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THE EVOLUTION OF ALLORECOGNITION SPECIFICITY
IN CLONAL INVERTEBRATES
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Department of Zoology, University of California,
Davis, California 95616 USA

ABSTRACT

Sessile, clonal inoertebrates frequently encounler conspecifics as they grow over hard substrata
and compele for space. Allovecognition sysiemns mediale the nature and oulcomes of these encounters
by contralling somatic compalibility (fusion versus nonfusion) and agonistic behavior (aggression
versus nonaggression ). In general, clonemates (and sometimes close relatives) can fuse somatically,
whereas more distan! relatives are incompatible. Many anthozoan and hydrmzoan cnidarians behave
passively when in contact with clonemates and close kin, but fight aggressively when comtacting
more distant relatives. This high degree of allorecognition specificity, when considered logether with
the few available data on the formal genetics of allorecognition, suggests that levels of polymorphism
at allorecagnition loci (Le., allotypic variation) exceed by perhaps an order of magnitude the levels
typical of other polymorphic loci. In this paper, [ evaluaie the sirengths and weaknesses of the selec-
tronist and nonselectionist theories that have been proposed to account for the evolution and persis-
tence of allotypic polymorphism. Il vernains difficull 1o accept or reject any of these hypotheses in
the absence of detailed empirical infurmation concerning levels and paiterns of allelic variation at
allarecognition loct. Nevertheless, mathematical considerations and the avatlghle dala together sug-
gest that frequency-dependent or spattally variable selection are the strongest candidaies for the main-
tenance of allolypic vartation. Although the pleiotropic effects of allorecognition loci (e.g., the regu-
lation of gametic compatibility or pathogenic defense) could maimtain aflotypic variation, pleiotropy
by ttself dves not account for the widespread evolulion of aggressive behavior and somatic compali-
bility conditioned by allotypic similarity. It is theoretically possible that frequency-dependent selec-
tion acting al the level of the individual maintaing allotypic polymorphism by restricting somatic
Suston, it i less clear htw individual selection mamiains allodypic variation through the regulation
of agenistic behavior,

Any search for the biological significance of istocompatibility antigens must
start with the firm postulate that their biological significance lies in their
diversity and multiplicity and that means exist to ensure that such diversity
&5 mainlained.”

W. F Bodmer, Mature, 245: 359-361 (1973).
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INTRCODUCTION

ALLORECOGNITION comnprises a se-
ries of events primed by contact between
genetically dissimilar conspecitic tissues and
followed by a specific response to nonself that
maintains the integrity of self. Precise al-
lorecognition was once thought to be restricted
to the rnammalian immune system. Over the
past twenty years, however, an increasing num-
ber of studies employing tissue grafting and
behavioral assays show that many sessile,
clonal invertebrates—including sponges,
cnidarians, bryozoans, and ascidians — can dis-
criminate conspecific self tissues from nonself
tissues with great precision (Hildemann, 1979;
Buss, 198%2).

To confer a given level of specificity in
sell/nonsell discrimination, there must exist a
comparable amount of variation in cell-surface
antigenic determinants involved 1n allorecog-
nition. Ifitis assumed that such allotypic spec-
ificity is genetically based, then as allorecog-
nition precision increases in a population,
levels of genetic polymorphism at loci control-
ling specificity must also increase. This re-
quirement, in turn, suggests that levels of poly-
morphism at loci that control allorecognition
specificity may greatly exceed levels charac-
teristic of other loci. For example, polymorphic
loci encoding soluble and structural proteins
typically carry fewer than a dozen allelic vari-
ants (Lewontin, Ginzburg, and Tuljapurkar,
1978; Nevo, Beiles, and Ben-Shlomo, 1984).
In contrast, a single population of the colonial
ascidian Botrplfus schlosseri may carry as many
as 100} alleles at the locus controlling allorecog-
nition specificity (Grosberg and Quinn, 1986;
Grosherg, 1987).

The major questions I will analyse in this
review zre straightforward: How and why are
such high levels of allotypic polymorphism
maintained at loci that control allorecognition?
These apparently simple questions centinue
to baftle immunologists studying allorecogni-
tion specificity in mammalian systems (Bur-
nct, 1973; Klein, 1979, 1982; Buss and Green,
1985); after all, how could such a precise sys-
tem of allorecognition persist over evolutionary
time, given thar conspecific tissue interactions
oceur rarely during the life cycles of aclonal
{or unitary) organisms, such as mammals?

It may be considerably casicr to understand
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the functional significance of allotypic varia-
tion in sedentary, clonal erganisms because of
their distinctive developmental, demographic,
and ccological attributes. In contrast to aclonal
organisms, in which a zygote gives risc to a
single soma, clonal organisms grow by the iter-
ation of somatic units and can propagate asex-
ually (reviewed in Hughes and Cancino, 19853).
Consequently, the genotype (or “genet)” sensu
Harper, 1977) of a clonal organism is com-
posed of nurmerous potentially discrete somata
(“ramets,” sensu Harper, 1977), which can grow,
reproduce, and die independently of onc an-
other. This iterated organization lifts the
surface-to-volume and structural constraints
that must inevitably restrict the size of aclonal
organisms, hence the ultiate size of a clonal
genect may be intrinsically unlimited { Jackson,
1977, 1979; Sebens, 1979; Hughes and Can-
cino, 1985). The potential for indeterminate
growth and reproductive output in clonal or-
ganisms may also defer the onset of senescence
(Medawar, 1952; Williams, 1957; Hamilton,
1966}, and probably underlies the exception-
ally long gener lifespans found in several clonal
taxa {Connell, 1973; Hughes and Jackson,
1982, 1985; Hughes, 1984, Gook, 1985).

As first described by Bancroft (1903), the
combination of potentially indeterminate
growth of a soma over a substratum, asexual
multiplication, and longevity provides numer-
ous opportunities for tissue contacts between
isogeneic {self) and allogeneic (nonself) indi-
viduals in sedentary clonal invertebrates. Fur-
thermore, limited dispersal of the sexual and
ascxual propagules of many clonal inver-
tebrates often leads to dense aggregations of
conspecifics (reviewed in Jackson, 1986). Thus,
among sedentary clonal taxa—including
sponges, bryzoans, ascidians, as well as many
cnidarians — the function of genetic variation
at allorecognition loci can be examined in a
context where the capacity to distinguish self
from nonself may be of paramount importance
both in maintaining the integrity of sclf, and
in determining the nature and outcomes of
competitive and aggressive encounters.

Although much recent attentiun has been
devoted to documenting allorecognition poly-
morphism in populations of clonal inver-
tebrates, litde effort has been given to critically
analysing the evolutionary forces responsible
for maintaining allotypic variation. In this pa-
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per, I will evaluate the strengths and weak-
nesses of five classes of evolutionary theory that
claim to account for the maintenance of allo-
typic genetic variation. Three of the hypothe-
ses invoke natural selection. Frequency-
dependent selection requires that individuals
carrying rare allotypic determinants have
higher fitness than individuals carrying com-
mon markers (e.g., Bodmer, 1972; Burnct,
1973; Wakeland and Nadcau, 1980; Levin,
1986). The mechanisms by which frequency-
dependent selection acts arc largely unknown,
but the possibilities range from pathogen re-
sistance, through protection against intraspe-
cific parasitism, to kin recognition. The sec-
ond selectionist theory involves overdominance:
individuals heterozygous at allorecognition
loci are presumaed to have higher fitnesses than
homozygous individuals presumably because
heterozygotes resist infection from a broader
range of pathogens (Robertson, 1982).
Spatial or temporal varation in selection
pressures, such that the fitness of a particular
genotype changes in space and time, can also
maintain genctic variation. Spatial variation
may be an especially important selection force
acting on sedentary organisms, because indi-
viduals are largely incapable of averaging the
effects of selection by moving among patches
(Gillespie, 1975; reviewed in Hedrick, 1986).
For such models to be applicable to the prob-
lem of allotypic variation, however, it must be
assumed that allorecognition loci have direct
effects on fitness, and that fitness varies spa-
tially or temporally. These are distinet possi-
hilities, especially becausc there is some cvi-
dence that pathogen resistance in mammals
is correlated with particular allotypic combi-
nations, and pathogen distribution certainly
varies spatially (Bodmer and Bodmer, 1978).
In contrast to hypotheses invoking selection,
Reimann and Miller (1983} proposed that al-
lotypic variation is selectively ncutral; thus,
levels of variation at allorecognition loci rep-
resent a balance between mutation rate and
losses that are due to genetic drift. Finally, in
what may be viewed as an extension of the neu-
tralist view, Ohno (1969) and Ohno and Wal-
lace (1983) proposed a synergistic model for
the accumulation of variation whercby high
levels of polymorphism promote further vari-
ation by intragenic recombination and repair,
Each of these hypotheses makes specific as-
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sumptions about the nature and importance
of natural selection and yields distinct predic-
tions about levels and patterns of allotypic vari-
ation. One of the major goals of this paper is
to articulate precisely these assumptions and
predictions so that the models can be rigorously
tested. Once these premises and predictions
arc set out, the power to test the hypotheses
rests on the quality of the available data. At
this peint, and into the foreseeable future, it
seems unlikely (at least for most clonal taxa)
that direct assessment of patterns and levels
of allclic variation will be possible; no efficient
techniques exist that are comparable to the
electrophoretic and serological methods used
to measure variation at other loci and in other
taxa. Indirect methods must therefore be used
10 estimate these data. Despite the empirical
problems posed by the conspicuous absence
and ambiguity of many critical data, I have
organized the data into a form that allows some
of the premises and predictions of the five the-
ories to be evaluated critically.

This review has been arranged into six sec-
tions, The first provides an operational defi-
nition of allorecognition. The second cutlines
the pertinent evolutionary theories, emphasiz-
ing the data needed to cvaluate the theories.
The third section presents the available data
on the formal genetics of allorccognition and
the results of allorecognition assays that are
the foundation for quantifying the levels and
patterns of allotypic variation. The fourth sec-
tion analyses the problems of reckoning the
levels and patterns of allotypic variation based
on indirect assays, and 1t interprets the data
in the light of these difficultics. With this foun-
dation in place, the fifth part examines the the-
ories in the context of the available data. The
final scction analyses some of the functional
consequences of allorecognition in sedentary
clonal invertebrates, and explores whether
these consequences can account for the main-
tenance of allotypic variation and individu-
ality.

ALLORECOGNITION DEFINED

Allorecognition, historecognition, histocom-
patibility, or somatic compatibility systems
may be characterized operationally by the ex-
pression of incompatibility following tissue
contacts between allogeneic (ie., genetically
distinet} conspecifics, and by compatibility fol-
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lowing isogeneic (i.e., sclf} tissue contacts. An
operational allorccognition system requires
that there be (1} a set of cues that confers allo-
typic specificity, (2) a mechanism that recog-
nizes allotypic differcnces, and (3) an effector
mechanism that is set in motion by the recog-
nition system and that will result in symptoms
of either incompatibility or compatibility.

The expression of incompatibility is clearest
when rcjection or aggression, accompanied by
cytoxicity and tissue damage, follows allogeneic
tissue contacts. Compatibility, on the other
hand, is most apparent when tissuc fusion fol-
lows allogeneic or isogeneic interactions (Hil-
demann, 1979). The failure to deploy an ef-
fector mechanism cannot, by itself, be taken
as evidence for the existence of an allorecog-
nition system. The absence of a response (i.e.,
nonfusion or passive behavior) must be cou-
pled with observations of fusion or aggression
in order to draw such an inference.

An individual's combination of alleles at the
loci {(or locus) controlling allorecognition is
known as its allotype (or haplotype). For the
sake of simplicity, I use the term “allotype”
throughout the paper. Operational definitions
of allotype and haplotype may be difficult to
formulate in the absence of formal genetical
data and because not all differences at loci that
control allorecognition may be expressed, or
recognized, as nonself. For exarnple, in Botrylius
schlossers, individuals may differ by onc allele
at the allorecognition locus and still fuse. A
further complication is introduced by data im-
plying that incompatibility may be a quantita-
tive, as well as a qualitative, response. Hil-
demann (1979), Scofield and Nagashima (1983),
and Koyama and Watanabe (1983) have all
suggested that variation in the intensity of al-
lograft rejection is a function of the degrec of
genetic disparity between graft and host. These
observations are reminiscent of vertebrate his-
tocompatibility systems where a few loci have
a major unpact on allorecognition, and numer-
ous other loci (termed minor histocompatibil-
ity loci) have smaller, but additively important,
effects on allorecognition (Cohen and Collins,
1979).

THE THEQORIES

The amount of variation at any locus is rcg-
ulated by random and deterministic forces that
act scparately, or in concert, to augment, de-
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crease, or stabilize existing variation. Genetic
variation is added to genc pools by mutation
and by gene flow from populations with differ-
ent allcles. Random genetic drift can lead to
cither the loss or the fixation of a variant, the
probabilities of each consequence being depen-
dent largely on the initial frequency of the vari-
ant. Even a highly beneficial allele can be lost
by drift, especially when it is rare and the
population is small. Finally, natural selection,
although incapable of increasing the number
of variants in a population, can either increase
or decrease the likelihood that a new variant
will persist.

Each of the five theories under discussion
here incorporates the forces of mutation, drift,
and selection into its structure, but with differ-
ent relative importances. None ignores the role
of mutation and immigration. The frequency-
dependent, heterotic, and spatial variation
models, however, assign a major role to natu-
ral sclection in maintaining variation, whereas
the neutral and synergistic models weight the
roles of mutation, recombination and drift
more heavily than that of sclection. All five
madels can account for the maintenance of al-
lelic variation, but they differ in their assump-
tions about the way the variation is main-
tained, in their predictions about the amount
of varation that can be maintained, and in the
spatial and frequency distributions of this vari-
ation.

