencing genomic DNA, we deter-
mined the size of exon 5 in Amborella to be 42 instead of 30
bp.

Using the confirmed splicing sites from Am.tr.PI derived in
this study and previously reported for Pl, GLO, AP3, and
DEF, we determined the putative splicing sites for all other
B-class genes (Fig. 3). We recognized the length of exon 5 in
each sequence because the splicing sites of exon 5 of these
aligned five genes matched exactly. This comparison revealed
that Amborella and Nuphar both have an exon 5 of 14 aa (42
bp), whereas al other angiosperms analyzed have an exon 5
that is 10 aa (30 bp) in length (Fig. 3). Illicium (star anise),
representing Austrobaileyales (the sister group to al other an-
giosperms after Amborella and Nymphaeaceae; the sequence
of Illicium Pl was kindly provided by Elena Kramer), also has
an exon 5 of 10 aa. Because all AP3-homologues, as well as
most other MADS families, have an exon 5 of 14 aa, adeletion
of four amino acids must have occurred in exon 5 just after
the branches leading to Amborella and Nymphaeaceae, pro-
viding additional support for their basal placement in angio-
sperms.

Exon 5 islocated in the K3 portion of the K domain, which
plays an important role in the specificity and strength of di-
merization between AP3 and Pl proteins in both Arabidopsis
and Antirrhinum (Zachgo et al., 1995; Riechmann et al., 1996).

In Arabidopsis, deletion of K3 affects the strength of AP3/PI
dimerization more than does deletion of the | or C domains
(Yang et al., 2003). In Amborella and Nuphar, the K3 amphi-
pathic-helix motif has a different structure than the (abcdefg),
repeat (a and d being hydrophobic residues) known from core
eudicots. Thus, the large deletion in exon 5 that occurred in
angiosperms after the branch to Nymphaeaceae may have gen-
erated different AP3/Pl heterodimerization capacity after the
branches to Amborella and Nymphaeaceae.

