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Phylogenetic trees imply that flowers with a single plane of symmetry
(zygomorphic flowers) have evolved several times independently from radially
symmetrical (actinomorphic) ancestors within the Asteridae. However, there
also appear to have been reversals to actinomorphy. A few evolutionarily
derived actinomorphic flowers resemble mutants caused by loss-of-function
mutations in genes such as CYCLOIDEA. However, a majority of the shifts
from zygomorphy to actinomorphy appear to have entailed a reduction in
petal number and flower size, implying a mechanism other than loss of
CYCLOIDEA function. Within the Asteridae there appear to be three common
forms of zygomorphy. An explanation for the virtual absence of other

forms rests on the near universality of the basic orientation of the flower

in the Asteridae.

The recent dramatic progress in under-
standing the genetics of flower devel-
opment hasderivedlargely from studies
of just two species, Arabidopsisthaliana (Bras-
sicaceae; Rosidae) and Antirrhinum majus
(Scrophulariaceae; Asteridag). Thesedistantly
related plantshave agreat deal incommonwith
respect to the genes that determine the iden-
tity of the major floral organs™. Thisimplies
that the same sets of genes carry out similar
functionsin Rosidae and Asteridae and prob-
ably also in more distantly related groups’.
Arabidopsis and Antirrhinum flowers, al-
though similar in the overall arrangement of
parts, differ in other very obvious ways. Im-
proved understanding of the genetic and de-
velopmental bases for these differences might
shed light on the evolution of the extraordi-
nary diversity of floral forms found in angio-
sperms. One striking difference is in flower
symmetry®>~. In Arabidopsis, the flowers are
actinomorphic (regular, radially symmetrical,
or polysymmetric), whereas in Antirrhinum
they are zygomorphic (irregular, bilaterally
symmetrical, or monosymmetric) (Fig. 1). In
Antirrhinum, and in the vast majority of zygo-
morphic flowers, zygomorphy isafunction of
the differentiation of the adaxial (dorsal, or
upper) side of theflower fromthe abaxia (ven-
tral, or lower) side. Focusing on the corolla,
therearetwo adaxia peta lobesin Antirrhinum,
which differ in size and morphology from the
other three petals (two latera petals, and one
medially positioned abaxial petal). There may
be associated differences between the adaxial
and abaxial halvesin other features. In particu-
lar, itiscommon in Asteridaefor zygomorphy
to be accompanied by theabortion of, or failure
toinitiate, tamensin certain positions (e.g. in
Antirrhinum the adaxial stamen is aborted®”).

The genetic basis of dorso-ventral assym-
metry has been studied in detall by taking
advantage of ‘peloric’ mutants of Antirrhi-
num, in which the flowers are almost or com-
pletely actinomorphic®*. It has been shown
that the gene CYCLOIDEA (CYC) is needed
for the normal development of zygomorphic
flowers® and that it isexpressed early in devel -
opment onthe adaxial sideof theflower™. The
differentia expression of CYC in the young
flower meristem is thought to modify the
developmental fate of adaxial organs leading
to enlarged adaxial petals and abortion of the
adaxial stamen'®™,

perspectlves

Phylogeny and the direction of
evolutionary change

Analysis of the development of zygomorphic
flowers has raised important questions about
the evolution of flower symmetry®*°. Peloric
mutations appear to be quite common, but
mutations have not been described that yield
zygomorphic flowersin otherwise actinomor-
phic plants’. This could suggest that the evo-
[utionary transition from actinomorphy to
zygomorphy has occurred only rarely, with
frequent reversions’. This would mean that
zygomorphic flowers in widely separated
clades could be homologous, having been re-
tained from a distant common ancestor, lead-
ing one to expect detailed similarities in the
genetic and developmenta mechanismsunder-
lying zygomorphy. However, this idea runs
counter to the intuition of many systematists,
who have tended to view zygomorphy as
having originated a number of timesindepen-
dently, with shiftsfrom zygomorphy to actino-
morphy being rather rare™ ™,

The Asteridae, aclade of about 65000 spe-
cies, which includes Antirrhinum and many
other zygomorphic taxa, is the obvious group
inwhichtotest thesetwo hypotheses. Coenand
Nugent®illustrated aphylogenetic approach to
the problem using atree of Asteridae contain-
ing 16 taxa. They found that a minimum of
three changes in flower symmetry had to be
invoked when actinomorphy wasancestral and
four when zygomorphy was ancestral (Fig. 2).
With only aone-step difference between these
scenarios, this result leaves open the possi-
bility that zygomorphy originated rather early
in angiosperm evolution, and was lost a num-
ber of timesindependently.

