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Introduction

The origin and evolution of the flower have
been intensively studied not only because of
the great importance of flowers (and espe-
cially the fruits they produce) in providing
human food, but also because of their ¢cru-
cial role in angiosperm sexual reproduction
and many plant-animal interactions. The
past centuries of.morphologically and taxo-
nomically based studies of flowers gener-
ated much information, but left some of the
most critical questions of flower origin and
evolution unresolved. Recent progress in
understanding angiosperm (and seed plant)
phylogeny provides a solid framework far
evaluating evolutionary inmovation, and
identifies the taxa that provide the best
insights into key innovations. The recent
growth of developmental genetics provides
exciting new data for understanding flower
evolution; the interplay of developmental
genetics with focused studies of morphol-
ogy, development and phylogeny kas genér-
ated a new field of study: the evolution of

development (evo-devo). Evo-devo offers
the best hope for rapid advance in the
understanding of flower evolution. To
appreciate this potential one must be cog-
nizant of recent advances in all of these
fields — phylogeny, morphology and devel-
opmental ‘genetics — that are merging to cre-
ate evo-devo.

Here we describe recent progress in the
study of floral evelution, beginning with
advances in phylogeny and the reconstruc-
tion of trends in floral evolution. We
include a brief comparative review of some
of the genes known to regulate flower
development, with an emphasis on recent
studies relevant to the classic ABC model
of flower development, We conclude with a
perspective on future research on floral
biclogy at the genomic level. Throughout
our discussion we describe how experi-
mental genedc and phylogenetic analyses
are together improving our understanding
of the evolution of floral architecture and
the molecules regulating floral develop-
ment.
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Trends in Floral Evolution Inferred from
Phylogeny

Background

A clear understanding of angiosperm phy-
logeny has recently emerged (e.g. Qiu ef al.,
1999; Soltis ef al., 1999, 2000; Barkman &
al., 2000; Zanis & al., 2002, 2008). These
well-resolved and highly concordant DNA-
based phylogenies have important implica-
tons for interpreting the morphology of
early angiosperms and subsequent patterns
of floral evolution.

Before the application of explicit phyle-
genetic methods, several investigators pro-
posed that the first angiosperms had large,
Magnolia-like flowers (Arber and Parkin,
1907; Bessey, 1915; Takhtajan, 1969;
Cronquist, 1981). Stebbins (1974), in con-
trast, suggested that the earliest flowers were
moderate in size. Endress (1887) proposed
that the earliest angiosperm was bisexual,
but that the transition to unisexuality was
relatively easy, the perianth was undifferen-
tiated and could be easily lost, and that the
number of floral parts was labile.

Early phylogenetic studies focused
attention. on several herbaceous lineages
(e.g- Nymphacaceae, Piperaceae and
Chloranthaceae; Fig. 10.1} as possible first-
branching extant angiosperms (Donoghue
and Doyle, 1989; Doyle e gl., 1994). Based
on these results, it was suggested that early
flowers were small, with a trimerous peri-
anth, and with few'stamens and carpels.
However, more recent analyses (e.g.
Mathews and Donoghue, 1999; Parkinson
et al., 1999; Qiu et al., 1999; Soltis et al.,
1999, 2000; Barkman e al., 2000; Doyle
and Endress, 2000; Graham and Qlmstead,
2000; Zanis ¢ al., 2002, 2003; Borsch et al.,
2003; Hilu et al., 2003) place Amborella,
Nymphaeaceae (including Cabombaceae;
see APG II, 2003) and Ausirobaileyales as
basal to other extant angiosperms (Fig.
10.2). This topology suggests insteal that
the earliest flowers were small to moderate
in size, with an undifferentiated perianth,
stamens lacking a well-differentiated fila-
ment, and a gynoecium composed of one
or more distinct carpels,

Fossils are critical for inferring the origin
and early diversification of angiosperms, but
fossil flowers of the earliest angiosperms are
scarce. None the less, early Cretaceous
angiosperm fossils are consistent with the
hypothesis that the first flowers were small
to moderate in size, with an undifferentiated
perianth (Crane, 1985; Friis # gl., 1994,
2000; Crane ¢t al., 1995), although Magnelia-
like forms also occurred during the same
geological time (e.g. Archaennthus; Dilcher
and Crane, 1984). In addition, some early
angiosperms lacked a peranth (e.g
Archagfructis; Sun & al., 2002), but these may
not be basal within anglosperms (Fris ef al.,
2003). There are no known fossils repre-
senting  unequivocal stem-group angio-
sperms, (l.e. angiosperms that attach below

the basal node leading to Amborella,
Nymphaeaceae and all other living
anglosperms).

One way to infer ancestral states is to
employ character-state reconstruction with
Phylogenetic trees and programs such as
MacCrape (Maddison and Maddison, 1992).
Using this approach, the evolution of spe-
cific floral characters in basal angiosperms
has been reconstructed (e.g. Albert ef al,
1998; Doyle and Endress, 2000; Ronse De
Craene et ¢l., 2008; Zanis & al., 2003; Soltis
et al., 2004). We review some of the findings
of these character-state. reconstructions
below using the most conservative optimiza-
tion method (all most parsimonious states;
Maddison and Maddison, 1992), Other
reconstructions, using other optimization
methods and tree topologies, are provided
in the references noted above. Most of the
same general conclusions are supported
regardless of optimization.

Perianth differentiation

A differentiated or bipartte perianth has an
outer whorl of sepals clearly differentiated
from the inner whorl(s) of petals. In con-
trasi, an undifferentiated perianth lacks

: clear differentiation between the outer and

inner whorls, or the perianth may consist of
undifferentiated spirally arranged parts.
These undifferentiated perfanth organs
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Fig. 10.2. Summary topology for angiosperras showing general positions of model arganisms {in bold).
Medified from Soltis et al. (2003).

have traditionally been referred to as tepals. " and petals) that are not clearly differentiated
_ The term tepal was coined by De Candolle morphologically; thus, the entire perianth
- (1827) to describe perianth organs (sepals may be petaloid. Takhtajan (1969), in con- -
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trast, used the term ‘tepal’ in a phylogenetic
sense such that all monocots have tepals.
Takhtajan’s definition limits the application
of tepal to specific groups of angiosperms
and requires different terms for an undiffer-
entiated perianth in other groups. Following
other recent investigators, we will use the
term tepal as defined by De Candolle.
Distinguishing sepals from petals-is not
always straightforward (Endress, 1994a;
Albert et al., '1998). Whereas sepals and
petals are readily distinguished in most eudi-
cots {~ 75% of all angiosperms), this is often
not the case in basal angiosperms (Fig. 10.1},
many of which have numerous undifferent-
" ated perianth parts arranged in spirals,
rather than in distdnct whorls, a condition
long considered ancestral {(e.g. Bessey, 1915;
Cronquist, 1968; Takhtajan, 1969).

The origin of a differentiated perianth of
sepals and petals has long been of interest
(c.g. Eames, 193]1; Hiepko, 1965; Kosuge,
1994; Albert et al., 1998; Kramer and Irish,
1999, 2000). It has been proposed that
petals evolved first and that sepals evolved
later (e.g. Albert et al., 1998) and that petals
have evolved multiple times from different

. floral crgans in different groups (e.g. Eames,
1961; Takhtajan, 1969; Kosuge, 1994; Albert
et al., 1998; Zanis &t al., 2003).

