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Abstract

The evolution of the floral homeotic genes has been characterized using phylogenetic and functional studies. It is possible
to enhance these studies by comparing gene content and order between species to determine the evolutionary history of
the regulatory genes. Here, we use a synteny-based approach to trace the evolution of the floral B- and C-function genes
that are required for specification of the reproductive organs. Consistent with previous phylogenetic studies, we show that
the euAP3–TM6 split occurred after the monocots and dicots diverged. The Arabidopsis TM6 and papaya euAP3 genes are
absent from the respective genomes, and we have detected loci from which these genes were lost. These data indicate that
either the TM6 or the euAP3 lineage genes can be lost without detriment to flower development. In contrast, PI is essential
for male reproductive organ development; yet, contrary to predictions, complex genomic rearrangements have resulted in
almost complete breakdown of synteny at the PI locus. In addition to showing the evolution of B-function genes through
the prediction of ancestral loci, similar reconstructions reveal the origins of the C-function AG and PLE lineages in dicots,
and show the shared ancestry with the monocot C-function genes. During our studies, we found that transposable
elements (TEs) present in sequenced Antirrhinum genomic clones limited comparative studies. A pilot survey of the
Antirrhinum data revealed that gene-rich regions contain an unusually high degree of TEs of very varied types, which will
be an important consideration for future genome sequencing efforts.
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Introduction
In nature, flowers can be seen in an enormous variety of
forms. However, the mechanisms controlling flower devel-
opment are largely conserved. A good example of this is the
genetic functions that control the identity of the floral or-
gans. Model flowers are made up of four concentric whorls
of organs that are specified by three gene functions (A, B,
and C) (Coen and Meyerowitz 1991). Flower development
begins with and is maintained by the expression of A-
function genes that confer floral identity to emerging tis-
sues. As a result, leaf-like sepals develop in the first whorl.
Development of second-whorl organs coincides with the
expression of B-function genes that, in combination with
the A function, specify petal identity. The development
of the floral reproductive organs requires the activity of
B- and C-function genes, the expression domains of which
are partly controlled by the A function. Male reproductive
organs, the stamens, result from the co-expression of B- and
C-function genes in the third whorl, whereas the female or-
gans (carpels) are specified by expression of the C function
alone in the fourth whorl (Litt 2007; Causier et al. 2010).

The B- and C-function genes encode transcription factor
proteins belonging to the MADS-box family (Schwarz-
Sommer et al. 1990; Weigel and Meyerowitz 1994). In
plants, extensive gene and genome duplications have re-
sulted in large families of MADS-box genes, leading to
the evolution of diverse functions (Martı́nez-Castilla and
Alvarez-Buylla 2003; Parenicová et al. 2003). Duplication
of the ancestral B-function gene, before the emergence
of the angiosperms, resulted in the paralogous paleoAPE-
TALA3 (paleoAP3) and PISTILLATA (PI) gene lineages
(Purugganan et al. 1995; Kramer et al. 1998; Kim et al.
2004, fig. 1). In angiosperms, genes from both lineages
are required for a fully active B function. For example, in
Arabidopsis, loss of either the AP3 or PI lineage gene func-
tions results in homeotic changes to floral organs, including
loss of stamen identity (Jack et al. 1992; Goto and Meyer-
owitz 1994). Similarly, null alleles of the Antirrhinum genes
DEFICIENS (DEF; AP3 lineage) or GLOBOSA (GLO; PI lineage)
are characterized by conversion of stamens to female struc-
tures (Sommer et al. 1990; Tröbner et al. 1992). A later
duplication of paleoAP3 at the base of the core eudicots
produced the euAP3 and TM6 (named after tomato
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MADS-box gene 6) lineages (Kramer et al. 1998, fig. 1). The
TM6 lineage proteins share a C-terminal protein motif with
paleoAP3 proteins found in monocots, lower dicots, and
magnolid dicots. In euAP3 proteins, a frameshift mutation
replaced the paleoAP3 motif with a new C-terminal motif,
the euAP3 motif (Kramer et al. 1998; Vandenbussche et al.
2003). Thus, the euAP3 lineage, which is unique to the
higher eudicots, represents a divergent paralogous group
(Irish 2006). The TM6 lineage protein has been lost from
Arabidopsis (Rijpkema, Gerats, et al. 2006), but studies in
Petunia and tomato have suggested that TM6 lineage genes
function predominantly in stamen development (de
Martino et al. 2006; Rijpkema, Royaert, et al. 2006). The
emergence of the euAP3 lineage coincided with the radia-
tion of the higher eudicots and the evolution of a petal-
specific AP3 function (Kramer et al. 1998).

In the dicots, duplication of the ancestral C-function led
to the AGAMOUS (AG) and PLENA (PLE) lineages. Indepen-
dent evolution of the paralogues following speciation re-
sulted in the two lineages adopting different functions
in different species. For example, in Arabidopsis the AG lin-
eage gene retained the C-function activity (specification of
the reproductive organs), whereas the function of the PLE
lineage genes, SHATTERPROOF (SHP) 1 and 2, became lim-
ited to carpel and fruit development. Conversely, in Antir-
rhinum, C-function activity was retained by the PLE lineage
gene, whereas the AG lineage gene FARINELLI (FAR) func-
tions only in pollen development (Davies et al. 1999;
Liljegren et al. 2000; Pinyopich et al. 2003; Kramer et al.
2004; Causier et al. 2005).

Phylogenetic studies, in combination with functional
data, have been instrumental in elucidating the evolution
of B- and C-function genes. In addition, the use of unbiased
synteny-based approaches has revealed the conserved na-
ture of the AG and PLE lineage loci between Arabidopsis
and Antirrhinum. With the availability of large amounts
of genome sequence data for numerous species, synteny
is emerging as a useful tool in comparative genomics. In
particular, it is being used to identify gene orthologies
and to trace the evolution of genes over large evolutionary
distances.

Using synteny-based approaches, we followed the evo-
lution of the floral B- and C-function gene families by rec-
reating ancestral gene maps. Consistent with previous data,
we show that the origins of the AP3/TM6 lineages can be
traced back to before the monocot–dicot split. Interest-
ingly, petal and stamen development can seemingly toler-
ate the loss of either the TM6 or the euAP3 lineage gene.
However, PI is essential for stamen identity, and contrary to
predictions, we show how complex genome rearrange-
ments have resulted in an almost complete breakdown
in synteny at the PI locus. By generating similar ancestral
gene maps for the C-function genes, we also show the com-
mon ancestry of the PLE and AG lineages, and their shared
heritage with the monocot C function.

