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Abstract

Specimens of the genus Bactrocera were collected from several host plants in northern
and western Thailand. They were morphologically recognized as Bactrocera tau and were
subdivided according to host plant, geographic origin and time of collection, into eleven
samples.

A total of 264 males and 276 females were described at 12 landmarks of the right
wing. An exploratory analysis using kernel density estimates (KDE) was performed
on the multivariate morphometric space. Non-parametric classification highlighted the
existence of two non-overlapping clusters within both males and females. The clusters
were not congruent with geography. One cluster (cluster I) contained only one plant,
Momordica cochinchinensis, the other one (cluster II) contained five different plants
including M. cochinchinensis.

Further morphometric analyses on selected samples indicated that the influence of
plants on the shape of the wing could not explain satisfactorily the presence of two
clusters. Genetic techniques identified the presence of B. tau cryptic species C in M.
cochinchinensis from cluster I, and of B. tau cryptic species A in Coccinia grandis from
cluster II.

Our working hypothesis is that the two clusters identified by geometric morphomet-

rics were respectively species A and C.

Key words: Bactrocera tau complex, Thailand, morphometrics, host plants, species

identification.
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1. Introduction

Fruit flies are the world’s worst pests of fruits causing enormous economic loss every
year (White and Elson-Harris, 1992; Aluja et al., 1996; Armstrong and Jang, 1997).
Tephritid flies of the genus Bactrocera (Family Tephritidae) are of particular concern
throughout much of Asia and Australia, where they constitute a significant threat to
agricultural resources (Nagappan et al., 1971; Fletcher, 1987; Han et al., 1994; White,
1996; Kinnear et al., 1998; Kim et al., 1999).

In Thailand and other Southeast Asian (SEA) countries, the genus Bactrocera is
known for being one of the major pests of tropical fruits and vegetables (Hardy, 1973;
Drew and Romig, 1997). Most host plants belong to the family Cucurbitaceae, e.g.
species of Coccinia, Cucurbita, Cucumis, Luffa, Momordica, Trichosanthes, etc. (Hardy,
1973; White and Elson-Harris, 1992). Various species are of great concern, such as
Bactrocera dorsalis (Hendel), the oriental fruit fly, infesting a very wide range of fruits
(Drew, 1989; Baimai et al., 2000); Bactrocera (Zeugodacus) tau (Walker), infesting a
more restricted range of host plants, and the melon fly Bactrocera cucurbitae (Areekul,
1986; Yang et al., 1994). Compared with B. cucurbitae, B. tau is a more destructive
species, especially in Taiwan and China (Yang et al., 1994; Chen, 2001).

Morphological variation within B. tau led some authors to suspect the presence of var-
ious species within the taxon (Hardy, 1973; White and Elson-Harris, 1992). Particularly,
Drew and Romig (1997) suggested that B. tau is a large complex of sibling species in the
SEA region. Cytogenetic study (Baimai et al., 2000), multilocus enzyme electrophoresis
(MLEE) (Saelee et al., 2006) and DNA studies (Jamnongluk et al., 2003; Thanaphum
and Thaenkham, 2003) confirmed that theory and recognized at least 7 species in the B.
tau complex in Thailand. The members of the complex are cryptic species or morpho-
logically very close, and have been labeled as species A, C, D, E, F, G and I (Baimai
et al., 2000), with species A being B. tau sensu stricto.

Although the B. tau members were well classified by cytogenetics, MLEE and DNA
techniques, their systematics still require an intensive development. Using the non-
parametric kernel density estimates and the principal component analyses of shape, the
present study explores the venation geometry of the wings as a character employable

for pattern recognition. Examining the clusters as defined in our dataset by the kernel
2
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density technique, we suggest that the geometric approach can help in the identification
of cryptic taxa, and raises interesting questions about the possible effect of host plants

and species competition on morphology.