(@)

Fig. 1. Types of floral symmetry: (a) Actinomorphy (radial symmetry or polysymmetry);
(b) zygomorphy (bilateral symmetry or monosymmetry).

(b)
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Fig. 2. Coen and Nugent’s example of the use of a phylogenetic tree of Asteridae in evaluating the evolution of flower symmetry®. (a) A mini-
mum of three changes to zygomorphy (black) are required when actinomorphy (white) is considered ancestral in Asteridae. When zygomorphy
isforced to be ancestral in Asteridae, there are three most-parsimonious reconstructions, each involving four changes. The reconstruction shown
in (b) entails four independent changes from zygomorphy to actinomorphy. The other two optimizations involve more than one independent
change to zygomorphy (i.e. zygomorphic flowers are not all homologous).

An expanded analysis of the Asteridae can
be carried out by grafting recently published
phylogeniesfor major subgroups of Asteridae
[e.g. Apiales', Dipscales (A. Backlund, PhD
thesis, Uppsala University, 1996), Ericales”,
Hydrangeaceae'®, Lamiales'®, Rubiaceae® and
Solanaceae™] onto abackbonetreebased onthe
chloroplast gene rbcL (Refs 22 and 23). We
assembled such a composite tree, and scored
the 379 terminal taxa as having either actino-
morphic or zygomorphic corollas. The com-
puter program MacClade (W. Maddison and
D. Maddison, Sinauer Associates, Sunderland,
MA, USA) wasthen used to find the most par-
simonious optimization of character evolution
and to infer the number of character state
changesin both directions. Although many of
the phylogenies upon which the composite
treeisbased contained polytomies (i.e. there-
lationshipsarenot fully resolved either because
of conflict among equally supported trees or
because of alack of data), the complexities of
reconstructing character evolution in thissitu-
ation were avoided by working primarily with
acompletely resolved tree”. However, alterna-
tive fully resolved trees were a so considered
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in order to explorethe sensitivity of theresults
to different treetopol ogies®. Theresolved com-
posite tree and our scorings can be obtained
from the World Wide Web (http://www.
herbaria harvard.edu/~mdonoghu/zygotres/).
According to thisanalysis, it is most parsi-
monious to suppose that: the first Asteridae
were actinomorphic; zygomorphic flowers
originated at least eight times independently
(eg. in Agerdes, Dipsacales, Solanales, Eri-
cales, and alargecladeincluding the Lamiaceee,
Scrophulariaceae and severa other groups);
andtherewereat least ninereversalsto actino-
morphy (mostly within the L amiaceae-Scrophu-
lariaceae clade). Only dight deviations from
these numbers occur when alternative reso-
lutionsof theoriginal supertreeare considered.
An important concern about this sort of
phylogenetic parsimony test isthat it assumes
anequal probability of evolutionary transitions
inthetwo directions’. A different answer might
be obtained if one made the assumption that it
waseasier to evolveactinomorphy from zygo-
morphy than thereverse. Theimpact of unequal
transitions can be explored with MacClade by
iteratively changing the assumed costs of the

two transitions, making use of astep-matrix.
Theresultsarequiterobust to different weight-
ing schemes(Fig. 3). Thetransition from zygo-
morphy to actinomorphy needsto be considered
tentimeseasier thanthereversein order for the
hypothesisthat zygomorphy evolved only once
in Asteridae, with all cases of zygomorphy
being retentions of thisancestral condition, to
be preferred. Such a scenario would entail at
least 47 independent origins of actinomorphy.

