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Int roduc t ion 

The origin and evolu tion of the flower have 
been in tens ively stud ied not only because of 
the grea t importance of flowers (and espe­
cially the fruits they p roduce) in p rov id ing 
human food, bu t also because o f thei r cru­
cial role in angiosperm sexual rep roduction 
and many p lan t-an imal interactions. The 
pas t centur ies o f morphologically and taxo­
nom ically based stud ies of flowers gener­
ated much information, bu t le ft some of the 
mos t critical questions o f flower origin and 
evolu tion unresolved. Recent p rogress in 
unders tand ing angiosperm (and seed p lan t) 
phylogeny prov ides a solid framework fo r 
evaluating evolu tionary innova tion, and 
identifies the taxa that p rov ide the bes t 
ins igh ts i nto key innova tions. The recen t 
grow th of developmen tal gene tics p rov ides 
exciting new da ta fo r understand ing flower 
evolu tion; the interplay of developmen tal 
gene tics with focused stud ies of morphol­
ogy, developmen t and phylogeny has gener­
ated a new field of study: the evolu tion o f 

developmen t (evo-devo). Evo-devo offers 
the best hope for rapid advance in the 
unders tand ing of flower evolu tion. To 
a~precia~e th is pote_n tial one m~_st ~e _cog­
nizan t o f recen t advances in all o f these 
fields - phylogeny, morphology and devel­
opmen tal gene tics - that are merging to cre­
ate evo-devo. 

Here we describe recen t progress in the 
study o f floral evolu tion, beginn ing with 
advances i n phylogeny and t he recons t ruc­
tion o f trends i n floral evolu tion. We 
include a brief compara tive rev iew o f some 
o f the genes known to regulate flower 
develop men t, with an emphas is on recent 
stud ies relevan t to the class ic ABC model 
of flower developmen t . We conclude with a 
perspective on future research on floral 
b iology at the genom ic leve l. Throughou t 
our d iscuss ion we describe how experi­
men tal gene tic and phylogene tic analyses 
are toge ther imp rov i ng our unders tand i ng 
o f the evolu tion o f floral arch itecture and 
the molecules regula ting floral develop­
men t. 
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Trends i n Floral Evolution Inferred from 
Phylogeny 

Background 

A clear understand ing of angiosperm p hy­
logeny has recen tly emerged (e.g. Qiu et al., 
1999; Sol tis et al., 1999, 2000; Barkman et 
al., 2000; Zanis et al., 2002, 2003). These 
well-resolved and h ighly concordant DNA­
based p hylogen ies have importan t implica­
tions for in terp reting the morp hology of 
early angiosperms and subsequen t patterns 
of floral evolu tion. 

Befo re the applica tion o f exp licit phylo­
gene tic methods, several investiga tors p ro­
posed that the fi rs t angiosperms had large, 
Magnolia-l ike flowers (Arber and Park in, 
1907; Bessey, 1915; Takh taj an, 1969; 
Cronqu ist, 198I) . Stebbins (1974), in con­
tras t, suggested that the earlies t flowers were 
moderate in size. Endress (1 987) proposed 
tha t the earliest angiosperm was b isexual, 
bu t that the transition to un isexua lity was 
rela tively easy, the perian th was und ifferen­
tiated and could be easi ly los t, and tha t the 
number offloral parts was labile. 

Early p hy logene tic stud ies focused 
atten tion on several herbaceous lineages 
(e.g. Nymp haeaceae, Piperaceae and 
Chloranthaceae; Fig. I 0.1 ) as possible fi rs t­
branch ing extan t angiosperms (Donoghue 
and Doyle, 1989; Doyle et al., 1994). Based 
on these resul ts, it was sugges ted tha t early 
flowers were small, with a t r imerous peri­
an th, and with few stamens and carpels. 
However, more recen t analyses (e. g. 
Ma thews and Donoghue, 1999; Parki nson 
et al., 1999; Qiu et al., 1999; Sol tis et al., 
1999, 2000; Barkman et al., 2000; Doyle 
and Endress, 2000; Graham and Olms tead, 
2000; Zan is et al., 2002, 2003; Borsch et al., 
2003; H ilu et al., 2003) place Amborella, 
Nymphaeaceae (includ ing Cabombaceae; 
see APG II, 2003) and Aus t roba ileyales as 
basal to other ex tan t angiosperms (Fig. 
10.2). Th is topology sugges ts i ns tead that 
the earl ies t flowers were small to moderate 
in size, with an und ifferen tiated per ian th, 
stamens lack ing a well-d ifferen tiated fi la­
men t, and a gynoeci um composed o f one 
or more d isti nc t carpels. 

Foss i ls are critical for in fe rr ing the origin 
and early d ivers ification of angiosperms, bu t 
fossi l flowers of the earliest angiosperms are 
scarce. None the less, early Cretaceous 
angiosperm foss i ls are cons isten t with the 
hypo thes is that the firs t flowers were small 
to moderate in size, with an und ifferentiated 
perian th (Crane, 1985; Friis et al., I994, 
2000; Crane et al., 1995), although Magnolia­
like forms also occurred during the same 
geological time (e.g. Archaeanth,US; Dilcher 
and Crane, 1984). In add ition, some early 
angiosperms lacked a perian th (e.g. 
Archaef ructus; Sun et al., 2002), bu t these may 
no t be basal with in angiosperms (Friis et al., 
2003). There are no known fossils repre­
sen ting unequ ivocal stem-group angio­
sperms (i .e. angiosperms that attach below 
the basal node lead ing to Amborella, 
Nymphaeaceae and all o ther living 
angiosperms). 

One way to in fe r ances tral states is to 

emp loy character-state recons truction with 
phylogene tic trees and p rograms such as 
MACCLADE (Madd ison and Madd ison, 1992). 
Us ing th is approach, the evolu tion of spe­
cific floral characters in basal angiosperms 
has been recons truc ted (e.g. Albert et al., 
1998; Doyle and Endress, 2000; Ronse De 
Craene et al., 2003; Zan is et al., 2003; Soltis 
et al., 2004). We rev iew some of the find ings 
of these character-s tate recons tructions 
below us ing the mos t conservative optim iza­
tion me thod (all mos t pars imon ious states; 
Madd ison and Madd ison, 1992). O ther 
recons t ruc tions, us ing other optim ization 
me thods and tree topologies, are p rov ided 
in the references no ted above . Most of the 
same general conclusions are supported 
regardless of optim iza tion 

Perianth d ifferent iation 

A d ifferentiated or bipartite perian th has an 
ou ter whorl of sep als clearly d ifferen tiated 
from the inner whorl(s) of pe tals. In con­
tras t, an und ifferen tiated perian th lacks 
clear d ifferentiation between the ou ter and 
inner whorls, or the perian th may consist of 
und ifferen tiated spirally arranged parts. 
These und ifferen tiated perian th organs 
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Fig. 10.2. Summary topology fo r angiosperms show ing genera l pos itions of model organ isms (in bold). 
Mod ified from Soltis et a l. (2003). 

have trad itionally been re fe rred to as tepals. and pe tals) tha t are no t clearly d ifferen tia ted 
The term tepal was co in ed by De Candolle morphologically; thus, the en t i r e perian th 
(1 827) to descr ibe perian t h organs (sepa ls may be pe talo id. Takh taj an (1 969), i n con-
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tras t, used the term ' tepal' in a p hylogenetic 
sense such that all monocots have tepals. 
Takh taj an's de fin ition limits the application 
of tepal to specific groups o f angiosperms 
and requ i res differen t terms fo r an undiffer­
en tiated perian th in other groups. Following 
other recen t investigators, we wi ll use the 
term tepal as defined by De Candolle. 

Distingu ish ing sepals from petals is not 
always stra igh tforward (Endress, 1994a; 
Albert et al., 1998). Whereas sepals and 
petals are read ily d istinguished in most eud i­
cots (~ 75% o f all angiosperms), th is is often 
not the case in basal angiosperms (Fig. l0.1 ), 
many of wh ich have numerous und ifferenti­
ated perian th parts arranged in spirals, 
rather than in d istinct whorls, a cond ition 
long considered ances t ral (e.g. Bessey, 1915; 
Cronqu ist, I 968; Takh taj an, 1969). 

The origin of a d ifferen tiated perian th of 
sepals and pe tals has long been of in teres t 
(e.g. Eames, 1931 ; H iepko, 1965; Kosuge, 
1994; Albert et al., 1998; Kramer and Irish , 
1999, 2000). I t has been p roposed that 
petals evolved firs t and that sepals evolved 
later (e.g. Albert et al., 1998) and that petals 
have evolved mul tiple times from d ifferen t 
floral organs in d ifferen t groups (e.g. Eames, 
196l; Takh taj an, 1969; Kosuge, 1994; Alber t 

et al., I 998; Zanis et al., 2003). 
Takh taj an ( 1969, I 997) sugges ted two 

origins of pe tals, one from stamens and one 
from bracts. Support for mul tip le, indepen­
den t origins of pe tals has come from mor­
p hological stud ies showing that 'petals' of 
various angiosperms exh ibit maj or d iffer­
ences and can be grouped in to two basic 
classes (e.g. Endress, 1994a; Kramer and 
Irish, 2000). In one group are petals tha t 
resemble stamens. The pe tals are develop­
men tally delayed and are sim ilar in appear­
ance to stamen p r imord ia at inception 
(Endress, 1994a). These pe tals have some­
ti mes been termed andropetals. The second 
type of petalo id organ (conven tionally 
termed tepals; Cronqu ist, 1981 ) is found in 
und ifferen tiated perian ths and is more leaf­
like in general characteristics. These petals 
in itiate and mature much earl ier than do 
the stamens and are generally more leaf-l ike 
in appearance than are other petals (Sm ith, 
1928; Tucker, 1960; Takh taj an, l969, 1997). 

