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ABSTRACT

Genetic variation at 25 enzyme loci (64 alleles) has been con-
sidered in the attempt of an intra-species analysis of Ceratitis
capitata. Twenty-seven hortologous loci (122 alleles) were selected
to elucidate the relationships among Ceratitis capitata, Ceratitis
rosa, Trirhithrum coffeae and Capparimya savastonoi of the
Trypetinae subfamily. Two ordination approaches have been used
for electrophoretic data: Principal Component Analysis (PCA) and
cluster analysis through a tree representation. At the species level,
for C. capitata ordination by means of PCA enabled the geographic
and seasonal intraspecific differentiation to be recognized. At higher
levels of taxonomy, when applied to species and genera, PCA has
been used as an alternative to cluster analysis. Nei distance and
UPGMA procedure have been used in both levels of systematic or-
dination. For species-genera level, genetic distances have been
calculated using also Rogers, Cavalli and Edwards methods (UPGMA
and Wagner procedure). The cophenetic correlation, and other
measures, have been examined as measures of goodness of fit. All
the trees give the same topology. C. savastanoi samples present the
greatest range of distance. C. capitata appears closer to T. coffeae
than to C. rosa. The disagreement between electrophroretic trees
and the existing conventional systematic is discussed. Elec-
trophoretic keys for distinguishing the immature stages of
Trypetinae are proposed.

KEY WORDS: Trypetinae - Electrophoretic data - Principal Com-
ponent Analysis - Cluster Analysis - Biochemical keys - Phylogenetic
trees.
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INTRODUCTION

The Tephritidae flies have not been submitted to
careful taxonomic revision for many years, most of the
information being scattered descriptions based on
traditional taxonomy (Cogan & Munro, 1980; Hancock,
1984, 1987). The existence of morphological overlap
among the higher taxa categories creates the main dif-
ficulty.

The need of alternative approaches has been stressed
by many authors (White, 1987), an example being the use
of immunological techniques (Kitto, 1983). At lower taxa
categories, several independent approaches have already
provided significant information both on variability and
on affinities between different taxa; members of the sub-
family Trypetinae provide an example of this situation.
Economically important genera such as Ceratitis, Cap-
parimyia, Rhagoletis and Anastrepha, are usually
treated as members of the Trypetini tribe in the
Trypetinae subfamily (Grandi, 1951). Ceratitis and allied
genera, have often been given a subfamily status,
Ceratitinae (Hancock, 1984). However, the current
arrangement and the phylogenetic relations of the above
mentioned genera are still disputed. New subgenera are
proposed to accommodate several species (Hancock,
1984, 1987). An example is given by Ceratitis rosa Karsch,
regarded now as a member of subgenus Pterandrus
Bezzi of Ceratitis genus. It is noteworthy that, as current-
ly defined, Ceratitis (Ceratitis) capitata and Ceratitis
(Pterandrus) rosa are separated solely on the basis of
male secondary sexual characters, with females being in-
separable at the generic level (Hancock, 1984). Another
example is offered by Trirhithrum coffeae Bezzi
previously included in the Ceratitis genus by the original
designation of Ceratitis nigra Graham (Cogan & Munro,
1980). These examples serve to illustrate the short-
comings of the current arrangement of genera and the
need for different methods.

Much taxonomic work has been done on the two
genera Rhagoletis and Anastrepha using a comparison of
molecular and morphological data in phenetic and
cladistic methods (Berlocher & Bush, 1982; Berlocher,
1983; Feder et al., 1988; Norrbom & Kim, 1988); in ad-
dition there are morphological and biochemical keys for
the identification of most Rhagoletis and Anastrepha
species (Steyskal, 1977; Berlocher, 1980).
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Among the deficiencies in the taxonomic literature
related to the Trypetinae subfamily, it is noteworthy that
there is no recent work on the Ceratitis genus and on its
phylogenetic relationships with the other Trypetinae. A
major gap~in the taxonomic literature on Ceratitis genus
is the absence of a larval key (White, 1987).

The major fruit pest Ceratitis capitata Wied. did not
give rise to taxonomic problems, as there is an apparent
morphological uniformity within this species. However,
C. capitata may in reality be a complex of several
genetically differentiated populations (Gasperi et al.,
1987; Gasperi et al., 1990).

