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ABSTRACT Sex-allocation theory predicts that the evo-
lution of increased rates of self-fertilization shouid be accom-
panied by decreased allocation to male reproduction (sperm
production and broadcast). This prediction has found support
in planis but has not previously been tested in animals, which,
in contrast to biotically pollinated plants, are free of compli-
cations associated with incorperating the costs of attractive
structures such as petals. Here we report rates of self-
fertilization as well as proportional allocation to male repro-
ductive tissues within popualations of the simulianeous her-
maphrodite Utterbackia imbecillis, a freshwater mussel. Indi-
viduals from popualations with higher selfing rates devoted a
lower proportien of reproductive tissue to sperm production
{corrclation = —0.99), in support of theory.

The evolutionary theory of sex aliocation is particularly ame-
nable to experimental analysis because itg predictions are
framed in terms of offspring numbers or energy devoted to
male and female reproductive processes {1). Much of the
theoary is directed at understanding sex-allocation patterns
within and among taxa based on the principle of optimization
by natural selection (2-8). The theory applies both to sex ratios
of offspring in dioecious organisms as well as to the proportion
of reproductive energy devoted to each sexual function in
hermaphrodites. sFot+hermaphradites-practicingsome=self-
Hertilizationytheotypredietsthatiigher-pepulation-levelself-
dRgsrates-should-select-for-lowersproportional-investment-in
smalefunctionéspermprodaction) (3, 5, 9-11). This prediction
has not previously been tested in animais. Theoretical predic-
tions as well as experimental tests of sex aliocation should be
more straightforward in animals than in biotically pollinated
plants, where the costs and benefits of pollinator attraction
must be guantified. Among animals, experimental tests should
be most straightforward in groups that do not engage in
behaviors, sach as egg trading {12, 13), that might be open to
cheating .-Hereswesreport-rates-of-self-fertilizationas=well-as
Jraportional-alocation:tosmale«reproductive=tissues within
populations of the simultaneous hermaphrodite Urterbackia
nnbecillis, a freshwater mussel.

The proportion of reproductive energy optimally devoted to
male versus female function in 2 hermaphrodite should depend
on several factors, including the population selfing rate and the
shapes of curves relating allocation to sex-specific fertility.
When there is no self-fertilization, hermaphrodites are ex-
pected to devote equal resources to each function whenever
the two fitness-gain curves have the same shape; otherwise,
optimal allocation is greater in the sex function for which
success increases more rapidly with investment {14). As the
mean selfing rate of a population increases, however, an
individual’s opportunity for fitness gain through sperm broad-
cast is reduced. The energy spent on sperm broadcast would be
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better spent on female processes, such as production of eggs
and maturation of young. Increased selfing therefore favors
decreased male allocation (11). This is analogous fo selection
in dioecious organisms for reduced male-progeny sex ratio
when local mate competition reduces opportunities for male
suceess (2, 5). Other factors expected to influence optimal
ajlocation have also been studied in theoretical models, in-
cluding level of inbreeding depression, potential effects of
male allocation on an individual’s selfing rate, and investment
in pollinator attraction (11, 15, 16). The models have found
that although these factors may influence the optimal male
allocation, the latter nevertheless should decline as higher
selfing rates evolve.

MATERIALS AND METHODS

Study Species. Ufterbackia imbecillis Say (Mollusca: Bi-
valvia: Unionidae) is a freshwater mussel inhabiting lakes,
ponds, canals, rivers, and creeks of eastern North America
{17). As in all unionid species, the larval period begins in brood
pouches (i, interlameliar area of the gills) of the egg-
producing parent and continues as a parasite of the gills of
fishes. Adults are relatively sessile. Seven of the approximately
300 North. American -unionid species -are simultaneous her-
maphrodites (18), and comparative analyses suggest that in
each case hermaphroditism -is -the - derived condition (19).
Hermaphroditic individuals occasionally can be found in dio-
ecious species {17). Sperm and eggs are released through a
common gonoduct, and self-fertilization has been experimen-
tally confirmed in the sofe hermaphroditic species tested for
this purpose (20).