Following Albert et al. ( 1998), two or more 
whorls of perianth parts must be p resen t for 
an unambiguous interp re tation of sepals and 
petals. If only a single perianth whorl is pre­
sent, it may be d ifficult to in terpre t as 'sepals' 
or 'petals' (see also Endress, l994a,b). Is the 
single whorl an undifferen tiated perian th , 
composed of neither sepals nor petals, or is 
the single whorl composed of either sepals or 
petals with the other perianth whorl absen t? A 
single-whorled perian th has traditionally been 
referred to as being composed of 'sepals' as a 
matter of convention (e.g. Cronqu ist, 1968). 
Families of basal angiosperms that contain 
taxa with a single-whorled perian th include 
nearly all 샤istolochiaceae (except Saru1na), 
all Myr isticaceae and Chloranthaceae 
(Hedyosmum). In some cases, however, the 
na ture of a single-whorled perianth can be 
de term ined through compar ison with the 
perian ths o f closely rela ted taxa. In 
Aristo loch iaceae, most taxa have a single­
whorled perian th tha t is considered a calyx 
(Cronqu ist, 1968, 1981 ; Tucker and 
Douglas, 1996; Takh taj an, 1997). In con­
tras t , Saru1na has two perian th whorls tha t 
are d ifferen tiated in to sepals and petals. 
Furt hermore, in some spec ies of Asarum, 
pe tals apparen tly begin to develop , bu t the 
only traces are small, thread-like struc tures 
(Le ins and Erbar, 1985). 

In recent recons tructions (Ronse De 
Craene et al., 2003; Zan is et al., 2003; Soltis 
et al., 2004) (Fig. I 0.3), the ancest ral state fo r 
the angiosperms is an und ifferentiated peri­
an th. Amborella and Aus troba ileyales have an 
und ifferentia ted perian th. In contras t, the 
ancestral state for Nymphaeaceae is recon­
struc ted as equ ivocal because some 
Nymphaeaceae (e.g. Cabomba, Brasenia, 
Nuphar) have a differentiated perian th 
whereas more der ived wa terlilies (Victoria, 
Nymphaea) have an und ifferentiated peri­
an th. Above the basal angiosperm grade, the 
und ifferen tia ted perian th con tinues to be 
ancestral fo r the rema in ing angiosperms 
(Fig. l0.3). Importan tly, all recons tructions 
ind icate that a d ifferen tiated perianth 
evolved mul tip le times (see Albert et al., 
1998). Separate origins include some 
Nymphaeaceae, monoco ts, some Mag­
nol iaceae, Annonaceae, Canellaceae, some 
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Ar istoloch iaceae and Siparunaceae with 
add itional origins in early-d iverging eud i­
cots (e.g. Papaveraceae, Men ispermaceae, 
Ranunculus, Sabiaceae) and core eud ico ts. 
Compara tive develop mental stud ies are 
requ ired to test whether multip le origins of 
perian th d ifferen tiation were dr iven by sim i­
lar changes in gene fu nction and regula tion. 

Phyllotax is 

Amborella has spiral p hyllotax is (Fig. 10.1 ), as 
do members of Austroba ileyales. In some 
basal fami lies, phyllo tax is is comp lex. For 
~xamp l~, i~ some Ny_mph_aeacea~, _ p hyl­
lotax is has been considered spiral, bu t it 
now appears to be p r imari ly whorled, or in 
some cases i rregular (Endress, 200 I ). In 
some Winteraceae (Drimys and Psei따owintera), 

p hyllotax is is p r imar ily whorled, bu t occa­
sionally spiral (Dous t, 2000). In Drimys 
winteri, flowers with in one tree vary between 
spiral and whorled (Dous t, 2001). 

The d istinction be tween spiral and 
whorled is no t always clear. In Amborella, 
recent develop men tal stud ies ind ica te that 
some floral organs (e.g. carpels) are in itiated 
in a nearly whorl-like manner, al though they 
are commonly described as spirally 
arranged (Buzgo et al., 2004b). Stud ies of 
other basal angiosperms reveal that in some 
cases floral organs that appear to be whorled 
in ma ture flowers actually resul t from spiral 
in itiation o f p r imord ia and a bimodal d istr i­
bu tion of long and short ti me in tervals 
between the in itiation of consecu tive organ 
p rimord ia (Tucker, 1960; Le ins and Erbar, 
1985; Endress, 1994a). Thus, bo th spiral 
and whorled phyllo tax is of ma ture flowers 
resul t from the organs developing in a spiral 
sequence (Endress, 1987). For example, 
Illicium has spiral p hy llotax is in developing 
buds, bu t in mature flowers the carpels have 
an apparently whorled arrangemen t. 
Furthermore, even in some eud icots the 
sepals in itia te in a spiral sequence, with the 
later-arising sepals positioned sl igh tly inside 
the earlies t to originate, as re flected in the ir 
imbricate arrangement at matur ity. The 
inner organs ar ise i n p rec ise whorls, and 
even the sepals have trad itionally been con-

sidered whorled, because of the i r close 
apposition at ma turity. 

Al though spiral phyllotax is is p resen t in 
Amborellaceae and Aus t roba ileyales, the 
presence o f whorled (and irregular) phyl­
lo tax is in Nymphaeaceae makes the ances­
tral recons truc tion for perian th p hyllotax is 
for the angiosperms dependen t on the cod­
ing of the ou tgroup. However, ou tgroup 
coding is p roblema tic because the immed i­
ate sister group of the angiosperms is 
unknown. Furthermore, no fossi l group is 
known to have possessed flowers. If t he ou t­

group is coded as lack ing a perian th, then 
either a spiral or whorled p hyllotax is is 
recons t ruc ted as equally pars imon ious fo r 
the base o f the angiosperms. If the ou tgroup 
is coded as hav ing a spirally arranged peri­
an th, then a spiral perian th is recons truc ted 
as ancestral fo r the angiosperms. If the ou t­
group is coded as hav ing a whorled peri­
an th, then a whorled perian th is ancestral 
fo r the angiosperms with a spiral perian th 
evolving several times. 

Above the Amborellaceae, Nymph­
aeaceae, Aus t roba i leyales grade, whorled 
perian th p hyllotax is is recons t ruc ted as 
ances t ral for all rema in ing angiosperms with 
mul tip le sh ifts to a spiral perian th occurring 
in basal lineages, includ ing Calycan thaceae, 
Atherospermataceae, Gomortegaceae, some 
Mon im iaceae, Degeneriaceae and some 
Magnoliaceae (Fig. 10 .4). A poss ible trans­
forma tion from whorled to spiral p hy llo tax is 
may have occurred i n Drimys and 
Psei따owintera (W interaceae), wh ich have a 
comp lex phyllotax is involv i ng spirals and 
mul tip le whorls (Dous t, 2000, 2001 ; Endress 
et al., 2000). Still add itional reversals to a 
spiral perian th are found in the early­
d iverging eud icots Nelumbo (Pro teales) and 
Xanthorhiz.a, Caltha and Ranunculus 
(Ranunculaceae). Thus, perian t h phyllo tax is 
is h ighly lab ile in basal angiosperms and in 
basal eud ico ts (Endress, 19946; Albert et al., 
1998; Ronse De Craene et al., 2003; Zan is et 
al., 2003; Soltis et al., 2004). Again, compara­
tive develop men tal stud ies are necessary to 
de term ine whe ther unrela ted taxa with con­
vergen t phyllo tax is share common regula­
tory networks for organ in itiation. 
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Amborellaceae 
Nymphaea 
Victoria 
Nuphar 
Brasenia 
Cabomba 

□ Ill iciaceae 
□ Trimeniaceae 
□ Austrobai leyaceae 
■ Ceratophyllaceae 
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口 other monocots 
■ Chloranthus 
□ Hedyosmum 
□ Bubbia 
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Merosity 

Among basal angiosperms, many lineages 
have numerous parts, some clades are 
tr imerous, and others defy simp le cod ing of 
merosity. In Win teraceae, the ou termost flo­
ral organs are in d imerous whorls, followed 
by a switch to tetramerous whorls, and 
finally (in Takhtaj ania) a change to pen tamer­
ous whorls (Endress et al., 2000). Sim ilarly, 
in Magnol iaceae, the perian th of some 
species o f Magnolia is an inde termina te spi­
ral, whereas that of Liriodendron and other 
species of Magnolw is in three tr imerous 
whorls and may rep resent a t ransition from 
spiral to whorled phyllotaxis (Tucker, 1960; 
Erbar and Leins, 1981 , 1983). 

Amborella and Aust robai leyales have an 
inde term ina te spi ral (Fig. I0.1) . However, 
with in Nymphaeaceae, Cabomba, Brasenw 
and Nuphar they are tr imerous; other gen­
era (e.g. Victoria, Nymphaea) are t r imerous or 
te tramerous (Endress, 2001). As found for 
phyllotax is (above), recons t ruction of the 
ancestral merosity of ex tan t angiosperms is 
dependen t on the cod ing of meros ity for the 
ou tgroup. If the ou tgroup o f the 
angiosperms is coded as hav ing an indeter­
m inate number of perian th parts, then an 
indeterm inate number is also ancestral fo r 
the angiosperms. Alternatively, if the ances­
tor o f the angiosperms is considered to lack 
a perian th, then it is equally pars imon ious 
for the base o f the angiosperms to be either 
tr imerous or inde termina te in perian th 
meros ity (see Zan is et al., 2003; Soltis et al., 
2004). 