Certain amino acid residues are crucial for AP3/PI hetero-
dimerization in Arabidopsis: 97-E and 98-N in Pl and 98-N
and 102-R in AP3 (Yang et al., 2003). We confirmed that these
residues are conserved in most AP3- and PI-homologues of
angiosperms. However, some of these residues are not present
in AP3- and PI-homologues of Amborella: Am.tr.Pl has 97-D,
Am.trAP3-1 has 98-S, and Am.tr.AP3-2 has 102-Q (Fig. 4).
The Pl-homologue of Amborella (Am.tr.Pl) has 98-N and 102-
R, which are conserved residues in most AP3-homologues.
One of the AP3-homologues of Amborella (Am.tr.AP3-2) has
97-E and 98-N, which are conserved residues in most Pl-ho-
mologues, and another Amborella AP3-homologue
(Am.tr. AP3-1) has 97-E and 102-R, which are conserved res-
idues in PlI- and AP3-homologues, respectively. An AP3/PI
homologue from the gymnosperm Gnetum gnemon, GGM2,
has 97-E, 98-N, and 102-R (Winter et a., 2002b; Yang et a.,
2003) (Fig. 4).
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K-domain C-domain
_ exon4 exon 5 exon6 | exon 7 PI/PI derived motif R
< >
4 p1.arabidopsis . .HQMEILIF-—3SKRRNEKMMAEEQRQLTFQIf~QQQEMA IASNA-RGMMMR~~DH-————~~ DG--Q------F———==—— FFGYRV-QPI----QPN-L-QE. . .
FBPL.Petunia . . .KQNEVLR----MMRKKTQSMEEEQDQLNCQL-RV-LETATM--N-RNMGE I GEVFQQRENH-DY -~ Q- - ~NHM-—- - —= -~ PFAFRV-QPM----QPN-L-0E. . .
GLO.Antirrhinum ...Kd EFVR----MMRKHNEMVEEENQSLQFKIf-ROMHLDP-MNDN-VMESQAVYDHHHHQNIADYEAQ-——— - | e PFAFRV-QPM----QPN-L-QE. ..
MASAKO.BP . Rosa . . . RMSKYMD-~ - -AVRENNRALE DENKRLAY QLI HKM-MKS E-E-NLRDM- - = === === ===~ NYNNNT---QIr-----==--- PFALRV-QPN----QPN-L-HD. . .
SLM2.Silene . . .KQMEMYK- - - LHKKNHKMLE DENNQLAYMLHKQ- ~EMDG- - -NMREMEAGVCSNPSD--RRDYHYQ- ~-NPI--=-=-=== BPYGFRV-QPM----QPN-L-0D. . .
CpPI.cCaltha . .KQMEIYR----MMKRNDRKLEEDNKRLVLKLQHOQ- - OLM-NGNGRE---—-— YP---=§-—-m-m-m-—o- QM-———————= BPFTFQL-HPS----QPN-L-OE. . .
[72] LRGLOA.Lilium .. .KONDFLR----MLKKNERILEEDNKRLTYILHHQQ--LAM-DENMRNLE-FAYHHK-DG---DF-SS----QMr—-———————~ PMAFRV-QPI----QPN-L-HE. ..
g SmPI.Sagittaria . .KOMEIFK-A —KKAKNQKALEEENKQLAY IL{~HQQ-SLAM-NGNLREMP-QDYHQK-D--RRDF-TA----PVF————-————+ PFGFRV-QPM----QPN-L-QF. . .
E? AePI.Asarum ...KQAELLK****TLKKNbRALEDENKRLAYIL HQQ--IAM-DENKREMD-NGYHKREE--—-- Y-PS----QMr----f---—-1PFAFCV-QPM----QPN-L-HQ. ..
° MfPI.Michelia .. .ROMOCLK] ALKKNFRSLEEENKRLSYIL HQOQQ-LAM-DVNVREMD-HGYHQR-E--RREYHP—-——— OMP == ===y PFTFRV-QPI----QPN-L-HQ. ..
e Eu.be.PI.Eupomatia . .KQ DYLK————MLKKNERVLEEENKRLSYIL—HQQQ—LAM—EGNVRELE—HGYHQR—E——RREG—PP————QM —————————— PFAFRV-QPI----QPN-L-HQ. ..
jg Pe.am.PI.Persea ...RQMEFLR————ALKKNERNLEDENKRLSYIL—HQQQ—ISM—GGNVREVDHHGYHQK——G—RRDY—PS————QI —————————— PFAFRV-QPI----QPN-L-HQ. ..
Oy CfPI-1.Calycanthus « . .RQMECLR~---IYKKNERTLEDENKRLTYIL-HQQQQMAM-DGNVREVD-HGYHHK-~-I-R-DY-SN----QMr--—-————+ PFAFRI-QPI----QPN-L-HQ. ..