These analyses do not tell us about the fre-
quency of shifts between actinomorphy and
zygomorphy unless arange of plausible costs
is specified. It could be argued that because
simple genetic mutations can cause theloss of
zygomorphy, frequent transitions to actino-
morphy aremorelikely than frequent originsof
zygomorphy?®. This may well be correct but it
does not necessarily mean that the frequency of
evolutionary transitionswill besimilarly biased.
In order to becomefixed in alineage, an attri-
bute must both appear by mutation (whether a
singlegenetic change or multiple changesover
alonger period of time) and confer sufficient fit-
nessthat it can go tofixation and bemaintained
long enough to beseeninaliving species. Most



zygomorphic asteridsare pollinated by special-
ist beesthat rely on visua cuesduring foraging.
Therefore, actinomorphic mutants in popu-
lations of zygomorphic plants might be at a
selective disadvantage®. Bees visiting actino-
morphic flowers tend to do so inefficiently?.
Furthermore, reversal sto actinomorphy tend to
occur inlineagesthat have previoudly switched
togeneralist pollinators”. Thus, although gen-
etic and developmental factors might favor
zygomorphy-to-actinomorphy transitions, eco-
logical factorsmight well favor thereverse. Al-
though we do not know how these conflicting
forces balance out in evolution, the extreme
weightsneeded to forceall changesto occur in
onedirection appear unlikely. The phylogenetic
analysisdiscussed heretherefore seemsto sup-
port the view of severa independent origins
of zygomorphy in the Asteridae, while also
supporting the suggestion that there have been
anumber of independent reversalsfrom zygo-
morphy to actinomorphy?®.

Phylogeny and the evolutionary loss

of zygomorphy

Thevast majority of actinomorphic Asteridae,
such as most species of Rubiaceae, Apo-
cynaceae, Apiaesand Ericales, appear to have
simply retained the ancestral condition. How-
ever, the phylogenetic analyses aready dis-
cussed indicate that some species with
actinomorphic flowersare derived from zygo-
morphic ancestors. These reversals are scat-
tered among the several magjor zygomorphic
clades, but the greatest number, and many of
the clearest cases, are found in the clade that
includes Lamiaceae, Scrophulariaceae and
Acanthaceae (Fig. 4). This clade can be used
to examinethetypesof floral changesthat have
been associated with shifts to actinomorphy.

In order to evaluate the developmental
mechanisms that might underlie reversas to
actinomorphy, it isnecessary to focuson cases
that are deeply nested within zygomorphic
clades such that instances of retained actino-
morphy can be ruled out. Plantago providesa
primeexample, beingwell nested within azygo-
morphic clade. To suppose that the actino-
morphic flowers of Plantago were retained
from a more distant actinomorphic ancestor
would require that zygomorphy-to-actino-
morphy transitions be more than five times
more costly. A number of theinferred cases of
reversal within mints are equally robust to
changes in weighting.

Comparedtotheir presumed closerel atives,
suchasVeronica, Plantago flowersaresmaller,
have more exserted stamens and are basically
four-merous, with four sepals, four petals and
usualy four stamens® (Fig. 5). Similar changes
areobservedinseveral other cases(Fig. 4; eg.
Callicarpa and Petitia). In particular, shiftsto
actinomorphy commonly seem to co-occur
with shifts to four-merousness.
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Fig. 3. A ‘ cost—change graph’ % based on a composite tree of Asteridae containing 379 ter-
minal taxa. The x-axis shows the ratio of the cost associated with changing from actino-
morphy to zygomorphy versus the reverse. For a given cost ratio, the number of changes
in the two directions found under the optimal reconstruction (i.e. that with the lowest over-
all cost) on the asterid supertreeis plotted on the y-axis. For example, when actinomorphy-
to-zygomorphy changes cost five times as much as zygomorphy-to-actinomorphy changes
(i.e. actinomorphy-to-zygomorphy changes are judged less likely) the optimal recon-
struction entailed 37 zygomorphy-to-actinomorphy changes and one actinomorphy-to-zygo-
morphy change.