However, regardless of ou tgroup cod ing, 
above the basal grade of Amborella, 
Nymphaeaceae and Aus trobai leyales, the 
ancestral character state for all rema ining 
angiosperms is a trimerous perianth (Fig. 
10.5) (e.g. Ronse De Craene et al., 2003; Zanis 
et al., 2003; Soltis et al., 2004). Thus, although 
the trimerous cond ition is typically associated 
with monocots, these resul ts ind icate tha t 
trimery p layed a major role in the early evolu­
tion and d iversification of the flower 
(Kubitzki, 1987). 

Follow ing the origin of a trimerous peri­
anth, there was a return to an indeterm inate 
spiral perianth in several basal lineages, 

includ ing Calycanthaceae (e.g. Calycanthm), 
the clade of Atherospermataceae and 
Gomortegaceae, H iman tandraceae, some 
Mon im iaceae (e.g. Hortonia) and some 
Magnoliaceae (Magnolia). A perian th has also 
been lost several times (e.g. Eupomatiaceae 
(see below), Piperaceae, most Chloran thaceae, 
and Ceratophyllaceae) (Fig. I0.5). 

These reconstructions ind icate that peri­
an th merosity is lab ile in basal angiosperms 
(see also Endress, 1987, 1994b; Albert et al., 
1998; Zanis et al., 2003), a cond ition that con­
tinues through the early-d iverging eudicots 
(Fig. I 0.5). Dimery is often seen in early­
d iverging eud icots. However, tr imery is also 
prevalen t (Ranuncu lales), and pen tamery is 
seen in some taxa. In con tras t, in core eudi­
cots, pentamery p redom inates. Interestingly, 
d imery is found in Gunnera, sister group to all 
other core eudicots. Thus, recons truc tions 
not only ind icate that perian th merosity is 
labile in basal angiosperms and early-d iverg­
ing eud icots, bu t also suggest that a d imerous 
perianth could be the immed iate p recursor to 

the pentamery characteristic of eudicots 
(Soltis et al., 2003). Once more, comparative 
developmen tal stud ies are requ ired to eluci­
da te the molecular basis of changes in meros­
ity throughou t angiosperm h istory. 

Genes Controlling Early Floral 
Development 

The models 

Develop men tal gene tic analyses have p ro­
vided unp receden ted ins igh ts in to the mole­
cular mechanisms that de term ine identities 
of the p r incipal floral organs, at least in the 
eud icot model organ isms used for these 
stud ies. Arabidopsis thaliana and Antirrhinum 
maj us, two der ived eud icots, were the fi rs t 
models stud ied, and are sti ll the best under­
stood. Inves tigations o f these models have 
resul ted in the iden tifica tion and under­
stand ing of over 80 genes critical fo r normal 
floral developmen t, includ ing genes 
involved in flower in itiation; however, the 
true number is bound to be much larger 
(Zhao et al., 2001a; Ni et al., 2004) (Fig. 
10.6). Carefu l morphological developmen tal 
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Fig. 10.6. Genes that have been demonstrated geneti call y to regulate flowering time, floral meristem and 
organ identiti es in Arabidopsis. MADS-box genes are shown in ovals. For genes that encode other types of 
proteins, only those that play critical roles in floral meristem and organ identiti es are shown in boxes. The 
black lines and arrows ind icate positive genetic interaction; the dotted lines w ith a short bar at the end 
represent negati ve genetic interactions. The arrows ind icate that the specific organ identity gene(s) is (are) 
required for the identity of the corresponding organ. See Fig. 10.7 for an i llustration of the ABC model. 
Al though few genes have been identified that function downstream of the organ identity genes (Sablowsk1 
and Meyerowitz, 1998), a number of putative downstream genes for LFY and APJ/P/ have been reported 
recen tly from microarray analysis (Schmid et al., 2003; Zik and Irish, 2003). Modified from a figure in Sol ti s 
et al. (2002), w ith recent information on the regulation of fl oral meristem identity genes by CO and FT 
(Schmid et al., 2003) and regulation of floral organ identity genes by EMF/ , EMF2, LUC and SEU (Franks et 
al., 2002; Moon et al., 2003; Schmid et al., 2003). 
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stud ies (Smyth et al., 1990) p rov ided a foun­
dation fo r evaluating the effects of mu tations 
and de fin ing gene fu nctions. Th is integra­
tion of morp hological and develop mental 
genetic investigations has characterized the 
work on several other model systems as well, 
includ ing the der ived monocots Zea mays 
and Oryza sativa (Poaceae), and to a lesser 
exten t Petun ia hybrida and Lycopersicon escu­
lentum (= Solanum lycopersicum), bo t h o f 
Solanaceae (Coen and Meyerowitz, 1991 ; 
Meyerow itz et al., 1991 ; Ma, 1994, 1998; 
Weigel and Meyerow itz, 1994; Weigel, 1995; 
Yano fsky, 1995; Ma and dePamph ilis, 2000; 
Zhao et al., 200la; Irish, 2003). 

The bes t-known genes con t roll ing floral 
organ iden tity are the A, B and C fu nc tion 
genes (Coen and Meyerow itz, 1991 ; 
Meyerow itz et al., 1991). Accord ing to the 
ABC model, three overlapping gene fu nc­
tions, A, B and C, act alone or in comb i na­
tion to specify the four types of floral 
organs (Fig. 10.7). In 1990, the genes rep­
resen ti ng deficiens (B class) and agamous (C 
class) mu tan ts were cloned from 
Antirrhinum and Arabidopsis, respec tively. 

A A+B+E B+C+E C+E D+E 
Sepal Petal Stamen Carpel Ovule 

Carpel 
Petal 

Sepal 

Fig. 10.7. Extended ABC model for floral organ 
spec ification (mod ified from The ifsen, 2001 ) 

Homologous genes from t hese t wo models 
some ti mes have d ifferen t names, crea ting 
some con fusion for newcomers to t he field; 
we therefore often p rov ide both names in 
our overv iew. The pro te in produc ts of 
DEFJCJENS (DEF = APETALA3 (AP3) in 
Arabidopsis) and AGAMOUS (AG = PLENA 
(PLE) i n Antirrhinum) were found to be 
from the same fam i ly o f t ranscription fac­
tors, wh ich are regula tors of the exp ression 
of other genes (Schwarz-Sommer et al., 
1990). Th is fam i ly was named MADS-box 
genes after a DNA-b ind ing am ino ac id 
doma in p resen t in MCMI (m in i-chromo­
some main tenance-I ; from yeas t), d_C, !2.EF 
and !i_RF (serum response factor; from 
humans). MADS-box genes encode a con­
served doma in tha t cons titu tes mos t of the 
DNA-b ind ing doma i n. 

I t had been hypo thes ized from mu tant 
p heno types tha t the DEF (= AP3) and AG 
(= PLE) genes con trol floral organ iden tity 
in a combinatorial, whorl-specific fash ion: A 
fu nction d irec ts sepal iden tity; B fu nction 
together with A specifies pe tals; B p lus C 
fu nc tion designates stamens; and C alone 
p romo tes carpel develop ment (Meyerow itz 
et al. , 1991 ; Ma, 1994; We igel and 
Meyerow itz, 1994; see below; Fig. 10.7). The 
DEF and AG gene p roduc ts were assigned to 
the B and C fu nctions, respectively. 

As no ted, in Arabidopsis, the A function 
genes are APJ and AP2 (Fig. 10.7), the B 
fu nction genes are AP3 (= DEF) and PIS­
TILLATA (Pl = CLO in Antirrhinum), genes 
that resul ted from an anc ien t dup lication 
even t (d iscussed below), and the C function 
is specified by AG (= PLE) (rev iewed in Ma, 
1994; Ma and dePamph ilis, 2000). Genetic 
stud ies were crucial for the iden tifica tion of 
these gene fu nc tions, with mu tations in each 
of these genes affecting two adj acen t whorls. 
For examp le, ap3 mu tan ts p roduce sepals 
and carpels ins tead of petals and stamens, 
respectively. Double- and tr iple-mu tan t 
analyses i n Arabidopsis have fu r ther clarified 
the genetic in teractions among A, B, C class 
genes. Express ion stud ies have also been 
importan t in con firm ing aspec ts of the ABC 
mode l. All of the ABC MADS-box genes are 
exp ressed in the regions of the floral meris­
tem that they help specify. The model is sup-
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ported by over-exp ress ion stud ies of the 
ABC genes in Arabidop隅 wh ich can p lace 
any of t he four flower organs in any of the 
four whorls. 

Recently, in Arabidopsis, t he role of the 
class E genes, SEPALLATA J, SEPALLATA2 
and SEPALLATA3, has been demons tra ted: 
they act redundan tly to specify petals, sta­
mens and carpels (Pelaz et al., 2000, 2001; 
TheiBen, 2001). These genes were identified 
through their sequence similarity to AG, 
ra ther than through ind ividual mu tan t phe­
no types. Triple-null mu tants of SEP1-3 p ro­
duce 'flowers' consisting only of sepal-like 
organs, suggesting tha t these rela ted genes 
have redundan t functions in con troll ing the 
identity of petals and reproductive organs 
(Pelaz et al., 2000, 2001). Floral MADS­
doma in p ro teins can fo rm homod imers, het­
erod imers and tetramers, p rov id ing a 
mechan ism for the in teraction o f genes 
with in and between the A, B, C and E fu nc­
tions (TheiBen, 2001) (see Fig. 10.10). 

