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Selection component analysis of the
Mpi locus in the amphipod
Platorchestia platensis
John H. McDonald Department of Ecology and Evolution,

State University of New York at Stony Brook,
Stony Brook, New York 11794, U.S.A.

Genotype frequencies of gravid females and their offspring, of non-gravid females, and of adult males were measured
for the Mpi locus in a natural population of the amphipod Platorchestia platensis. These gave tests of gametic, sexual,
fecundity and zygotic selection. The genotype distribution of adult males was significantly different from that of adult
females. There were more heterozygous males than expected, suggesting that zygotic selection and not immigration
produced the difference between the sexes.

INTRODUCTION

Few studies of enzyme loci have attempted to
measure selection in natural populations. Fewer
still have measured more than one component of
selection; among the only loci for which gametic,
fecundity, sexual, and zygotic selection have been
measured in natural populations of animals are
the loci coding for esterase in Zoarces viviparus
(Christiansen et al., 1973, 1977), lactate dehy-
drogenase in Porcellio scaber (Sassaman, 1978),
phosphoglucose isomerase in Sphaeroma
rugicauda (Heath et a!., 1988), and three loci in
Peromyscus maniculatus (Nadeau and Baccus,
1981, 1983; Snyder, 1983). All components but
fecundity have been measured for two loci in Gam-
marus oceanicus (Siegismund, 1985a). Such
studies may help answer a number of questions
about selection and enzyme loci: Could enzyme
polymorphisms be maintained by simple one-locus
overdominance, or are more elaborate models
needed? How large are fitness differences among
genotypes of enzyme loci? Is variation in fitness
so large that selection resulting entirely from the
enzyme locus itself is unlikely?

Like many other peracarid crustaceans, the
amphipod Platorchestia platensis is a suitable
species in which to measure components of selec-
tion. Females carry the eggs and newly hatched
young in a brood pouch. Newly released young
remain, like adults, nestled under wrack in the
upper intertidal zone; there is no planktonic stage.

The main breeding season is in the spring.
Although a few individuals which are born in the
spring breed in the summer or early fall, most
breed when they are a year old, then die by mid-
summer (Bock, 1967; Morino, 1978; Behbehani
and Croker, 1982); thus generations are largely
discrete and non-overlapping. The main breeding
season on the north shore of Long Island lasts
from early May to late June (J. H. McDonald,
unpublished observations).

The Mpi locus in P. platensis codes for the
enzyme mannose-6-phosphate isomerase
(EC 5.3.1.8). The two alleles at this locus, Mpi9°
and Mpit00, exhibit a consistent pattern of geo-
graphic differentiation, with Mpi9° more common
on protected beaches than on exposed beaches
(McDonald, 1987). The regularity of this pattern
is evidence that it results from selection, although
not necessarily that selection is ongoing in every
population. Here I report evidence ofzygotic selec-
tion within a single population.

METHODS

Sample collection

All samples were collected from a beach on the
west side of Setauket Harbor, on the north shore
of Long Island, New York. Amphipods were cap-
tured by hand from under the debris at the high
tide line. On 2 May 1986 and 25 April 1987, females
carrying eggs were collected for analysis of fecun-



244 J. H. McDONALD

dity; each was put into an individual vial to prevent
loss of eggs. The eggs were removed from the brood
pouch and counted, and the females were lyophil-
ized and weighed. On 6 and 8 May 1986 (the "early
May 1986" sample) and 29 and 31 May, 1986 ("late
May 1986"), females carrying newly hatched
young or well-developed embryos were collected.
These females could be distinguished in the field
from those females with eggs and less-developed
embryos, because eggs and early embryos are blue,
while late embryos and hatched young are orange.
These females were also kept in individual vials,
and after removing and counting the young, four
offspring from each female were saved for elec-
trophoresis. Males large enough to be distin-
guished from females in the field were collected
on 6 and 8 May 1986, and included in the early
May 1986 sample. Males collected on 10 June 1986
were included in the late May 1986 sample. On 6
and 8 May 1987 ("early May 1987") and 15 and
16 June 1987 ("mid-June 1987"), all individuals
except recently released young were collected,
including gravid females, non-gravid females, and
adult males. Because all of the hypothesis tests
requiring offspring were far from significant in the
1986 samples, the tedious task of collecting large
numbers of the few females carrying hatched
young was not attempted in 1987.

