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The origin and adaptive significance
of heterostylous breeding systems have
fascinated evolutionary biologists since
Darwin's early work on the subject. Models
of the evolution of heterostyly differ in the
emphasis given to different selective forces
and in the sequence in which the physio-
logical and morphological components of
the polymorphism are thought to arise.
Recent field studies of the population
biology of heterostylous plants provide
support for Darwin's hypothesis that the
stylestamen polymorphism promotes dis-
assortative pollination among the floral
morphs.

Heterostyly is a genetic polymor-
phism in which plant populations
are composed of two (distyly) or
three (tristyly) morphs that differ
reciprocally in the heights at which
stigmas and anthers are positioned
in flowers (Fig. 1). The style-stamen
polymorphism is usually ac-
companied by a sporophytically
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controlled, diallelic self-incompati-
bility system that prevents self and
intramorph fertilizations, and by a
suite of ancillary morphological fea-
tures including polymorphisms of
stigmatic papilla length, pollen size
and the number of pollen grains
produced. Heterostyly is reported
from approximately 25 angiosperm
families and is usually viewed as a
floral mechanism that promotes
outcrossing.

The problem of the origin and
adaptive significance of heterostyly
has fascinated evolutionary biol-
ogists since Darwin' summarized
work on the morphological features

‘and breeding relations of hetero-

stylous plants. Studies on hetero-

“styly in this century can be con-

veniently divided into two phases.
The first, lasting until the 1960s, was
largely genetical; it was conducted
mostly in Europe, and made use
of the polymorphism as a model
system for studies of mendelian
genetics, linkage,  supergenes
and various frequency-dependent
phenomena. This period was domi-
nated by the work of the geneticists

Bateson?, Fisher and Mather’, Lewis’
and Ernst’, and by biosystematic
studies by Baker®. Most genetic in-
vestigations were conducted under
garden or glasshouse conditions
and involved a small number of
herbaceous heterostylous taxa (e.g.
Primula, Lythrum, Oxalis, Linum)".

Over the past two decades, work
on heterostyly has entered a new
phase. This has involved a diversifi-
cation of approaches, with particular
emphasis on field studies of the
population biology of heterostylous
plants® and on the development of
theoretical models of the evolution
and breakdown of the polymor-
phism?®!°. In addition to population-
level studies, work on the structural,
developmental and physiological
aspects of heteromorphic incom-
patibility has also provided new
insights into the organization of
characters making up the syndrome
and into the nature of pollen-
pistil interactions in heterostylous
plants!!2. Recent work has involved
a broader range of heterostylous
taxa and several new patterns
and phenomena have been dis-
covered'>', with implications for
problems concerned with the origin
of heterostylous genetic polymor-
phisms.

Here | review current evidence on
two questions concerned with the
evolution of heterostyly: how did
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heterostyly originate, and what
selective forces maintain the poly-
morphism?

Origin of heterostyly

The origin of heterostyly is a diffi-
cult problem because of the paucity
of phylogenetic data on the evol-
utionary development of the poly-
morphism in extant plant lineages.
Apart from Baker's studies in the
Plumbaginaceae®, suggesting the
build-up of distyly in several steps
beginning with incompatibility, few
close relatives of heterostylous
species display patterns of floral
variation that can unambiguously
be interpreted as the polymor-
phism in statu nascendi. Despite
contrary views'?, there is little gen-
etic or taxonomic evidence that
homomorphic and heteromorphic
systems of sporophytic self incom-
patibility are often phylogenetically
related'®. Heterostyly is clearly
polyphyletic in origin and, with few
exceptions, the taxonomic groups in
which it occurs do not contain taxa
with homomorphic incompatibility'”.
The recent claim of multiallelic and
diallelic incompatibility within the
distylous aquatic genus Villarsia
is therefore of considerable evol-
utionary interest'?. If the two sys-
tems of incompatibility do indeed
occur within this small Australian
genus, it would provide an unusual
opportunity to investigate their
evolutionary relationships.

