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Through multifaceted genome-scale research involving
phylogenomics, targeted gene surveys, and gene expres-
sion analyses in diverse basal lineages of angiosperms,
our studies provide insights into the most recent common
ancestor of all extant flowering plants. MADS-box gene
duplications have played an important role in the origin
and diversification of angiosperms. Furthermore, early
angiosperms possessed a diverse tool kit of floral genes
and exhibited developmental ‘flexibility’, with broader
patterns of expression of key floral organ identity genes
than are found in eudicots. In particular, homologs of B-
function MADS-box genes are more broadly expressed
across the floral meristem in basal lineages. These results
prompted formulation of the ‘fading borders’ model,
which states that the gradual transitions in floral organ
morphology observed in some basal angiosperms (e.g.
Amborella) result from a gradient in the level of expres-
sion of floral organ identity genes across the developing
floral meristem.

Origin of the flower - fossil and phylogenetic
perspectives

Angiosperms represent one of the greatest terrestrial
radiations. The oldest fossils date from the early Cretac-
eous [1], 130 million years ago (mya)-136 mya, followed
by a rise to ecological dominance in many habitats before
the end of the Cretaceous [1]. Recent molecular estimates
have converged on 140 mya—190 mya, suggesting an
even older origin in the early Cretaceous or late Jurassic
(2,3].
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The closest relatives of angiosperms remain a mystery.
Modern gymnosperms form a clade; therefore, no single
living gymnosperm lineage is the sister group of the ang-
iosperms [4,5]. In addition, there are no known fossils
representing unequivocal stem-group angiosperms (i.e.
angiosperms that attach below the basal node of all extant
angiosperms). When placed in the larger context of both
living and fossil seed plants, angiosperms are nested
within the pteridosperms (‘seed ferns’), probably close to
Caytoniales and Bennettitales [6—8] and perhaps close to
Gigantopterids [9].

Molecular data have clarified much of the phylogeny of
living angiosperms (e.g. Refs [3,8]), revealing Amborella
(Amborellaceae), Nymphaeaceae (water lilies), and Austro-
baileyales (star-anise and relatives) as sequential sister
lineages to a clade including the magnoliids, the monocots
and the eudicots. These basalmost lineages have emerged as
pivotal for investigating the characteristics of the most
recent common ancestor (MRCA) of all extant angiosperms.
The Floral Genome Project (FGP) has been using genomic
approaches to explore the evolution of floral develop-
ment and to characterize the ancestral floral transcriptome,
focusing on basal angiosperms [Amborella, Nuphar (spad-
derdock; Nymphaeaceae), representing the basalmost
branches of the tree; Persea (avocado; Lauraceae) and Lir-
todendron (tulip poplar; Magnoliaceae) representing the
magnoliid clade], a basal eudicot [Eschscholzia (California
poppy; Papaveraceae)], and a basal monocot [Acorus (Acor-
aceae), sweet flag] (Figure 1a). Comparative analyses of
ESTs, finished cDNA sequences, and gene expression pat-
terns assessed through in situ, RT-PCR, and microarray
experiments reveal both conservation and dynamism in the
evolution of the floral genetic program.
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Figure 1. Floral diversity in basal angiosperms. (a) Amborella trichopoda (Amborellaceae) (photograph by S. Kim). (b) Nuphar pumila (Nympheaceae) (photograph by S. Kim).
(¢) lllicium parviflorum (llliciaceae) (photograph by S. Kim). (d) Persea americana (Lauraceae) (photograph by M. Buzgo). (e) Asimina longifolia (Annonaceae) (photograph by
S. Kim). (f) Liriodendron tulipifera (Magnoliaceae) (photograph by S. Kim). (g) Eupomatia laurina (Eupomatiaceae) (photograph by H. Teppner). (h) Cultivated Tulipa (Liliaceae)
(photograph by S. Kim). (i) Acorus americanus (Acoraceae) (photograph by M. Buzgo). (j) Eschscholzia californica (Papaveraceae) (photograph by C. Chen). (k) Antirrhinum
majus (Plantaginaceae (photograph by S. Kim). (l) Arabidopsis thaliana (Brassicaceae) (photograph by H. Ma). Abbreviations: C, carpel; P, petal; Se, sepal; Sm, staminode; St,
stamen; T, tepal. (m) Extended ABCE model. In Arabidopsis, APETALA1 (AP1) and AP2 are the A-function genes, AP3 and PISTILLATA (PI) are the B-function genes, and
AGAMOUS (AQG) is the C-function gene. In Antirrhinum, the homolog of AP7is SQUAMOSA, homologs of AP2 are LIPLESS1 and LIPLESSZ2, homologs of AP3 and Pl are
DEFICIENS (DEF) and GLOBOSA (GLO), respectively, and the homolog of AGis PLENA (PLE). However, SQUAMOSA and LIPLESS genes do not perform a classic A function [17].
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The ABC model and MADS-box genes - sequence
conservation and shifting expression

