
INTRODUCTION

The adaptation of animals to different habitats or
resources, in other words ecological specialization, and
the possibility that this enhances population divergence
and leads to speciation is of contemporary interest
(Futuyma & Moreno, 1988; Bush, 1994; Thompson,
1994; Schluter, 2001; Via, 2001; Berlocher & Feder,
2002). For herbivorous insects, there is much data demon-
strating ecological specialization after host shifts. They
include species complexes, biotypes, host-races, or sub-
species, which in many cases overlap in geographical dis-
tribution but differ in host plant affiliations (Mopper &
Strauss, 1997). Among phytophagous insects, aphids pro-
vide important examples of such specialization and may
be good candidates for sympatric speciation (Dixon,
1998). Aphids show a high degree of host specificity,
with 99% of all species constrained to one or a few
closely related plant species (Eastop, 1973) and many
polyphagous aphid pests consist of two or more subspe-
cific taxa with different host-plant affiliations (Blackman,
1990; Blackman & Eastop, 2006).

From a practical point of view, studies on host-
specialized subspecific taxa or closely related species,
often morphologically indistinguishable, improve our
knowledge of their ecology and provide valuable informa-
tion for optimizing crop protection programs. Fundamen-
tal, however, for both practical and theoretical purposes is
the development of tools for correctly identifying insect
taxa. Various molecular tools and analytical methods (for
review see Loxdale & Lushai, 1998; Sunnucks, 2000) are
now available for studying such host-specialized insects.

Their application, however, fails sometimes to provide
reliable diagnostic markers for host-specialized subspe-
cific aphid taxa (e.g. Clements et al., 2000; Raymond et
al., 2001). The lack of detectable genetic differentiation is
expected, especially in cases of rapid speciation via proc-
esses known as reinforcement, which can occur through
changes at very few loci (Coyne & Orr 1989; Liou &
Price 1994; Johnson et al., 1996; Barton, 2000). Never-
theless, one limitation of molecular tools is the require-
ment for specialized equipment and laboratories. On the
other hand, morphotaxonomy, if it provides reliable dis-
crimination of taxa, can be a widespread tool among
applied entomologists.

The mealy aphids of the Hyalopterus pruni complex
(Hemiptera: Aphididae) provide a typical example of
closely related taxa that exhibit different host plant affilia-
tions. These aphids produce a bisexual generation on
various Prunus species (Rosaceae) (primary hosts) in
autumn, which alternates with several unisexual (all
female) generations produced parthenogenetically on
Prunus species in spring and on secondary hosts, such as
Phragmites communis Trin. and Arundo donax L. (Poa-
ceae), during summer. In tropical Africa, populations on
Phragmites reproduce only parthenogenetically
(Blackman & Eastop, 2000). Two species are currently
placed within the genus Hyalopterus, i.e., Hyalopterus

pruni (Geoffroy) and Hyalopterus amygdali (Blanchard).
The specific status of these two taxa, however, is unclear
according to some authors (e.g. Stroyan, 1984). The main
primary hosts of H. pruni are plum, Prunus domestica L.,
and apricot, Prunus armeniaca L., while peach, Prunus
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persica L., and almond, Prunus dulcis (Mill.), are colo-
nised by H. amygdali. Based on allozyme data from
Italian populations, Spampinato et al. (1988) suggested
that H. pruni is genetically distinct and H. amygdali is
heterogeneous. This was confirmed by an extensive study
of Italian and Sicilian populations of the taxa using allo-
zyme markers (Mosco et al., 1997). These authors
detected three taxa: the genetically close H. pruni and H.

amygdali A and H. amygdali B. Hyalopterus pruni was
collected from plum, apricot, and less frequently from
blackthorn, Prunus spinosa L., cherry plum, Prunus cera-

sifera (Ehrh.), and Pissard’s plum, Prunus pissardi

(Hort.), while H. amygdali A and the H. amygdali B were
found on almond and peach, respectively, and occasion-
ally share primary hosts. These authors report that these
three taxa are isolated in the field, with no gene exchange.
This was also supported by observations made by Basky
& Szalay-Marszó (1987) in cross-host transfer and mating
trials involving H. pruni from plum and H. amygdali s.l.
from peach.