Electrophoresis

Electrophoretic methods are given in McDonald
(1987). Adult amphipods were lyophilized and
weighed before electrophoresis; this had no effect
on the allozyme patterns. All the individuals run
were successfully scored. Females and their
offspring were run on separate gels and scored
independently, to avoid any bias against dis-
cordant results.

Data analysis

I sampled four offspring from each brood because
I hoped to use the extended selection component
analysis of Siegismund and Christiansen (1985),
which requires at least three offspring per mother.
This method depends on the assumption of single
paternity of each brood; unfortunately, results
from a multi-allelic peptidase locus indicated that
some broods of P. platensis had more than one
father (J.H. McDonald, unpublished data). There-
fore I used the simple selection component analysis
of Christiansen and Frydenberg (1973). Because
this analysis does not assume single paternity of
broods, it confounds male gametic and sexual

selection in a single test and fails to detect certain
patterns of non-random mating and male sexual
selection. The sequence of hypotheses tested and
the methods of testing used here follow Chris-
tiansen eta!. (1973, 1977), with two modifications:
(1) Estimates of transmitted male gamete frequen-
cies were made using all four offspring of each
female. The sample size of each gamete was
divided by four for the statistical tests, as if only
one male gamete per female had been sampled. In
fact many broods contain both male gamete types;
since in the initial analysis all of the tests involving
male gametes were far from significance, the statis-
tical contortions required to extract the maximum
information about male gametes seemed
unnecessary. (2) Instead of chi-square tests, G-
tests of heterogeneity and goodness-of-fit were
used throughout the analysis (Sokal and Rohlf,
1981). Where a component was analysed in more
than one sample, the total G value is the sum of
the G values from each sample.

RESULTS

The selection component analysis consists of a
series of hypothesis tests, several of which depend
on acceptance of the preceding null hypothesis.
Christiansen and Frydenberg (1973) provide a
detailed discussion of the methods, assumptions
and limitations of each test. The data are shown
in table 1 and the results of the analysis in table 2.

Female garnet/c selection

In the absence of gametic selection in females, half
the offspring of heterozygous females should be
heterozygotes. This expectation is unaffected by
multiple paternity, so all the offspring of heterozy-
gous females were used. These was no evidence of
gametic selection in females. Of 300 apparently
homozygous females, none carried offspring with
the other homozygous phenotype, so there was no
evidence for null alleles in this population. This is
in contrast to Mpi in G. oceanicus, where 4 of 223
homozygous females with offspring had discordant
offspring, indicating a null allele with a frequency
of 001 (Siegismund, 1985b).

Random mating

The paternal allele can be inferred for all offspring
except heterozygous offspring of heterozygous
females. Having accepted the hypothesis of no
female gametic selection, the frequency of each
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Table I Mpi genotype counts in samples of P. platensis

Sample date
Adult
genotype

Offspring
Gravid
females

Non-gravid
females Males100/100 100/90 90/90

2 May 1986 100/100
100/90
90/90

—
—
—

—
—
—

—
—

26
58
21

—
—
—

—

—

Early May 1986 100/100
100/90
90/90

225
157
0

199
287
123

0
136
109

106
145
58

—
—
—

98

172

52

Late May 1986 100/100
100/90

90/90

186

175

0

130

323

131

0
138

97

79

159

57

—
—
—

53

105

39

25 April 1987 100/100
100/90
90/90

—
—
—

—
—
—

—
—
—

86

139

57

—
—

—
—
—

Early May 1987 100/100
100/90
90/90

—
—
—

—
—
— —

317

492
242

191

337
149

378

656

256

Mid-June 1987 100/100

100/90

90/90

—
—
—

—
—
—

—
—
—

128

239
120

69
146

57

147

271

95

mother-offspring combination was used to esti- per female, when in fact the data consist of four
mate paternal allele frequencies. There was no offspring per female.
evidence of non-random mating. The
heterogeneity in inferred paternal allele frequency Female sexual selection
among female genotypes appears smaller than
would be expected by chance alone; this is because In 1986 only gravid females were collected, and
the test conservatively assumes only one offspring therefore female sexual selection could not be