A genetic analysis may offer a suitable approach to
clarify the systematics and phylogeny of these species.
Using a genetic approach we have attempted an intra-
species analysis of C. capitata. We have also attempted
to elucidate the relationships among the genera Ceratitis,
Thrirhithrum, Capparimyia. Finally, we propose an
electrophoretic key for the immature stages of these
species.

MATERIALS AND METHODS

Intraspecific variation

Twenty-nine samples of Ceratitis capitata, were obtained from
different geographic areas and in different seasons (Kenya; 2 sam-
ples, Reunion: 2 samples, Sardinia: 3 samples, Procida: 22 samples).
The 22 Procida samples were collected in different months from
1983-1986: February (1 sample in 1985), April (1 sample in 1983),
June (1 sample in 1985), July (1 sample in 1983; 3 samples in 1985; 1
sample in 1986), August (3 samples in 1985), September (3 samples in
1984; 2 samples in 1985; 5 samples in 1986), December (1 samples in
1984). The samples sizes range from 19 to 33 flies.

The numbers of samples are related to the size of the Procida
population which reaches maximum density in the harvest season of
host fruits (apricots, peaches, figs etc.): for this reason most of the
samples of Procida have been collected in the fruit season.

Species and genus level systematics

Four samples of pupae developed on coffee berries collected in
Kenya were a mixture of Ceratitis capitata and Ceratitis rosa; two
samples included also Trirhithrum coffeae. The development on the
same berries excludes variability components due to geographic,
seasonal, host variation; for these reasons, these samples seemed
especially suitable for giving prominence to the phylogenetic
relations. Specimens representing Capparimyia savastanoi (2 sam-
ples) were collected in Pantelleria Island (Italy) on fruits of Capparis.

A voucher collection containing two representative specimens of
each species was deposited in the British Museum (Natural History)
of London.

Electrophoretic studies

Electrophoretic analysis was performed using cellulose acetate gel
(Cellogel).

The following 25 enzyme loci (64 alleles) were analyzed in the in-
traspecific studies on C. capitata: Mpi, Esta Mdb2, Hk2, Est,, Est2,
Pgi, Zw, Pgd, Fh, Had, Hkv Idh, Pgm, Got,, Got2, Ak2, Mdb,, Adh2,
Gpt, Pgk, Me, a Gpdh, Aox, Akv

Twenty-seven hortologous (Ferguson, 1980) loci (122 alleles, that
produced consistenly interpretable banding patterns in all species)
were selected for studies on species and genus level. Aconl and
Aeon, have been included in the above mentioned set of loci. C.

capitata was used as a standard for each essay because elec-
trophoretic variation in this species is the best documented in
literature (Milani et al, 1989).

Ordination and phylogenetic analysis

Two ordination approaches have been used for Trypetinae elec-
trophoretic data: Principal Component Analysis (PCA) and a tree
representation based on more than one method. PCA is a
multivariate statistical method which allows the representation of
populations in a plane or in a three-dimensional space, with a
(generally) good approximation of their reciprocal distance. The first
two or three principal axes account for a large part of the total
variability contained in the original data. The coordinates on these
axes can be used as synthetic representatives of the original allelic
frequencies.

Cluster analysis through a tree representation was performed
using the BIOSYS-1 program of Swofford & Selander (1981). The
following genetic distances were calculated: Nei (1972, 1978) distan-
ce and unbiased distance, Rogers (1972) and modified Rogers distan-
ce (Wright, 1978), Cavalli & Edwards (1967) chord and arc distance,
Edwards (1971, 1974) distance. From each distance measure, trees
were constructed using Unweighted Pair-Group Arithmetic Average
(UPGMA) cluster analysis (Sneath & Sokal, 1973). With Rogers distan-
ces we also used Wagner procedure (Farris, 1972). The program
provides, along with each dendrogram, the following four measures
of goodness of fit: the cophenetic correlation, the Farris (1972) and
Prager & Wilson (1976) F statistics, the percent standard deviation
(Fitch & Margoliash, 1967).

