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- Self mcompaubﬂlty, the inability of a fertile hermaphrodxte plant to produce v1able

 seeds upon self-pollination, is the principal and most effective mechanism preventing -

self-fertilization in flowering plants. While its manifestations are diverse, in all cases,

* the major effect is to promote outcrossing between genencally different individualsof

-the same species, Discrimination between self and nonself is not usually the result of
incompatibility between the gametes themselves, or between gametophytes. Instead
the siphonogamous habit (with pollen tubes) of angiosperms enables direct i interaction:
between the male gametophyte and the female-acting sporophyte, the parent of the

female gametophyte.” Systems of seif-incompatability are widely distributed among

flowering plant taxa and are reported from at least 19 orders and 71 families.>? These
include both dicotyledons and monocotyledons, plants from all- geographxcal regwns,
and virtually all life forms.

~ Recently, several new hypotheses have been proposed to explam the selecuve
forces involved in the evolution and maintenance of plant breeding systems.”'* Sex-
ual selection, the optimal allocation of resources to maternal and paternal function,
and strategies for coping with environmental uncertainty have all been mvoked to

- explain the evolution of different reproductive modes. Self-incompatibility systems -

have remained relatively immune from these considerations. The traditional view of

‘inbreeding avoidance as an explanation for the evolution of self-incompatibility has
been largely unchallenged, since the evidence in support pf the role of self-incompat-
ibility systers as outbreeding devices is strong. This is not to imply that no difficulties
exist in explaining the functional significance of different systems of incompatibility
and their evolutionary relationships with one another. As the floral biology of a
- broader range of plant species has been investigated, it has become apparent that some
revision of our concepts of self-incompatibility may be in order, since several types of
- self-incompatibility that have been recently discovered do not readily fit into exxstmg -
. classifications.
. '-In this chapter, I rev1ew current research on the evolution and genetics of self
, mcompanbxlny The discussion is orgamzed into three main topics: (1) evolutionary
relationships among incompatibility systems, (2) maintenance of self-incompatibility
in natural populations, and (3) genetic modifications and evolutionary loss of self-
mcompanbxhty systems. Since the hterature on self-mcumpanbxluv is vast. I have
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made no attempt to be comprehensive and in many cases have cited only recent ref-
erences on a particular topic. Initially, 2 brief review of the major classes of self-
incompatibility and their general properties is given. For more detailed treatments of
self-incompatibility, the reader is referred to general reviews of the topic,24*"'# -

TYPES OF INCOMPATIBILITY

Self-incompatibility systems can be divided into two distinct groups: gametophytic

" self-incompatibility, in which the incompatibility phenotype of the pollen is deter-
mined by its own haploid genotype, and sporophytic seif-incompatibility, in which
the incompatibility phenotype is governed by the genotype of the pollen-producing .
parent. The difference may arise from the time of S gene action, which in sporophytic
systems appears 10 be premeiotic (or at the latest meiotic) before individualization in
the tetrads, but in gametophytic systems occurs after the first metaphase of meiosis in
pollen mother cells.”

Whereas all mating types in gametophytic self-incompatibility systems are mor-
phologically similar (homomorphic), sporophytic self-incompatibility can be further
subdivided into homomorphic and heteromorphic systems on the basis of whether or
not the mating types are morphologically alike. Two classes of heteromorphic incom-
patibility are known (distyly and tristyly), depending on whether there are two or three
mating groups. The mating groups usually differ in style length, anther height, pollen
size, pollen production, and incompatibility behavior. The reader is referred to general
reviews of heteromorphic self-incompatibility systems,"!"*
~ Within the major types of self-incompatibility there occurs a variety of systems
that differ from one another largely in their genetic basis (Table §.1). Typically, in
homomorphic systems a single locus (S) with multiple alleles controls incompatibility,
although in recent years systems involving two to four loci and multiple alleles have
been demonstrated,”™ and several cases of the polygenic control of self-incompatibility
have been claimed.”®"** In heteromorphic systems, distyly is controlled by a single
locus with two alleles and tristyly by two loci each with two alleles and epistasis oper-
ating between the loci.”! ‘

~ Despite the variation in patterns of inheritance within gametophytic and sporo-
phytic systems, each possesses distinctive cytological and physiological characteristics.
For example, with few exceptions, in gametophytic systems pollen is binucleate and
pollen tubes are inhibited in the style, whereas in sporophytic systems pollen is tri-
nucleate and the rejection response is on the stigmatic surface. These differences may
arise because of the contrast in the timing of § gene action. Although these differences
break down in heteromorphic systems, where pollen can be bi- or trinucleate and
inhibition stigmatic or stylar, the relationship between polien cytology and site of
inhibition within individual heterostylous species appears to be maintained.” -~

As research on self-incompatibility continues several “anomalous™ systems have
been identified, forcing us to reconsider and perhaps revise our views on the classifi-
cation and overall properties of the different types of seif-incompatibility. While it
seems unlikely that the general dichotomy between sporophytic and gametophytic sys-
tems will be affected by recent discoveries, we may need to alter our thinking about
the evolutionary origins and relationships among the major classes of self-incompat-
ibility. Three examples of pollen-pistil interactions that are not readily interpretable



(saousiapes 3._ XY 8& n.x:n 19yLIny 3xmbas pue: pooisspur: =o.s 10U que 3:3:2.835 -J138 JO S130d3s Suz r,

L om aiﬁ woly 3___.52._
@zng,& 3882:_._3@,_;. s : S
{Diftopuayav A1) Sea0RIOPOUIIEY T — —_ - T 1 ,.\ra.wo_.a,acm 1]
(snss1oapp) sesoupyilivy o o ot 71y Auews . guShOEQIONE, |
{vsmipuy) aesseuiBesog QUON KieaQ weutwoqg S jmoy g I . - Aisia o1
. omadkLIpaluoy . : o o .
“auasepiexp QeIDRHPATY € DUON - k1eao pue ojf1g jugunwogy T 4 T AQfsuy, 6
. B Nhis ; . ,
E_n _._canzu:un
vins
eBIIING, - .=2.¢=_E..uu . e o )
6..33_._ ‘ovgoepnuiLLy £7 JuoN udjiod - JueBIwo(] [4 I R Ahmg 8
, ; _ OIH4YOWOUTLIH
(sipurngo odvisog) sesseviBesog § - " AreaQ -— i Kuews «o:.nu.n_am. L
. (Avem sdewpod) ; N ‘ : L PAniydojpwes
forovs _.E.E%»Qt u%os_:u..o.m_ — 1.€.7V} - . Auew B \aiﬁo._oam 9
uopenousd ‘ 4 C
. - B swIINS pus JUBMIWOPOD ’ = )
- {vayDs vonuzz) sesayons) | uoN . - uoneuiwsd? U3y yuBuTUO(] Auepy - pf ajidydorods ¢
spaoeiqny ‘stusodio)) .op.&.o:;b@u a SuoN uonBUNLIS U0 U0 Auepy. H onhydosods
seadmpodousy) .oaooa_zu:.énza JuoN - shig emropo)) Auepy v anhydeyowen . ¢
S oeduIesn) | QUON AIS JuBBEIIopO)) Kuepy 4 ankydooweny 7
aeoBURiOS . B . ,
.»32:&33 ‘o800vs0Y an : umopyearq; kg RIBURUOPO)) Auepy 1 snkydorawen |
P ; . 3 ; o o . OIHdYOWOWOH
, mo:._ﬁa vo-uuﬁ..m. Apiojdired .5352..: , - NOHJBIANUY PRIy © . souany - sadA 1 Jofey
, »@Bo.em . Jod%uig. _onenY o ;

S ‘ SWeLy uc:useﬁ ut 3:5:«&&85 .__ow Jo aES«am 1S 3901



Self-Incompatibilitv Systems 101

within the traditional classification schemes will serve to illustrate this point. In each
case workers examining these phenomena have suggested that self-incompatibility
mechanisms are involved, but a critical appraisal of the nature of these systems is
required.