Developmental genetic investigations of the eudicot
models Arabidopsis and Antirrhinum (Figure la) have
identified >80 genes crucial for normal floral development,
including genes involved in flower initiation and organ
development [10,11]; however, the number of genes active
during flower development is certainly much larger (e.g.
Ref. [12]), and mechanisms controlling some important
attributes of the flower (such as the number of floral whorls
and number of organs in a whorl) remain poorly under-
stood. The best-known genes controlling floral organ iden-
tity are the A-, B- and C-function genes [13,14]. As
proposed in the original ABC model, the A function alone
specifies sepal identity, the A and B functions together
control petal identity; the B and C functions together
control stamen identity; and the C function alone specifies
carpel identity (Figure 1b). The ABC model also specifies
that A-function genes repress the expression of C-function
genes.

Whereas the ABC model has served as a unifying
paradigm for floral developmental research for more than
a decade, only the B and C functions tend to be highly
conserved, with the A function perhaps important only in
some eudicots, such as Arabidopsis [14-18]. Except for
the Arabidopsis A-function gene APETALA2 (AP2) and
homologs, all ABC genes are members of the MADS-box
gene family and encode putative transcription factors [14].
Additional MADS-box genes control ovule identity in eudi-
cots (the D function) [19] and confer the E function (SEPAL-
LATAI-SEPALLATA4, SEPI-SEP4 [20,21]), which is
required for specification of all floral organs in Arabidopsis.
We will not consider the D function separately here because
the canonical D-function gene SEEDSTICK is closely
related to the C-function gene AGAMOUS (AG), but D-
function genes are not always orthologous [22,23]. However,
the E function plays a major role in the formation of floral
organs and is closely allied with ABC functions. Hence, the
updated model of floral organ identity in well-studied
angiosperms is the ABCE model, and we will use that
designation (Figures 1b and 2).

MADS-box gene duplications and evolution

Homologs of most floral MADS-box genes have been
identified from basalmost angiosperms and basal eudicots,
in addition to core eudicots (Table 1), and show patterns of
gene duplication and loss [21-24]. Phylogenetic analyses of
MADS-box genes indicate many gene duplications occurred
either before or close to the origin of angiosperms [21,23,
25,26]. These gene duplications could have arisen simul-
taneously, via polyploidy, an important force throughout
angiosperm history [8]. Genomic analyses have implicated
polyploidization before or coincident with the origin of the
angiosperms and the divergence of major core eudicot
lineages [27]. Polyploidy has also been prevalent in many
angiosperm clades (e.g. Ref. [28]), including several basal
angiosperm lineages [29], and might have been responsible
for the co-occurrence of duplicated MADS-box genes. Impor-
tantly, the patterns of duplicationsinthe APETALA1 (AP1),
APETALA3/PISTILLATA (AP3 and PI, respectively), AG
and SEP subfamilies [21-23,25] are similar and roughly
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Figure 2. Models of genetic control of floral organ identity. (a) Classic ABCE model
[13,19,20,70,71]. We are not considering the D function separately here because D-
function genes are phylogenetically closely related to the C-function gene AG and
its close homologs, and because genes controlling the D function are not always
orthologous. The fundamental differences in floral morphology of some basal
angiosperms - as well as many monocots and some basal eudicots - compared
with the core eudicots suggested that there might be underlying differences in the
regulation of floral organ identity genes in these lineages [8,30,47]. Some
monocots have two outer cycles or whorls of colorful floral organs (tepals) that
are not morphologically differentiated into clear sepals and petals; the classic ABC
model might not apply to such flowers [72]. (b) The ‘sliding boundary’ model [73]
(or ‘modified ABC model’ [72] or 'shifting boundary’ model [30,74]) explains the
presence of morphologically identical, petaloid, inner and outer whorls of parts (as
in the monocots Lilium and Tulipa and some basal eudicots, including
Ranunculus). The shifting or sliding boundary model permits the boundary of B
function to slide across the developing flower from its restricted location in
Arabidopsis to include the outer floral whorl. (¢) The fading borders model [40,41]
attempts to explain the gradual transition between floral parts in some basal
angiosperms.

