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Abstract

Asian citrus psyllid, Diaphorina citri Kuwayama, is an important pest of citrus that transmits the bacterial
pathogens responsible for citrus greening disease, also called Huanglongbing. The aim of the current study was to
investigate the shape variations of the forewing among the Iranian geographic populations of D. citri, as well as
one population from Pakistan. The adult psyllids used in this study were collected on Lime, Citrus aurantifolia
(Chrigm.) Swingle, from orchards in Southern Iran in 2011. The forewings of 12 D. citri populations (30
randomly selected adult females from each population) were examined using geometric morphometric analysis.
Multivariate and univariate analysis of variance indicated significant variation of wing shape and size among the
examined populations. Based on forewing shape, Sistan-Baluchestan and Pakistan populations were different
from other populations, including Hormozgan (Minab, Rudan, Fareghan, Hajiabad), Kerman (Manujan, Kahnuj,
Jiroft-Anbarabad, Jiroft-Blook, Orzoiye), and Fars (Darab). Consdering the following reasons, geographic
variation was developed by the interaction of genetic mechanisms and environmental processes: (1) there was a
significant difference in the shape and sguared Mahalanobis distance between some populations, (2) the
correlation between geographic distances matrix and Mahalanobis distances matrix was sgnificant, and (3) the
wings grew alometrically, and geographic populations had separate allometric direction but paralle to each
others. It is suggested that wing morphology could be beneficial for the preliminary assessment of population
structure and pest control methods of D. citri in Iran.
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Introduction

Asian citrus psyllid, Diaphorina citri Kuwayama,
may be the most serious pest of citrus in the world if
any of the pathogens that cause citrus greening
accompany it (Halbert & Manjunath, 2004). This
species has been reported from the Arabian Peninsula
(Saudi Arabia and Yemen), Afghanistan, Pakistan,
India, Japan, Taiwan, Hong Kong, China, Philippine

Islands, Indonesia, New Guinea, USA, Bahamas,
Cayman Islands, Argentina, Jamaica, Guadeloupe,
Dominican Republic, Puerto Rico, Cuba, Honduras,
Mexico, Brazil, Paraguay, Uruguay, Venezuelaand the
Indian Ocean Idands of Mauritius and Réunion
(Halbert & Manjunath, 2004; Boykin et al., 2012). The
first report of D. citri from Iran goes back to 2000 in
the Southern part of Iran near the border of Pakistan
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(Bové et al., 2000). Afterward, Faghihi et al. (2009)
found the citrus greening disease pathogensin D. citri
and its host plants. The species is now established
throughout the southern provinces of Iran, such as
Sistan-Baluchestan, Hormozgan, Kerman and Fars,
which are citrus growing regions (Salehi et al., 2012).
Thecitrusgreening diseaseisa sowidely distributed in
citrus growing regions of Sistan-Baluchestan and
Hormozgan provinces (Salehi et al., 2012).

A population is agroup of conspecificindividuals
occupying a defined area that both ecological and
reproductive interactions occur more frequently within
the group than with the members of other populations
(Futuyma, 1986). The differentiation of populations
involves both genetic and environmental systems (Kim
& McPheron, 1993). Populations of a species can be
genetically differentiated by one of the four following
events: (1) colonization of a new habitat or host, (2)
colonization of a new territory or region, (3) landscape
changes (bottleneck effect), and (4) genetic changes by
stochastic events, such as gene flow, genetic drift and
mutation or natural selection (Kim & McPheron,
1993). Interactions between each of these factors will
depend on the species considered and environmental
conditions. Important components of these interactions
are the geographical scale, the weather, the extent of
the treated areas relative to gene flow, and the cost of
resistance for resistant genotypes in the absence of
insecticides (Kazachova & Ekbom, 2008). Ancther
important component is the level of stress that insects
must face in stressful environments such as agricultural
ecosystems, which is much greater than in natural
ecosystem. In stressed environments, insect pests must
continually adapt to severe environmental conditionsto
survive (Kim & McPheron, 1993). Among the pests,
invasive species are rapid evol utionary events (Sakai et
al., 2001). The term ‘invasive species’ is usually used
to refer to introduced species that have a negative
impact on the biodiversity, human economic activities,
and health (Ross & Shoemaker, 2008). Introduced
species that rapidly colonize in broad areas would lead
to a higher occurrence of short-term stochastic or