Takbtajan (1969, 1997) suggested two
origins of petals, one from stamens and one
from bracts. Support for multiple, indepen-
dent origins of petals has come from mor-
phological studies showing that 'petals’ of
various angiosperms exhibit major differ-
ences and can be grouped into two basic
classes (e.g. Endress, 1994a; Kramer and
Irish, 2000). In one group are petals that
resernble stamens. The petals are develop-
mentally delayed and are similar in appear-
ance to stamen primordia at inception
{Endress, 1994a). These petals have some-
times been termed andropetals. The second
type of petaloid organ (conventionally
termed tepals; Cronquist, 1981) is found in
undifferentiafed perianths and is more leaf-
like in general characteristics. These. petals
initiate and mature much earlier than do
the stamens and are generally more leaf-like
in appearance than are other petals (Smith,
1928; Tucker, 1960; Takhtajan, 1969, 1997).

Following Albert et al. (1398}, two or more
whorls of perianth parts must be present for
an unambiguous interpretation of sepals and
petals. If only a single perianth whorl is pre-
sent, it may be difficult to Interpret as ‘sepals’
or 'petals’ {see also Endress, 1994a,b). Is the
single whorl an undifferentiated perianth,
composed of neither sepals nor petals, or is
the single whorl composed of either sepals or
petals with the other perianth whorl absent? A
single-whorled perianth has traditionally been
referred to as being composed of “sepals’ as a
matter of convention (e.g. Cronguist, 1968).
Families of basal angiosperms that contain
taxa with a single-whorled perianth include
nearly all Aristolochiaceae (except Saruma),
all Myrisdcaceae and  Chloranthaceae
(Hedyosmum). In some cases, however, the
nature of a single-whorled perianth can be
determined through comparison with the
perianths of closely related taxa. In
Aristolochiaceae, most taxa have a single-
whorled perianth that is considered a calyx
{Cronquist, 1968, 1981; Tucker and
Douglas, 1996; Takhtajan, 1997). In con-
trast, Saruma has two perianth whorls that
are differentiated into sepals and petals.
Furthermore, in some species of Asgrum,
petals apparently begin to develop, but the
only traces are small, thread-like structures
(Leins and Erbar, 1985).

In recent recomstructions (Ronse De
Craene et al., 2008; Zanis et al., 2005; Solts
¢t al., 2004) (Fig. 10.3), the ancestral state for
the anglosperms is an undifferentiated peri-
anth. Amborelle and Austrobaileyales have an
undifferentiated perianth. In contrast, the
ancestral state for Nymphaeaceae is recon-
structed as equivocal because some
Nymphaeaceae (e.g. Cobombda, Brasenia,
Nuphar) have a differentiated perianth
whereas more derived waterlilies (Victoria, .
Nymphaea) have an undifferentiated peri-
anth. Above the basal angiosperm grade, the
undifferentiated perianth continues to be
ancestral for the remaining angiosperms
(Fig. 10.3). Importantly, all reconstructions
indicate that a differentiated perianth
evolved multiple times (sce Albert e al.,
1998). Separate origins include some
Nymphaeaceae, monocots, some Mag-
noliaceae, Annonaceae, Canellacese, some
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Aristolochiaceae and Siparunaceae with
additional origins in early-diverging eudi-
cots (e.g.~ Papaveraceae, Menispermaceae,
Ranunculus, Sabiaceae) and core eudicots,
Comparative developmental studies are
required to test whether multiple origins of
perianth differentiation were driven by simi-
lar changes in gene function and regulation.

Phyllotaxis

Amborella has spiral phyllotaxis (Fig. 10.1), as
do members of Austrobaileyales. In some
basal families, phyllotaxis is complex, For
example, in some Nymphaeaceae, phyl-
lotaxis has been considered spiral, but it
now appears to be primarily whorled, or in
some cases irregular (Endress, 2001). In
some Winteraceae (Drimys and Pseudowintera),
phyllotaxis is primarily whorled, but occa-
sionally spiral (Doust, 2000). In Drimys
winteri, flowers within one tree vary between
spiral and whorled (Doust, 2001).

The distincion hetween spiral and
whorled is not always cear. In Amborella,
recent developmental studies indicate that
some floral organs (e.g. carpels) are initiated
in a nearly whorl-like manner, although they
are commonly described as spirally
arranged (Buzgo et al., 2004b). Studies of
other basal angiosperms reveal that in some
cases floral organs that appear to be whorled
in mature flowers actnally result from spiral
initiation of primordia and a bimodal distri-
bution of long-and short time intervals
between the initiation of consecutive organ
primeordia (Tucker, 1960; Leins and Erbar,
1985; Endress, 1994a). Thus, both spiral
and whorled phyllotaxis of mature flowers
result from the organs developing in a spiral
sequence (Endress, 1987). For example,
Dlicium has spiral phyllotaxis in developing
buds, but in mature flowers the carpels have
an apparently whorled arrangement.
Furthermore, even in some eudicots the
sepals initfate in a spiral sequence; with the
later-arising sepals positioned siightly inside
the earliest to originate, as reflected in their
imbricate arrangement at maturity. The
inner orgams arise in precise whorls, and
even the sepals have traditionally been con-

sidered whorled, because of their close
apposition at maturity.

Although spiral phyllotaxis is present in
Amborellaceae and Austrobaileyales, the
presence of whorled (and irregular) phyl-
lotaxis in Nymphaeaceae makes the ances-
tral reconstruction for perianth phyllotaxis
for the angiosperms dependent on the cod-
g of the outgroup. However, outgroup
coding is problematic because the immedi-
ate sister group of the angiosperms is
unknown. Furthermore, no fossil group is
known to have possessed flowers. If the out-

. group is coded as lacking a perianth, then

either a spiral or whorled phyllotaxis is
reconstructed as equally parsimonious for
the base of the angiosperms. If the outgroup
is coded as having a spirally arranged peri-
anth, then a spiral perianth is reconstructed
as ancestral for the angiosperms. If the out-
group is coded as having a whorled peri-
anth, then a whorled perianth is ancestral
for the angiosperms with a spiral perianth
evolving several times. .

Above the Amborellaceae, WNymph-
aeaceae, Austrobaileyales grade, whorled
perianth phyllotaxis is reconstructed as
ancestral for all remaining angiosperms with
multiple shifts to a spiral perianth occurring
in basal lineages, induding Calycanthaceae,
Atherospermataceae, Gomortegaceae, some
Monimiaceae, Degeneriaceac and some
Magnoliaceae (Fig. 10.4). A possible trans-
formation from whorled to spiral phyllotaxis
may have occurred in Drimy and
Pseudowintera (Winteraceae), which have a
complex phyllotaxis involving spirals and
multiple whorls {Doust, 2000, 200}; Endress
et al., 2000). Sdll additional reversals to a
spiral perianth are found in the early-
diverging cudicots Nefumbo (Proteales) and
Xanthorhiza,  Caliha  and  Ranunculus
(Ranunculaceae). Thus, perianth phyllotaxis
is highly labile in basal angiosperms and in
basal eudicots (Endress, 1994b; Albert ¢t al., -
1998; Ronse De Craene et al., 2003; Zanis et
al., 2003; Soltls et al., 2004). Again, compara-
tive developmental studies are necessary to
determine whether unrelated taxa with con-
vergent phyllotaxis share common regula-
tory networks for organ initiation.
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Merosity

Among basal angiosperms, many lineages
have numerous parts, some clades are
trimerous, and others defy simple coding of
merosity. In Winteraceae, the outermost flo-
tal organs are in dimerous whorls, followed
by a switch to tetramercus whorls, and
finally (in Tekhtajonia) a change to pentamer-
ous whorls (Endress e al., 2000). Similarly,
in Magnoliaceae, the perianth of some
species of Magnolia is an indeterminate spi-
ral, whereas that of Liriodendron and other
spedies of Magnolia is in three trimerous
whorls and may represent a transition from
spiral to whorled phyllotaxis (Tucker, 1960;
Erbar and Leins, 1981, 1983).