, Late-Acting Self-Incompatibility

Early studies of pollen tube growth in self-incompatible species suggested that inhib-
ition of self-pollen tubes in the ovary occurred only rarely in flowering plants. Ovarian
inhibition of self-poilinations, either pre- or postzygotically, was generally considered
an aberrant or maladaptive condition since, in some cases (e.g., Theobroma cacac™),
ovules were apparently irreversibly sterilized by selfs. Numerous reports of ovarian
inhibition have appeared in the literature recently, suggesting that late-acting incom-
patibility systems are more widespread than had been previously thought. Seavey and
Bawa'® have reviewed the subject and discuss the nature, occurrence, and functional
significance of various ovarian phenomena. They distinguish three types of response:
(1) ovarian inhibition of self-pollen tubes before ovules are reached, (2) prefertiliza-
tion inhibition in the ovules, and (3) postzygotic rejection. Most workers have not
considered postzygotic effects as involving a true self-incompatibility system, the for--
mer being usually reserved for prezygotic interactions between the pollen and pistil.
The postzygotic rejection of selfs is often excluded from definitions of self-incompat-
ibility owing to the difficulty of distinguishing such an effect from inbreeding influ-
ences. Embryo abortion due to the action of recessive lethals uncovered by selfing may
be similar in appearance to a true self-rejection reaction. Seavey and Bawa'® discuss
these difficulties and outline how the effects of inbreeding may be distinguished from
late-acting self-incompatibility,

Models of genetic load do not anticipate levels of deleterious recessives sufficient
to obtain zero or low levels of seed set upon selfing (although see Sorensen'®). In addi-
tion, it seems unlikely that the expression of inbreeding depression upon selfing would
be concentrated in only the early embryonic phase of the life history. Thus measures
of seed set upon selfing and the subsequent evaluation of growth of seifed progeny
might be useful in distinguishing between inbreeding depression and a true self-rejec-
tion response, since inbreeding effects would be manifest at a variety of different
developmental stages. In contrast, a late-acting self-incompatibility system would be
expected to operate at a specific developmental period of embryo growth. Thus,
detailed studies of embryo development might distinguish such effects.

If the genetic basis of late-acting self-incompatibility is similar to gametophytic
and sporophytic systems in the possession of mating types, then these should be
detectable as cross-incompatible matings. Such mating groups would not be antici-
pated from inbreeding unless consanguineous matings were involved. The distinction
here may be particularly difficult if late-acting self-incompatibility phenomena are
polygenically based, since the expectations for both involve quantitative variation as
opposed to clear segregation of seed set values. '

Cryptic Self-Incompatibility

The distinction between self-incompatibility phenomena and inbreeding effects is also
relevant to plant species exhibiting cryptic self-incompatibility systems. In families
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with both homomorphic and heteromorphic incompatibility, pollen tube growth is

often significantly faster in cross-pollen compared to self-pollen {prepotency) in seif-

compatible relatives. This effect was studied by Darwin* and has been termed cryptic

self-incompatibility by Bateman.'® It may be more widespread in angiosperms than

- previously thought, since the usual method of testing for self-incompatibility will not
reveal its presence. Where this type of behavior occurs, differential fertilization of selfs
and crosses can reflect the presence of weak self-incompatibility or it may be a reflec-

 tion of inbreeding effects. In the latter case it is not always clear whether pre- or post-
zygotic influences are at work, unless direct obsemuoas of differential pollen tube
growth are made. -

Using controlled pollen mixtures and the style length locus as a genenc marker in
self-compatible, distylous Amsinckia grandiflora, Weller and Ornduff** showed that
~ self and intramorph pollen were at a competitive disadvantage to intermorph polien. -

Hence the cryptic self-incompatibility system found in this species resembles a weaker
- version of that occurring in related distylous species of the family, which show inhib-
ition of cross-pollen among individuals of the same floral morph. The existence of
- cryptic self-incompatibility in Amsinckia has been questioned by Carey and Ganders
(unpublished data cited in Ganders®') who failed to find differences in pollen tube
growth in Amsinckia grandiflora or in any other distylous species in the genus. This
- has led to the suggestion that selective abortion of embryos may occur in
Amsinckia.*¥ However, Weller (unpublished data) has recently repeated the pollen

 tube experiments on Amsinckia grandiflora with results similar to his earlier findings

and hence there seems little doubt that the species exhibits a true cryptxc dxmorphxc-
’mcompanbﬂm' system

A different phenomenon appears to operate in self<compatible mstylous Exchko» -
nia paniculata where inbreeding effects seem to be more important in regulating the -

parentage of offspring. Using pollen mixtures and an isozyme marker locus (GOT-3)
Glover and Barrett” observed an approximately twofold advantage to cross-pollen
over self-pollen. The treatments involved both intramorph and intermorph cross-pol-
_ len. In both, a similar advantage to cross-pollen was observed, a result not expected -

* if a weak trimorphic incompatibility system was functioning: An additional treatment

also compared the competitive ability of both legitimate (between anthers and stigmas

- of equivalent level) and illegitimate (between anthers and stigmas at different levels)
cross-pollen. The two classes of pollen were equally competitive, again an outcome
not expected in a conventional trimorphic incompatibility system. :

While in this study it seems unlikely that cryptic trimorphic mcompanbxhty is”
respon,s;ble for the observed advantage to cross-pollen, it is by no means clear at what

stage the advantage to the cross treatment is manifest. While prepotency of cross-

pollen may occur, it is possible that there is some selective elimination of selfed
- zygotes through embryo abortion. Here, as in putative cases of late-acting self-incom-
patibility, detailed dissection of the complete reproductive cycle from pollination to
.seed set is required to distinguish between the possibility of incompatibility phenom- -
ena and inbreeding effects. In the former case, we are dealing with a mechanism oper<
ated by the maternal parent and controlled by its genotype and that of the pollen
donor. In contrast, inbreeding depression is a process acting in the progeny zygote
determined by its own genotype. While it is conceptually straightforward to distin-
" guish between these factors, in practice it may not always be clear which of these pro-.
cesses is responsible for the reduced seed set after selfing compared with outcrossing.
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Fig. 5.1. Seed production following controlled self- and cross-pollinations of Eichhornia
crassipes clones. All cross-pollinations involved a single clone from Costa Rica. Sample
sizes are the number of flowers pollinated. 8 = self-pollinations, [ = cross-pollinations,
*p < .025, **p < .01, ***p < .001. Significant differences in seed set between self- and
cross-poilination may result from weak self-incompatibility and/or inbreeding depression.
(After Barrett.) :