In add ition to A, B, C and E function 
genes, numerous o ther genes are also regu-
la tors of normal floral developmen t. 
Furthermore, not all floral regulators are 
MADS-box genes. In Arabidopsis, the non­
MADS APETALA2 (AP2) con fers A function 
along with the MADS gene APETALA J 
(API = SQUAMOSA (SQUA) in Antirrhinum). 
LEAFY (LFY), wh ich con trols the entire flo­
ral developmental programme, codes fo r a 
p rev iously unknown type o f transcriptional 
regula tor (Weigel et al., 1992). Space does 
no t perm it rev iew of all of the numerous 
genes involved in floral developmen t here. 
Readers are encouraged to consult recen t 
rev iews (e.g. Ma, 1998; Zhao et al., 2001a; Ni 
et al., 2004; Fig. 10.6). Because most genes 
with known functions in flower develop men t 
have been de tected through the ir single­
gene mu tant phenotypes, genes such as the 
sepallata genes with redundan t fu nction 
(Pelaz et al., 2000; TheiBen, 2001), or genes 
tha t are lethal when d isrupted, are no t usu­
ally d iscovered except through de ta iled fo l­
low-up analysis. As a resul t, even th is rapidly 
grow ing collection of genes of known fu nc­
tion must be cons idered an underesti ma te of 
the genes with critical roles in flower devel­
opmen t. 

Genes are also known that specify the flo­
ral character of the apical meristem that 
forms the flower. The genes FLORICA ULA 
(FLO) and LEAFY (LFY) of Antirrhinum and 
Arab떠ops!S, respectively, are transcription 
factors o f a family un ique to land p lan ts. 
FLO/LFY is single copy in d iplo id 
angiosperms. FLO/LFY is exp1·essed in a 
graded manner and acts synergistically with 
the MADS-box gene SQUAMOSA/AP1 to 
specify the floral character o f the apex. 
These genes in tegra te signals from mu ltiple 
pa_thwa_YS invo~v:d i1~ ~he tr~nsition . to ~ow~ 
ering. Some of the add itional genes involved 
in floral specification are shown in Fig. 10.6 
(e.g. Coen et al., 1990; Weigel et al., 1992; 
We igel, 1995; Riechmann and Meyerow itz, 
1997; Ma, 1998; TheiBen et al., 2000; 
TheiBen, 2001; Zhao et al., 2001a). 

New model plants 

Exhaustive stud ies of a few key model p lants, 
ch iefly Arabidopsis and Antirrhinum, have p ro­
vided enormous insigh ts in to the genetic 
con trol o f flower developmen t. However, a 
key question is, are the models of the genetic 
control of floral developmen t in these 
der ived eud icots app licable to all 
angiosperms? In terestingly, the conservation 
of A function is unclear in angiosperms other 
than Brassicaceae. Ano ther floral develop­
men tal model emphasizing the B and C 
fu nctions alone (called a t that time A and B) 
was developed even before the ABC model, 
and th is focus migh t be more broadly app lic­
able (Schwarz-Sommer et al., 1990) (Fig. 
10.8). The genetic architecture of floral 
developmen t in angiosperms other than the 
well-known models should also be inves ti­
gated (e.g. Albert et al., 1998; Kramer and 
Irish, 2000; Soltis et al., 2002). To obtain 
maximal benefit from the enormous 
resources afforded by well-developed models 
for floral develop men tal gene tics, it is imper­
ative that researchers expand their emp hasis 
to include add itional species rep resen ting a 
wider p hylogenetic coverage of angiosperms. 

The rapid increase in in terest in the evo­
lu tionary developmen tal biology ('evo-devo') 
o f the flower has sti mulated the investiga-
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Fig. 10.8. The original ABC model (a) with variati ons that could expla in morphological changes. Vers ions 
(b-d) simply allow the change of the domains of A and B functions to account fo r the divers ity in the 
perianth. Vers ion (e) makes the control of the tepal identity similar to that of the sepal identity in derived 
eud icots, al though tepals are often morphologicall y simi lar to petals. Vers ions (f-h) propose 'F and G 
functions' different from the ABC functions in distributi on and in consequence to control perianth identities. 
B1 is used instead of B when the function is onl y used to control the stamen identity. 

uon o f a number o f new 'model' p lants, and significant p hylogenetic positions (Fig. I 0.2). 
many of these are under investigation as Arnborella (Amborellaceae) and waterli lies 
p art of genomics in itiatives (Sol tis et al., (Nym phaeaceae) were chosen because they 
2002; De Bod t et al., 2003). New models rep resen t the sister group s to all o ther 
have typically been chosen based on thei r angiosperms. O ther basal angiosp erms (e.g. 
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Lauraceae and Magnol iaceae) are also the 
focus o f study, as is Acorus (Acoraceae), the 
sister to all other monoco ts. Poppies (Papaver 
and Eschscholzia) are important cho ices 
because they rep resen t an early-d iverging 
eud icot lineage (Fig. 10.2) and p rov ide a 
critical link between der ived eud icot models 
(e.g. Arabidopsis and Antirrhinum) and basal 
angiosperms. 

The grow ing list of new models no t only 
expands the phylogene tic d iversity under 
study, bu t also the d iversity of floral form 
tha t is curren tly under molecular and 
gene tic investigation (Soltis et al., 2002; De 
Bod t et al., 2003). In add ition to the stan­
<lard whorled arrangements o f parts, new 
models such as Amborella exh ibit a spiral 
perian th that is und ifferen tiated. Gerbera, a 
der ived as terid in the sun flower fam ily, is 
also a use fu l model because o f its d ivergen t 
inflorescence forma t: multip le flowers of d if­
feren t pheno types borne together in a dense 
head (Yu et al., 1999; Koti lainen et al., 2000). 

The new models also have importan t li m­
ita tions. For most, genetic stud ies are no t yet 
possible. Although develop mental morp ho­
logical and molecular stud ies can lead to the 
fo rmulation of use fu l hypotheses regard ing 
the evolu tion of gene fu nctions, these await 
tes ting us ing genetic stud ies. For basal 
angiosperms that are woody (e.g. Amborella, 
Persea) and no t read ily analysed genetically, 
defin itive conclusions abou t gene fu nctions 
wi ll be d ifficu lt to ach ieve. Therefo re, herba­
ceous basal angiosperms (e.g. the waterlily 
Cabomba) and herbaceous basal eud icots (e.g. 
Papaver or Eschschol파) may have t he grea t­

es t poten tial as new models because of the ir 
short life cycles and the trans fo rmability of 
Papaver (Baum et al., 2002). 

New technologies migh t p rov ide effective 
me thods for reverse gene tic analysis of new 
gene tic models. Methods that use viruses to 
generate small, interfering RNA and to post­
transcriptionally silence a gene of in terest (Lu 
et al., 2003) might be applicable in mature 
p lan ts, even in long-lived perenn ials. Such 
new methods, if perfected, that allow easy 
elucida tion of gene fu nction in d iverse p lan ts 
by mu tation or by gene silencing, could 
become as importan t for evo-devo stud ies as 
PCR has been fo r molecular phylogenetics. 

Limits on the general ity of floral 
developmental genetics 

Through molecular evolu tionary and gene 
exchange stud ies, it was de termined tha t 
AP3 represen ts the Arabidopsis homologue o f 
DEF from Antirrhinurn. Sim ilarly, sequence 
and fu nctional homologies were found 
between AG and LFY and the ir Antirrhinwn 
coun terparts (PLE and FLO). However, the 
situa tion with A function genes is more com­
plex. Mu ta tions in the Antirrhinurn 
SQUAMOSA gene, a likely orthologue o f AP1 
from Arabidopsis, cause floral mer istem 
de fects sim ilar to apl mu tants. Flowers o f 
squarnosa mu tan ts also exh ibit de fects in petal 
development, al though the role of 
SQUAMOSA in controll ing pe tal iden tity is 
though t to be less important than that of 
AP1 in Arabidopsis. Recen tly, two Antirrhinum 
homologues, L/PLESSJ and L/PLESS2 (LJP J 
and LJP2), of the Arabidopsis AP2 gene, have 
been shown to have redundan t fu nctions in 
controll ing sepal and petal develop ment 
(Keck et al., 2003) in a manner sim ilar to tha t 
of AP2. However, unl ike AP2, UP1/2 do no t 

seem to be involved in the negative regula­
tion of the C-fu nction gene ?LENA (PLE = 
AG). There fore, resul ts from Antirrhinum 
support a critical role fo 1· A func tion in de ter­
m in ing perian th iden tities, bu t the interac­
tions between known genes involved in A 
and C functions seem to be d ifferen t be tween 
Arabidopsis and Antirrhinurn. AP1- and AP2-
like genes have been iden tified from a 
d iverse array of angiosperms (Litt and Irish, 
2003); however, whether they play a role in 
A fu nction is no t known. 

Therefo re, the ex istence of a conserved A 
fu nction in angiosperm flower develop ment 
is still uncerta in, al though there should be 
gene fu nctions that spec ify sepal iden tity in 
species tha t p roduce a d ifferen tia ted peri­
an th. It is poss ible tha t d ifferen t genes serve 
th is function in d ifferent flowering p lant lin­
eages, or tha t the de term ination o f sepal 
and petal iden tity is more comp lex than 
depicted in the ABC mode l. Based on the 
presence of B- and C-fu nction MADS-box 
genes in gymnosperms (wh ich lack flowers), 
it has been hypo thes ized tha t de term ina tion 
of flower organ iden tity has evolved from a 
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more anc ien t role of t hese genes m sex 
de term ina tion (Hahn and Somervi lle, 1988; 
Munster et al., 1997; Win ter et al., 1999). I t 
has also been hypothes ized tha t 'true' sepals 
of the kind exp ressed by Arabidopsis and 
Antirrhinum are a relatively recen t evolu tion­
ary innovation, because basal eud icots and 
monocots characteristically lack d iscre te 
sepals and petals and bear tepals instead. 