Selfing Rate. We determined electrophoretic genotypes at
nine presumptive protein-encoding loci for individuals of
seven populations of U imbecillis. All individuals located at
cach site (population) were sampled. Starch—gel electrophore-
sis (21) performed on nongravid gill tissues that had been
cleaned and stored at —70°C revealed one or two polymorphic
loci per population. Voucher specimens (#253580) have been
deposited in the Mollusk Division, Museum of Zootogy,
University of Michigan. All populations exhibited polymor-
phism at a maximum of one or two loci. Estimated selfing rates
were calculated as S = 2 F/{1 5 F), where F was the inbreeding
coefficient (fixation index; ref. 22). In the case of two poly-
morphic loci, § was calculated from the average F. The
inbreeding coefficient measures deviations from Hardy-
Weinberg genotypic proportions expected under random mat-
ing: F = 1 — Hepserved/Hexpected, where H is the proportion of
heterozygotes. Because types of inbreeding other than selfing
also cause nonzero F, § estimated in this way is best considered
as the effective rate of self-fertilization within the population,
Under any consistent mixture of self-fertilization and outcross-
ing, F, and therefore §, rapidly achieve equilibrium. F valves

*To whom reprint requests should be addressed. e-mail: mark,
johnstonrdal.ca.

#Present address: Department of Zoology, Miami University, Oxford,
OH 45056. e-mail: hochwr@miavxl.acs.nuohio.edu.



618 Evolution: Johaston ef al.

for loci with more than two alleles (which occurred only in the
dioecious species) were determined with the program BIOSYS-1
(23). Hypothesis tests were conducted with a nonparametric
bootstrap {24) as foilows. For each of 10,600 iterations,
genotypes of individuals were randomly sampled with replace-
ment N times, where N is the number of individuals in the
population, and the expected heterozygosity was calculated
from allele frequencies under the hypothesis of random mating
(S = 0}. One-tailed P value for the null hypothesis § = {, versus
the alternative § > 0, was determined as the proportion of
iterations in which the expected heterozygosity exceeded the
observed heterozygosity of the original data. One-tailed P
value for the null hypothesis § = 1, versus the alternative § <
1, was determined as the proportion of iterations in which the
heterozygosity was zero.

These selfing-rate estimates for U, imbecillis were based on
the mixed-mating model, in which it is assumed that a fraction
S of progeny is produced by self-fertilization and the remain-
der, by random mating. Noazero selfing rates were inferred
when the proportion of homozygons genotypes exceeded
predictions from random mating. Increased homozygosity,
however, can also result from biparental inbreeding. Such
inbreeding can occur in both hermapbroditic and dicecious
species when, for example, a small number of related individ-
uals establish mating populations. To test the possibility that
the U, imbecillis seifing-rate estimates were strongly affecied by
types of inbreeding other than self-fertilization, we additionally
performed the electrophoretic and statistical analyses on two
closely related dioecious species, U. peggyae {seven popula-
tions) and I/, peninsularis {six populations) (25).

Sex Allocation. Animals were collected from each of the
seven sites, fixed for 12 hr in 10% buffered formalin, and
preserved in 70% ethanol dtzwassimpossibla=tordisseetand
wweigh:spermatoegenicrand-ongenicatissues-heeansesthey-ntor-
digitatewiththe digestivetractand-othertissues. The male and
female reproductive allocations therefore were determined as
follows for each animal. *Hoursequidistant«cross-sections

sthrough.thevisceralumass.resulted in.five tissueavedgessthat
sweres-serially-dehydrated-in-inecreasingsconcentrations<ofpro-
spanoixcleared.withexylenep-and<embedded-in-paraffin(26).
Microtome sections {7 wn) were mounted on slides treated
with Haupt's adhesive, stained with Delafield's hematoxylin to
show spermatozoan miclei, and counterstained with eosin Y to
show oogenic tissue. sAreasyofspermatogen ygenic
«tissuesswerethenmeasured-fromveach of the fivepasitionsby
susingra-dissecting-microscope-equipped-with-a-video-camera
«and=thespublic-domain-image-analysis-systemrNHEIMAGE (W,
Rasband, versions 1.59 and 1.60, available via anonymous file
transfer protocol (ftp) from zippy.nimh.nih.gov/pub/nih-
image). Microtome slices from the first wedge were taken from
the posterior side, whereas those from the other four were
from the anterior. Therefore, the areas from wedges one and
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two were averaged before summing with the remaining three
to obtain a total integrated ares for each tissue type. Propor-
sional-male.allocation-for-eachiindividual was:thesumofthe
Jfour.spermatogenic.areas-divided-by-the-sum=of.the-four
Sspermatogenicand-fotiroogenicareas.