correspond to major events in angiosperm phylogeny (e.g.
origin of eudicots), suggesting that MADS duplications
might have played an important role in the origin and
diversification of the angiosperms.

The duplication that resulted in the two B-function
gene lineages (AP3 and PI) occurred 230 mya—290 mya
[25], ~100 million years before the oldest fossil flowers,
shortly after the split between extant gymnosperms and
angiosperms and on the ‘stem’ lineage of extant flowering
plants. Although the B function controls in part the iden-
tity of petals, no such structures are recognizable in the
fossil record during the 100-million-year period after the
estimated time of the AP3/ PI duplication, suggesting that
the joint expression of AP3 and PI did not immediately
result in the formation of petals [25]. AP3- and PI-homo-
logs also specify stamen identity in angiosperms (in
conjunction with AG and SEP genes), so specification
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Table 1. MADS-box gene sequences identified in Floral Genome Project expressed sequence tag sets and via screening using

degenerate primers®

Subfamilies Unpl AG ST11 DEF/

GLO

DEF GLO SEP | AGL6 | SQUA | Tm3 TM8  MIKC*

Functional group CandD

B E A

Gymnosperms
Welwitschia mirabilis 3 - 1 1
Zamia fischeri 2 - - 1
Basalmost angiosperms
Amborella trichopoda 1 2 1 -
Nuphar advena 1
Magnoliids
Liriodendron tulipifera - - 1 -
Persea americana - 2 1 -
Saruma henryi - 1 - -
Monocots
Acorus americanus - - 1 -
Asparagus officinalis - 1 - -
Yucca filamentosa - — 1 —
Eudicots
Eschscholzia californica — 2 - -
Cucumis sativus = - - -

2 1 2 1 - - - -

= = = 1 = = = =

Abbreviations: AG, AGAMOUS; AGL, AGAMOUS-like; DEF, DEFICIENS; GLO, GLOBOSA; MIKC*, a type of MIKC gene with unusual |- and K-regions compared with classical
MIKC-type genes; SEP, SEPALLATA; SQUA, SQUAMOSA; ST11, Solanum tuborosum MADS11; TM3, TOMATO MADS3; TM8, TOMATO MADSS; Unpl, identified as MADS-
box gene family member but unplaced in known subfamilies (ambiguous subfamily identification because of short sequence or potential presence of new subfamilies); —,

indicates no data.
®The numbers of genes identified for each clade and taxon are shown.