Recent investigations of pollen-
pistil interactions in self-incom-
patible plants support a separate
origin for heteromorphic incom-
patibility. Studies of pollen tube
growth indicate that the nature and
sites of inhibition of incompatible
pollen tubes are fundamentally dif-
ferent between the two types of
sporophytic incompatibility. In het-
erostylous plants, the sites where
cessation of growth occurs usually
differ between the morphs and can
involve the stigma, style or ovary'®.
These patterns contrast with those
observed for homomorphic sporo-
phytic systems, where inhibition is
usually restricted to the stigmatic
surface and involves specific S gene
recognition factors originating in the
anther wall'?. While such factors can-
not be entirely ruled out for hetero-
stylous species, there is evidence
that heteromorphic characters them-
selves may play a direct role in me-
.diating incompatibility responses®.
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Fig. 1. The heterostylous genetic polymorphisms distyly and tristyly. Legitimate (compatible} polli-
nations are indicated by the arrows; all other pollen-pistil combinations result in little or no seed set. L.
M and S refer to the long-, mid- and short-styled morphs, respectively. (a} Distyly is controlled by a single
locus with two alleles. The L morph is usually of genotype ss and the S morph Ss. (b] In tristyly, the most
common mode of inheritance involves two diallelic loci (S and M), with S epistatic to M.

Molecular techniques are eventu-
ally likely to resolve problems of
the phylogenetic relationships be-
tween different self-incompatibility
systems. Until then, however, the
existing data do not provide strong
support for a strictly conserved S
gene forall sporophytic systems!'® or
a monophyletic origin for self in-
compatibility in the angiosperms?'.

The heterostylous syndrome con-
sists of three associated sets of traits:
reciprocal herkogamy (herkogamy is
the spatial separation of anthers
and stigma within a flower), self and
intramorph incompatibility, and an
array of ancillary floral polymor-
phisms. Several hypotheses have
been formulated concerning the
sequence in which these charac-
ters have evolved. Mather and de
Winton?? proposed that the mor-
phological and physiological com-
ponents of heterostyly arose simul-
taneously; more recently, Dulber-
ger'' suggested that differential
growth of styles and stamens could
be involved in synthesis of incom-
patibility proteins. However, the
occurrence of diallelic incompati-
bility in the herb Armeria®, which is
monomorphic for style and stamen
length, casts doubt on the simul-
taneous origin hypothesis. Despite
the absence of sound phylogenetic
data for the family, comparative in-
formation from Armeria and related
taxa in the Plumbaginaceae has fre-
quently been used as evidence that
establishment of diallelic incom-
patibility precedes the evolution
of reciprocal herkogamy in hetero-
stylous plants®#?. This view has re-
ceived widespread support from
modern workers, who have gener-
ally argued that prevention of self
fertilization — the selective force

most often invoked to account for
the evolution of heterostyly — is
more likely to be achieved by self
incompatibility than through re-
ciprocal herkogamy acting alone.

Charlesworth and Charlesworth®
provided the first quantitative
model of the evolution of hetero-
styly. The model involves estab-
lishment of diallelic self incom-
patibility, through selection for
inbreeding avoidance, followed by
evolution of reciprocal herkogamy
and associated floral polymor-
phisms, to increase the efficiency of
pollen transfer between the incom-
patibility groups. The initial stages
in the model involve a functionally
gynodioecious stage (gynodioecy is
the occurrence of hermaphrodite
and male plants within a popu-
lation) in which a pollen-sterile mu-
tant spreads if the product of the
selfing rate (s) and inbreeding de-
pression (8) exceeds 0.5. The an-
cestral condition in the model is a
self-compatible phenotype with an-
thers and stigmas at the same level.
This poses problems for the model
since, by analogy with homostylous
descendants of  heterostylous
plants, it seems likely that this
phenotype would be largely autog-
amous. If this were true, popu-
lations would be unlikely to main-
tain a sufficient genetic load of
deleterious recessives to satisfy the
constraint that s& > 0.5.