Table 2 Results of the selection component analysis

Null hypothesis Sample G df P

No female gametic selection Early May 1986
Late May 1986
Total 1986

006
016
022

1

1

2

080
069
090

Random mating Early May 1986
Late May 1986
Total 1986

001
014
015

2
2
4

10
093
10

No female sexual selection Early May 1987
Mid-June 1987
Total 1987

148
181
329

2
2

4

048
040
051

No adult viability selection in females 1986
1987
Total

583
438

1020

4
4
8

021
036
025

No adult viability selection in males 1986
1987
Total

144
066
211

2

2

4

049
072
072

Equality of cohorts in females
Equality of cohorts in males

Total
Total

388
110

2
2

014
058

Equality of male gametes among samples
No male gametic or sexual selection

1986
Total

080
001

1

1

037
094

Equality of zygotic selection in sexes Total 731 2 003
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tested. The early May 1987 and mid-June 1987
samples included all adult females, so that
genotypes of females with eggs or young could he
compared with genotypes of non-gravid females.
Because females breed at different times during
the breeding season, this is not a complete test of
sexual selection, as the non-gravid females include
those which have not yet bred and those which
have already bred and have released their young,
along with any genuinely non-breeding females.
There was no significant difference in genotype
distribution between gravid and non-gravid
females, and thus no evidence of female sexual
selection. Gravid and non-gravid females were
therefore pooled for the remaining tests.

Fecundity
The effect of genotype on fecundity was analyzed
using an analysis of covariance, with dry weight
of the female as the covariate (table 3). This tests
only the number of offspring per brood; a true
measure of lifetime fecundity also needs informa-
tion on the number of broods each female pro-
duced. There was no significant difference in
weight-specific fecundity among genotypes in any
of the four samples. Weight-specific fecundity was
about 14 per cent lower for females carrying
embryos or young (early May 1986 and late May
1986) than for females carrying eggs (2 May 1986
and 25 April 1987). This difference represents
either death of embryos or release of young before
capture.

Adult viability
In both 1986 and 1987, one sample of males and
two of females were collected early in the breeding
season, and one sample of each sex was collected
later. A difference in genotype distribution between
samples from different times in the breeding season
would indicate either viability selection operating
on adults or migration from a genetically different
population. Because differences between the sexes
had not yet been tested, the samples from different

times were compared separately for each sex. There
were no significant differences among samples in
either sex, so with no evidence for adult viability
selection all the samples from each year were
pooled for the remaining tests.

Temporal stability of the population

A central assumption of the selection component
analysis is that the population is at equilibrium.
This was tested by comparing the 1986 and 1987
adult cohorts. A temporal difference in genotype
distribution would indicate either a directional
trend or a difference in the way selection affected
each cohort. There was no significant difference in
genotype frequency between the 1986 and 1987
adults in either sex, so samples from the two years
were pooled for the remaining tests.

Male gametic and sexual selection

Because of the multiple paternity of broods, only
allele frequencies of male parents, not genotype
frequencies, can be estimated. Therefore patterns
of over- or underdominant selection which did not
change allele frequencies would not be detected.
In addition, male gametic and sexual selection are
confounded into a single test of the hypothesis that
the allele frequencies in the transmitted male
gametes are the same as those in the adult males.
The inferred male gamete frequencies in the two
1986 offspring samples were first compared; they
were not significantly different and were pooled.
The pooled sample of male gametes was then com-
pared to the total adult male sample. They were
not significantly different.

Juvenile zygotic selection

The first test involving this component compared
the genotype distributions of adult males and
females, to determine whether juvenile zygotic
selection—differences in viability occurring before
adulthood—had the same effect on each sex. The
genotype frequencies of the two sexes were sig-

Table 3 Results of analysis of covariance of fecundity

Sample

Weightadjusted fecundity

N F P100/100 100/90 90/90

2 May 1986
Early May 1986
Late May 1986
25 April 1987

212
198
236
222

217
209
239
223

201
206
224
222

105
340
198
282

078
153
082
001

046
022
044
099
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Table 4 Genotype frequencies

Genotype

N100/100 100/90 90/90

Expected zygotes 0294 0496 0209 —

Females 2 May 1986
Early May 1986
Late May 1986
25 April 1987
Early May 1987
Mid-June 1987
Total

0248
0343
0268
0305
0294
0260
0288

0552
0469
0539
0493
0-480
0507
0493

0200
0188
0193
0202
0226
0233
0219

105
309
295
282

1728
759

3478

Males Early May 1986
Late May 1986
Early May 1987
Mid-June 1987
Total

0304
0269
0293
0287
0291

0534
0533
0509
0528
0519

0161
0198
0198
0185
0190

322
197

1290
513

2322

nificantly different, largely because of a greater
frequency of heterozygotes and a smaller
frequency of Mpi909° homozygotes in males com-
pared with females (table 4).