of microsporophylls (i.e. leaf-like organs bearing
microsporangia [30]) might have been the original role
of AP3 and PI homologs. In extant gymnosperms, the
(single-copy) sister gene of the AP3 + PI clade appears
to have that role [31]. Nonetheless, it is possible that
co-expression of AP3- and PI-homologs mediated the evol-
utionary innovation of animal-attractive, petal-like org-
ans well before the appearance of flowers. The presence of
epidermal features on gymnosperm reproductive organs,
such as papillose epidermal cells with cuticular ridges,
which in angiosperms can contribute to petal color satur-
ation [32] and to the release of fragrances [33], suggests
that these fossil gymnosperms were insect-pollinated [34].
The fossil groups Bennettitales and Cheirolepidiaceae,
both believed to be insect-pollinated, have papillae on
the epidermises of their reproductive structures [35,36].
The C-function gene AG is a member of a subfamily
that includes three other Arabidopsis genes, SHATTER-
PROOF1, SHATTERPROOF?2 (SHP1, SHP2), and SEED-
STICK (STK) [22,23]. The duplication events that gave rise
to this group have resulted in paralogs that retain similar
biochemical activities, with subfunctionalization and/or
neofunctionalization perhaps primarily driven by shifts
in expression pattern [23]. Expression patterns and gene
function can be evolutionarily labile. For example, AG and
the Antirrhinum PLE gene share C-function, but they are
paralogs rather than orthologs [37]. As noted, the E func-
tion plays a major role in the formation of floral organs, and
the corresponding SEP subfamily of MADS-box genes has
also undergone multiple duplication events, including one
before the origin of the extant angiosperms [21]. The
SEP1-SEP3 genes have retained largely overlapping E-
function in Arabidopsis [20]. The apparent absence of any
SEP homologs in extant gymnosperms and the function of
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SEP genes in promoting all floral organ identities, even
when ectopically expressed in leaves, suggest that the
function of SEP genes might have played a key role in
the origin of the flower [21].

Broader expression in basal angiosperms

Expression patterns of MADS-box genes in eudicots and
grasses are often consistent with gene functions as
revealed by genetic studies, and support the ABCE model.
Strong expression of eudicot AP3 and PI homologs is
typically limited to petals and stamens, where these genes
are required for organ identity specification [14,15]. The
expression of MADS-box genes in basal angiosperm flow-
ers is generally consistent with the ABCE model [38].
However, homologs of the B-function genes AP3 and P/
are broadly expressed in tepals, stamens and carpels in
many basal angiosperms, including representatives of the
three basalmost lineages, Amborella, water lilies, and
Illicium of Austrobaileyales, as well as in members of
the magnoliid clade (e.g. Magnolia) [38]. Although the
ancestral expression of C-function homologs is not
inferred to be appreciably broader than that of extant core
eudicots, C-function homologs are expressed in the peri-
anth whorls (tepals) of the basal angiosperms Illicium [38]
and Persea [39].

Broad and varying expression of the homologs of floral
organ identity genes in basal angiosperms suggests more
floral developmental variation among lineages as well as
lability within individual species. This developmental ‘flexi-
bility’ correlates well with the variability in floral form
observed in basal angiosperms. However, this pattern con-
trasts with the restricted B-class expression and pro-
nounced floral canalization observed in core eudicots.
Flexibility in the expression pattern of floral regulators is
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a fundamental component of the fading borders model (see
below).

Fading borders: a model for early angiosperms?

The broader expression of B- (and to a lesser extent, C-)
function homologs in basal angiosperms indicates that the
ABCE model as developed for eudicots is not perfectly
applicable to extant basal angiosperms and, by inference,
the earliest angiosperms. The floral morphology of many
basal angiosperms provides a crucial hint to what might be
a more appropriate model for these plants. In some basal
angiosperms (e.g. Amborella and Illicium), floral organs
are spirally arranged with a transition from bracts to outer
and inner tepals, from tepals to stamens, and finally to
carpels (Figure 1a). These gradual intergradations of floral
organs cannot be easily explained by the classic ABCE
model and, together with floral developmental studies,
prompted the development of the ‘fading borders’ model
[40,41]. This model posits that the gradual transitions in
floral organ morphology result from a gradient in the level
of expression of floral organ identity genes across the
developing floral meristem (Figure 2). Weak expression
at the margin of the range of ‘activity’ of a gene overlaps
with the expression of another regulator in adjacent cells.
This pattern of overlapping expression would result in the
formation of morphologically intermediate floral organs
rather than organs that are clearly distinct [16,38]. Recent
data from the expression of B-function genes in Amborella
lend support to this model [38].