Ganders® argued that the an-
cestral condition is more likely to
involve a self-compatible mono-
morphic population with anthers
and stigmas separated. This floral
morphology usually promotes out-
crossing, and populations possess-
ing it would be more likely to
carry a significant genetic load. He
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Fig. 2. The principal stages in the evolution of recipro-
cal herkogamy according to the model of Lloyd and
webb?'. Arrows indicate the directions of most pro-
ficient pollen transfer. After Ref. 24.
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suggested that a change in polli-
nators, perhaps associated with a
bottleneck or colonizing event, could
cause a large increase in the selfing
rate, resulting in high inbreeding
depression. Under these conditions,
and where s > 0.5, the series of
events postulated by Charlesworth
and Charlesworth® could lead to the
evolution of diallelic self incom-
patibility. Following this scenario,
once incompatibility becomes es-
tablished, style- and stamen-length
mutants linked to the incompati-
bility locus are selected, because
they favour compatible pollen
transfer between the two mating
types and reduce the rate of illegit-
imate pollination. While this general
model has been unchallenged for
the past decade, little empirical evi-
dence that bears directly upon the

postulated sequence of events has
been obtained, although several
demonstrations of inbreeding de-
pression in natural populations of
self-compatible outcrossing plants
have been made?. Unfortunately,
since the functionally gyno-
dioecious stage postulated in the
model is not associated with ob-
servable morphological changes, it
is unlikely to be detected in natural
populations.

Recently, Lloyd and Webb%
have challenged the widely held
view that diallelic self incom-
patibility preceded the evolution of
reciprocal herkogamy. Instead, they
revive Darwin’'s' original suggestion
that reciprocal -herkogamy evolved
first through selection to increase
the efficiency of pollen transfer be-
tween morphs (Fig. 2). According to
their models, once a stamen-style
polymorphism establishes, self in-
compatibility develops by gradual
adjustment of pollen tube growth to
the different stylar environments of
the morphs.

Lloyd and Webb’'s ideas are
based on several assumptions:
(1} the ancestors of heterostylous
plants exhibited approach herkog-
amy (stigmas above and separated
from anthers); (2) the initial step in
the evolution of reciprocal herkog-
amy was the evolution of a stigma-
height polymorphism; and (3) het-
eromorphic self incompatibility is
fundamentally distinct and has a
separate origin from homomorphic
self incompatibility. The first of
these seems reasonable since ap-
proach herkogamy is common in
outcrossing self-compatible plants,
and only minor genetic and devel-
opmental changes would be re-
quired to establish a style-length
variant. As discussed above, studies
of the general properties of homo-
morphic and heteromorphic incom-
patibility systems also suggest
independent origins — a view
also shared by D. Charlesworth'®.
The maijor points of disagreement
between the two models therefore
centre on whether reciprocal her-
kogamy precedes the evolution of
self incompatibility or vice versa,
and whether the initial step could
have involved a stigma-height
polymorphism.

Charlesworth and Charlesworth’
found that a polymorphism for
stigma height was difficult to main-
tain and concluded that the evol-

TREE vol. 5, no. 5, May 1990

ution of heterostyly in a self-
compatible species was unlikely to
be initiated by a change in stigma
position. In their models they
mainly considered how changes in
stigma height would affect pollen
transfer and female fertility. Lloyd
and Webb? focus instead on how
such a change would influence pol-
len donation and male fertility. In
their models the initial spread of
a reverse herkogamous mutant is
favoured because its male fitness
is higher than that of the average
approach herkogamous plant. Why
this should be so is not obvious, but
it may occur because the mutant's
female organs interfere less with
male donation than in approach
herkogamous plants. As the mutant
spreads, owing to its frequency-
dependent mating advantage, lev-
els of disassortative poilination be-
tween the floral morphs increase,
with selection for more efficient
pollen donation resulting in sub-
sequent changes in anther height.
While it is well known that even low
levels of disassortative mating re-
sult in polymorphic equilibria in
self-compatible heterostylous popu-
lations?, it is less clear whether a
simple change in stigma height is
likely to give rise to this pattern of
mating.

Critical testing of the Lloyd and
Webb model therefore requires
information on the influence of
stigma-height variation on disassor-
tative mating and patterns of male
fertility. Few non-heterostylous
species are known with well-
developed stigma-height polymor-
phisms®, and it may be that exper-
imental manipulation of the floral
morphology of heterostylous and
homostylous groups will provide
the best opportunities for testing
these ideas.