If the preceding null hypothesis, that zygotic
selection affected the sexes equally, had been
accepted, the next step would have been to pool
the sexes and test for juvenile zygotic selection by
comparing the observed genotype distribution in
adults with the zygotic distribution expected under
Hardy-Weinberg assumptions. However, since
there is a significant difference in genotype distri-
bution between the sexes, the sexes cannot be
pooled. instead the expected distribution is calcu-
lated by taking into account the difference in allele
frequency between the sexes, yielding a slightly
higher frequency of heterozygotes than the usual
Hardy-Weinberg proportions. The genotypic dis-
tribution of each sex can be compared to this
expected zygotic distribution; the difference was
barely significant for males (G =637, P = OO4,
2 df) but not for females (G =2O7, P = O36, 2 df).
These tests are not, however, independent of the
test of the difference between the sexes: a difference
in allele frequencies between the sexes would cause
the genotype distributions of the sexes to differ
from each other, and it would also cause the distri-
bution of each sex to differ from the expected
distribution derived from both sexes. The com-
parison of each sex with the expected zygotic distri-
bution may provide information about the magni-
tude and nature of selection, but the selection
component analysis must stop with the rejection
of the hypothesis that juvenile zygotic selection
affects the sexes equally.

DISCUSSION

Adult male P. platensis differed significantly in
genotype distribution from adult females. Before
accepting zygotic selection as the cause of this
pattern, several other possibilities must be con-
sidered.

(a) Scoring errors. When dealing with such
small deviations from expectations, a few system-
atic scoring errors could cause a serious problem.
Mpi in P. platensis produces one or two clear,
well-separated bands of equal staining intensity,
with no evidence of "ghost" bands. Very few
individuals needed to be repeated due to faintness
or gel defects, and all individuals were scored for
Mpi. It is also difficult to imagine how scoring
errors could differ between the sexes.

(b) Cryptic species. The only other amphipod
which is found in the same habitat, Orchestia gril-
lus, has MPI allozymes which have much slower
mobility than those of P. platensis.

(c) Size-biased sampling. The 1986 samples of
males contained only males large enough to be
sexed in the field. In 1987 I attempted to catch all
amphipods seen, but there may have been an
unconscious bias towards the more conspicuous
and slower moving large individuals. Any
difference in size between genotypes might there-
fore cause apparent differences in genotype
frequencies. All the adults were lyophilized and
weighed; analysis of variance of log-transformed
dry weights did not reveal significant heterogeneity
in dry weight among genotypes for any sample of
either sex, so size-related artifacts do not seem to
be a problem.
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(d) Immigration. The Mpi locus exhibits a
repeated pattern of geographic differentiation,
with the Mpi9° allele more common on protected
than on exposed beaches (McDonald, 1987). The
Setauket Harbor site sampled here is intermediate,
both geographically and in allele frequency,
between the exposed and protected beaches in the
area. If the sexes differed in the amount of
immigration from a beach with a different allele
frequency, a difference in genotype distributions
could result. However, such population mixing
would produce a slight deficit of heterozygotes;
since males had an excess of heterozygotes over
expected proportions, population mixing seems
unlikely to be the sole cause of the observed
pattern.

Having eliminated such causes, a difference in
juvenile zygotic selection between the sexes seems
the most likely explanation, and gives one of the
few examples of a sex-related difference in viability
selection at an autosomal enzyme locus. The
importance of treating the sexes separately in
studies of selection can he appreciated by consider-
ing the consequences of failing to distinguish males
and females in this study. There would have been
a slight excess of heterozygotes compared with
Hardy—Weinberg expectations (F, = —0'013), but
it would have been quite non-significant (G =
103, P = 031, 1 df).

