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agreement with the organismal phylogeny
(see references in ‘Background’). Several
clades of AP3 and PI homologues that cor-
respond to well-supported organismal
clades were consistently recognized by Kim
et al. (2004), including Magnoliales and
monocots. The eudP3 gene clade, which
was previously described (Kramer et al.,
1998), was recovered in most analyses.

SHAGGQGY-like kinases

The SHAGGY/GSK3-like kinases are non-
receptor Ser-Thr kinases that play numerous
roles in plants and animals (Kim and
Kimmel, 2000). The rice and Arabidopsis pro-
teomes include 69 and 79 SHAGGY-like
kinases, respectively, but these genes can be
subdivided into smaller gene families. For
example, ten Arabidopsis genes were identi-
fied as forming a clade with SHAGGY itself
(AtSK genes; Dornelas et al., 2000). The AtSK
family was shown to form four subclades in a
phylogenetic analysis (Charrier et al., 2003):
(1) AtSK41 and AtSK42 formed a subclade sis-
ter to the remaining genes, which were
weakly supported as a clade (bootstrap sup-
port < 50%); (i1) AtSK31 and AtSK32 formed
a second subclade sister to the remaining
genes, which formed a well-supported (88%
bootstrap) clade (this clade was composed of
the two remaining subclades, each of which
received strong bootstrap support); (iii)
AtSK21, AtSK22 and AtSK23 (100%); and (iv)
AtSK11, AtSK12, AtSK13 (98%). The AtSK
loci appear to have diverse functions.
Mutant-based analyses indicate that A(SK11
and AtSKI2 have a role in floral develop-
ment; expression analyses suggest that
AtSK31 is flower-specific (Charrier et al.,
2003). The SHAGGY-like kinases are also
involved in plant responses to stress.

The Floral Genome Project research con-
sortium has obtained ESTs for a number of
SHAGGY-like  kinase genes in basal
angiosperms. Yoo et al. (2005) conducted a
phylogenetic analysis of all SHAGGY-like
kinase genes available in public databases, as
well as the ESTs from basal angiosperms (Fig.
10.13). Plant SHAGGY-like kinase genes form
a well-supported clade distinct from those of
animals (see also Charrier et al., 2003). Across
all angiosperms, Yoo et al. identified four

clades of SHAGGY-like kinase genes that mir-
rored the AtSK subgroups reported for
Arabidopsis. Importantly, SHAGGY-like kinase
genes from rice and from basal angiosperms
were also represented in these four clades.
For example, SHAGGY-like kinase ESTs from
basal angiosperms appeared in all four of the
subclades noted (Fig. 10.13). These data indi-
cate that SHAGGY-like kinase genes diversi-
fied into these four well-marked clades early
in angiosperm evolution.

SKP1-like proteins

Gene duplications within the angiosperms are
also important in the history of the SKPI gene
family. SKP1 (S-phase kinase-associated pro-
tein 1) is a core component of Skp1-Cullin-F-
box protein (SCF) ubiquitin ligases and
mediates protein degradation, thereby regu-
lating many fundamental processes in eukary-
otes such as cell-cycle  progression,
transcriptional regulation and signal trans-
duction (Hershko and Ciechanover, 1998;
Callis and Vierstra, 2000). Among the four
components of the SCF complexes, Rbx1 and
Cullin form a core catalytic complex, an F-box
protein acts as a receptor for target proteins,
and SKP1 links one of the variable F-box pro-
teins with a Cullin (Zheng et al., 2002). There
is only one known functional SKP1 protein in
human and yeast, and this unique protein is
able to interact with different F-box proteins
to ubiquinate different substrates (Ganoth et
al., 2001). In some plant and invertebrate
species, however, there are multiple SKPI
genes, which have evolved at highly heteroge-
neous rates (Farras et al., 2001; Nayak et al.,
2002; Yamanaka et al., 2002; Kong et al.,
2004). The extreme rate of heterogeneity
observed among the 38 rice and 19 Arabidopsis
SKP1 homologues raised concerns that long-
branch attraction may obscure true relation-
ships in phylogenetic analyses of the entire
gene family. For this reason, Kong et al. (2004)
partitioned the original data set into subsets of
genes with slow, medium and rapid rates of
evolution and analysed each group separately.
Most SKPI homologues observed in EST
databases were included in the set of slowly
evolving genes. In Arabidopsis, the slowly
evolving SKPI genes were expressed more
widely (in more tissues and more develop-
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Fig. 10.13. SHAGGY-like kinase tree. Strict consensus of equally most parsimonious trees (shown as a
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mental stages) and at higher levels than the
more rapidly evolving rice and Arabidopsis
SKPI homologues. In addition, the strength
of purifying selection was found to be signifi-
cantly greater in the slowly evolving
Arabidopsis SKP1-like genes (Kong et al., 2004).
Taken together, these results suggest that the
slowly evolving SKP1 homologues serve the
most fundamental function(s) to interact with
Cullin and F-box proteins.