Frequency-Dependent Selection

The search for a mechanism capable of main-
taining extensive polymorphism dates back to
the discovery of large amounts of allelic varia-
tion at loci controlling compatibility between
pollen and style in flowering plants (Emerson,
1938, 1939; Wright, 1939; de Netrancourt,
1977}. Many angiosperms cannot self-fertilize,
and compatibility reactions betwecn pollen
and maternal stylar tissues are genetically con-
trolled (Mulcahy and Mulcahy, 1983). In
gametophytic compatibility systems, pollen-
tube growth and fertilization can proceed only
if the haploid pollen grain and diploid stylar
tissue do not share a compatibility allele. Pol-
len grains which share an allele with the re-
cipient style either do not germinate, or do not
grow successfully through the style. Given
these genetic rules, any pollen grain carrying
an allele that is rare relative to the frequencics
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of other compatibility alleles in a population
should be able to fertilize a disproportionately
large number of ovules. All else being equal,
the fitness of a compatibility allele under these
conditions is inversely proportional to its fre-
quency: rare alleles should increase in fre-
quency simply because they are rare (Wright,
1939; Fisher, 1961; Ewens, 1969; Nagylaki,
1975).

If rare alleles at allorecognition loci have a
selective advantage analogous to that of rare
alleles in anglosperm gametophytic self-incom-
patibility systems, then frequency-dependent
selection may underlie the maintenance of al-
lotypic polymorphism among clonal inverte-
brates. For example, the appearance of a new
allorecognition allele confers a novel identity
upon the individual that possesses the new mu-
tant. If individuality has a sclective advantage,
then rare alleles may have a large selective ad-
vantage aftcr they enter the population through
mutation or immigration. I will postpone dis-
cussion of the mechanisms that might favor in-
dividuality until the last part of this review;
for the time being, 1 will ask two questions:
(1) how many alleles can be maintained in a
population under the assumptions of frequency-
dependent selection acting on allorecognition
loci, and (2} what should allelic frequencics be
at equilibrium?

The role of frequency-dependent selection
in maintaining genctic polymorphism has
been studied in a variety of selection regimes
(Ayala and Campbell, 1974). It is a difficult
problem to study analytically because, by def-
inition, the fitness of an allele is not fixed
(Ewcens, 1969). The following models implicitly
assume that allorecognition loci have no
phenotypic cffects other than that of dictating
allotypic specificity. Consequently, allelic vari-
ants have selective advantages that depend
solely on their frequencies. Ewens (1969) states
that rare alleles have a “quasi-selective advan-
tage” that is evident only when the allele is rare.

Under strict conditions of frequency-depen-
dence (such as those in the plant gametophytic
compatibility system described above), the fit-
ness of a novel mutant is

So=1-p, W

where 5, is the fitness of the #th allele, and g
is the frequency of the ith allele. Because a
newly arisen allele has a frequency very near
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ta 0, it has an initial selective advantage, rela-
tive to other alleles, very near to 1. In terms
of fitness relative to the population, the selec-
tion coefficient favoring a newly arisen allele is

SC=1-w (2)

where SC, is the selection coefficient favoring
allele ¢, and «w is the mcan fitness of the popu-
lation at genetic equilibrium.

At genetic equilibrium, under frequency-
dependent selection, such as that potentially
operating on compatibility systcms, allelcs
should be equally common (Fisher, 1958;
Ewens, 1964; Wright, 1969; Nagylaki, 1975).
Hartl (1983} defines the mean fitness of a popu-
lation {with respect to its allorecognition al-
leles under frequency-dependent selection) as

w=[{n - 2)(n - N}n?, (3)

where n is the number of equally frequent al-
leles. Substituting equation (3) into equation
(2) gives

SC, = (3n - 2)/n2 (4)

This equation implies that selection coeffi-
cients favoring new allcles depend upon the
number of alleles already in the population
(Fig. 1); as the number of alleles at equilib-
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rium increases so, too, will the mean fitness
of the population. It thercfore becomes pro-
gressively more difficult to add a new allele to
a population because the relative selective ad-
vantage of a new allele decreases with increas-
mg .

Given that a newly arisen allele has a selec-
tive advantage that is inversely propoertional
to the number of alleles already in the popu-
lation, how rare must a new allcle be in order
to increase in frequency? Most population
geneticists have assumed that an allele rarer
than the average allelic frequency (which, at
equilibrium, is 1/#) must increase until it
reaches the frequency 1/n. Nagylaki (1975)
however, analysed the lower limit for selection
acting to increase the {requency of an allele,
and found that the 1/n rule is not robust. For
a system of # alleles, il we neglect mutation
and genetic drift, the completely symmetric
equilibrium (ie., all alleles are equally fre-
quent) is locally stable: any allelic frequency
less than g will increase, where g is defined as

g=1+a —[(1 + a®)]?, (5}

and wherc a = 1/[2(n - 1}]. For all #, ¢ must
be greater than Yan; however, iln 2> 1, g = Y4n.
Equation {3) suggests that in small populations
with large numbers of alleles (relative to the
effective population size), a newly arising al-
tele may not be sufficiently rare to have an ini-
tial selective advantage. This conclusion is sup-
ported by Wright's (1939) calculation of the
selection index, R:

R={(n—- $n - 1. (6)

R is formally equivalent to the mean fitness
of a population, 8, and | -~ R can be viewed
as the selection coefficient in favor of a new
allele.

Not only does the selective advantage of a
novel allele decrease as the number of extant
alleles in a population increases, but the asymp-
totic rate of approach to equilibrium is 1/z, The
rate of approach to equilibrium therefore
decreases with increasing » (Nagylaki, 1973),
and it seems unlikely that most populations
persist long enough to be in a state of true
genetic equilibrium (Ewens, 1964).

Finally, the probability that an allele, once
arisen, will be lost from a population is a con-
sequence of effective population size, N, (a
function of the number of individuals con-
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tributing gametes to the next generation and
their relative gametic contributions), the fre-
quency of the allele, and the selection coeffi-
cient favoring the allele (Kimura and Crow,
1964). At genetic equilibrium under frequency-
dependent selection there is no selection, and
population size alone determines the rate at
which an allele will be fixed or lost (Kimura
and Crow, 1964; Wright, 1969). Thus, the
equilibrium conditions arc like those under the
neutral-allele model (see p. 386-387 below):
the number of alleles maintained will be a
tunction of (1) population size and (2) muta-
tion rate [see equation (9)]. If all alleles are
equally common at genetic equilibrium (as
would be the case under frequency-dependent
selection acting on a compatibility systetn),
Kimura and Crow's n is formally equivalent
to the actual number of alleles at cquilibrium
under a frequency-dependent selection regime
such as that of gametophytic incompatibility
in angiosperms.

Unfortunately, allotypic variants are neu-
tral only when equally frequent, and any per-
turbation from this equilibrium gives rarer al-
leles a selective advantage. This violates the
fundamental assumptions of ncurral allele
models, thereby making exact predictions of
the number of allorecognition alleles at equi-
libriumn analytically intractable.

How, then, can one estimate the number of
alleles that can be maintained in a population
under frequency-dependent selection? The
impetus to answering this question was pro-
vided by Emerson’s (1938, 1939) observations
that in a population of about 500 individuals
of the endemic evening primrose Oenothera or-
ganensis, there were at least 45 alleles at the lo-
cus controlling pollen-style compatibility. This
extraordinary allelic diversity led to a num-
ber of crucial, but rather complex, theoretical
papers {Wright, 1939, 1960, 1964; Fisher, 1958;
Moran, 1962; Crosby, 1966; Ewens 1964,
1969}.

Novel alleles can appear only by immigra-
tion or mutation. Wright (1939) therefore ap-
proached the Oenothera problem by calculating
the mutation rate necessary to maintain a
given number of alleles in a given population
size, with single-locus frequency-dependent se-
lection. He assumed genetic equilibrium and
an infinite number of possible alleles. Details
of the model can be found in Wright (1939),



DEeceEMBER 1988

Fig. 2 summarizes graphically the predictions
of the model, based on the relationships among
effective population size, mutation rate, and
number of alleles at equilibrium.

To appreciate its relevance to the problem
of maintaining single-locus allotypic variation,
it is worth examining Fig. 2 in terms of the
maintenance of variation in Qenothera. A mu-
tation rate on the order of 10-% per locus per
generation would be necessary to maintain 40
or so alleles, assuming that Emerson’s estimate
of a population size of 500 individuals is cor-
rect. If it is assumed that mutation rate has
amore conventional value of 10-¢ per locus per
generation, then there are several other fac-
tors that could influence the value of 7. The
most obvious is that Emerson grossly underes-
timated population size. In fact, Ritter {cited
in Levin, Ritter, and Ellstrand, 1979) estj-
mated that the actual panmictic population of
Oenothera organensis consisted of 5000 individ-
uals, rather than the 300 estimated by Emer-
son. However, N; would have to be greater
than 10* in order to maintain 45 alleles with
amutation rate of 10-%, Therefore, if the popu-
lation size estimates are roughly correct, and
the population is panmictic, it appears that
frequency-dependent selection alone cannot
account for the variation in Oenothera organensis.

An alternative, and complementary, expla-
nation assumes that the population is sub-
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divided into a number of demes among which
gene flow is restricted or absent. Under this
scenario, the rate of loss of alleles that is due
to drift might be higher than in a panmictic
population, but because the selective advan-
tage of a mutant allele is inversely proportional
to the number of extant alleles, any new mu-
tant would have a greater selective advantage
in a smaller population. Wright (1960, 1964)
realized this possibility, and proposed that the
population of Oenothera may have been sub-
divided into many small groups with restricted
gene flow among them. For example, an iso-
lated subpopulation of 30 individuals would
maintain § alleles at a mutation rate of 1075,
If this population of 50 were, in turn, sub-
divided into 19 isolated groups of five each,
then about three alleles could be maintained
per group, with about 30 alleles for the groups
summed together. In general, the greater the
number of subgroups, the smaller their size,
and the greater the restriction of gene flow
among subgroups, the greater the amount of
allelic variation that can be maintained in the
species as a whole. This subdivision hypothe-
sis, although theoretically plausible and ap-
pealing, is not supported by the genetic struc-
ture of the Oenothera oreanensis population:
Fisher (1961) showed that the spatial distribu-
tion of self-incompatibility alleles was homo-
geneous, and Levin, Ritter, and Ellstrand
(1979) showed that what little allozyme varia-
tion there was in the population was dis-
tributed homogeneously among sites.

Wright (1960) also proposed that the prob-
lem of maintaining self-incompatibility alleles
in Oenothera could be resolved if the population
were not in genetic equilibrium, and repre-
sented a relict of a formerly much larger popu-
lation. The amount of genetic variation per-
sisting in a relict population would depend
upon (1} selection at the loci under considera-
tion; (2) time since isolation of the population;
(3) number of subgroups within the isolated
population; (4) effective population size; and
(3) mutation rates (Ewens, 1964; Wright, 1969;
Lewontin, 1974}, Such detailed historical and
genetical information is presently unavailable
for Oenothera In particular, and for most other
species, in general.

As afinal complication (or solution), Ewens
(1964, 1969} argued that stationary models of
the sort used by Fisher and Wright are inap-
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propriate for predicting the number of alleles
under frequency-dependent selection because
the fitness of an allele is not deterministic,
Rather, the fitness of an allele is dynamic, and
depends upon its frequency. This suggests that
a fundamental assumption of the canventional
diffusion approach to this problem is violated:
transition probabilities are not fixed, or even
close to being fixed, except when = is very large
{Ewens, 1964). Similarly, Kimura and Crow’s
ncutral allele models are inappropriate be-
cause they assume that alleles are selectively
neutral regardless of their frequencies. Indeed,
Ewens concluded that the residence time of an
allele would be increased over that predicted
by the models of Fisher, Wright, Kimura and
Crow because the selective advantage of a rare
allele increases as its probability of extinction
increases. This, coupled with Nagylaki’s (1975)
calculation that the rate of approach to equi-
librium decreases with increasing r, produces
a quasi-equilibrium that effectively increases
levels of allelic variation without necessarily
invoking unrealistically high mutation rates or
population sizes.

Despite the difficulty of finding a single so-
lution to the Oenothera problem, there are sev-
eral valuable lessons to be learned. The first
is that frequency-dependent selection has the
power to maintain large amounts of allelic vari-
ation at allorecognition loci. This power de-
pends explicitly on both mutation rates {(along
with immigration rates) and effective popula-
tion size. In turn, effective population size will
depend upon the number of breeding individ-
uals and patterns of subdivision among groups
of breeding individuals. These conditions
point to the second valuable lesson: mutation
rates, gene flow, allelic frequencies, and the
genetic architecture of populations must be
carefully examined to assess the role played by
frequency-dependent selection. Finally, T stress
that all of the modcls presented in this section
refer to the maintenance of single-locus poly-
morphisms; the problem of maintaining multi-
locus polymorphisms under frequency-
dependent selection has yet to be examined
theoretically (Bodmer and Bodmer, 1978).

Variable Selection

On theoretical grounds (reviewed in Hedrick,
1986), temporally varying selection, by itself,
should be a relatively weak force in the main-
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tenance of extensive polymorphism. In con-
trast, spatially varying selection is potentially
capable of maintaining substantial amounts of
allelic variation. Most theoretical studies of the
effects of spatially varying selection on the
maintenance of polymorphism specify a tem-
porally constant, spatially variable selective re-
gime, and then allow genotypes, whose fit-
nesses vary specifically by patch or niche, to
recruit into this structured environment (re-
viewed in Felsenstein, 1976; Hedrick, 1986).
Levene (1953) first showed that a two-allele
polymorphism could be maintained in a two-
patch environment, but only if the two homo-
zygotes have harmonic mean fitnesses of less
than one. The most favorable conditions for
protected polymorphism occur when fitness
differentials between patchés are large and
migration between patches is low. However,
even with strong selection and limited migra-
tion {or habitat selection), most models require
the restrictive condition that relative niche fre-
quencies (“sizes,” sensu Maynard Smith and
Hoekstra, 1980} be nearly equal in order to
maintain stable polymorphisms (Hedrick,
Ginevan, and Ewing, 1976; Maynard Smith
and Hoekstra, 1980; Hedrick, 1986).