During the course of these studies, we found that the
presence of multiple transposable elements (TEs) in the
bacterial artificial chromosome (BAC)/transformation-
competent artificial chromosome (TAC) genomic sequen-
ces containing the Antirrhinum floral homeotic genes
limited comparative studies. Because large TEs within
gene-rich genomic sequences would be an important con-
sideration in future genome-sequencing efforts, we also
present the first survey of the Antirrhinum genome at
the sequence level.

Materials and Methods

Isolation of Antirrhinum BAC and TAC Genomic
Clones
The Antirrhinum TAC library used in this study has been
described previously (Zhou et al. 2003). Preparation of the
Antirrhinum BAC library will be described elsewhere
(Castillo R, Kuckenberg M, Schwarz-Sommer Z, unpub-
lished data). Antirrhinum BAC and TAC libraries were
screened by polymerase chain reaction or using standard
hybridization protocols, as described (Sambrook and
Russell 2001; Zhou et al. 2003).

Antirrhinum BAC/TAC Sequencing
Each BAC/TAC was sequenced commercially. The sequen-
ces of the PLE, FAR, DEF, and GLO BAC/TACs were com-
pleted by Eurofins MWG Operon. The OVATE BAC was
sequenced by Qiagen, and a complete contiguous se-
quence was only obtained by sequencing clones from
two separate shotgun libraries. The first library had an
average insert size of 1.2–1.5 kb. However, this library only
covered 74.9 kb of the BAC (estimated insert size of 120 kb)

FIG. 1. Evolution of the B-function gene lineages. The ancestral
B-function gene (Ba) duplicated prior to the origin of the angiosperms,
to create the paleoAP3 (pAP3) and PI lineages. A later duplication of
the paleoAP3 gene, at the base of the higher eudicots, resulted in the
TM6 and divergent euAP3 gene lineages (after Kramer et al. 1998).
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and resulted in an unusually high number of remaining
gaps. Assuming that large fragments from the OVATE re-
gion may cause toxicity problems in the Escherichia coli
strain used, a second library, with an average insert size
of 0.6–0.8 kb, was prepared. After merging the sequence
data from both libraries, the total contig size was 104 kb
with 11 gaps, which were closed by direct primer walking
on the BAC. The final BAC sequence was 111.3 kb and was
generated from 2,422 reads from both libraries, with an av-
erage coverage of 14.6-fold.

The complete BAC/TAC insert sequences were submit-
ted to GenBank with the following accession numbers:
OVATE (GenBank: FJ404770), DEF (GenBank: FJ404768),
GLO (GenBank: FJ404769), PLE (GenBank: AY935269),
and FAR (GenBank: AY935268).

Antirrhinum Gene Identification and Bioinformatics
Putative open reading frames were identified by comparing
outputs from various gene prediction algorithms, including
Genscan (http://genes.mit.edu/GENSCAN.html; Burge
and Karlin 1997), GeneMark.hmm (http://opal.biology
.gatech.edu/GeneMark/eukhmm.cgiref; Lukashin and
Borodovsky 1998; each using the Arabidopsis data set,
with default settings), and FGENESH (www.softberry.com;
using both Arabidopsis and tobacco data sets, with
default settings). In most cases, each algorithm predicted
a similar gene set, and further analyses were conducted
using only the Genscan and GeneMark predictions.
Basic local alignment search tool (BLAST) homology
searches were performed, against the plant EST database
at European Molecular Biology Laboratory (www
.ebi.ac.uk/blast2, with default settings), to validate Antirrhi-
num gene predictions. Not all predicted genes had high-
scoring homologous Antirrhinum ESTs. In some cases, this
was due to poor gene prediction (none of the algorithms
accurately predicted any of the previously characterized
genes), but in others it was more likely that the correspond-
ing EST was not present in the database. However, highly
homologous sequences, present in collinear regions of
theArabidopsis (and tomato in the case ofOVATE) genome,
provided sufficient evidence for the validity of the gene
predictions.

Comparisons with the Arabidopsis genome were made
in a number of ways. First, each contig was compared di-
rectly with the Arabidopsis collection of BAC sequences us-
ing the WU-Blast2 algorithm at www.arabidopsis.org.
Second, each predicted peptide was subjected to BLAST
homology searches against both the Arabidopsis protein
data set at www.arabidopsis.org (WU-Blast2 algorithm)
and the Viridiplantae data set at www.ncbi.nlm.nih.gov/
BLAST/ (BlastP), to determine the identity of the predicted
genes (using default settings in each case).

Genome synteny between Antirrhinum, tomato, and
other sequenced species was detected manually. Synteny
between the available genome sequences of other species
was detected using the Plant Genome Duplication Data-
base (PGDD; http://chibba.agtec.uga.edu/duplication/index
/home; Tang, Bowers, et al. 2008; Tang, Wang, et al. 2008).

TEs identified by gene prediction algorithms and BLAST
homology searches were further analyzed for signature fea-
tures of retroelements using the REPuter (DNA repeat
identification; www.genomes.de) and InterProScan (pro-
tein domain searches; www.ebi.ac.uk/interpro) programs.

Identification of Tomato Genomic Regions
Containing Putative Floral Homeotic Genes
Appropriate regions of the tomato genome were identified
by BLAST homology searches against the prerelease of the
tomato genome shotgun sequence (solgenomics.net),
using the TAP3 (DQ674532), TM6 (DQ539419), TPI
(DQ674531), TAG1 (L26295), and TAGL1 (AY098735) gene
sequences. For collinearity studies, we took approximately
50 kb of sequence upstream and downstream of the home-
otic gene location on the appropriate tomato scaffold se-
quences—TAP3: scaffold02164, nt 2821393–2921940; TM6:
scaffold00090, nt 1649405–1749540; TPI; scaffold05575, nt
5347891–5450898; TAG1: scaffold00226, nt 2286871–
2387868; and TAGL1: scaffold07408, nt 4054000–
4154832. Gene predictions were made using Genscan
(Arabidopsis settings), and gene identities by BLAST
homology searches.