Q | csPI.chloranthus . . .KQMDFLK----MLKKNERTLEDENKRLS Y T JHHOQ ~ LAL-DGNMRDLD-NGFHPK~E-~R-DY~S§5§==~-QM-—=—---=-- PFIFRV-QPI----QPN-L-0Q. . .
Illicium PI* . . . KOMELLNE-= = fMLRKSFRDLEDENKRLNS T IHHOO- -1 AM-DGNVRE LD~ PGYHQR -~ ~G-R-DF - TS -~~~ QM---==----- PFAFRV-HPI----QPN-L-0G. . .
Nu.va.PI.Nuphar ...KQTECLNNDIQILKKNERILEEENRQMKYIL—HQQ—EQMA—GEL—KDIL——GSNNK——G———KY—PSQSG—Q— —————————— PFGCCV-QPI----QPN-L-QP. ..
Nu.ad.PI.Nuphar . .KQTECLNNDIQI LKKNERILEEENRQLKYT —HQQ EATALPEL-RDID-PGRNKK--G---KGIPSTSGVQ-r--=---=—1 PFGFRV-QPI----QPN-L-0R. . .
L Am.tr.PI.Amborella i3 Eﬁ EHIRTf ﬁiNtRED@f;KY :Izt ————RYQNQQ E ————— Egi ——————— —:Izl:—————QjZ[L—QQ. e
[~ Am.tr.AP3-1.Amborella ...KKNHLVTNQTET REK I} R =B~ --—-DEAER-----GLED--[G ***AQL ' VRNTH-L RPA----E I-Hp...
Nu.va.AP3-1.Nuphar .. .ALDNKIKRQIDTYRKK[KAADS IRNIGFMEL{--Q--—===-=-— ELN----- CSF-DGSEE---NYE-S---+--MLVMRNGNAQPFPISV-QPN----HPN-L-HE. ..
Nu.va.AP3-2.Nuphar i .VLDSKIKRQIDTYKKKIRSAESNRNKVFRDA——Q——E ————— ELN----- CTFEE-SEE---DYE-S---+--MLVMRNGNPQLFPIRV-QPT----HPN-L-HE. ..
I1.pa.AP3.Illicium . . .RKYHVINNESETFRKKIRNLEERHKELLSAMEG-F---—— ---NPPS--YLFEDN--GA--EST-G------DLGSRN-SSLMFAFRV-QPS----QPN-L-HD. . .
$| csap3.chloranthus .. .RKYHVIKTQTETYGKKLKHRQEEHEKLLHRLEGIF-----— DM-NQG---YDMLDR-EG---DYE-T------1AFGLANGGGHVFAFRL-QPI----QPN-L-HD. . .
3| cfaP3-1.calycanthus . .RKYHVINTQTETYKKKLRSLHE IHTNLIHTLEGRF---—-- EV-NGH---FGFSGN-D-AP-HYG-A---+--VINLAHGG--F--------N----H-D-L-HE. ..
| Pe.am.np3. persea . . .RYHVINTQTETYKKKLRSLHESHANLVRALEGK - —----- DD-NGD---CALGDN--GGP-DYE-T---~-~ALGWANGGS QMFAFCI-QPC----QPN-L-QE. . .
O | Eu.be.AP3-1.Eupomatia ...RKYHVIATQTETYKKKLRNLHEAHARLVRALEGQR------ AE-NGG---YGLVDD--GGP-DYE-S------{ALALANGGAHHH-—----=------- S-L-HD...
€| MfAP3.Michelia .. .RKYHVIQTQTETYKKKLRSLNDEQAKLTRVLEGQF—--~~~ AE-NGA---YGLVDN--GGP-DYE~S---~1BHALVLANGGAHT ~—~—===—===———--— L-HD...
2| neap3-1.asarum . . .KKYOVISSQTETKKKKVKNLEQTHKNLGCALAGK - ~€-~-DA- ICA---YGIAYN-E-T-LDYK-S---+--VLGLANDASHI FAFRI-QPC----QPN-L-HN. . .
o | TcAP3.Tacca .. .RKYHVITTQTDTYKKKLKNSHEAHRNLMRELEMRf-————~~ DE-HPV---YGFVDN-DPT--NYD-S---+--1ALALANAGSHVYAYRV-QPS----QPN-L-HG. ..
Q | ScAP3.Sanguinaria .. .RKYHVITTQTDTTRKKIRSLTETHHNLLREFEGRF - ~——~~ DE-DPH---YALANQ-E---EDYE-A---+--VLELANGGPNI FAFRL-QPS----QPN-L-HD. . .
| smr™e. Hydrangea .. .RKYHVLKTQTETCRKKVRNLEERYGNLFLDWEGKf-——-—-~ CE-DPQ---YGLVEN-DG---EYD-S5---+--AVAFANRVPNS YAFGL-QPS—---HPN-LHHG. . .
AP3.Arabidopsis .. .REFKSLGNQIETTKKKNKSQQDI QKNLIHEIELRF-~—~~~—| |AE-DPH---YGLVD--NG--GDYD-S------VLGYQIEGSRAYALRFHONHHHYYPNHGLHAP. . .
HPDEF1.Hieracium .. .RKLKVIGNKLETSKKKVRSAQDVYKKLMHEFGIRF-———=—- GE-DPQ---FGMIE--DG---EYD-A---+--1VYGYPPQMSAPRILTF-RLH----PNN-L-HA. ..
DEF. Antirrhinum s v R [YKVISNQIDTSKKK]VRNVEEIHRNLVLEFPAR ——————— RE-DPH---FGLVD--NE--GDYNS----~ --VLGFPNGGPRI IALRLPTNHH----~ PTLHSG. . .
v
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“DEAER” motif