Gillespie (1978} proposed a general model
of spatially varying selection to account for the
maintenance of isozyme variation. The as-
sumptions of this model are shown in detail
in Table 1. Specifically, patches vary randomly,
and enzymatic activity for different alleles is
additive; consequently, enzyme activity can be
ranked on a stochastic additive scale (SAS).
Additionally, the function, $(x), relating the
enzymatic activity of a genotype, x, to its fit-
ness is concave downward and increases mono-
tenically to some asympiote (ie., a concave fit-
ness function—CFF). It is also necessary to
assume that the fitness of a heterozygote in a
given patch or niche lies between the fitnesses
of its associated homozygotes, and exceeds the
mean of the two homozygotes (i.e., there is an
arithmetic mean heterozygote advantage), With
these assumptions, stable polymorphism re-
quires that the two homozygotes differ in their
niche-specific fitnesses. If this is the case, then
even relatively small niche-specific selective ad-
vantages (on the order of 0.01) lead to a stable
polymorphism over a broad range of relative
niche frequencies (Maynard Smith and Hoek-
stra, 1980).
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TABLE 1
Assumpitions of the SAS (stockhastic additive scale)-CFF
fconcave fitness function) model for the maintenance of
polymorphism by spatially varying selection
After Maynard Smith and Hoekstra (1980).

Genotype
A4, AA; A4,
Fnzyme Activity X2 (x1 + x2p2 Xa
Fitness $xP Bl o+ 202 Hx)
Niche-specific fitness 1 1 = A 1 -5

2 x is the enzymatic activity of a genotype.

b 4 is the function relating enzymatic activity to fitness.

¢ g specifies the heterozyeotic fitness effect of an allele
compared to the allele’s homozygotic effect; s is the
selection coefficient.

Analytical extension of two-allele models to
the case of » alleles is mathematically quite
complex. Strobeck’s (1979} single-locus haploid
model suggests that the number of selectively
different niches, m, must be greater than or
equal to the number of alleles maintained. His
model did not specify the stability conditions
for muluallelic polymorphism. Gillespie (1977)
modified the SAS-CFF isozyme mode] for the
case of multiallelic polymoerphism and con-
cluded that, “The condition for polymoerphism
for n alleles requires, roughly, that the mean
difference in activity between neighboring
homoezygous genotypes is less than twice the
variance in [enzymatic] activity divided by the
square of the number of alleles” (Gillespie,
1977:90). This result, however, is subject to the
same restrictions as the two-allele model de-
scribed above (Maynard Smith and Hoekstra,
1980). Although there is empirical evidence
that the assumptions are met at some allozyme
loci (reviewed in Hedrick, 1986), whether the
necessary fitness scaling and selective assump-
tions are met at other loci, including those
regulating allorecognition, remains unex-
plored.

These theoretical analyses together indicate
that several conditions must be met in order
that spatially varying selection maintain sub-
stantial levels of genetic polymorphism. First,
there must be some form of marginal over-
dominance (sensu Wallace, 1968) such as that
assumed by Gillespie (1977, 1978). Second, it
is empirically necessary to identify the selec-
tive pressures that affect the relevant loci, an«
to show that these pressures vary spatially. If
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spatially varying selection does maintain allo-
typic polymorphism, then (1) the number of
selection regimes should approximate the
number of alleles, (2) allotype-specific fitness
should be related to specific patch types, and
(3) allotype frequencies should vary accord-
ing to the frequencies of patch types that favor
specific allotypes.

Heterosis

Heterosis, or overdominance, refers to al-
lelic combinations in which a heterozygote has
greater fitness than either of its homozygotes
(ie., the fitness of genotype AB 2> AA and BB).
In theory, heterosis can lead to the main-
tenance of a balanced polymorphism; in prac-
tice, the evidence for heterozygote advantage
being impertant in nature is limited to a few
well-cited examples {reviewed in Clarke, 1979).

The history of models accounting for the
maintenance of allotypic polymorphism
through heterozygote advantage can be traced
to the statistical association between disease
susceptibility and specific allotype in humans
{reviewed in Bodmer and Bodmer, 1978). If
disease resistance is conferred by a particular
allorecognition antigen, then it is intuitively
appealing to argue that a heterozygote has a
broader window of resistance than a homozy-
gote. For example, Robertson (1982: 629)
states, “Thus, an animal heterozygous for
MHC {major histocompatibility complex] an-
tigens may respond efficiently to a wider range
of pathogens than a homozygote, and polymor-
phism may be maintained by heterozygous ad-
vantage” There is some evidence to support
the premise of the argument, but the conclu-
sion is too vague to evaluate: the pertinent
question is, How much polymorphism can
heterosis maintain?

The justification tor invoking heterosis for
the maintenance of multiple-allele polymor-
phisms rests on the intuitive premise that the
existence of a balanced polymorphism of two
alleles can be extended to multi-allelic systems.
Gillespie (1977), as well as Lewontin, Ginz-
burg, and Tuljapurkar (1978), have modeled
the limiting conditions for the maintenance of
a stable polymorphism by means of heterosis.
Specifically, Lewontin, Ginzburg, and Tulja-
purkar (1978) showed that heterozygote advan-
tage can maintain a stable three-allele polymor-
phism only under very stringent conditions.
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For heterosis to maintain still more allelic vari-
ation would require that (1) all heterozygotes
are more fit than all homozygotes and (2) all
heterozygotes have nearly equal fitnesses, In
the unlikely event that these requirements were
met in practice, between six and ten allelic vari-
ants, at approximately equal frequencies, appear
to be the maximum amount of polymorphism
that heterosis can maintain in a population.
These theoretical analyses suggest that the
role of heterosis alone in the maintenance of
single-locus allotypic variation may be small.
If allotypic variation were distributed among
loci in such a way that allotypic specificity was
determined by many gene-products rather
than the products of a single-locus, would
greater specificity be possible? At first sight,
the answer seems (o be yes. For example, the
number of unique genotypes per locus is:

[2{n + 1}}/2, (7}

where # is the number of alleles at the locus.
Ifloci are unlinked, then the number of unique
genotypes at L loci is:

([n(n + D)2)- (8)

Thus, fewer alleles per locus would be
needed to maintain a comparable number of
allotypes if allotypic specificity were conferred
by the gene-products of independent loci. This
consideration appears to reduce the burden on
heterozygote advantage. Unfortunately, the
loci cannot be considered to be independent,
even if located on separate chromosomes, for
it is their combined effects that are selectively
important. Therefore, epistasis raises the same
problems as the maintenance of a single-locus
polymorphism by means of heterosis (Gilles-
pie, pers. commmun.).

The model of frequency-dependence out-
lined previcusly predicts that all alleles should
be equally frequent at genetic equilibrium. At
equilibrium with many alleles, heterosis should
also result in roughly equivalent allelic fre-
quencies { Lewontin, Ginzburg, and Tuljapur-
kar, 1978). These models differ in that fre-
quency-dependence will lead to genotypic
frequencies that agree with Hardy-Weinberg
equilibria, whereas heterosis will produce an
excess of heterozygotes over that expected at
Hardy-Weinberg equilibrium.

There are, as usual, practical difficulties to
using genotypic frequencies to distinguish
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among competing models. First, processes
other than heterosis can lead to deviations from
Hardy-Weinberg expectations. Second, in a
highly polymorphic system, most genotypes
will be rare, hence precisely estimating their
frequencies would require an enormous sam-
ple of genatypes, Consequently, detecting devi-
ations would be statistically unlikely.

When the theoretical arguments and em-
pirical data are considered together, there is
little evidence that heterosis alone can main-
tain more than a few allotypes in a population.
Nonetheless, as Neigel (1988) recently sug-
gested, heterosis may work in coneert with
frequency-dependent selection to augment al-
lotypic variation.

Selective Neutrality

The neutral allele theory was first proposed
by Kimura (1968) and King and Jukes (1969)
partly to explain the persistence of large
amounts of allozyme variation. Neutral models
suggest that allelic variation at some poly-
morphic loci is selectively neutral; that is, as
far as natural selection is concerned, different
alleles produce phenotypes of comparable fit-
ness. In the context of allorecognition systems,
Reimann and Miller (1983) were the first to
propose that allotypic variation has little, or
no, adaptive significance. In their view, levels
of allotypic variation represent a balance be-
tween the introduction of novel variation and
the loss of variation that is due to random ef-
fects.

AsTdiscussed in the previous subsection on
frequency-dependent selection, the number of
alleles that can be maintained in the ahsence
of selection depends upon mutation and im-
migration rates, as well as upon effective popu-
lation size. Kimura and Crow (1964) showed
that the effective number of selectively neu-
tral alleles that can be maintained at equilib-
rium is:

e = N + 1, (9

where #n, is the effective number of alleles, A,
is the effective population size, and ¢ = mu-
tation rate to neutral alleles. Fig. 3 shows that
for neutral models to account for allelic varia-
tion in excess of 10 alleles per locus, some com-
bination of large population size or high mu-
tation rate is necessary. Thus, quantification
of effective population size and mutation rates,
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as well as allelic and genotypic frequencies (see
Hedrick, Thomson, and Klitz, 1982) are
needed before the importance of neutrality can
be weighed against selective theories,

Synergistic Models and Intragenic
Hecombination

Mutation rate plays a critical but relatively
minor role in maintaining variation under fre-
quency-dependent selection, In contrast, mu-
tation rates play a major role in neutral models;
indeed, usual estimates of mutation rates on
the order of 103 to 1G-% per locus per genera-
tion severely limit the power of neutral models
to explain extensive polymorphism.

Molecular geneticists have long known that
recombination between sites within a gene can
lead to the production of novel allelic variants
(Bodmer and Darlington, 1969; Ohno, 1969).
Intragenic recombination, or gene conversion,
leads to what Futuyma (1979} has termed
“pseudomutational” events. Ohno (1969) pro-
posed that polymorphism, once established,
could beget further polymorphism by intra-
genic recombination, potentially leading to
mutation rates considerably higher than esti-
mates based on the appearance of deleterious
mutants.

The essence of Ohno's (1969) mechanistic
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model is that repair of inevitably mismatched
DNA base-pairs after recombination leads to
“mutant” products. Imagine two homologous
chromosomes, each carrying a different allelic
variant at a particular locus. These allelic vari-
ants must differ by at least two nonconsecu-
tive base substitutions. If crossing over occurs
between two non-sister chromatids peripheral
to the locus in question, then upon repairing
after crossing over, there will be some mis-
matching of nucleotide base pairs. For perfect
rematching, one base of each mismatched pair
must be repaired: if this repair process occurs
at random on either the transcribing or com-
plementary DNA strand, then it can yield as
many as two new allelic variants. The more
alleles there are, and the more nonconsecu-
tive base substitutions, the more new variants
can appear by intragenic recombination. In
this way, the rate at which new alleles can be
generated at a locus may exceed by several
orders of magnitude the rate suggested by
spontaneous mmutation events {Watt, 1972;
Golding and Strobeck, 1983).

To assess the general impact of intragenic
recombinational events on estimates of muta-
tion rates, a broad sample of nucleotide se-
quences of allotypic variants would be re-
quired. These data are not yet available even
for well-defined loci; consequently, the mech-
anisms producing novel variants and the rates
at which novel variants are produced remain
matters of speculation.

GENETICS OF ALLORECOCNITION,
COMPATIBILITY FREQUENCIEE, AND THE
SPATIAL DISTRIBUTION OF ALLOTYPES

To distinguish empirically among the the-
ories, it is necessary to have some estimate of
{1) the number of loci controlling allorecogni-
tion, {2) the number and frequencies of alleles
at each locus, and (3) the spatial distributions
of allotypes within populations for a variety
of clonal invertebrates. Ideally, data on levels
of gene flow, effective population size, and mu-
tation rates would also be available.

Geneties of Allorecognition

The foundation of such a data base is an un-
derstanding of the formal genetics of allorecog-
nition. Without this information, it is nearly
impossible to specify how variation is dis-
tributed within and among loci, and therefore
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to determine levels of polymerphism. There
are two related formal genetic questions that
must be addressed before levels of allelic vari-
ation and allotypic frequencies can be deter-
mined. The first question focuses on the
genetic rules of compatibility: Must all allo-
typic determinants be shared if two individu-
als are to be compatible, or is it sufficient for
some fraction of allotypic determinants to be
shared? An answer to this question is critical
because most estimates of allotypic frequen-
cies are based on the results of grafting or be-
havioral assays, rather than direct determina-
tion of allotypes. If only partial matching is
required for compatibility to cccur, then com-
patibility frequencies reported from allorecog-
nition assays may underestimate allotypic
diversity. The second question is, How many
loc are invelved in allorecognition? Allotypic
specificity could result from the combination
of effects of many loci, each with a few alleles,
or of a few loci, each with many alleles {Cur-
tis, Kerr, and Knowlton, 1982).

The most powerful method for answering
these questions is formal genetic analysis
through breeding studies. The technical diffi-
culties of breeding experimental organisms
have precluded, for the most part, direct
genetic analysis. Consequently, precise esti-
mates of the number of loci involved n al-
lorecognition, and the genetic rules of com-
patibility, are virtuzally unknown. In lieu of
genetic analysis based on defined matings, two
indirect methods have been used to analyse the
genetic rules of compatibility. The first method
employs transitivity tests, in which compati-
bility relationships ameng groups of three in-
dividuals are examined. The second method
compares genotypic assignments based on al-
lorecognition assays versus some other inde-
pendent marker of genetic identity, usually iso-
zyme profiles.

Breeding Studies

The first steps toward a formal genetic anal-
ysis of allorecognition were taken by Bancroft
{1903). His studies of the colonial ascidian
Botryilus schiosseri showed that somatic fusion
between unrelated colonies was unusual; how-
ever, allografts between parents and their prog-
eny always fused, and grafts among siblings
often fused. Subsequent breeding studies led
to the first and only well-supported genetic
model for allorecognition in any invertebrate
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(Oka and Watanabe, 1957, 1960; Sabbadin,
1962; Scofield, Schlumpberger, West, and
Weissman, 1982). These studies consistently
show that allotypes are primarily determined
by alleles at a single, highly polymaorphic, men-
delian locus. In order for rejection to occur,
two individuals must have no common alleles
at this locus {e.g., if alleles are designated se-
quentially as A, B, C, . . ., then juxtaposing
an AB and CD coleny results in nonfusion).
If two individuals share one allele (e.g., AR and
BC)orboth (e.g., AB and AB)alleles, then they
can fuse.

Koyama and Watanabe's (1984) preliminary
analysis of the genetics of compatibility be-
tween stolons in the social ascidians Perophora

japenica and P sagamiensis showed that F’s did

not fuse with either parent, but some Fy's fused
with each other. These data suggest either that
allorecognition is contrelled by several loci, or
that both alleles must be shared if a single lo-
cus controls allorecognition.