Conservation of control over floral specifi­
cation o f the flower apex by FLO!LFY has 
been shown for several eud icots, bu t addi­
tional functions are also known. For examp le, 
the LFY homologue of P isum (Fabaceae) con­
trols compound leaf developmen t in addition 
to the transition to flowering. In grasses, LFY 
homologues p robably d irec t the develop men t 
of inflorescence meristems ra ther than only 
floral meristems, as in Arabidopsis. 

As no ted above, the SEPALLATA (SEP) 
genes o f Arabidopsis prov ide redundant fu nc­
tion requ ired for floral organ identity. 
However, research on other organ isms such 
as Gerbera has shown that SEP-class homo­
logues play d ivergen t roles in development 
of the condensed, head in florescence as well 
as in the d ifferent floral forms that are borne 
by it. Specifically, one SEP-like gene confers 
the C function only in the stam i nal whorl of 
flowers borne at the periphery of the in flo­
rescence, whereas ano ther SEP homologue 
(the p robable duplication partner of the firs t) 
appears to con fer the C fu nction only in 
carpels (Teeri et al. , 2002). This partitioning 
of genetic fu nction has p robably had mor­
phological evolu tionary consequences 
because the ou ter flowers of Gerbera in flores­
cences are male-s terile and h ighly asymmet­
r ical, with fused, elongate petals, whereas the 
inner flowers are bisexual and very close to 
symmetr ical, with non-elongate petals. The 
Gerbera inflorescence looks very much like a 
single flower, and p robably attrac ts poll ina t­
ing insects in the same capac ity. 

The ABC Model: New Data, New Views 

ABCs of basal angiosperms 

Recen t investigations o f basal angiosperms 
have prov ided an importan t assessmen t of 

the applicab ility o f the ABC model to all 
angiosperms. Certainly much of the ABC 
framework is conserved in a number of 
eud icots and grasses, bu t there are impor­
tan t variations on the ABC theme in some 
flowering p lants (Fig. l0.8). For examp le, in 
con tras t to the well-d ifferen tiated sepal and 
pe tal whorls o f eud icots such as Arabidopsis 
and Antirrhinum, the two ou ter floral whorls 
in many members of the monoco t fam ily 
Li liaceae (l ily fam i ly) are pe talo id and almost 
iden tical in morphology (Fig. l0.1 ). 
Importan tly, in Tulipa (tu lip), the B-class 
genes are expressed in bot h pe talo id whorls, 
as well as in stamens (Kanno et al., 2003). 
Th is situation supports the idea that pe tals 
and pe tal-l ike organs requ ire B function, 
regardless of the position of these organs 
with in the flower. 

Sim ilarly, in some Nymphaeaceae 
(waterlilies) such as Nuphar, the ou ter whorl 
of the flower, sometimes re ferred to as sepals, 
exhibits B class gene exp ress ion, as do the 
petals, stamens and stam inodes (Kim et al., 
2004) (Fig. l0.8). In Amborel/,a, wh ich has a 
spirally arranged perianth with parts that are 
not differentiated into sepals and petals (Fig. 
10.1 ), a sim ilar pattern is observed, with B 
class genes expressed throughou t the peri­
~~th: as well as in _the _s tam~ns (Fjg. _ 10.8). 
Simi lar exp ress ion da ta have been forthcom­
ing for basal angiosperms in the magnoliid 
clade. In Magnolia (Magnoliaceae) , B class 
gene express ion has been documented 
throughou t the perianth whorls, as well as in 
stamens and staminodes (Kramer and Irish, 
2000; Kim et al., unp ubl ished). A sim ilar pat­
tern of B-class gene express ion has been 
observed in basal eud icots such as Papaver 
(Papaveraceae) and various members of 
Ranunculaceae (Kramer and Irish, 2000; 
Kramer et al., 2003) . The express ion of B­
fu nction genes in sepal-l ike organs suggests 
that these B-fu nction genes are not sufficient 
to specify petal iden tity. 

The express ion of C-class genes has also 
been exam ined in several basal 
angiosperms, and the resul ts for th is gene 
match the p red ictions of the ABC mode l. 
For example, homologues of AGAMOUS 
have been isolated from Amborella, and these 
are expressed in carpels, stamens and sta-
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minodes (Kim et al., unpubl ished). Da ta for 
the express ion of A-class genes from the 
basal-most angiosperms remain fragmentary. 

Thus, recen t da ta suggest a mod ified ABC 
model for basal angiosperms, with B-class 
genes expressed and p resumably fu nctioning 
throughou t the perianth and stamens (Fig. 
10.7) (see Van Tunen et al., 1993; Albert et al., 
1998) follow ing the original 'BC model' idea 
pu t forth by Schwarz-Sommer et al. (1990). 
From a p hylogenetic standpo in t, the ABC 
model may reflect a more recen t programme 
tha t is importan t in Arabidopsis and possibly 
other eud ico ts. The specification of sepals, 
which may have evolved more than once 
(Albert et al., 1998), may well be encoded by 
different genes in d ifferent angiosperm Jin­
eages. The pattern of B-class gene expres­
sion observed in basal angiosperms and basal 
eudicots p robably rep resents the ancestral 
cond ition, with the model originally p ro­
posed fo r Arabidopsis and Antirrhinum a 
derived mod ification (Fig. l0.8). 

An important evolu tionary question now 
becomes: at wh ich node in the angiosperm 
tree d id the sw itch from the more general 
BC model occur? Functional stud ies in phy­
logenetically critical taxa are requ i red be fore 
th is question can be answered, bu t the 
switch p robably coincided with the evolu tion 
o f the core eud icots (Fig. l0.2). O ther 
importan t changes in floral genes sim ilarly 
appear to coincide with the origin of core 
eud icots, including duplica tion o f AP3 yield­
ing the euAP3 gene lineage, as well as the 
origin o f AP1 (Kramer et al., 1998; Litt and 
Irish , 2003). 

Molecular phylogene tic analyses of the 
gene families involved in floral develop men t 
are elucidating the importan t role that gene 
dup lication has p layed in the evolu tion o f 
flower develop men t. The gene dup lications 
and losses evident i n gene family p hyloge­
n ies can con fuse d iscussions o f fu nctional 
evolu tion when the genes with equ ivalent 
fu nction in different species are no t ortholo­
gous. At the same time, orthology does not 
always coincide with str ict fu nctional equ iva­
lence (e.g. the d iscuss ion of LIP genes in 
Keck et al., 2003). Given the lack of perfect 
correspondence between gene fu nction and 
phylogeny, a clear d istinction should be 

made be tween fu nctional and phylogeneti­
cally based classifica tions of gene rela tion­
sh ips (Becker and The iBen, 2003). 

AP3/P/-l ike genes: an ancient duplicat ion 

The evolu tion of MADS-box genes has 
involved a series o f gene dup lications and 
subsequen t d iversification, as well as losses. 
Several investiga tors have conducted phylo­
gene tic analyses o f the floral MADS-box 
genes (e.g. Purugganan, 1997; TheiBen et 
al., 2000; Johansen et al., 2002; Nam et al., 
2003; Becker and TheiBen, 2003). For 
examp le, a dup lication yield ing the A and E 
+ AGL6 class genes occurred approx imately 
413 mi ll ion years ago (mya) (Nam et al., 
2003), and the ages of several other promi­
nen t MADS-box gene dup lications have also 
been estimated (e.g. Purugganan et al., 
1995; Purugganan , I997; Nam et al., 2003). 

Whereas angiosperms possess two B-class 
paralogues (AP3 = DEF, and Pl = CLO), 
only one certain B-class homologue has been 
found in gymnosperms, suggesting that an 
ancient duplication led to the p resence of the 
AP3 and Pl homologues. However, the accel­
erated ra te of evolu tion of AP3 and Pl rela­
tive to other MADS-box genes p recluded 
estimation of the age of the AP3/PI duplica­
tion by molecular clock-based substitu tion 
ra te methods (Purugganan et al., 1995; 
Purugganan, 1997; Kramer et al., 1998; Nam 
et al., 2003). Tree-based methods us ing a da ta 
set of over 20 new AP3 and Pl gene 
sequences fo r basal angiosperms estimated 
that the AP3/PI dup lication occurred approx­
imately 260 mya (range of 230-290 mya) 
(Ki m et al., 2004). Th is date p laces the dupli­
cation shortly after the split between ex tant 
gymnosperms and angiosperms and on the 
'stem' lineage of extant flowering p lants. Th is 
ind icates that the AP3/PI dup lication 
occurred perhaps 100 mi llion years be fore 
the oldest foss il flowers (generally p laced at 
125—13 1.8 mya; Hughes, 1994). Thus, th is 
suggests that the join t exp ress ion of AP3 and 
Pl d id not immed iately result in the forma­
tion of petals, struc tures for which they con­
trol development in extant angiosperms, 
because no such structures are p resent in the 
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fossil record at that time. Th is ra ises the ques­
tion: what was the early (pre-angiosperm) 
role of the APJ and Pl homologues? The co­
express ion of APJ and Pl homologues could 
re flect an evolu tionary innovation of an imal­
attractive, pe tal-like organs well before the 
appearance of angiosperms in the fossil 
record . Indeed, some fossi l, non-angiosperm 
seed p lants from the approp riate 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 
flex ibility? 