deterministic evolutionary changes, which it might
result in speciation. Another important factor in
modulating these genetic effects is related to the mode
of reproduction of the introduced organism (Lynch,
1984; Simon et al., 1999). The most enduring concerns
about invasive species could be considered as: the
origin of the colonies, transportation of colonies from
their native range to the new area they invade (Ross &
Shoemaker, 2008), and also the possible difference of
genetic diversity and biology of invasive species in
their native vs. introduced areas (Sakai et al., 2001).

In geometric morphometrics, a set of landmarks
areincorporated to generate comprehensiveinformation
about the shape of specimens (Bookstein, 1996). Insect
wings, as an old factor that has been used in many
previous geometric morphometric analyses (Rohif &
Slice, 1990), are very beneficial in thisregard, because
they are suitable to be analyzed in two dimensionswith
biological realism. Generally, wing morphometric
analyses can provide good insights into various
categories, such as identifying populations within a
species, as shown by the analysis of geographic
variation in populations of Drosophila |ummei
Hackman (Haas & Tolley, 1998), D. serrata Malloch
(Hoffman & Shirrifs, 2002), Scythris obscurela
(Scopoli) (Roggero & Dentreves, 2005), Calopteryx
splendens (Harris) (Sadeghi et al., 2009). In Iran,
several geometric morphometric studies have recently
been carried out on some major |epidopteran insect
pests, such as the study of geographic variations among
the populations of Chilo suppressalis (Walker) (Zahiri,
2003), Cydia pomonella L. (Alipanah e al., 2004,
Khaghaninia et al., 2008), Ectomyelois ceratoniae
(zeller) (Mozaffarian et al., 2005, 2007b), and
Helicoverpa armigera (Hiibner) (Khigban et al.,
2010a), as well as the variations among host-plant
associated populationsasin E. ceratoniae (Mozaffarian
et al.,, 2007a), and H. armigera (Khiaban et al.,
2010b).

Diaphorina citri causes severe damages to citrus
trees in Iran. Despite its economic importance, the
intraspecific variation of this species has not been
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studied in different geographic areasin Iran. Therefore,
in this study, the geometric morphometric method was
employed to determine the morphometric variations
among 12 populations of D. citri, 11 from Iran and one
from Pakistan.

Material and methods
Psyllid samples

The adult psyllids, used in this study, were
collected on Lime, Citrus aurantifolia (Christm.)
Swingle, from orchards in the Southern parts of Iran
(table 1, figs. 8-9), in 2011. An additional sample was
provided by Dr. Shahid Nadeem Chohan (Department
of Biosciences, COMSATS Institute of Information
Technology, Islamabad, Pakistan).

Geometric mor phometric analysis

A total of 360 specimens including 30 adult
females from each population were randomly selected
as sample size. The right forewing of each specimen
was slide-mounted using Canada balsam as the
mounting medium. Photographs were taken from the
wings using a digital camera (Dino digital microscope)
coupled to a stereo microscope with 30X magnification.
Eleven homologous landmarks, type I, were digitized
and subjected to geometric morphometric analysis (fig.
1). The raw x and y coordinates of the biological
homol ogous landmarks were aligned and superimposed
using the least-squares method based on the
generalized Procrustes analysis (GPA) in a non-
Euclidean Kendall's shape space and transferred to a
linear Euclidean tangent space, alowing for the
removal of variations which were not dueto shape (e.g.
rotation, movement) (Rohlf, 1999; Slice, 2001).
Digitalization was performed using tpsDig software
(Rohlf, 2004) and aligned individuals were compared
using TpsRelw program (Rohlf, 2010), performing a
thin-plate spline interpolation function to project the
data onto a Euclidean plane.