The existence of gradients of MADS-box gene expression
across apical meristems of Gerbera (Asteraceae) has
recently been described [42], albeit for the capitulum
(the condensed inflorescence of composites) rather than
for a single flower. These authors postulate that relatively
simple threshold models comprising short-range acti-
vation, long-range inhibition, and non-linear regulatory
feedback loops would be enough to establish a morphogen-
etic gradient that could account for the observed differen-
tial gene expression.

The A-function mystery

Whereas sequence and expression analyses suggest that B,
C and E functions might be broadly conserved, the A
function, specification of sepals and petals and repression
of C-function genes, has not been widely observed. Indeed,
although researchers often refer to the ABC model or
recent variants (the ABCE or ABCDE model), the A func-
tion has so far been demonstrated only in Arabidopsis
[17,18]. Brendan Davies et al. [17] argued that the A
function as specified in the ABC model [13] is not even
applicable to Antirrhinum or indeed the vast majority of
flowering plants. Indeed, the original model for floral organ
determination in Antirrhinum involved only B and C
functions [43]. Although homologs of the A-function gene
AP2 are apparently expressed in some basal angiosperms
(e.g. Amborella), expression of AP1 homologs in Nuphar
and Magnolia is higher in leaves and carpels than in
perianth [38]. However, it is important to distinguish A
function from expression of AP1 and AP2 homologs because
the ‘A function’ might be conferred from genes other than
homologs of the A-function genes of Arabidopsis [16], and
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different genes might be responsible for the specification of
the perianth and the repression of C-function genes.
Hence, at this point, whether an A function is important
in basal angiosperms remains a major question.

Origin of the flower

Many theories have been proposed for the origin of the
flower (reviewed in Refs [5,8]), but only recently have
models been based on known gene regulatory networks
[44-47]. The Mostly Male theory of flower origins was the
first to be based on evidence from genes, in particular,
homologs of the Arabidopsis gene LEAFY (LFY), as well as
on mutant phenotypes and the morphologies of extant and
fossil plants [5,34,44]. Alternatives to the Mostly Male
theory include models that involve pleiotropy [45]. Other
authors have proposed ‘homeotic’ models [46,47]. David
Baum and Lena Hileman [47] proposed three steps in
flower origin and evolution: the origin of bisexuality, floral
determinacy with axis compression, and the origin of
petals. Importantly, recent gene expression studies of
the two LFY paralogs in gymnosperms [48] do not support
the Mostly Male theory, although the morphological evi-
dence remains. More comprehensive analyses of LFY-like
gene expression from gymnosperms must be incorporated
into any future model that includes modifications of such
genes as central to the evolution of the flower.

The ancestral floral genetic program

Basal angiosperms already had a diverse array of floral
regulators, comparable to that observed in derived eudicot
models. The prevalence of the broader pattern of expres-
sion of B-, and to a lesser extent C-function genes in basal
angiosperms suggests that broader expression character-
ized the earliest (ancestral) flowering plants, and phylo-
genetic reconstructions support this hypothesis [38].
Although there is evidence for weak expression of AP3
and PI homologs in tissues other than stamens and petals
in core eudicots during some stages of development, in
basal angiosperms, AP3 and PI homolog expression is both
considerable and broad. Canalization of MADS-box gene
expression in accord with the ABCE-model (as described
for Arabidopsis and Antirrhinum [13,43]) originated later.
That is, the more restricted pattern of floral gene expres-
sion in these eudicots is derived (Figure 3) [16,38].

The floral transcriptome

A rich tool kit

As data have emerged from major EST projects, it has
become possible to make broad comparisons of some of the
numerous genes and gene families that are involved in
normal floral development [11,12]. Particularly useful
have been ESTs generated for a suite of basal angiosperms
(http://www.floralgenome.org) [49]. Importantly, many
genes identified in rice and Arabidopsis have clear homo-
logs in basal angiosperms [49]. The data indicate that early
angiosperms already possessed a diverse assemblage of
floral genes.