There are just a few glimpses into the for-
mal genetics of sponge allorecognition. Van de
Vyver (1970} and Van de Vyver and Willenz
{1975) found that sexually produced sibling lar-
vae of the sponge Ephydatia flumatilis fused and
gave rise to a single, chimeric sponge whereas
mixtures of nonsibling larvae did not fuse.
Moreover, asexually produced gemmules from
each of two parental strains fused with sexual
progeny from a mating between these parents,
but did not fuse with progeny from matings
between other parents. Van de Vyver (1970)
reported a similar pattern in Crambe crambe: 75
per cent of full-sibling larvae were mutually
fusible, and all Fy’s fused with their mother.

Hauenschild {1954, 1956) investigated the
formal genetics of allorecognition in the athe-
cate hydroid Hydractinia echingla, and drew
three tentative conclusions: (1) allorecognition
is genetically controlled; (2) colonies derived
from sibling planulae are generally fusible,
whereas nonsibling colonies, upon contact,
usually (but not always) produce hyperplastic
stolons; and (3) all F, progeny are fusible with
both of their parents. In contrast to Hauen-
schild’s (1956) findings, Ivker (1372) found that
progeny, in general, did not fuse with their par-
ents, although a hyperplastic rejection re-
sponse was not always produced in parent-
progeny combinations. Buss (pers. commun.)
reported that nearly all Fy’s fuse with both par-
ents, as well as with their siblings and half-
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siblings; fusions are rarely found between un-
related individuals. Clearly, the genetics of
histocompatibility in Hydractinia are far from
being understood; however, closely related in-
dividuals may have sufficiently similar (if not
iclentical) allotypic determinants such rhat al-
logeneic interactions produce no hyperplastic
response. The observation that Fy’s can fuse
with both parents, however, suggests that com-
plete allotypic matching is not a requirement
for compatibility in Hydractinia.

Transitivity Analyses

Allorecognition studies that examine tran-
sitivity relationships among individuals pro-
vide further insights into the genetic rules of
compatibility. If numerous three-way combi-
nations of individuals vield transitive results
(ie., A is compatible with B, B is compatible
with C, and C is compatible with A}, then com-
plete allotypic matching seems necessary for
compatibility. However, if individual A fuses
with B and C, but B does not fuse with C, then
only partial allotypic matching is required for
fusion.

Several allografting studies on sponges show
complete transitivity, hence are consistent with
the hypothesis that complete allotypic match-
ing is required for compatibility {Neigel and
Avise, 1983a.h, 1985; Neigel and Schmahl, 1984,
Wulff, 1986). In contrast to these results, com-
patibility relationships are not transitive in as-
cidians (Mukai, 1967; Fuke and Numakunai,
1982; Fuke and Nakamura, 1985). On theo-
retical grounds, a large number of transitiv-
ity tests would be necessary to distinguish be-
tween the partial- and full-matching models of
compatibility (Grosberg, Rice, and Palumbi,
1985; Wulff, 1986). Moreover, transitivity tests
based on field samples of unknown genetic
identity are potentially misleading without
prior independent determination of the dis-
tance over which clonal fragments disperse.
Consider the following three scenarios:

1. Assume that (a) dispersal of asexual
propagules is limited, (b) dispersal of sex-
ual propagules is extensive, and {¢) graft-
ing assays arc performed only between
individuals separated by distances greater
than the range of movement of asexual
propagules. Under these conditions,
transitivity tests are likely to be based on
allografts and therefore to be reliable tests
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of rules of matching (e.g., Neigel and
Schmahl, 1984).

2. Make the same assumptions as in #1, but
perform grafts among individuals within
the bounds of dispersal of asexual
propagules. In this situation, transitivity
may be a trivial result because it is a pri-
ori being tested among clonemates, [Even
grafts between distant individuals may
not escape this problem; the data of
Lasker and Coffroth {1985) suggest that
clonal fragments of a gorgonian may be
dispersed up to 1 ki apart. Jackson
(1985, 1986) reviews patterns of disper-
sal of clonal fragments.]

3. Assume that dispersal of sexual
propagules is limited. Under these con-
ditions, transitivity assays are likely to in-
clude both clonemates and siblings. As
close relatives are likely to share all, or
some, of their allodeterminants (depend-
ing upoen their relatedness, the genetics
of allorecognition, and the level of poly-
morphism}, transitive relationships may
involve combinations of allogeneic but
closely related individuals.

Biochemical Genetic Studies

Over the past several years, a number of bio-
chemical genetic studies on corals and sponges
have suggested that allogeneic individuals are
histocompatible. Using polyacrylamide gel elec-
trophoresis, Curtis, Kerr, and Knowlton (1982)
analysed the plasmalemmal proteins of com-
patible pairs of the sponge Eetpoplasia ferox, and
found that some fusible individuals could dif-
fer electrophoretically. Jokiel, Hildemann, and
Bigger (1982) and Neigel and Avise (1985) criti-
cized these results on the grounds that elec-
trophoretic differences between fusible sponges
may have arisen because of sample contami-
nation or ambiguities in the scoring of gels. Yet,
recent studies of allozyme variation in another
sponge, Niphates erecta, show that 18 per cent of
fusible grafted pairs are electrophoretically dis-
tinguishable at three polymorphic loci (Neigel
and Avise, 1985). Because only three loci could
be reliably scored, the observed disparity be-
tween the allozyme and allorecognition assays
must be a minimum estimate of the actual dis-
parity.

Heyward and Stoddart (1985) simultancously
examined histocompatibility and electro-
phoretic varnation in two species of the coral
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Montipora. Of 40 fusible pairs of M. dilatata, 18
involved fusions between electrophoretically dis-
tinguishable pairs. In the case of M. verrucese,
3 of 7 fusions involved electrophoretically dis-
tinct pairs. In another coral, Pavona cactus, elec-
trophoretic methods resolved genotypes more
precisely than grafting techniques (Willis and
Ayre, 1985). Finally, in the corals Forites cplin-
drica, F nigrescens, and Seriatepera hystrix, elec-
trophoretically distinguishable individuals fuse;
in all of these species, at least one fusible pair
of grafts shared no alleles at at least one locus,
implying that fusible individuals need not be
siblings (Resing and Ayre, 1983).

Similar studies of clonal identity of the
anemone Actinia fenebrosa using behavioral and
electrophoretic methods are consistent with the
results from coral grafting assays. Of 36 pair-
ings hetween identical electrophoretic geno-
types (at five polymophic loci}, 7 elicited acro-
rhagial responses {(ie., responses involving
the use of specialized tentacles) {Ayre, 1982).
Of 53 pairings between different electrophoretic
genotypes, only 20 elicited acrorhagial re-
sponses {Ayre, 1982). Thus, not all interactions
between genotypes evoke an acrorhagial re-
sponse. Insofar as acrorhagial responses are the
result of the recognition of nonself, these results
show that the genetic individual 1s not neces-
sarily unique for allotypic determinants in
A. tenebrosa (Bigger, 1980).

Hunter's (1985} analysis of clonal structure
in a population of the coral Porites compressa con-
trasts with those cited in the previous para-
graphs. Based on several putatively independent
means of assaying clonal identity (including
starch gel electrophoresis, colony morphology,
grafting, and high performance liquid chro-
matography profiles of UV absorbing com-
pounds}), she concluded that grafting assays ac-
curately reflected allotypic diversity in this
species.

Compatibility Frequencies in Natural Populations

With the exception of colonial ascidians in
the genus Betrpllus, levels of allotypic variation
have been inferred from allorecognition assays
in the absence of a formal genetic foundation.
In this section, I review the results of allorecog-
nition assays that emphasize compatibility {re-
quencies without specific attention to the dis-
persion of compatibility types.
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Sponges

Hildemann and his coworkers were among
the first to estimate population-wide frequen-
cies of graft acceptance and rejection in an in-
vertebrate. Their results demonstrated the
potential for great variability in allotypic de-
terminants. For example, Hildemann, John-
ston, and Jokiel {1979) reported that in 200
grafts between physiologically discrete individ-
uals of Callyspongia diffusa, there were no graft
acceptances. In an extension of this imtial
study, there were no fusions in 480 grafts be-
tween physiologically discrete individuals from
two “widely separated” reefs (Hildemann, Big-
ger, Johnston, and Jokiel, 1980: 32). From
these data, they concluded that there was “ex-
tensive polymorphism of cell-surface histocom-
patibility molecules within this species™ (Hil-
demann, Johnston, and Jokiel, 1979: 422}

Kaye and Ortiz (1981) documented fusion/
rejection {requencies for the demosponges
Verongia (= Aplysing) longissima and V) cauliformis.
They attempted to test histocompatibility in
all pairwise possibilities among 78 V7 longissima
and 13 ¥ cauliformis. They were unable to per-
form all grafts; hence, some of their results
were inferred from transitivity assumptions.
From these multiple-fusion tests, they inferred
that there were 20 groups of mutually fusible
individuals { = “strains” in their terminology)
among 78 V lngissima individuals, and 1 “strain”
among 15 V. caufiformis. Contrary to the results
of Hildemann, Johnston, and Jokiel (1979} and
Hildemann, Bigger, Johnston, and Jokiel {1980)
on Callyspongia diffuse, a substantial number
of putative allografts were fusible. This result
may be taken to mean that allografts were, in
fact, autografts, or else that allegrafts were fu-
sible. Their data do not allow discrimination
between these alternatives. In a similar study
on Hymeniacidon sp., Curtis (1979) found that
32 per cent (16/50) of grafts between “non-
neighbering” sponges were fusible.

Cnidarians

The most ambitious population-wide at-
tempt to characterize allotypic polymorphism
in enidarians focuses on the hermatypic, scler-
actinian coral Mentipera verrucosa { Hildemann
et al., 1977; Hildemann, Jokiel, Bigger, and
Johnston, 1980). Of 890 putative allografts,
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none were compatible, whereas all autografts
fused. Importantly, all grafts were made be-
tween individuals taken from reefs separated
by nearly 50 km, They refer to the grafts as
interpopulation grafts, implying that these
geographically distinct populations are repro-
ductively isolated.

In another extensive grafting experiment,
Theodor (1966, 1970, 1976) found that of 2430
allografts of the gorgonian Eunicella stricta, 0.7
per cent were fusible. He did not specify the
geographic extent of the collections used for
the grafting experiments, or if Eunicella propa-
gates asexually. I assume that the collections
were made in a rather limited area and that
there is little asexual propagation. The disper-
sal distance of Eunicella larvae is undescribed,
although Theodor (1976) asserts that they are
poor swimmers and likely to be spread by cur-
rents. If these two assumptions are accepted,
it seems reasonable to presume that Theodor
studied a panmictic population, and that the
low frequencies of reported graft compatibili-
ties, do, indeed, reflect substantial genetic
polymorphism.

Anemones have been used frequently in
studies of cnidanan allorecognition, in part be-
cause of their distinctive agonistic behavior in
response to allogeneic contacts. This distinc-
tive behavior, coupled with their extensive
color and electrophoretic polymorphisms,
make anemones particularly useful for studies
of clonal population structure. The first studies
of anemone allorecognition suggested that all
clones were allotypically distinet. In 75 al-
logeneic contacts between individuals (puta-
tively derived from different clones) of the
clonally progating anemone Anthopleura elegan-
tissima, acrorhagi were deployed in all trials;
no acrorhagi were deployed when clonemates
were juxtaposed (Francis 1973a). In another
study of A. elegantissima, Lubbock (1980) found
that 101 of 102 interclonal contacts elicited the
acrorhagial response and subsequent nemato-
cyst discharge. Similarly, Brace (1981) found
an acrorhagial response in 97 per cent (79/82)
of contests between nonclonemates of Phymac-
its clematis.

Although most anemone stucdies suggest that
allogeneic contacts elicit aggressive responses,
Bigger's (1980) study of Anthopleura krebst
showed that roughly half of putative allogeneic
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combinations produced no acrorhagial re-
sponse.

Ascidians

Attemnpts at extensive grafting experiments
in natural populations of ¢olonial ascidians
have focused on populations of Botryflus frrimige-
nus in Japan, and a population of Botryllus
schlosseri from Woods Hole. Tanaka and
Watanabe (1973) counted 11 fusions in 968
pairings (1.1%) of B. primigenus at Shimoda. In
a later study, Mukai and Watanabe (1975a)
tested 30 colonies (ten colonies from each of
three stations about two or three kilometers
apart) of B. primigenus in all possible pairwise
combinations. One of these sites was the same
as that studied several years earlier by Tanaka
and Watanabe {1973). Over just a few years
at this site, fusion frequencies had increased
significantly to 5.8 per cent (p < 0.05, test of
equality of percentages, Sokal and Rohlf,
1981}. Karakashian and Milkman (1967) ob-
tained one fusion in 22 random grafts (4.6 %)
of B, schipssert from the Eel Pond at Woods
Hole, Massachusetts (USA); in examining
1262 intercolonial borders in the field, they
found 78 fusions (6.2%). Grosberg (1987) ob-
tained similar results, finding a fusion rate of
4 4 per cent out of 500 pairs of randomly cho-
seni colonies. Because it is generally impossi-
ble to distinguish chimerical from nonchimer-
ical colonies in the field, some of the colonies
used in these grafting studies undoubtedly
were chimeras; thus, these data probably un-
derestimate actual fusion frequencies.

Solitary ascidians do not propagate asexu-
ally, hence the physiological individual and the
genetic individual are identical. With the am-
bigucus exception of tunic fusion in Melgula
complanata {Schmidt, 1982), there are no known
examples in which two solitary ascidians have
become physiologically contiguous. Because
natural fusions probably do not occcur among
solitary ascidians—hence the functional sig-
nificance of allorecognition is obscure —little
attention has been paid to their histocompati-
bility attributes. Nevertheless, in an elegant
study of allogeneic interactions among coe-
lomocytes of the solitary ascidian Helvcynthia
roretze, Fuke {1980) demonstrated that self/non-
self recognition occurs. The recognition of
nonself is manifested by a distinctive, recipro-
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cal, lytic reaction; most allogeneic cell cultures
show extensive histolysis, whereas syngeneic
cultures do not.

