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DUPLICATION OF FLORAL REGULATORY GENES IN

THE LAMIALES1
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Duplication of some floral regulatory genes has occurred repeatedly in angiosperms, whereas others are thought to be single-copy
in most lineages. We selected three genes that interact in a pathway regulating floral development conserved among higher tricolpates
(LFY/FLO, UFO/FIM, and AP3/DEF) and screened for copy number among families of Lamiales that are closely related to the model
species Antirrhinum majus. We show that two of three genes have duplicated at least twice in the Lamiales. Phylogenetic analyses of
paralogs suggest that an ancient whole genome duplication shared among many families of Lamiales occurred after the ancestor of
these families diverged from the lineage leading to Veronicaceae (including the single-copy species A. majus). Duplication is consistent
with previous patterns among angiosperm lineages for AP3/DEF, but this is the first report of functional duplicate copies of LFY/FLO
outside of tetraploid species. We propose Lamiales taxa will be good models for understanding mechanisms of duplicate gene pres-
ervation and how floral regulatory genes may contribute to morphological diversity.
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Morphological innovations are thought to frequently involve
divergence among duplicated genes that comprise key genetic
pathways regulating development (Raff, 1996; Carroll et al.,
2001). Though most evidence comes from comparisons among
animals, a similar pattern is beginning to emerge for flowering
plants based primarily on studies of the MADS box family of
transcriptional regulators (reviewed in Irish, 2003). Gene du-
plication has played a prominent role in the evolution of sev-
eral families of MADS box genes. At least four distinct gene
lineages predate land plants (.400 million years ago [mya];
reviewed in Theissen et al., 2000), and subsequent duplication
has occurred within the seed plants (.200 mya; Kramer et al.,
1998; reviewed in Theissen et al., 2000) and repeatedly within
angiosperms (reviewed in Kramer et al., 2003). Floral home-
otic genes belonging to the AP3/DEF clade of MADS box
genes typify this trend. The ancestor of the orthologous genes
AP3 (Jack et al., 1992) and DEF (Sommer et al., 1990), which
are necessary for development of petals and stamens in the
model species Arabidopsis thaliana and Antirrhinum majus,
respectively, duplicated within seed plants resulting in the an-
cestor of the AP3/DEF lineage as well as a second paralogous
gene lineage also characterized in A. thaliana and A. majus
(PI/GLO; Sundstrom et al., 1999; Aoki et al., 2004; Stellari et
al., 2004). A later duplication of the ancestral AP3/DEF gene
occurred near the base of the tricolpate (eudicot) lineage of
angiosperms resulting in the TM6 lineage (Kramer et al.,
1998). Irish (2003) suggests duplication of several MADS box
genes near the base of the tricolpates, including the ancestral
AP3/DEF gene, may have contributed to key innovations such
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as the development of distinct petals and the fixation of
whorled phyllotaxy.

In contrast to the radiation of the MADS box family, other
floral regulatory genes appear to be quite conservative in copy
number among angiosperms. For example, the orthologous
genes LFY (Weigel et al., 1992) and FLO (Coen et al., 1990)
are transcription factors characterized by a novel DNA-binding
domain sufficient for specifying floral meristem identity in A.
thaliana and A. majus and are derived from one of two par-
alogous genes found in gymnosperms, apparently the result of
an ancient duplication within seed plants (Frohlich and Parker,
2000). LFY/FLO is thought to be a single copy gene in all
extant angiosperms previously studied (Frohlich and Parker,
2000; reviewed in Cronk, 2001), with the notable exception
of polyploid species (e.g., Nicotiana tobaccum, Kelly, 1995;
Zea mays, Bomblies et al., 2003). Thus all LFY/FLO-like
genes found in angiosperms appear to be orthologs of a single
ancestral gene. Not surprisingly, given the apparent lack of
duplication in the LFY/FLO gene lineage and its key position
in the floral regulatory pathway (Parcy et al., 1998; Blazquez
and Weigel, 2000), orthologs from Z. mays and tricolpates play
similar roles in both meristem identity and regulating the ex-
pression of downstream genes (Bomblies et al., 2003).

Despite markedly different histories of duplication for LFY/
FLO and AP3/DEF, these genes interact in a pathway essen-
tially conserved among higher tricolpates (Ingram, 1995). Dis-
tinct from its role in floral meristem identity (Parcy et al.,
1998), LFY/FLO positively regulates the expression of AP3/
DEF in part through binding an upstream regulatory sequence
of AP3 (Lamb et al., 2002). A second gene, for which cognate
homologs are well characterized in A. thaliana (UFO; Ingram
et al., 1997) and A. majus (FIM; Simon et al., 1994), mediates
LFY/FLO activity on AP3/DEF via ubiquitin-mediated deg-
radation of transcriptional repressors of AP3 (Zhao et al.,
2001). Because of the conserved regulatory roles of LFY/FLO,
UFO/FIM, and AP3/DEF during floral development, it is in-
teresting to know whether duplication of one or more of these
genes is correlated with duplication of other genes in the path-
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Fig. 1. Schematic depicting the phylogenetic relationships among species
in the order Lamiales from which LFY/FLO-like, UFO/FIM-like, and AP3/
DEF-like genes were cloned. Relationships among most taxa and familial
classification are based on Olmstead et al. (2001). Familial classification of
Phrymaceae is from Beardsley and Olmstead (2002).

way and if so, whether duplicate genes are retained jointly.
Characterizing patterns of duplication is a first step toward the
ultimate goal of understanding how the genes regulating floral
development have contributed toward the diversification of flo-
ral morphology.

Previous work (Fishman et al., 2001) identified evidence of
duplication for other floral regulatory genes in Mimulus spe-
cies, a genus traditionally classified with the model species A.
majus in the family Scrophulariaceae (Lamiales). Olmstead et
al.’s (2001) molecular systematic study of taxa from Scrophu-
lariaceae sensu lato and representatives of 15 other families of
Lamiales led to a dramatic reorganization of the group. Their
study found strong support for a monophyletic clade within a
reclassified Veronicaceae that includes A. majus and suggested
reclassification of other traditional Scrophulariaceae taxa to
families such as Orobanchaceae. Significantly, the phyloge-
netic placement of Mimulus relative to other Lamiales families
remains unclear despite additional molecular systematic stud-
ies (Beardsley and Olmstead, 2002). Given the dramatic re-
organization of Scrophulariaceae (Olmstead et al., 2001), we
undertook the present study to: (1) screen taxa historically
classified with A. majus in Scrophulariaceae and taxa from
related families for copy number of other floral regulatory
genes including LFY/FLO, UFO/FIM, and AP3/DEF; (2) clar-
ify when gene duplication occurred relative to the divergence
among several lineages of the order Lamiales and A. majus;
and (3) describe the patterns of gene duplication and retention
among lineages for all three genes. By focusing on LFY/FLO,
UFO/FIM, and AP3/DEF together, we examine duplication of
multiple interacting members comprising a portion of a sig-
naling pathway previously studied only individually (LFY/
FLO, AP3/DEF) or for which little is known outside of model
species (UFO/FIM).