Lloyd and Webb's models?*? dif-
fer from those of the Charlesworths®
in being largely non-genetic and
emphasizing aspects of floral bi-
ology. Nonetheless, they appear to
provide explanations for a number
of genetic phenomena that have up
to now puzzied workers in the field.
Apart from two notable exceptions
(Limonium® and Hypericum?'), all
work on the inheritance of hetero-
styly has demonstrated dominance
of the S morph over the L morph?.if
the ancestral condition was ap-
proach herkogamy (L morph), as
Lloyd and Webb suggest, it would
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be considerably easier for a reverse
herkogamous mutant (S morph) to
invade the population (for the well-
known population genetic reasons
first elaborated by Fisher?) if this
phenotype were governed by a
dominant rather than a recessive
allele. It is worth noting, however,
that this explanation is only relevant
for fully outcrossing populations,
since with partial selfing the oppor-
tunities for the spread of recessive
alleles are increased considerably.
A second feature of the genetic
data, in accord with the models, is
the failure to detect recombination
between loci controlling stylar in-
compatibility and style length in
the Primula supergene'S. If incom-
patibility was based largely on pol-
len responses to different stylar
environments, rather than on syn-
thesis of specific stylar incompati-
bility specificities, an additional
gene governing stylar incompati-
bility reactions would not be ex-
pected.

Studies of pollen tube growth and
seed set patterns in illegitimate
pollinations of tristylous Ponte-
deria'8303! have given results that
are consistent with the hypothesis
that incompatibility in hetero-
stylous plants operates through
failure of pollen tubes to grow
in particular stylar environments,
rather than from recognition of
shared pollen and style speci-
ficities. The cessation in growth of
illegitimate pollen tubes in Ponte-
deria depends on the particular
combination of pollen size and style
length that is employed (Fig. 3).
lllegitimate pollinations, with pol-
len smaller than the legitimate size
class, result in pollen tubes that ter-
minate growth at different distances
in the style without reaching the
ovary. Where pollen larger than the
legitimate size class is used, two
responses are observed. In the case
of the M morph, ovules are com-
monly fertilized. In the S morph,
however, pollen tubes enter the
ovary but grow past the micropyle,
perhaps because they fail to re-
spond to an ovular signal that ap-
parently causes legitimate polien
tubes to grow in a directional man-
ner towards the ovule, resulting in
fertilization. The absence in Pon-
tederia of a unitary rejection re-
sponse, as occurs in homomorphic
systems, and the contrasting be-
haviours of different combinations

of pollen size and style length,
suggest that incompatibility reac-
tions may have evolved separately
in the style morphs and that they
do not share matching recognition
factors in the pollen and style.

Adaptive significance of heterostyly

What is the evidence for Darwin's
original suggestion that reciprocal
herkogamy actively promotes legit-
imate pollination (cross-pollination
between anthers and stigmas of
equivalent height in the floral
morphs) in heterostylous popu-
lations? Two kinds of experimental
data have been collected to assess
the hypothesis; both employ the
conspicuous size heteromorphism
of pollen produced by different
stamen levels in heterostylous
plants. Studies of pollen deposition
on pollinating insects (mostly bees)
have provided evidence for the seg-
regation of pollen types in both di-
stylous®? and tristylous species?®>. The
limited data provide some support
for the idea that during feeding, pol-
len is deposited on different re-
gions of a pollinator's body. Many
factors result in disturbance of
pollen after its initial placement on
pollinators, however, and it is of
more critical importance to deter-
mine whether deposition of pollen
on stigmas supports Darwin's
hypothesis.

Over the past |5 years, approxi-
mately 20 field studies on a wide
range of heterostylous taxa have
compared the amounts of legit-
imate pollen on naturally pollinated
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stigmas of the morphs with expec-
tations based on random polli-
nation8. This procedure involves
determination of the proportion of
pollen types in the population using
estimates of the frequency and

flower production of morphs. The .

majority of these ‘pollen flow
studies' have been interpreted as
providing either no evidence or
only weak evidence in support
of the Darwinian hypothesis. Ob-
served pollen loads were frequently
consistent with the expectations of
random pollination, or in some
cases involved an excess of illegit-
imate pollen on stigmas?.
Unfortunately, most pollen flow
studies have employed inappro-
priate experimental designs to
assess the adaptive significance of
heterostyly. To evaluate properly
whether reciprocal herkogamy pro-
motes legitimate pollination, the in-
traflower illegitimate component of
the pollen load should be removed
by emasculation®?>. Emasculation is
necessary because pollen transfer
between anthers and stigmas within
a flower is unaffected by the poly-
morphism, and this component of
the pollen load obscures the critical
parameter to be measured, i.e. the
illegitimate outcrossed fraction of
the pollen load. In the only two
studies where this procedure has
been undertaken on all morphs -
in the distylous herb Jepsonia
heterandra®> and tristylous aquatic
Pontederia cordata’® — experimental
support for the Darwinian hypoth-
esis was obtained. Pollen loads
were composed of an excess of