Using the “contact reaction” assay, Fuke and
Numazkunai (1982) characterized allotypic
diversity in a local population of Halecynthia
roretzi. In all pairwise combinations between
16 individuals {taken from a ) m? plot), “con-
tact reactions” were usually observed in al-
logeneic mixtures, but never in isogencic ones.
Although all individuals are produced sexually,
not all individuals appear to be allotypically
unique (at least to the extent that the “contact
reaction” is sensitive to allotypic differences);
in fact, 12 per cent (14/120) of unique allogeneic
cultures proved compatible. Of equal importance
is their observation that “contact reactions” are
not predictable on the basis of transitivity. In
several instances, one of two compatible indi-
viduals would be compatible with a third in-
dividual, whereas the other would not. As with
Boiryilus, not all allotypic differences are rec-
ognized as nonself. Subsequent, and more ex-
tensive, studies confirm these results {Fuke and
Nakamura, 1985).

The only additional study of fusion/nonfu-
sion frequencies in ascidians focuses on the so-
cial ascidian Perophora sagamiensis n which 4 of
16 stolon contacts produced fusions (Koyama
and Watanabe, 1982). Although this is a rather
high rate of compatibility, the sample size is
so small and the propensity for asexual frag-
mentation is so high, that no sure assessment
of levels of variability can be made.

Bryzoans

There are only two studies that address the
existence of allorecognition specificity in bryo-
zoans. In one study on Thalamoporella californi-
ca, Chaney (1983} showed that sibling colonies
were generally fusible, whereas nonsiblings
were not. Humphries (1979) provided similar,
although less extensive, data for Parasmitiina
nitida.

Allstypic Frequencies and Spatial Distributions

A growing number of studies employ graft-
ing, behavioral, and genetic data to quantify
the dispersion and frequency of allotypes in
natural populations. These data are necessary
te examine assumptions about breeding struc-
ture and the relative importance of sexual
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versus asexual reproduction, as well as to test
predictions of allotypic frequencies and spa-
tial distributions. For instance, deviations from
predicted equilibrium allotypic frequencies
may be due 10 deviations from panmixia and
have little to do with selection acting directly
on allorecognition loci. Similarly, an excess of
one allotypic class may be the result of selec-
tion favoring that allotype in a particular en-
vironment, or the result of a high frequency
of clonal fragmentation of that allotype. The
dispersion and frequency of allotypes also play
important roles in determining the likelihood
of contacts between compatible and incompat-
ible individuals. In turn, the frequencies and
consequences of fusion and behavioral cooper-
ation versus rejection and aggression help to
circumscribe the intensity of selection acting
on allorecognition loci.

‘The dispersion of allotypes has been exam-
ined on a variety of spatial scales. Most studies
comparing compatibility frequencies of indi-
viduals from sites separated by distances on
the order of kilometers show low levels of com-
patibility {Jokiel, Hildemann, and Bigger,
1982; Curtis, Kerr, and Knowlton, 1982; Se-
bens, 1982; Fujii, 1987). In a highly fissile spe-
cies of the gorgonian Plexaure, however, Lasker
and Coffroth (1983) noted that individuals
separated by about 1 km of uncolonizable hab-
itat were often compatible. This result can be
explained by low allotypic diversity or by the
transport of clonal fragments between geo-
graphically isolated habitats {Lasker and
Coffroth, 1985).

On finer spatial scales, a variety of evidence
indicates that similar (or identical) allotypes
are spatially associated. For example, Curtis,
Kerr, and Knowlton (1982) found that the
probability of graft acceptance in the sponge
Ectyoplasia ferox decreased with increasing dis-
tance between grafts. Of eight attempted grafts
between individuals initially separated by more
than 100 m, none were compatible. Fusion fre-
quencies increased with decreasing distance in
such a way that individuals separated geo-
graphically by more than 2 m and less than
100 m fused in & of 17 cases. Fusion frequen-
cles approached 50 per cent (47/96) in “al-
lografts” between individuals taken within a
2 m? patch.

In a detailed study of allotypic dispersion
in the sponges Ferongia longissima and lotrochotn
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birotulata, Neigel and Avise (1983a) observed
patterns of allotypic association like those
reported by Curtis, Kerr, and Knowlton
(1982). Of 68 grafts between ¥ longissima sepa-
rated by greater than 10 m, none were com-
patible. Of 105 grafts between 1. firofulata in-
dividuals separated by greater than 2.7 m,
none were compatible. A comparable analy-
sis of two other sponges, Apipsina fistularis and
A. cauliformis, gave no fusions in either 30 4.
Jistularis grafts separated by greater than 2.1
m or 12 A caultformis grafts separated by
greater than 13 m (Neigel and Schmahl, 1984).
At distances less than 2.1 m and 13 m respec-
tively, they found numerous fusions, but as-
sumed that these compatible grafts were be-
tween clonal fragments.

Neigel and Avise {1983b) used similar as-
says to document the dispersion of allotypes
in a population of the extensively fragment-
ing coral Acropora cervicornis. They found once
again that the probability of graft fusion de-
creased with increasing distance between
grafted individuals. On a still finer spatial
scale, however, patterns of allotypic association
varied between two widely separated study
sites. At one site near Discovery Bay in
Jamaica, nearest neighboring colonies were
unlikely to be the same allotype, whereas at
another site near Tague Bay in S5t. Croix,
neighboring colonies were frequently of the
same allotype. These differences in neighbor-
hood structure could reflect (1) the effects of dif-
ferent hydrodynamic regimes which strongly
or weakly mix genets as they fragment, {2} site-
specific historical differences in clonal diver-
sity, and (3) population-specific differences in
rates of asexual versus sexual recruitment
(Neigel and Avise, 1983b).

Other studies indicate that dispersion of al-
lotypes can deviate substantially from aggre-
gations of similar allotypes. Wulft’s (1986)
thorough analysis of the spatial distribution of
allotypes in three species of tropical sponge,
fotrochota birotulata, Haliclona rubens, and Aply-
sing fufva— one of which was studied by Neigel
and Avise (1983b) at another location—
provides little evidence that similar allotypes
are spatially associated on any scale within a
200 m? study site. Similarly, behavioral and
electrophoretic studies of the beadlet anemone
Actinia equing (CQuicke and Brace, 1983; Brace
and Quicke, 1985, 1986a,b}, and the aconti-
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ate anemone Metridium senile (Hoffmann,
1976), indicate that allotypes (or genotypes)
are well mixed within local populations. The
absence of any relationship between distance
and the probability of graft compatibility (over
a range of 1-12 m}) in the coral Mentipora ver-
rucesa ( Jokiel, Hildemann, and Bigger, 1983)
also suggests that clonal structure can be weak
in some populations.

The discrepancy between the findings of
Neigel and Avise (1983b) and Wulff (1986) on
population structure in Jotrechsta birotulata, like
the site-specific differences in clonal diversity
found by Neigel and Avise (1983b), implies that
cven intraspecific patterns of allotypic disper-
sion and diversity can vary geographically. The
importance of geographic variation is under-
scored by variation in clonal structure within
and among populations of the anemone Actinig
fenebrosa: clonal aggregation usually occurs on
spatial scales consistent with those expected
from limited dispersal of clonal propagules
(& 5-20 cm) and intergenotypic aggression
{< 2 cm) (Ayre, 1983). The magnitude of the
aggregation, however, varies from site to site
{Ayre, 1983, 1984a,b), and putative clonemates
may be separated by up te 30 m of shoreline
(Black and Johnson, 1979; Ayre, 1983). Taken
together, these results indicate that environ-
mental heterogeneity (e.g., distribution of
favorable habitats, contour, flow regime) and
historical differences in clonal diversity can
strongly influence levels and patterns of allo-
typic variation quite independently of the
selective and nonselective processes outlined
previously.

Few studies comprehensively examine clonal
diversity and allotypic frequencies over rela-
tively large areas. Wulfl'’s (1986) previously
cited study of tropical sponges is the most com-
piete. In a 10 m x 20 m quadrat, allotypic
diversity was quite high in all species (lotrochota
biratulata — 24 compatibility groups; Haliclena
rubens —12 groups; Aplysina fulva—13 groups).
Allotypic frequencies were strongly skewed,
with one allotype {(or a few) numerically
dominating the populations of all three species.

INTERPRETATION OF ALLGRECOGNITION
ASSAYS. THE INFERENCE OF LEVELS AND
SPATIAL PATTERNS OF ALLOTYPIC VARIATION

The need to infer levels and patterns of vari-
ation from allorecognition assays poses numer-
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ous empirical ambiguities. In this section, I
first identify some of these problems; I then
evaluate the approaches usuzally used to infer
the genetics of allorecognition and levels of al-
lotypic pelymorphism. Finally, 1 present a
general interpretation of the formal genetics
of allorecognition, and based on this interpre-
tation, analyse levels and patterns of allotypic
variation.

Empirical Problems

There are four classes of empirical problem
that potentially confound the genetic interpre-
tation of allorecognition assays. The first class
of problem arises from the uncertainty of
kneowing a priori whether a graft is an allo- or
isograft. For aclonal organisms, grafts between
physiclogically discrete individuals must be al-
lografts. [f allograft fusions are rare among
members of panmictic populations, levels of
allelic vanation for allotypic determinants may
be high, or many loci may control allorecog-
nition {Curtis, Kerr, and Knowlton, 1982}, If
allograft fusions are relatively common among
aclonal erganisms, then there are at least three
potential explanations: (1) many individuals
share allotypes because therc is little allelic
variation, (2) the allorecognition system may
not distinguish among all allelic variants, or
(3) allotypic differences may be recognized, but
incompatibility reactions arc not initiated.

The interpretation of grafting and be-
havioral data is still more complex in clonal
organisms because a given genotype may be
represented in a population by a number of
physiolegically discrete individuals. As with
aclonal organisms, high rates of allograft ac-
ceptance may result from either low levels of
variation for allorecognition determinants, or
imperfect sensitivity of recegnition (or effec-
tor) mechanisms to allotypic differences. In ad-
dition, allografts between ramets in clenal or-
ganisms may not be allografis at all, but rather
autografts between asexually produced ramets
of the same genet. High rates of graft accep-
tance may therefore reflect high frequencies
of asexual versus sexual proliferation, or le-
cal retention of asexual propagules (Hughes
and Jackson, 1982, 1983; Neigel and Avise,
1983a,b}.

The relative frequency of asexual multipli-
cation versus sexual reproducticn in clonal or-
ganisms has four important consequences for
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the study of variation at allerecognition loci.
First, this frequency can determine how many
fusions are due to interactions between genu-
inely allogeneic individuals, and how many fu-
sions result frem autegrafts between physio-
logically discrete, but isogeneic, individuals.
Second, if some genotypes 1n a population are
represented by more clonal replicates than
other genotypes, estimates of allotypic frequen-
cies may reflect the propensity of particular
genotypes to proliferate asexually, rather than
the direct actions of evolutionary processes on
allorecognition loci. Third, this ratio influences
patterns of allotypic variation, for high rates
of sexual reproduction will rearrange allotypes
through syngamy and recombination. Fourth,
the relative importance of sexual versus asex-
val recruitment into a population can dramat-
ically affect equilibrium levels of allotypic vari-
ation (Neigel and Avise, 1983b)

The second class of problem 1s a matter of
sampling scale, and how the dispersal distances
of sexual and asexual propagules determine the
appropriate scale over which histocompatibil-
ity assays should be performed. The spatial dis-
tribution of allotypes —which will depend upon
adult moverment, dispersal of sexual and asex-
ual propagules and gametes, habitat suitabil-
ity, and historical events —is a critical datum
for testing the predicticns of the population
genetic models. For example, the spatial ar-
rangement of allotypes will control the likeli-
hood of interactions between compatible and
incompatible individuals (Stoddart, 1988).
Scale effects can also profoundly affect the
reckoning of variation in a population, If dis-
persal of sexual and asexual propagules is ex-
tensive, then comparatively small areas will
carry a fairly complete sample of the allotypic
diversity in a population. In contrast, a spa-
tially limited study may underestimate the
range of variation within a population if dis-
persal of asexual or sexual propagules is re-
stricted.

Differences in mobility ameng different
types of dispersing prepagules [e.g., asexually
versus sexually produced —see Jackson (1985,
1986)], coupled with differences in intensity
of asexual multiplication versus sexual repro-
duction, will further affect dispersion ef allo-
types (c.g., Lasker and Coffroth, 1985; Wullf,
1986). Consider the following example: Jok-
iel, Hildemann, and Bigger (1982) found no
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fusions in grafts between sponges taken from
isolated patch reefs. They inferred thart there
was a high degree of allotypic variation. Given
their demonstration that within-reef grafts
rarely fused, their conclusion appears to be
sound. Without such small-scale grafting data,
however, the absence of fusion in grafts be-
tween individuals from different reefs could
be explained by a single fixed allelic difference,
provided there is little gene flow berween the
reefs. In general, so litile is known about the
dispersal distances of asexual and sexual
propagules, and the relative frequency of asex-
ual versus sexual propagation, that it remains
difficult to estimate levels of gene flow between
spatially discrete populations.

Third, there is some evidence that the ca-
pacity for allorecognition changes ontogenet-
ically, and that compatibility relationships may
be temporally unstable. Hidaka (1983) found
no compatible combinations of adults in the
coral Pocillopora damicornis, however, juveniles
fromm incompatible adults fused te form
chimeras. Several other recent studies on co-
lonial ascidians and cnidarians raise three flags
that scrve as warnings for cautious interpre-
tation of grafting studies. Sabbadin (1982) ob-
served that repeated grafis between genetically
compatible colonies of the ascidian Botrypffus
schlosseri usually fuse, but occasicnally display
the classical signs of rejection [alse sce Lasker
and Coffreth (1985} for a similar example in
gorgenians]. Additionally, Betryflus allografts
may initially fuse, but subsequently reject cach
other (Scofield et al., 1982; Rinkevich, pers.
commun.), In centrast, initial allogeneic con-
tacts between anemones usually lead to aggres-
sion {i.e., incompatibility); however, in Adetrid-
tum sentle (Purcell and Kitting, 1982) and
Anthopleura elegantissima (Scbens, 1984), aggres-
siveness declines after extended allegencic con-
tact. A few studies also indicate that in some
fused allogeneic pairs, onc colony appears to
be resorbed by the ether (L. W. Buss, A. Sab-
badin, and V. L. Scofield, pers. commun.;
Rinkevich and Weissman, 1987a, b). Whether
the physical resorption of one fusion partner
carries with it the disappearance of its geno-
type remains to be seen; however, it is a dis-
tinct possibility that chimeras are genetically
unstable.

