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The larvae of C. capitata occupy a discontinuous environment constituted by rotting fruits of several plant species. The
consequences of this condition on the genetic structure were studied in a natural population by analyzing the
polymorphism at the Est-1 (pupal esterase) locus by means of Wright’s fixation indices. The results indicate that each
fruit is colonized by a finite and small number of inseminated females (about four). The relations among the
corresponding Fig, Fr and Fgy indices of each one of the three alleles detected in the population was not the same and
the genotypic frequencies in the whole population differed from Hardy—Weinberg expectations, suggesting that some

kind of selection might be acting on the Est-1 locus or linked loci.

INTRODUCTION

Ceratitis capitata is a widespread pest feeding on
a wide range of fruits of commercial value.
Although research on methods of genetic control
of this organism 1is in progress in several
laboratories all over the world, the study of the
genetic structure and the adaptive strategy of
natural populations have not received enough
attention in this species.

The population genetics approach is of great
importance since it may contribute useful informa-
tion, such as the effective population sizes, the
migration rates among neighbouring populations,
the origin of colonizing populations, the occur-
rence of selective differences among genotypes, etc.

One of the requirements to perform an analysis
of the population structure is the occurrence of
genetic variation for some discrete character such
as chromosome configurations or isozymal
markers. This kind of variation is very often found
in organisms such as Drosophila, a genus where
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population genetics studies are most abundant (see
Dobzhansky et al., 1980; Hedrick, 1983; etc.). In
C. capitata, on the contrary, a very low degree of
genetic variation has been detected in most studies
using isozyme electrophoresis (Morgante et al.,
1981; Kourti et al., 1985; Gasperi et al., 1987,
Saidman et al.,, 1987) and the few studies on poly-
tene chromosomes (Bedo, 1986; Zacharopoulou,
1987) have not contributed to population genetic
analyses yet. However, Cladera (1981) described
genetic variation for a pupal esterase locus in
laboratory strains, which suggested the possibility
of finding such variation in natural populations
too.

Given the occurrence of genetic variation, the
genetic structure of C. capitata may be studied
taking advantage of its reasonably well known
ecology. Natural populations of this species do not
occupy a uniform environment. Rather, this
environment is divided into a finite number of
discrete, ephemeral and heterogeneous patches
(the fruits) each one of them used as a breeding
and feeding site by an unknown, but probably
small, number of individuals (Feron, 1962).
Indeed, C. capitata feeds and breeds on the matur-
ing fruits of several commercial and wild plants.
Each rotting fruit is quite ephemeral and, most
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probably, useful for only one generation, with a
relatively narrow oviposition window.

In this paper the occurrence of variation for
the pupal estarase locus (Est-1) was confirmed in
an Argentine population and an analysis of the
structure was performed by means of the F-statis-
tics (Nei 1977; Neiand Chesser 1983). This method
allows one: (1) to quantify the genetic differenti-
ation among breeding sites, (2) to determine
whether the heterogeneity for allelic frequencies
has occurred at random or whether any other pro-
cess such as selection must be invoked, and (3) to
estimate the average number of mating pairs that
contribute to the population at each breeding site.

MATERIALS AND METHODS

The collection site was located at Castelar, 25 km
West of Buenos Aires, Republica Argentina. It is
a plantation of peach and peach x almond hybrid
trees at the INTA-Castelar Experimental Station.
The area sampled involved two blocks of approxi-
mately 1 ha each, one of peach and the other of
hybrid trees.

About 60 maturing fruits found to host C. capi-
tata larvae were collected and brought to the
laboratory on 9 February 1988. In order to avoid
competition as much as possible and to increase
the number of pupae to be obtained from each
substrate, the fruits were opened and placed on a
dish with 40 m! of medium (Teran, 1977). The dish
with the rotting fruit was placed into a cylindrical
container with a sandy litter into which the third
instar larvae jump just before becoming pupae.
Each fruit received an identifying number indicat-
ing also the tree from which it came.

Each rotting fruit was observed every two days
during 2 weeks and the pupae obtained were
picked up and frozen in liquid air until the
electrophoretic assay was performed. Only the
fruits from which the genotype of at least five
pupae could be obtained were included in the
analysis. Thus, nine peaches from five trees and
eight fruits from five hybrid trees were finally
chosen.

The genetics of the Est-1 locus was described
by Cladera (1981) employing starch gel electro-
phoresis. In the present study a better separation
of bands was obtained using 7 per cent poly-
acrylamide gels.