This problem is often encountered in interpreting results of controlled pollination
studies. Figure 5.1 illustrates such a difficulty from the results of controlled self- an4
legitimate cross-pollinations of tristylous Fichhornia crassipes.®*

Anomalous Heteromorphic Incompatibility Systems

A final example in which the incompatibility phenomena described do not readily fit
into conventional schemes involves two distinctive types of floral heteromorphism.
In both cases, controlled pollinations indicate reduced seed set on selfing, but it is by
no means clear what mechanism is operating, whether or not inbreeding depression-
is involved, and how the systems are related to typical heteromorphic incompatibility.
In the Boraginaceae both self-incompatible and self-compatible distylous taxa are
known. Experimental studies on Anchusa officinalis®*'*'® and Anchusa hybrida*
have revealed a distinct and unusual form of floral heteromorphism, which may also -
occur in Narcissus.® In both Anchusa species there is considerable variation in style
. length in natural populations, although the ratio of style length to anther height shows
a clear bimodal distribution. In Anchusa officinalis, surveys of morph ratio indicate
that in all populations the long-styled morph is far in excess of the short-styled
morph.” Yet curiously, genetic studies of inheritance of style length are suggestive of
' the common pattern for distylous plants with a single diallelic locus governing style
length variation.'” High frequencies of the long-styled morph might occur if this
morph experienced a high degree of self-fertilization, but controlled self-pollinations
of both morphs yield little to no seed.” Of particular interest is the observation that
both-intramorph and intermorph pollinations are compatible (Table 5.2). Because of
this finding, workers studying these species have concluded that Anchusa possesses a
multiallelic incompatibility system unlinked to the locus governing floral dimorph-
ism. Observations of pollen tube growth in selfs indicate that pollen tubes reach the
ovary and enter the micropyle, suggesting that the recognition reaction resides in the
ovules.”” Detailed studies of the genetic basis of the incompatibility system of -
Anchusa are hindered by the generally low female fertility of crosses. Despite this, it
would seem worthwhile to investigate fitrther the cause of self rejection in the species,
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Table 5.2. Seed Set of Intrafamilial Pollinations in Anchusa aﬁicmahs b

Piantnumber .

Pam S S S L L S S8 L S s
number 1 2 3 4 5 6 7 8 9 10

$ 1 0 6 38 0 5 3 6 19 28 0
s 2 10 0 10 13 0 25 13 5 .0 19
s 3 5 0 0 38 20 44 19 50 25 25
L 4 33 4 63 0 31 38 31 6 3 S0
L5 3113 19 3t G 13 .5 S0 50 19
S 6 45 6 6 25 25 0 19 715 3 25
ST 3 25 0 38 25 25 0 19 63 25
L 8 20 0 25 10 5 50 63 -0 44 44
S 9 0 0 6.1 15 6 25 33 0 13 -
S 10 0 25 25 0 15 25 13 6 6 0

®Afier Schou and Philipp.'® -
" ¥The numbers are the percetitage of maximum seed set, boldface numbers indicate the seven cases in which a differencein -
mmaqﬁbﬂityismai&mdinammmmmof»minmmmphnumfmnumﬂeﬁmﬂy; :

particularly since the apparent absence of clear-cut mating groups and the fact that
ovarian phenomena are involved suggest that mbreedmg depressxon may also be'a
factor.
The data for 4nchusa resembie those obtained by Crowe® for the related nonhet-
erostylous Borago officinalis. She argued that in this species self-incompatibility is
“polygenically controlled and is expressed postzygotically. Evidence to support this
claim was obtained from pollen chase experiments (prior appiication of self-pollen
before cross-pollen) in which a sterilization effect was observed from self-pollinations.
However, prezygotic rejection mechanisms operating in the nucellus or micropyle
‘may also block subsequent compatible pollen tubes and thus it may be premature to
conclude that postzygotic mechanisms are at work in this species.
: One mechanism by which incompatibility could operate postzygotically involves
the postponement of the rejection response relative to recognition. This would require
‘labeling of the developing zygote by a product synthesized during the recognition
period. No such chemical has yet been demonstrated in species in which postzygotic
incompatibility has been claimed and, therefore, it may be more satisfactory to reserve '
the term incompatibility for prezygotic interactions. , '
A second distinctive form of heteromorphic- incompatibility involves differences
‘among mating types in style orientation and has been observed in two monocotyle-
donous families (Haemodoraceae, Tecophilaeaceae).** In the genera Wachendorfia
- and Cyanella, some plants have styles that are sharply deflected to the right, while in
_ others the style bends to the left. This condition is referred to as enantiostyly and is
interpreted as an outbreeding mechanism promoting  pollination between ﬂoral
- morphs in a manner similar to heterostyly. .
In. Wachendorfia paniculata, controlled self- and- cross-pollmauons ‘within and
between plants with right- and left—bendmg styles suggest that intermorph crosses pro-
duce more seeds than self- or intramorph pollinations. On the basis of these resuits,
Ornduff and Dulberger® concluded that a weakly developed self- and intramorph
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incompatibility system is present in the species. The occurrenc= of 1 : | ratios of the
two morphs in four Wachendorfia populations® suggests that intermorph matings
may predominate under field conditions and that the mechanism of inheritance of
floral enantiostyly may be similar to that found in heterostylous plants. Since no rela-
tives of enantiostylous plants are heterostylous, it seems unlikely that the polymor-
phisms are related in any way, except in as much as they may represent distinctive
and independent responses to selection favoring outcrossing. More detailed genetic
and ecological studies of these curious polymorphisms are required before any firm
conclusions on their adaptive significance can be reached. In addition, controlled selfs
and crosses among the morphs combined with observations of pollen tube growth are
required to firmly establish the presence of a self-incompatibility system in the species.

Heterosis Model of Self-Incompatibility

The examples reviewed above indicate some of the difficulties in distinguishing the

~ various forms of self-incompatibility from the influences of inbreeding depression.

‘Recently, Mulcahy and Muicahy® have attempted to extend the significance of

inbreeding effects to encompass typical style-mediated gametophytic self-incompati-
bility systems. They have questioned the conventional genetic model of gametophytic
self-incompatibility by one or a few multiallelic loci with oppositional effects and have
instead argued that many loci, which are spread throughout the genome with comple-
mentary effects, govern the incompatibility response. According to this view, game-
tophytic self-incompatibility is simply an expression of genetic load mediated via
extensive pollen style interactions. This model, called the “heterosis model”*of game-
tophytic self-incompatibility, is based on the assumption that if the pollen and style
carry dissimilar allelic combinations, there will be heterotic interactions between
them, resulting in increased pollen tube growth rates. In contrast, if both the pollen
and style share the same deleterious recessive alleles, polien tube growth will be
reduced accordingly. The actual growth rate of the pollen tube will be the sum of all
polien-style interactions, and incompatible pollinations are due not to specific inhib-
itory molecules (oppositional model) but rather o the growth of pollen mbes being
too slow to allow fertilization.