Results
The synteny and genome property studies described in this
article involved the isolation, sequencing, and annotation
of three Antirrhinum genomic BAC/TAC clones, totaling
227.4 kb of sequence data containing 27 predicted genes.
Together with two previously published BAC/TAC sequen-
ces (Causier et al. 2005), we now have approximately 367 kb
of Antirrhinum genome sequence. Gene predictions and
homologies are presented in table 1 and Supplementary
table S1 (Supplementary Material online).

B-function
In angiosperms, petal and stamen development are spec-
ified by the action of genes belonging to the AP3 and PI
lineages. To trace the evolution of the various B-gene lin-
eages, we compared gene content, order, and orientation
for B-gene-containing loci from a diverse range of species.

APETALA3 Lineages
In the basal eudicots, duplication at the paleoAP3 locus re-
sulted in the euAP3 and TM6 gene lineages (Kramer et al.
1998, fig. 1). In Arabidopsis and Antirrhinum, the TM6 ortho-
log has apparently been lost (Rijpkema, Gerats, et al. 2006).
To trace the evolution of the AP3 gene lineages, we exam-
ined the extent of gene collinearity at the euAP3- and TM6-
containing loci from a range of species both manually and
using the PGDD (chibba.agtec.uga.edu/duplication/; Tang,
Bowers, et al. 2008; Tang, Wang, et al. 2008). Such analyses
reveal that both the euAP3 and the TM6 loci have a number
of genes in common, indicating their common ancestry. In
addition, the euAP3 locus also contains a number of genes
that are distinct from the TM6 locus, and vice versa (fig. 2A).

Although gene content and order are well conserved at
the euAP3 locus for many of the rosids (Populus
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Table 1. Gene Predictions for Four Antirrhinum BAC/TAC Sequences.

Identity

BAC
Insert

Size (kb) Gene
Gene

Length (bp)
Protein

Length (aa)
No. of
introns Plants Arabidopsis

Antirrhinum
majus EST Description

PLE 85.0 P1 15,680 1,602 4 AAG10812
(Arabidopsis)

At4g23160 AJ787930 Copia retroelement

P2 3,065 413 3 At3g58790
(Arabidopsis)

At3g58790 AJ559559 Glycosyl transferase

P3 7,467 241 5 AAB25101
(A. majus)

At3g58780 AJ800374 PLENA

P4 7,658 690 0 AAG52564
(Arabidopsis)

At1g18560 AJ791306 hAT-like transposon

P5 1,959 115 3 At2g42820
(Arabidopsis)

At2g42820 AJ802015 HVA22

P6 8,802 1,053 3 At3g58770
(Arabidopsis)

At3g58770 — Expressed protein

P7 6,382 298 3 At2g37210
(Arabidopsis)

At2g37210 AJ805299 Expressed protein

P8 9,510 1,754 11 BAB03109
(Arabidopsis)

— AJ805299 Gypsy retroelement

P9 >5,789 >1,217 >1 T00499
(Arabidopsis)

At4g23160 AJ787930 Copia retroelement

FAR 54.3 F1 14,926 607 8 At1g29670
(Arabidopsis)

At1g29670 AJ794332 GDSL lipase

F2 3,952 285 4 At1g29660
(Arabidopsis)

At1g29660 AJ794515 GDSL lipase

F3 3,564 350 5 At1g29670
(Arabidopsis)

At1g29670 AJ794515 GDSL lipase

F4 3,072 321 4 At1g29670
(Arabidopsis)

At1g29670 AJ794515 GDSL lipase

F5 4,549 303 4 At1g29670
(Arabidopsis)

At1g29670 — GDSL lipase

F6 2,991 190 4 At1g29670
(Arabidopsis)

At1g29670 — GDSL lipase

F7 5,688 235 5 CAB42988
(A. majus)

At4g18960 AJ568412 FARINELLI

F8 2,032 547 3 CAD12809
(A. majus)

— — ROSINA-like

F9 3,953 483 3 AAF79374
(Arabidopsis)

— AJ807947 En-Spm/Tnp2
transposon

DEF 65.1 D1 >5,342 >127 >2 — — AJ568083 —
D2 4,279 762 0 AAZ67526

(B. rapa)
— — Copia retroelement

D3 9,409 1,145 3 At2g21390
(Arabidopsis)

At2g21390 AJ802033 Coatomer a-subunit

D4 2,296 ;765 0 AAT38766
(S. demissum)

— — Copia retroelement

D5 1,841 ;613 0 AAC25101
(Arabidopsis)

— — Idle-like transposon/
copia element

D6 4,630 184 4 CAA44629
(A. majus)

At3g54340 AJ559303 DEFICIENS

D7 11,602 349 6 NP_922593
(rice)

At1g75560 AJ790141 Zn finger

GLO 51.0 G1 15,284 214 3 At3g15680
(Arabidopsis)

At3g15680 — Zn finger

G2 8,795 1,500 4 AAD19773
(Arabidopsis)

— — Copia retroelement

G3 12,860 1,526 21 At3g43920
(Arabidopsis)

At3g43920 AJ793377 Ribonuclease III

G4 5,432 177 5 CAA48725
(A. majus)

At5g20240 AJ801781 GLOBOSA

G5 3,748 387 6 BAD36149
(rice)

At2g26270 AJ795996 Expressed protein

NOTE.—BlastP was used to identify the closest matches from the Viridiplantae (plants) and Arabidopsis data sets. TBlastN was used to identify matching Antirrhinum ESTs.
Only those ESTs that gave a significant e value (,10�55) and aligned well to the predicted genes are listed. BAC accession numbers: PLE, AY935269; FAR, AY935268; DEF,
FJ404768; and GLO, FJ404769.
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trichocarpa, Medicago truncatula, Glycine max, and Vitis vi-
nifera), the same is not true for the Arabidopsis AP3 locus
on chromosome 3. Indeed, this locus only shares two genes
in common with the euAP3-containing loci of other rosid
species: AP3 and EMB1967 (fig. 2A). Furthermore, the ori-
entation of these genes relative to one another is unique in
Arabidopsis, suggesting that the contemporary Arabidopsis
AP3 locus is the product of gene duplication, gene loss, and