2. MATERIALS AND METHODS

2.1. Insect samples

Oviposited eggs and larvae of the B. tau complex were collected from infested fruits
of five host plant species in the family Cucurbitaceae: Coccinia grandis (CG), Cucurbita
moschata (CMo), Cucumis sativus (CS), Momordica cochinchinensis (MC) and Tri-
chosanthes tricuspidata (TT). They were obtained from three localities: Nan (NA) and
Chiangmai (CM) in northern Thailand, and Kanchanaburi (KN) in western Thailand
(Fig. 1). Fruits with ovipositional scars or marks of larval infestation were collected and
kept in the laboratory with a code indicating location, host plant and time of collection
(Table 1). The temperature of the laboratory was maintained at 2742 degrees Celsius,
with 70+10% relative humidity and a photoperiod of 12L:12D. Newly emerged adults
were reared in transparent plastic cages (12x33x18cm). They were provided with 10%
honey distilled water solution and sugar mixed with yeast hydrolyzate for at least two
weeks to ensure all morphological characters developed well, especially the color and
shape of abdominal bands typical of B. tau complex. The population density by fruit

was not scored.

2.2. Specimen preparation and data collection

Left and right wings of the specimens were removed with forceps and mounted in
Hoyer medium on glass microscopic slides. All slides were photographed by using a
dissection stereo-microscope connected to a digital camera system with a 4x lens (40x).
Twelve landmarks were digitized on the wings (Fig. 2) according to “type I” classification
(venation intersections) (Bookstein, 1991). Ounly right wing was used unless damaged, in
which case the left wing was used. To avoid possible optical distortion at the periphery
of optical lens, each wing was located at the center of the visual field (Caro-Riafio et al.,

2008).
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2.2.1. Repeatability

To reduce error at digitizing the landmarks, the same person collected the landmarks
for the totality of the wings. The precision was estimated by comparing two sets of
measurements on a subset of 42 individuals (21 males and 21 females). It was computed as
the “repeatability” index (R) (Arnqvist and Martensson, 1998) of the first two principal
components of shape (“relative warps”, or RW, see 2.3.2), where R is provided by the

ratio of the between-individual variance and the total variance.

2.3. Morphometric variables
2.3.1. Centroid size

We used the isometric estimator of size derived from coordinates data. This esti-
mation of size is known as “centroid size” (CS). It is defined as the square root of the
sum of the squared distances between the center of the configuration of landmarks and
each separate landmark (Bookstein, 1991). The CS of different groups and sexes were
compared by non-parametric analyzes based on permutations (1000 runs) allowing to

compare both means and variances of size (Caro-Riafio et al., 2008).

2.8.2. Shape variables

Shape variables were obtained through the Generalized Procrustes Analysis (GPA)
superimposition algorithm and subsequent projection of the Procrustes residuals into an
euclidean space (Rohlf, 1999). Both non-uniform (“partial warps”, strictly speaking)
and uniform components (Rohlf, 1990) were used as shape variables!. These variables
actually describe the differences in shape as deviations from an average configuration of
landmarks, and their principal components (RW) are commonly used to illustrate the
“morphological space”, or “morphospace” (Bond et al., 2003). The shape variables were

produced separately for males and females.

2.4. Kernel density estimates

Kernel density estimates (KDE) may be seen as a form of visual non-parametric

spatial clustering. We used the bivariate density estimation as provided by the JMP®)

IThe uniform component describes stretching, compression or scission (global variation), and the

non-uniform component corresponds to changes that occur at specific regions.
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software (SAS Institute, 1995). It models a smooth surface that describes how dense the
data points are at each point in that surface, and adds a set of contour lines showing the
density. Local densities were estimated around each point of the morphospace defined by
the two first RW. The resulting classification table was produced according to the modal

clustering algorithm of the JMP®) software (SAS Institute, 1995).