B. Seed Set
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Fig. 3. Pollen—pistil interactions in self-incompatible, tristylous Pontederia sagittata. (A) Mean distance
{mm} at which pollen tubes terminate growth in the style, following controlled pollinations. (B) Mean
percentage seed set. Values in bold type are the legitimate combinations. For details see Refs 30 and 31.
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legitimate pollen over that ex-
pected from random pollination.
Recently, Lloyd and Webb? have
developed a novel way of analys-
ing pollen deposition patterns in
heterostylous populations. By com-
paring legitimate and illegitimate
pollen transfer from the perspective
of pollen donation and pollen re-
ceipt. data can be converted into
probabilities of a single pollen grain
of each type being deposited on
stigmas of each morph. Using this
method, they reanalysed pollen
load data for Jepsonia and Ponte-
deria. The results obtained for the
two species were in remarkable ac-
cord, and provide strong support for
the Darwinian hypothesis. In both
taxa the average proficiencies of
legitimate transfer and receipt were
approximately twice those of the
corresponding illegitimate combi-

nations. More experimental studies,

employing emasculation and the
new analytical techniques, are re-
quired to determine if the patterns
observed in Jepsonia and Ponte-
deria are of general significance.
Another way of evaluating Dar-
win's hypothesis involves measur-
ing mating patterns in self-com-
patible heterostylous populations.
Progeny tests and the use of gen-
etic markers can be employed to
estimate outcrossing rates and,
more importantly, levels of dis-
assortative (intermorph)
This approach has recently been
undertaken in two tristylous popu-
lations of Eichhornia paniculata®-*,
a close relative of the infamous
weed water hyacinth E. crassipes.
High rates of outcrossing were de-
tected in each population. Further-
more, estimates of disassortative
mating indicate that most outcross-
ing is between the style morphs,
with low levels of assortative (intra-
morph) mating in each population.
Care is required in interpreting
this kind of data, however, since
other reproductive factors unre-
lated to reciprocal herkogamy (e.g.
differences in the growth rate of
legitimate over illegitimate pollen
tubes, or the selective abortion of
illegitimate offspring) could also play
a role in promoting disassortative
mating. Interestingly, however, the
abortion of developing embryos in
E. paniculata is very low (< 5%) and
is therefore unlikely to contribute
significantly to post-zygotic control
of mating patterns‘. In addition,

mating.

preliminary marker gene studies of
pollen mixtures have failed to de-
tect differences between the siring
ability of illegitimate or legitimate
outcross pollen?’. If post-pollination
interactions do not contribute sig-
nificantly to maintaining high levels
of disassortative mating in E.
paniculata, the most reasonable
alternative explanation is that re-
ciprocal herkogamy is effective at
promoting intermorph pollinations
in the species. However, since the
marker gene approach cannot be
used to distinguish legitimate from
illegitimate intermorph matings in
tristylous populations®®, the data
provide only partial support for
the Darwinian hypothesis. Further
support can only be obtained from
pollen load studies in species
with conspicuous pollen-size hetero-
morphism.

In conclusion, for the only two
species for which there are ad-
equate data to test Darwin's
hypothesis properly, a twofold
difference was found between the
proficiency of legitimate compared
to illegitimate pollen transfer.
These results from Jepsonia and
Pontederia are encouraging, and
represent a strong advantage com-
pared to the results of most other
field studies of genetic polymor-
phisms?!. Far from there being littie
direct evidence in favour of the Dar-
winian hypothesis, as previous
workers have generally concluded,
few selection hypotheses involving

_polymorphic traits can claim this

degree of support®. While there
is obviously much more to learn
about heterostyly, particularly with
respect to its origin and spread, re-
cent theoretical developments and
the availability of a broader range
of experimental systems provides
workers in the field with exciting
new challenges for investigating the
evolution and adaptive significance
of these complex floral poly-
morphisms.

Acknowledgements

| thank Deborah Charlesworth, joshua
Kohn and David Lloyd for comments on the
manuscript, and David Lloyd. Robin Scribailo
and Colin Webb for permission to cite un-
published work. The author's research on
heterostylous plants is funded by the Natural
Sciences and Engineering Research Council
of Canada.