Iillicium PI*
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Fig. 3. Trangdations of the AP3- and PI-homologues of Amborella (Am.tr. AP3 and Am.tr.Pl) show several shared amino acid strings, including a prominent
“DEAER motif” (gray box) in exon 7, the most variable part of the gene. Pl-specific (box B) and AP3-specific (boxes C and D) gaps were recognized. Shared
amino acid residues between Am.tr.AP3 and Am.tr.Pl (hollow boxes) are highlighted in bold. Vertical lines indicate putative splicing sites recognized from the
comparison of confirmed splicing sites (solid bars) in Am.tr.PI, Pl (Goto and Meyerowitz, 1994), GLO (Trobner et a., 1992), AP3 (Purugganan and Suddith,
1999), and DEF (Schwarz-Sommer et a., 1992). Box A indicates a four-amino acid deletion found in exon 5 of all PI-homologues except Amborella and
Nuphar. AP3- and PI-homologues of Amborella, Nuphar (Nymphaeaceae), and Illicium (Austrobaileyales), respectively, are compared in detail at the bottom

of the figure. *Provided by E. Kramer; unpublished data.

Differences in Amborella of amino acid residues required
for heterodimerization in Arabidopsis suggest that Amborella
B-function proteins may not have the same capacity to heter-
odimerize as do those of Arabidopsis (and perhaps other an-
giosperms). Furthermore, because hypothetical Amborella AP3
and Pl proteins share residues at these sites with GGM 2, which
forms a homodimer (Winter et al., 2002b), both Amborella
AP3- and Pl-homologues may have the ability to homodimer-
ize, which has only been demonstrated so far for Pl-homo-
logues of some monocots (Winter et al., 2002b). Recent stud-
ies using transgenic Arabidopsis plants indicate that the C ter-
minus of AP3 is sufficient to confer AP3 functionality on the
paralogous Pl protein (Lamb and Irish, 2003). This finding,
when extended to Amborella and its indistinct AP3 and Pl C
domains, further supports the possibility that Am.trAP3-1/
Am.irAP3-1, Am.trAP3-2/Am.irAP3-2, and Am.tr.AP3-1/
Am.trAP3-2 might be capable of homo- and heterodimeriza-
tion.

The C domains apparently signal for assembly of ternary
protein complexes for several MADS proteinsin core eudicots

(Egea-Cortines et al., 1999; Ferrario et al., 2003). Indeed,
higher-order multimers are probably the active state of B-func-
tion MADS-box proteins (Egea-Cortines et a., 1999; Honma
and Goto, 2000; Theif3en, 2001; Ferrario et al., 2003), and the
composition of possible active multimers may only be limited
by (i) available MADS trandation products in cells and (ii)
the capacity of different AP3 and Pl dimers to recognize these
tranglation products for effective multimerization. The strong
similarity between Amborella AP3 and Pl C-domain amino
acid sequences, if it extends functionally to indistinct AP3-/
PI-homol ogue recognition in vivo, could suggest that the range
of possible multimer combinations in Amborella may be sub-
stantially greater than that of eudicots or monocots.

Our data suggest that the evolution of B-function MADS-
box gene controls in the development of the earliest flowers
was rather dynamic, with different *“experiments’ tried. Am-
borella trichopoda may have been the most biochemically
flexible angiosperm in terms of B-protein multimers that could
operate during its reproductive development. However, the
amino acid structural evidence we present suggests that this
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PI.Arabidopsis EIDRIKKENDSLQLELRHL
PMADS2. Petunia EIDRIKKENDNMQVKLRHL
RbPI-1.Ranunculus ETARVEKENQSMRQELKHL
TcPI.Tacca EIDRMKKENDNMQIELRHL
LRGLOA.Lilium EIDRIKKENDNMQIQLRHL
OSMADS2. Oryza EIDRIKKENDNMQIELRHL
ZMM16. Zea EIDRIKKENDTMQIELRHL
PmPI-1.Piper EKERIEKENGRLQLRLRQL
8| As.lo.PI.Asimina ELERIKKENDSMQIKLRHL
| Eu.be.PI.Eupomatia EVERIKKENDNMQIKLRHL
% LtPI.Liriodendron EVERIKKENDSMQIKLRHL
g CsPI.Chloranthus ELDRIKKENDSMQIELRHL
< CfPI-1.Calycanthus EVERIKKENDSMQIKLRHL
a Pe.am.PI.Persea EVERIKKENDSMLIKLRHL
Illicium PI* EVDRVRKENESMQIELKHL
Nu.ad.PI.Nuphar ELDRIRKENENMQIELRHF
Nu.ve.PI.Nuphar ELDRIRKENENMQIELRHF
Am.tr.PI.Amborella EVDRMKKDNEQMRIELRHL
Am.tr.AP3-1.Amborella DLGNLKEESNRIRKLIRQK
Am.tr.AP3-2.Amborella ELSSLKEENNRLQKLIRQK
8| Nu.ve.AP3-1.Nuphar EFNKLKEKNERLRRSIRQR
§ Nu.ve.AP3-2.Nuphar EFNKLKEKNERLRKSIRQR
S Il.pa.AP3.Illicium ELNKLKEENNKLR-KIRQR
g CsAP3.Chloranthus YFEKLKETNNKLRKEIRQR
ﬁ CfAP3.1.Calycanthus  HLSKLTEDNNRLRREIRQR
o Pe.am.AP3.Persea HLNKLKDDNNKLRREIRQR
< EbAP3-1.Eupomatia HLNKLKEDNNNLRREIRQR
MfAP3.Michelia HLIKLKEENNNLRREIRQR
AeAP3-1.Asarum LLNKLNDDNNKLRKEIRQR
TcAP3. Tacca NLNHLEEINRNLRREIRQR
OSMADS16.Oryza TLSHLKDINRNLRTEIRQR
RbAP3-1.Ranunculus RFKHLMETNRKLRREIGQR
Gu.ti.AP3-1.Gunnera  SLRKLKDTNNRLRKEMRQR
MATM6 . Malus TLWKLKEINNKLRREIRQR
TM6 . Lycopersicon NLKRLKEINNKLRREIRQR
Ri.sa.AP3-1.Ribes HLKQLKDVNNNLRMEIRHR
AP3.Arabidopsis TKRKLLETNRNLRTQIKQR
DEF.Antirrhinum HLKKLNEVNRNLRREIRQR