2.5. Allometry

The relative warps (RW) describing shape are obtained by removing the isometric
change of size and are not necessarily free of allometric changes. The allometric residue of
shape can be estimated in various ways, one of them is by performing a linear regression of
the RW on centroid size. We chose the first relative warp because it was the component
of shape that actually revealed data structuring (RW1, see Results). Thus, a linear
regression analysis was performed between the first relative warp (RW1) as dependent

variable and the centroid size as independent variable.

2.6. Morphometrics according to host plants

To examine shape variation according to host plants, we used only specimens having
the same geographic origin (NA). These specimens allowed to study the effect of three
different plants (CS, MC and TT), and were processed by taking into account, or not,
the classification produced by the KDE. Results were illustrated by principal component

analyses.

2.7. Genetic species identification

We used the mitochondrial DNA sequencing as described in Jamnongluk et al. (2003).
The sequences of the COI gene were obtained from 12 specimens randomly selected from
the clusters as classified by KDE: 7 specimens (2 males and 5 females) belonging to
KN(CG)-26 (cluster IT), and 5 specimens (2 males and 3 females) from KN(MC)-27 and
NA(MC)-16 (both from cluster I). For each of these specimens, the percentage of identity
was computed with the gene bank sequences of species A (AF400067.1) and species C
(AF400069.1). According to Jamnongluk et al. (2003), these two species are genetically

very distinct.
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2.8. Software

Data collection, analyses and graphical output were performed using the various
modules (COO, TET, MOG, COV and VAR) of specialized software developed by one of
us (JPD) and freely available at http://www.mpl.ird.fr/morphometrics. COO was used
to digitize landmarks on wings, TET to format the output for further analyses, MOG for
performing the Generalized Procrustes Analysis, and then producing partial and relative
warps, COV to perform regression analyses, and VAR to compare size among groups.
The JMP®) software (SAS Institute, 1995) was used to perform the bivariate density

estimates and its graphical output.
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3. RESULTS

3.1. Repeatability

The values obtained from the two first RW were 99% and 99% respectively, averaging
to 99% for a total contribution of 60% to shape variation. For the set of eight first RW
representing 91% of the total variation, the average repeatability was 91%. These values
suggest the good quality of landmark recognition (Arnqvist and Méartensson, 1998). On

other insects, lower values of repeatability were obtained (Caro-Riano et al., 2008).

3.2. Shape variation

The morphological shape space was illustrated by the contour plots based on ker-
nel density estimates (KDE). Two large (non-overlapping) clusters were obtained within
both males (Fig. 3) and females (Fig. 4). The clusters were not congruent with ge-
ography. In males as well as in females, one cluster contained insects from one plant
only, M. cochinchinensis (MC), this cluster was labeled “I”. Another cluster contained
insects infesting five different plants including M. cochinchinensis, and was labeled “II”
(Table 2). Five individuals were not included in the clusters (0.7% of males and 1.1% of
females): they could correspond to undetected geometric anomalies making them behave

as statistical outliers and were not considered further in this study.

3.2.1. Host plant effects

To study possible host effects on wing shape, we selected the specimens from the same
geographic locality (NA, see Fig. 1). The specimens assigned to the cluster II assembled
insects infesting three host plants: CS, MC and TT. Shape variation showed a consistent
separation between the specimens infesting M. cochinchinensis and the ones from the
other plants (Fig. 5, left). Performing the same analysis with additional specimens from
NA belonging to cluster I, the resulting morphological space clearly showed two major
groups corresponding to the two clusters, I and IT (Fig. 5, right). Thus, in spite of one
common host plant (MC), insects from the same geographic locality were still separated

according to the clusters I and II.
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3.3. Size variation

The centroid size variation was explored according to clusters defined by shape clas-
sification. The size of specimens from cluster I was significantly larger than the size
of specimens from the other cluster, but the level of overlapping would not allow clear
separation between clusters (Fig. 6).

Females were significantly larger on average than males (P < 0.01). As for shape,
the comparison of mean size with respect to host plants was possible only for specimens
assigned to the cluster II. Consistent differences were observed (Fig. 7).