The fitness of each Mpi genotype relative to
the heterozygote was estimated for adult males,
adult females, and combined adults (with both
sexes weighted equally). These fitness estimates

Table 5 Relative fitnesses of genotypes at allozyme loci

(table 5) should be used with caution. The
genotype distribution was significantly different
from expected zygotic proportions only in adult
males, and that test was not statistically indepen-
dent of the earlier test of the difference between
the sexes. Because tests of some components in a
selection component analysis are quite weak
(Christiansen and Frydenberg, 1973), large
differences in other components of fitness easily
could have been undetected. For comparison, rela-
tive fitnesses were also calculated for several other
studies which have demonstrated selection at
enzyme loci in natural populations of animals
(table 5). In each case, the fitnesses relative to the
genotype with the greatest fitness are listed. These
are all partial fitnesses involving a single selection
component, not overall net fitnesses.

One question which can be examined is
whether simple overdominance might maintain the
polymorphism. At five of the eight loci listed
(including the non-significant result for total
zygotic selection of Mpi in P. platensis), the
heterozygote had the greatest fitness. This is
sufficient to maintain a two-allele polymorphism.
The homozygote of the rarer allele had higher
fitness for two components of selection of Pgi in
S. rugicauda; however, gametic selection favoured
the common allele in a way that could yield a
balanced polymorphism (Heath et a!., 1988). The
common homozygote had higher fecundity than
heterozygotes for Pgi in Asellus aquaticus (Shihab
and Heath, 1987 a); seasonal changes in genotype
frequencies, and field cage experiments, indicate

Fitness

Species Locus Component aa ah hh Reference

Platorchestia p/at ensis Mpi Zygotic in males 095 1 087 1

Platorchestia plalensis Mpi Zygotic in females 094 095 1 1

Platorchestia platensis Mpi Total zygotic 097 1 096 1

Asellus aquaticus Pgi Fecundity 1 063 — 2
Co//as eurvtherne Pgi Male sexual 033 1 — 3

CoIias eurrrheme G6pd Male sexual 023 1 - 4
Colias eurvtheme Pgm Male sexual 045 1 — 4
Perornvscus maniculatus Adh Female sexual 053 1 042 5
Porcellio scaber Ldh Zygotic 088 1 064 6
Sphaeroma rugicauda Pgi Zygolic 071 043 1 7
Sphaeroma rugicaudo Pgi Fecundity 081 085 1 8
Zoarces viriparus Est Zygotic 097 094 1 9

aa: most common homo7ygote; oh: most common heterozygote; bb: second most common homozygote. All homozygotes
and all heterozygotes were pooled for Co//as eurvtherne. Mean fitnesses were calculated over six samples for Porcellio scaber.
Juvenile zygotic selection in Sphaeroma rugicauda was calculated from the difference in genotype distribution between samples
from August (newly released young) and June (adults). References: (1) This study; (2) Shihab and Heath, 19870; (3) Watt
et a!., 1985; (4) Carter and Watt, 1988; (5) Nadeau and Baccus, 1981; (6) Sassaman, 1978; (7) Edwards and Heath, 1983a;
(8) Edwards and Heath, 1983b; (9) Christiansen et at, 1977.
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that zygotic selection may favour heterozygotes at
some times of the year (Shihab and Heath, 1987b).
Heterozygotes appeared to have the lowest zygotic
fitness at the Est locus in the fish Z. viviparus, and
extensive studies have not revealed a counteracting
selection component that would result in a bal-
anced polymorphism (Christiansen et a!., 1973,
1977); one possibility is that heterozygotes swim
slightly faster and were better able to escape being
caught in the nets.

When selection is detected in natural popula-
tions, it is unknown whether the differences in
fitness result entirely from the locus examined or
whether other loci in gametic disequilibrium also
contribute. Since only a few independent loci could
simultaneously exhibit large variation in fitness,
an observation of such large variation suggests that
a group of loci in gametic disequilibrium may be
responsible. For example, a male heterozygous for
the Pgi locus in Colias eurytheme is three times as
likely to mate as a homozygote, and a male
heterozygous for G6pd has over four times the
mating success of a homozygote (table 5). In con-
trast, the fairly small differences in fitness among
Mpi genotypes in P. platensis leave open the possi-
bility that selection may result entirely from the
Mpi locus itself.
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