The two slowly evolving Arabidopsis SKP1-
like I and 2 genes, ASKI and ASK2, are
important for vegetative and flower develop-
ment and essential for male meiosis (Samach
et al., 1999; Yang et al., 1999; Zhao et al.,
1999, 2001b, 2003). Slowly evolving SKPI
homologues from other plant species usually
have very similar sequences, suggesting that
they may also serve similar fundamental
functions (Kong et al., 2004). Multiple slowly
evolving SKPI homologues have been sam-
pled in EST studies for a variety of
angiosperm species, including Liriodendron,
Persea, Mesembryanthemum, Vitis, Medicago,
Lotus, Rosa, Arabidopsis, Brassica, Gossypium,
Helianthus and Solanum. While relationships
are poorly resolved across the angiosperm
SKP1 phylogeny, it is clear that gene duplica-
tion events that have occurred throughout
angiosperm history have contributed to this
set of conserved genes (Fig. 10.14). Recent
duplication has increased SKPI gene diver-
sity in Brassica, Helianthus, Medicago and
Triticum. In contrast, conserved paralogues in
Liriodendron, Persea, Mesembryanthemum, Vitis,
Lotus, Rosa, Arabidopsis, Gossypium —and
Solanaceae are the products of ancient dupli-
cation events. Interestingly, the basal position
of the sole Amborella SKP1 homologue sam-
pled from a set of 10,000 ESTs suggests that
all of these duplications occurred after the
origin of the angiosperms (Fig. 10.14).

Homology of Floral Organs: Extending
Out from New Models

Can we use expression data to determine
organ identity?

The homology of characters leading to the
assessment of organ identity can be inferred
from the mature phenotype, from the posi-

tions and function of organs within a flower,
from developmental morphology, from phy-
logeny, from developmental genetics, or a
combination of these approaches (Albert et
al., 1998; Buzgo et al., 2004a). Albert et al.
(1998) were among the first to explore the
topic of using gene expression data as one
means of determining floral organ identity,
and this application of expression informa-
tion continues to be a topic of debate. As an
example, there are now divergent definitions
of perianth organs and interpretations of
organ identity. Sepals typically are the outer-
most organs of the flower, whereas petals are
conspicuous organs, typically of the second
perianth whorl. The two outer floral whorls
in Tulipa may be positionally homologous to
sepals and petals, respectively. However, both
whorls are morphologically petaloid, and, as
noted, patterns of B-class gene expression in
both whorls resemble those of eudicot petals
(Kanno et al., 2003). If gene expression pat-
terns are conserved across the broad phylo-
genetic distances from Arabidopsis to tulip,
then these data suggest homology of both
whorls to petals. Alternatively, changes in
expression patterns of B-function genes may
have occurred during angiosperm evolution
(e.g. ‘shifting borders’; Kramer et al., 2003); if
so, similar expression patterns may not indi-
cate homology. Extension of expression and
functional data to homology assessment of
the lodicules of grasses is even more challeng-
ing. Although lodicules occur in the position
of petals and exhibit B-class gene expression
(e.g. Schmidt and Ambrose, 1998), as pre-
dicted for petals, their unique morphology
suggests that they may not be ‘petals’, despite
their position and gene expression patterns.
Thus, morphology, developmental data and
genetic data may provide conflicting evidence
of homology (organ identity) and yet ulti-
mately a more complete, and complex, view
of a structure (Buzgo et al., 2004a).