The variance of size also presented significant variations. It was significantly different
between clusters and sexes (P < 0.05 after Bonferroni correction), except between males
and females of the cluster II. Between plants no significant difference in variance was
found, except a larger variance in female insects collected from the CMo plant.

The only possible comparison of mean size according to geography exclusively was
performed on the cluster I infesting the same plant (MC). The comparison was thus
performed between NA, CM and KN: no significant difference was observed (details not

shown).

3.4. Allometry

The regression of the RW1 on the centroid size was found to be statistically significant
in males and in females (P < 0.001), with higher coefficient of determination (r?) in males.
For the total sample (Figs. 3 and 4), the coefficient of determination reached 43% in
males and 21% in females. For the samples coming from NA, it was 27% in males (Fig.

5) and 22% in females.

3.5. Genetic species identification

From cluster II, both males showed 98% identity and females showed 97% to 98%
identity with B. tau A. Conversely, the specimens randomly selected from cluster I showed
high values of identity with species B. tau C (95% and 97% for the two males, 91%, 98%
and 99% for the three females).
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4. DISCUSSION

The multivariate analyses commonly used in morphometrics need the intervention
of the user either previous to the analysis (discriminant anlysis) or after it (principal
component analyses). Clustering techniques are able to identify groups without such
intervention, they are based only on morphological similitude excluding any a priori
taxonomic information.

The main result provided by our exploratory analysis was the existence in both sexes
of two separate clusters within the total sample. These two clusters corresponded to
distinct wing shapes, not to different host plants since they remained separate even in
the same host plant. Although contributing to shape variation, size showed frequent
overlapping between clusters, except when found in the same host plant. Because of the
existence of two distinct shapes, and as confirmed by the genetic characterization of a

few specimens, our data suggest that two probable taxa were present within the dataset.

4.1. Classification methods

Size showed variation seemingly according to host plants and sexes (Fig. 7), although
we could not reject other factors such as the field conditions where fruits were collected,
the larval density within fruits, and other uncontrolled parameters responsible for pheno-
typic plasticity. According to regression analyses, size significantly contributed to shape
differences between clusters. However, the important overlapping of size observed be-
tween groups, especially between clusters (Fig. 6), indicates it would not have been able
to identify the two main clusters observed. As an exception, size was not overlapping
between clusters when found in the same fruit (Fig. 7, see NA(MC) and NA(MC) Clus-
ter I), which could suggest character displacement (Grant, 1972), but we lack detailed
information to fully confirm this hypothesis (Losos, 2000).

The geometry of the wing, even containing the influence of size variation, appeared as
a more interesting candidate for classification. The morphological space described by the
two first relative warps (RW1 and RW2, see Figs. 3 and 4) disclosed two separate clusters
automatically recognized by the kernel density analysis, and completely determined on

RW1. We used this technique of classification for its objectivity and intuitive simplicity,
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but other classification techniques exist which could be used together or alternatively

(Baylac et al., 2003; Chengpeng et al., 2007).

4.2. The members of Bactrocera tau complex

Our genetic classification recognized two species, B. tau C and A, in accordance with
clusters I and II. This result led us to suggest the presence of these two species as the
most parsimonious explanation for having two separate clusters in the morphospace of
the wings. What was the probability to have another of the known seven species of the
complex (Baimai et al., 2000) in the total sample ? A very first argument against the
idea of more than two species in our total sample is that when submitted to a principal
component analysis of superimposed shape coordinates, two well separated groups were
apparent in each sex (Figs. 3 and 4). The second argument is that no genetically close
species (hence likely morphologically close, also) to either A or C, were expected to be
found in our sample. In the COI gene (Jamnongluk et al., 2003), allozyme (Saelee et al.,
2006) or heat shock protein classifications (Thanaphum and Thaenkham, 2003), there is
no close species to A, but according to cytogenetics a close species is species E (Baimai
et al., 2000). The latter was not likely to be present in our sample since it is specific
to a host plant species we did not collect, Strychnos thorellii (Strychnaceae). According
to COI gene and allozyme classifications, the species C constitutes a separate group
together with species I (Jamnongluk et al., 2003; Saelee et al., 2006). Species I is also
specific to another plant not collected by us, and its territory lies outside the geographic
areas considered here. Finally, according to cytogenetics, another species, D, is close to
C, but it is allopatric and a more southern species (Baimai et al., 2000) that has never

been reported in the areas of our collections.