Statistical Significance of the Correlation. Bootstrap re-
sampling was conducted within popuiations for both propor-
tional male allocation and rate of self-fertilization, 5, as
follows. For each of 10,000 bootstrap iterations: mean pro-
portional male allocation for each population was calcutated
by resampling with replacement N times, where N was the
number of individuals sectioned; each population seifing rate
was calculated by sampling genotypes with replacement n
times, where n was the number of individuals of known
genotype (locus chosen with probability 0.5 in populations with
twa polymorphic loci). § was calculated from F as described
carlier. Because deviations from the nuli hypothesis of no
relationship are expected only in one direction {negative), the
one-tailed P value was calculated as the proportion of 10,000
regressions for which the slope (or correlation) was greater
than or equal fo zero.

RESULTS

Estimated rates of self-fertilization, $, ranged from 0.15 to 1.00
for individual populations and from ~-0.04 to 1.00 for individ-
ual loci {Table 1). Three of the seven populations were
uninformative with regard to mating system, because S could
not be statistically distinguished from either zero or one. The
most useful estimates therefore came from the remaining four
populations, in which the selfing rate could be distinguished
from zero, one, or both (Table 1). Two-popudations, Oklawaha
River. {§-=.0.15) and Dead -River-Lake (§ = 0.25), ‘were
predominantly outcrossing. Seifing rates were not distinguish-
able from zero but were significantly less than one. The two
remaining populations exhibited high selfing rates that signif-
icantly exceeded zero. The value for Suntree Pond (§ = 0.85)
was aiso less than one, confirming its intermediate rate,
Suwannee River Canal (5 = 1.00) contained only double
homozygotes, as expected with two loci and complete selfing.

For the two dioecious species, the mean “selfing” rate
among populations was —0.06 for U. peggyae and —0.16 for U,
peninsudaris (Table 2). Significance tests confirmed that there
was 10 evidence of biparental inbreeding in either dioecious
species, because in each case selfing-rate values were signifi-
cantly less than one but were indistinguishable from random
mating (§ = 0). In contrast, the average selfing rate among
populations for U. imbecillis populations was 0,70, an inter-
mediate value statistically distinguishable from both zero and
one (Table 2).0-imbecillis populations differed-sigaificantly in
-average proportional allocation to spermatogenic tissue (sce
Table 3; P < 0.0007, n = 37 individaals, Fratio == 5.4, df = 6,

Table 1. Locations and estimated rates of seif-fertilization in seven populations of
Utterbackia imbeciilis
Seifing f=
Population N Locus rate Hy S =40 Hy § =1
Olklawaha River, Marion Co., FL 24 aat -{1.04 0.73 (L36
pem 0.30 009 0.0001
Dead River Lake, Jackson Co., MS 7 pgi (.25 0.22 0.02
Little River, Gadsden Co., FL 5 fum 0.69 0421 (.33
Mill Creek, Jackson Co., IN 12 aat 0.57 0.25 0.12
pgm .86 0.08 0.35
Suntree Pond, Brevard Co., FL 33 aat 0.85 0.003 0.05
Pickering Creek, Chester Co., PA 12 aal (.86 06,08 0.36
Suwanznce River Canal, Dixie Co., FL 34 aat 1.00 0.0001 1.00
fum L.00 00001 Loo

N, number of individuals; Hy, null hypothesis.
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Table 2. Estimared mean rates of self-fertilization in the
hermaphroditic Utterbackin imbecillis and its divecious congeners,
U. peggvae and U, peninsularis

Mean P <

No. of selfing No. of
Species populations  rate loci Hp: S =0 Hp § =1
U, imbecillis 7 .70 16 0.008 .02
U. peggyae T -0.06 1B .23 0.008
U. peninsularis 4 -016 12 0.50 0.02

One-tailed P values were determined using Fisher’s sign test with
one observation pes population. Hy, null hypothesis.