Focused studies of gene families involved in flowering in
model organisms (e.g. Arabidopsis) further illustrate
the rich tool kit of floral genes already present in early
angiosperms, as well as contrasting modes of gene family
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Figure 3. Evolution of expression patterns of floral MADS-box genes in angiosperms (modified from Ref. [38]). Summary tree for flowering plants with placement of model
organisms and illustrations of floral diversity. Known or postulated expression patterns are shown on the right for organ identity genes: (i) ABC model developed for core
eudicots [13] and some monocots; (ii) an example of shifting boundary model applied for some basal eudicots [75] and monocots [76]; (iii) fading borders model proposed
for the basalmost angiosperms (Amborellaceae, Nymphaeaceae, and Austrobaileyaceae, Schisandraceae and llliciaceae), as well as other basal angiosperms (e.g. some
magnoliids [40,41]). Broken arrow indicates that a scheme similar to the classic ABC model might apply to at least one basal angiosperm (Asimina, pawpaw). ‘? indicates
uncertainty regarding A function. The eudicot clade is highlighted in gray, with core eudicots in dark gray. Basal angiosperms are a non-monophyletic group made up of all
lineages outside of the eudicots; monocots are sometimes considered basal angiosperms based on their origin among other early lineages of flowering plants [8]. Likewise,
basal eudicots are those lineages of eudicots outside of the core eudicots (highlighted in light gray). Abbreviations: C, carpel; P, petal; Se, sepal; Sm, staminode; St, stamen;

T, tepal.

evolution. For example, SHAGGY-like kinase genes
diversified into four well-marked clades early on during
angiosperm evolution, yielding the four subgroups reported
for Arabidopsis [50]. In contrast to SHAGGY-like kinase
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genes (as well as MADS-box genes), the 19 and 22 SKPI
homologs that have been identified in Arabidopsis and rice,
respectively, are products of lineage-specific duplications
since the divergence of the monocots and eudicots [51].
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Genome-wide analyses of Arabidopsis and rice SKPI1-like
homologs indicate that retroposition is an important mech-
anism for the expansion of the plant SKP1 gene family [52],
which includes members that are important for normal
floral organ development [11].

MicroRNAs (miRNAs) are short, noncoding RNAs
present in eukaryotes that regulate the expression of other
genes [53]. One miRNA (miR172 —known to regulate AP2/
ERF-genes in Arabidopsis) causes early flowering; when
overexpressed it disrupts the specification of floral organ
identity in Arabidopsis [54]. Analyses of the AP2-like gene
family showed that the binding site of miR172 in angios-
perms is restricted to members of one lineage and is not
present in all AP2-like genes. Furthermore, Sangtae Kim
et al. [55] speculated that this mechanism of gene regula-
tion by miR172 is an ancient one, having originated before
the divergence of extant gymnosperms and angiosperms
~290 mya—310 mya. Recent experiments involving trans-
genic Nicotiana benthamiana suggest similarities in the
regulation of AP2 homologs by miR172 in rosid and asterid
eudicots [56].

Other floral genes

ABCE-function transcription factors influence floral form
through regulation of target genes, including the antagon-
istic interactions specified in the ABC model [13], but much
remains to be learned about ABCE gene targets in model
systems and about how the targets of organ identity genes
vary across species. Microarray analyses of gene expres-
sion in Arabidopsis mutants with compromised A, B and C
functions have implicated possible targets [57,58], and a
similar approach has been used to investigate upstream
regulators of flower development [59]. Homologs have been
identified in basal angiosperms (through EST sequencing
and limited targeted gene surveys) for many of the genes
found to be up- or down-regulated during floral develop-
ment in these Arabidopsis mutants [49], and experiments
are underway to determine whether gene expression pat-
terns are consistent with conserved function throughout
angiosperm history.