4.3. Host plant specificity

As already observed by Baimai et al. (2000), the M. cochinchinensis cluster I, or
putative species C, seems specific to that plant since it was collected from it in northern
(NA, CM) and western (KN) Thailand. The other cluster (cluster II), which is the
putative species A, was collected from five different host plants, indicating its more
generalist behavior (Table 1). According to the host plant, shape and size showed some

variation (Fig. 5, left; Fig. 7). This variation could be related to the host plants or
10
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could be attributed to other uncontrolled conditions generating phenotypic plasticity.
The possible influence, if any, of the host plant on insect morphology, could not produce
any kind of morphological convergence between clusters developing in the same fruit.
Putative species A is indeed able to develop in the same plant (MC) as the one specific
to putative species C. Such situation did not make the two species more alike; on the
contrary, the common infestation apparently resulted in non-overlapping sizes (Fig. 7,
see NA(MC) and NA(MC) Cluster I), as well as completely separate shapes (Fig. 5,
right). Although more difference in sympatry than in allopatry is suggestive of character
displacement (Grant, 1972), we have no sufficient evidence allowing to clearly confirm
that hypothesis (Losos, 2000). In our data, the possible influence of geographic isolation

was not apparent.

5. Conclusion

Our results suggest that the geometric morphometric approach could represent a low-
cost and fast technique to explore the B. tau complex. It appears as an informative tool
to describe intraspecific variation related to host plants and/or other factors affecting
morphology, as well as a promising candidate to reliably discriminate cryptic species A
and C of B. tau in Thailand. The present study showed the existence of two different
wing shapes within our sample of B. tau and provided arguments to relate them to
species A and C, it did not test the methods specific to morphometric discrimination

between them (Baylac et al., 2003).
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Host plant species Locality Code of the fruit M F

Coccinia grandis Kanchanaburi KN(CG)-26 16 16
Cucurbita moschata Kanchanaburi KN(CMo)-20 21 21
Cucurbita moschata Kanchanaburi KN(CMo)-30 21 20
Momordica cochinchinensis Kanchanaburi KN(MC)-27 21 35
Momordica cochinchinensis Kanchanaburi KN(MC)-31 20 14
Momordica cochinchinensis ~Chiangmai CM(MC)-1 67 82
Momordica cochinchinensis Nan NA(MC)-19 20 20
Momordica cochinchinensis Nan NA(MC)-16 21 21
Momordica cochinchinensis Nan NA(MC)-19/3 18 9
Trichosanthes tricuspidata ~ Nan NA(TT)-38 19 17
Cucumis sativus Nan NA(CS)-32 20 21
264 276

Table 1: Material of Bactrocera tau complex used in this study. M, males; F, females; KN, Kan-
chanaburi; CM, Chiangmai; NA, Nan; CG, Coccinia grandis; CMo, Cucurbita moschata; MC, Mo-
mordica cochinchinensis; TT, Trichosanthes tricuspidata; CS, Cucumis sativus. Numbers after plants

abbreviations (-1, -16, -19, -19/3, -20, etc.) are codes referring to time of collection.
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Code Males  Cluster Cluster Females Cluster Cluster

N I 11 N I 11
KN(CG)-26 16 - 16 16 - 16
KN(CMo)-20 21 - 21 21 - 21
KN(CMo)-30 21 - 21 20 - 20
KN(MC)-27 21 20 - 35 35 -
KN(MC)-31 20 20 - 14 14 -
CM(MC)-1 67 45 22 82 40 41
NA(MC)-19 20 6 14 20 6 13
NA(MC)-16 21 21 - 21 21 -
NA(MC)-19/3 18 - 18 9 - 9
NA(TT)-38 19 - 18 17 - 16
NA(CS)-32 20 - 20 21 - 21
Total 26242 112 150 27343 116 157