MATERIALS AND METHODS

Identifying floral regulatory genes in Lamiales—We selected nine species
in the order Lamiales based on classifications from recent phylogenetic studies
(Olmstead et al., 2001; Beardsley and Olmstead, 2002; Fig. 1, Table 1) to
bracket the phylogenetic placement of the model species Antirrhinum majus
as well as Mimulus from which duplicates of floral regulatory genes were
found previously (Fishman et al., 2001). Selected taxa include Syringa vul-
garis (Oleaceae), Chelone glabra and Antirrhinum majus (Veronicaceae), Ver-
bena officinalis (Verbenaceae), Salvia coccinia (Lamiaceae), Mimulus guttatus
and Mimulus lewisii (Phrymaceae), Paulownia tomentosa (Paulowniaceae),
and Pedicularis groenlandica (Orobanchaceae; Table 1). Source material was
obtained from the University of Washington medicinal herb gardens (Syringa
vulgaris, Chelone glabra, Verbena officinalis, Salvia coccinia, and Paulownia
tomentosa), Fishman et al. (2001; Mimulus guttatus), Bradshaw et al. (1995;
Mimulus lewisii), John Innes Centre (Norfolk, UK; Antirrhinum majus) or
was wild collected (Pedicularis groenlandica; J. Aagaard 2003–1, WTU). For
each species, genomic DNA was prepared from leaf material of a single plant
using the cetyltrimethylammonium bromide (CTAB) extraction method of
Kelly and Willis (1998). Total RNA was prepared from whole flower buds of
the same plants across a range of developmental stages using the RNeasy
Plant Mini kit (Qiagen, Valencia, California, USA) and used to make 59- and
39-RACE-Ready cDNA pools (Clontech, Palo Alto, California, USA).

Homologs of LFY/FLO were cloned from all nine taxa within Lamiales
using a two-step approach that (1) screened for duplicate copies based on
length polymorphism in introns from genomic DNA and (2) tested for ex-
pression of genes while also extending coding sequence using 59- and 39-
RACE from floral bud cDNA pools. (1) Two primer sets nested within con-
served exon domains spanning the first (59 primer 59-ATGAGGGATGAG-
GAGCTTGATSANATGATGRA-39, 39 primer 59-GCTCCGTCACGATAAA
NGGRTGYT-39) and second (59 primer 59-CGGCAGCGGGAGCAYCCNT

TYAT-39, 39 primer 59-GCGTTGAAGATCGCRTCDATRTCC-39) introns
were designed from an alignment of LFY/FLO, Petunia hybrida ALF, and
Solanum lycopersicon FA (Table 1). Polymerase chain reaction was performed
(25 mL reaction volume) using 20 hg genomic DNA, 50 mM KCl, 10 mM
Tris pH 8.4, 2.5 mM MgCl2, 0.06% BSA, 0.2 mM dNTPs, 5 rmol of each
primer, and 1 unit Promega Taq polymerase (Madison, Wisconsin, USA).
Thermal cycler conditions included an initial denaturation step of 2 min at
948C followed by 37 cycles of 20 s at 948C, 20 s at 588C, 90 s at 728C, and
a final extension at 728C for 5 min. The PCR products were run on 2% Tris-
borate-EDTA (TBE) gels, all visible bands excised and purified using the
GENECLEAN kit (Qbiogene, Carlsbad, California, USA), and cloned using
the TOPO TA cloning kit (Invitrogen, Carlsbad, California, USA). A mini-
mum of four clones of each PCR fragment was sequenced using automated
fluorescent sequencing methods (Applied Biosystems, Foster City, California,
USA). (2) 39-RACE primers were designed from sequence of all genomic
clones of LFY/FLO-like sequences spanning the first intron, and 39-RACE
PCR carried out using the SMART RACE cDNA amplification kit (Clontech,
Palo Alto, California, USA). 39-RACE products were cloned directly and se-
quenced (four or more clones) as above for genomic PCR fragments. LFY/
FLO-like 39-RACE sequences were compared with the coding region of ge-
nomic fragments spanning the second intron cloned earlier; for unique LFY/
FLO-like genomic sequences spanning intron 2, 59- and 39-RACE was used
to extend coding sequence of clones as before for intron 1 genomic clones.

Homologs of UFO/FIM were cloned from all nine taxa within Lamiales
using a two-step approach similar to that used for LFY/FLO. (1) Two over-
lapping degenerate primer sets nested within conserved domains of the in-
tronless UFO/FIM gene were designed from the consensus sequence of UFO
and FIM (first 59primer 59-CGAGCTCGATCAGTCTGTAARMGNTGGTA-
39, first 39primer 59-CGCTGAACGGGCTGTAGTTCATRCARTARAA-39;
second 59 primer 59-CCGCCATTGGTTCCTCTTCTTYAARCARCA-39, sec-
ond 39primer 59-TCTGCAAACTGATTGTACAGYTGYTGNGGCAT-39).
The PCR was performed on genomic DNA using both primer sets and an
identical protocol as for LFY/FLO. The PCR fragments were purified, cloned,
and at least four clones of each fragment sequenced as before. (2) Sequence
of genomic clones of all UFO/FIM-like fragments from UFO/FIM primer sets
1 and 2 were compared and 39-RACE primers designed for each unique se-
quence; 39-RACE was carried out for LFY/FLO and four or more clones of
each 39-RACE product sequenced.

Lamiales homologs of AP3/DEF were cloned from all nine species directly
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TABLE 1. Homologs of LFY/FLO, UFO/FIM, and AP3/DEF cloned previously or in this study. Gene names conform to the cited reference for
previously cloned homologs or follow the nomenclature for Antirrhinum majus if cloned in this study. For species with more than one homolog,
an A or B designation describes the paralogy group within which genes cluster in phylogenetic analyses. Species with multiple A or B copies
are given a further numeric designation. An abbreviation incorporating both species and gene names is used to label terminal branches in gene
trees.