RESULTS

Species level: Ceratitis capitata

Figure 1 is the scattergram of all the 29 population sam-
ples of C. capitata; for 22 of them, belonging to Procida,
the month of collection is specified. The first axis, which
accounts for 28.5% of the total variation, separates the
Procida samples from the rest; the closest is Sardinia,
then Kenya and Reunion; but two Procida samples, those
collected in the early season, are on the same side as the
geographically distinct populations. The second prin-
cipal axis (ordinate) accounts for 17% of the total
variation, which is mainly attributable to the scattering of
the Procida samples. The position of the months of
collection (i.e., summer at the bottom, winter at the top,
with September in between) suggested a seasonal trend
as represented by the second axis. A correlation coef-
ficient of 0.62, with P<0.01, is obtained from the
correlation of the coordinates of the second axis with the
sequence of the months in the different years from sum-
mer (June with code 1) to spring (April with code 11).
The analysis of Fst values at loci level across months,
demonstrates a very high degree of differentiation for the
Mpi locus (Fst = 0.509) between samples collected from
December to April and the ones collected from June to
September (Gasperi et al., 1990).

When the genetic distances were represented by a den-
drogram (Nei distances and UPGMA method), the
geographic and seasonal differentiation intermingle (Fig.
2a): the first split separates Reunion samples, while the
second one separates the two Procida early season sam-
ples; Kenya and the peripheral populations from Sardinia
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and Procida follow, as expected, in the successive splits.
Mpi is not included in the data set used for the tree repre-
sented in Figure 2b, because of its seasonal variation: the
splits sequence and the branch lengths so obtained
follow the geographic pattern of differentiation. Sardinia
samples do not reach a complete differentiation from the
Procida samples.

Genera and species level

The relation between genera and species were
analyzed on twelve samples of flies belonging to three
genera and four species. The results are represented in
Figures 3 and 4. Figure 3 is a three-dimensional plot
based on PCA; 98% of total variation contributes to this
representation, with 50.7% distributed along the first
axis, 32.5% along the second axis, and 15.9% along the
third axis. The greatest Euclidean distance, in this
trivariate space, is that of Capparimyia from C. capitata
(1.66); the second largest distance is that of C. rosa from
C. capitata (1.60). T. coffeae and C. capitata appear to be
the closest species.

The genetic pattern of similarity is confirmed by the
cluster analysis in Figure 4, where the three methods,
Nei, Rogers, and Wagner, used for the phylogenetic
reconstruction give essentially the same topology. The
choice of these trees is based on the goodness of fit
estimates calculated with several methods and presented
in Table I. More details for this choice will follow in the
discussion.

Toward an electrophoretic key for distinguishing the
immature stages of Trypetinae

Allozyme differences can be used as diagnostic charac-
ters for the identification of immature stages of C.
capitata, C. rosa, T. coffeae and C. savastanoi (Table II).

Allele frequencies for each species have been obtained
by pooling the data from all the individuals studied.

Out of twenty-seven biochemical loci tested, at least
four loci (Adh2, Aox, Mdh2, a-Gpdh) are fully diagnostic
between C. capitata and C. rosa; three of them (Aox,
Mdh2, a-Gpdh) also enable T. coffeae, to be
discriminated. T. coffeae is a species which in Kenya is
sympatric with the two above mentioned species.

The six loci Adh2, Aox, Mdh2, Gotv Got2, a-Gpdh
(Table II) allow the unambiguous discrimination of C.
capitata and C. savastanoi; the latter is one of the three
species of Capparimyia which is widespread in the
Mediterranean area. C. savastonoi can also be
discriminated from C. rosa and T. coffeae.

Within each species, the three developmental stages,
namely larvae, pupae, and adult flies, showed identical
electromorphs. The only difference which was observed
concerns ctGPDH, which was shown to produce dif-
ferent electrophoretic epi-enzymes having developmen-
tal stage specificity (Milani et al., 1989). However the
stage specific electrophoretic aGPDH phenotypes do not
mask the species specific features of this enzyme.
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Fig. 1 - Two-dimensional plot of 29 Ceratitis capitata samples based
on PCA analysis at 25 enzyme loci.. The samples were collected in
Reunion Island, Kenya, Sardinia and Procida Island. The Procida
population was sampled in different months in the years 1983-1986.
The reciprocal relationships of all populations studied are indicated
with respect to the multivariate space defined by the first and second
axis. Percentages refer to the portion of the overall variance ex-
plained by each axis.