In laboratory strains, Cladera (1981) described
two alleles, testing through progeny analysis the
genetic basis of this system. In the present study
chemical evidence was considered to confirm the

homology of the bands observed in the natural
population with those of the laboratory strains.
These involved the use of six different substrates:
1-naphthyl acetate (1-NA), 2-naphthyl acetate (2-
NA), 1-naphthyl meristate (1-NM), 1-naphthyl
laurate (1-NL), 1-naphthyl butirate (1-NB) and
naphtol ASD-acetate (Naphtol-ASD). The
criterion employed was that bands with similar
affinities with all substrates are to be considered
as produced by the same locus (allozymes) (see
Saidman and Naranjo, 1982).

DATA ANALYSIS

The genetic structure of the studied population
was analysed by means of Wright’s (1951, 1965)
fixation indices (F;g, F;r and Fgr). These indices
were defined by Wright as the correlation between
uniting gametes relative to the subpopulations (=
rotting fruits) (F,s) and relative to the total popula-
tions (Fi1). Fsr, in time, is the correlation of ran-
dom gametes within subdivisions relative to the
total population.

Nei (1977) has shown that F-statistics can be
reformulated and defined as a function of observed
and expected heterozygosites, rather than correla-
tion of uniting gametes. Nei’'s method may be
applied to any situation independently of the
occurrence of selection or of the number of alleles
segregating at a locus. However, this method does
not take into account the differences in sample
sizes among subpopulations. To overcome this
difficulty, Nei and Chesser (1983) proposed a cor-
rection for the estimation of the indices.

In the present analysis the method employed
was that of Nei and Chesser (1983) and calcula-
tions were made using the computer program pro-
posed by Vilardi (1989).

RESULTS
The Est-1 locus in the wild population

The wild population here studied proved to be
polymorphic for the Est-1 locus, showing three
alleles (fig. 1). Two of them, Est-1° and Est-1° are
the same as those described by Cladera (1981); a
third allele ( Est-°) was detected in this population
for the first time.

Since this locus is expressed in the prerepro-
ductive stage and Est-1° occurs in a frequency
relatively low in the population sampled, homozy-
gous lines have not been obtained so far which
allow demonstration of homology of this allele
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Figure 1 (a) Zymogram showing the bands corresponding to the locus Est-1. A light band faster than that corresponding to the
allele Est-1* is also observed, but its genetic basis has not been studied so far. (b) Schematic representation of the zymogram.

with Est-1* and Est-1° by means of progeny tests.
However, though no controlled crosses were made,
the homology of this new allele with those pre-
viously described is supported by chemical eviden-
ces and the combinations of bands observed. The
relative intensities of reaction of all three alleles
with the different substrates were as follows:
2-NA > 1-NA > 1-NB > 1-NM = 1-NL > Naphtol
ASD. The patterns observed involved either one

band (EST-1?, EST-1° or EST-1°) or two bands
(EST-1*-EST-1°, EST-1>-EST-1° or EST-1°-EST-
1°). Three bands patterns were not observed among
about 350 sampled individuals.

Within fruit analysis

Table 1 shows the raw data obtained from the
electrophoretic analysis of 1 or 2 days old pupae
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Table 1 Absolute genotype frequencies, estimates of Fig; and relative allelic frequencies for the Est-1 locus in pupae of Ceratitis
capitata taken directly from the rotting fruits of peach (A) and peach x almond hybrid (B) trees. Letter headings (A, D, etc.)

identify the tree from which fruits were collected

A

Tree A D F G S

Fruit No. 1 2 22 23 27 30 33 58 59
Est-1*® 2 5

Est-1*® 1 2 6 14 7 10
Est-17¢ 1

Est-1%® 2 3 5 9 8 6 4 3
Est-1%° 7 5 6 7 7
Est-1°° 5 2 3 1
Total 9 9 10 15 15 10 25 21 21

| -0-6 —-0-3521 —0-2105  0-082 -0-2174 10 -0-1016 —0-0832 —0-3333
freq. a 0 0-055 0-250 0-200 0-200 0 0-480 0 0
Fisia — -4x1071%  —0-29 0-61* -0-22 — -0-10 — —
freq. b 0-611 0-667 0-200 0-600 0-800  0-800 0-520 0-563 0-700
Fisiv -0-60  —0-45 -0-20 —0-08 -0-22 1-0* —-0-10 -0-30 0-60
freq. ¢ 0-389 0-278 0-550 0-200 0 0-200 0 0-437 0-300
Fisic -0-60  —0-33 0-82*  —0-22 — 1-0* — 0-30 0-60
B