Species Gene Abbreviation Reference
GenBank
accession

Zea mays (Poaceae) ZFL1 ZeaMaZFL1 Bomblies et al., 2003 AY179883
SLK1 ZeaMaSLK1 Ambrose et al., 2000 AF181479

Arabidopsis thaliana (Brassicaceae) LFY AraThLFY Weigel et al., 1992 M91208
UFO AraThUFO Ingram et al., 1995 X89224
AP3 AraThAP3 Jack et al., 1992 A42095

Petunia hybrida (Solanaceae) ALF PetHyALF Souer et al., 1998 AF030171
TM6 PetHyTM6 Kramer et al., 1998 AF230704
PMADS1 PetHyPMADS1 Kush et al., 1993 X69946

Solanum esculentum (Solanaceae) FA LycEsFA Molinero-Rosales et al., 1999 AF197935
TM6 LycEsTM6 Pnueli et al., 1991 X60759
AP3 LycEsAP3 Kramer et al., 1998 AF052868

Syringa vulgaris (Oleaceae) FLO SyrVuFLO this study AY524037
FIM SyrVuFIM this study AY524021
DEF SyrVuDEF this study AY524007

Antirrhinum majus (Veronicaceae) FLO AntMaFLO Coen et al., 1990 M55525
FIM AntMaFIM Simon et al., 1994 S71192
DEF AntMaDEF Sommer et al., 1990 S12378

Chelone glabra (Veronicaceae) FLO CheGlFLO this study AY524029
FIM CheGlFIM this study AY524022
DEF CheGlDEF this study AY524008

Verbena officinalis (Verbenaceae) FLOA VerOfFLOA this study AY524030
FLOB VerOfFLOB this study AY524038
FIM VerOfFIM this study AY524023
DEFA VerOfDEFA this study AY524009
DEFB VerOfDEFB this study AY524014

Salvia coccinia (Lamiaceae) FLOA1 SalCoFLOA1 this study AY524031
FLOA2 SalCoFLOA2 this study AY524032
FIM SalCoFIM this study AY524024
DEFB1 SalCoDEFB1 this study AY524015
DEFB2 SalCoDEFB2 this study AY524016

Pedicularis groenlandica (Orobanchaceae) FLOA PedGrFLOA this study AY524033
FLOB PedGrFLOB this study AY524039
FIM PedGrFIM this study AY524025
DEFA PedGrDEFA this study AY524010
DEFB PedGrDEFB this study AY524017

Paulownia tomentosa (Paulowniaceae) FLOA PauToFLOA this study AY524034
FLOB PauToFLOB this study AY524040
FIM PauToFIM this study AY524026
DEFA PauToDEFA this study AY524011
DEFB PauToDEFB this study AY524018

Mimulus lewisii (Phyrmaceae) FLOA MimLeFLOA this study AY524035
FLOB MimLeFLOB this study AY524041
FIM MimLeFIM this study AY524027
DEFA MimLeDEFA this study AY524013
DEFB MimLeDEFB this study AY524019

Mimulus guttatus (Phyrmaceae) FLOA MimGuFLOA this study AY524036
FLOB MimGuFLOB this study AY524042
FIM MimGuFIM this study AY524028
DEFA MimGuDEFA this study AY524012
DEFB MimGuDEFB this study AY524020

from 39-RACE cDNA pools. A single degenerate primer at the 59 terminus
of the AP3/DEF-coding region was designed from the consensus sequence of
AP3/DEF, Petunia hybrida PMADS1, and Solanum lycopersicon AP3 (Table
1; 59-ATGGCTCGTGGGAAGATHCARAT-39). The 39-RACE products were
cloned, and 12 or more clones of each fragment were sequenced as for LFY/
FLO and UFO/FIM.

Phylogenetic analyses of floral regulatory genes—Coding regions of all
LFY/FLO- and AP3/DEF-like genes we identified were aligned with homologs
from Zea mays, A. thaliana, Petunia hybrida, Solanum lycopersicon, and pub-
lished sequences from A. majus (Table 1). We used only one of the paralogous

LFY/FLO loci from Z. mays (ZFL1) that are believed to be the result of the
tetraploid ancestry of Zea (Gaut and Doebley, 1997). Coding regions of all
UFO/FIM-like genes we cloned were aligned with homologs from A. thaliana
and A. majus as well as several other UFO/FIM-like homologs. These include
F-box genes from Pisum sativum (PisSaSTP, accession AF004843; Taylor et
al., 2001), Lotus japonica (LotJaPFO, accession AY156687; Zhang et al.,
2003), and Impatiens balsamina (ImpBaFIM, accession AF047392; Pouteau
et al., 1998), as well as a UFO/FIM-like expressed sequence tag (EST) from
a Solanum lycopersicon floral bud library (LycEsEST, accession BI423409).
The Solanum lycopersicon UFO/FIM-like EST was the highest scoring hit
from BLAST searches of EST databases from Solonaceae taxa (Plant Genome
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Database, http://plantgdb.org) searched using A. majus FIM and all Lamiales
FIM--like genes we cloned. Because published A. majus sequences for all
three genes were identical to those we identified in our cloning experiments
(see below) and included additional sequence 59 of ours, we excluded our A.
majus sequences from further analyses. Nucleotide alignments were carried
out initially based on the translated nucleotide (protein) sequence using the
ClustalX algorithm implemented in BioEdit (T. Hall, North Carolina State
University, Raleigh, North Carolina, USA), followed by visual alignment.
Areas with ambiguous alignments were excluded, and the nucleotide align-
ment was analyzed using likelihood criterion implemented in PAUP* (Swof-
ford, 2002). Likelihood analyses employed the general time reversible model
with four rate categories, estimating the gamma shape parameter and the pro-
portion of invariable sites (GTR 1 1 1 g). Heuristic search criterion included
tree-bisection-reconnection (TBR) branch swapping with 10 random addition
replicates. Support for nodes was estimated by 100 bootstrap replicates using
the maximum likelihood estimates of substitution parameters and heuristic
search criterion described previously.