Amborella and Austrobaileyales have an
indeterminate spiral (Fig. 10.1). However,
within Nymphaeaceae, Cabomba, Brasenia
and Nuphar they are trimerous; other gen-
era (e.g. Victorie, Nymphaea) are trimerous or
tetramerous (Endress, 2001). As found for
phyllotaxis (above), recomstruction of the
ancestral merosity of extant angiosperms is
dependent on the coding of merosity for the
outgroup. If  the ountgroup of the
angiosperms is coded as having an indeter-
minate number of perianth parts, then an
indeterminate number is also ancestral for
the angiosperms. Alternatively, if the ances-
tor of the angiosperms is considered to lack
a perianth, then it is equally parsimonious
for the base of the angiosperms to be either
trimerous or indeterminate in perianth
merosity (see Zahis et al., 2003; Soltis e al.,
2004).

However, tegardless of outgroup coding,
adbove the basal grade of Amborela,
Nyraphacaceae and Austrobaileyales, the
ancestral character state for all remaining
angiosperms is a trimerous perianth (Fig.
10.5) (e.g. Ronse De Craene ¢ al., 2003; Zanis
et al., 2008; Solds et al., 2004). Thus, although
the trimerous condition is typically associated
with monocots, these Tesults indicate that
trimery played a major role in the éarly evolu-
tion and diversification of the flower
(Rubitzki, 1987). e

Following the crigin of a trimerous peri-
anth, there was a return to an indeterminate
spival perianth in several basal lineages,

induding Calycanthaceae (e.g. Calycanthus),
the dade of Atherospermataceae and
Gomortegaceae, Himantandraceae, some
Monimiaceae (e.g. Horionia) and some
Magnoliaceae (Magnoliz). A perianth has also
been lost several dmes (e.g Eupomatiaceae
(see below), Piperaceae, most Chloranthaceae,
and Ceratophyllaceae) (Fig. 10.5).

These reconstructions indicate that peri-
anth merosity is labile in basal angiosperms
(sce also Endress, 1987, 1994b; Albert ot al.,
1998; Zanis ¢ al., 200%), a condidon that con-
tinues through the early-diverging eudicots
(Fig. 10.5). Dimery is often secen in early-
diverging eudicots. Howevey, trimery is also
prevalent (Ranunculales), and pentamery is
seen in some taxa. In contrast, in core eudi-
cots, pentamery predominates. Interestingly,
dimery is found in Gunnera, sister group to all
other core eudicots, Thus, reconstructions
not only indicate that perianth merosity is
labile in basal angiosperms and early-diverg-
ing eudicots, but also suggest that a dimerous
perianth could be the immediate precursor to
the pentamery characteristic of eudicots
(Soltis et al., 2003). Once more, comparative
developmental studies are required to elud-
date the molecular basis of changes in meros-
ity throughout angicsperm history.

Genes Cdntrolling Early Floral
Development

The models

Developmental genetic analyses have pro-
vided unprecedented insights into the mole-
cular mechanisms that determine identities
of the principal floral organs, at least in the
endicot model organisms used for these
studies. Arabidopsis thaliana and Antirrhinum
majus, two derived eudicots, were the first
models studied, and are still the best under-
stood. Investigations of these models have
resulted in the identficaton and under-
standing of over 80 genes critical for normal
floral  development, including genes
involved in flower initiation; however, the
true number is bound to be much larger
(Zhao et al., 2001a; Ni et ol., 2004) (Fig.
10.6). Careful morphological developmental
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F ;‘;‘;f”hg GA Autonomous Vernalization LD Repression
ways
.| a1 FcA FLD FPA VRN1 PHYA  gypq
Flowering FY LD FVE VRN2 EMF2
time 3 Gf $
genes

Integraiing
genes

Meristern
identity
genes

Y YT YT PTS TECT R T RT )

Cadastral
genes
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identity -
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Fig- 10.6. Genes that have been demonstrated genetically to regulate flowering time, floral meristem and
organ identities in Arabidopsis. MADS-box genes are shown in ovals. For genes that encode other types of
proteins, only those that play crifical roles in floral meristem and organ identities are shown in boxes. The
black lines and arrows indicate positive genetic interaction; the dotted lines with a short bar at the end
represent negative genetic interactions. The arrows indicate that the specific argan identity gene(s) is {are)
required for the identity of the corresporiding organ. See Fig. 10.7 for an illustration of the ABC model.
Although few genes have been identified that function downstream of the orgen identity genes (Sablowski
and Meyerowitz, 1998}, 2 number of putativé downstream genes for LFY and AP3/PI have been reported
recently from microarray analysis (Schmid et al,, Z003; Zik and Irish, 2003). Modified from a figure in Soltis
et al, (2002), with recent information on the regulation of floral meristem identity genes by CO and FT
(Schmid et al., 2003) and regulation of floral organ identity genes by EMFT, EMF2, LUG and SEU (Franks et
al, 2002; Moon et al., 2003; Schmid et al.,, 2003).
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studies (Smyth ¢ al., 1990} provided a foun-
dation for evaluating the effects of mutations
and defining gene functions. This integra-
tion of morphological and developmental
genetic investigations has characterized the
work on several other model systems as well,
including the derived monocots Zea mays
and Orpza safiva (Poaceae), and to a lesser
extent Pelunia hybride and Lycopersicon escu-
lentum (= Solanum lycopersicum), both of
Solanaceae {Coen and Meyerowitz, 1991;
Meyerowitz et al, 1991; Ma, 1994, 1998;
Weigel and Meyerowitz, 1994; Weigel, 1995;
Yanofsky, 1995; Ma and dePamphilis, 2000;
Zhao et al., 2001a; Irish, 2003).

The best-known genes controlling floral
organ identity are the A, B and C function
genes (Coen and Meyerowitz, 1991;
Meyerowitz et al.,, 1991). According to the
ABC model, three overlapping gene func-
tions, A, B and G, act alone or in combina-
tion to specify the four types of floral
organs (Fig. 10.7). In 1990, the genes rep-
resenting deficiens (B class) and agamous (G
class) mutants were cloned from
Antirrhinum and Arabidopsis, respectively.

( et i.
==
#vwvv

A A+B+E BY¥C+E C+E D+E
Sepal Peta| Stamen Carpel Ovule

y Petal -

Fig. 10.7. Extended ABC mode! for floral organ
specification (modified from Theifen, 2001).

Homologous genes from these two models
sometimes have different names, creating
some confusion for newcomers to the field;
we therefore often provide both names in
our overview. The protein products of
DEFICIENS (DEF = APETALA3 AP3) in
Arabidopsis) and AGAMOUS (AG = PLENA

(PLE) in Antirrhinum) were found to be .

from the same family of transcription fac-
tors, which are regulators of the expression
of other genes {(Schwarz-Sommer e al,
1990). This family was named MADS-box

genes after a DNA-binding amino acid

domain present in MCMI (mini~chromo-
some maintenance-1; from yeast), 4G, DEF
and SRF (serum response factor; from
humans). MADS-box genes encode a con-
served domain that constitutes most of the
DNA-binding domain.