How do these observations relate to the
possibility that actinomorphy was derived
from zygomorphy viathe mechanism demon-
strated for peloric formsin Antirrhinum—that
is, via loss of function of CYC or similar
genes? In the case of CYC mutants, the adax-
id side of the flower proceedsto develop like
the abaxia side. The usua outcome of this
‘ventraization’ processisthat the adaxial side
ends up with three petals (one media and two
lateral), and the flower has six petalsin all*™.
If thisprocesswereto operatein theevolution
of actinomorphy, the expected outcomewould
be an increase in the number of petals from
five to six, but in Plantago and similar in-
stances a decrease from five to four occurred.

These observations suggest that reversal to
actinomorphy in Plantago and other such
plants came about through some other gen-
etic or developmental changes. One possi-
bility is that the flower of Plantago is a
‘dorsalized’ peloric mutant, arising either by
loss of function of an abaxial identity gene
(possibly DIVARICATA; Ref. 12) or over-
expression of an adaxial identity gene (CYC
or DICHOTOMA). In this interpretation, the
three petals in the abaxia haf of the flower

are ‘replaced’ by the two adaxial petals. This
model can probably be ruled out, however,
because it would predict that the petals are
positioned on either side of the media plane,
as is normal for the adaxial petals, whereas
Plantago has both the adaxia and abaxia
petals positioned medially. The second, more
likely, interpretation is that actinomorphy in
Plantago arisesviafusion of the adaxial petals
accompanied by a shift in the orientation of
thetwo lateral petals. Thisinterpretation gains
credence by consideration of therelated genus
Veronica. In these flowers a shift towards
four-merousness occurs, but the adaxial petal
is enlarged and sometimes notched, suggest-
ing evolutionary fusion (Fig. 5; Ref. 28).
Scanning electron micrographs of young
Veronica flowers do not show two primordia,
which later fuse, but instead indicate a much
enlarged single adaxial primordium®, occupy-
ing the area of the meristem where two sep-
arate primordiaoccur in five-merous flowers.

Themost plausible explanationsfor the ori-
gin of actinomorphy in Plantago predict that
devel oping Plantago flowerswill show normal
or increased expression of CYC. Scanning elec-
tron micrographs of Plantago’ are consistent
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Fig. 4. A phylogeny of the asterid clade including Lamiaceae, Scrophulariaceae and
Acanthaceae. Some genera are represented by more than one species. Species with actino-
morphic corollas are shown with a white box and species with zygomorphic corollas with
ablack box. Hippuris and Callitriche lack a corolla and are scored as missing. The most-
parsimonious reconstruction of ancestral states (with equal costs) is shown, with white
branches representing actinomorphy and black branches representing zygomorphy. Seven
reversals from zygomorphy to actinomorphy are shown: Plantago, Petitia, Tectona,
Callicarpa and some species within Clerodendrum, Congea and Buddigja.

with this interpretation in that they show dif-
ferentia rates of development of petal (and
stamen) primordiain abaxial and adaxia pos-
itions. Some of the effects of this early activ-
ity may be seenin matureflowersinwhichthe
adaxia petal differs somewhat from the other
three, and the two adaxial sepalsare not fused
to the same level asthe rest of the calyx.

314 August 1998, Vol. 3, No. 8

Loss of function of the CYC pathway may
also have occurred in afew instances. In fact,
there are several actinomorphic Asteridae, not
included in the phylogeny assembled here,
that do show tell-tale signs of having origi-
nated through this mechanism. Several genera
of Gesneriaceae have four- to six-merous and
nearly actinomorphic flowers (e.g. Ramonda

and Protocyrtandra)®*®, and some resemble
‘natural pelories (e.g. Tengia and Mars
sonia)®. Similarly, in the Scrophulariaceae the
genus Sbthorpia has actinomorphic flowers
with four to eight petals’. The development of
these flowers merits specia attention. How-
ever, eveninthese cases, it ispossible that the
resemblance to cyc mutants is coincidental,
with the relevant genetic changes being lo-
cated in genes that are either upstream or
downstream in the CYC developmental path-
way or in an entirely parallel pathway.