Given these findings it is of interest to know whether
these three distinct taxonomic entities within the H. pruni

complex exhibit consistent morphological differences.
Associations between morphology, host-plant affiliation
or genetic properties occur in various closely-related
aphid taxa, e.g. Amphorophora spp. (Blackman et al.,
1977), Myzus persicae group (Blackman, 1987; Margari-
topoulos et al., 2000), Aphis gossypii Glover (Margarito-
poulos et al., 2006) and Euceraphis spp. (Blackman & De
Boise, 2002). Previous reports in the literature suggest
that H. pruni and H. amygdali differ from each other in

the length-width ratio of the cornicle of adult apterae and
the number of sensoria on the third antennal segment of
alatae (Börner & Heinze, 1957; Eastop, 1966). However,
Basky & Szalay-Marszó (1987), who examined a large
number of individuals, found these traits unsuitable for
the discrimination of these two taxa.

In the present study many morphological characters in
aphids of the H. pruni complex collected in the field from
various Prunus species and regions of Greece were exam-
ined and a multivariate morphometric technique, specifi-
cally canonical variates analysis (CVA), was used to
determine whether the three taxa can be reliably discrimi-
nated morphologically.

MATERIAL AND METHODS

The study was based on field samples collected from various
Prunus trees from different regions in mainland Greece and
Crete (Table 1). The samples were collected mostly from
orchards of about 0.5–2 ha. Those from P. spinosa, however,
were collected from trees found in the hedges around orchards,
field crops or non cultivated areas such as grasslands. Each
sample was collected from a different tree and consisted of the
aphids on 2–3 neighbouring leaves, on the same branch. The
samples were put separately in self-sealing plastic bags, with a
piece of paper towel to reduce moisture. Bags were transferred
to the laboratory in insulated plastic containers, containing
frozen ice packs. The aphids were inspected to determine
whether they were parasitized and 10–20 unparasitized adult
apterae from each sample were put in tubes filled with one part
lactic acid (75% w/w) and three parts ethanol (95%) until they
could be permanently mounted on slides. Whole body mounts
on microscope slides were prepared for measurement according
to the method described by Blackman & Eastop (2000).
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N = number of field samples (each sample consisted of aphids from 2–3 neighbouring leaves on the same branch) and n = number of
adult apterae measured. NG = northern Greece, ECG = eastern central Greece, CG = central Greece .

10.v.05111Chania, Crete 

10.v.05213Heraklion, Crete

12.v.05111Agios Lavrentios (ECG)

12,13.v.0513412Lechonia (ECG)

10.v.05182Volos (ECG)Prunus persica (peach)

15.v.05121Meliki (NG)

3.vi.05232Agii Apostoloi (CG)

10.v.05636Volos (ECG)

21.v.05798Zarko (CG)

9.v.05111Agios Vlasios (ECG)Prunus dulcis (almond)

30.vi.05757Stagiades (CG)Prunus spinosa (blackthorn)

3.vi.05111Agioi Apostoloi (CG)Prunus domestica (plum)

16.vi.05121Kalambaka (CG)

15.v.05172Volos (ECG)

4.v.–3.vi.0511111Agioi Apostoloi (CG)Prunus cerasifera (cherry plum)

31.v.05414Platanidia (ECG)

13.v.05414Meliki (NG)

11.–16.v.05283Agioi Apostoloi (CG )

15.v.05424Volos (ECG)Prunus armeniaca (apricot)

Collection datenNLocalityHost

TABLE 1. Information on the host-tree, collection date, locality and number of field samples and individuals of the Hyalopterus

pruni complex measured.



About 10 specimens (minimum 4, maximum 12) from each
field sample were measured. The material studied consisted of
74 field samples consisting of 760 individuals. The following 13
characters were measured on each specimen: lengths of tibia and
femur of the fore, middle and hind leg (ft, mt, ht, ff, mf and hf,
respectively), length of the second segment of hind tarsus (ht2),
length of cauda (lc), length of the third antennal segment (ant
III), lengths of the base and terminal process of the sixth
antennal segment (base VI and pt, respectively), length of
siphunculi (ls) and length of the ultimate rostral segment (urs)
(for details of measurements see Ilharco & van Harten, 1987).
All measurements were made using a phase contrast microscope
(Leica DRMB, Leica Mikroskopie und System GmBH, Ger-
many) fitted with a calibrated micrometer eyepiece.