R? = (1.52). Spermatogenic tissue was most abundant in the
anterior portion of the visceral mass and declined posteriorly
(P <9 % 107% n = 170, F ratio = 10.8, df = 4, R? = (.21).
Oogenictissue was feast abundant in the anterior and posterior
portions of the visceral mass (P < 0.001, n = 170, Fratio = 4.9,
df = 4, R? = (.11). As a result, the proportional allocation o
spermatogenic tissue declined from (.55 anteriorly to 0.11
posteriorly (£ < 107%, n = 170, F ratio = 21.6, df = 4, R? =
0.34), Individuals within populations did not contribute sig-
nificantly to overall variation in proportional allocation (gen-
eral linear model with individuals nested within populations,
P <013, 1 =170, F ratio = 14, df = 30, R? = (.39).

Omiteing the three populations with uninformative selfing
rates, the regression of average proportional male allocation
(a} on selfing rate ($) was @ = 0.68 — 0.36 5, and the Pearson
product-moment correlation coefficient was ~0.99 (P val-
ues = 0.021 for both slape and correlation).

DISCUSSION

Previous experimental studies of sex aliocation in simulta-
neously hermaphroditic animats often have focused on mating-
group size and competition among individuals to fertilize eggs
(iocal mate competition). Theory predicts that individuals
should reduce proportional male aliocation as mating-groop
size decreases and causes local mate competition to increase.
The theory is supported by data from fishes (12, 27-29) and a
barnacle (30). The selective effects of local mate competition
can be explained in several ways (see refs. S and 31), To
understand the analogy with self-fertilization, consider a re-
duction in mating-group size. Competition among individuals
to fertilize eggs will increase. As a result, the fitness retumns per
unit of male investment begin decelerating at a lower invest-
ment than it a larger group. Local mate competition therefore
seiects for decreased allocation to male function in hermaph-
rodites and for lower male-progeny sex ratios in dioecious taxa

Table 3.. Mean proportional allocation to spermatogenic tissue in
seven populations of Unterbackia imbecillis, listed in order of
increasing selfing rate .

Proportional male

allocation
Population zMean (95% Ch)
Oklawaha River B6E 0.59-0.64
Dead River Lake bt 0.40-0.77
Littie River

6119 (.09-0.28

N N N N T =

Mill Creek k% 0.16-0.32
Suntree Pond (50 0.34-0.49
Pickering Creek )35 (.19-0.51
Suwannee River Canal 0:30- 0.24-0.36

. For each individual, total spermatogenic and cogenic areas were

- determined by sumiing over four equidistant cross-sections through

the visceral. mass. Confidence intervals (CI) were determined as
ordered -observations 230 and 8,750 from 10,000 bootstrap random
samples {with replacement) of N individuals for each population. &,
number of individuals. -
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(2-5, 12, 31-33). Similarly, as self-fertilization increases, the
pool of eggs available to be fertilized by outcrossed sperm
diminishes, and each sperm, or unit of male investment, is
competing for fewer available eggs (5, 11).

The present study found that mussels in populations with,

higher rates of self-fertilization devoted a lower proportion of *
reproductive tissue to -sperm production. -Male allocation

ranged from about .3 to 0.6. In Rivulus marmaratus (Cypri-
nodontidae), a simultaneously hermaphroditic fish with a very
high natural selfing rate, Harrington (34} reported male allo-
cation to be approximately (L3, one-tenth the value found in
the most highly selfing mussel popuiation. The correlation
between selfing rate and proportional male investment previ-
ously has been investigated oaly in plants, which display great
evolutionary lability in mating systems. Among unrelated
angiosperm taxa, it has long been appreciated that highly
selfing species, as often judged by floral-morphological char-
acteristics, produce less pollen than highly outcrossing species
(35-37). Ltoyd (38) found that pollen production in species of
Cotula (Asteracese) judged more iikely to be outcrossers was
lower than i species judged to be more highly selfing. Among
nine species of wind-pollinated herbs, the effort {mass) de-
voted Lo anthers relative to seeds was lower in self-compatible,
and therefore potentially self-fertilizing, species than in self-
incompatible (n = 1} or diocecious species (n = 2) (39).