The finding that the evolution of actino-
morphy from zygomorphy need not involve
simpleloss-of-function mutations has general
significance. It shows that evolutionary shifts
to a particular morphological end-point need
not come about viathe same mechanismsthat
underlie mutant phenotypes in model genetic
systems. The types of mutations studied by
geneticists are mainly single-event substi-
tutions or deletions, whereas evolutionary
changes may ofteninvolve genomic rearrange-
ments™ or a series of mutations that accumu-
late over time to generate the phenotype of
interest. Also, the success of different mutant
forms, and consequently the likelihood of
observing different evolutionary pathways, is
tied ultimately to function in the wild. It has
been emphasized that in the case of floral sym-
metry the connection to pollinator behavior
may be critica®. In particular, a shift from
zygomorphy to actinomorphy may be dis-
advantageous when mature anthers remain
withinatubular flower, whereasthis shift may
be more successful in lineagesin which there
has already been a shift to more open flower
morphology, with exserted stamens. It seems
likely that detailed studies of the several types
of derived actinomorphic flowers will revea
a number of different pathways to actino-
morphy, involving different suites of genes,
acting at different times during development.

Phylogeny and different forms of
zygomorphy

In scoring floral symmetry for the groups rep-
resented in the asterid supertree, three basic
forms of corolla zygomorphy were observed
(Fig. 6a—). The most common form is the
one found in Antirrhinum, in which the two
adaxid petasaredifferentiated from thethree
other petals (two lateral and the media abax-
id petal). A second pattern is also reasonably
common, in which four adaxia petals are dif-
ferentiated from the medial abaxial petal. Ina
third and perhapsrarer form, all five petalsare
shifted towards the abaxial side of the flower.
Thesecan betermedthe2:3,4:1and0:5
patterns, respectively. Although the existence
of these three forms has been noted before®®,
little is known of their phylogenetic distri-
bution, or the pattern of evolutionary change
among them.



Two, or often al three, patterns are found
in each of the major zygomorphic clades of
Asteridae. All three floral forms are found
among the Lamiaceae, for example: Lamium
shows the 2 : 3 pattern; Coleus possesses the
4: 1 pattern; and Teucriumshowsthe0: 5 pat-
tern. Likewise, inthe Asteraceae the zygomor-
phic flowers of Mutisia, for example, are2: 3,
whereasthose of Barnadesia and other Barna-
desineae are 4 : 1, and Cichorium and other
Lactuceae are 0 : 5. In the Scrophulariaceae,
the2: 3formismost common, but Nemesiaand
related South African genera show the 4 : 1
pattern. In the Dipsacales, members of the
Linnaeeae (e.g. Kolkwitzia and Dipelta) and
Diervilleae (Weigela and Diervilla) have 2 : 3
flowers, whereas zygomorphic Lonicereae
(e.g. Lonicera and Triosteum) exhibit the4: 1
pattern.

These observations raise a number of
questions:

* Why is it that these particular forms of
zygomorphy are repeated again and again?
* Why are other formsonly rarely observed?
* How isit, from agenetic and developmen-
tal standpoint, that transitions among the
types occur?
Answers to these questions depend on a criti-
ca observation: that the ancestral, and nearly
universal orientation of the asterid flower
resultsin two adaxial petals, two lateral petals
and amedial abaxial petal®. Hence, thinking
intermsof theinitiation of flower partson the
developing flower primordium, the standard
sequence begins with a medially positioned
sepal on the adaxial side of the flower (oppo-
sitethe bract that usually subtendstheflower).

If this basic arrangement is maintained,
aongwithfivepetals, thenthereareonly three
options for dividing the flower perpendicular
to thedorso-ventral axisinto adaxial and abax-
ia portions (Fig. 6a—). Dividing the flower
between the two adaxia petals and the rest
givesthe 2 : 3 pattern, whereas dividing it be-
tween the medial abaxia petal and the rest
yieldsthe 4 : 1 pattern. Inthe O : 5 pattern, all
five petals are shifted abaxially, so that, in
effect, a*division’ occurs between the corolla
and the axis. The opposite of this, shifting all
of the petals adaxialy, is not a possibility
without splitting the medial abaxial petal,
thereby increasing the number of petals. All
other possible divisions between petalswould
be oblique. It appears, then, that the basic
number and orientation of flower parts on the
primordium constrains the ways in which the
flower can be differentiated into adaxial and
abaxia portions.