Gene discovery

A genomics approach has offered the promise of discovery
of new floral developmental regulators [60,61] through
comparisons of conserved, florally expressed genes in
selected exemplar species. By focusing on those Arabidop-
sis and rice single-copy genes that were also found in floral
EST libraries from basal angiosperms, the Arabidopsis T-
DNA knockout resource could be used for functional
analysis of the FGP-isolated cDNA in question. One gene
discovered by this method was identified as a new floral
developmental regulator based on the striking alteration
in floral organ number shown by plants homozygous for the
T-DNA knockout allele of its Arabidopsis homolog (P.
Zheng and D.G. Oppenheimer, unpublished). This new
factor was identified as a subunit of the Mediator complex
that ‘mediates’ interactions between transcriptional reg-
ulators and RNA polymerase II during transcriptional
activation. Like the transcriptional initiation complex,
Mediator was generally believed to have a role in the
control of all genes transcribed by RNA polymerase II.
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Loss of a Mediator subunit, therefore, would be predicted
to result in overall transcriptional activation problems,
resulting in a highly pleiotropic phenotype. The appear-
ance of specific floral developmental defects in this mutant
was unexpected, particularly given two decades of Arabi-
dopsis forward genetic screens, and demonstrates that
broad comparisons across angiosperms can highlight novel
genes with strong mutant phenotypes, even in well-studied
models. Other shared single-copy genes are being similarly
investigated (e.g. Ref. [62]).

Microarray experiments

To determine the tissues or cells in which the floral genes of
basal angiosperms are expressed, species-specific micro-
array and other approaches have been used to profile gene
expression patterns. Custom microarrays containing in-
situ synthesized 60-mer gene probes have been developed
based on the ESTs generated for FGP species, and micro-
array experiments have so far been performed for the
magnoliid Persea (A. Chanderbali et al., unpublished)
and the basal eudicot Eschscholzia (L. Zahn et al., unpub-
lished). RT-PCR, in situ hybridization, and microarray
investigations coupled with developmental data suggested
that the ‘petals’ of Persea (Figure 1a) and other Lauraceae
are of staminal origin (A. Chanderbali et al., unpublished)
[39]. Furthermore, dozens of floral genes were most highly
expressed in young fruit, including MYB, YABBY and
WRKY transcription factors. Homologs of the MADS-box
transcription factors AG, AP3 and SEP3 were also highly
expressed in young fruit, complementing genetic evidence
from tomato [63] that floral developmental regulators also
play a role in fleshy fruit development.

Eschscholzia (Ranunculales; Figure 1a) represents the
basalmost lineage of eudicots and is well suited as a
comparative model for eudicot radiation and diversifica-
tion [23]. Of >6000 unigenes examined, ~83% were differ-
entially expressed, suggesting that most of the genes might
have differential function in one or more of the tissues
analyzed. Several genes are differentially expressed be-
tween one or more of the floral organs and leaves, including
some putative homologs of known floral genes and new
candidate regulator genes. The floral ESTs even include
genes that are preferentially expressed in the leaf, such as
genes encoding chloroplast and ribosomal proteins.
Expression data were obtained for a large number of
putative regulatory genes. In addition to MADS-box genes,
genes encoding other transcription factors, such as HD-Zip,
bZip, bHLH and MYB proteins, exhibit differential expres-
sion among organs. Future comparative analyses will
assess the evolution of expression pattern in these gene
families by placing these data for Eschscholzia onto gene
trees.

Floral genes, floral structures and homology

In contrast to most other basal angiosperms, which have
flowers with an undifferentiated perianth of morphologi-
cally similar tepals, Asimina (pawpaw) and other Anno-
naceae instead possess a bipartite perianth of distinct
sepals and petals (Figure 1a) comparable to that observed
in eudicots. This perianth differentiation is accompanied
by a restriction of expression of B-function homologs to the



petals and stamens, rather than broad expression across
perianth organs; meanwhile, C-class genes are expressed
in stamens and carpels, but not in the perianth whorls [38].
This pattern of expression is identical to that of Arabidop-
sis and Antirrhinum and indicates that Asimina sepals and
petals appear comparable to those of eudicots in terms of
developmental genetic criteria. However, these sepals and
petals represent an independent evolutionary origin from
that of eudicots, indicating that on at least two occasions,
modifications to the ancestral expression pattern of floral
regulatory genes resulted in the ‘classic’ ABC model, with
discrete zones of gene activity, and the formation of a
bipartite perianth. There have also been multiple tran-
sitions to bipartite perianth structure in the monocot clade
(e.g. within the Poaceae [64]).