Table 2: Morphometric classification of morphologically unidentified specimens into clusters I and II
using bivariate density estimates. Only 2 males and 3 females were not included in the two clusters.
KN, Kanchanaburi; CM, Chiangmai; NA, Nan; CG, Coccinia grandis; CMo, Cucurbita moschata;
MC, Momordica cochinchinensis; T'T, Trichosanthes tricuspidata; CS, Cucumis sativus. Numbers after

plants abbreviations are codes referring to time of collection.
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CAMBODIA

s: 186 flies from Nan (NA) and 149 flies from Chiangmai

origin of the fruit flie
(CM) in northern Thailand; 205 flies from Kanchanabu

Figure 1: Geographic

ri (KN) in western Thailand.
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Figure 2: Fore wing of Bactrocera tau showing the 12 landmarks whose coordinates were used in morpho-
metric analyses. Each landmark is the junction of two different veins, as required by Type I landmarks

(Bookstein, 1991). Each picture contains a millimeter paper (see bottom) for true size scaling.
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Figure 3: Morphospace of males. Bivariate density estimation models a smooth surface that describes
how dense the data points are at each point in that surface, and adds a set of contour lines showing the
density. The contour lines are quantile contours in 5% intervals with thicker lines at the 10% quantiles
intervals. This means that about 5% of the points are below the lowest contour, 10% are below the next
contour, and so forth. The highest contour has about 95% of the points below it. RW1 and RW2 stand

for relative warps 1 and 2, i.e. first and second principal components of partial warps, respectively.
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Figure 4: Morphospace of females. Bivariate density estimation models a smooth surface that describes
how dense the data points are at each point in that surface, and adds a set of contour lines showing the
density. The contour lines are quantile contours in 5% intervals with thicker lines at the 10% quantiles
intervals. This means that about 5% of the points are below the lowest contour, 10% are below the next
contour, and so forth. The highest contour has about 95% of the points below it. RW1 and RW2 stand

for relative warps 1 and 2, i.e. first and second principal components of partial warps, respectively.
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Figure 5: Morphological spaces of males from NA according to host plants: C. sativus (CS), T. tricuspi-
data (TT), and M. cochinchinensis (MC). Left: male specimens from cluster II, all of them coming from
the same geographic origin (NA). Right: same composition as left part, plus cluster I male specimens
coming from NA (cluster I exclusively infests MC). RW1 and RW2 stand for relative warps 1 and 2, i.e.
first and second principal components of partial warps, respectively. The contribution of each RW to
the total shape variation is given between parentheses. The same analyses on females produced similar

results (female morphospace not shown)
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Figure 6: Centroid size variation among sexes and clusters (see Figs. 3 and 4) presented as quantile plots.
Each box shows the median as a line across the middle and the quartiles (25th and 75th percentiles) as

its ends. Units are pixels. M, males; F, females; between brackets: sample sizes.
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Figure 7: Centroid size variation among sexes and host plants. The variation is presented as quantile
plots. Each box shows the median as a line across the middle and the quartiles (25th and 75th percentiles)
as its ends. Except for the two first quantile plots named NA(MC) Cluster I (putative B. tau species
C), all the quantile plots refer to specimens from cluster II (putative B. tau species A). Units are pixels.
M, males; F, females; KN, Kanchanaburi; NA, Nan; CMo, Cucurbita moschata; CG, Coccinia grandis;
MC, Momordica cochinchinensis; CS, Cucumis sativus; TT, Trichosanthes tricuspidata. Sample sizes
are between brackets. The figure shows clearly that the size of the two clusters do not overlap in the

same plant: see NA(MC) Cluster I versus NA(MC).
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