Finally, the existence of intraspecific geo-
graphic and temporal variation in levels of al-
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lotypic diversity potentially undermines the
reliability of generalizations based on single
samples in space and time. Sebens (1982} cal-
culated that clonal diversity in the anemone
Anthopleurae elegantissima ranged from 1 to 23
clones per 100 m? at different sites along the
coast of Washington. In the colenial ascidian,
Botrylloides violaceous, Mukai and Watanabe
{1975b} found that 16 per cent {31/190} of the
pairings were fusible when all pairings frem
two nearby sites were pooled; however, within
site 1 there was a fusion frequency of 8.9 per
cent, whereas site 2 had a significantly higher
fusion frequency of 28.9 per cent (test for
equality of two percentages; p < 0.02), Curi-
cusly, between-site grafts fused more often
than within site 1 grafts, although the differ-
ence is not statistically significant {p > 0.2}.
This study, along with data on a closely related
ascidian, Botrpllus primigenus (Mukai and
Watanabe, 1975a), also indicates that there can
be significant variation in compatibility fre-
quencies between years at a given site,

Theoretical Problems

The major theoretical difficulty with using
histocompatibility assays to estimate levels
of variation is well illustrated by several sim-
ple models from Curtis, Kerr, and Knowlton
{(1982). Consider a panmictic population at
linkage equilibrium, with all alleles at any
given allorecognition locus equally frequent.
Further assumec that there is no asexual
proliferation (ie., cach individual is a separate
diploid product of sexual reproduction). In
such a pepulation, three parameters will con-
trol the probability of compatibility between
two randemly chosen individuals: (1) the num-
ber of independent loci segregating for the al-
lorecognition trait, {2) the number of alleles
segregating at each locus, and (3) the genctic
rules governing compatibility (i.e., complete
maiching of allotypic determinants, or some
form of partial matching). If comuplete genetic
matching is required for compatibility, then
according to Curtis, Kerr and Knowlton (1982)
the probability that two individuals will be
compatible is predicted by:

[(2n - D), (10)

where n is the nuruber of alleles per locus, and
L is the number of independent loci. If only
one allele per independent locus need be
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shared for compatibility, then the probability
of compatibility increases to:

[(4n2 - 6r + 3)nS}. (11)

Fig. 4 shows these probahilities for one-locus
models of partial and complete genetic match-
ing, and indicates two difficulties of using
histocompatibility tests to assess levels of vari-
ation at allorecognition loci. First, compatibil-
ity frequencies can only weakly discriminate
between the complete and partial genetic
matching hypotheses unless far moere assays are
performed than there are individuals in the
population. This problem is especially oner-
ous if multiple loci control histocompatiblity.
Second, compatibility assays alone do not al-
low estimates of allelic variation. For example,
low fusion frequencies in panmictic popula-
tions may reflect high levels of polymorphism
at one or a few loci. Alternatively, low levels
of polymorphism at many unlinked loci, or re-
strictive rules of genetic matching, could pro-
duce results similar to those predicted by
single-locus models.

Although the model of Curtis, Kerr, and
Knowlton (1982) is based on some potentially
unrealistic assumptions, the general result is
robust: the genetics of allorecognition and lev-
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els of variation cannot be directly inferred from
compatibility frequencies alene. Furthermore,
if both asexual propagatien and sexual repro-
duction occur in a population, it 1s potentially
circular to assurne that fusible individuals are
clonemates, then use histocompatibility assays
to estimate the relative frequencies of asexual
versus sexual recruitment inte the population.
Without independent characterization of
genetic identity, it 1s virtually impossible to
ascertain what fraction of compatible pairings
is due to isegencic grafts between clonal frag-
ments, and what propertion of compatible
matches is due to allogeneic grafts among sib-
lings, half-siblings, or more distantly related
individuals.

Rules of Allotypic Matching

As the previous section demonstrated,
knowledge of the genetical rules of allotypic
matching is critical to estimating levels of al-
lotypic variation based on allorccognition as-
says. For example, if it is assumed that a sin-
gle locus controls allorecognition and enly one
allele need be shared for compatibility, an ob-
served compatibility frequency of 4 per cent
would require approximately 100 equally fre-
quent alleles. in contrast, if full matching were
required, somewhere between 6 and 7 alleles
would give a comparable frequency of com-
patibility,

In the absence of formal genetic analysis,
two approaches have been used to answer the
question, Do the results of allorecognition as-
says accurately reflect allotypic diversity with-
in populations? One approach, advocated by
Hildemann and his colleagues (e.g., Hilde-
mann, Johnston, and Jokiel, 1979; Jokiel, Hil-
demann, and Bigger, 1982}, holds that groups
of mutually compatible individuals each rep-
resent a clone, or a single allotype. As a corol-
lary, high levels of compatibility are taken to
represent a high rate of asexual propagation,
and not low levels of polymerphism. I, and
others {e.g., Jokiel, Hildemann, and Bigger,
1982}, term this view, following Medawar
{1981), the “uniquenecss of the individual”
concept. If this concept 1s accepted, then the
number of mutually compatible groups of in-
dividuals in a population reflects variation at
allorecognition loci. Nonetheless, the concept
does not state how the varation is partitioned:
there may be many alleles at one locus {or a



DecemBer 1988

few loci) or few alleles at many independent
loci. Rather, the concept deals with operational
expectations and merely provides a reflection
of the overall complexity of the genetics of al-
lorecognition.

The alternative to the “uniqueness of the in-
dividual” concept holds that at least some al-
logeneic individuals are compatible. Thus,
compatible individuals are not necessarily
clonemates. This view does not specify wheth-
er allogeneic individuals are compatible be-
cause they share all allotypic determinants (as
some fraction of siblings would), er if only par-
tial matching of allodeterminants is required
for compatibility. If only partial matching is
required for compatibility, then allorecogni-
tion assays would underestimate levels of
genetic variation, because some individuals
would be compatible without sharing all al-
ledeterminants.

The “uniqueness of the individual” concept
is based en two implicit assumptions: (1} com-
patible individuals must share all determinants
at allorccognitien loci; and (2) levels of varia-
tion, whether the variatien is partitioned
within or among loci, must be sufficiently high
that only clonemates will share all allotypic de-
terminants (1e., will have complete genetic
matching). The strength of the “uniqueness of
the individual” concept and its corollary, the
complete genetic matching hypothesis, rests on
three lines of evidence. First, low rates of com-
patibility, particularly between spatially sepa-
rated individuals, imply that levels of varia-
tion for allodeterminants are high. The validity
of this inference, however, depends on the spa-
tial scale of dispersal of asexual and sexual
propagules and the area from which grafts
were taken. For example, in one study of the
coral Mantzpora, individuals from three geo-
graphically separate populations were grafted
and fusions were exceptionally rare (Hil-
demann, Jokiel, Bigger, and Johnston, 1980).
If full matching were required for fusion, a sin-
gle allelic difference at a compaubility locus
would be sufficient te prevent self-recognition
and fusion. Therefore, a three-allele polymor-
phism, with each source population being fixed
for a different allele, could produce the same
paucity of fusions,

Second, the probability of compatibility be-
tween individuals often attenuates with in-
creasing distance between assayed individu-
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als (e.g., Jekicl, Hildemann, and Bigger, 1982;
Neigel and Avise 1983a,b; Neigel and
Schmahl, 1984). This line of evidence supposes
that dispersal of asexual propagules is spatially
restricted, and cither that (1) individuals aris-
ing from sexual propagules are incompatible
or {2) sexual propagules are spread so widely
that they rarely come into centact. Thus, com-
patibility among proximate individuals pre-
sumably reflects 1sogeneic grafts between
clonal fragments. If it were true that sexual
propagules consistently dispersed farther than
asexual propagules, then the pattern of attenu-
ating fusion frequencics with distance would
be consistent with the “uniqueness of the in-
dividual” concept. Jackson (1985, 1986) and
Grosberg {1987}, however, havc recently
reviewed evidence suggesting that the sexually
produced larvae of many clonal benthic inver-
tebrates often disperse within a few meters of
their birthplace. Compatibility between prox-
imate individuals may therefore reflect either
compatibility between clonemates, or between
sexually produced sibling larvae which share
some, or all, of their allotypic determinants.

The third line of support for the “unique-
ness of the individual” concept is based on the
observation of complete transitivity of com-
patibility relationships among trios of appar-
ently allegeneic sponges (Kaye and Ortiz, 1981;
Neigel and Avise, 1983a,b, 1985; Neigel and
Schmahl, 1984; Wulft, 1986). I have discussed
in an earlier section (p. 389) some of the prob-
lems with using transitivity tests to infer the
genetics of allorecognition. In any case, obser-
vations of compatibility between putatively al-
logencic individuals appear to refute the gener-
ality of the “uniqueness of the individual”
concept. In two controversial studies, Burten
{1949) and Borajevic (1967) suggested that sex-
ually produced conspecific sponge larvae may
sometimes fuse. Other studics on freshwater
sponges indicate that fusion of conspecific
Juveniles can be common (Ankel and Eigen-
bredt, 1933; Rasment, 1970).

Not all sponge biologists agree that post-
larval fusion involves allogeneic individuals,
Johnston and Hildemann (1982} disputed
Borojevic’s claim, in particular, and other
reports of allogeneic fusions, as well, partly be-
cause of their belief that sexually produced in-
dividuals cught to be sufficiently distinct at al-
lorecognition leci that they would not be
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fusible. By this reasoning, the post-larval fu-
sions discussed above may have involved asex-
ually produced, hence isogeneic, larvae. In
sponges, there is little evidence that asexually
produced propagules resemble sexually pro-
duced larvae (Bergquist, 1978). Several recent
genetic studics, however, indicate that apomic-
tic parthenogencsis occurs in some anthozoan
enidarians (e.g., Black and Johnsen, 1979; Orr,
Thorpe, and Carter, 1982; Stoddart, 1983}, In
this light, observations of fusion between sib-
lings such as those on the coral Pocillopore
(Stephenson, 1931) and the athecate hydroid
Hydractinia echinata ('Teissier, 1929) must be in-
terpreted cautiously. Nonetheless, apomictic
parthenogenesis cannot readily explain obser-
vatiens of frequent fusion among sibships of
larvae from incompatible adult strains of the
coral Pectlfopora damicornis (Hidaka, 1985) or
the occurrence of fusion masses composed of
larvae from sites separated by tens of kilome-
ters in the demosponge Ophlitaspengia serala
(Fry, 1971).

Where independent means have been used
to assess the 1dentities of genotypes, the results
are often at odds with the “uniqueness of the
individual” concept and the requirement of full
genetic matching (e.g., Ayre, 1982; Heyward
and Stoddart, 1985; Neigel and Avise, 1985;
Resing and Ayre, 1985; Willis and Ayre, 1985,
but see Hunter, 1985). Numerous breeding
studies also indicate that allogeneic individu-
als may be compatible (e.g., Hauenschild,
1954, 1956; Oka and Watanabe, 1960; Sab-
badin, 1962; Van de Vyver, 1970; Van de Vyver
and Willenz, 1975; Ayre, 1982; Sabbadin,
1982; Neigel and Avise, 1985; Heyward and
Stoddart, 1985, and references therein). More-
over, even if complete genetic matching were
required for compatibility, some fraction of
close relatives ought to share a full complement
of allodeterminants (depending, of course, on
the number of segregating loci).

The Number of Loci Controlling Allovecognition

A high degree of allotypic specificity could
be conferred by a continuum of underlying
genetic variation ranging from one locus with
many allcles to many independent loci with
just a few alleles (Curtis, Kerr, and Knowlton,
1982). The fact that close relatives are often
compatible provides some insight into where
allotypic variation lies along the centinuum
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from a single locus to multiple loci. First, as-
surne that two individuals mate, each hetero-
zygous for different allorecognition alleles.
These parents would therefore be incompati-
ble. Further assume that complete genetic
matching is required for individuals to be com-
patible. For each independently segregating lo-
cus that controls allorecognition, the proba-
bility that two full-sibs will share a marernal
allele is 0.5, and the probability that they will
share a paternal alleles is likewise 0.5. There-
fore, the probability that they will share both
alleles is 0.5 x 0.5 or 0.25 per locus. For a enc-
locus system, 25 per cent of full-sibs should be
compatible. If only one allele need e shared
for compatibility {1.c., partial matching), then
for a one-locus system, 75 per cent of full-sib
pairings would be compatible. As the number
of independent loci controlling allorecognition
increases, the likelibood of allelic matching at
all loci will decrease exponentially according
to the number ofloci. For example, if the prob-
ability of two full-sibs sharing two alleles at a
locus 15 0.25, then the probability of their shar-
ing both alleles at five loci is (1.25% or 10-3%, If
only one allele need be shared, then the prob-
ability increases to 3.13 x 10-2 This exam-
ple, in combination with the few formal ge-
netical data available showing that progeny
usually fuse with their parents and siblings,
implies that the loci controlling allorecogni-
tion are unlikely to be numerous and spread
across many chremosomes,

Levels of Allatypic Variation in Natural
Populations

The resulis of allorecognition assays on a
wide variety of taxa generally indicate that
compatibility is rare, particularly between in-
dividuals separated by more than a few meters.
As the considerations in the previous subsec-
tions demonstrate, the amount of allotypic
variation required to produce such low levels
of compatibility depends strongly upon as-
sumptions about the number of loci control-
ling allorecognition, and the genetic rules of
matching.