genomic rearrangement events. A region of Arabidopsis
chromosome 1 that contains several genes syntenic with
the euAP3 locus of other rosids, but that is missing an
AP3-like gene, may represent the other product of a dupli-
cation event (fig. 2A). Comparative studies also revealed
a region of the papaya (Carica papaya) genome syntenic
with rosid euAP3 locus. However, this genomic segment
does not contain an euAP3-like gene (fig. 2A). Furthermore,
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FIG. 2. Relationships between the AP3 and TM6 loci. (A) Synteny at the euAP3 and TM6 loci from Arabidopsis (At), papaya (Cp), poplar (Pt),
Medicago (Mt), soybean (Glyma), grape (Vv), Antirrhinum (Am), tomato, rice, and Brachypodium (shown to the left of each genomic segment
with the chromosome designations; where appropriate, the identifiers for the genes at either end of the displayed segment are shown). The
phylogenetic tree to the left shows the relationships between the species. The euAP3 lineage locus from the dicots is shown at the top of the
panel, AP3 locus from the monocots is shown in the center, with dicot TM6 locus at the bottom of the panel. Reconstructed ancestral euAP3
and TM6 are shown, highlighted in gray. The C-terminal sequence for each AP3/TM6 protein is shown on the right. Current gene predictions
do not identify the euAP3 motif for the Populus euAP3 orthologs. (B) Two Arabidopsis genomic segments are shown that are syntenic with the
TM6 locus but that are missing the TM6, EMB, and LRR orthologous genes. Genes syntenic with the TM6 lineage are connected to part (A) by
dashed lines. (C) A reconstructed gene map for the dicot AP3 ancestor. (D) A reconstructed gene map for the last common ancestor of
monocots and dicots. Gene repertoire and orientation are shown by block arrows for each species, and vertical lines link syntenic genes. Genes
highlighted in black are the AP3/TM6 orthologs. Black circles represent nonsyntenic genes. Landmark genes discussed in the text (SRS5, Co, SL1,
AP3/TM6, EMB, LRR, STH2, ZnK, DHY, GLUT, ALD, and Zn) are indicated.
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BLAST homology searches of the papaya genome sequence
failed to identify an euAP3 gene (data not shown). Two
TM6 lineage genes, which appear to be the result of a linked
duplication (fig. 2A), have been identified in papaya
(Ackerman et al. 2008), but our data indicate that the
euAP3 gene has been completely lost from its genome.

The euAP3 locus of the asterid Antirrhinum shares sev-
eral genes in common with the rosid euAP3 locus. However,
comparisons involving this Antirrhinum genomic region
are limited by the presence of several TEs (table 1). To fur-
ther the comparisons between the rosids and the asterids,
we annotated a region of the tomato (Solanum lycopersi-
cum) genome containing the TAP3 gene. This showed that
gene content and order were as equally well conserved be-
tween asterids and rosids as they are among the rosid loci
(fig. 2A). Together, these data provide the opportunity to
predict the ancestral euAP3 locus. A locus containing SRS5–
Co–euAP3–EMB–LRR–STH2–ZnK may have been the pro-
genitor of modern-day euAP3 locus that existed at the base
of the core eudicots.

Collinearity between the rosid and the asterid TM6 loci
was also well conserved, suggesting that the ancestral dicot
TM6 locus may have had the following gene content and
order: SRS5–DHY–GLUT–ALD–TM6–EMB–LRR–Zn–STH2.
However, the TM6 ortholog was lost from the Arabidopsis
and Antirrhinum genomes. Among the asterids, TM6 was
maintained in the Solanales but has been lost from Antir-
rhinum and Mimulus guttatus (from homology searches of
the draft Mimulus genome at www.phytozome.net; data
not shown), which belong to the closely related Lamiales.
One possibility is that TM6 was lost at the base of the Lam-
iales radiation, or later after Antirrhinum and Mimulus split
from the other Lamiales.

Using the ancestral TM6 locus, we attempted to identify
the region of the Arabidopsis genome from which the TM6
ortholog was lost. Two segments, on chromosomes 3 and 4,
were identified that shared gene order with the ancestral
TM6 locus. Interestingly, in both segments the sequence
containing the TM6, EMB, and LRR genes is missing (fig. 2B).

A number of genes are common to the reconstructed
euAP3 and TM6 ancestral loci (fig. 2A), revealing the com-
mon ancestry of the two lineages. This comparison suggests
that the ancestral dicot AP3 locus that pre-dated the eu-
AP3–TM6 split was likely to include the SRS5, EMB, LRR,
and STH2 genes adjacent to the AP3 gene (fig. 2C).

The euAP3 and TM6 lineages were the product of a du-
plication in the dicots after divergence from the mono-
cots. To trace the evolution of these B-function genes,
we compared the AP3 loci of rice (Oryza sativa) and Bra-
chypodium distachyon to each dicot AP3 lineage. Over the
interval examined, the monocot loci shared only three
genes with the dicot loci, and these genes were common
to both the euAP3 and TM6 lineages (fig. 2A). This con-
firms that both the euAP3 and the TM6 lineages are or-
thologous to the monocot AP3 genes. Based on these
data, we are able to predict that the SRS5, AP3, and
STH2 genes were all present on the ancestral AP3 loci that
pre-dated the monocot–dicot split (fig. 2D). It is interest-

ing to note that the SRS5 gene is in opposite orientations
at the dicot TM6 and euAP3 loci (fig. 2). Furthermore, the
orientation of SRS5 at the TM6 (paleoAP3) locus is con-
served in the monocots, suggesting that SRS5 was flipped
during the evolution of the euAP3 locus.

To confirm that collinearity correctly predicts euAP3
and TM6 lineage genes, we examined the C-terminal se-
quence of the available predicted proteins. As expected,
all those loci predicted to contain euAP3 genes encoded
proteins with an euAP3 motif, whereas those B-function
genes at the TM6 locus, and at the monocot AP3 locus,
encoded proteins with the paleoAP3 motif (fig. 2A).

In summary, we have used synteny to trace back the ori-
gins of the AP3/TM6 lineages to before the monocot–dicot
split. In addition, our comparative study has revealed the
complex genome duplications, rearrangements, and gene
loss that have degraded synteny at the Arabidopsis AP3 lo-
cus and that resulted in the loss of its TM6 ortholog.