Gymnosperm _

GGM2 . Gnetum ELIKERRENEKLRSKLRYM

Fig. 4. Alignment of K1 subdomain. The motifs containing 97-E and 98-N in PI and 98-N and 102-R in AP3 are important for dimerization in Arabidopsis
(Yang et d., 2003). These residues are substituted in Amborella: 97-D in Am.tr.Pl, 98-S in Am.trAP3-1, and 102-Q in Am.trAP3-2.

inferred flexibility was rapidly lost before the bulk of the an-
giosperm radiation occurred. The unique phylogenetic position
of Amborella coupled with its apparently ancestral and flexible
mode of B-gene function make it a model organism that
should be studied more intensively.

Structural evolution: summary—We reconstructed a hy-
pothesis of the structural evolution of B-class genes in angio-
sperms using a simplified summary phylogeny (Fig. 1). The
common ancestor of AP3 and Pl possessed an exon 6 of 14
aa (42 bp). An insertion occurred in this ancestral B-class gene
to produce an exon 6 of 15 aa (45 bp) (Winter et al., 2002a).
The ancestor of AP3 and Pl also possessed an exon 5 of 14
aa (42 bp) (Winter et al., 2002a). After the duplication and
divergence of AP3 and PI, a deletion of four amino acids
occurred in exon 5 of Pl during the early diversification of the

angiosperms. This deletion occurred after the nodes leading to
Amborella and Nymphaeaceae, which retain the ancestral
state. All other angiosperms have the derived condition—an
exon 5 of 10 aa (30 bp).

Prior to the duplication yielding the Pl and AP3 lineages,
several characteristic motifs must have been present in the an-
cestral protein. These ancestral motifs include the Pl and
paleoAP3 motifs (Kramer et al., 1998; Kramer and lIrish,
2000). Several modifications to the PI-derived motif occurred
in the angiosperms. Following the divergence of the AP3 and
Pl lineages, the Pl motif was retained in the Pl lineage and
was modified in the AP3 lineage to form the Pl-derived motif.
All angiosperms except the core eudicots have what we term
the PI-dA motif. A deletion of 10 aa in this motif unites all
members of Magnoliales. The Pl-derived motif was also ex-
tensively modified in the early evolution of the core eudicots
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(both in the TM6 and euAP3 lineages) to form what we term
the PI-dB motif.

Other structural changes also occurred in the early diversi-
fication of the AP3 lineage. For example, a portion of exon 7
was modified to yield the TM6 motif, which characterizes al
members of the TM6 clade.

All motifs that are newly reported in this study were con-
sistent in different alignments (see Materials and Methods) that
we used in this study.

Phylogenetic analyses—Details of the trees obtained
through phylogenetic analyses were sensitive to the alignment
used. This is not surprising given the small number of char-
acters (312-348 aligned amino acids) and large number of
genes (129 sequences). However, in general, the gene trees for
both AP3 and PI roughly follow organismal phylogeny as in-
ferred using multiple plastid, mitochondrial, and nuclear rRNA
genes (e.g., Mathews and Donoghue, 1999; Qiu et al., 1999;
P Soltis et al., 1999; Parkinson et al., 1999; Barkman et al.,
2000; Graham and Olmstead, 2000; D. Soltis et a., 2000; Zan-
is et a., 2002; Borsch et al., 2003). Some loca relationships
among genes from closely related taxa were very similar re-
gardless of the alignment, nature of the sequence (DNA or
amino acid), or regions of the gene (MIKC or MIK) used, or
the lineage investigated (AP3- or PI-homologues). The abbre-
viation for each matrix is indicated in Table 2; hereafter, we
follow these abbreviations.