Eupomatia: a case study

Eupomatia (Eupomatiaceae; Fig. 10.1) is a
genus of two species that possess an unusual
structure (a calyptra) that encloses and pre-
sumably protects the flower in bud. The ori-
gin of the calyptra has been debated. Some
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Fig. 10.14. Phylogenetic relationships of slowly evolving SKP1 proteins from select rosid (ROS, ROS1,
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have considered it to represent a modified
perianth (Cronquist, 1981), but develop-
mental data indicate that it represents a
modified bract (Endress, 2003).
Eupomatiaceae are closely related to the
Magnolia family, members of which have a
well-developed perianth of showy tepals, as
well as bracts that enclose the flower.

Kim et al. (unpublished) examined the
expression of A and B class genes in the
calyptra. The B-function genes (AP3 and PI)
isolated from staminodes of Eupomatia
species were strongly expressed in develop-
ing stamens, staminodes and carpels, but
either not expressed or expressed weakly in
the calyptra, at a level consistent with expres-
sion in leaves. As reviewed, recent studies
suggest that in basal angiosperms and mono-
cots an ‘ancestral’ ABC model (compared
with  Arabidopsis) operates with B-function
genes expressed throughout the perianth.
Following this model (Fig. 10.8), the pattern
of expression of floral genes in the calyptra
of Eupomatia generally matches the expecta-
tions for a non-floral organ (such as a leaf or
bract) rather than predictions for perianth,
consistent with Endress’s (2003) interpreta-
tion based on developmental morphology.

Thus, in some situations such as a clade
of related taxa, floral gene expression may
be useful in addressing the origins of enig-
matic structures. There are caveats, how-
ever. In the case of a basal angiosperm such
as Eupomatia, comparisons are better made
in light of the proposed ‘ancestral’ ABC
model, rather than the classic ABC model of
Arabidopsis and other core eudicots.

Gene Evidence and the Origin of Flowers

An understanding of the nature of the
flower in basal angiosperms should help in
elucidating the evolutionary origin of the
flower itself. Flowers differ so greatly from
the reproductive structures of living and fos-
sil gymnosperms that the origin of the
flower has long been a famous question in
evolutionary biology. Numerous hypotheses
based on morphological, developmental and
palaeobotanical studies have been proposed
(reviewed in Stebbins, 1974; Crane, 1985;

Hughes, 1994), but each typically accounts
for only a limited range of observations, and
none is testable, unless revealing fossils hap-
pen to be discovered.

The Mostly Male Theory (Frohlich and
Parker, 2000; Frohlich, 2001, 2002, 2003)
arose through studies of the LFY gene, in
particular from the observations that LFY is
single copy in diploid angiosperms, but that
there are two copies present in all extant
gymnosperm groups, owing to an ancient
duplication predating the divergence of
angiosperms from extant gymnosperms.
Angiosperms would have inherited both
copies of LFY, but one of these has been lost.
Expression of the gymnosperm LFYs in pine,
coupled with the role of LFY in angiosperms,
suggests that one gymnosperm LFY helps to
specify the male reproductive unit while the
other helps to specify the female unit.
Angiosperms retain only the male-specifying
unit, suggesting that the angiosperm flower
may derive more from the male reproductive
structure of the gymnosperm ancestor, rather
than from the female unit. Other data from
extant plants and from fossils are consistent
with this view, and together suggest that
bisexuality of the angiosperm reproductive
structure may have arisen when the ovule
antecedent became ectopic upon micro-
sporophylls of a reproductive unit resembling
that of the fossil gymnosperm group,
Corystospermales. The theory is consistent
with the flower antecedent originally consist-
ing of stamen- and carpel-like structures, but
without a perianth, and with insect-attractive
features and insect pollination long predating
the full elaboration of the flower (Frohlich,
2001), as suggested by the timing of the
AP3/PI gene duplication described above.

