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Gene fam ily 
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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Fig. 10.12. APJ and Pl gene trees. Strict consensus of 72 equal ly most parsimon ious trees (shown as a 

phylogram) us ing M-, 1-, K- and C-domain regions of am ino ac id sequences. Numbers above branches are 
bootstrap va lues; on ly values above 50% are indica ted (from Kim et al., 2004) 
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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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Fig. 10.13. SHAGGY-l ike kinase tree. Strict consensus of equally most parsimon ious trees (shown as a 
phylogram) based on phylogeneti c analysis of amino acid sequences. Closed triangle represents 
GSK/SHAGGY-l ike protein kinase from Arabidopsis and open triangle represents Oryza. Clade 
designations (I- IV) fo llow those given to Arabidopsis sequences (see text). ESTs prov ided by the Floral 
Genome Project (www.floralgenome.org) are underl ined; monocot-spec ific clades are ind ica ted by a 
verti cal bar. Numbers above branches are bootstrap values; only values above 50% are ind icated (from 
Yoo et al., 2005). 
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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 
(GYM) species suggest that gene duplica tions have occurred both before and after the origin of major taxa 
w ithin the angiosperms. The maximum likel ihood tree shown is one of >2000 most parsimon ious trees. 
Max imum parsimony bootstra p values higher than 50% are shown above or below the branch. Support for 
each branch was tested w ith 500 replicates of bootstrap analysis using random input order for each 
replicate. Note that most nodes on the tree are not well supported because the regions used for analysi s are 
rather short (149 amino acids) and highly conserved. The taxonom ic ca tegories fo r these species follow 
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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