Tree I (6] Q
Fruit No. 38 39 50 51 52 53 54 56
Est-1*2 1 1

Est-1*® 2 4 6 13 5 11
Est-12°¢ 1

Est-1®° 3 3 4 9 12 3
Est-1* 3 1 5 6 1 1 9 2
Est-1¢ 2 1 1 1 3
Total 8 5 13 12 22 23 27 19

Fis; 0-3 0-6 —-0-0267 —0-236 —0-4055 —0-3781 -0-1217 —-0-0734
freq. a 0-192 0-250 0-136 0-282 0-092 0-289 0-167 0-238
Fisia 0-29 015 -0-14 —-0-38 —0-08 —-0-38 -0-18 —-0-29
freq. b 0-577 0-417 0-614 0-696 0-704 0-500 0-524 0-548
Fisin -0-06 —0-69* —0-62* —0-42* -0-23 —0-34 —0-31 —0-62*
freq. ¢ 0-231 0-333 0-250 0-022 0-204 0-211 0-309 0-214
Fisic —0-26 —-0-08 -0-31 -107% —-0-01 0-70* 0-24 0-03

* Significant Fig;, values.

taken after jumping from the rotting fruits. The
number of individuals of each genotype along with
the unified fixation index for all alleles in every
rotting fruit (F5) are indicated. This index
measures the discrepancy between the observed
and expected (according to Hardy-Weinberg)
frequencies of heterozygotes in each fruit. Negative
values indicate an excess of heterozygotes and vice
versa (Nei 1977).

About 70 per cent of rotting fruits showed
excess of heterozygotes. This determined that the
weighted average of Fig; (Fis) was negative. Nega-
tive F;s values are expected when the number of
inseminating females breeding on a single sub-
strate is relatively small (see Robertson, 1965,
Rassmussen, 1979; Santos et al., 1989). In such
cases, the frequency of heterozygotes, in absence
of selection, will exceed Hardy-Weinberg expecta-
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tions by a proportion of 1/2N where N is the
effective number of parents per subpopulation (=
fruit). However, in the present case the excess of
heterozygotes seems not to be of general occur-
rence when the alleles are considered separately.

Est-1" was present in only 13 of the rotting
fruits analysed, and the excess of heterozygotes
was observed in ten of them. The weighted average
of Fis values for this allele, Fis, was negative,
though the only significant Fig;, was positive, and
tested by the method of Li and Horvitz (1953), the
average was not significant (see below). Est-1°
showed excess of heterozygotes in 14 fruits. In 4
of them the Fg;, was significant and a sign test
(comparison of expected 0-5:0-5 distribution
against the observed by means of a chi-square test
for goodness of fit) indicated a tendency towards
an overall excess of heterozygotes (y;i=7-1; P=
0-008). The F;s, was markedly negative (—0-2).
On the contrary, Fis. was strongly positive. The
individual values (Fg;.) were positive in seven and
negative in eight fruits, but three of the positive
values were significant.

This differential behaviour of the three alleles
suggests that the small number of breeding parents
on each fruit is not the only factor determining the
deviations from the expected genotypic frequen-
cies in each rotting fruit.

Among fruit analysis

The allelic frequencies were compared among sub-
strates by means of a contingency table analysis.
The results indicated highly significant
heterogeneity among rotting fruits (y3,=104-28;
P <107°). This differentiation was mainly due to
alleles Est-1* and Est-1° which were absent in some
fruits, while Est-1° was present in all subpopula-
tions.

Analysis of population structure

The average allelic frequencies as well as F-statis-
tics obtained from the within and among fruit
analysis are given in table 2. As previously
observed in the within fruit analysis, F-statistics
vary with allele. The significance of the averages
(F;sx) may be tested according to the method of
Li and Horvitz (1953) (x*= N Fi). The chi-square
values for the alleles Est-1° and Est-1° are sig-
nificant (y3=10-29 and 5-07 respectively, P <
0-05). Furthermore, according to the within-fruit
analysis, a tendency towards an excess of hetero-
zygotes involving Est-1° and a deficiency of hetero-
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Table 2 F-statistics for the Est-1 locus of C. capitata

Average
Allele frequency  Fig Frrx | S
Est-1* 0-1667 -0-0824 0-0109  0-0862
Est-1° 0-5905 =0-1975  -0-1346  0-0525
Est-1¢ 0-2428 0-1386 0-1992  0-0703
Weighted —-0-0607 0-0100  0-0667
average

zygotes for Est-1° was observed. On the other hand,
Fis.. 1s nonsignificant.