Other recent gene-based hypotheses also
focus on the origin of angiosperm bisexual
reproductive structures from the unisexual
structures typical of gymnosperms. Albert et
al. (2002) proposed an alternative to Mostly
Male. Their hypothesis stresses the possible
functional replacement of one copy of LFY
by the other, resulting in expression of both
male- and female-specific genes in the
reproductive unit. Theillen et al. (2002) sug-
gest that changed expression patterns of B-
class genes could have generated bisexual
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reproductive structures from either male or
female cones of gymnosperms. Both of these
hypotheses, but especially that of Theillen et
al. (2002), suggest relatively equal participa-
tion of male- and female-derived gym-
nosperm genes in the organization of the
flower. If the distinction between gym-
nosperm male and female structures is fully
determined by differences in B-gene expres-
sion, then changes in B-gene expression
patterns should bring the full panoply of
male- or female-specific genes into the (for-
merly) unisexual cone of the other gender.

The relative contribution of male- and
female-specific gymnosperm genes to those
active in the flower constitutes a direct test
of these theories. The gene discovery, gene
phylogeny and gene expression studies of
the Floral Genome Project (see below) will
provide this test.

Future Prospects

The evolution of flower morphology is being
elucidated through research on the genetic
mechanisms of reproductive development in
diverse angiosperms. Arabidopsis has figured
prominently in these studies. Although
Arabidopsis was the first plant to have its
nuclear genome completely sequenced (in
2000), earlier genetic studies of Arabidopsis
(beginning in the late 1980s) paved the way
for evolutionary interpretations of the mole-
cular processes underlying floral diversity.

The evolutionary genetics of floral

morphology
While the simplicity of the ABC model made
it seem that diversions from ‘normal
sepal/petal/stamen/carpel  identity ~among

angiosperms might be explored through com-
parative expression studies of A-, B- and C-
function genes (as has been done analogously
with homeobox genes in the segmental evolu-
tion of animals), the greater genetic complex-
ity now recognized behind flower
development indicates that this view requires
revision. For example, one author of this con-
tribution once felt that explaining the

homeotic evolution of a second corolla (fused
petal) whorl in the Hawaiian genus Clermontia
(Campanulaceae) would be a simple issue of
demonstrating ectopic expression of B-func-
tion genes in the first, normally sepalar,
whorl. However, with the generality of the A
function now in question, the mechanistic
basis for the double-corolla phenotype in
Clermontia might be other than simply out-of-
place B-function gene expression.
Furthermore, if altered B-gene expression is
the cause, various mechanisms could generate
such modified expression. The naturally
occurring mutation could be within a B-func-
tion coding sequence, or perhaps in its tran-
scriptional  promoter, which might have
elements that fine-tune spatio-temporal
expression. It could equally well be that the
double-corolla lesion is in a different gene, the
product of which normally interacts with a B-
function gene’s promoter to regulate where it
expresses. In other words, the gene that nor-
mally excludes B-function genes from the first
whorl of Clermontia, or any gene upstream of
it in its developmental regulatory cascade,
could be the culprit. Analysing this problem
will not be simple, because Clermontia, unlike
weedy Arabidopsis, is a small tree that is much
less tractable to genetic studies that require
progeny analysis. Such ‘forward’ genetic stud-
ies, starting with a phenotypically recogniz-
able mutation and culminating with the gene
linked to it, may be difficult to accomplish out-
side of the model plants. Therefore, investiga-
tors are turning more and more to ‘reverse’
genetic approaches that start with a gene
sequence that is suspected to have a particular
function (e.g. through a molecular evolution-
ary relationship to genes of known function)
and work backwards to establish this function
through transgenic experiments that over-
and/or underexpress the gene’s protein prod-
uct. In this way the Gerbera SEP-like genes
were characterized.

The Floral Genome Project, a large-scale
effort to identify genes specific to flower
development and those linked to floral diver-
sification, is under way (Www.
floralgenome.org; overview in Soltis et al.,
2002). The Floral Genome Project 1is
sequencing genes expressed during the earli-
est stages of floral development in diverse
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