The basalmost sequences of the AP3 and Pl lineages were
nearly the same in every maximum parsimony analysis (Table
2; Fig. 5), athough the internal support for relationships was
low (<50% bootstrap support) based on analyses of both ami-
no acid and DNA sequences. In the trees based on amino acids
of the MIKC region, Am.tr.Pl, followed by two PI-homo-
logues of Nuphar (Nymphaeaceae), Nu.ad.Pl and Nu.va.Pl,
are typicaly the subsequent sisters to all remaining Pl-ho-
mologues. Similarly, considering the AP3-homologues,
Am.tr. AP3 plus two AP3-homologues of Nuphar (Nu.va.AP3-
1 and Nu.va AP3-2) are the sister group to al remaining AP3-
homologues in al amino acid analyses except MIK-AA-I1I
(Table 2). For amino acid sequences of the MIKC regions,
trees from the three different alignments agreed that Amborella
and Amborella + Nuphar are the sistersto all other sequences
in the Pl and AP3 lineages, respectively. However, Illiciumis
sister to all other AP3 sequences in all analyses based on nu-
cleotide sequences using both MP and support weighting (Ta-
ble 2; Fig. 6), athough support for this relationship is weak:
<50% bootstrap value in all DNA MP analyses and <50%
jackknife value on the support weighted tree (Fig. 6).

Severa clades of AP3- and PI-homologues that correspond
to well-supported organismal clades were consistently recog-
nized, including Magnoliales and monocots. The euAP3 clade,
which was previously described (Kramer et al., 1998), was
recovered in most analyses, but not al (Table 2). The Mag-
noliales clade in the Pl lineage and the euAP3 clade in the
AP3 lineage were recognized in all analyses (Table 2).

Most of the clades of sequences recovered within orders
(e.g., Magnoliales, Laurales, and Poales) were consistently ob-
tained with high bootstrap support regardless of the alignment
used and with both amino acid and nucleotide sequences. For
example, the clade of four AP3-homologues of Magnoliaceae,
MpMADS7 (Magnolia kobus), Ma.gr. AP3 (Magnolia grandi-
flora), MfAP3 (Michelia), and LtAP3 (Liriodendron), received
85%, 75%, and 87% bootstrap support in analyses of the

indicates the node was not recognized in the strict consensus tree.

TABLE 2. Summary of results of parsimony analyses for 10 different data matrices. Matrix names are abbreviated by their meaning. For example, MIKC-AA-I refersto M-, |-, K-,
and C-domain regions, amino acid sequence, and alignment |I. Dash means <50% bootstrap support. The X"

Node support

euAP3 C-eut

™6
X(—=)¢

AP3 lineage

Pl lineage
Mag* Mon.t C-eut Mag* Mon.t

AP3/PI

100°

Pl lineage

Basal taxa

AP3 lineage
Amborella + Nuphar

Ilicium

Cl

No. of MP
trees

No. of
aligned
characters

Matrix
C-AA-I

KimMm ET AL.—PHYLOGENY OF B-CLASS GENES

[ x| xx | | xx

© - ™
RIIRIS

86
62

_(_)d
X(X)¢
_(x)d
X(—)¢
X(X)?
X(—)¢
X(X)e
X(X)?

X(—)¢

84
76
30
70
67
64

76
79

72

1 © O
O 0 N~

X

|
LTI ]x
&8 181318

S8 | 18811

93°
100°
920
100°
100°
98/73¢°
57/77¢
96/66°
/69°

a or Nuphar

a
a
a
a

Amborel

Amborel

Amborel

Amborel

Amborel
Peperomia + Piper
Amborella

Asarum

Peperomia + Piper
Peperomia + Piper

Amborella + Nuphar

Ilicium

Amborella

Amborella + Nuphar

Amborella + Nuphar
Illicium

Ilicium
Ilicium

C-DNA-I
-AA-|
-DNA-I
C-AA-II
C-DNA-II
C-AA-III
C-DNA-I112
-AA-II
-DNA-I112

Y XXX XYY XYXX

==2=2=22=2=22=2=2

* Magnoliales.