The weighted average of Fg, values, Fig, is
negative, indicating a slight excess of heterozygotes
when considering simultaneously all three alleles.
The among-fruit heterogeneity (see among fruit
analysis) compensates the excess of heterozygotes
for Est-1° yielding a slightly positive Fip,.
However, this does not hold for the other alleles,
which showed F g, and Fq values of the same
sign.

A global chi-square test for goodness of fit may
be applied to test the significance of F;y (table 3).
It shows that in the whole population the observed
genotypic frequencies differ from the expected
ones (x3=33-94; P<107°). As expected from the
results of F-statistics, a partition of this chi-square
demonstrates that the departure from the expecta-
tions are mainly due to alleles Est-1° (y3=12-33)
and Est-1° (x;=7x92), while for Est-1* con-
sidered individually the expected and observed
frequencies agree very well (x=0-31).

All this information suggests that there are dis-
crepancies between observed and expected
genotypic frequencies that cannot be explained
only as a result of the founder effect associated
with the colonization of each fruit.

The Fgr values were, however, relatively
homogeneous, but it is worth noting that the high-
est value corresponded to Est-1?, which is the only
one in which the F-statistics agree with the expecta-
tions for random differentiation.

Table 3 Comparison between observed and expected
genotype frequencies by an x” test of goodness of fit

Genotypes Observed Expected
Est-122 9 10-44
Est-1*° 8S 62-24
Est-1*¢ 2 21-88
Est-1°® 79 92:77
Est-1% 70 65-21
Est-1°¢ 19 11-46

X3=3394; P=2x107".
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The randomness of differentiation may be
tested in some cases by a method based on Nei
(1965) which consists of the comparison of the
observed with the expected correlations between
allele frequencies (Santos et al., 1989). The expec-
ted correlation between the gene frequencies of
the mth and nth alleles may be estimated by the
formula:

1/2

r(m,n)= _(pmpn/(l _pm)(l _Pn))

(Nei, 1965; Nei and Imaizumi, 1966), where p,,
and p, are the arithmetic means of the allelic
frequencies over the subpopulations studied.

The expected and observed correlations are
shown in table 4. The highest difference correspon-
ded to the correlation between Est-1* and Est-1°,
which tend to be more dissociated than expected.
Unfortunately, with the present data it is not poss-
ible to test statistically these differences according
to the method described by Sokal and Rohlif (1981,
pp. 583-591). With the number of fruits obtained
in the present study, the confidence interval covers
almost the whole scale of negative correlations and
it is almost impossible to detect significant
differences.

Table 4 Observed and expected correlations between allelic
frequencies of the Est-1 locus

Correlations

Allelic pair Observed Expected
Est-1*-Est-1° ~0-4385 -0-5371
Est-1*-Est-1° —0-4674 —0-2533
Est-1°-Est-1° -0-5896 —0-6800

Within and among tree analysis

If the rotting fruits are grouped according to the
tree from which they were collected the results of
the F-statistics are consistent with the previously
described ones. There is a within tree excess of
heterozygotes for Est-1° and deficiency of
heterozygotes for Est-1°. The Fis, for Est-1° is
higher than that observed for individual fruits, but
of lower magnitude than that of Est-1°.

The heterogeneity among trees is of the same
order as that among fruits since the Fgr values
were very similar. This heterogeneity, as in the
analysis of rotting fruits does not compensate the
within-tree departures from Hardy-Weinberg’s
expectations in respect to Est-1° and Est-1°.

Analysis of variation between host species

A contingency table was made to compare
genotypic frequencies between peach and peach x
almond hybrid fruits. The results indicate that
allelic and genotypic frequencies are homogeneous
between the two kind of hosts (y2=3-75; P=
0-568). The departures from Hardy-Weinberg’s
expectations were of the same order in both
samples.

DISCUSSION

The population studied here exhibited variation at
the Est-1 locus with an heterozygosity (H) (Nei
1975) of 0-57. This value is very high taking into
account the low genetic variability obtained in
most previous isoenzymatic studies (Morgante et
al, 1981; Kourti et al, 1985; Mukiama, 1985;
Gasperi et al, 1987, Saidman et al, 1987). One
explanation for this contrast is that the locus
studied in this case is active during the pupal stage,
while all the previous studies dealt with adult loci.