In the Asteridae there are afew alternative
forms of zygomorphy known, aside from the
three common forms. These are particularly
interesting because they offer a means of
evaluating the hypothesisthat astructural con-
straint, the conserved floral orientation, might
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actinomorphic Plantago flower.

Fig. 5. Comparison of (a) a typical five-merous, actinomorphic Scrophulariaceae flower
(Mimulus spp.); (b) a four-merous, zygomorphic Veronica flower; and (c) a four-merous,

play arole in restricting the types of zygo-
morphy generated. One of the most obvious
alternative forms of zygomorphy is found
within the large genus Rhododendron of the
Ericaceae. Many species of Rhododendron
have actinomorphic flowers, as is character-
istic of other ericads. However, thereare some
clearly zygomorphic species (e.g. R cana-
dense), and these have a 3 : 2 arrangement
with three adaxial petals (one medial and two
laterdl) differentiated from two abaxia petals
(Fig. 6d). How has this come about? Studies
of early flower development have shown that
in Rhododendron and some other Ericaceae
(e.g. some Vaccinium species®) the normal
asterid orientation is not manifested. From its
earliest inception, the media petal is in the
adaxial rather than abaxial position (and the
medial sepal is abaxia rather than adaxial).
The ‘inverted’ flower orientation of Rhodo-
dendron explains the unusual form of zygo-
morphy found in thisgroup. Infact, within the
constraints of this new orientation, it should
be impossible to obtain the standard patterns
seen elsewherein the Asteridae.

Angther fascinating case concerns Lobelia,
Downingia, and their relatives in the Lobeli-
aceae. Inthese taxathe mature flowers appear
to conform to the standard 2 : 3 pattern (Fig.
6f). However, closer examination shows that
theflower stalk rotatesthrough 180° rather late
inflower development, aphenomenon known
as resupination. This means that early in de-
velopment (before resupination) the medial
abaxia petal of the mature flower occupied
the atypical adaxia position (Fig. 6€). Thus,
as in Rhododendron, the basic orientation of
the flower isinverted. In this case, one might
imagine that resupination is a mechanism to
compensate for the basic shift in orientation,
perhaps related to pollination by bees accus-
tomed to the 2 : 3 form of zygomorphy. Al-
though this may sometimes be the case, some
members of this group, such as Nemacladus
and itsrelatives, are non-resupinate and there-
foredo show the 3 : 2 patternin mature flowers.

Those Asteridae that differ from the three
common forms of zygomorphy show inverted
flora orientation, which supports the hypoth-
esis that floral orientation is a developmental
constraint on the evolution of dorso-ventral
asymmetry. It therefore becomesimportant to
understand how floral orientation is itself
regulated and why shifts in floral orientation
are apparently uncommon. In this connection
it would be useful to clarify the role of genes
that are involved in determining the position
of initiation of floral organs®. Additionally, it
will be important to look at floral symmetry
genes, such as CYC, to assess whether they
play amore general rolein determining floral
orientation®. Indeed, CYC-like genes have
been found in ESTs from the actinomorphic
flower of Arabidopsis(P. Cubaset al., unpub-
lished). However, until thereisinformationon
the spatiad and temporal pattern of gene
expression and/or knockouts are obtained, it
will be difficult to evaluate the possible role
of such genesin floral orientation.

Progress and prospects
What insights are gained by taking a phylo-
genetic perspective on flower symmetry? In
expanding Coen and Nugent's phylogenetic
approach®, it can be concluded that the first
Agteridae werelikely to have been actinomor-
phic, and that zygomorphy evolved severa
times independently within the group. There
are also some well-supported instances of
reversal to actinomorphy within each of the
large zygomorphic clades, severa of which
seem to have involved an evolutionary path-
way other than a loss of CYC activity. For
example, in the case of Plantago, it appears
that actinomorphy was achieved through
fusion of the two adaxia petals. This obser-
vation serves to emphasize that evolutionary
paths to a particular morphology need not
involve the same mutationsthat generate such
aphenotype in genetic model systems.