It had been hypothesized from mutant
phenotypes that the DEF (= AP3) and AG
{= PLE) genes control fioral organ identity
in a cornbinatorial, whorl-specific fashion: A
function directs sepal identity; B function
together with A specifies petals; B plus G
function designates stamens; and C alone
promotes carpel development (Meyerowitz
et al, 1991; Ma, 1994; Weigel and
Meyerowitz, 1994; sec below; Fig. 10.7). The

_DEF and AG gene products were assigned to

the B and C functions, respectively.

As noted, -in Arabidopsis, the A function
genes are AP and AP2 (Fig. 10.7), the B
function genes are AP3 (= DEF) and PIS-
TILLATA (PI = GLO in Antirrhinum), genes
that resulted from an ancient duplication
event (discussed below), and the C function
is specified by AG (= PLE) (reviewed in Ma,
1994; Ma and dePamphilis, 2000). Genetic
studies were crucial for the identification of
these gene functions, with mutations in each
of these genes affecting two adjacent whorls.
For example, ¢p3 mutants produce sepals
and carpels instead of petals and stamens,
respectively. Double- and triple-mutant
analyses in Arabidopsis have further clarified
the genetic interactions among A, B, C class
genes. Expression studies have also been

s important in confirming aspects of the ABG

model. All of the ABC MADS-box genes are
expressed in the regions of the floral meris-
tem that they help specify. The model is sup-
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ported by over-expression studies of the
ABC genes in Arabidopsis, which can place
any of the four flower organs in any of the
four whorls. ‘

Recently, in Arabidopsis, the role of the
class E genes, SEPALLATAI, SEPALLATAZ
and SEPALIATA3Z, has been demonstrated:
they act redundantly to specify petals, sta-
mens and carpels (Pelaz & al., 2000, 2001;
Theifen, 2001). These genes were identified
through their sequence similarity to AG,
rather than through individual mutant phe-
notypes. Triple-null mutants of SEPI-3 pro-
duce ‘flowers’ consisting only of sepal-like
organs, suggesting that these related genes
have redundant functions in controlling the
identity of petals and reproductive organs
(Pelaz et al., 2000, 2001). Floral MADS-
domain proteins can form homodimers, het-
erodimers and tetramers, providing a
mechanism for the interaction of genes
within and between the A, B, C and E func-
tons (TheiBen, 2001) (see Fig. 10.10).

In addition to A, B, C and E function
genes, numerous other genes are also regu-
lators of normal floral development.
Furthermore, not all floral regulators are
MADS-box genes. In Arabidepsis, the non-
MADS APETALAZ (AP2) confers A function
along with the MADS gene APETALAI
{API= SQUAMOSA (SQUA) in Antirrhinum).
LEAFY (LFY), which controls the entire flo-
ral developmental programme, codes for a
previously unknown type of transcriptional
regulator (Weigel ef al.,, 1992). Space does
not permit review of all of the numercus
genes involved in floral development here.
Readers are encouraged to consult recent
reviews (¢.g. Ma, 1998; Zhao ¢t al., 2001a; Ni
et al., 2004; Fig. 10.6). Because most genes
with known functions in flower development
have been detected through their single-
gene mutant phenotypes, genes such as the
sepallata genmes with redundant function
(Pelaz et al., 2000; Theillen, 2001), or genes
that are lethal when disrupted, are not usu-
ally discovered except through detailed fol-
low-up analysis. As a result, even this rapidly
growing collection of genes of known func-
tion must be considered an underestimate of
the genes with critical reles in flower devel-
opment,

Genes are also known that specify the flo-
ral character of the apical meristem that
forms the flower. The genes FLORICAULA
(FLO} and LEAFY (LFY) of Antirrhinum and
Arabidopsis, respectively, are transcription
factors of a family unique to land plants.
FLO/LFY is single copy in  diploid
angiosperms. FLO/LFY is expressed in a
graded manner and acts synergistically with
the MADS-box gene SQUAMOSA/API to
specify the floral character of the apex.
These genes integraze signals from multiple
pathways involved in the transition to flow-
ering. Some of the additional genes involved
in floral specification are shown in Fig. 10.6
{e.g. Coen e al., 1990; Weigel et al., 1992;
Weigel, 1995; Riechmann and Meyerowitz,
1697; Ma, 1998; Theiflen & al, 2000;
TheiBen, 2001; Zhao ¢ al., 2001a).

New model plants

Exhaustive studies of a few key model plants,
chiefly drabidopsis and Antirrhinum, have pro-
vided enormous insights into the genetic
control of flower development. However, a
key question is, are the models of the genetic
control of floral development in these
derived  eudicots applicable to  all
angiosperms? Interestingly, the conservation
of A fanction is unclear in angiosperms other
than Brassicaceae, Another floral develop-
mental model emphasizing the B and C
functions alone (called at that tme A and B)
was developed even before the ABC model,
and. this focus might be more broadly applic-
able (Schwarz-Sommer et al, 1990) (Fig.
10.8).- The genetic architecture of floral
development in angicsperms other than the
well-known models should also be investi-
gated (e.g. Albert et al,, 1998; Kramer and
Irish, 2000; Soltis et al, 2002). To obtain
maximal benefit from the encrmous
resources afforded by well-developed models
for floral developmental genetics, it is imper-

" ative that researchers expand their emphasis

to include additional species representing a
wider phylogenetic coverage of angiosperms.

The rapid increase in interest in the evo-
lutionary developmental biology (‘evo-devo’)
of the flower has stimulated the investiga-
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Fig. 10.8. The original ABC model {a} with variations that could explain morphological changes. Versions
(b—d) simply allow the change of the domains of A and B functions to account for the diversity in the
perianth. Version (e) makes the control of the tepa! Identity similar to that of the sepal identity in derived
eudicots, although tepals are often morphologically similar to petals. Versions (f-h} propose ‘F and G
functions’ different from the ABC functions in distribution and in consequence to control perianth identities.
B1 is used instead of B when the functicn is only used to control the stamen identity.

tion of a number of new ‘model’ plants, and
many of these are under investigation as
part of genomics initiatives (Solts et al.,
2002; De Bodt et al., 2003). New models
have typically been chosen based on their

significant phylogenetic positions (Fig. 10.2).
Amborelle  (Amborellaceze) and waterlilies
(Nymphaeaceae) were chosen because they
represent the sister groups to all other
angiosperms. Other basal angiosperms (e.g.
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Lauraceae and Magnoliaceae) are also the
focus of study, as is Aecorus (Acoraceae), the
sister to all other monocots. Poppies (Papaver
and Eschscholzia) are important choices
because they represent an early-diverging
eudicot lineage (Fig. 10.2} and provide a
critical link between derived eudicot models
(e.g. Arabidopsis and Antirrhinum) and basal
angiosperms.

The growing list of new models not only
expands the phylogenetic diversity under
study, but also the diversity of floral form
that is currently under molecular and
genetic investigation {Soltis ¢ al., 2002; De
Bodt ¢ al., 2008). In addition to the stan-
dard whorled arrangements of parts, new
models such as Amborells exhibit a spiral
perianth that s undifferentated. Gerbera, a
derived asterid in the sunflower family, is
also a wseful model because of its divergent
inflorescence format: multiple flowers of dif-
ferent phenotypes borne together in a dense
head (Yu et al., 1999; Kotilainen & al., 2000).

The new models also have important lim-
itations. For most, genetic studies are not yet
possible. Although developmental morpho-
logical and molecular studies can lead to the
formularion of useful hypotheses regarding
the evolution of gene functions, these await
testing using genetic studies. For basal
angiosperms that are woody (e.g. Amborella,
Persea) and not readily analysed genetically,
definitive conclusions about gene functions
will be difficult to achieve. Therefore, herba-
ceous basal angiosperms (e.g. the waterlily
Cabomba) and herbaceous basal eudicots {e.g.
Papaver or Eschscholzia) may have the great-
est potential as new models because of their
short life cycles and the transformability of
Papaver (Baum et al., 2002).