To determine whether any host-related differences exist
between the field samples, the data were submitted to a
canonical variates analysis (CVA), without prior transformation
(Krzanowski, 1990). Each sample was treated as one group in
the analysis. The analysis, therefore, is completely objective as
no information is included about the potential interrelationships
of the samples (Blackman, 1992). A common criticism (Thorpe,
1983), therefore, of the use of CVA in systematic studies is
overcome. Correlations between the vectors provided by CVA
and a general size index (= sum of the lengths of all characters
measured) were used to determine the relative contributions of
genetic and environmental components in the morphological
separation among samples (Blackman & Spence, 1994). CVA is
believed to be sensitive to heteroscedasticity (different
within-group variances), and samples with heterogeneous
variances could be misplaced or could affect the whole analysis
(Thorpe, 1983). The homogeneity of variance in field samples
was therefore determined using Brown & Forsythe’s test (Brown
& Forsythe, 1974).

In addition, the phenotypic relationships among populations
from different host-trees were examined using UPGMA
(Unweighted Pair Group Method with Arithmetic Mean) hierar-
chical cluster analysis (Sneath & Sokal, 1973) based on Mahala-

nobis’ distances. Fisher’s linear discriminant functions (LDFs)
(Fisher, 1936) were used to examine the correct classification of
individual aphids into the well defined groups revealed by CVA.
A stepwise method was used to exclude variables that contrib-
uted little to the separation of the groups. SPSS ver.10 (SPSS
Inc., 1999) statistical package was used for CVA and LDFs,
while STATISTICA 6.0 (StatSoft Inc., 2001) was used for hier-
archical cluster analysis and basic statistics.

RESULTS

In the CVA of all 74 samples, the first two CVs
accounted for 62.6% of the total variance (Table 2) and
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ff – length of fore femur; mf – length of middle femur; hf – length of hind femur; ft – length of fore tibia; mt – length of middle
tibia; ht – length of hind tibia; ant III – length of the third antennal segment; base VI – length of the base of the sixth antennal seg-
ment; pt – length of the terminal process of the sixth antennal segment; lc – length of cauda; ls – length of siphunculi; ht2 – length of
the second segment of hind tarsus; urs – length the ultimate rostral segment.

R = –0.451, P < 0.02R= –0.116, P < 0.46R = 0.512, P < 0.01R = –0.056, P < 0.63Correlation with the size index

12.247.722.040.6% of total variance

0.2180.3720.368–0.094urs

–0.105–0.0430.1700.648ht2

0.5150.095–0.073–0.226ls

–0.162–0.323–0.1080.705lc

0.750–0.183–0.525–0.505pt

–0.0410.1510.2140.166base VI

0.0370.5340.7550.184ant III

–0.9740.3760.132–0.345ht

0.1460.8330.877–0.699mt

0.2820.3660.154–0.118ft

0.409–0.684–0.802–0.235hf

–0.225–0.136–0.1190.137mf

–0.639–0.882–0.5300.715ff

CV2CV1CV2CV1

Second CVA (Fig. 2)First CVA (Fig. 1)
Characters

TABLE 2. Canonical coefficients (standardized) and percentage of total variance accounted for the vectors that contributed to the
separation of the three taxa within the Hyalopterus pruni complex.