PISTILLATA Lineage
With the exception of the Arabidopsis PI locus on chromo-
some 5, the PI-containing locus is well conserved between
the majority of the rosid species examined (fig. 3). Using
the PGDD, no syntenic blocks were identified between
the Arabidopsis PI locus and the genomes of any other spe-
cies. However, two Arabidopsis chromosomal regions, both
on separate parts of chromosome 1 and both missing a PI-
like gene, were found to be syntenic with PI loci from other
rosid species (fig. 3). Together, the findings would suggest
that, like the Arabidopsis AP3 locus, the PI locus has diverged
significantly from those of closely related species.

The 51-kb Antirrhinum BAC clone containing the PI
ortholog GLO is predicted to contain only five genes, includ-
ing a TE (table 1). None of the genes predicted on the GLO-
containing BAC were syntenic with genes at PI loci in other
species, perhaps suggesting that as in Arabidopsis, the GLO
locus has diverged significantly from other PI loci. Because
a comparison between rosid and asterid PI loci was not pos-
sible using the Antirrhinum data, we annotated a 100-kb seg-
ment of the tomato genome containing the PI gene. This
genomic fragment contained seven genes, including a direct
duplication of the EFS gene. Comparison with the rosid data
revealed that only PI and the EFS genes were shared with
tomato (fig. 3). In addition, study of the dicot and monocot
loci (see below) indicated that the WR, PI, and EFS genes
were present on the dicot ancestor of the PI locus (fig. 3).

The PI lineage is common to both monocots and dicots.
We compared the PI-containing loci of Brachypodium, rice,
and Sorghum bicolour with the dicot data, which revealed
that they shared the WR and PI genes in common. This
close association between PI and WR suggests that they
were together in the PI locus of the last common ancestor
of the monocots and dicots.

In summary, the PI locus of Arabidopsis is poorly con-
served in terms of its gene complement with PI loci from
other rosids. Interestingly, this locus is also poorly con-
served in the asterid species examined. As a consequence,
only a limited ancestral PI locus was constructed for the
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common ancestor of the rosids and asterids. However, the
V. vinifera locus contains all the genes found in other rosid
PI loci and may represent a good model for the ancestral
rosid PI locus.

C-function
We had previously revealed the evolutionary relationships
between the Antirrhinum C-function genes PLE and FAR
and the AG and SHP genes from Arabidopsis using a collin-
earity-based approach (Causier et al. 2005). However, this
study was constrained by the available data and by the lim-
ited amount of Antirrhinum genome sequence for the
appropriate loci. To understand better the evolution of
the C-function genes, we compared C-function gene loci
from a number of species, including representatives of
the dicots and the monocots. Our aim was to establish

the ancestral locus of the dicot PLE and AG lineages, the
dicot C-function gene locus prior to the divergence of
the PLE and AG lineages, and finally the locus for the com-
mon ancestor of the monocots and dicots.

To these ends, we identified blocks of synteny between
the different genomes. Previously, we showed that the
Antirrhinum PLE locus was syntenic with the SHP1 and
SHP2 loci of Arabidopsis. This collinearity extends to loci
in the genomes of papaya, G. max, V. vinifera, and tomato,
allowing for the unambiguous identification of the ortho-
logs of PLE/SHP in these species (fig. 4A). The data reveal
that collinearity at this locus is extensive between the ro-
sids, and with the addition of the tomato locus (containing
the TAGL1 gene), a high degree of collinearity between the
asterids and the rosids is also revealed (fig. 4A). Together,
the rosid and asterid data allow prediction of the ancestral
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FIG. 3. Synteny between the PI loci. (A) Synteny at the PI loci from Arabidopsis (At), papaya (Cp), poplar (Pt), soybean (Glyma), grape (Vv),
tomato, rice (Os), Brachypodium (Bradi), and Sorghum (Sb) (shown to the left of each genomic segment with the chromosome designations;
where appropriate, the identifiers for the genes at either end of the displayed segment are shown). PI lineage locus from the dicots is shown in
the top section of the figure, and that of the monocots is shown at the bottom. A reconstructed ancestral dicot PI locus is shown, highlighted
in gray. (B) A reconstructed gene map for the last common ancestor of the monocots and dicots. Gene repertoire and orientation are shown
by block arrows for each species, and vertical lines link syntenic genes. Genes highlighted in black are the PI orthologs. Black circles represent
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dicot PLE/SHP locus with the following gene order: ANK–
EXP–HVA–PLE/SHP–GT–Hyp–PDF–CYP–HAD (fig. 4A).

The Arabidopsis genomic locus containing the C-
function gene AG has been shown to be partially syntenic
with the Antirrhinum FAR locus (Causier et al. 2005). Lo-
cal duplication of the GDSL gene together with the pres-
ence of TEs at the FAR locus (table 1) provided only
limited data on which to examine synteny between these
species. To understand evolution of the AG/FAR locus,
we used PGDD data, together with gene predictions
for the tomato locus containing the TAG1 gene and
our previous data, to examine synteny across a broad
range of species. As we found with PLE/SHP, collinearity
was extensive between the rosids, but only with the ad-
dition of the tomato data was it possible to see that gene
content and order were also conserved between the ro-
sids and the asterids (fig. 4A). Interestingly, as at the FAR
locus, the tomato GDSL gene has duplicated, whereas in
the rosid lineages this has not occurred, suggesting that
the duplication occurred in a common ancestor of An-
tirrhinum and tomato. The asterid and rosid data provide
sufficient information to predict the ancestral dicot AG
locus, containing the following genes: NIP1–UNK–ANK–
AG–GDSL.

The ANK gene is present on both the ancestral PLE/SHP
and AG loci, suggesting that it pre-dates the divergence of
the PLE and AG lineages. These lineages arose in the dicots
following the split from the monocots. This was con-
firmed when we examined the rice locus containing
the C-function gene OsMADS3 and found that it shared
genes with each of the Arabidopsis AG, SHP1, and SHP2
loci (Causier et al. 2005, fig. 4A). To determine the extent
of collinearity between C-function gene loci of the mono-
cots, and between monocots and dicots, we expanded
these initial studies. We found that the C-function gene
loci of rice, Brachypodium, Sorghum, and maize (Zea
mays) were partially syntenic (fig. 4A). In addition, these
loci were also syntenic with the ancestral dicot AG and
PLE loci (fig. 4A).