Tests of alternate topologies—Likelihood-based tests of alternate topolo-
gies (Goldman, 1993; Goldman et al., 2000) were used to test different hy-
potheses regarding the timing of duplication of multiple LFY/FLO-like and
AP3/DEF-like copies found in the Lamiales. Likelihood scores (2lnL) of
topologies and maximum likelihood (ML) estimates of substitution parameters
(GTR 1 1 1 g) were calculated under (1) one constraint topology for LFY/
FLO and (2) three constraint topologies for AP3/DEF using PAUP* (Swof-
ford, 2002). (1) The constraint topology for LFY/FLO (LFY/FLO H01) col-
lapsed the nodes within paralogous gene clades with bootstrap support less
than 95% and placed Antirrhinum majus FLO (AntMaFLO) along with Che-
lone glabra FLO (CheGlFLO) and Syringa vulgaris FLO (SyrVuFLO) at an
unresolved node sister below two paralogous gene clades. We excluded Z.
mays ZFL1 from the analyses because of problems with long branch attraction
(see below). (2) Constraint 1 (AP3/DEF H01) collapsed nodes within the par-
alogous gene clades of the maximum likelihood tree having bootstrap support
less than 95% and moved Syringa vulgaris DEF (SyrVuDEF) to the arbitrarily
defined A clade. Constraint 2 (AP3/DEF H02) is identical to constraint 1
except SyrVuDEF is placed within the B clade. Constraint 3 (AP3/DEF H03)
collapsed nodes in a similar manner and placed Chelone glabra (CheGlDEF)
and Antirrhinum majus DEF (AntMaDEF) along with SyrVuDEF at an un-
resolved node sister below the paralogous gene clades (Fig. 3). The test sta-
tistic d 5 (2lnL2ML)2(2lnLMLHo) was calculated for each constraint, where
(2lnL2ML) is the likelihood score maximized over all topologies, and
(2lnLMLHo) is the likelihood score given the topological constraint (Goldman
et al., 2000).

Simulated nucleotide sequences for 19 species (N 5 400 replicates) for
each LFY/FLO and AP3/DEF constraint were generated using SeqGen (Ram-
baut and Grassley, 1997). Simulated data used the ML estimates of substi-
tution parameters and topology (including branch lengths) under H0 (GTR 1
1 1 g), and were identical in sequence length to the original alignments used
in phylogenetic analyses (LFY/FLO 5 783 nucleotides, AP3/DEF 5 666 nu-
cleotides). Simulated data were analyzed according to Goldman et al. (2000)
using an approximation under HA (posPpud) in which substitution parameters
(GTR 1 1 1 g) are provided when maximizing the likelihood over all to-
pologies, and the test statistic d 5 (2lnL2ML)2(2lnLMLHo) is calculated for
each simulated data set.

RESULTS

Copy number of floral regulatory genes among Lami-
ales—A single copy of a LFY/FLO-like gene was found for
both Syringa vulgaris and Antirrhinum majus (Table 1). Over-
lapping sequence from 39-RACE clones corresponding to ge-
nomic sequence amplified using first and second intron primer
sets were identical. Similarly, a single copy of an AP3/DEF-
like gene was found for both species based on our copy num-
ber assay using 39-RACE directly. For both genes, the A. ma-
jus clones we identified were identical to previously published

FLO (Coen et al., 1990) and DEF (Sommer et al., 1990) se-
quences. In contrast, two copies of both LFY/FLO-like and
AP3/DEF-like genes were found for seven taxa representing
five families within Lamiales: Chelone glabra (Veronicaceae),
Verbena officinalis (Verbenaceae), Salvia coccinia (Lami-
aceae), Paulownia tomentosa (Paulowniaceae), Pedicularis
groenlandica (Orobanchaceae), and Mimulus lewisii and M.
guttatus (Phrymaceae; Table 1). For LFY/FLO-like genes, the
first intron primer set amplified both copies from most species
except P. groenlandica, for which we found a single copy
using this primer combination. The second intron primer set
amplified two copies from V. officinalis and P. tomentosa but
a single copy from all other species. Comparison of sequence
from 39-RACE experiments showed clones corresponding to
genomic sequence from first and second intron primer sets
were identical for at least one copy except for P. groenlandica.
Thus first and second intron primer sets together identified two
distinct LFY/FLO-like genes from P. groenlandica.

The single copy of LFY/FLO-like and AP3/DEF-like genes
we found for S. vulgaris as well as duplicate copies found for
V. officinalis, P. tomentosa, P. groenlandica, M. lewisii, and
M. guttatus appear functional based on correctly spliced
cDNAs. Duplicates are well diverged at synonymous codon
positions, on average having 44% (LFY/FLO-like) and 38%
(AP3/DEF-like) of silent sites with substitutions. Duplicate
copies of LFY/FLO-like and AP3/DEF-like genes found for S.
coccinia also appear functional based on cDNAs, but diver-
gence at silent sites is approximately half that seen for other
duplicates (19% and 17% for S. coccinia LFY/FLO-like and
AP3/DEF-like genes, respectively). In contrast with other LFY/
FLO-like duplicates, one copy of both LFY/FLO-like and AP3/
DEF-like genes in C. glabra may be nonfunctional as evi-
denced by no detectable expression in cDNA pools (LFY/FLO-
like) or premature stop codons found in cDNAs (AP3/DEF-
like). Duplicates from C. glabra that appear nonfunctional
(and were sister to the functional copies; see below) were ex-
cluded from further analyses.

A single copy of an UFO/FIM-like gene was found within
all taxa we studied (Table 1). Sequence from genomic clones
of both primer sets were identical within the region they over-
lapped (approximately 500 nucleotides) for all species, and the
A. majus sequence we identified was identical to previously
published FIM (Simon et al., 1994). Therefore 39-RACE using
primers designed only from genomic clones of the 59primer
sets were used to obtain cDNA sequences for all taxa, with
the exception of P. groenlandica. We found no evidence of
expression in our floral bud cDNA pools from P. groenlan-
dica, and additional 39- as well as 59-RACE experiments using
multiple nested primer sets showed no evidence of expression
in any of three cDNA pools constructed from individual P.
groenlandica plants collected from separate populations. This
suggests the UFO/FIM-like genomic sequence from P. groen-
landica either (1) may not be expressed at detectable levels in
the floral tissues we assayed or (2) may correspond to a non-
functional copy, although there is no evidence of missense or
stop codons (see below).

Phylogenetic analyses of floral regulatory genes—LFY/
FLO—After excluding ambiguous regions, our alignment of
LFY/FLO homologs from 13 species includes approximately
783 nucleotides from each of 19 homologs (Table 1). Based
on this alignment, likelihood criterion found a maximum like-
lihood tree (2lnL 5 6520.4862) placing Zea mays ZFL1 sister
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Fig. 2. Likelihood trees for homologs of (i) LFY/FLO, (ii) AP3/DEF, and
(iii) UFO/FIM cloned in this study and previously (see Table 1). Paralogy
groups of LFY/FLO and AP3/DEF within the Lamiales are arbitrarily desig-
nated A or B. Likelihood searches were performed under the general time
reversible model with four rate categories using PAUP* (Swofford, 2002).
All ambiguous regions of alignments were excluded from analyses. Bootstrap
support based on 100 bootstrap replicates is shown for nodes with $50%
support. Because of problems with the long branch leading to ZeaMaZFL1,
bootstrap support for nodes in the LFY/FLO tree was calculated from the
maximum likelihood tree that excluded ZFL1.