Fig. 1. Plot of mean scores of the first two canonical variates
for all the 74 samples of the Hyalopterus pruni complex exam-
ined in this study.



separated the samples into three clusters (Fig. 1). The first
contained the samples from peach, the second those from
almond and the third the aphids from other Prunus spe-
cies (i.e., apricot, blackthorn, plum and cherry plum). The
separation is mainly on the basis on the mean scores of
the samples on CV1. CV2 is completely neutral for H.

pruni (scores all around zero) but gives maximum differ-
entiation between the other two taxa (values on each side
of zero), with a contribution also from CV1. The separa-
tion, however, between the three major groups was not
absolute since one sample from almond was located near
the group of peach samples and six samples from apricot
were mixed with those from almond. CV1 was not corre-
lated with a general size index. CV2, however, was sig-
nificantly, but not highly, size-correlated, probably
reflecting some contribution from environmental factors
(Table 2). The morphometric characters with the highest

CV1 coefficients, i.e. those contributing significantly to
the separation of the three groups, were ff, mt, pt, lc and
ht2 (Table 2).

Using the Brown & Forsythe’s test (1974), variance
was found to be homogenous among samples for all the
morphological characters measured. Coefficients of varia-
tion were also calculated for all characters and samples
used in the analysis, i.e. 962 cases (74 samples X 13 char-
acters). In most cases (76.4%) the coefficient of variation
(CV%) was less than 6% and in 22.5% of the cases it was
6–10%. Only in 0.3% of the cases was the coefficient
high, i.e. 22.0–26.0%. These results showed that within-
samples variance was not high and therefore the structure
of the data is unlikely to have a significant effect on
CVA. Other attempts, using combinations of CV1 with
other canonical vectors, did not give a better separation of
the three groups.

Two additional analyses were performed to see if a
better between-group separation could be achieved, by
examining only two groups in each CVA. This procedure
increases the resolving power of the method (Blackman,
1992). The second CVA, therefore, was performed
without all but the samples from almond and peach
Prunus species, which were found the most distinct ones.
The six samples from apricot, which were mixed with the
aphids from almond in the previous analysis (Fig. 1),
were included in this CVA. The plot of CV1 vs. CV2
(non-significant and low size correlation, respectively)
(Fig. 2), accounted for 59.9% of the total variation in the
data (Table 2) and clearly separated the aphids into two
groups. All the peach samples were located in one group.
However, the six samples from apricot were not differen-
tiated from those from almond and located in the second
group, and the one sample from almond was again located
near the aphids from peach, as in the previous CVA (Fig.
1). The two groups were separated by the scores of the
samples on CV1. The morphological characters with the
highest CV1 coefficients were ff, hf, mt and ant III. Only,
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Fig. 2. Plot of mean scores of CV1 and CV2 for 43 samples
of the Hyalopterus pruni complex. The six samples from apricot
were allocated to the almond group in the first CVA (Fig. 1).

Fig. 3. UPGMA dendrograms based on Mahalanobis’ distances between samples of the Hyalopterus pruni complex from different
host-trees (*one sample from P. domestica is included). A – samples from all host-trees. Six samples from apricot were allocated to
the almond group according to the results of the CVAs (Fig. 1). B – all samples from apricot were excluded.



two of these characters contributed significantly to the
separation of the three groups in the previous analysis
(Table 2). Thus, the second CVA resulted in a CV1 that
differed from that of the previous analysis. Other combi-
nations of CV1 with other vectors did not provide a better
separation. A third CVA was also performed in which the
samples from peach were excluded. However, this
analysis did not improve the separation between the two
groups (almond vs. all but peach and almond Prunus spe-
cies) compared to the first CVA (Fig. 1), regardless of the
combination of canonical vectors used (results not
shown).

The previous analyses suggest that the taxa from
almond can also colonize apricot. An UPGMA cluster
analysis that does not take into account the CVA alloca-
tion of six of the samples from apricot to the almond
group is unlikely to give a result that correctly reflects the
phenotypic relationships between taxa. The UPGMA
analysis, with the six samples from apricot incorporated
as members of the almond group, revealed two major
clusters. The first contained the samples from apricot,
blackthorn, plum, and cherry plum and the second those
from almond and peach (Fig. 3a). Similar clustering was
produced when either the six aforementioned samples
(tree not shown) or all the samples from apricot were not
used in the analysis (Fig. 3b).