The finding of enzymes which have species specific
electromorphs (i.e., frequency 0 or 1) enables the
development of biochemical keys apt for species
recognition at all developmental stages.

DISCUSSION

Some results obtained in this approach are in
disagreement with the current morphological taxonomy.
In order to assess the validity of the results, the
methodological aspects of the present work have to be
considered.

Ordination by means of PCA

Principal Component Analysis allows populations to
be represented in a two- or three-dimensional space
without relevant loss of information. At the species level,
for C. capitata, this method enabled: a) variation to be
recognized firstly among populations captured in dif-
ferent geographic areas (first axis) and, secondly among
populations captured in different seasons (second axis);
b) the variation along the second axis to be correlated
with the season; c) an estimate to be made of the portion
of the total variation involved in the geographic (ca.
28%) and climatic (ca. 17%) variation. The existence of a
locus particularly affected by seasonal fluctuation, i.e.,
Mpi, and its removal from the data set allowed the recon-
struction of a dendrogram (Fig. 2b) presumably based
only on the geographic pattern of differentiation of this
species. The example given by C. capitata highlights
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TABLE I - Goodness of fit statistics for tree estimation procedures in Ceratitis, Trirhithrum and Capparimyia genera.

Methods

Nei
(1978)
Nei unbiased
(1978)

Rogers
(1972)

Rogers
(Wright, 1978)
Cavalli & Edwards-cord
(1967)
Cavalli & Edwards-arc
(1967)
Edwards
(1971, 1974)
Wagner tree
(Farris, 1972)

Farris
F

6.57

6.59

1.64

1.27

1.18

1.38

1.73

1.40

Prager & Wilson
F

9.88

9.94

4.47

2.98

2.96

3.15

3.34

3.82

Statistics

% Standard
deviation

11.73

14.21

5.85

4.00

4.77

4.97

5.11

9.72

Cophenetic
correlation

0.973

0.973

0.993

0.996

0.996

0.995

0.994

0.992

how the results of an electrophoretic approach may
depend on the choice of biochemical loci.

Ceratitis capitata has a recent history of a very quick,
extensive, and initially quite discontinuous colonization
of tropical and subtropical countries, even very remote
from the original putative source centre (subsaharian
tropical regions) of the species (Saul, 1986). Initial stages
of intraspecific differentiation caused by geo-climatic
pressures or by genetic phenomena such as genetic drift,
founder effects and bottlenecks, can be anticipated, even
in the presence of the generalized morphological uniformi-
ty of this species.

At higher levels of taxonomy, when applied to species
and genera, as in Figure 3, PCA can be considered a good
alternative method to cluster analysis (Dunn & Everitt,
1982): the relative distance between populations or
groups of populations corresponds with the main splits
in the trees (Figs 3 and 4). Through PCA we know that
almost all (98%) the variability contained in the original
data supports the divisions in Figure 3, and that half of it
supports the distinction of Ceratitis rosa.

Ordination by means of a tree

Nei distances and UPGMA clustering procedure have
been used in both levels of the systematic ordination; in
Figures 2 and 4a, the different range of genetic distances
(D) at the species level (0<D<0.10) with respect to the
genera-species level (0<D<1.80) agrees with the global
proportional range of evolutionary time (Time = 5x10

D) expected from a Nei neutral model of speciation (Nei,
1972). For species-genera level we analyzed several
distance measures (Table I), all with UPGMA clustering
methods and one with Wagner procedure. Cophenetic
correlation provided generally high values for the good-
ness of fit, with slightly lower values for Nei distance
methods. Nei methods presented the worst value of all
the indices of convergence of input matrix with the con-
strained one; this is as expected, given the non-metric
property of Nei distances (i.e., they do not obey the
triangle inequality euclidean postulate). However all the
trees obtained give the same topology as those chosen
for Figure 4. The Wagner tree obtained from Rogers
distances in Figure 4c, does not require the assumption
of a constant evolutionary rate: the distance measured by
the branch lengths are almost the same (given the good-
ness of fit estimates in Table I) as in the original distance
matrix. The root, which is not necessary in a Wagner tree
for the above assumption, is here in the middle of the
greatest distance which proves to be that separating the
Capparimyia genus. The two Capparimyia populations
present the greatest range of Roger's distances (0.841 -
0.716). Distances of T. coffeae from C. capitata (0.565 -
0.521) appear smaller than those from C. rosa (0.739 -
0.698).