Fig. 3. Constraint trees showing alternative (i) LFY/FLO and (ii) AP3/
DEF topologies tested using the parametric bootstrap approach of Goldman
et al. (2000). Topologies are based on the likelihood trees (Fig. 2), with weak-
ly supported nodes within paralogy groups A and B collapsed. (i) 1 5 LFY/
FLO H01 places AntMaFLO along with CheGlFLO and SyrVuFLO basal to
FLOA and FLOB and implies a duplication of DEF after the divergence be-
tween Veronicaceae and other families of the Lamiales. (ii) 1 5 AP3/DEF
H01 places SyrVuDEF within the DEFA clade; 2 5 AP3/DEF H02 places
SyrVuDEF within the DEFB clade; 3 5 AP3/DEF H03 places AntMaDEF 1
CheGlDEF as sister to DEFA 1 DEFB clades. Both AP3/DEF H01 and H02
imply a duplication of AP3/DEF near the base of the Lamiales, while AP3/
DEF H03 implies a duplication of DEF after the divergence between Veron-
icaceae and other families of the Lamiales.

to one of two S. coccinia LFY/FLO homologs. However, this
topology appears to be the effect of the long branch leading
to ZFL1 because an alternate tree of marginally lower score
(2lnL 5 6523.76183; Fig. 2) was found that has a topology
identical to that of the maximum likelihood tree when ZFL1
is excluded from the analysis. This alternate likelihood tree
(Fig. 2) places all LFY/FLO homologs from taxa within Lam-
iales in a well-supported clade (94% bootstrap support) sister
to LFY/FLO homologs from the Solanales. Within Lamiales,
the S. vulgaris homolog branches first, sister to a clade com-
prising the remaining sequences (71%), followed by the single
expressed (see above) C. glabra homolog. When both C. gla-
bra LFY/FLO-like genes are included, they form a well-sup-
ported clade (100% bootstrap support; data not shown). Two
gene clades belong sister, each including one copy of the LFY/
FLO homologs from V. officinalis, P. tomentosa, P. groenlan-
dica, M. lewisii, and M. guttatus. Antirrhinum majus FLO is
sister to one of these gene clades (FLOB), though its place-

ment is weakly supported (49% bootstrap support). The two
LFY/FLO homologs from S. coccinia cluster together as a
well-supported sister clade (99%) within the FLOA clade.

We tested an alternate topology for LFY/FLO homologs us-
ing the likelihood-based approach of Goldman et al. (2000;
Fig. 3). The alternate topology places A. majus FLO sister to
the two paralogy groups in Lamiales (LFY/FLO H01). The
maximum likelihood tree given this constraint is only slightly
lower (2lnL 5 5903.04329), although the test statistic com-
paring the constrained tree with that placing A. majus FLO
within the FLO B clade (d 5 1.8) is near the significance
threshold (P 5 0.03; Fig. 4). This tight distribution apparently
reflects the very short branch leading to the node placing A.
majus FLO sister to the FLOB clade (Fig. 2) and the high
proportion of invariant sites (36%) in the model used to sim-
ulate data.

AP3/DEF—Our analyses examined the phylogenetic place-
ment of tricolpate AP3/DEF orthologs relative to the homol-
ogous gene from Z. mays (SLK1) and the TM6 gene lineage
paralogous to AP3/DEF (Table 1). Similar to the LFY/FLO
alignment, all ambiguous regions of the AP3/DEF alignment
were excluded from phylogenetic analyses (final alignment ap-
proximately 666 nucleotides). Likelihood criterion found a
maximum likelihood tree placing all Lamiales AP3/DEF ho-
mologs within a well-supported clade sister to AP3/DEF ho-
mologs from the Solanales (Fig. 2). As with the LFY/FLO tree,
the S. vulgaris AP3/DEF homolog we cloned is sister to the
rest of the of the clade. Two gene clades each contain one of
two AP3/DEF homologs from V. officinalis, P. tomentosa, P.
groenlandica, M. lewisii, and M. guttatus. Antirrhinum majus
DEF and the single expressed (see above) C. glabra AP3/DEF
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Fig. 4. Distributions of test statistics from parametric bootstrapping for (i)
LFY/FLO H01 and (ii) AP3/DEF H01, H02, and H03. Nucleotide substitution
parameters from the likelihood search under the specified topological con-
straints (Fig. 3) were estimated under the general time reversible model using
PAUP* (Swofford, 2002) and used to generate 1400 (LFY/FLO H01) or 400
(AP3/DEF H01, H02, and H03) simulated data sets using SEQGEN (Rambaut
and Grassley, 1997). Simulated data were analyzed using test posPpud ap-
proximated under HA (Goldman et al., 2000). The test statistics for each sim-
ulated data set i were calculated (d 5 LML

9(i)2Lconstrained
(i)), and the cumulative

probability of test statistics plotted. Null hypotheses are rejected for attained
d’s that exceed 95% of d’s for simulated data (a one-sided test with 5%
significance level; dashed line).

homolog are included in one of the two paralogous clades
(DEFA) with weak bootstrap support (53%). When both C.
glabra AP3/DEF-like genes are included, they form a well-
supported clade sister to A. majus DEF (100% bootstrap sup-
port; data not shown). The AP3/DEF homologs from S. coc-
cinia also form a well-supported (100%) sister clade nested
within the DEFA clade. When we excluded SLK1 from phy-
logenetic analyses using likelihood to assess possible long
branch effects seen for LFY/FLO homologs, a topology iden-
tical to that of Fig. 2 was found.