Given that the CVA revealed three major groups (taxa)
within the H. pruni complex, a final step in the analysis
was to evaluate the separation of the groups at the level of
individual aphids by calculating Fisher’s linear discrimi-
nant functions (LDFs). The LDFs were calculated for
pairs of putative taxa. The apricot samples were allocated
to the taxa indicated by CVA. Particularly, LDFs were
calculated for H. pruni (samples from plum, cherry plum,
blackthorn and apricot) versus H. amygdali A & B (sam-

ples from almond and peach along with the six samples
from apricot allocated to the almond group by CVA), and
separately for H. amygdali B (samples from peach) versus
H. amygdali A (samples from almond and the aforemen-
tioned six samples from apricot) (Table 3). The per-
centage of correctly classified individuals in the first and
the second pair of LDFs was 94.3% and 92.5%, respec-
tively.

DISCUSSION

The results of the present study revealed the existence
of three morphologically differentiated groups within the
H. pruni complex in Greece. The first consisted of the
samples from peach, the second those from almond and
the third the aphids from other Prunus species, such as:
apricot, blackthorn, plum and cherry plum. The morpho-
logical separation did not involve the examination of
single characters, which has often proved ineffective (e.g.
Basky & Szalay-Marszó, 1987), but was based on CVA, a
technique that compares the correlations between
numerous characters. It has proved to be a powerful tool
for resolving taxonomic problems associated with closely-
related aphid taxa (e.g. Blackman et al., 1977; Blackman,
1987; Brown & Blackman, 1994; Margaritopoulos et al.,
2006). This technique can effectively separate environ-
mental from genetic components of variance and even
distinguish between different genotypes, as has been dem-
onstrated using aphid clones of closely related species
reared under laboratory conditions (Blackman & Spence,
1994). In addition, the technique has proved effective
when applied to samples from field populations (e.g.
Blackman & De Boise, 2002; Margaritopoulos et al.,
2006).

The separation obtained in the present study might also
reflect some environmental influences in addition to the
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ff – length of fore femur; mt – length of middle tibia; mf – length of middle femur; hf – length of hind femur; ht – length of hind
tibia; ant III – length of the third antennal segment; base VI – length of the base of the sixth antennal segment; pt – length of the ter-
minal process of the sixth antennal segment; lc – length of cauda; ls – length of siphunculi; ht2 – length of the second segment of
hind tarsus; urs – length of the ultimate rostral segment. Taxa according to Mosco et al. (1997). H. pruni – samples from apricot,
plum, cherry plum and blackthorn. H. amygdali A – samples from almond; H. amygdali B – samples from peach.

–398.2–360.0Constant

2998.32675.8ht2

–412.0–434.6Constant363.4422.4ls

7436.27825.3urs829.3678.4lc

38.8100.6ls241.9305.5pt

666.4585.2lc827.0704.5base VI

–207.7–165.5ant III–87.7–138.0ant III

14.5–25.5hf2.319.2ht

–130.7–47.5mt–212.1–157.5hf

–86.5–115.8mf–70.8–34.9mt

545.3446.7ff124.358.1ff

H. amygdali BH. amygdali AH. amygdali A & BH. pruni

LDFs
Characters

LDFs
Characters

TABLE 3. Fisher’s linear discriminant functions (LDFs) for discriminating Hyalopterus pruni from H. amygdali A & B and H.

amygdali A from H. amygdali B.



genetic differences between the three groups. Tempera-
ture can affect both isometric and allometric growth in
aphids (Blackman & Spence, 1994). Also, the species and
the physiological condition of the host plant can signifi-
cantly affect aphid morphology (Moran, 1986; Wool &
Hales, 1997; Dixon, 1998; Margaritopoulos et al., 2000).
Although environmental factors may have contributed to
the separation of the field samples, the morphological dif-
ferences are likely to reflect mostly host-related genetic
differences. This is supported by the fact that the separa-
tion was based on vectors with a rather strong genetic
component, i.e. those that show a low or non-significant
correlation with the size index. This index is known to be
strongly affected by environmental factors (Blackman &
Spence, 1994). In addition, low CV% values were
observed for each morphological character. Low values
were also calculated (4–9%) when the samples were
pooled in the three groups revealed by the CVA (i.e.,
peach, almond and other Prunus species). According to
Soulè & Couzin-Roudy (1982) there should be a negative
correlation between CV% and estimates of heritability of
morphological traits. The relatively low CV% values
found might suggest a high heritability and a proportion-
ally lower contribution of environmentally determined
variance to the morphological variability of each charac-
ter.