The agreement between all electrophoretic trees and
the existing conventional systematics appears low. The
electrophoretic phylogeny results obtained are a little
surprising, as PCA axis I only separates C. rosa (Fig. 3).
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Fig. 2 - UPGMA dendrograms, based on Nei genetic distance data, of
the 29 samples of Ceratitis capitata considered in Figure 1. The 22
samples from Procida Island were collected in different months in
the years 1983-1986. In a) Mpilocus is included in the set of loci con-
sidered, in b) Mpi locus is not considered.

Furthermore, the dendrogram and the PCA plot both
place C. capitata and T. coffeae closer than the two Cera-
titis species. This result may indicate how poorly exter-
nal morphology reflects relationships. As previously
mentioned, from the morphological point of view,
Ceratitis (Ceratitis) capitata and Ceratitis (Pterandrus)
rosa are separated on the basis of the male secondary
sexual characters, with females being inseparable at the
generic level (Hancock, 1984). These disagreements con-
cern taxa which had been assigned to various taxonomic
positions.

On the other hand, further studies are necessary to ex-

Ill axis
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capitata
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(50.7%)

Fig. 3 - Three-dimensional plot of Ceratitis capitata, Ceratitis rosa,
Trirhithrum coffeae and Capparimyia savastanoi based on PCA
analysis at 27 biochemical loci. Points refer to the populations. Per-
centages give the portion of the overall variance explained by each
axis.

elude the possibility that by chance we looked at enzyme
loci remaining unalterated in some widely separated
lines, but being strongly selected in C. rosa.

It has to be stressed that in this electrophoretic study
we compared sympatric populations of C. capitata, C.
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Fig. 4 - Phylogeny of Ceratitis capitata, Ceratitis rosa, Trirhithrum
coffeae and Capparimyia savastanoi. The dendrograms in a) and b)
are derived, respectively, from calculations of Nei and Rogers
genetic distances clustered using UPGMA method. In c) Rogers
distances have been used for Wagner procedure.
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TABLE II - Allele frequencies at enzyme loci which permit discrimination (diagnostic loci) within and between Ceratitis, Trirhithrum and Cap-
parimyia genera.

locus alleles" Ceratitis Ceratitis Trirhithrum Capparimyia
capitata rosa coffeae savastanoi

Adhz

A ox

Mdh1

130
107
100

112
100
96

100
74
69
37

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

Got, 109
126
117
100
90

.029

.971

.177

.823
1.000

.016

.984

Got2 139
107
100 1.000

.111

.889

1.000
1.000

a-Gpdh 112
100
96

1.000
1.000

.917

.083

1.000

" Alleles are labelled according to their relative mobility referred to that of the most common allele
of C. capitata taken as 100.

rosa and T. coffeae, collected together in one of their
putative original areas (Kenya). This fact would exclude
the possibility that phylogenetic relationships were affec-
ted by the geographic and/or climatic intraspecific dif-
ferentiation described, for example, for the C. capitata
species. However, the systematic controversies on these
Tephritidae, in which, very often, species form closely-
knit groups (Hancock, 1987) justify the use of new and
different approaches to integrate the traditional mor-
phological method.

Tephritid taxonomy is of crucial importance also for
applied entomology. Improper identification or the
inability to recognize distinct populations can have
drastic and costly consequences for pest control
management. In this connection, the need for larval keys
has often been stressed (White, 1987) as one of the major
gaps in the taxonomic literature of Trypetinae. The
Trypetinae include the major pest genera in which the
larvae are the damaging stage. It is desiderable, therefore,
to be able to identify the stage which is actually injurious
without having to wait for adults to appear. An example
is offered by the three species C. capitata, C. rosa, T. cof-
feae which, in the Afrotropical regions (Kenya, for exam-
ple), live and compete for the coffee berries.

The identification of suitable diagnostic loci can
represent the starting point for constructing an elec-
trophoretic key for the discrimination of the immature
stages as previously indicated (Gasperi et al., 1987).
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