The heterosis model and evidence used to support it have been strongty ¢riticized
by Lawrence er al.,% who argue that much of the evidence used by the Mulcahys
against the oppositional hypothesis is either not relevant or not inconsistent with it,
They point out difficulties concerned with the genetic and biochemical basis of the
model, the most serious of which is that it is not capable of providing an explanation
for the compatibility relationships observed in either single locus or multilocus sys-
tems, unless in the latter case it is assumed that the constituent loci of the proposed
supergenes which govern self-incompatibility are very tightly or completely linked.

While the Muicahys’ model may be inconsistent with available information for
gametophytic systems of self-incompatibility, it may heip explain other facets of pol-
len—pistil interactions such as those involved with pollen prepotency, optimal out-

. ‘crossing, and extraneous pollen advantage in interpopulation crosses.®!'* Observa-

- tions of pollen germination, pollen tube growth, and the fertility of crosses within and
between subpopulations at different spatial scales would be useful in assessing whether
or not the genetic relatedness of sexual partners can influence pollen-pistil interac-
tions in ways that mimic incompatibility phenomena.
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EVOLUTION OF SELF-INCOMPATIBILITY SYSTEMS

Two contrasnng views on the evoluuonary origins of self-incompatibility systems are
evident in the literature. The first, originally proposed by Whitehouse,' suggests that
self-incompatibility arose once in association with the origin of flowering plants. Fol-
lowing this interpretation, the present range of self-recognition systems is fundamen-
tally similar because of the presence of an ancient, but strictly conserved, .S locus in
all families. Variation among systems arises from superimpositions on the basic:
mechanism underlying self-rejection. An alternative view follows Bateman,' who
argued against the monophyletic origin of self-incompatibility systems and suggested
that it was more probable that weak polygenic incompatibility had arisen de novo.
several times and that progressive genetic modifications had taken place to give the
range of systems observed today. Modifications involved either selection of nonspe-
cific modifiers influencing all loci or specific modifiers i mcreasmg the eﬁ‘ecuveness of
one or two loci at the expense of the rest.

: Each view on the evolutionary origin(s) of selﬂ-lncompanbxhty has its’ supponers, ,
but until more information on the taxonomic distribution, genetic basis, and physio-
logical properties of incompatibility systems is available, the question is likely to -

remain unresolved. The problem may eventually be solved by molecular character-
ization of the S gene from species with different systems of incompatibility. -

- Primitive Systm of Incompatibility

_While controversy exists over the phylogenetic relationships between the dlfferent 7
types of sporophytic self-incompatibility (see below), there is general consensus that
the primitive system of self-incompatibility in flowering plants is gametophytic. In

_addition to the single locus form of control, more complex systems with three, four,
and perhaps even more loci are known.™* Since these occur in species from relatively
unspecialized families (Ranunculaceae, Chenopodiaceae), it is possible that they may
be similar to the original forms of self-<incompatibility with the common one-gene
system derived by progressive homozygosis or deactivation (silencing) of all but one
of the genes. The observation of ovarian self-incompatibility in the primitive Pseu-
dowintera colorata (Winteraceae) by Godley and Smith* is also of interest, and raises
the possibility that unspecialized forms of polygenic self-incompatibility, with rejec-
tion mechanisms residing in the ovary, may have evolved first in the angiosperms,
and that, later in evolution, progression to stylar and finaily stigmatic inhibition with
monogenic control occurred.

Detailed genetic data from species with late-acting (ovarian) self-incompatibility
systems are badly needed to enable an assessment of their relationships to sporophytic
and gametophytic systems. Unfortunately, since many of the plants in which these

systems have been observed are tropical woody species, this may be some time in*~~ =

coming. The only data available for a species with this type of seif-incompatibility

- -system (Theobroma cacdo) are difficult to interpret and suggest that genetic control is .

- gametophytic for the pollen and sporophytic for the ovules.* A similar system may
also operate in the related Sterculia chicha,"'' where ovarian inhibition has been '
observed. ,
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The view that gametophytic seif-incompatibility is phylogenetically primitive
whereas sporophytic self-incompatibility is derived has recently been challenged by
Zavada' and Zavada and Taylor'* on the basis of fossil evidence. Studies of early
Cretaceous angiosperm pollen indicate that many taxa possess reticulate exine sculp-
turing, a feature of extant plants with sporophytic self-incompatibility. In addition,
current fossil evidence indicates that the style did not evolve until the Lower Creta-
ceous or lower Upper Cretaceous, thus postdating the occurrence of pollen types indic-
ative of sporophytic systems. Since gametophytic self-incompatibility depends pri-
marily on interactions between the pollen tube and style, this observation is difficult
to reconcile with the view that gametophytic self-incompatibility is ancestral, unless
the early plants with this system possessed stigmatic recognition mechanisms such as
those that occur in Papaver. Zavada and Taylor'* suggest that early angiosperm self-
incompatibility may have involved a system similar to that found in Theobroma
cacao, with stigmatic recognition but with the rejection response resulting in abortion
of the carpel. According to this view, the subsequent development of pollen tube
inhibition, without the accompanying abortion of reproductive structures as a result
of incompatible pollinations, provided energetic advantages as well as opportunities
for prezygotic mate assessment.'? ;

Relationships Between Homomorphic and Hefemmomhic
Self-Incompatibility ' '

Current information on the distribution of homomorphic self-incompatibility systems
is fragmentary but suggests that not only are sporophytic and gametophytic systems
found in different families but heteromorphic incompatibility occurs in vet another
group of families distinct from these.®*' Despite contrary views,'! there are no con-
vincing genetic data indicating that homomorphic and heteromorphic systems of spo-
rophytic incompatibility co-occur in the same family, with the exception of the large
family Rubiaceae. This point is of relevance to ideas on the evolution of dimorphic
incompatibility.* Following the view of a unitary, strictly conserved S-locus in flow-
ering plants, Muenchow®' has developed a theoretical model for the evolution of dis-
tyly by loss of alleles from an existing muitiallelic sporophytic system. Rather than
invoking genetic drift,* Muenchow’s model suggests that selection for maximal cross-
incompatibility can, under rather restricted conditions, remove incompatibility alleles
in such a way that remaining alleles display the pattern of dominance and recessive- .
ness found in distylous groups. Until closely related taxa with both homomorphic and
heteromorphic systems of sporophytic incompatibility are discovered, however, the
model may have no more than theoretical value. .

- The physiological and biochemical properties of incompatibility systems are still
relatively poorly understood, but available data hardly support the view of a unitary
S gene for sporophytic systems. It is possible that the recognition factors normally
associated with the tapetum in homomorphic systems have no role to play in the
incompatibility systems of heterostylous plants and that physiological differences

“between pollen tubes and the pistil mediate incompatibility.'"® In this connection, it
- is worth noting that inhibition sites in heterostylous species can involve the stigma,
style, or ovary.""*% Charlesworth® has suggested that if the general properties of
heteromorphic incompatibility turn out to be fundamentally different from homo-
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morphic systems, the conventional use of the term S gene should probabiy not be
applied to the incompatibility locus in heterostylous plants.