Given the single-locus, partial matching
Botryilus genetic model, and assuming thae (1)
all alleles are equally frequent, (2) rates of asex-
ual proliferation can be estimated in order to
correct for fusions between syngeneic clonal
fragments, and (3) the population is panmic-
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tic, it should be possible to estimate the num-
ber of alleles in a population at Hardy-
Weinberg equilibrium by solving expressien
(11} using the results of grafting assays. The
first assumption is troublesome and difficult
to examine empirically. My own data (Gros-
berg, 1982, 1987) suggest that Bofryllus schlos-
seri colonies in Woods Hole rarely propagate
asexually; whether this is a general attribute
of Botryllus biology remains to be seen. The
third assumption is clearly violated in Woods
Hole pepulations of Botrpilus schlossers: most lar-
vae sctile within a few meters of their birth-
place (Grosbherg and Quinn, 1986; Grosberg,
1987). This certainly leads to spatial associa-
tion of relatives, and consequently higher
probabilities of fusion between proximate in-
dividuals than would be expected if dispersal
were extensive. Nevertheless, if samples are
taken over an extensive area, the bias intro-
duced by limited sibling dispersal may be
somewhat circumvented.

If one assumes an average fusion frequency
of about 5 per cent in natural populations of
Botryllus, solution of the partial matching ex-
pression (11} for enc locus suggests that there
are at least 80 alleles. The number of unique
genotypes at a locus is defined by expression
(7), using n = 80 gives 3240 unique histocom-
patibility genotypes and an expected fusion
frequency of 0.03 per cent with complete
matching.

In the absence of formal genetic data from
other taxa, it is difficult to encapsulate the re-
maining data on compatibility frequencies.
Howecver, scveral gencralizations hazily
emerge. Perhaps the most important is that in-
vertebrate allorecognition mechanisms appear
to be remarkably efficient at discriminating be-
tween self and nonself genotypes. Even in taxa
and populations where allorecegnition does
not perfectly distinguish among genotypes,
recegnition “errors” are likely to be confined
to encounters invelving closely related kin.

With the exception of botrylhd ascidians,
it remains impossible to specify exactly how
many loci are involved in allorecoegnition,
hence to infer precisely levels of allelic varia-
tion. Nonetheless, the data analysed in the
previous section suggest that most allotypic
variation resides at relatively few loci. On the
one hand, this is a heartening observation, for
it suggests that understanding the formal
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genetics of allorecognition may not be an in-
surmountable task once technical problems are
stripped away. On the other hand, this tenta-
tive conclusion, in combination with the usual
pattern of highly precise allorecognition, poses
the difficulty of how allelic variation is main-
tained.

Spatial Distribution and Frequency of Allotypes

The data generally suggest that allotypic
diversity is usually quite high within a limited
geographical area (a population?), and that
similar or identical allotypes are often spatially
associated. There is comparatively little infor-
mation abeut the relative frequencies of allo-
types in populatiens, but the studies of Sebens
(1982) on anemones and Wulff (1986) on
sponges suggest that one allotype, or a few, can
dominate samples.

To distinguish amoeng theoretical predic-
tiens, it is imperative that the causes of spatial
association of similar allotypes and unequal
allotypic frequencies be understood. Spatially
varying selection in which specific genets are

“favored in particular patches could underlie as-

sociation of similar allotypes (c.g., Ayre, 1985
Brace and Quicke, 1986b). The same pattern
of aggregation, however, could be the result
of limited dispersal of clonal fragments or of
sibling sexual propagules from a source genet
(e.g., Grosberg and Quinn, 1986). Even if it
could be shown that spatial association of simi-
lar allotypes was the result of spatial variation
in selection, such a pattern could result from
selection acting on components of the geno-
type other than the allotype.

Similar alternatives exist for explaining the
observation that allotypic frequencies are often
unequal; selection could be favoring particu-
lar genets or allotypes; however, genet-specific
variation in rates of asexual proliferation {e.g.,
Sebens, 1982; Stoddart, 1984; Brace and
Quicke, 1986a,b; Wulff, 1986) or levels of
aggression (Francis, 1973a,b; Purcell, 1977;
Ottaway, 1978; Ayre, 1983, 1987) could also
preduce unequal genet, hence allotypic, fre-
quencies.

The determination of whether spatial and
frequency distributions of allotypes are pat-
terned in a specific way will be quite sensitive
to the spatial extent of a sample. For example,
on sampling scales that just encompass the
area of one clone, or a few, similar allotypes
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will appear to be highly aggregated, and the
sample will be dominated by a small number
of allotypes. Over larger spatial scales, spatial
patterns may appear to be more randem, and
relative allotypic frequencies may equalize. In
evolutionary terms, the critical spatial scale
would minimally encompass the interbreed-
ing population.

THE EMPIRICAL DATA
AND THE THEORETICAL ISSUES

Without precisc estimates of effective popu-
lation size, mutation ratcs, migration rates,
number of alleles, and allelic frequencies, it
1s impossible to test rigorously any of the five
genetic theories outlined carlier. In addition,
a varicty of factors other than selection, drift,
and mutation are known to influence allotypic
dispersien and diversity. These factors include
the structural and hydrodynamic atiributes of
the environment (c.g., Wulff, 1986), the fre-
quency of physical and biological disturbance
(c.g., Neigel and Avise, 1983b), the relative
contributions of sexual and asexual recruit-
ment to population growth (Neigel and Avise,
1983b), and the allotypic diversity carried by
the individual (or individuals) that founded a
population (Parker, 1979%; Neigel and Avise,
1983b). The intrusion of these variables may
also prevent a populatien from reaching evolu-
tienary equilibrium (Neigel and Avise, 19831).

The power of the neutral allele theory to ac-
count for allotypic polymorphism depends ex-
plicitly on effective population sizes and mu-
tation rates. Such data are not available for
any of the taxa discussed in this review. If al-
lorecognition is controlled by partial match-
ing at a single locus (e.g., Botryilus), then to ac-
count for levels of graft acceptance between 2
per cent and 3 per cent one 1s faced with ex-
plaining at a minimum the maintenance of be-
tween 80 and 110 alleles at equilibrium. [If the
alleles were not equally frequent, then more
alleles would be needed to explain the ohserved
gralt acceptance rates (Wright, 1939).] Unless
one is willing to invoke either extraordinarily
large population sizes or mutation rates, neu-
tral allele models seem incapable of maintain-
ing such high levels of variation. If, however,
full genetic matching were a requisite for com-
patibility, or more loci were involved in al-
lorecognition, the number of alleles necessary
to maintain a given level of specificity drops
considerably. This seems to revive hopes for
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the neutral moedels; however, the theoretical
problem: is more complex than it appears, for
one needs to explain why alleles do not drift
to fixation in small populations such as those
studied by Wulft (1986).

The power of verbal arguments invoking
heterozygous advantage is severely limited by
mathematical considerations (Lewontin, Ginz-
burg, and Tuljapurkar, 1978). Only in very
specific (and improbable) genetic circum-
stances could heterozygote advantage main-
tain more than a few allcles at a locus. That
such genetic circumstances should be found
in a diverse array of phylogenetically and
demographically distinct taxa seems so im-
probable that single-locus models of heterosis
should probably be eliminated from consider-
ation. Even if allotypic variation were dis-
tributed more evenly among loci, heterosis re-
mains a problematical explanation because 1
have assumed that the loci regulate a similar
function, namely allorecognition. Thus, al-
though the loci are not mechanically linked on
chromosomes, they are functionally linked by
epistasis. [ am unaware of multiple-locus mod-
els of overdominance that incorporate epistatic
interactions, but it seems likely that if epista-
sis occurs, heteresis will not be a strong can-
didate for the maintenance of multiple-locus
polymorphism.

The model capable of maintaining the most
variation with the fewest assumptions involves
some form of frequency-dependent selection.
Even in relatively small populations, and as-
suming conventional mutation rates, high lev-
els of allelic variation can be maintained. For
ecxample, assuming that there are 30 alleles in
a population, selving equation (4) shows that
a new variant will carry a 10 per cent selective
advantage over alleles already extant.

If frequency-dependent selection operates in
a manner consistent with the gametophytic in-
compatibility systems of angiosperms, then at
equilibrium, all compatibility alleles should be
equally common. For natural populations of
clonal benthic invertebrates, there are no con-
clusive data favoring or opposing this predic-
tien. For allorecognition loci in mammalian
populations, most evidence suggests that al-
lelic frequencies are far from equal both within
and amoeng populations (Bodmer and Bodmer,
1978; Wakeland and Nadeau, 1980; Reimann
and Miller, 1983). Some have interpreted these
discrepancies between observed and expected
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frequencies as favoring either nonselection
models (e.g., Reimann and Miller, 1983), or
selection models in which specific alleles are
favored in particular environments or popu-
lations (Bedmer and Bodmer, 1978; Klein,
1979, 1982; Wakeland and Nadeau, 1980).

For low vagility organisms, there is little
doubt that the environment is heterogeneous
in terms of selection, perhaps even on very fine
spatial scales. Given, however, that allelic diver-
sity depends on the number and frequency of
selectively different patches, if the organisms
themselves were the major source of selection
on allorecognition loci, then spatially variable
and frequency-dependent models could be
considered as two sides of the same coin. For
example, individual fitness in several grasses
is known to be inversely dependent on kinship
of neighbors (reviewed in Bell, 1983). Simi-
larly, the strength of selection favoring the evo-
lution of pathogen resistance will be the result
of a balance between the fitness differences of
resistant versus nonresistant forms and the in-
tensity of selection (Levin, 1986). In turn, this
intensity will depend on the spatial distribu-
tion of the selection agent {i.e., can suscepti-
ble individuals leave an infected patch?} and
the frequency of patches that contain the
pathogen. The overall frequency of resistant
versus nonresistant varieties will therefore de-
pend upon (I} the fitness costs of being infected
versus being resistant, (2) the frequency of
patches with the pathogen, (3} the frequency
of pathogens within the patches, and (4) the
transmissibility of the pathogen.

A frequency-dependent model, perhaps in
combination with heterosis, would be the most
powerful appreach to analysing the evelution
of pathogen resistance under these circum-
stances, particularly if the spatial distribution
and frequency of specific pathogens changes
from host generation to host generation {(Gil-
lespie, 1975; Seger and Hamilton, 1988). Simi-
larly, if intraspecific interactions between al-
lotypes determine the fitnesses of different
allotypes, and if the spatial distribution of al-
lotypes changes from generation to generation,
then although selection undoubtedly varies
spatially within generations, the distribution
of “patches” varies across generations. Thus,
frequency-dependent models would be the
most appropriate analytical approach.

It is premature to accept or discard any of
these hypotheses. In the case of frequency-
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dependent selection, it is only with systems in
which alleles have no function other than to
control compatibility that equal-frequency
equilibrium conditions will occur. Whether
populations are in genetic equilibrium with re-
spect to (1) breeding structure, (2) natural se-
lection, (3) mutation, and (4) drift is an open
question on all counts. Indeed, it would be sur-
prising to find that the genetic architecture of
any natural population conformed exactly to
theoretical predictions. Moreover, the assump-
tion that the phenotypic effects of allorecog-
nition loci are limited to allorecognition spec-
ificity is probably a great oversimplification.

MECHANISMS MAINTAINING ALLOTYPIC
VARIATION

Any useful theoretical explanation for che
maintenance of allotypic polymorphism must
include a plausible mechanism. Measure-
ments of the genetic attributes of a population
can only be consistent or inconsistent with a
theoretical prediction; they do not provide a
mechanism by which the theory operates.
Neutralist models assume that allotypic vari-
ation has no functional significance, and the
burden is to show that this is so. Selectionist
models bear the opposite burden. Thus, ad-
vocates of both selectionist and neutral theories
would likely agree with the statement, “A con-
sequence of allotypic variation is to confer spe-
cific identities on genotypes within popula-
tions.” Neutralist models would assume,
however, that individuality is of no selective
importance. In contrast, selectionist models,
particularly those invoking frequency-depen-
dent selection, would assume that allotypic
variation is the result of natural selection favor-
ing individuality.

Twa conditions must be met for natural se-
lection te maintain allotypic variation by re-
stricting fusion or aggressive behavior. First,
fusion/nonfusion or agonistic behavior that is
conditioned on allotype must be selectively ad-
vantageous. Second, novel allotypic variants
must be favored and maintained. In this sec-
tion, I explore some of the phenotypic conse-
quences of allorecognition, emphasizing how
selection may act on allerecognition loci.

The Control of Fusion

In groups such as hydroids, sponges, and
colonial ascidians where contacts between
compatible individuals lead to clonal fusion
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and chimera formation, the absence of allo-
typic variation would lead to genotypically un-
restricted fusion, In this section, I examine
some of the potential benefits and costs of fu-
sion between genotypes.

There are several ecological and demo-
graphic circumstances in which fusion between
clones may provide substantial fitness benefits
(reviewed in Buss, 1980; Jackson, 1985; Gros-
berg and Quinn, 1986). First, because mem-
bers of small size classes are particularly sus-
ceptible to mortality (e.g., Wulff, 1986), fusion
between small individuals immediately in-
creases the total size of the chimera, and per-
haps survivorship, without the delay required
for growth (Buss, 1982; Jackson, 1985; Hughes
and Jackson, 1985). Where mortality is size-
dependent, one fusion partner or both of themn
(depending upon their relative sizes) may gain
survival benefits. Hidaka {1985) even showed
that juvenile corals fused more readily than
conspecific adults. Second, the initiation of
sexual reproduction often depends upon an
individual reaching a minimum critical size
(van Duyl, Bak, and Sybesma, 1981; Buss,
1982; Wahle, 1983; Winston and Jackson,
1984; Jackson, 1985; Kojis and (QJuinn, 1985;
Szmant-Froelich, 1985; reviewed in Harvell
and Grosberg, in press). Colony fusion per-
mits more rapid attainment of that size, and
consequently may lower age at first reproduc-
tion. In a growing population, or where post-
Juvenile mortality is high, such a decrease in
age at first reproduction may yield a substan-
tial gain in fitness (Lewontin, 19635; Gadgil and
Bossert, 1970; Schaffer and Gadgil, 1975;
Charlesworth, 1980; Buss, 1982). Third, fu-
sion potentially leads to the mixing of cells
from two genotypes. Just as asexual fragmen-
tation can decrease the risk of genotype extine-
tion by spreading clonal replicas through
space, colony fusion could decrease the risk of
genotype extinction by spreading a genotype
through a larger soma. This may be an espe-
cially important benefit in clonal organisms
that can suffer partial mortality.