Future prospects

Detailed functional genetic studies of a few key model
eudicots, chiefly Arabidopsis and Antirrhinum, have pro-
vided enormous insights into the genetic control of flower
development. However, with only a few exceptions, basal
angiosperms are not yet amenable to true functional stu-
dies; most are woody, with long generation times and/or
large size, making most species impractical as genetic
models. However, herbaceous basal angiosperms that
are transformable and have rapid life cycles, such as
Aristolochia [Dutchman’s pipe (Aristolochiaceae), B. Bliss,
H. Ma, S. Maximova and C. dePamphilis, unpublished],
might have great potential as new functional models. In
addition, Persea americana (avocado) has promise as a
functional genetics model for woody magnoliids. It can
be transformed, and by grafting transformants onto older
shoots, flowering and phenotype analysis can be achieved
in less than two years [65]. Virus-induced gene silencing
(VIGS) also allows functional analysis, by permitting tar-
geted gene down-regulation in diverse plants, such as the
basal eudicots Papaver [66] and Aquilegia [67].

Greatly improved high-throughput methods enable the
complete transcriptome of a flower to be fully sampled
within a reasonable timeframe and cost, permitting the
discovery of all active genes and facilitating inferences based
on what is, and what is not, expressed. Phylogenetically
based comparisons among the promoters of functionally
equivalent genes will identify islands of conserved DNA
sequence that are likely to correspond to conserved binding
sites for transcription factors. DNA sequences within these
conserved islands will suggest which classes of transcription
factors regulate particular genes. This ‘phylogenetic foot-
printing’ enables direct comparison of regulatory inputs to
gene expression. Other methods, such as surface plasmon
resonance, are being applied to measure quantitatively the
protein—DNA as well as protein—protein interactions. These
studies are essential for modeling transcription factor net-
works. Parallel technological advances should facilitate
study of other components of gene regulatory systems, such
as microRNAs and chromatin structure. Such approaches
will greatly strengthen both forward and reverse genetic
studies of diverse plants.

Evolutionary history leaves its mark in all aspects of
life, including the genetic systems that control develop-
ment. An evolutionary perspective has already enhanced
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understanding of well-studied models, as shown by the
pioneering phylogenetic footprinting study of the AG pro-
moter in Brassicaceae [68]. Organisms often have redun-
dant genetic control systems to mediate important aspects
of development that result in developmental homeostasis.
The relative importance of these systems is likely to differ
in different plants. Systems of minor importance in stan-
dard models can be of central importance in other plants;
the discovery of such systems in non-model organisms
might lead to their identification in standard models. An
excellent example is the discovery of plasma membrane
receptors for steroid hormones in Arabidopsis before the
discovery of plasma membrane steroid hormone receptors
in animals.

Much current research focuses on commonalities in
developmental genetic systems across angiosperms. As
shared systems become better understood, efforts will shift
to developmental systems that undergo changes, resulting
in evolutionary novelty. The most important will be devel-
opmental genetic changes that underlie instances of paral-
lel and convergent evolution. Parallel evolution is the
analog of the replicated experiments fundamental to the
physical sciences. Such studies will show the range of
evolutionary mechanisms that can bring about specific
morphological and physiological changes. This framework
will also provide genetic engineers with multiple examples
of how to manipulate the morphology and physiology of
plants for practical benefit. Parallel evolution in features of
biological importance is far more common in plants than in
animals; hence, angiosperms are the organisms of choice
for such studies [69].

With funding from the NSF Plant Genome Comparative
Sequencing Program, a physical map will be developed over
the next few years for Amborella as part of the Ancestral
Angiosperm Genome Project (http://AncestralAngiosperm.
org). Even coarse knowledge of gene order over large blocks
of the Amborella genome should provide the data necessary
to discern whether MADS-box gene duplications in ancient
angiosperms were associated with a genome-wide dupli-
cation [29]. Furthermore, with the publication of the Popu-
lus genome and active genome sequencing projects for other
well-placed eudicots (e.g. Carica, Medicago, Solanum,
Mimulus and Aquilegia), great opportunities exist for gen-
ome-enabled comparative research on floral development
and many other aspects of angiosperm evolution.
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