Selective Forces

Few workers have considered the selective forces that have given rise to two distinctly
different types of incompatibility in flowering plants, namely the gametophytic and
sporophytic systems. Beach and Kress' suggest that the answer may stem from the
conflict created by the contrasting reproductive behaviors of the sporophytic and
gametophytic generations. In order for the male gametophyte to be evolutionarily suc-
cessful, it must fertilize an egg, or none of the gametophyte’s genes will be transmitted
to the next generation. The quality of the resultant zygote is not open to choice since
the male gametophyte is already “committed.” In contrast the female sporophyte does
not benefit by indiscriminate male gametophyte success but rather by inhibiting self-
pollen and promoting cross-pollen. Beach and Kress™ propose that the development
of sporophytic incompatibility from gametophytic incompatibility may represent an
evolutionary response by sporophytes that is due to opportunities availabie to “com-
mitted” gametophytes for circumventing the inhibition mechanisms of gametophytic
systems. Sporophytic systems can be viewed as more effective in discriminating
against committed male gametophytes since they operate before the haploid genome
is expressed, as a result of the biochemical labeling of pollen with sporophyticaily
derived products in the exine.*® Willson'? considers other aspects of conflict between
male and female function in self-incompatible plants. While these ideas are both novel
and plausible, they provide little opportunity for experimental analysis and as a result
the hypotheses are unfortunately largely untestable.

MAINTENANCE OF SELF-INCOMPATIBILITY SYSTEMS

Our understanding of the evolutionary development of incompatibility systems is
largely speculative and based on an imperfect knowledge of their distribution and gen-
eral characteristics. A rich literature has, however, developed on their maintenance
and function in contemporary plant populations. Much of this work is theoretical and
there is considerable scope for experimental field studies on the ecology and popula-
tion genetics of seif-incompatible species to assess the validity and predictions of the
theoretical models.

The major selective force proposed to explain the maintenance of incompatibility
systems is substantial inbreeding depression in the fitness of selfed progeny due to the
expression of largely recessive deleterious mutations in homozygotes. Virtually every
natural outbreeding plant and animal population that has been examined displays the
complementary effects of inbreeding depression and heterosis.'* The total inbreeding
depression, in normally outcrossing species, that results from selfing is frequently
greater than 50%, and the average individual is typically heterozygous for one or more

“recessive lethal factors. % -

‘Unfortunately, the magnitude and quantitative patterns of inbreeding depressmn
have not been examined in natural populations of many self-incompatible species.
although numerous reports of the deleterious effects of inbreeding in cuitivated self-
incompatible species are available in the agricultural and horticultural literature. A
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paucity of data for natural populations of self-incompatible species may in part be a-
consequence of the difficuities in obtaining selfed seed. Bud pollinations and other
techniques can be employed to circumvent this probiem, but these approaches are
frequently time-consuming and technically difficult.* For example, by using bud pol-
linations in self-incompatible Turnera ulmifolia, substantial inbreeding depression
has been demonstrated for vegetative and reproductive traits in several diploid pop-
ulations (J. S. Shore and S. C. H. Barrett, unpublished data). However, the yield from
bud selfs differs between the style morphs and the amount of seed obtained is generally
low. An alternative approach for examining inbreeding depression in self-incompati-
ble plants involves the use of sib-matings. This could be of particular interest in spe-
cies with contrasting incompatibility systems since the control of sib-mating differs
markedly between them.” Unfortunately, since different systems of incompatibility
rarely, if ever, occur within related taxonomic groups, it seems likely that other factors
(e.g., life history, dispersal mechanism, population size) would overwhelm effects on
inbreeding that could be ascribed to the system of mating alone. ’
Olmstead™® has recently considered the relationship between the breeding system
of self-incompatible species and the level of inbreeding in populations. He proposes
that the evolution and maintenance of self-incompatibility may have been largely
independent of the level of inbreeding in the population as a whole. This is because
the avoidance of selfing, the primary outcome of all seif-incompatibility systems, has .
a negligible influence on the level of inbreeding in comparison with population size
effects. Since many flowering plants are characterized by small effective population
sizes and considerable genetic substructure, they are likely t0 experience considerable
inbreeding. Olmstead argues that inbreeding has beneficial effects (reduced cost of
" meiosis, maintenance of coadapted gene complexes), and an optimal level exists in
plant populations. Following this view, the maintenance of self-incompatibility pri-
marily results from differences in the relative fitness of selfed and outcrossed progeny,
not from any positive influence brought about by increased outbreeding. :

Number and Fregquency of S Alleles

The number and frequency of S alleles that can be maintained in finite populations
of self-incompatible plants with multiallelic systems has been the subject of extensive

- theoretical treatment'” but little empirical work. Until the recent studies by Lawrence
and co-workers on the field poppy, Papaver rhoeas,® the sum total of our knowledge
was based on Emerson’s pioneering work on Oenothera mxanemzs‘“’ and the less
detailed studies of Trifolium repens® and Trifolium pratense.'”

Work on Papaver rhoeas™** is sufficiently detailed so that the data can be com-
pared validly with those of Emerson. The first point is that in both studies similar
numbers of S alleles were found within populations of the two species. However, while
in Oenothera organensis the frequency of S alleles was not significantly different, in
Papaver rhoeas large differences in frequency were evident in each of three popula-
tions examined (Fig. 5.2). Two hypotheses could account for the unequal frequencies

~ of Salleles in Papaver rhoeas populations. The first proposes that the alleles are sub-

ject to selection unrelated to that associated with the incompatbility system, either.
directly or via close linkage with other genes. The alternative hypothesis invokes ran-
dom genetic drift, associated with repeated colonizing episodes, and assumes that pop-
ulations were not at equilibrium when sampled. While the first hypothesis predicts
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Fig. 5.2. Distribution of S-alleles in populations of Oenathera organensis and Papgver
rhoeas. (After Emerson® and Campbell and Lawrence.”) \ ‘

that the same alleles will occur at high frequency in different populations, the second
does not. The fact that Papaver rhoeas is a weed of arable land and disturbed sites
certainly appears to favor the nonequilibrium hypothesis since weed species are usu-
ally subject to repeated colonizing episodes. However, the number of S alleles found
in each of the three populations is large,*** suggesting that genetic bottlenecks may
be of less importance than might be indicated from a consideration of the population |
ecology of the species.

Lawrence and O'Donnell® believe that, despite its weedy tendencxes, Papaver
rhoeas is a permanent and stable member of arable weed communities and that the
large dormant seed bank found in the species may buffer populations against the
chance effects associated with restrictions of population size. The cause(s) of the dif-
ferences in S allele frequencies within populations, therefore, still remains unresolved.
Crass-classification of S alleles among populations is necessary to determine if the
same alleles predominate in different populations. If this turns out to be the case, dif-
ferential selection among heterozygotes may be involved.