A str iking resul t of Kim et al. (2004) is the 
st rong sim i larity between Amborella AP3 and 
PI C-doma in am ino ac id sequences (Fig. 
10.9). The C doma ins, as well as K- and 
MADS-domains, signal the assembly of mu!­
timers for several MADS p ro te ins in core 
eud icots (Egea-Cortines et al., 1999; Ferrario 
et al., 2003). Indeed, h igher-order mul ti­
mers are p robably the active state o f B- fu nc­
tion MADS-box p ro te ins (Egea-Cortines et 
al., 1999; Honma and Go to, 2000; The iBen, 
2001; Ferrario et al., 2003). 

He terod imeriza tion of AP3 and PI p ro­
te ins is requ i red for DNA bind ing in the 
core eud icots that have been stud ied. 
However, Pl/Pl homod imers are possible in 
some monoco ts, at least in vivo, al though it is 
no t clear whe ther these can bind DNA (Fig. 
I 0. I 0). (Even the Arabidopsis PI p ro teins can 
form homod imers, bu t these cannot bind 
DNA (Riechmann et al., 1996).) Selective fix-

auon of he terod imer ization has been 
hypo thesized for the morp hologically more 
stereo typed core eud icots (Win ter et al., 
2002). However, the phylogenetic poin t at 
wh ich heterod imer iza tion became en forced 
is no t yet clear. H ints from sequence com­
par ison suggest that Amborella, and perhaps 
some o ther basal lineages (e.g. 
Nymphaeaceae), may have re tained some 
capacity for B-class homod imer ization. 

Because Amborella pro teins may have K­
domai n heterod imer ization signals that d iffer 
from those in Arabidopsis and other well-stud­
ied angiosperms, the da ta suggest that 
Amborella B-function p roteins may have d if­
ferent d imerization dynam ics from monocots 
and core eudicots. Two different AP3 genes 
are presen t in Amborella (Amborella AP3-1 and 
AP3-2). Amborella may be capable of form ing 
Pl/PI, AP3-l /AP3-I and AP3-2/AP3-2 homo­
dimers and perhaps AP3-l /AP3-2 he t­
erodimers. Furthermore, if the am ino acid 
res idues in the K l subdomain of Amborella 
AP3 and Pl are no t su fficient to p revent het­
erod imerization, bu t only weaken it, perhaps 
Amborella can also form AP3-l /PI and AP3-
2/PI heterod imers (Fig. 10.10). Recen t stud­
ies us ing transgenic Arabidopsis p lants ind icate 
that the C term inus of AP3 is su fficient to 
con fer AP3 fu nctionality on the paralogous 
PI p ro tein (Lamb and Irish, 2003). Th is find­
ing, when considered in the ligh t of Amborella 
and its ind istinct AP3 and PI C doma ins, also 
supports the possibility of AP3-l /AP3-2 het­
erodimer ization . 

A simple ex tension of the Arabidopsis 'quar­
tet mode l' fo r MADS p ro tein function (Fig 
I 0. I O; TheiBen, 200 I ) can accommodate both 
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Fig. 10.10. Transcription-factor complexes. (a) Quartet model of floral organ specification in Arabidopsis 
(TheiBen, 2001 ). (b) Extension of the quartet model for determ ination of floral organ identity to include 
Amborella. MADS protein tetramers are shown schematicall y (as in (a); see The i(3en, 2001 ). One possible 
model is presen ted w ith the fo llowing assumptions: (i) AP3/PI obl igate heterodimerization occurs in core 
eud icots; (ii ) add itional MADS proteins X and Y are ava ilable in cells; (iii ) Pl/Pl dimers can tetramerize w ith 
all three con figurations of X and Y in monocots (W inter et al., 2002) and possibly other basal angiosperms, 
whereas onl y the XY configuration is possible in core eud icots; (iv) Amborella AP3/AP3 and Pl/ Pl dimers 
possess similar capacities for C-doma in tetramerization specification; and (v) Amborella AP3-1 and AP3-2 
proteins are able heterod imerize. Tetramer potential would be 12:4:1 fo r Amborella, monocots (and perhaps 
other basal angi osperms) and core eudicots, respectivel y. If Amborel/a AP3 and Pl can also heterod imerize 
to some extent, the ratio of possible quartets in Ambore//a:monocots:core eud icots becomes 18:4:1. 
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the monocot and Amborella cases. In th is hypo­
thetical example, the MADS protein tetramer 
AP3/PI/X/Y specifies a particular organ iden­
tity in Arabiaopsis. Assuming that homod imer­
ization is the ancestral state for B-function 
proteins (Winter et al., 2002), we can invoke a 
model whereby Pl/PI homodimers, as known 
from and a1-gued to have functional sign ifi­
cance in monocots (Munster et al., 2001 ; 
Winter et al., 2002), are more flexible in their 
protein partnerships. Th is scenario could call 
for the possibility of Pl/Pl/X/Y, Pl/Pl/XIX and 
Pl/PI/Y/Y tetramers in monocots and most 
other basal angiosperms (Fig. l0.10). 

Although this hypothesis must be tested 
using gel sh ift and yeast 2-, 3- and 4-hybrid 
assays (Win ter et al., 2002; Ferrario et al., 
2003), the implications of th is 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 
grea ter tetramer poten tial than a monocot or 
other basal angiosperm with limited homo­
d imerization poten tial. Given tha t Amborella 
may have the capacity to form more d ifferen t 
protein quartets for a given number of 
genes, it should possess more d istinct con­
trols (and therefore flexibility) over organ 
iden tity and development than any other 
flowering plan t. The wa terlily Nuphar also 
has considerable C-domain similarity for the 
AP3 and PI proteins, and t his may be su ffi­
cient to prov ide the Nymphaeaceae with at 
least some extra tetramerization possibilities. 
By con trast, Illicium, wh ich represents the 
next most basal clade of angiosperms after 
the Nymphaeaceae (Austrobaileyales; Fig. 
10.2), has lost most of the C-domain AP3/Pl 
similarity. Furthermore, a deletion in the K 
domain of Pl (Fig. 10.9) first appears in 
lllicium (Austrobai leyales) and is fixed in all 
o ther angiosperms. Al though most flowering 
p lants are canalized in their possibilities for 
heterodimerization and multimer formation 
(Thei l3en, 2001), several eud icots (e.g. 
Ranunculales, Kramer et al., 2003; Petunia, 
Ferrario et al., 2003) and monocots (Munster 
et al., 2001) may have regained some po ten­
tial fo r developmen tal flexibility by a differ­
en t mechanism involv ing later duplications 
o f APJ homologues, Pl homologues, or bot h. 

The da ta sugges t that the evolu tion o f the 

control of B- function MADS-box genes in 
the developmen t of the earliest flowers was 
dynam ic, with d ifferen t 'experimen ts' tr ied. 
Amborella, wh ich may be the mos t flexible 
living angiosperm in its developmental 
genetics, is the sole surv iving represen tative 
of its clade. Some of th is same b iochem ical 
flexibility may also be presen t in waterl ilies. 
These are testable hypo theses, to be pur­
sued with more r igorous molecular investi­
gations. None the less, Amborella B- function 
pro teins would have represen ted a consider­
able increase in complex ity over the demon­
strated B-prote in homod imerization known 
fo r conifers (Sunds trom et al., 1999) and 
Gnetales (Win ter et al., 2002). However, the 
amino acid structural ev idence suggests that 
th is flex ib ility was rapidly lost befo re the 
bulk of the angiosperm rad iation occurred. 
The un ique phylogene tic position of 
Amborella and wa terl ilies, coup led with the ir 
apparen tly ances tral and flexible mode o f B­
gene fu nction, make them model organ isms 
tha t should be stud ied more in tensively. 

The Early Floral Genome 

Rice and Arabidopsis: similar ity in gene copy 
number 

Early angiosperms clearly had the basic 
framework of B- and C- fu nction genes in 
place. However, these genes are only a few 
of those involved in floral organ develop­
men t and iden tity (Fig. 10.6) (Zhao et al., 
2001a). Complete sequencing ofthe r ice and 
Arabidopsis genomes has made it possible to 
conduct comparisons o f floral gene homo­
logues shared by a derived monoco t and a 
derived eud icot. These comparisons reveal a 
str iking similarity in the number of homo­
logues of genes involved in floral iden tity in 
the two species (Fig. 10.11 ). The similarity in 
gene fami ly sizes is surpr ising given that the 
genome of r ice is four times larger than tha t 
of Arabidopsis and the pred icted number of 
protein-cod ing genes is j ust over twice as 
large in r ice (Goff et al., 2002; Yu et al., 
2002). Similarities in gene family size may be 
due to conserva tion of onhologous se ts of 
r ice and Arabidopsis genes or conserva tion of 
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Fig.10.11. Similarity of size ofgene families that con tain key floral regulators (F ig. 10.6) in two distantly 
related flowering plan t spec ies, 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 (Wa ll et al., unpubl ished) us ing the Markov-clustering method of Enr ight et al. (2002) 

gene number follow ing independent gene 
duplications and losses after the sp lit of the 
monocot and eud ico t lineages at least 125 
mya. Phylogene tic analyses of gene families 
allow us to tes t these hypotheses and investi­
gate the evolu tion of gene function. 