We investigated three alternate topologies for AP3/DEF ho-
mologs using the likelihood based approach of Goldman et al.
(2000; Fig. 3). The first places S. vulgaris AP3/DEF within
the DEFA clade (AP3/DEF H01) along with A. majus DEF
and C. glabra AP3/DEF. The maximum likelihood score given
this constraint (2lnL 5 6989.50125) is significantly lower
than the unconstrained maximum likelihood tree, and the test
statistic (d 5 12.5) lies well beyond 95% of test statistics from
data simulated under the constraint (Fig. 4). Similarly, an al-
ternate topology placing S. vulgaris within the DEFB clade
(AP3/DEF H02) is rejected (d 5 11.7; Fig. 4). However, the
third topology placing Veronicaceae homologs (A. majus DEF
and C. glabra AP3/DEF-like) within a clade sister to paralogy
groups DEFA and DEFB cannot be rejected, because the test
statistic (5 1.7) lies near the 50th percentile of data simulated
under the constraint topology of AP3/DEF H03 (Fig. 4).

UFO/FIM—Phylogenetic analyses of our alignment (ap-
proximately 1113 nucleotides, excluding all ambiguous re-

gions) of UFO, FIM, UFO/FIM-like homologs or ESTs, and
the eight UFO/FIM-like genes we identified among Lamiales
taxa show generally weakly supported topologies based on
likelihood criterion. Likelihood analyses found a maximum
likelihood tree placing FIM and all UFO/FIM-like genes we
cloned from Lamiales taxa in a weakly supported monophy-
letic clade sister to other Asterid UFO/FIM-like genes, includ-
ing the UFO/FIM-like EST from S. esculentum (LycEsEST;
Fig. 2). This is strong evidence the UFO/FIM-like genes we
cloned from Lamiales taxa are orthologous to A. majus FIM.
Within the Lamiales clade, the S. vulgaris UFO/FIM-like gene
branches first. UFO/FIM-like homologs from the Veronicaceae
including FIM form a weakly supported clade sister to the
remaining Lamiales UFO/FIM-like homologs. Several of the
nodes within this clade have moderate bootstrap support in-
cluding Mimulus UFO/FIM-like genes (78%) and a clade with
the strongest bootstrap support across the tree (79%) consist-
ing of the S. coccinia UFO/FIM-like homolog and the gene
from P. groenlandica, for which we found no evidence of
expression within multiple floral bud cDNAs.

DISCUSSION

Multiple duplications of LFY/FLO and AP3/DEF in Lam-
iales—We have identified at least two independent duplica-
tions of LFY/FLO and AP3/DEF homologs within the Lami-
ales. The first occurred within the Veronicaceae (sensu Olm-
stead et al., 2001), after the split between the lineage leading
to Antirrhinum majus and Chelone glabra. This duplication is
likely the result of a whole genome duplication (polyploidi-
zation) as evidenced by the approximate doubling of chro-
mosomes in C. glabra (N 5 14) relative to A. majus (N 5 8;
Goldblatt and Krukoff, 1984). In this case, one duplicate of
each gene appears to have been silenced based on no detect-
able expression in RACE cDNA pools (LFY/FLO) or prema-
ture stop codons (AP3/DEF). We also found two copies of
both LFY/FLO-like and AP3/DEF-like genes in representative
taxa from Verbenaceae (Verbena officinalis), Phrymaceae
(sensu Beardsley and Olmstead, 2002; Mimulus guttatus and
M. lewisii), Paulowniaceae (Paulownia tomentosa), and Oro-
banchaceae (Pedicularis groenlandica; Fig. 1). Duplicate cop-
ies in these taxa are highly diverged at silent sites (44% and
38% for LFY/FLO-like and AP3/DEF-like, respectively), and
phylogenetic analyses consistently place one copy from each
species in separate gene clades (Fig. 2). This evidence is con-
sistent with a second ancient duplication(s) in the ancestral
lineage of these families, resulting in two paralogs that appear
functional based on full-length cDNAs. Finally, two putative
copies of LFY/FLO-like and AP3/DEF-like genes were found
in Salvia coccinia (Lamiaceae) that cluster together with
strong support within the FLOA and DEFB paralogy clades,
respectively (Fig. 2). This may represent a third duplication
event specific to the Lamiaceae, although there is no evidence
of recent polyploidy as for Chelone glabra from chromosome
numbers. However, we cannot rule out the possibility that du-
plicate copies in Lamiaceae could be of a hybrid origin (i.e.,
alleles of a single locus) because divergence at silent sites
(19% and 17% for LFY/FLO-like and AP3/DEF-like, respec-
tively) is near the range found for alleles segregating between
interfertile Mimulus species (10% and 13%, respectively; J. E.
Aagaard, unpublished data; University of Washington).

We examined several alternate topologies for gene trees
(Fig. 2) that suggest different points for the ancient duplica-
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tion(s) of LFY/FLO-like and AP3/DEF-like genes relative to
divergence among families of Lamiales. First, we tested alter-
nate topologies using a likelihood-based approach (Goldman
et al., 2000), suggesting duplication(s) occurred at the base of
the Lamiales (AP3/DEF H01, H02; Fig. 3). In all cases, alter-
nate topologies supporting this hypothesis were rejected (Fig.
4). Second, because the LFY/FLO tree places Veronicaceae
homologs before (C. glabra) and after (A. majus) the dupli-
cation, we tested alternate topologies constituting a null hy-
pothesis, which implies duplication after the split leading to
the Veronicaceae (LFY/FLO H01; AP3/DEF H03; Fig. 3). In
this case, we clearly cannot reject the null hypothesis for AP3/
DEF, though the test result is somewhat ambiguous for LFY/
FLO (Fig. 4). However, because there is no evidence of du-
plicate copies from past work in the well-studied model spe-
cies A. majus and Antirrhinum and Chelone represent a well-
supported clade (Olmstead et al., 2001), this argues against
rejecting the null hypothesis for LFY/FLO as well. In addition,
Southern blots probed with the highly conserved C-terminus
portion of FLO showed no evidence of more than a single
copy in taxa from Veronicaceae (data not shown). In sum, our
phylogenetic analyses and tests of alternate topologies support
ancient duplication(s) of LFY/FLO-like and AP3/DEF-like
genes after the divergence between Veronicaceae and the lin-
eage leading to many of the other families of Lamiales in-
cluding Verbenaceae, Lamiaceae, Phrymaceae, Paulowni-
aceae, and Orobanchaceae. We consider this scenario more
likely because it is much more parsimonious from the stand-
point of number of inferred gene duplication and loss events.
Accordingly, we suggest a gene nomenclature for Lamiales
LFY/FLO and AP3/DEF homologs that reflects the precedence
of FLO (Coen et al., 1990) relative to LFY (Weigel et al.,
1992), DEF (Sommer et al., 1990) relative to AP3 (Jack et al.,
1992), and co-orthology with FLO and DEF. Below we refer
to Lamiales homologs as FLO or DEF, with co-orthologs fur-
ther delineated as A or B (see Table 1).