New technologies might provide effective
methods for reverse genetic analysis of new
genetic models. Methods that use viruses to
generate small, interfering RNA and to post-
transcriptionally silence a gene of interest (Lu
et al., 2003) might be applicable in marure
plants, even in long-lived perennials. Such
new methods, if perfected, that allow easy
elucidation of gene function in diverse plants
by mutatdon or by gene silencing, could
become as important for evo-devo studies as
PCR has been for molecular phylogenetics.

Limits on the generality of floral
developmental genetics

Through molecular evolutionary and gene
exchange studies, it was determined that
AP3 represents the Arabidopsis homologue of
DEF from Antirrhinum. Similarly, sequence
and functional homologies were found
between AG and LFY and their Antirrhinum
counterparts (PLE and FLO). However, the
situation with A function genes is more com-
plex. Mutations in the Antirrhinum
SQUAMOSA gene, a likely orthologue of API
from Arabidopsis, cause floral meristem
defects similar to ap! mutants. Flowers of
squameose mutants also exhibit defects in petal
development, although the role of
SQUAMOSA in controlling petal identiry is
thought to be less important than that of
APl in Arabidopsis. Recently, two Antirrhinum
homologues, LIPLESST and LIPLESS2 (LIP1
and LIPZ2), of the Arabidopsis AP2 gene, have
been shown to have redundant functions in
controlling sepal and petal development
(Keck et al., 200%) in a manner similar to that
of AP2. However, unlike AP2, LIP1/2 do not
seem to be involved in the negative regula-
tion of the C-function gene PLENA (PLE =
AG). Therefore, results from Amniirrhinum
support a critical role for A function in deter-
mining perianth identities, but the interac-
tions between known genes involved in A
and C functions seem to be different between
Arabidopsis and Antirrhinum, API- and AP2-
like genes have been identified from a
diverse array of angiosperms (Litt and Irish,
2003); however, whether they play a rele in
A function is not known.

Therefore, the existence of a conserved A
function in angiosperm flower development
is still uncertain, although there should be
gene functions that specify sepal identity in
spedies that produce a differentiated peri-
anth. It is possible that different genes serve
this function in different flowering plant lin-
eages, or that the determination of sepal
and petal identity is more complex than
depicted in the ABC model. Based cn the
presence of B- and C-function MADS-box
genes in gymnosperms (which lack flowers),
it has been hypothesized that determination
of flower organ identity has evolved from a
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more ancient role of these genes in sex
determination (Hahn and Somerville, 1988;
Miinster et al., 1997, Winter ¢ al,, 1999). It
has also been hypothesized that ‘true’ sepals
of the kind expressed by Arabidopsis and
Antirrhinum are a relatively recent evolution-
ary innovation, because basal eudicots and
monocots characteristically lack discrete
sepals and petals and Bear tepals instead.

Conservation of control over floral specifi-
cation of the flower apex by FLO/LFY has
beer shown for several eudicets, but addi-
tional functions are also known. For example,
the LFY homologue of Pisum (Fabaceae) con-
trols compound leaf development in addition
to the transition to flowering. In grasses, LFY
homalogues probably direct the development
of inflorescence meristems rather than only
floral meristems, as in Arabidopsis.

As noted above, the SEPALIATA (SEP)
genes of Arabidopsis prov1dc redundant func-
tion required for floral organ identity.
However, tesearch on other organisms such
as Gerbera has shown that SEP-class homo-
logues play divergent roles in development
of the condensed, head inflorescence as well
as in the different floral forms that are borne
by it. Specifically, one SEP-like gene confers
the C function only in the staminal whorl of
flowers borne at the periphery of the inflo-
Tescence, whereas another SEP homologue
(the probable duplication partner of the first)
appears to confer the C function only in
carpels (Teeri ¢ al., 2002). This partitioning
of genetic function has probably had mor-
phological  evolitionary  consequences
because the outer flowers of Gerbera inflores-
cences are male-sterile and highly asymmet-
rical, with fused, elongate petals, whereds the
inner flowers are hisexual and very close to
symmetrical, with non-elongate petals. The

Gerbera inflorescence looks very much like a’

single flower, 2nd probably zattracts pollinat-
ing insécts in the same capacity.
The ABC Model: New Data, New Views
ABCs of basal angiosperms

Recent investigations of basal angiosperms
have provided an important assessment of

the applicability of the ABC model to all
angiosperms. Certainly much of the ABG
framework is comserved in a number of
eudicots and grasses, but there are impor-
tant variations on the ABC theme in some
flowering plants (Fig. 10.8). For example, in
contrast o the well-differentiated sepal and
petal whorls of eudicots such as Arabidopsis
and Antirrhinum, the two outer floral whorls
in many members of the monocot family
Liliaceae (lily family) are petaloid and almost
identical in morphology (Fig.- 10.1).
Importantly, in Talipa (tulip), the B-class
genes are expressed in both petaloid whotls,
as well as in stamens (Kanno et al, 2003).
This situation supports the idea that petals
and petallike organs require B function,
regardless of the position of these organs .
within the flower.

Similarly, in some Nymphaeaceae
{waterlilies) such as Nuphar, the outer whorl
of the flower, sometimes referred to as sepals,
exhibits B class gene expression, as do the
petals, stamens and staminodes (Kim ef al.,
2004) (Fig. 10.8). In Amborells, which has a
spirally arranged pertanth with parts that are
not differentiated into sepals and petals (Fig.
10.1), a similar pattern is observed, with B
class genes expressed throughout the peri-
anth, as well as in the stamens (Fig. 10.8).
Similar expression data have been forthcom-
ing for basal angiosperms in the magnoliid
clade. In Magnolia (Magnoliaceae), B class
gene cxpression has been documented
throughout the perianth whorls, as well as in
stamens and staminodes (Kramer and Irish,
2000; Kim et al., unpublished). A similar pat-
tern of B-class gene expression has been

.observed in basal eudicots such as Papaver

{Papaveraceae) and varous members of
Rarunculaceae (Kramer and Irish, 2000;
Kramer e al.; 2008). The expression of B-
function genes in sepal-like organs suggests
that these B-function genes are not sufficient
to specify petal identity.

The expression of C-class genes has also
been  examined in  several  basal

‘angiosperms, and the results for this gene

match the predictons of the ABC model.
For example, homologues of AGAMCUS
have been isolated from Amborella, and these
are expressed in carpels, stamens and sta-
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minodes {(Kim et al., unpublished). Data for
the expression of Acclass genes from the
basal-most angicsperms rexnain fragmentary.

Thus, recent data suggest a modified ABC
model for basal anglosperms, with B-class
genes expressed and presumably functioning
throughout the. perianth and stamens (Fig.
10.7) (see Van Tunen e al., 1993; Albert et al.,
1998) following the original ‘BC model’ idea
put forth by Schwarz-Sommer &t al. {1930).
From a phylogenetic standpoint, -the ABC
model may reflect a more recent programme
that is important in Arabidopsis and possibly
other eudicots. The specification of sepals,
which may have evolved more than once
{Alhert et al., 1998), may well be encoded by
different genes in different angiosperm lin-
eages. The pattern of B-class gene expres-
sion observed in basal angiosperms and basal
eudicots probably represents the ancestral
condition, with the model originally pro-
posed for Arabidopsis -and Antirrhinum 2
derived modification (Fig. 10.8).