To interpret taxonomic relationships within an aphid
group based only on morphological variation may be mis-
leading. However, the present study targets taxa in which
there is already evidence of host-associated genetic varia-
tion and reproductive isolation (Spampinato et al., 1988;
Mosco et al., 1997). Generally, the three host-associated
morphologically distinct groups found accord with the
results of Mosco et al. (1997). The morphological separa-
tion between the three groups found in the present study
was based on the examination of different aphid geno-
types. Each aphid sample was collected from a different
tree, primary host of the species, and therefore originated
from a different sexually produced egg. In addition, the
clustering was independent of the geographical origin of
the aphid samples. This suggests that abiotic factors such
as temperature, which differs among regions, might not
have a significant effect on the morphological separation
of the three taxa. The separation, however, was not com-
plete. One almond sample was located near the group
consisting of samples from peach. In addition, six samples
from apricot were mixed with those from almond in all
CVAs performed. This could be attributed to two factors,
hybridization between taxa or an imperfect host associa-
tion, especially by H. amygdali A. Mosco et al. (1997)
found no hybrids between H. pruni and either of the two
H. amygdali taxa and only a few were detected between
H. amygdali A and H. amygdali B. These authors also
found “wrong choice” of host by both H. amygdali A and
H. amygdali B in regions where the preferred host-trees
of these taxa were absent. Basky & Szalay-Marszó (1987)
in mating experiments found that males of H. pruni from
plum never copulated with mating females of H. amyg-

dali from peach (probably taxa B) and vice versa. This

might suggest that, as the divergence within H. pruni

complex occurred in the Pleistocene (Mosco et al., 1997),
these taxa have had possibly enough time to become
reproductively isolated and develop prezygotic reproduc-
tive isolation mechanisms. It seems likely, therefore, that
the cases of misclustering observed in the present study
indicate an imperfect host association by some genotypes,
although more research is needed, especially involving
DNA technology, before conclusions can be drawn.

Nevertheless, the application of a multivariate mor-
phometric analysis in the present study changed our view,
based on less discriminatory techniques (e.g. Basky &
Szalay-Marszó, 1987), that the members of the H. pruni

complex are poorly morphological differentiated. The
analysis has shown clearly that the three members of the
complex represent distinct morphological entities. Our
findings also add to the suggestion of Mosco et al. (1997)
that the three taxa are reproductively isolated in the field
and should be considered as three distinct biological spe-
cies. This was proposed a long time ago by Börner &
Heinze (1957). The hypothesis for a Pleiostocene diver-
gence for the H. pruni complex (Mosco et al., 1997)
means the taxa had enough time to diversify and develop
morphological differences.

The best approach to establish the identity of new sam-
ples involves measuring many characters on a series of
specimens, incorporating them into an existing data base
and performing CVA. This procedure, however, is rather
laborious and may be impracticable. Thus, an attempt was
made in the present study to develop linear discriminant
functions (LDFs), based on a reduced number of morpho-
logical characters, for a two-step identification of the
three taxa. The LDFs described here classified individual
apterae, with a relatively low misclassification error
(6–7%). However, LDFs might discriminate less satisfac-
torily when applied to new samples, as found in other
aphid species (e.g., Rhopalosiphum maidis (Fitch),
Blackman & Brown, 1991). Therefore, the development
of more reliable functions requires the examination of a
wider range of specimens, preferably of different geo-
graphical origin. Until this is done, the LDFs reported
here can help to distinguish specimens of the three taxa.
With further work, it may also be possible to produce
LDFs for alatae identification, since this form is likely to
show differences paralleling those found in apterae.
Lastly, an application of multivariate morphometric
analysis on the generations of these aphids living on sec-
ondary host plants combined with some performance and
behavioural trials will give further insights in the evolu-
tion of the members of the H. pruni complex and might
also clarify whether there are any specific secondary host
associations, for example with species of Arundo or
Phragmites.
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