There appear to be three main forms of
zygomorphy, occurring in each of severa
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Fig. 6. Three common types of zygomorphy in Asteridae: (@) 2: 3, (b) 4: 1and (c) 0: 5.
Below each diagram of acorollais a schematic transverse section of the corollawhorl in the
standard asterid orientation (stem axis marked by a cross). The three types of zygomorphy
correspond to passing a line through the flower that separates an adaxia from an abaxial
region. Petalsin the abaxial region are shaded. Exceptional casesare shownin (d) to (f). The
flowers of Rhododendron (d), and Downingia (€) have aflord orientation that istheinverse
of most Asteridae, with the media petal positioned on the adaxial side. This explains the
unusua 3 : 2 form of zygomorphy found in those taxa. The situation is complicated in
Downingia, because the flower undergoes resupination (torsion late in development, repre-
sented by the arrow) resulting in an apparently normal 2 : 3 form of zygomorphy (f).

major clades. These patterns can be accounted
for by the near universality of the basic orien-
tation of theflower in Asteridae. The presence
of amedid petal inthe abaxia position places
constraints on the form of zygomorphy that
can evolve, and it is only in those rare
instancesin which the constraint breaks down
that other patterns seem to have been possible.
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A comparison is needed of the genetic and
developmental mechanisms underlying zygo-
morphy whereit appearsto have evolved inde-
pendently. Have the same pathways been used
in each case, or are there significant differ-
ences? Another possihility isto study derived
actinomorphic flowerssuch asPlantago to see
if CYC expression is more or less normal.

Additionally, there is aneed for genetic stud-
ies of the regulation of flower orientation.
Finally, it should be clear that there are many
fascinating evolutionary patterns in flower
symmetry outside of the Asteridae, and agen-
eral theory of floral evolution will ultimately
need to accommodate all of these.
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GFP for in vivo
Imaging of
subcellular
structures in
plant cells

A novel marker, green fluorescent protein
(GFP), hasinitiated a new erain cell biology
because it permits real-time observations of
dynamic changes in living cells and organ-
isms. GFP-tagged fusion proteins are used to
study gene expression, subcellular localiz-
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ellesin vivo. GFP fusions have also revealed
novel subcellular structuresand provided new
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below thelimit of light resolution have mostly
been studied in fixed dead materia by elec-
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Both methods are time consuming and make
it difficult to study and understand the dy-
namic changesthat areapart of all living cells.
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escent dyes have facilitated observation of
organelles, such as mitochondria and the
endoplasmic reticulum (ER), in living cells".
However, properties such as concentration-
dependent toxicity, poor penetration and fast
photobleaching have restricted their value for
many applications.

GFP, anovel marker protein isolated from
thejellyfish Aequorea victoria, has generated
alot of excitement, because it permits direct
observation of the localization and intra-
cellular trafficking of fusion proteinsin vivo?.
The remarkable ability of GFPsto emit green
light (509 nm) when excited by either blue
(475 nm) or UV (395 nm) light is defined by
itsprimary sequence®. Formation of thefluoro-
phore of GFP requires molecular oxygen, but
is otherwise independent of co-factors and
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has little or no toxicity, and that its ability to
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fusion proteing’. Furthermore, thefluorescence
of GFPand itsderivativesisresi stant to photo-
bleaching and remains stable under a wide
variety of conditions*, permitting extended
observation of GFPfusion proteinsand obser-
vation of GFP in different environments.

Imaging of GFP in plant cells

Initial problemsin expressing and visualizing
GFPin plant cells have been overcome by the
elimination of cryptic splice sites and opti-
mizing codon usage™®. Further modifications
of the GFP gene that improve the use and
detection of the protein in plants alow in-
creased expression, improved folding during
post-trandlational maturation, faster matu-
ration, increased fluorescence intensity and
altered spectral properties®™. Transient or sta-
ble expression of these modified GFP genes
leads to bright-green fluorescence in both
monocot and dicot cells*5,

Chloroplasts emit red autofluorescence
when excited. The red autofluorescence and
green GFPfluorescence can be separated with
appropriate filter sets. Figures 1-3 show con-
focal laser scanning microscope (CLSM)
images, where red and green fluorescence
were collected in separate channels and
merged electronically. The red and green are
pseudo colors that resemble the fluorescence
observable by epifluorescence microscopy.
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