An important evolutionary question now
becomes: at which node in the angiosperm
tree did the switch from the more general
BC model occur? Functional studies in. phy-
logenetically ¢ritical taxa are required before
this question can be answered, but the
switch probably coincided with the evolution.
of the core eudicots (Fig. 10.2). Other
important changes in floral genes similarly
appear to coincide with the origin of core
eudicots, including duplication of AP3 yield-
ing the eudP3 gene lineage, as well as the
origin of AP (Kramer et gl., 1998; Litt and
Ixish, 2003).

Molecular phylogenetic analyses of the
gene families involved in floral development
are elucidating the important role that gene
duplication has played in the evolution of
flower development. The gene duplications
and losses evident in gene family phyloge-

_ nies can confuse discussions of functional

evolution when the genes with equivalent
function in different species are not ortholo-
gous. At the same time, orthology does not
always coincide with strict functional equiva-
lence (e.g. the discussion of LIP genesin
Keck et al., 2003). Given the lack of perfect
correspondence between gene function and
phylogeny, a dear distinction should be

made betweén functional and phylogeneti-
cally based classifications of gene relation-
ships (Becker and Theiflen, 2003).

AP3/PLlike genes: an ancient duplication

The evolution of MADS-box genes has
invalved a series of gene duplications and
subsequent diversification, as well as losses.
Several investigators have conducted phylo-
genetic analyses of the floral MADS-box
genes (e.g. Purugganan, 1997; Theilen e
al., 2000; Johansen et al., 2002; Nam e al.,
200%; Becker and Theifien, 2003). For
example, a duplication yielding the Aand E
+ AGL6 class genes occurred approximately
418 million years ago (mya) (Nam e al,
2003), and the ages of several other promi-
nent MADS-box gene duplications have also
been estimated (e.g. Purugganan ef al,
1995; Purugganarn, 1997; Nam # ol., 2003).
‘Whereas angiosperms possess two B-class
paralogues (AP3 = DEF, and PI = GLO),
only one certain B-class homologue has been
found in gymnosperms, suggesting that an
ancient duplication led to the presence of the
AP3 and PI homologues. However, the accel-
erated rate of evolution of AP3 and PI rela-
tive to other MADS-box genes precuded
estimation. of the age of the AP3/PI duplica-
tion by molecular dock-based substitution
rate methods (Purugganan et al., 1995
Purugganan, 1997; Kramer ¢ al., 1998; Nam
at al., 2008). Tree-based methods using a data
set of over 20 new AFP3 and PI gene
sequences for basal angiosperms estimated
that the AP3/PT duplication occurred approx-
imately 260 mya (range of 230-290 mya)
(Rim &t al., 2004). This date places the dupli-
cation shortly after the split between extant
gymnosperms and angiosperms and on the
‘stem’ lineage of extant flowering plants. This
indicates that the AP3/PI duplication
cocurred perhaps 100 million years before
the oldest fossil flowers (generally placed at
125-131.8 mya; Hughes, 1994). Thus, this
suggests that the joint expression of AP3 and
PI did not immediately result in the forma-
tion of petals, structures for which they con-
trol development in extant angiosperms,
because no such structures are present in the
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fossil record at that time. This raises the ques-
tion: what was the early (pre-anglosperm)
role of the APF and P! homologues? The co-
expression of AP3 and PI homologues could
reflect an evolutionary innovation of animal-
attractive, peral-like organs well before the
appearance of angiosperms in - the fossil
record. Indeed, some fossil, non-anglosperm
seed plants from the appropriate timeframe,
such as the glossopterids, had sterile spathe-
like organs attached to male or female repro-
ductive structures (e.g. Crane, 1985).

Transcription-factor complexes: early
flexibility? '

A striking result of Kim et al. (2004) is the
strong stmilarity between Amborella AP3 and
PI C-domain amino acid sequences (Fig.
10.9). The C domains, as well as X- and
MADS-domains, signal the assembly of mul-
timers for several MADS proteins in core
eudicots (Egea-Cortines et al., 1999; Ferrario
et al., 2003). ITndeed, higher-order multi-
mers are probably the active state of B-func-
tion MADS-box proteins (Egea-Cortines &
al., 1999; Honma and Goto, 2000; Theilen,
2001; Ferrario &t al., 2003). oo
Heterodimerization of AP and PI pro-
teins is required for DNA binding in the
core eudicots that have been studied.
However, PI/PI homodimers are possible in
some monocots, at least in vivo, although it is
not clear whether these can bind DNA. (Fig.
10.10). (Even the ‘drabidopsis P1 proteins can
form homodimers, but these cannot bind
DNA. (Riechmann et al., 1996).) Selective fix-

ation of heterodimerization has been
hypothesized for the morphologically more
stereotyped core eudicots (Winter et al.,
2002). However, the phylogenetic point at
which heterodimerization became enforced
is mot yet clear. Hints from sequence com-
parison suggest that Amborella, and perhaps
some  other basal lineages (e.g.
Nymphaeaceae), may have retained some
capacity for B-class homodimerization.

Because Amborella proteins may have K-
domain heterodimerization signals that differ
from those in Arabidopsis and other well-stud-
ied angiosperms, the data suggest that
Amborelle B-function proteins may have dif
ferent dimerization dynamics from monocots
and core eudicots. Two different AP3 genes
are present in Amborella (Amborella AP3-1 and
AP3-2). Amborelle may be capable of forming
PI/PL, AP3-1/AP3-1 and AP3-2/AP3-2 homo-
dimers and perhaps AP3-1/AP3-2 het-
ercdimers. Furthermore, if the amino acd
residues in the K1 subdomain of Amborelia
AP3 and PI are not sufficient to prevent het-
erodimerijzation, but only weaken it, perhaps
Amborellz can also form AP3-1/PI and APS3-
2/P1 heterodimers (Fig. 10.10). Recent stud-
ies using transgenic Arabidepsis plants indicate
that the G terminus of AP3 is suffident to
confer AP3 functionality on the paralogous
PI protein (Lamb and Irish, 2008). This find-
ing, when considered in the light of dmbsrella
and its indistinct AP3 and PI C domains, also
supports the possibility of AP3-1/AP3-2 het-
erodimerization. . .

A simple extension of the Arabidepsis ‘quar-
tet model’ for MADS protein function (Fig.
10.10; TheiBen, 2001) can accommaodate both

(a) — o~ (] <+ L -1 M~
g § & § § & s
g - & 4 &4 O d ]
Am.ir.Pl (Amborellz) _ 113< &7 | 62 132
Nuv.ad Pl (Nuphar)
P! :
family
’ .
GLO {Antirrhinum) 188 87 62 10 30 45 132
P (Arabidopsis) 288 . 62 100 30 45 132
AP3 1 DEF (Antirhinum) 188 87 62 100 42 45 132
family | AP3 (Arabidopsis) 188 67 62 100 42 45 132