Together, the data from the C-function gene loci of the
monocots and dicots allow us to predict the ancestral
dicot C-function gene locus that pre-dates the diver-
gence of the AG and PLE gene lineages: NIP1–ANK–
EXP–C (fig. 4B). In addition, we can also predict the
C-function gene locus of the common ancestor of the
monocots and dicots: NIP1–EXP–C (fig. 4C). This would
suggest that the ANK gene either translocated to the di-
cot C-function gene locus or was lost from the monocot
locus, after the monocot–dicot split. Another notable
feature of the C-function gene loci revealed by our com-
parative approach, which was not seen for the B function,
is a translocation of genes to the loci in some species (e.g.,
G. max, M. trunculata, and V. vinifera). Although signif-
icant, these gene additions did not affect our compara-
tive analyses.

In summary, we have traced the evolution of the dicot C-
function gene lineages using genome synteny. We have re-
constructed the ancestral dicot C-function gene locus that

pre-dates the AG–PLE split, which reveals the common an-
cestry with the monocot C-function genes.

Properties of the Antirrhinum Genome
In general, the Antirrhinum floral homeotic BAC/TAC se-
quences showed conserved microsynteny, along the full
length of the clones, with genomic regions from diverse
species. However, in some cases the presence of large
TEs, which resulted in lower than anticipated true-gene
numbers within the available sequence, limited these com-
parisons. Because the presence of these large mobile ele-
ments not only complicates comparative studies but
must also be a major consideration in genome sequencing
efforts, we thought it prudent to make some predictions
about the Antirrhinum genome that may benefit future
studies. To facilitate this, and to avoid potential bias from
studying only floral homeotic MADS loci, we also se-
quenced an additional genomic BAC of 111.3 kb, contain-
ing an OVATE-like gene (table S1). The OVATE BAC shows
conserved microsynteny, along its entire length, with the
previously published tomato OVATE BAC and syntenic
Arabidopsis genomic segments (Ku et al. 2000) and to ge-
nomic regions from various other species (Supplementary
fig. S1, Supplementary Material online).

The five BAC/TACs described in this study map to dif-
ferent chromosomes, and total approximately 367 kb of
genomic sequence, which represents approximately 0.1%
of the 360-Mb haploid Antirrhinum genome (Bennett
et al. 2000). Gene prediction algorithms identified 45 genes
in the five BAC/TAC clones, including 11 putative TEs
(table 1 and Supplementary table S1, Supplementary Ma-
terial online). Non-TE gene densities range from 6.8 to 17
kb/gene over the five separate genomic regions, averaging
10.8 kb/gene. Consequently, we can predict that the Antir-
rhinum genome contains in the order of 33,000 non-TE
genes. The G þ C content for the five BAC/TACs was ap-
proximately 34%. This value is lower than the average re-
ported for tomato (37%), which has one of the lowest G þ
C contents of any plant species (Messeguer et al. 1991;
Wang et al. 2005).

Importantly, our data indicate that approximately 24%
of the genes encoded by the Antirrhinum genome are TEs.
Of the 11 putative TEs, 7 were similar to the long terminal
repeat (LTR) class of retroelements (based on homology
searches, identification of repeated sequence elements,
and protein motif scans; Supplementary fig. S2, Supple-
mentary Material online). LTR retroelements are charac-
terized by long terminal repeats (LTRs; Kidwell 2002) and
are found in distinct groups that include the Ty1-copia
and the Ty3-gypsy elements. Both copia and gypsy ele-
ments contain two major genes, gag and pol, that encode
proteins required for the life cycle of the retroelement
(Feschotte et al. 2002; Casacuberta and Santiago 2003).
The order of the coding units within pol differs between
the copia and the gypsy groups (Supplementary fig. S2,
Supplementary Material online). Of the LTR elements
found in the Antirrhinum sequences, six appear to belong
to the copia family (PLE P1 and P9, DEF D2 and D4, GLO
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G2, OVATE Ov10; table 1 and Supplementary table S1,
Supplementary Material online), and one to the gypsy-like
family (PLE P8; Supplementary fig. S2, Supplementary
Material online). Analysis of the structure of the predicted
retroelements suggests that many have become degraded
over time (Supplementary fig. S2, Supplementary Material
online). Combined approaches, including analysis of DNA
repeats (REPuter, www.genomes.de) and protein domain
searches (InterProScan, www.ebi.ac.uk/interpro), indicate
that at least two of the elements are likely to be complete
(GLO G2 and PLE P8). The remainder appear to have suf-
fered degradation of signature features.

Four DNA transposon-like elements were also identified.
OVATE Ov3 and PLE P4 show similarity to the hAT family of
transposons, whereas FAR F9 appears to belong to the En-
Spm/Tnp2 family (table 1 and Supplementary table S1,
Supplementary Material online). DEF D5 shows similarity
to the newly identified Idle group of transposons (Castillo
R, Schwarz-Sommer Z, unpublished data), although the
prediction of the D5 gene is complicated by the presence
of Ty1-copia sequences (data not shown). Idle transposons
belong to a growing list of short TEs and may be missed by
gene prediction algorithms. To identify small elements
within the BAC/TAC inserts, BLAST homology searches
were performed using each contig sequence against the
Viridiplantae nucleotide sequence data set (at
www.ncbi.nlm.nih.gov/BLAST/). For each BAC/TAC at least
two Idle transposon sequences were revealed (data not
shown), suggesting that transposon numbers in the Antir-
rhinum genome are somewhat higher than indicated by
gene prediction. With the exception of the Idle elements,
none of the putative transposons identified by gene pre-
diction software in this study share absolute homology
with database sequences, suggesting that these may repre-
sent novel Antirrhinum mobile elements.

In summary, our combined large-scale analysis provides
some preliminary data about the arrangement of the
Antirrhinum genome. Critically, it reveals that gene-
rich regions also contain a high degree of TEs, of varied
types.