The population structure is quite different
according to the life stage considered and, con-
sequently, there may be differences in the amount
of genetic variability detected in each stage. For
the adults the environment may be considered as
fine-grained (see Levins, 1968; Dobzhansky, 1970;
Valentine, 1976) since an adult fly is able to visit
many fruits during its life. On the contrary, once
an egg is laid on a certain fruit, it must reach the
prepupal stage (late third instar larvae) within this
fruit, that is, its environment is coarse grained. The
genetic strategy may therefore result in different
degrees of variability in adult and previous stages.
This hypothesis could be tested through the analy-
sis of other systems in larvae or pupae.

The analysis of the genetic structure performed
in the present study does not allow us to estimate
with certitude the number of breeding pairs con-
tributing to each rotting fruit because the differen-
tial behaviour of each allele does not allow us to
reject the occurrence of selection. However, if this
process is ignored, the number of founders of each
breeding site may be obtained according to the
expression:

N =-1/(2F;s) (Long, 1986; p. 639).

and for the present population it would be about
eight, i.e., four breeding pairs. Though this number
is not a good estimate, it agrees with the assump-
tion of a finite and small number of founders per
rotting fruit. The among tree analysis leads to a
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similar conclusion, because with an average of two
fruits analysed per tree, the Fs is nearly half that
obtained among individual fruits, giving approxi-
mately eight breeding pairs per tree (or every two
fruits).

The differential behaviour of the alleles and
the discrepancies between observed and expected
genotype frequencies indicate that some kind of
selection must be acting either on the locus con-
sidered or on closely linked loci. The analysis of
the expected and observed genotype frequencies
and the correlation of frequencies of allelic pairs
suggest that Est-17 and Est-1°tend to be less associ-
ated than the expected, that is, the selection is
acting against the heterozygotes Est-1*°. However,
the other heterozygous genotypes are in excess, in
such a way that the whole frequency of hetero-
zygotes is not in deficit.

In Drosophila buzzatii from Spain (Santos et
al., 1989) the number of breeding pairs ovipositing
on each Opuntia ficus-indica rotting pad was esti-
mated in about five on the basis of the inversion
polymorphism of the fourth chromosome pair,
which behaved as neutral for larval viability. The
Fgr observed in that case, approximately 0-05, was
considered the consequence of random differenti-
ation. On the other hand, the Fgy for the second
pair, which was a little higher (0-07), was con-
sidered as the result of random differentiation plus
larval viability selection caused by environmental
heterogeneity.

In the present case, the value of Fsr (0-067) is
near the one obtained for the second chromosome
pair of D. buzzatii, and from the similar structure
of the population and the Fjs indices, it seems to
be reasonable to assume that the number of foun-
ders ovipositing on each breeding site is similar to
the one estimated for that species, that is, the
number of females ovipositing per fruit probably
is not too different from the estimation of four.
The low number of ovipositing females is not unex-
pected because females deposited a marking
pheromone during ovipositor dragging on the fruit
surface after egglaying that reduces the degree of
host fruit discovery and oviposition by other med-
flies (Prokopy et al.,, 1978, 1987).

One possible source of error in such estimations
would occur if each female is able to oviposit in
several fruits instead of just one. The consequence
of such situation would be a lower differentiation
(Fst) than that expected for the estimated number
of founders (according to Fis). Fgr represent the
inbreeding coefficient caused by one generation of
drift and it should be equal to 1/2N (see Hedrick,
1983, p. 245), i.e., Fsr should be equal to —Fs (see
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above). The actual results in the present work and
in that of Santos et al. (1989) fitted very well with
this expectation (Fsy=—Fs), supporting the
assumption that each female oviposited virtually
in just one fruit.

The comparison between genotype frequencies
on the two kinds of hosts, peach and almond x
peach hybrids, did not show differences. Both
allelic and genotypic frequencies are virtually the
same and also the population structure does not
vary in the different hosts. Since in both samples
the deviation from Hardy-Weinberg expectations
are the same, selection acts in the same way in
both kinds of fruits.

The present results contribute to the analysis
of the genetic structure of C. capitata populations
giving a useful piece of information for genetic
control programs if the estimation of the number
of females contributing to each breeding site can
be confirmed by studies based on other systems
where the assumption of selective neutrality can
be fulfilled. In any case, the assumption of a limited
and small number of breeding pairs on each rotting
fruit seems to be tenable and its estimation would
be useful for determining the effective population
size of natural populations of this insect pest.
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