SILKY1 (Zea) 188

67 62 100 42 45 132
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(®

AP, AP2

SEP1/SEF2/SEP3

Stamen

Fig. 10-10. Transcription-factor complexes. (a) Quartet model of floral organ specification in Arabidopsis
(Theifen, 2001). {b) Extension of the quartet model for determination of loral organ identity to include
Amborella. MADS protein tetramers are shown schematically (as in (a); see Theifen, 2001). One possible
model is presented with the following assumptions: {i) AP3/Pl obligate heterodimerization occurs in core
eudicots; (ii} additional MADS proteins X and Y are available in cells; (iii) PI/P1 dimers can tetramerize with
all three configurations of X and Y in monacots (Winter et al., 2002) and possibly other basal angiosperms,
whereas only the XY configuration is possible in core ewdicots; (iv} Amboreliz AP3/AP3 and PI/P| dimers
possess similar capacities for C-domain tetramerization specification; and (v) Amborelia AP3-1 and AP3-2
pratelns are able heterodimerize, Tetramer potential would be 12:4:1 for Amboreila, monocots (and perhaps
other basal angiosperms) and core eudicats, respectively. If Amborella AP3 and Pl can also heteradimerize
to some extent, the ratio of possible quartets in Amborella:monocots:core eudicots becomes 18:4:1.
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the monocot and Amborella cases. In this hypo-
thetical example, the MADS protein tetramer
APS/PI/X/Y specifies a particular organ iden-
tity in Arabidepsis. Assuming that homodimer-
ization is the ancestrzl state for B-function
proteins (Winter ef al., 2002), we can invoke a
model whereby PLPI homodimers, as known
from and argued to have functional signifi-
cance in monocots (Milnster e al., 2001;
Winter ¢ al., 2002), are more flexible in their
protein partnerships. This scenario could call
for the possibility of PYPI/X/Y, PI/PI/X/X and
PI/PI/Y/Y tetramers in monocots and most
ather basal angiosperms (Fig. 10.10).
Although this hypothesis must be rtested
using gel shifi and yeast 2-, 3- and 4-hybrid
assays (Winter et al.,, 2002; Ferrario et al.,
2008), the implications of this model (Fig.
10.10; Kim et al., 2004) are that Amborella
would have 12 times more tetramer possibili-
ties than a core eudicot and three times
greater tetramer potential than a monocot or
other basal angiosperm with limited homo-
dimerization potential. Given that Amborella
may have the capacity to form more different
protein quartets for a given number of
genes, it should possess more distinct con-
trols {and therefore flexibility) over organ
identity and development than any other
flowering plant. The waterlily” Nuphar also
has considerable C-domain similarity for the
AP3 and PI proteins, and this may be suffi-
cient to provide the Nymphaeaceae with at
least some extra tetramerization possibilities.
By contrast, Hlicium, which represents the
pext most basal.dlade of angiosperms after
the Nymphaeaceae (Austrobaileyales; Fig.
10.2), has lost most of the C-domain AP3/PI
similarity. Furthermore, a deletion in the X
domain of Pl (Fig. 10.9) fixst appears in
Jilicium (Austrobaileyales) and is fixed in 21l
other angiosperms. Although most flowering
plants are canalized in their possibilities for
heterodimerization and multimer formation
(TheiBen, 2001), several eudicots (e.g.
Ranunculales, Kramer et al., 2003; Petunia,
Ferrario ¢t al., 2003) and monocots (Miinster
et al., 2001) may have regained some poten-
tial for developmental Aexibility by = differ-
ent mechanism involving later duplications
of AP3 homologues, PI homologues, or both.
The data suggest that the evolution of the

control of B-function MADS-box genes in’

the development of the earliest flowers was
dynamic, with different ‘experiments’ tried.
Amborella, which may be the most flexible
living angiosperm in its developmental
genetics, is the sole surviving representative
of its clade, Some of this same biochemical
flexibility may also be present in waterlilies.
These are testable hypotheses, to be pur-
sued with more rigorous molecular investi-
gations. None the less, Amborells B-function
proteins would have represented a consider-
able increase in complexity over the demon-
strated B-protein homodimerization known
for conifers (Sundstrém et al, 1999) and
Gnetales (Winter ef al., 2002). However, the
amino acid structural evidence suggests that
this flexibility was rapidly lost before the
bulk of the angiosperm radiation occurred.
The wunique phylogenetic position of
Amborella and waterlilies, coupled with their
apparently ancestral and flexible mode of B-
gene function, make them model organisms
that should be studied more intensively.

The Early Floral Genome

Rice and Arabidopsis: similarity in gene copy
number '

Early angiosperms clearly had the basic
framework of B- and C-function genes in
place. Hlowever, these genes are only a few
of those involved in floral organ develop-
ment and identity (Fig. 10.6) (Zhao e al.,
2001a). Complete sequencing of the rice and
Arabidopsis genomes has made it possible to
conduct comparisons of floral gene homo-
logues shared by a derived monocot and a
derived endicot. These comparisons yeveal a
striking similarity in the number of homo-
logues of genes involved in floral identity in
the two species (Fig. 10.11). The similarity in
gene family sizes is surprising given that the
genome of rice is four times larger than that
of Arabidopsis and the predicted mumber of
protein-coding genes is just over twice as
large in rice (Goff et al., 2002; Yu et al,
2002). Similarities in gene family size may be
due to conservation of orthologous sets of
rice and Arabidopsis genes or conservation of
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70

80

Gene cluster size

Gene family

Fig. 10.11. Slml]arlty of size of gene families that contain key floral regulators (Fig. 10.6) in two distantly
related flowering plant species, Arabidopsis (shaded bars) and rice (open bars). The proteomes of
Arabidopsis (26,993 proteins} and rice (62,657 proteins) were gathered into 20,934 ‘tribes’ or putative gene
families (Wall et al,, unpublished) using the Markov-clustering method of Enright et al. (2002).

gene number following independent gene
duplications and loszes after the split of the
monocet and eudicot lineages at least 125
mya. Phylogenetic analyses of gene families
aliow us to test these hypotheses and investi-
gate the evolution of gene function.

Basal angiosperms: a diverse toof kit of floral
genes

As more data have emerged from major
EST (expressed sequence tag) projects on
angiosperms, it has become possible to make
broader comparisons of some of the numer-
ous genes and gene families that are
involved in mormal floral development.
Particularly useful have been ESTs obtained
for several basal angiosperms (www.
floralgenome.org). Many genes identified in
rice and Arabidopsis have clear homplogues
in basal angiosperms. Given that éxtant
basal angiosperms represent old lineages
(the waterlily lineage, for example, is among
the oldest in the fossil record of

angiosperms; Friis et al., 2001}, the darta sug-
gest that early angiosperms possessed a
diverse tool kit of floral genes.

As more genes are examined phylogenet-
cally, it is also clear that there are different
types of floral gene histories. In some cases,
the gene phylogenies roughly track organis-
mal phylogeny. This is the case for the B-class -
genes, PI and AP3. The single-copy gene
Gigantes also appears to track organismal
phylogeny (Chariderbali ¢ al., unpublished).
However, several gene families present in rice
and Arabidepsis exhibit an array of different
evolutionary patterns (see below).

AP3/Pl-like genes

Phylogenetic analyses of AP3 and PI homeo-
logues (Kim e al.,, 2004) resulted in gene
trees that generally track the organismal
phylegeny (Fig. 10.12) inferred from analy-
ses of large data sets of plastid, mitochondr-
jal and nuclear rDNA sequences. Amborella
and Nuphar (Nymphaeaceae) appear as sis-
ters to all other angiosperms, in complete
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Fig. 10.12. AP3 and I gene trees. Strict consensus of 72 equally most parsimonious trees (shown as a
phylograrm) using M-, I, K- and C-domain regions of amino acid sequences. Numbers above branches are
boatstrap values; only values above 50% are indicated (from Kim et af.,, 2004).
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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 ¢ al.,
1608), was recovered in mmost analyses.