Mating Groups in Heterostylous Species

Identification of mating types in species with homomorphic incompatibility can be
ascertained only by extensive pollination programs, and this probably accounts for
the paucity of data from natural populations. In contrast the frequencies of mating
types in species with heteromorphic incompatibility can be readily obtained by visual
‘inspection of plants within populations. In addition, equilibrium genotype frequencies*
at the heterostyly loci can also be determined, although in tristylous species this
involves progeny testing and complex mathematical analysis.*' }
- There is considerable information on the population structure of both distylous
-and tristylous species. Survey data from distylous populations typically indicate that -
the long- and short-styled morphs are equally frequent (moplethy), although in some
species unequal morph frequencies (anisoplethy) are a feature of populations.®#
- Owing to the rarity of floral trimorphism, there are fewer observations of tristylous
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species, and both isoplethic and anisoplethic population structures are reported.'*
Studies of style morph frequency in heterostylous plants are of special interest because
they can provide information on the dynamics of selection at the loci controlling mat-
. ing system.®®*

Heuch®™* has shown theoretically that, provided no fitness differences among the
style morphs occur, an isoplethic equilibrium is the only possible condition in large
populations with disassortative mating. This outcome follows from the genetic sys-
tems that govern heterostyly. Where unequal morph frequencies prevail, several pos-
sible factors may be involved. These can include founder effects and clonal propaga-
tion,'" mating asymmetries among the style morphs,** differential selfing owing to
relaxation of seif-incompatibility,” or modification and breakdown of heterostyly.***!!

Of interest to problems concerned with the maintenance of heteromorphic incom-
patibility is a consideration of the minimum population size required for the poly-
morphisms to remain stable. This issue is relevant mainly to tristylous species because
of their complex systems of inheritance. In a study of 16 populations of tristylous
Lythrum salicaria on Finnish islands, Halkka and Halkka* found that the three style
morphs were present in all populations, despite their small size. They concluded that
gene flow between the islands must be frequent in order for populations to remain
tristylous. However, as Heuch® has shown theoretically, the genetic system governing
tristyly in Lythrum salicaria can remain stable in isolated populations consisting of
as few as 20 plants. Loss of style morphs occurs with regularity in populations below
this size, and when this happens the short-styled morph is lost more frequently, since
the dominant S allele governing this phenotype is only carried by short-styled plants.
Fluctuations in population size, associated with colonizing episodés and drought, are
postulated as the major factor leading to deficiency and loss of this morph from pop-
ulations of tristylous Eichhornia species.*!!

Function of Floral Polymorphisms in Heterostylous Species

Although mating types in self-incompatible species are maintained in populations by
frequency-dependent selection, it is by no means clear what selective forces are
responsible for the evolution and maintenance of the compliementary set of floral
polymorphisms that is associated with the incompatibility groups in heterostylous
species.”™'* The most widely accepted explanation of the functional significance of
floral heteromorphism was originally formulated by Darwin,** who hypothesized that
the reciprocal placement of stamens and styles in the floral morphs is a mechanical
device to promote insect-mediated cross-pollination among morphs with anthers and
stigmas at equivalent levels (legitimate pollination). Although statistically significant
levels of legitimate pollination have been demonstrated in both distylous® and tris-
tylous'? species, in many studies heterostyly appears to have little effect on pollination
patterns. With random pollination, however, sufficient numbers of compatible polien
grains are usually deposited on naturally pollinated stigmas of heterostylous plants to
ensure maximum seed set.”

Observations of random pollination in heterostylous species have led to the devel-
opment of several alternative hypotheses to explain the maintenance of heterostyly.
These hypotheses view heterostyly as a floral mechanism that (1) reduces self-polli-

‘nation,* (2) is maintained by sexual selection and the optimal allocation of sexual
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resources,”™>'# (3) avoids mutual pollen-stigma interference and stigmatic clog-
ging,”''® and (4) enhances pollen carryover."” A major challenge will be to devise
experimental tests to distinguish among these hypotheses. It is possible that in some
heterostylous species the floral polymorphisms are selectively neutral under contem-

porary conditions and are maintained because of a close developmental association
with the incompatibility system. More information on the deveiopmental genetics of
heterostyly is required to assess this possibility. Dulberger* and Richards and Barrett”’
discuss the developmental relationships between the floral polymorphisms and
incompatibility in heterostylous species.

MODIFICATION AND LOSS OF INCOMPATIBILITY

-Comparative studies of closely related taxa with contrasting breeding systems provide
strong evidence for the repeated loss of self-incompatibility in flowering plants.'” The
tendency of incompatibility loci to mutate toward increased self-compatibility has
been demonstrated in both homomorphic and heteromorphic systems.”®**' Various
types of genetic modification leading to self-compatibility occur. These include (1)
mutation of the incompatibility gene(s), (2) alteration of the genetic background in
which S alleles function, (3) occurrence of polyploidy in gametophytic systems .
(excluding Ranunculus, Beta, and monocotyledons), and (4) homostyle formation in
distylous species as a result of crossing-over in the supergene controlling the hetero-
stylous syndrome. Whether or not self-<compatible variants establish and spread is
" dependent on their ability to compete with their outbreedmg progenitors or establish
in novel environments.®*™ Inbreeding depression is likely to be the major factor
restricting spread, particularly if population sizes are large in the outcrossing progen-
itor, resulting in high genetic loads. Sporadic pollinator failure in zoophilous species
* and population bottlenecks on a time scale of less than 100 generations can, however,
promote selection for a highly self-fertilizing mode of reproduction since these pro-
cesses reduce genetic load and hence the magnitude of inbreeding depression.* Of
cpurse, mutations at incompatibility loci do not necessarily mean that self-<compatible
individuals are self-fertilizing. The degree of selfing will depend on a range of factors
of which floral morphology and the abundance of pollen vectors are usually the most
important,'®

Homomorplnc Incompatibility

Among homomorphic systems, loss of self-incompatibility has been particularly well

documented in Leavenworthia, in which several species (e.g., Leavenworthia crassa

and Leavenworthia alabamica) exhibit both self-incompatible and self-compatible

. populations.” Self<compatible populations have developed adaptations (e.g., introrse
anthers, small flower size) that increase the efficiency of self-pollination. These have
been documented in detail by Lloyd.™ In some cases, loss of self-incompatibility may
be associated with speciation, as has been proposed for Stephanomeria malheurensis®
and Lasthenia maritima.* In both cases, it appears that genetic modifications at loci

-~ governing sporophytic incompatibility have initiated the events leading to reproduc-
tive isolation. In neither case is the genetic basis of the change in incompatibility
behavior known. The genetic basis of self-compatibility in Stephanomeria has recently
been investigated (see Brauner and Gottlieb **).
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Most of the detailed information on genetic modifications at incompatibility loci
in homomorphic systems is based on studies of agricultural and horticuitural planis
Plant breeders have endeavored to select for self-compatibility to facilitate production
of bomozygous lines. Unfortunately, there is relatively little information on the vari-
ation in expression of self-incompatibility in populations of most wild species. Occa~
sional self-compatible individuais in normaily self-incompatible species (pseudocom-
patibility) have been studied in detail by Ascher.™™ The extent of this variation in
natural populations, how it is maintained, and its influence on the mating system of
populations are largely unknown.

Breakdown of Dimorphic Incompatibility

While the evolution of heteromorphic incompatibility systems presents a complex
problem that is still poorly understood,”* breakdown of these genetic polymorphisms
has been documented in many heterostylous families.®* Modifications include .
replacement of one type of outcrossing mechanism by another, such as the evolution
of distyly from tristyly (see below) and the origin of dioecism from distyly.'*”* More
frequently, heterostylous systems break down in the direction of increased self-fertil-
ization by the formation of homostylous population systems. Two recent studies of
this shift in breeding system illustrate how similar genetic pathways can resuit in dif-
ferent outcomes with regard to the mating system.