Duplication of both genes at the same relative position in
the Lamiales phylogeny suggests an ancient whole genome
duplication event in Lamiales. FLOA and DEFB lie on sepa-
rate linkage groups in Mimulus, as do putative paralogs of
another floral regulatory gene (CYC; Fishman et al., 2001) that
have a similar level of divergence at silent sites (45%) as
FLOA/B and DEFA/B (J. E. Aagaard, unpublished data; Uni-
versity of Washington). Linkage relationships for FLO and
DEF and additional unlinked paralogs are again consistent
with whole genome duplication. However, taxa for which we
found a single copy of FLO and DEF varied in their chro-
mosome number (S. vulgaris, n 5 22, A. majus, n 5 8; Gold-
blatt and Krukoff, 1984) similar to taxa from which two copies
of FLO and DEF were found (V. officinalis, n 5 7; S. coccinia,
n 5 11; M. lewisii, n 5 8; M. guttatus, n 5 14; P. tomentosa,
n 5 20; P. groenlandica, n 5 8; Goldblatt and Krukoff, 1984).
Thus extant chromosome numbers appear to provide little ev-
idence supporting whole genome duplication in the Lamiales
phylogeny. As additional gene-based markers are mapped in
Lamiales taxa sharing the hypothesized whole-genome dupli-
cation event (e.g., Mimulus; Bradshaw and Schemske, 1995;
Fishman et al., 2001), syntenic groups can be compared with
linkage relationships for A. majus (Schwarz-Sommer et al.,
2003) in order to clarify the source of the ancient FLO and
DEF paralogs we found. Regardless, the clear presence of par-
alogs for multiple genes among many families of Lamiales

suggests future studies in this clade carefully consider orthol-
ogy/paralogy relationships among homologs.

Patterns of duplication in the AP3/DEF and LFY/FLO
gene lineages—The DEF duplicates within Lamiales we iden-
tified complement a pattern of repeated duplications through-
out the AP3/DEF lineage reported previously. Duplications
have occurred in seed plants (Theissen et al., 2000), within
angiosperms at the base of the tricolpates (Kramer et al.,
1998), and more recently, among lineages of basal angio-
sperms (Stellari et al., 2004) and other basal tricolpate families
such as Ranunculaceae (Kramer et al., 2003). Interestingly,
Irish (2003) suggests the duplication at the base of the tricol-
pates corresponds with duplication of several other MADS box
genes, consistent with an ancient whole genome duplication at
the base of the tricolpate lineage. This is similar to what we
propose for Lamiales based on the concordant patterns for
multiple floral regulatory genes including FLO and DEF. Du-
plication of MADS box genes at the base of the tricolpates
including the ancestral AP3/DEF gene are thought to have
contributed to major morphological innovations, including the
development of distinct petals and the fixation of whorled
phyllotaxy (Kramer and Irish, 1999; Irish, 2003). However,
because of the time scale and phylogenetic position of most
model species relative to this duplication, it is difficult to re-
construct ancestral gene function. Thus the contribution of ear-
lier duplications to morphological evolution may prove diffi-
cult to study. In contrast, we suggest DEF duplicates in Lam-
iales may prove a good system in which to study the mecha-
nisms responsible for duplicate gene preservation and
diversification. Specifically, DEFA and DEFB are present
within taxa from multiple Lamiales families separated for
more than 30 million years (Wikstrom et al., 2001), providing
several independently evolving lineages for comparison with
the (single copy outgroup) model species A. majus. In addi-
tion, because a whole genome duplication is the likely cause
of duplication in Lamiales, we believe paralogs of other floral
regulatory genes will likely be found, such as those that are
known to dimerize with AP3/DEF, including PI/GLO (Trobner
et al., 1992; Goto and Meyerowitz, 1994), or whose expression
is regulated by LFY/FLO, including AG/PLENA (Yanofsky et
al., 1990; Bradley et al., 1993).

Significantly, ours is the first report of duplicate functional
copies of LFY/FLO homologs outside of tetraploids (e.g., Kel-
ly et al., 1995; Bomblies et al., 2003). Cronk (2001) suggested
the conspicuous absence of LFY/FLO duplication across an-
giosperms reported previously (e.g., Frohlich and Parker,
2000) was in sharp contrast to patterns for other loci such as
MADS box genes and could be the result of selection against
duplicate LFY/FLO copies. However, our results suggest du-
plicate copies of LFY/FLO might have simply gone undetected
in previous studies due to insufficient sampling of species and
genomes. We used two independent primer sets nested within
conserved domains of exons based on the A. majus FLO se-
quence (an ingroup) to amplify over introns with known length
polymorphism, followed by exhaustive cloning and sequenc-
ing of all detectable PCR fragments regardless of signal inten-
sity. Despite our experimental design, in at least one case
(Pedicularis groenlandica), individual primer sets consistently
amplified only one or the other FLO paralog. It would be
interesting to apply a similar screening approach to assay LFY/
FLO copy number in other angiosperm lineages, particularly
where duplications of other genes regulated by LFY/FLO are



August 2005] 1291AAGAARD ET AL.—REGULATORY GENE DUPLICATION IN LAMIALES

known (e.g., AP3/DEF-like genes in Ranunculaceae; Kramer
et al., 2003). Such work will clarify issues regarding the fre-
quency of duplication for LFY/FLO relative to other floral reg-
ulatory genes and may contribute to an understanding of the
evolution of regulatory pathways following duplication (see
below).