2113

1 Core-eudicots.
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d Excluding CMB2 (including CMB2).
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MIKC-AA-I, MIKC-AA-II, and MIKC-AA-III aignments, re-
spectively. The clade of three PI-homologues of Magnoli-
aceae, MpMADS8 (Magnolia kobus), MfPI (Michelia), and
LtPI (Liriodendron), received 74%, 70%, and 76% support in
the analyses of MIKC-AA-I, MIKC-AA-II, and MIKC-AA-III
alignments, respectively.

A well-defined clade of Ranunculaes was observed only in
the PI lineage in our analyses of the MIK-DNA-III alignment.
In other analyses of other data sets, a subset of Ranunculaes
sequences typically was recovered, but not all Ranunculaes
sequences formed a clade. Many duplication events have oc-
curred in Ranunculaceae (Kramer et a., 2003). Hence, the
evolutionary history of AP3 and Pl in Ranunculaceae is ap-
parently complex. If all orthologues have not been sampled
for this clade, it is reasonable to expect that the placement of
some sequences in the gene tree may not reflect the organismal
tree because of extensive duplication and subsequent diversi-
fication.

Genes having relatively short sequences such as PhPI (Pep-
eromia), hmadsl (Oryza), PnPI-1 (Papaver), CMB2 (Dian-
thus), and RAD2 (Rumex) were especialy sensitive to the
alignment and the method of analysis used. For example, PhPI
was sister to the clade of euUAP3 sequences in our analyses of
alignment MIKC-AA-I. However, it was sister to the TM6
clade in analyses of alignment MIKC-AA-I1. In contrast, PhPI
was embedded in the TM6 clade in analyses of the MIK-AA-
| alignment and was grouped together with some AP3 genes
of Ranunculales (RfAP3-1 and RbAP3-1) in analyses of align-
ments MIKC-DNA-I and MIK-DNA-I. Lastly, PhPI was em-
bedded in the euAP3 clade in analyses of MIK-DNA-III.

The TM6 lineage (Kramer et a., 1998) was not recovered
in al anayses. In our analyses of data sets MIKC-AA-I,
MIKC-DNA-I, MIKC-AA-II, and MIKC-DNA-IIlI, a TM6
clade was observed, but without bootstrap support >50%. Fur-
thermore, the TM6 clade does not include CMB2, an unusual
aa sequence that was placed in the TM6 clade by Kramer et
al. (1998). However, as noted, CM B2 also lacks the TM6 motif
and therefore does not appear to belong to the TM6 lineage.

The topology of the support weighted tree (Farris, 2001)
based on nucleotide sequences is very similar to that of the
MP trees based on translated amino acids (Fig. 6). Magnoli-
ales, monocots, and core eudicots were recognized in both the
Pl and AP3 lineages. Amborella is the sister to al other an-
giosperms in the Pl lineage, but Illicium is sister to all other
angiosperms in the AP3 lineage; jackknife support for both
relationships is <50%. The TM6 and euAP3 lineages were
found using support weighting, and CMB2 was included in the
TM6 lineage.

Bayesian inference using nucleotide sequences produced a
tree similar to those obtained with parsimony (Fig. 7). Many
clades received relatively high posterior probabilities, much
higher than the corresponding bootstrap values. The tendency
of Bayesian analysesto yield posterior probability values high-
er than bootstrap values has been discussed (e.g., Huel senbeck
and Ronquist, 2001; Suzuki et a., 2002). Clades for which we
obtained posterior probability values (X100) of 95-100 in the
MIKC analysis include (Fig. 8): Magnoliales (100), monocots
(100), the euAP3 lineage (100), the TM6 lineage (100, in-
cluding CMB2), and core eudicots (100) for the AP3 lineage;
Magnoliales (100), Ranunculales (100), monocots (100), and
the core eudicots (99) for the Pl lineage.
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Estimation of divergence time—The evolution of MADS-
box genes has involved a series of gene duplications and sub-
sequent diversification (e.g., Purugganan, 1997; Kramer et al.,
1998, 2003; Theillen et a., 2000; Nam et a., 2003). A dupli-
cation yielding the AP1-like and SEPALLATA-like plus AGL6-
like genes occurred approximately 374 million years ago (Nam
et a., 2003), and the ages of several other prominent MADS-
box gene duplications have also been estimated (e.g., Purug-
ganan et a., 1995; Purugganan, 1997; Nam et a., 2003). How-
ever, the age of the AP3/PI duplication could not be estimated
in these earlier studies because of the accelerated rates of AP3
and PI sequence evolution relative to other MADS-box genes
(Purugganan et al., 1995; Purugganan, 1997; Nam et al.,
2003). Here we focus only on B-class genes and use honpara-
metric rate smoothing (NPRS), which accommodates rate het-
erogeneity by permitting rates to vary among branches, there-
by allowing us to estimate the timing of the AP3/PI duplica
tion. Although the effectiveness of NPRS in accommodating
rate heterogeneity has not been adequately tested and NPRS
may overcompensate for rate inconstancy (Sanderson and
Doyle, 2001), estimates in other studies based on NPRS, pe-
nalized likelihood (Sanderson, 2002), and Bayesian methods
(Thorne and Kishino, 2002) are similar (e.g., S. Renner, Uni-
versity of Missouri, St. Louis, personal communication; C.
Bell et al., University of Florida, unpublished data). We con-
clude that NPRS provides reasonable estimates for data sets
with heterogeneous rates.