References

t Darwin, C. (1877) The Different Forms of
Flowers on Plants of the Same Species, john
Murray

TREE vol. 5, no. 5, May 1990

2 Bateson, W. and Gregory, R.P. (1905} Proc.
R. Soc. London Ser. B 76, 581-586

3 Fisher, R.A. and Mather, K. (1943} Ann.
Eugen. 12, 1-23

4 Lewis, D. (1949) Biol Rev. 24, 472-479

5 Ernst, A. (1955) Genetica 27, 91-148

6 Baker, H.G. (1966) Evolution 20, 349-368
7 Vuilleumier, B.S. (1967) Evolution 21,
210-226

8 Ganders, F.R. (19791 N.Z. ] Bot. 17,
607-635

9 Charlesworth, D. and Charlesworth, B.
(1979) Am. Nat. 114, 467-498

10 Charlesworth, B. and Charlesworth, D.
(1979} Am. Nat. 114, 499-513

11 Dulberger, R. (1975) Heredity 35. 407-415
12 Richards, |.H. and Barrett, S.CH. in
Evolution and Function of Heterostyly
{Nicholls, M., ed.), Springer-Verlag (in press|
13 Schou, O. and Philipp, M. (1984) Theor.
Appl. Genet. 68, 139-144

14 Ornduff, R. (1988) Ann. Mo. Bot. Gard. 75,
761-767

15 Muenchow, G. (1981} Am. Nat. |18,
756-760

16 Charlesworth, D. (1982) Am. Nat. 119,
732-735

17 Gibbs, P.E. (1986} Plant Syst. Evol. 154,
285-323

18 Anderson, ). M. and Barrett, S.C.H. (19861}
Can. J. Bot. 64, 2602-2607

19 Heslop-Harrison, |. (1983) Proc. R. Soc.
London Ser. B 218, 371-395

20 Dulberger, R. (1975 Proc. R. Soc. London
Ser. B 188, 257-274

21 Nasrallah, M.E. and Nasrallah, |.B. (19861
Trends Genet. 2, 239-244

22 Mather, K. and DeWinton, D. (1941} Ann.
Bot. 5.297-311

23 Charlesworth, D. and Charlesworth, B.
(1987) Annu. Rev. Ecol. Syst. 18, 237-268

24 Lloyd. D.G. and Webb, CJ). in Evolution
and Function of Heterostyly (Nicholls, M,
ed.), Springer-Verlag (in pressi|

25 Lloyd. D.G. and Webb, C.l. in Evolution
and Function of Heterostyly (Nicholls, M..
ed.}, Springer-Verlag (in press)

26 Barrett, S.C.H., Price, S.D. and Shore. | S.
(1983} Evolution 37, 745759

27 Ornduff, R. (1979) Heredity 42, 271-272
28 Shore, |.S. and Barrett, S.C.H. (1985}
Heredity 55, 167-174

29 Fisher, R.A. (1922} Proc. R. Soc.
Edinburgh 52, 321-341

30 Glover, D.E. and Barrett, SCH. (1983)
New Phytol. 95, 439455

31 Scribailo. R.W. and Barrett, S.C.H. (1989
Am. /. Bot. 76, 57 (Abstr.}

32 Olesen, | M. (1979} New Phytol. 82.
757-767

33 Wolfe, L.M. and Barrett, S.C.H. (1989]
Biol. J. Linn. Soc. 36, 317-329

34 Ornduff, R. (1979} Bot. /. Linn. Soc. 78.
1-10

35 Ganders, F.R. (1974) Can. /. Bot. 52,
2401-2406

36 Barrett, S.C.H. and Glover, D.E. (1985]
Evolution 39, 766-774

37 Glover, D.E. and Barrett, S.C.H. (1986)
Evolution 40, 1122-1131

38 Barrett, S.C.H., Brown, A.H.D. and Shore,
1.S. (1987) Heredity 58, 49-55

39 Morgan, M.T. and Barrett, SCH. Heredity
({in press) -

40 Morgan, M.T. and Barrett, S.C.H. (1989}

/. Evol. Biol. 2, 183-203

41 Endler, |.A. (1986} Natural Selection in
the Wild, Princeton University Press