There are, however, potential costs to fusion,
and the resulting mixing of genetically distinct
cell lines. In most clonal taxa, a line of stem
cells retains the competency to differentiate
into either gametes or somatic tissue through-
out the life cycle (Berrill and Liu, 1948;
Nieuwkoop and Sutasurya, 1981; Whitham
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and Slobodchikoff, 1981; Buss, 1982). Sab-
badin and Zaniolo {1979} showed that vascu-
lar fusion between allogeneic colonies of
Botryllus schivsseri led to the free exchange of
germ cells across the former boundary between
the two colonies. Under these conditions, one
member of a chimera could parasitize the other
(Buss, 1982, 1983). For instance, one in-
dividual composing a chimera would gain a
disproportionate share of gametic output by
restricting the differentiation of its stem cclls
to gametic pathways while using the somatic
tissues of the other member of the chimera for
maintenance as well as for provisioning ova
and for brooding embryos (Buss, 1982, 1983).
Displacement of one cell lineage at the expense
of another is known in chimeras of fungi
{Davis, 1959; Pittenger and Brawner, 1961);
myxomycetes {Clark and Collins, 1973); cel-
lular slime molds {Buss, 1982); sponges (Van
de Vyver, 1988); and colonial ascidians {Sab-
badin and Zaniolo, 1979).

The simple physiological union of two geno-
types may also pose substantial fitness costs to
one or both members of a chimera. Rinkevich
and Loya (1983) showed that there is oriented
translocation of photosynthate in coral chi-
meras. In addition, fusion provides a direct
path for the transmission of pathogens (Buss,
1982). Recently, Rinkevich and Weissman
{1987a,b) demonstrated that resorption of the
soma of cne member of a fused pair can occur
in Betryllus schiosseri.

It appears intuitively that individual selec-
tion acting to restrict allogeneic fusion could
represent a general and potent selection force
favoring the evolution of allorecognition and
allotypic specificity (Burnet, 1971, 1973; Buss,
1982). In a theoretical analysis of this prob-
lem, Grosherg and Quinn (1988) defined the
conditions necessary to favor rare allotypic
variants in a single-lecus, hapleid model. Let
¢7 be the net per-capita fitness cost of fusion
and & be the net fitness gain that s due to fu-
sion. The expected fitness of an allorecogni-
tion allele, ¢, upon which fusion is conditioned,
is then

W. =1 + Bl - o), (12)

where P, is the frequency of allele . Equation
(12} shows that the fitness of an allorecogni-
tion allele depends upon both its frequency and
the relative costs and benefits of fusion. If &f
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is greater than ¢, then W, will increase as P,
increases, and the allele will become fixed in
the population. However, if ¢ is greater than
&y, then as P, increases, W, decreases. Conse-
quently, rare alleles will be favored and allo-
typic variation will accumulate only when the
costs of fusion exceed the benefits. This raises
the question of why individuals should ever
fuse (Grosberg and Quinn, 1988).

One of the important effects of high levels
of allotypic variation is the restriction of fu-
sion to closely related individuals. Although
the costs and benefits of genotype fusion should
be adjusted according to the relatedness of the
fused colonies (Hamilton, 1964; Buss and
Green, 1985; Groshberg and Quinn, 1986), the
effects of kin selection have not yet been in-
corporated into mathematical models of the
evolution of allotypic specificity.

The Control of Agenistic Behavior

Virtually all cnidarians possess nemato-
cytes, highly specialized cells that contain ex-
trudable, often toxic, organelles, the nemato-
cysts (Mariscal, 1974). Nematocysts are used
to capture prey and to deter predators (Maris-
cal, 1974; Buss, McFadden, and Keene, 1984).
Nematocyst discharge may also be stimulated
by allogeneic contacts; nonself tissues are of-
ten damaged, and competitively inferior in-
dividuals may suffer decreased growth or
reproductive output, or be overgrown and
killed {sece references in Bigger, 1980; Ayre,
1983; Buss, McFadden, and Keene, 1984). For
example, allogeneic contacts between adult
colonies of the athecate hydroid Hydractinia
echinata often lead to the production of swollen,
nematocyst-laden, hyperplastic stolons (Schijfs-
ma, 1939; Miller, 1964; Toth, 1967; Ivker,
1967, 1968, 1972). In most cases, one of the
two interacting strains eventually overgrows
and kills the other (Ivker, 1972; Buss, McFad-
den, and Keene, 1984}. The outcomes of such
agonistic intraspecific encounters are poten-
tially of great ecalogical importance, for they
can influence the ability of a clone to main-
tain, or expand, the space it occupies {Francis,
1973a,b; Sebens, 1982; Ayre, 1983; Buss,
McFadden, and Keene, 1984).

In groups such as anemones and corals in
which allorecognition systems control the ini-
tiation of aggressive or defensive behavior and
the deployment of agonistic structures, the ab-
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sence of allospecificity would lead to either no
aggression or universal aggression. If univer-
sal aggression were the rule, then indiscrimi-
nate aggression against self would appear to
be evolutionarily unstable (sensu Maynard
Smith, [982) in the face of a strategy that re-
stricted aggression to unrelated individuals.
Alternatively, if the absence of allotypic poly-
morphism led to no aggression, then there
would be no costs associated with deploying
and being damaged by aggressive or defensive
structures. In this situation, individuals pos-
sessing rare alleles would face a disproportion-
ately large fraction of aggressive interactions
compared to individuals carrying common al-
leles, hence, the rare allorecognition alleles re-
quired to confer allotypic specificity would be
selected against (Crozier, 1986).

In a model similar in form to their fusion
analysis, Grosberg and Quinn (1988) demon-
strated that the fitness of an allorecogmition
allele, 7, that controls aggression, as a fune-
tion of its frequency, P, is defined by

W, =1 - ¢, + bJ2 + ci(P), (13

where W, is the fitness of allele ¢, ¢, is the per-
capita cost of aggression, and ; is the per-
capita benefit of aggression. Equation {13}
shows that W, increases linearly with P, as
long as there is some positive cost to aggres-
sive behavior. The cost/benefit differential has
no eftect on this relationship; thus, rare al-
lorecognition alleles will be selectively excluded
and allotypic palymorphism will not accurmu-
late. Even if it were advantageous to direct ag-
gression toward non-kin and away from kin,
the polymorphism underlying allotypic spec-
ificity will not evolve.

In this simple model, aggressive behavior
does not provide the selective impetus to main-
tain allotypic variation. Buss, McFadden, and
Keene {1984} suggested that the fitness costs
of fusion could maintain polymorphism in the
context of aggressive behavior. Grosberg and
Quinn (1988) have modelled this situation for
organisms such as the hydroid Hydractinia
echinata in which conspecilfic interactions lead
either to fusion between compatible genotypes
or aggression between incompatible genotypes.
Their analysis indicates that a model combin-
ing fusion and aggression can maintain allo-
typic variation, provided the net benefit of fu-
sion is less than that of aggression.
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Fletotropic Effects of Allorecognition Locy

There i3 growing evidence that allorecog-
nition loci have phenotypic consequences that
extend beyond the control of colony fusion and
intergenotypic aggression (Blaustein, 1983;
Jones and Partridge, 1983). Given such pleio-
tropic effects, allotypic variation could be
maintained by frequency-dependent selection
acting on traits other than individual specific-
ity (Neigel, 1988). Tivo pleiotropic models for
which there is some support include the con-
trol of gametic compatibility and the suscep-
tibility to pathogenic infection.

The major line of support for gametic com-
patibility models comes from studies on the
hermaphroditic colonial ascidian Betryifus
primigenus. The ovum of Botrylus is surrounded
by a diploid, maternally produced follicle. Oka
(1970} reported that sperm sharing an al-
lorecognition allele with the follicle are unable
to fertilize the egg within. Scofield et al. {1982)
provided similar evidence for an allorecogni-
tion-based block to fertilization in their studies
of a Monterey Bay population of B. schlosseri.
Such a fertilization block caused by the allo-
recognition mechanism would result in fre-
quency-dependent selection acting in a man-
ner analogous to angiosperm gametophytic
incompatibility systems. Although such a
pleiotropic effect is a plausible mechanism for
maintaining allotypic polymorphism, data on
other populations of Botrylius, as well as of the
solitary ascidian Halocynthia roretzi (Fuke, 1983)
are inconsistent with previous findings {Sah-
badin, 1982). It remains unknown whether ga-
metic and somatic compatibility are function-
ally correlated in other clonal taxa.

Although very little is known of pathogenic
defensive mechanisms of invertebrates, the
“host-evasion/pathogen-detection” hypothesis
provides a frequency-dependent means for the
maintenance of allotypic variation in mam-
malian, plant, and bacterial defense systems
(Bodmer and Bodmer, 1978; Levin, 1986;
reviewed in Seger and Hamilton, 1988). This
hypothesis rests on the simple assumption that,
unless the entire genome is used as a standard
of comparison of self with nonself, any self/
nonself discrimination system is imperfect.
Some allogeneic, or xenogeneic, individuals
will simply not be detectable as nonself. Levin
{1986) makes a similar argument with his
“immunological-window” hypothesis for the
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maintenance of variation in bacterial restric-
tion-modification systems. Clarke (1979: 464)
summarizes the idea, “A parasite in an im-
munologically competent host could protect
itself from attack by reducing its antigenic dis-
parity with the host, and ‘mimicking’ the host’s
antigens. This would produce selection in
favour of antigenically variant hosts that could
damage the parasite”

The “host-evasion/pathogen-detection” hy-
pothesis supposes that selection should act on
pathogens to minimize disparity between their
haplotypic markers and those of their hosts.
In contrast, selection should act on hosts to
maximize disparity between a host’s and patho-
gen’s haplotypic markers so that the pathogen
may be immunologically detectable. Thus,
pathogens that are antigenically undetectable
should be at a selective advantage relative to
those that are detectable as nenself. The mag-
nitude of this selective advantage to a patho-
gen will depend on the frequency of invadable
hosts. From the host’s perspective, a host that
bears self markers that are rare is unlikely to
be matched by a pathogen, because (I) such
a pathogen has not evolved or {2) the rarity
of such a host confers little selective advantage
to an antigenically similar pathogen. Once the
host’s haplotype increases in frequency, selec-
tion should act to increase the frequency of any
pathogen which is antigenically similar to the
host (hence, can evade immunological detec-
tion). Eventually (ie., at equilibrium), the
pathogenic load on the once-rare host haplo-
type will decrease its selective advantage so that
it no longer increases in numbers; selection will
then favor a host-haplotype that is novel and
not mimicked by any common pathogen. In
this way, the fitness of a host haplotype will
be inversely proportional to the frequency of
pathogens that carry a matching haplotype,
and the fitness of a pathogen’s haplotype will
be directly proportional to the frequency of
matching host haplotypes. In other words, se-
lection to avoid pathogens should favor rare
host haplotypes, and the strength of selection
will depend on the frequency of pathogens
capable of evading detection —the more there
are, the greater the intensity of selection favor-
ing the rare host genotype that can detect the
most common pathogens. Sclection is thus
frequency-dependent on both host and patho-
gen haplotypes, and will favor host haplotypes
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that are distinct from the haplotypes of patho-
gens. A number of theoretical analyses (re-
viewed in Seger and Hamilton, 1988) indicate
that such frequency-dependent selection will
operate strongly, and polymorphism will be
most likely to accumulate, when pathogenic
generation times are short relative to those of
the host.

CONCLUSIONS

In the context of natural allogeneic interac-
tions between sedentary, clonal invertebrates,
theoretical analysis suggests that the costs of
allogeneic fusion may be a potent means by
which frequency-dependent selection can
maintain allotypic variation, It is less clear,
however, how the costs and benefits of aggres-
sive behavior can directly or indirectly main-
tain allotypic specificity.

Pleiotropy can account for the maintenance
of allotypic variation, but does not explain why
agonistic behavior in cnidarians is so often con-
ditioned cn allotype. For such an association
to evolve, there must be some benefit to allo-
typically conditioned aggression. Yet, Gros-
berg and Cluinn {unpub.) have shown thar ag-
gressive behavior conditioned on allotypic
matching is not evolutionarily stable in the face
of either an unconditicnally aggressive or an
uncenditionally passive phenotype. If spatial
structure is added to the medel such that in-
teractions are strongly biased toward match-
ing allotypes, there is no qualitative change in
the outcomes (Grosberg and Quinn, unpub.).
Nonetheless, the commonly observed pattern
of spatial association of similar allotypes sug-
gests that a complete theoretical analysis
should incorporate selection acting at the level
of kin groups or demes, and not be limited to
the level of the ramet or genet.

Buss and Green (1985) proposed that the
existence of allorecognition and alletypic spec-
ificity in organisms that generally do not con-
tact allogeneic individuals represents an evolu-
tionary relict from their clonal ancestors. This
may be correct; for the reasons discussed in
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this paper, however, it is difficult to see how
the polymorphism required to confer specific-
ity could be maintained in the absence of se-
lection. Yet, even in the absence of allogeneic
interactions, the manifold pleiotropic effects
of allotypic variation confound any simple
analysis of the mechanisms maintaining al-
lospecificity. For example, in other taxa, prod-
ucts of allorecognition loci are thought to regu-
late {I) immunological responses and the
intensity ol such responses (McDevitt and
Benacerraf, 1969; Klein, 1982; Matzinger and
Zamoyska, 1982); (2) tissue differentiation
(Bodmer, 1972); (3) patterns of mate-choice
(Boyse, Beauchamp, and Yamazaki, 1983;
reviewed in Jones and Partridge, 1983) and ga-
metic compatibility (Mattiuz et al., 1970; Oka,
1970; Esser and Blaich, 1973; Scofield et al.,
1982); and (4) kin recognition and the distri-
bution of altruistic acts among members of a
population {Beecher, 1982; Lacy and Sher-
man, 1983; Buss, McFadden, and Keene,
1984). All of these mechanisms may play im-
portant, but as yet unspecified, roles in con-
trolling levels of allotypic variation in sessile
clonal invertebrates.

Some form of frequency-dependent or vari-
able selection appears to be the most likely ex-
planation for the maintenance of allotypic vari-
ation. However, until more is known about the
genetic architecture of natural populations, the
fitness consequences of allogeneic interactions,
and the nature and magnitude of the pheno-
typic effects regulated by allorecognition loci,
any general theoretical and mechanistic expla-
nation for the maintenance of allotypic varia-
tion and individuality must remain elusive.
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