Using our AP3- and Pl-homologue data sets and NPRS
(Sanderson, 1997), we estimated that the duplication that pro-
duced the AP3 and Pl lineages occurred approximately 260
mya (range of 230-290 mya) (Table 3). This date places the
duplication shortly after the split between extant gymnosperms
and angiosperms and on the “‘stem” (ancestral) lineage of ex-
tant flowering plants. Extant seed plants originated approxi-
mately 290-309.2 mya (Mapes and Rothwell, 1984, 1991),
and most evidence indicates a very early split between the
living gymnosperms and the line leading to angiosperms (P
Soltis et a., 2002). The absence of AP3- or PIl-specific ho-
mologues in extant gymnosperms was previously used to sug-
gest that the AP3/PI duplication arose prior to the origin of
the angiosperms (Doyle, 1994; Purugganan et al., 1995; Kra-
mer et al., 1998; Becker and Theilzen, 2003). However, few
gymnosperms and none of the basalmost angiosperms had
been examined, and it was therefore unclear whether the du-
plication occurred early in angiosperm history, just prior to the
origin of angiosperms, early along the stem lineage leading to
angiosperms, or even early in seed plant evolution. Although
two classes of AP3/PI homologues have been suggested for
gymnosperms based on comparison of motifs (Kramer and
Irish, 2000), phylogenetic analyses to date have not supported
this distinction (Hasebe, 1999; Kramer and Irish, 2000).

In summary, our results suggest that the AP3/PI duplication
occurred shortly after the divergence of extant gymnosperms
and angiosperms, well before the oldest flowering plant fossils
(generally placed in the range of 125-131.8 mya; Hughes,
1994; P Soltis et a., 2002). Importantly, this implies that the
joint expression of AP3 and Pl may not have immediately
resulted in the formation of petals, structures for which they
control the development in extant angiosperms. Recognizable
flowers did not appear for perhaps another 100 million years
after the estimated timing of the AP3/PI gene duplication. The
co-expression of AP3-and Pl-homologues could nevertheless
reflect an evolutionary innovation of animal-attractive, petal-
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TaBLE 3. Divergence times between AP3 and Pl lineages estimated directly from original matrices and from bootstrapped matrices using NPRS.
The “TM6 data set”” includes the TM6 lineage (plus paleoAP3 and Pl genes) but excludes the euAP3 lineage; the *“euAP3 data set” indi-

cates the converse.

Cadlibration point:

Divergence time (mya)

Data set Region origin of eudicots in Direct Bootstrap = 1 SD
TM6 MIKC Pl lineage 244 24475 = 10.13
AP3 lineage 290 289.96 = 7.85
MIK Pl lineage 231 226.59 *= 13.07
AP3 lineage 282 277.96 = 13.81

euAP3 MIKC Pl lineage 241 239.78 £ 7.42
AP3 lineage 264 262.59 = 12.04

MIK Pl lineage 230 227.58 = 9.55

AP3 lineage 247 245.68 = 7.35

like organs prior to the recognition of flowering plants in the
fossil record. Transference of B-class gene function from con-
trol over gymnosperm sex determination to petal-like and true
petal organ identity (Albert et al., 1998) is an attractive hy-
pothesis meriting further research.
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