Discussion

Evolution of the Floral Homeotic Genes Can Be
Traced by Genome Synteny
Extensive functional and phylogenetic studies have estab-
lished the evolutionary relationships between floral ho-
meotic genes from diverse species. In most cases,
phylogeny is sufficient to reconstruct evolutionary histo-
ries. However, occasionally phylogenetic studies are com-
plicated by incorrect gene models or high levels of
substitution. Therefore, approaches that can determine
gene relationships without functional constraints and
that are largely insensitive to incorrectly predicted genes
might be more useful in these cases. In a previous study,
we used genome synteny to show the relationships be-
tween the duplicate C-function genes in Arabidopsis
and Antirrhinum (Causier et al. 2005). Genome synteny

can be efficiently used to unambiguously identify orthol-
ogous genes, to infer ancestral gene loci, and to trace the
evolutionary heritage of a gene. However, in cases such as
Arabidopsis PI, where loss of synteny at a particular locus
would limit its use in determining gene relationships, phy-
logeny remains the best approach.

Evolution of the B-Function AP3 Lineages
At the base of the core eudicots, duplication of the ances-
tral paleoAP3 gene produced the TM6 and euAP3 lineages
(fig. 1), which can be distinguished by particular sequence
motifs. TM6 genes encode proteins with a C-terminal se-
quence referred to as the paleoAP3 motif (DLRLA*),
whereas in euAP3 proteins a frameshift replaced the pale-
oAP3 motif with the euAP3 motif (DLTTFALLE*; Kramer
et al. 1998; Vandenbussche et al. 2003). We examined
whether the euAP3 and TM6 lineages could also be distin-
guished based on conservation of gene content and order
at the gene loci, using data from rosid and asterid genomes.
Reconstructed ancestral genetic maps revealed gene addi-
tions and deletions that distinguished the two lineages in
the dicots. The presence of DHY, GLUT, ALD, and Zn ad-
jacent to AP3 is diagnostic for a TM6 locus, whereas the
complete absence of these genes would be indicative of
an euAP3 locus (fig. 2A). In cases where AP3 genes are in-
correctly annotated, these features may be important iden-
tifiers of orthology. For example, database predictions for
the protein encoded by the AP3-like gene annotated on
poplar chromosome 2 do not include a lineage-defining
C-terminal motif (Pt02g0272 in the PGDD; Pt_APETALA3.1
in the poplar genome database at www.phytozome.net).
However, comparison of the gene complement of the
Pt_APETALA3.1 locus with other AP3/TM6 loci places
the gene in the euAP3 group (fig. 2A). The Arabidopsis ge-
nome does not have a TM6 ortholog, and the papaya ge-
nome appears to lack an euAP3 gene. However, by
searching for the defining features of AP3 lineage loci,
we identified genomic segments in each species from which
these B-function genes were possibly lost (fig. 2).

The paleoAP3 motif is found throughout the angio-
sperms, whereas the euAP3 motif is unique to the higher
eudicots (Kramer et al. 1998; Vandenbussche et al. 2003).
Consistent with previous studies, which suggest that the
duplication resulting in the TM6 and euAP3 lineages oc-
curred before the diversification of the major higher dicots
(Kramer et al. 1998), synteny between AP3 loci from the
monocots and dicots reveals that the euAP3–TM6 split
was specific to the dicots.

TM6 and euAP3 diverged from a common paleoAP3 an-
cestor, the ortholog of which is present in the monocots.
Interestingly, although the monocots and dicots
diverged approximately 140 My (Chaw et al. 2004), it was
possible to trace the common heritage of the AP3 lineages
from these groups of plants in the synteny data (fig. 2A).

Evolution of the B-Function PI Lineage
Comparison of the PI loci from a range of rosid and asterid
species reveals that the genomic regions are generally
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syntenic (fig. 3). However, closer inspection reveals that col-
linearity between rosid and asterid loci is poor. Indeed, the
Antirrhinum GLO locus shows no collinearity with any
other PI locus, and the tomato PI genomic region shows
very limited shared gene content. Interestingly, the Arabi-
dopsis genome segment containing the PI gene also shows
no collinearity with any of the rosid or asterid locus. Thus, it
appears that conservation of gene order at the PI locus is
restricted to a small group of rosids. AP3 and PI lineage
gene activities are essential for male reproductive organ de-
velopment. In contrast to higher eudicot AP3 lineages,
where loss of either the TM6 or the euAP3 duplicate has
no impact on stamen development (see below), loss of
PI results in the complete absence of stamens. One would
predict that, as shown for yeast (Pál and Hurst 2003), es-
sential genes would be in regions of low recombination.
However, in the case of PI, it appears that the loci have
diverged significantly following speciation. One possibility
for this is that the PI regulatory region is compact (Chen
et al., 2000), suggesting that genomic rearrangements were
less likely to disrupt the locus.

Complex Genomic Rearrangements and the
Evolution of the Arabidopsis B-function
The Arabidopsis genome has undergone one or more large-
scale gene or whole-genome duplications. In addition, con-
siderable genomic rearrangements and gene loss are also
evident, which reduce collinearity and complicate compar-
ative studies (Blanc et al. 2000; Simillion et al. 2002; Raes
et al. 2003; Tang, Bowers, et al. 2008). Although the ortho-
log of TM6 has been lost from the Arabidopsis genome, our
synteny-based approach has identified two genomic seg-
ments that are syntenic with TM6 loci in other species.
The loss of TM6 may have coincided with the deletion
of a small region of the TM6 locus, which also included
the EMB and LRR genes. In species where both lineages
are maintained, aspects of the B-function appear to be par-
titioned between the TM6 and euAP3 genes (Poupin et al.
2007; Ackerman et al. 2008, and references therein). In con-
trast, in Arabidopsis and Antirrhinum, where the euAP3
genes are indispensable for stamen development, loss of
TM6 genes may reflect a reduced selective pressure to
maintain these genes. The role of TM6 and euAP3 genes
in stamen development is likely to be the ancestral func-
tion because stamens evolved only once (Kramer et al.
1998). In contrast, evolution of petals at the base of the
higher eudicots correlates with the emergence of the diver-
gent euAP3 lineage. However, petal-like structures have
evolved several times and are found in flowers of the
monocots and lower dicots, suggesting that each time
these arose, the paleoAP3 genes adopted new functions
(Kramer et al. 1998). In the higher eudicot papaya, the eu-
AP3 ortholog has been lost from the genome (Ackerman
et al. 2008, fig. 2A); yet, the flowers produce five petals (Yu
et al. 2008). Together with the Arabidopsis and Antirrhinum
data, this suggests that euAP3 and TM6 lineage genes can
be equally co-opted into petal and stamen developmental
pathways and that only one duplicate, from either the eu-

AP3 or the TM6 lineage, needs to be maintained for normal
flower development. A clear example of this is the rescue of
both petal and stamen identity in the Arabidopsis ap3-3
mutant expressing the maize paleoAP3 gene Silky1
(Whipple et al. 2004).