Copy number of UFO/FIM-like genes is inconclusive—
Unlike LFY/FLO and AP3/DEF, our cloning experiments and
phylogenetic analyses of UFO, FIM, and UFO/FIM-like ho-
mologs, including the eight UFO/FIM-like genes we identified
among Lamiales taxa, provide little convincing evidence re-
garding copy number in Lamiales. Although our cloning ex-
periments only identified a single UFO/FIM-like gene among
all Lamiales taxa from which we cloned, our phylogenetic
analyses are suggestive of a pattern of duplication for this
gene. For example, it is surprising that support for nodes of
the UFO/FIM phylogeny are weaker than the LFY/FLO tree
since our UFO/FIM alignment is more than 40% longer than
for LFY/FLO (1113 and 783 nucleotides, respectively), and
the UFO/FIM alignment has fewer invariable sites than for
LFY/FLO (20% and 31%, respectively). In addition, the rela-
tively strong support (79%) for the clade containing S. coc-
cinia and P. groenlandica UFO/FIM-like genes to the exclu-
sion of other homologs is surprising, given we do not see this
relationship among any other genes we have studied, and this
clustering does not reflect the phylogenetic relationships
among these taxa in Olmstead et al.’s (2001) study (Fig. 1).
Possible explanations include (1) duplicate copies of UFO/
FIM in the Lamiales, which we have incompletely sampled in
our PCR-based screen; or (2) duplication of an ancestral UFO/
FIM homolog, followed by repeated loss along the lineages
from which we sampled (lineage sorting). These explanations
are intriguing, because we can find no evidence of expression
for the P. groenlandica UFO/FIM-like gene we cloned from
genomic DNA in any of four cDNA pools constructed from
separate individuals (collected from different populations), de-
spite isolating cDNAs for both paralogs of FLO and DEF from
the same RACE pools, and FIM should be expressed coinci-
dently (Ingram et al., 1995). This suggests we might have
missed a second copy expressed in the P. groanlandica floral
bud cDNAs in our initial PCR screens from genomic DNA.
Further studies, both within Lamiales and among appropriate
outgroup taxa (e.g., Solanales), are needed to resolve the issue
of copy number and possible duplication of UFO/FIM within
the Lamiales.

Preservation of FLO and DEF paralogs in Lamiales—
Paralogs of FLO and DEF in Lamiales appear to have avoided
silencing, the typical fate of most gene duplicates. Lynch and
Conery (2000) estimate the average half-life of fully redundant
gene duplicates is around 4 million years, with a 95% prob-
ability of loss after approximately 17 million years. The FLO
and DEF paralogs have been maintained within at least four
independently evolving lineages of Lamiales (Verbenaceae,
Phrymaceae, Paulowniaceae, and Orobanchaceae) more than
twice as long (estimated divergence times for families range
between 32 and 53 million years; Wikstrom et al., 2001). Thus
selection must be acting on paralogs in order to maintain them
within families over these time scales. Preservation of dupli-
cate genes including floral MADS box genes (e.g., Mena et
al., 1996; Lowman and Purugganan, 1999) and orthologs of
LFY/FLO (Bomblies et al., 2003) have been reported previ-

ously and is typically associated with restricted expression of
one or both paralogs relative to expression in single-copy lin-
eages. Such parsing of ancestral gene function or subfunction-
alization is thought to be the predominant mode of duplicate
gene preservation (Force et al., 1999). Consistent with a sub-
functionalization hypothesis for both, our studies of the mo-
lecular evolution of FLO and DEF paralogs found no evidence
of adaptive divergence acting on duplicate copies but relaxed
purifying selection in one (FLOB) or both (DEFA and DEFB)
copies following the duplication event (J. E. Aagaard, unpub-
lished data; University of Washington). Future rigorous tests
of a subfunctionalization hypothesis for the preservation of
FLO and DEF paralogs will require expression data during
floral development as well as information on regulatory ele-
ments, which have only been well characterized for AP3 (Hill
et al., 1998).

Our gene trees show an interesting pattern suggesting that
preservation of FLO and DEF paralogs in Lamiales may not
have occurred independently. Specifically, all families of Lam-
iales for which we found two functional co-orthologs of FLO
also retain two functional co-orthologs of DEF (Fig. 2). Such
a pattern might be the result of rapid fixation of both FLO and
DEF paralogs independently following duplication through a
mechanism such as subfunctionalization (sensu Force et al.,
1999), followed by phylogenetic divergence of the Lamiales.
Alternately, joint preservation might have occurred non-inde-
pendently as the result of the cognate relationships between
genes. LFY/FLO regulates the expression of multiple MADS
box genes including AP3/DEF (reviewed in Zhao et al., 2001),
in part through binding upstream regulatory sequence (Lamb
et al., 2002). Fixation of one set of duplicates (e.g., DEFA and
DEFB) via a mechanism such as subfunctionalization might
increase the probability of preserving an interacting gene
(FLOA and FLOB) via a distinctly different mechanism. One
possibility is dosage compensation, though this seems unlikely
for transcription factors such as LFY/FLO and AP3/DEF,
which can activate downstream targets when expressed at low
levels (LFY/FLO, Coen et al., 1990; Weigel et al., 1992) or
are positively self-regulating (AP3/DEF, Sommer et al., 1990;
Jack et al., 1992). Alternately, a mechanism analogous to sub-
functionalization acting at the molecular level could contribute
to joint preservation of FLOA/B and DEFA/B. Joint preser-
vation of duplicate pairs of interacting genes via divergent
molecular interactions and/or expression domains is referred
to as concerted divergence of gene expression and has been
proposed as a mechanism responsible for the preservation of
parallel networks of duplicated genes in Arabidopsis resulting
from ancient polyploidy (Blanc and Wolfe, 2004). In our case,
sequence divergence between regulatory elements of subfunc-
tionalized DEF paralogs might require FLO paralogs with di-
vergent DNA-binding domains. This hypothesis is testable be-
cause it predicts increased regulatory activity between pairs of
duplicate genes. Interestingly, nonsynonymous substitutions
are significantly elevated within the putative DNA binding do-
main of one of the Lamiales FLO paralogs (FLOB; J. E. Aa-
gaard, unpublished data; University of Washington). Regard-
less of the mechanism, it will be interesting in future studies
to examine the possibility of a similar pattern of correlated
preservation of gene duplicates for PLE (Bradley et al., 1993),
which is also known to be regulated by FLO (McSteen et al.,
1998) as well as Lamiales homologs of other genes recently
identified as regulated by LFY (William et al., 2004).
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Conclusions—The DEFA and DEFB paralogs we cloned in
Lamiales represent another example of repeated duplications
within the AP3/DEF gene lineage (Kramer et al., 1998, 2003).
While previous reports have suggested LFY/FLO may be con-
strained as a single copy gene (Cronk, 2001), this is clearly
not the case in the Lamiales based on preservation of FLOA
and FLOB paralogs within multiple families. Because our
work suggests paralogs of FLO and DEF may be the result of
an ancient whole-genome duplication event in the Lamiales,
screens for homologs of other floral regulatory genes may re-
veal additional paralogous loci. Because duplications appear
to have occurred after the split leading to the Veronicaceae,
the model species A. majus presents a convenient outgroup for
phylogenetic and developmental studies of paralogous floral
regulatory genes. We believe Lamiales taxa will prove valu-
able for understanding the mechanisms of duplicate gene pres-
ervation and how key regulatory pathways may contribute to
morphological diversity in plants.
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