The breakdown of distyly to homostyly in Primula is one of the classic exampies
of the evolution of seif-fertilization in flowering plants. Homostyies are interpreted as
products of crossing-over within the supergene that controis heterostyly. The product
is an allelic combination and phenotype, which combines the style length and com- .
patibility group of one morph with the stamen length and compatibility of the alter-
nate morph. Homostyles are thus self-pollinating, due to the close proximity of sexual
organs, and seif-compatibie. "

Whether or not homostylous variants will spread following their origin depends
on several factors, including the mating system of morphs, the relative fitness of their
progeny, and the availability of pollinating agents.”® A controversy exists concerning
the presence of locally high frequencies of homostylous variants in populations of Pri-
mula vulgaris in two regions of England (Somerset and the Chilterns). Crosby’s early
studies®” predicted that homostylous variants would increase in frequency and even-
tually repiace the distylous morphs as a resuit of their high selfing rates. This view was
disputed by Bodmer,®*! who suggested, based on garden studies, that homostyles were
up to 30% outcrossed as a resuit of marked protogyny. Two recent studies have clar-
ified some of these issues. Using isozyme loci as genetic markers, Piper et al** have
shown in several populations that the homostylous morph is highly self-fertilizing (s
= (.92) while, as expected, the long- and short-styled morphs are highly cutcrossed
(and see Cahalan and Gliddon®). Comparison of several components of fitness in nat-
ural populations (e.g., flower production, seeds per capsule, total seed production)
demonstrated that homostyles were significantly more fertile than the other morphs.
- However, this difference varied in both time and space, owing to fluctuations in pol-
‘linator service due to differences in rainfall. Although surveys of Primula populations

in Somerset have been conducted over a 25- to 40-year period,” they indicate only
small changes in morph frequency, preventing any firm conclusion about whether a
stable equilibrium has been reached, or whether homostyles are slowly replacing the
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Fig. 5.3. Breeding system evolution in the Turnera ulmifolia complex. (For details see Bar-
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distylous morphs. Clearly, without long-term demographic work, it is extremely dif-
ficult to provide conclusive evidence about the net direction of selection on the mating
system, particularly in long-lived perennial plants.

There are many cases in which the close relatives of heterostylous taxa are hom- .

_ostylous. This suggests that the shift in breeding system from outcrossing to selfing

may be frequently associated with speciation events. Homostylous taxa are often
found at the geographical margins of the progenitor’s range, raising the possibility that
reduced pollinator service may have favored their establishment and spread. This geo-
graphical pattern is evident in Turnera ulmifolia, a Neotropical polyploid complex of
perennial weeds. Our studies of this group*'*!%-'% have revealed the. striking lability
of breeding systems and cast doubt on the frequently held view that the evolution of
selfing involves a unidirectional change (Fig. 5.3).

The Turnera ulmifolia complex is composed of diploid, tetraploid, and hexaploid
varieties. Diploids and tetraploids exhibit typical dimorphic incompatibility, whereas

- hexaploids are self-compatible and homostylous.'**** The three homostylous varieties

of Turnera ulmifolia that we have studied experimentally are differentiated for mor-
phological traits and isozyme patterns as well as being intersterile. They occur at dif-
ferent margins of the range of the species complex, indicating that dimorphic incom-
patibility has broken down to homostyly on at least three separate occasions in the
complex, always in association with the hexaploid condition. The reason for the asso-
ciation between homostyly and hexaploidy is unclear. Hexaploids synthesized using
colchicine remain distylous, indicating that at its inception hexaploidy per se does not
cause homostyle formation.'” g ;

Cytological studies indicate that while tetraploid varietiés in the complex form
guadrivalents and appear to be autoploids, hexaploids form bivalents and are there-
fore likely to be allopolyploids. Evidence to support this comes from isozyme studies,
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which indicate that tetraploids exhibit tetrasomic inheritance for enzyme loci, whereas
hexaploids display considerable fixed heterozygosity (J. S. Shore and S. C. H. Barrett,
unpublished data). This raises the possibility that, following their origin, homostyles
might spread more easily in hexaploid populations as a result of a reduction in the
magnitude of inbreeding depression associated with allopolyploidy. Lande and
Schemske* consider the influence of polyploidy on inbreeding depression.

The patterns of floral variation in Turnera ulmifolia are particularly complex in
the Caribbean region. On large islands (e.g., Greater Antilles) populations are either
tetraploid and distylous or hexaploid and homostylous. However, on smaller islands
(e.g., Bahamas) only homeostyles occur. Presumably, repeated colonizing episodes and
the facility for establishment after long-distance dispersal favor homostyles over the
self-incompatible distylous morphs in island colonization. On Jamaica, populations
are uniformly hexaploid and self-compatible but display a range of floral phenotypes
from long homastyle (long stamens and long styles) to plants with flowers resembling
those of the typical long-styled morph from distylous popuiations. Barrett and Shore'
interpret these latter phenotypes as resulting from selection for outcrossing in hom-
ostylous colonists (Fig. 5.4). This may be more readily achieved by the development
of herkogamy (spatial separation of stigmas and anthers) in homostylous stocks,
through selection on polygenic variation, than by the de novo development of alter-
native outbreeding mechanisms.

~To test the hypothesis that the range of homostylous floral variants on Jamaica is
secondarily derived from distylous ancestors, crosses between homostylous and dis-
tylous forms were conducted.' The predicted crossing relationships from the cross-
over model for the origin of homostyly were revealed in all floral phenotypes (see
Table 4 in Ref. 51). Hence, despite possessing “short-level” anthers, the herkogamous
populations exhibit the residual incompatibility reaction of long-level anthers of the
short-styled morph. It is remarkable that, despite the absence of distylous populations
on Jamaica, both the pistils and pollen of homostylous forms retain their ancestral
incompatibility behavior. Unlike unilateral interspecific incompatibility,* the incom-
patibility behavior expressed in crosses between heterostylous and homostylous forms
is usually reciprocal in nature.

Although there is no evidence of changes in floral traits owing to selection for out-
crossing in homostylous variants of Primufa vuigaris, this may have occurred in other
taxa in the genus. Many monomorphic relatives of heterostylous Primula species are
known that possess large flowers and outcrossing adaptations. Similar patterns are
also evident in Linum.” Whether homostyles maintain selfing or redevelop outcross-
ing adaptations may depend in part on the capacity of other components of the genetic
system to influence recombination, as well as local selection pressures favorin
outcrossing. :

In both of the above examples, the breakdown of dimorphic incompatibility arises
as a resuit of recombination in the supergene that controls distyly. This may not be
the only genetic pathway by which incompatibility can be modified, as a number of
distylous taxa are known in which the style morphs are highly self-compatible.*! Since
it seems unlikely that floral dimorphism can evoive in the absence of incompatibil-
ity, these taxa have most likely secondarily lost their incompatibility systems. The
genetic basis of self-<compatibility in these taxa has not been studied in detail. Shore
and Barrett'” have examined the inheritance of a range of self-compatible variants in
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distylous Turnera ulmifolia populations. The variants display varying degrees of self-
compatibility as a result of either aberrant style or pollen behavior and the genetic
control of compatibility behavior is polygenic in nature.