Correlations between selfing rate and sex allocation can be
measured only when the mating system is quantified. Genetic
markers can be used to estimate population selfing rates either
from inbreeding coefficients (22), as in the present study, ot by
analysis of progeny genotypes (40, 41). Furthermore, tests are
best conducted between closely related species or populations
within species, so that unmeasured factors do not confound the
correlation. There are very few studies meeting both criteria,
and all have found a negative relationship (42). With selfing
rates ranging from 4.04 to 0.85 among seven populations of
Gilia achilleifolia (Polemoniaceae), an insect-pollinated an-
nual, Schoen (43) found the correlation between proportional
male allocation and selfing rate to be approximately —(.99,
simifar to the value found in the present study. A similaz
aegative correlation (approximately —(1.9) occarred among six
populations of Eickhornia paniculate (Pontederiaceae), where
selficg rates ranged from 0 to (.9 {44). The correlation was
approximately —0.5 among eight closely related species of
Mimulus (section Simiolus, Scrophulariaceae), amang which
selfing rates ranged from 0.31 to 0.84 (45). The Mimulus
allocations were measured at flowering and therefore omitted
seed praduction, which is the major portion of female alloca-
tion. It seems likely that the absolute vatue of the correlation
would be somewhat increased if measured at the froiting stage,
as was found by comparing the two measures in Eichhornia
(44). A negative but statistically nonsignificant refation was
Tound among Jamaican populations of Turnera wlmifolia
{Tarneraceae), where selfing rates ranged from 0 to (.31 {46).
In the only study of a wind-pollinated plant, Charnov {16)
investigated 31 varieties of wild rice, Oryza perennis (Poaceae),
and found a correlation of —(1.84 between selfing rate and the
ratio of anther mass to seed mass, a measure of male allocation
slightly different from that used in the other studies.

Our method assumed that the relevant componeats of
reproductive allocation have been measured. Brooding may
represent an unmeasured female cost, given that some extra
tissue is devoted to gills and that larvae may reduce food intake
of the parent. We were, however, concerned with the decline
of male allocation with selfing rate, rather than absolute
measures of allocation. It seems untikely that incorporating
costs of brooding would have much effect on this relationship.
Our method furthermore assumed that the cost per tissue area
remained constant at all ievels of allocation. Unequal true
costs per area for male and female tissues would apain change
the abselute aliocations but not the pattern of decline, Gonads
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might also mature at slightly different rates within seasons,
which would introduce some error into the estimates of sex
allocation (17). Such error should not be systematic, because
our collections occurred throughout the reproductive season.

The mussel populations showed great variability in mating
system, from nearly complete ontcrossing to complete seifing.
Evolution of rates of self-fertilization depends on the balance
of several ecological and genetic factors, as well as on phylo-
genetic history:sForsexampleypself-fertilization:shonld:besad-

svantageousswhen-thesprobability-of-successful.outerpssing.is:

dowjasqn colornizatisnrevents=(47). Seif-fertilization further-
more transmits two gene copies to each offspring, as compared
with one through outcrossing. This genetic transmission ad-
vantage automatically selects for increased selfing rates unless
checked by other factors, such as lowered fitness of progeny
from selfing (inbreeding depression) or reduced success
through sperm hroadeast (sperm or pollen discounting} (48).
In addition, mutations causing large increases in the selfing
rate can increase in frequency regardless of the level of
inbreeding depression, because individuals bearing such mu-
tations will form a subpopulation that is largely genetically
isolated (49).
=Rrevioustrepottson timbeciliissuggested-thatlow-mate
characteristicofhigh-densityycentralsrangepop-

«(#7): Those reports, however, measured the
ratic of male to female areas, rather than male to total. They
furthermore failed to determine areas throu ghout the visceral
mass, reporting this to be relatively constant, in disagreement
with the present resulis.

The generality of sex-allocation theory will be determined
only by examining diverse taxa, and current sex-ailocation
theory is framed in terms that should apply equally to plants
and animals. Hermaphroditism and self-fertifization are com-
mon among the vascular plants (50) but proportionally rarer
among animal species. Nevertheless, several animal phyla,
such as mollusks, include both dioecious and hermaphroditic
grouwps (51, 52) in which it should prove profitable to investi-
gate the evolutionary forces acting on rate of self-fertilization.
Testing sex-allocation theory in plants often involves measur-
ing investment in attractive structures and then either assign-
ing a fraction of the investment o male and female function
{53} or determining the effects of attraction on success through
male function, female fupction, and seif-fertifization (15).
Animals, in contrast, do not attract or pay biotic agents to
transfer gametes and should therefore prove especially nseful
for straightforward tests of many predictions of sex-allocation
theory. These tests ideally will be not made among higher taxa
but rather among closely related populations or species, where
it is most likely that the sefective forces are currently operating
{ref. 3, p. 123).
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