Basal angiosperms: a d iverse tool kit of floral 
genes 

As more da ta have emerged from maJor 
EST (expressed sequence tag) proj ects on 
angiosperms, it has become possible to make 
broader comparisons of some of the numer­
ous genes and gene fam ilies that are 
involved in normal floral developmen t. 
Particularly use fu l have been ESTs ob ta ined 
for several basal angiosperms (www. 
floralgenome.org). Many genes iden tified in 
r ice and Arabidopsis have clear homologues 
in basal angiosperms. Given tha t ex tan t 
basal angiosperms rep resent old lineages 
(the wa ter lily lineage, fo r examp le, is among 
the oldest in the fossil record of 

angiosperms; Friis et al ., 2001), the data sug­
gest that early angiosperms possessed a 
d iverse tool kit of floral genes. 

As more genes are examined phylogeneti­
cally, it is also clear tha t there are d ifferen t 
types of floral gene h istor ies. In some cases, 
the gene phylogenies roughly track organ is­
mal phylogeny. This is the case for the B-class 
genes, Pl and AP3. The single-copy gene 
Gigantea also appears to track organismal 
phylogeny (Chanderbali et al., unpub lished). 
However, several gene fam ilies p resen t in rice 
and Arabidopsis exh ibit an array of d ifferen t 
evolu tionary patterns (see below). 

AP3/Pl- /ike genes 

Phy logene tic analyses of AP3 and PI homo­
logues (Kim et al., 2004) resul ted in gene 
trees tha t generally track the organ ismal 
phylogeny (Fig. 10.12) in ferred from analy­
ses of large da ta sets of plastid, m itochondr­
ial and nuclear rDNA sequences. Arnborella 
and Nuphar (Nymphaeaceae) appear as sis­
ters to all o ther angiosperms, in comp le te 
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agreemen t with the organ ismal phylogeny 
(see re ferences in 'Background'). Several 
clades of AP3 and Pl homologues tha t cor­
respond to well-supported organ ismal 
clades were cons istently recogn ized by Kim 
et al. (2004), includ ing Magnoliales and 
monoco ts. The el더P3 gene clade, wh ich 
was previously described (Kramer et al., 
1998), was recovered in mos t analyses. 

SHAGGY-like kinases 

The SHAGGY!GSKJ-like kinases are non­
receptor Ser-Thr kinases that play numerous 
roles in plan ts and animals (Kim and 
Kimmel, 2000). The r ice and Arabidopsis pro­
teomes include 69 and 79 SHAGGY- like 
kinases, respectively, bu t these genes can be 
subdivided in to smaller gene families. For 
examp le, ten Arabidopsis genes were identi­
fied as form ing a clade with SHAGGY itself 
(A tSK genes; Dornelas et al., 2000). The AtSK 
family was shown to fo rm four subclades in a 
phylogenetic analysis (Charrier et al ., 2003): 
(i) AtSK41 and AtSK42 formed a subclade sis­
ter to the remain ing genes, wh ich were 
weakly supported as a clade (bootstrap sup­
port < 50%); (ii) AtSKJJ and AtSK32 formed 
a second subclade sister to the remaining 
genes, wh ich formed a well-supported (88% 
bootstrap) clade (th is clade was composed of 
the two remaining subclades, each of which 
received strong boo tstrap support); (iii) 
AtSK21, AtSK22 and AtSK23 (100%); and (iv) 
AtSKl1, AtSK12, AtSK13 (98%). The AtSK 
loci appear to have d iverse fu nctions. 
Mu tant-based analyses ind ica te that AtSKJ 1 
and AtSKJ2 have a role in floral develop­
men t; expression analyses sugges t that 
AtSKJJ is flower-specific (Charrier et al., 
2003) . The SHAGGY- like kinases are also 
involved in p lan t responses to stress. 

The Floral Genome Proj ect research con­
sortium has ob tained 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). Plan t SHAGGY-like kinase genes form 
a well-supported clade d istinct 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 r ice and from basal angiosperms 
were also represen ted 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 da ta indi­
cate that SHAGGY-like kinase genes d iversi­
fied in to these four well-marked clades early 
in angiosperm evolution. 

SKP 7 -like prote i ns 

Gene duplications with in the angiosperms are 
also important in the history of the SKPI gene 
family. SKP1 (S-phase kinase-associa ted pro­
tein I) is a core component of Skp l-Cullin-F­
box protein (SCF) ubiqu itin ligases and 
mediates protein degradation, thereby regu-
lating many fundamen tal processes in eukary­
otes such as cell-cycle progression, 
transcriptional regulation and signal trans­
duction (Hershko and Ciechanove1~ 1998; 
Callis and Vierstra, 2000). Among the four 
components of the SCF complexes, RbxI and 
Cullin form a core catalytic complex, an F-box 
protein acts as a receptor for target proteins, 
and SKPl links one of the variable F-box pro­
teins with a Cullin (Zheng et al., 2002). There 
is only one known functional SKPl protein in 
human and yeast, and this unique protein is 
able to interact with differen t F-box proteins 
to ubiquinate differen t 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 
SKPI homologues raised concerns tha t long­
branch attraction may obscure true relation­
sh ips in phylogenetic analyses of the entire 
gene family. For this reason, Kong et al. (2004) 
partitioned the original data set in to subsets of 
genes with slow, medium and rapid rates of 
evolu tion and analysed each group separately. 
Mos t SKPI homologues observed in EST 
databases were included in the set of slowly 
evolving genes. In Arabidop隅 the slowly 
evolving SKPI genes were expressed more 
widely (in more tissues and more develop-
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men tal stages) and at h igher levels than the 
more rapidly evolving rice and Arabidopsis 
SKP1 homologues. In addition, the strength 
of purifying selection was found to be sign ifi­
cantly greater in the slowly evolving 
Arabidopsis SKP]-like genes (Kong et al., 2004). 
Taken together, these resul ts suggest that the 
slowly evolving SKP1 homologues serve the 
most fu ndamental function(s) to in teract with 
Cullin and F-box pro teins. 

The two slowly evolving <l_rabidopsis M_J기­
like l_ and z_ genes, ASKJ and ASK2, are 
importan t fo r vegetative and flower develop­
men t and essential fo r male me iosis (Samach 
et al., 1999; Yang et al., 1999; Zhao et al., 
1999, 2001b, 2003). Slowly evolv ing SKP1 
homologues from other plan t species usually 
have very sim ilar sequences, suggesting that 
they may also serve sim ilar fundamen tal 
fu nctions (Kong et al., 2004). Multip le slowly 
evolv ing SKP1 homologues have been sam­
pled in EST stud ies . fo_r a _ vari_e ty_ of 
angiosperm species, including Liriodendron, 
Persea, Mesembryanthemum, Vitis, Medicago, 
Lotus, Rosa, Arabidopsis, Brassica, Gossypium, 
Helianthus and So{,anum. Wh ile relationsh ips 
are poorly resolved across the angiosperm 
SKP1 phylogeny, it is clear tha t gene dup lica­
tion even ts that have occurred throughou t 
angiosperm history have con tribu ted to th is 
set of conserved genes (Fig. l0.14). Recen t 
duplication has increased SKP1 gene d iver­
sity in Brassica, Helianthus, Medicago and 
Triticum. In con trast, conserved paralogues in 
Liriodendron, Persea, Mesembryanthemwn, Vitis, 
Lotus, Rosa, Arabidopsis, Gossypium and 
Solanaceae are the products of ancient dupli­
cation events. Interestingly, the basal position 
of the sole Amborel{,a SKP1 homologue sam­
pled from a set of l0,000 ESTs suggests tha t 
all o f these duplications occurred after the 
origin ofthe angiosperms (Fig. I0.14). 

Homology of Floral 0『gans : Extending 
Out from New Models 

Can we use expression data to determ ine 
organ identity? 

The homology of characters leading to the 
assessmen t of organ iden tity can be inferred 
from the mature phenotype, from the posi-

tions and fonction of organs within a flower, 
from developmen tal morphology, from phy-
logeny, from developmen tal genetics, or a 
comb ination o f these approaches (Albert et 
al., 1998; Buzgo et al., 2004a). Albert et al. 
(1998) were among the first to exp lore the 
topic of using gene expression data as one 
means of determin ing floral organ identity, 
and th is application of expression in forma­
tion con tinues to be a topic of debate. As an 
examp le, there are now d ivergent de fin itions 
of perianth organs and in terpre tations of 
organ identity. Sepals typically are the ou ter­
most organs of the flower, whereas petals are 
conspicuous organs, typically of the second 
perianth whorl. The two ou ter 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 express ion in 
both whorls resemble those of eudicot petals 
(Kanno et al., 2003). If gene express ion pat­
terns are conserved across the broad phylo­
genetic d istances from Arabidopsis to tulip, 
then these da ta suggest homology o f both 
whorls to petals. Alternatively, changes in 
expression patterns of B-function genes may 
have occurred during angiosperm evolu tion 
(e.g. 'sh ifting borders'; Kramer et al., 2003); if 
so, similar expression patterns may not ind i­
cate homology. Extension of expression and 
fu nctional data to homology assessment of 
the lod icules of grasses is even more challeng­
ing. Al though lodicules occur in the position 
of petals and exh ibit B-class gene expression 
(e.g. Schmid t and Ambrose, 1998), as pre­
d icted for peta ls, the ir un ique morphology 
suggests that they may not be 'petals', despite 
their position and gene expression patterns. 
Thus, morphology, developmen tal data and 
genetic data may provide con flicting evidence 
of homology (organ iden tity) and yet ulti­
mately a more complete, and complex, view 
of a structure (Buzgo et al., 2004a). 