Modification and Loss of Trimorphic Incompatibility

“Modification and loss of trimorphic incompatibility have been reported from each of
the three tristylous families.” Current work on two cases illustrates the complexity of
these systems; the first involves the multiple origins of distyly from tristyly in Oxalis
and the second the evolution of selfing in Eichhornia.

In both the Lythraceae and Oxalidaceae, distyly is derived from tristyly by loss of
one of the style morphs. The most detailed investigations of this change in breeding
system are those of Weller'"’='2 on Oxalis alpina (Fig. 5.4). In populations of this
species from southeast Arizona, the mid-styled morph ranges in frequency from 0-
46%. Where populations exhibit high frequencies of this morph, the floral architecture
and incompatibility relationships of the morphs are typical of most taxa with tri-
morphic incompatibility. However, in populations in which the mid-styled morph is
rare or absent the reproductive morphology and incompatibility behavior of the long-
and short-styled morphs are typical of distylous species.'"” Crossing studies'® among
populations with the two breeding systems indicate that distylous populations have
diverged more substantially from one another than have tristylous populations. This
pattern is consistent with the view that contrasting selection pressures in populations
have resulted in the evolution of distyly in some and the retention of tristyly in others.

The difficulty arises in trying to determine the selective forces responsible for loss
of the mid-styled morph from populations. Weller has examined a number of
hypotheses, and several have been clearly falsified. These include preferential foraging
by pollinators on the style morphs'?' and differences in clonal propagation and ovule .
and seed fertility of the morphs.'” The most likely hypothesis concerns the loss of
incompatibility differentiation in mid-level stamens of the long- and short-styled
morphs.'”” This could favor these forms as male parents, since pollen capable of fer-
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tilizing their ovules would be more likely derived from these morphs than from the
mid-styled morph. However, detailed progeny tests conducted over a 3-year period
that had been designed specifically to evaluate this hypothesis gave unexpected
results.'® The mid-styled morph was disproportionately represented in families
derived from this morph, and there was no clear evidence of its reduced male fertility
as anticipated. The progeny test results also indicated large deficiencies of the short-
styled morph in mid-styled families and suggested that anomalous transmission of
alleles at the S and M loci may occur, To detect the differential transmission of alleles
by gametophytic selection during megasporogenesis or through embryo abortion, con-
trolled crosses among known genotypes and progeny analysis will be required. At this
time it is too early to evaluate whether or not these phenomena are involved in the
origin of distyly, but it is difficult to believe that the loss of incompatibility differen-
tiation in tristylous populations has no role to play. Several other cases of genetic
modification of trimorphic incompatibility in the genus Oxalis are equally difficult to
interpret.s"®

Breakdown- of trimorphic incompatibility in the Pontederiaceae invoives the
repeated shift to semihomostyly and selfing,? rather than the evolution of distyly or
other outcrossing systems. These changes may or may not be associated with specia-
tion events. In species in which incompatibility is maintained, as in the genus Pon-
tederia, it is variable in expression, with the mid-styled morph displaying a high level
of self-compatibility in comparison with the long- and short-styled morphs.™ Barrett
and Anderson’® have proposed a developmental model to explain the weak expression
of self-incompatibility in the mid-styled morph and discuss its implications for the
breakdown of tristyly. ‘

In Eichhornia, floral trimorphism is associated with high levels of self<ompati-
bility and the occurrence of autogamous semihorostylous variants in each of the tri-
stylous species.”*? The breakdown process has been studied in detail in Eichhornia
paniculata, in which populations exhibit modifications ranging from complete tristyly
in northeast Brazil to semihomostyly on the island of Jamaica. Proposed stages in the
breakdown process are illustrated in Fig. 5.5. Critical events involve loss of the S allele
{and hence the short-styled morph) through stochastic influences on population size

TRIMORPHIC ' DIMORPHIC MONOMORPHIC
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Fig. 5.5. Evolutionary breakdown of tristyly to seﬁxihomostyly in Eichhornia paniculata.
(For details see Barrett® and Glover and Barrett.)
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Fig. 5.6. The relationship between outcrossing rate (f) and several population genetic
parameters (P = proportion of loci polymorphic, K = mean number of alleles per locus,
H, = mean observed heterozygosity) in populations of Eichhornia paniculata. (After
Glover and Barrett.”?)

and loss of the m allele (and hence the long-styled morph) in association with the
automatic selection of genes modifying the position of short-level stamens in the mid-
styled morph.! All monomorphic populations so far examined are composed exclu-
sively of semihomostylous mid-styled individuals. These populations are frequently
small, suggesting that the facility for self-pollination is advantageous at low density.
.. The breakdown of tristyly in Eichhornia paniculata involves a shift in mating sys-
tem from predominant outcrossing to high levels of selfing. This has been verified by
multilocus estimates of outcrossing rate, using isozyme loci as genetic markers.”? Lack
of electrophoretically detectable isozyme variation in semihomostylous populations
from Jamaica precluded quantitative estimates of their mating systems. However, the
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lack of variation and the highly autogamous behavior suggest that they are predomi-
nantly selfing. Associated with the evolutionary change in mating system of Eichhor-
nia paniculata is a reduction in levels of genetic variation and heterozygosity (Fig.
5.6). Tristylous populations are significantly more variable than dimorphic or mon-
omorphic populations.” The breakdown of tristyly in Eichhornia species depends in
large part on the initial relaxation of self-incompatibility. Self-compatible populations
are likely to be more sensitive to demographic and ecological factors (e.g., plant den-
sity, pollinator leveis) that influence mating patterns. While it is evident that popu-
lations of species with trimorphic incompatibility contain considerable genetic vari-
ation for self-compatibility,'® it is not obvious how this variation is maintained and
what selective factors lead to its eventual loss independently of changes in floral form.

CONCLUSIONS

Self-incompatibility systems in flowering plants can be classified according to different
criteria including the time of gene action, the inhibition site of self-pollen tubes, the
association with floral polymorphism, and the number of loci and alleles governing
the incompatibility reaction. Future research on this diversity is likely to benefit con-
siderably from recent advances in molecular biology. Molecular characterization of
incompatibility systems through the use of recombinant DNA technologies and com-
parison of gene homologies in contrasting systems (sporophytic versus gametophytic
and homomorphic versus heteromorphic) by hybridization techniques should enable
a more rigorous assessment of phylogenetic relationships. Other topics that are likely
to provide promising avenues for research include (1) clarification of the general prop-
erties (genetics, inhibition mechanisms) of “late-acting™ and “cryptic” self-incompat-
ibility systems, (2) evaluation of the role of inbreeding depression in the maintenance
of self-incompatibility, (3) estimation of mating system parameters (e.g., levels of
inbreeding through sib-mating) in populations of self-incompatible species, and (4)
ecological, demographic, and life history correlates of different self-incompatibility
systems. It will be of particular interest to see whether the classical view of self-incom-
patibility as an outbreeding mechanism survives the challenge of alternative
" hypotheses that will undoubtedly be formulated in the comting years.
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