Complex gene/genome duplications, genome rearrange-
ments, and gene loss processes have resulted in a break-
down of synteny at both the Arabidopsis AP3 and the PI
loci. Loss-of-function ap3 and pi mutants were critical
for defining the B-function (Coen and Meyerowitz
1991). However, it seems that although these genes are
good models for the functionality of the B function, the
genomic loci are poor templates for comparative genomics
and gene synteny studies.

Evolution of the C-Function Lineages
C-function gene activity is essential for both male and fe-
male reproductive organ development in flowering plants.
In dicots, the C-function is performed by a single gene, loss of
which results in the conversion of reproductive organs to
perianth organs and in total sterility. In a common ancestor
of the dicots, this essential gene duplicated, resulting in the
modern-day AG and PLE lineages. However, following spe-
ciation, the critical C-function activity was retained by a dif-
ferent duplicate in Arabidopsis (AG) and Antirrhinum (PLE;
Kramer et al. 2004; Causier et al. 2005; Irish and Litt 2005).
Comparison of the reconstructed ancestralAG and PLE gene
loci reveals traces of the common ancestry of the two lin-
eages. However, because the duplication that produced
these two lineages occurred uniquely in the dicots, PLE
andAG are both orthologous to monocot C-function genes.
In rice and maize, the C-function duplicated independently
to that in dicots and resulted in a partitioning of C-function
activity between the two copies (Mena et al. 1996;
Yamaguchi et al. 2006). Comparison of the loci containing
the maize C-function genes ZAG1 and ZMM2 (Mena et al.
1996) failed to identify syntenic segments in any of the other
monocot or dicot genomes. Interestingly, a third maize lo-
cus on chromosome 3 shared two genes in common with
monocot C-function loci. The first is a MADS-box gene that
is a recent duplicate of ZMM2 (ZMM23; Münster et al. 2002)
and the second a gene with weak homology to the
At3g58770 (EXP) gene from Arabidopsis (fig. 4A). Together,
this suggests that complex genome rearrangements have
occurred during the evolution of the C-function in maize.
The duplicate rice C-function genes OsMADS3 and Os-
MADS58 (Yamaguchi et al. 2006) lie in regions syntenic
with genomic segments from the monocot species Sorghum
and Brachypodium, which are all syntenic with both the PLE
and the AG loci (fig. 4A).

Although comparison of the reconstructed ancestral AG
and PLE loci reveals traces of the common evolutionary his-
tories of these lineages, inclusion of the monocot loci pro-
vides a better template from which ancestry can be studied.
What emerges is a reconstructed locus for the last common
ancestor of the AG and PLE lineages (fig. 4B) that is remark-
ably similar to the predicted ancestor of the monocots and
dicots. Together, this suggests that the arrangement of the
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C-function loci has remained relatively constant over large
evolutionary distances.

The Antirrhinum Genome Is Unusually Rich in TEs
All the Antirrhinum genomic clones sequenced as part of
this investigation contained TEs. We found that the pres-
ence of these elements limited our comparative studies,
which suggested that they might also be a problem for
future Antirrhinum genome sequencing and assembly
projects. The total sequence presented in this article, iso-
lated from different chromosomes, represents approxi-
mately 0.1% of the Antirrhinum genome, allowing us
to perform a pilot survey of the genome. Application
of the gene prediction data to the whole genome suggests
that it contains about 48,000 genes (both TE and non-TE),
at a density of one gene every 8.1 kb. Gene number in
eukaryotes is constant, ranging from 25,000 to 43,000
(Caldwell et al. 2004). However, plant genomes are rich
in TEs and gene number is often overestimated in plants
due to poor annotation of these elements (Kumar and
Bennetzen 1999; Fedoroff 2000; Casacuberta and Santiago
2003; Bennetzen et al. 2004). Identification of TEs is com-
plicated by the fact that the majority identified in plant
genomes are no longer functional, and most copies are
nonautonomous or are fragments of full-length elements
(Kidwell 2002). Of the 45 genes predicted in the 367 kb of
Antirrhinum genome sequenced, 11 had strong homology
to TEs (table 1 and Supplementary table S1, Supplemen-
tary Material online). Further study of these elements
revealed that the majority were incomplete and presum-
ably nonfunctional (Supplementary fig. S2, Supplemen-
tary Material online). Taking this into account,
we predict that, similar to other eukaryote genomes,
the Antirrhinum euchromatin contains approximately
33,000 non-TE genes, at a density of one gene every
10.8 kb.

However, our data suggest that the Antirrhinum genome
has a much higher density of TEs (24% of predicted genes
are TEs) than that of other dicot species, including tomato
(12–96% TEs of which are retroelements; Wang et al.
2005), Arabidopsis (mobile elements constitute only 4–
8% of the genome; Casacuberta and Santiago 2003), and
chickpea (8.6%; Rajesh et al. 2008). Many of the TEs iden-
tified here are unlike TEs previously characterized in Antir-
rhinum. TEs have proved invaluable in identifying the
functions of Antirrhinum genes (Schwarz-Sommer et al.
2003), and the discovery of new elements will facilitate
reverse genetics screens in the future.

A number of short elements were also identified in the
BAC/TAC nucleotide sequences. These short elements be-
long to a novel group of nonautonomous class II DNA
transposons identified in Antirrhinum, Misopates, and Li-
naria, termed Idle (Castillo and Schwarz-Sommer, unpub-
lished data). In Antirrhinum, 105 unique Idle transposon
sequences have been identified to date (accession
numbers AM422777 and FM992410-FM992514). Conse-
quently, the presence of multiple Idle transposons in
the BAC/TAC sequences suggests that the prediction

of TE numbers in the Antirrhinum genome may be a sig-
nificant underestimation.

Supplementary Material
Supplementary figures S1 and S2, and supplementary table
S1 are available at Molecular Biology and Evolution online
(http://www.mbe.oxfordjournals.org/).
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