Eupoma tia: a case study 

Eupomatia (Eupomatiaceae; Fig. 10.1) 1s a 
genus of two species tha t possess an unusual 
struc ture (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 relationsh ips of slowly evolving SKPl proteins from select ros id (ROS, R051, 
ROS2), euasterid (AST), monocot (MON), magnol iid (MAG), basal angiosperm (BAS) and gymnosperm 
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Sol ti s et al. (2000). ESTs generated by the Floral Genome Project are underl ined. Closed triangles ind icate 
SKPl homologues from Arabidopsis and open triangles those from rice. Modified from Kong et al. (2004). 
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have cons idered it to rep resen t a mod ified 
perian th (Cronqu ist, 1981 ), bu t develop­
mental da ta ind icate tha t it rep resen ts a 
mod ified bract (Endress, 2003). 
Eupomatiaceae are closely rela ted to the 
Magnolia fam ily, members of wh ich have a 
well-developed perian th of showy tepals, as 
well as bracts that enclose the flower. 

Kim 사 al. (unpubl ished) exam ined the 
express ion of A and B class genes in the 
calyptra. The B-fu nction genes (AP3 and P[) 
isola ted from stam inodes of Eupomatia 
species were strongly exp ressed in develop­
ing stamens, stam inodes and carpels, bu t 
either no t exp ressed or exp ressed weakly in 
the calyptra, at a level cons istent with exp res­
sion in leaves. As rev iewed, recen t stud ies 
suggest tha t in basal angiosperms and mono­
co ts an 'ancestral' ABC model (compared 
with Arabidopsis) operates with B- fu nction 
genes exp ressed throughou t the per ian th. 
Follow ing th is model (Fig. I0 .8), the pattern 
o f exp ress ion of floral genes in the calyptra 
of Euponzatia generally ma tches the expecta­
tions for a non-floral organ (such as a leaf or 
bract) ra ther than p red ictions fo r perian th, 
consisten t with Endress's (2003) in terp re ta­
tion based on developmen tal morp hology. 

Thus, in some situa tions such as a clade 
o f rela ted taxa, floral gene expression may 
be use fu l in address ing the or igins o f en ig­
matic st ruc tures. There are cavea ts, how­
ever. I n the case of a basal angiosperm such 
as Eupo1natia, compar isons are be tter made 
in ligh t of the p roposed 'ancest ra l' ABC 
model, ra ther than the class ic ABC model of 
Arabidopsis and other core eud ico ts. 

Gene Ev idence a nd t he Origin o f Flowers 

An unders tand ing of the na ture o f the 
flower in basal angiosperms should help in 
elucida ti ng the evolu tionary origin o f the 
flower itsel f. Flowers d iffer so grea tly from 
the rep roduc tive st ruc tures of living and fos­
sil gymnosperms that the origin of the 
flower has long been a fa mous ques tion in 
evolu tionary biology. Numerous hypotheses 
based on morphological, developmental and 
palaeobotan ical stud ies have been p roposed 
(rev iewed in Stebbins, 1974; Crane, 1985; 

Hughes, 1994), bu t each typically accounts 
for only a limited range of observations, and 
none is testable, unless reveal ing fossi ls hap­
pen to be d iscovered. 

The Mostly Male Theory (Frohlich and 
Parke1~ 2000; Frohl ich, 2001, 2002, 2003) 
arose through stud ies o f the LFY gene, in 
particular from the observations tha t LFY is 
single copy in d iploid angiosperms, bu t that 
there are two copies p resen t in all ex tant 
gymnosperm groups, owing to an ancien t 
dup lication p reda ting the d ivergence o f 
angiosperms from extant gymnosperms. 
Angiosperms would have inherited both 
copies of LFY, bu t one of these has been lost. 
Exp ress ion of the gymnosperm LFYs in pine, 
coup led with the role o f LFY in angiosperms, 
suggests that one gymnosperm LFY helps to 
specify the male rep roductive un it wh i le the 
other helps to specify the female un it. 
Angiosperms re tain only the male-specifying 
un it, sugges ti ng that the angiosperm flower 
may der ive more from the male reproductive 
struc ture of the gymnosperm ancestor, ra ther 
than from the female un it. O ther da ta from 
extan t p lants and from fossi ls are consisten t 
with th is view, and together suggest tha t 
b isexuality of the angiosperm rep roduc tive 
struc ture may have arisen when the ovule 
anteceden t became ectopic upon m icro­
sporophylls of a rep roductive unit resembl ing 
that of the fossil gymnosperm group, 
Corystospermales. The theory is consisten t 
with the flower an tecedent originally consist­
ing of stamen- and carpel-like struc tures, bu t 
withou t a perianth, and with insect-attrac tive 
features and insect poll ination long p reda ting 
the fu ll elaboration of the flower (Frohlich, 
2001), as suggested by the tim ing of the 
AP3/PI gene dup lication described above. 

O ther recen t gene-based hypotheses also 
focus on the origin o f angiosperm bisexual 
rep roductive structures from the un isexual 
struc tures typical o f gymnosperms. Albert et 
al. (2002) p roposed an al ternative to Mostly 
Male. The ir hypothes is stresses the possible 
fu nctional rep lacemen t o f one copy of LFY 
by the other, resul ting in exp ress ion of both 
male- and female-specific genes in the 
rep roductive un it. The iBen et al. (2002) sug­
ges t tha t changed exp ress ion patterns of B­
class genes could have genera ted bisexual 
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rep roduc tive structures from either male or 
female cones of gymnosperms. Both of these 
hypo theses, bu t especially that o f The i l3en et 
al. (2002), suggest relatively equal participa­
tion o f male- and female-derived gym­
nosperm genes in the organ iza tion of the 
flower. If the d istinction between gym­
nosperm male and female struc tures is fu lly 
de term ined by differences in B-gene exp res­
sion, then changes in B-gene exp ress ion 
patterns should bring the fu ll panop ly of 
male- or female-specific genes in to the (for­
merly) un isexual cone o f the ot her gender. 

The relative con tr ibu tion of male- and 
female-specific gymnosperm genes to those 
active in the flower cons ti tu tes a d i rec t tes t 
of t hese theor ies. The gene d iscovery, gene 
phylogeny and gene express ion stud ies of 
the Floral Genome Proj ect (see below) wi ll 
prov ide th is test. 

Future Prospects 

The evolu tion of flower morp hology is be ing 
elucida ted through research on the gene tic 
mechan isms of rep roduc tive develop men t in 
d iverse angiosperms. Arabidopsis has figured 
p rom inen tly in these stud ies. Although 
Arabidopsis was the firs t p lan t to have its 
nuclear genome comple tely sequenced (in 
2000), earlier genetic stud ies o f Arabidopsis 
(beginn ing in the late 1980s) paved the way 
for evolu tionary in terp re ta tions of the mole­
cu lar p rocesses underlyi ng floral d ivers ity. 

The evolutionary genetics of floral 
morphology 

Wh i le the simplicity of the ABC model made 
it seem that d ivers ions from 'normal' 
sepaVpetaVs tamen/carpel iden tity among 
angiosperms migh t be explored through com­
parative exp ress ion stud ies of A-, B- and C­
function genes (as has been done analogously 
with homeobox genes in the segmen tal evolu­
tion of an imals), the greater genetic comp lex­
i ty now recognized behind flower 
development ind icates that th is view requ ires 
revision. For example, one au thor of th is con­
tribu tion once felt that exp lain ing the 

homeotic evolu tion of a second corolla (fused 
petal) whorl in the Hawaiian genus Clen1wntia 
(Campanulaceae) would be a simple issue of 
demons tra ting ectopic exp ress ion of B-func­
tion genes in the firs t, normally sepalar, 
whorl. However, with the generality of the A 
function now in question, the mechanistic 
basis for the double-corolla phenotype in 
Clermontia migh t be other than simply ou t-of­
place B- fu nction gene express ion. 
Furthermore, if al tered B-gene exp ression is 
the cause, various mechanisms could generate 
such mod ified exp ress ion. The naturally 
occurring mu tation could be with in a B-fu nc­
tion cod ing sequence, or perhaps in its tran­
scriptional p romo ter, wh ich might have 
elements that fine- tune spatio-temporal 
exp ress ion. It could equally well be that the 
double-corolla lesion is in a different gene, the 
p roduct of wh ich normally in teracts with a B­
function gene's p romo ter to regulate where it 
exp resses. In other words, the gene that nor­
mally excludes B-fu nction genes from the firs t 

whorl of Clermontia, or any gene upstream o f 
it in its develop men tal regulatory cascade, 
could be the culp rit. Analysing this p roblem 
wi ll not be simp le, because Clernwntia, unlike 
weedy Arabidopsis, is a small tree that is much 
less tractable to genetic stud ies that requ ire 
p rogeny analysis. Such 'forward ' genetic stud­
ies, starting with a phenotypically recogniz­
able mu tation and culminating with the gene 
linked to it, may be d ifficul t to accomp lish ou t­
side of the model plan ts. Therefore, investiga­
tors are turn ing 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 evolu tion­
ary relationsh ip to genes of known function) 
and work backwards to establ ish th is function 
through transgenic experiments that over­
and/or underexp ress the gene's p ro tein prod­
uct. In th is way the Gerbera SEP-like genes 
were characterized. 

The Floral Genome Proj ect, a large-scale 
effort to iden tify genes specific to flower 
develop men t and those linked to floral d iver­
sifi.cation, is under way (www. 
floralgenome.org; overview in Soltis et al., 
2002). The Floral Genome Proj ec t is 
sequenc ing genes exp ressed during the earli­
est stages of floral develop men t in d iverse 
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