SHAGGY-like kinases

The SHAGGY/GSK3-like kinases are non-
receptor Sex-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 Avabidopsis genes were identi-
fied as forming a clade with SHAGGY itself
{AtSK genes; Dornelas éf al., 2000). The AiSK
family was shown to form four subclades in a
phylogenetic analysis (Charrier ef al., 2003):
(i} AtSK41 and AtSK42 formed a subclade sis-
ter to the remaining genes, which were
weakly supported as a clade (bootstrap sup-
port < B0%); (i) AtSK31 and A:SK32 formed
a second subclade sister to the remaining
genes, which formed a well-supported (88%
bootstrap) clade (this Jade was composed of
the two remaining subclades, each of which
received strong bootstrap support); (iii)
AtSK2T, AtSE22 and AtSK23 (100%); and (iv)
AtSK11, AtSKI2, AtSKI3 (98%). The AtSK
loci appear to, have diverse functions.
Mutant-based andlyses indicate that AtSK711
and AfSKi2 have a role in floral develop-
ment; expression analyses suggest that
AtSK31 is flower-specific (Charrier e al.,
2003). The SHAGGY-like kinases are also
involved in plant responses to stress.

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

clades of SHAGGY-like kinase genes that mir-
rored the AsSK subgroups reported for
Arabidopsis. Importantly, SHAGGYlike 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 ali 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.

S5KP1-like proteins

Gene duplications within the angiosperms are
also important in the history of the SKPI gene
family. SEP1 (S-phase kinase-associated pro-
tein 1) is a core component of Skpl-Cullin-T-
box protein (SCF) ubiguitin ligases and
mediates protein degradation, thereby regu-
lating many fundamental processes in eukary-
otes such as cellcycle progression,
transcriptional regulation and signal trans-
duction (Hershko and Ciechanover, 1998;
Callis and Vierstra, 2000). Among the four
components of the SCF complexes, Rbx] and
Cullin form a core catalytic complex, an F-box
protein acts as a receptor for target proteins,
and SKPI links one of the variable F-box pro-
teins with a Cullin (Zheng e 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 e
al., 2001). In some plant and invertebrate
species, however, there are multiple SEPI
genes, which have evolved at highly heteroge-
neous rates (Farras ¢ al., 2001; Nayak et al.,
2002; Yamanaka e al., 2002; Kong & al.,
2004). The extreme rate of heterogeneity
observed among the 38 rice and 19 Arabidapsis
SKPI homologues raised concerns that long-
branch attraction may obscure true relation-
ships in phylogenetic analyses of the entire
gene farnily. For this reason, Eong 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 incuded 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 mest parsimonious trees (shown as a
phylogram) based on phylogenetic analysis of amino acid sequences. Closed triangle represents
GSKISHAGGY-like protein kinase from Arabidopsis and open triangle represents Oryza. Clade
designations (I-1V) follow those given to Arabidopsis sequences (see text). ESTs provided by the Floral
Genome Project (www.floralgenome.org) are underiined; monocot-specific clades are indicated by a
vertical bar. Numbers above branches are bootstrap values; only values above 50% are indicated (from

Yoo et al., 2003).
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mental stages) and at higher levels than the
more rapidly evolving rice and Arabidopsis
SEPI homologues. In addition, the strength
of purifying selection was found to be signifi-
cantly greater in the slowly evolving
Arabidopsis SKPI-like genes (Kong ¢t al., 2004).
Taken together, these results suggest that the
slowly evolving SKPI1 homologues serve the
most fundamental function(s) to interact with
Cullin and F-hox proteins,

The two slowly evolving Arabidopsis SKPI-
like I and 2 genes, ASKI and A3K2, are
important for vegetative and flower develop-
ment and essential for male meiosis (Samach
el al., 1999; Yang e al, 1999; Zhao # 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 varety of
angiosperm species, incduding Liriedendron,
Persea, Mesembryanthemum, Vitis, Medicago,
Lotus, Rosa, Arabidopsis, Brassica, Gossypiuwm,
Helianthus and Selanuwm. While relationships
are poorly resolved across the angiosperm
SKPI 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 andent dupli-
cation events. Interestingly, the basal position
of the sole Amborella SKPI 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 ;_he
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 &
al., 1998; Buzgo e 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-
ton 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 Tidipa 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
(Kannoo e 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. Alernatively, changes in
expression patterns of B-function genes may
have occurred during angiosperm evolution
{e.g. ‘shifing borders’; Kramer # al., 2008); if
s0, 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-
marely a more complete, and complex, view
of a structure (Buzgo ¢t al., 2004a).

Eupomatia: a case study

Eupomatio (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, ROST,
ROS2), euasterid (AST), monocot (MON), magnaliid (MAG), basal angicsperm (BAS) and gymnosperm
(GYM) species suggest that gene duplications have occurred both before and after the origin of major taxa
within the angiosperms. The maximum likelihood tree shown is one of >2000 most parsimonious trees.
Maxirmum parsimony bootstrap values higher than 50% are shown above or below the branch. Support for
each branch was tested with 500 replicates of bootstrap analysis using random input arder for each
replicate. Note that most nodes on the tree are not well supported because the regions used for analysis are
rather short (149 amino acids) and highly conserved. The taxonomic categories for these species follow
Soltis et al, (2000). ESTs generated by the Floral Genome Project are underlined. Closed triangles indicate
SKP1 homalogues from Arabidiopsis and open triangles those from rice. Modified from Kong et al. 2004).
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have considered it to represent a modifed
perianth (Cronquist, 1981), but develop-
mental data indicate that it represents a
modified bract (Endress, 2003).
Eupomatiaceac are closely related to the
Magnolia family, members of which have a
well-developed perianth of showy tepals, as
well a5 bracts that enclose the flower.

Kim & 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 muodel (compared
with Arabidepsis) 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 cof 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
palacobotanical studies have been proposed
(reviewed in Stebbins, 1974; Crane, 1985;

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

The Mostly Male Theory (Frohlich and
Parker, 2000; Frohlich, 2001, 2002, 2008)
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
EYMnosperm groups, owing to an ancient
duplication predating the divergence of
angiosperms from extant gymmnosperms.
Angiosperms would have inherited both
copies of LFY, but one of these has been lost.
Expression of the gymnosperm LF¥s 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 unif.
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 gymmosperm group,
Corystospermazles. 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
fearures and insect pollination long predating
the full elaboration of the flower (Frohlich,
2001), as suggested by the tming 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 g
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 hoth
male- and female-specific genes in the
reproductive unit. TheiBen et al. (2002) sug-
gest thar 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 espedally that of Theien e
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 js 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  geme  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 spato-temporal
expression. It could equally well be that the
double-corolla lesion is in a different gene, the |
product of which normcally 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 upstrearn of
it in its developmental regulatory cascade,
could be the culprit. Analysing this problem
will not be simple, because Clermoniia, unlike
weedy Arabidopsis, is a small tree that is much
less tractable to genetic studies that require
progeny analysis. Such ‘forward’ genetic stud-
jes, starting with a phenotypically recogniz-
able mutatdon 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 ‘Teverse’
genetic approaches that start with a gene
sequence that is suspected to have a particular
function {e.g. through a molecnlar 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 identfy genes specific to flower
development and those linked to floral diver-
sification, is under way  (www.
floralgenome.org; overview in Solds ¢ al.,
2002). The Floral Genome Project is
sequencing genes expressed during the earli-
est stages of floral development in diverse
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lineages of angiosperms, particularly basal
angiosperms such as Amborellz, waterlilies,
tlip  tree  (Magnoliaceae), avocado
(Lauraceae) and Acorus (sister to all other
monocots), plus Eschscholzia (poppy, a basal
eudicot), and will obtain expression data for
genes In a subset of these taxa. Genes in
common with or distinct to these species
shouid provide valuable molecular tools for
the next generation of plant evolutionary
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