The matrix of partial warp scores (the weight
matrix, W) was used as a "data matrix" (18 variables)
to perform various multivariate statistical analysis to
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compare shape (Rohlif et al., 1996). Sizewaseliminated
by dividing the coordinates by centroid size. Maximal
shape variation was shown along the two first relative
warp axes to illustrate ordination of the shapes’
consensus by a relative warp ordination plot using
tpsRelw. In this analysis, alphawas set equal to zero to
weight all partia warps equally as recommended by
Rohlf for exploratory studies such as taxonomy (Rohlf,
1993).

The TpsSmall software, V.1.02 (Rohlf, 1997),
was used to assess the correlation between Procrustes
and the Kendall tangent space distances to ensure that
the amount of shape variation in a data set was
adequately represented after projection in the tangent
space to allow subsequent statistical analysis. High
correlation of Procrustes and the Kendall shape spaces
(R?=1.000) allowed further statistical testing using the
projected data set (Rohlif, 1998b).

To determine whether geographically separated
populations from different area differ in wing shape, a
one-way multivariate analysis of variance (MANOVA)
was performed with the squared Mahal anobis distance
calculated on the landmark coordinates data set using
SAS dtatistical program, V. 9.1 (SAS Institute, 2003).
In this analysis, the Wilks’ lambda was used and when
the MANOVA showed significant overall differences
between groups, the analysis proceeded by pair-wise
comparisons (post-hoc) through pair-wise Hotelling’s
tests. Canonical variate analysis (CVA) was conducted
on the landmark coordinates data set using NTSY Spc
software (Rohlf, 1998a). Relationships among the
populations were summarized by UPGMA clustering
method using NTSY Spc program. Isolation by distance
was assessed as the correlation between geographic
and morphometric distance matrices by the Mantel test
with 5000 permutations using the NTSY Spc program.
Minimum geographic distances among populations
were measured using the GIS software.

For overall wing size assessment, the centroid
size was used and tested for normality using the
Shapiro-Wilk test implemented in SAS statistical
program. Leven’s test was employed to test the
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homogeneity of the variance (Milliken & Johnson,
1984). An ANOVA procedure was conducted on the
whole data set to test centroid size differences among
populations in SAS statistical program.

The null hypothesis, i.e. the shape of thewing in
D. citri changes isometrically with an increase in size,
was tested by regressing each partial warp on size
using the TpsRegr program (Rohlf, 2009). The size of
alandmark configuration was measured by its centroid
size(Slice et al., 1996). Subsequently, the homogeneity
of regression slopes among the groups was tested as
described by Rohlf (2009).

Results
Wing shape variation

Generalized Procrustes analysis superimposition
of 360 D. citri specimens showed the range of
variation at each landmark after the trandlation,
rotation, and scaling of data from individual specimens
(fig. 2). The first two relative warps (RW1 and RW?2)
explained 18.93% and 15.36% of the shape variation
among specimens, respectively (fig. 3).

The positive and negative extremes of wing shape
variation along RW1 axis are shown in fig. 4,
representing the directions of maximal shape variation
obtained from the principal component analysis (PCA)
of the partial-warp scores (W matrix). However, the

scatter plot of first two principal components (PC-I
and. PC-Il) (fig. 3) showed an overlap among Iranian
populations but revealed shape variation between the
Pakistani and all Iranian populations. Through PC-l,
the vectors on landmarks showed their inclination,
specialy landmarks 1 and 2, to the apical part of the
wing, which leaded to increasing distance between
landmarks 1 and 2 with landmarks 6 and 8 (figs. 3-4).
Moreover, the veins R, M1 and M2 in the positive
extreme were longer than those in the negative one,
resulting in alarger size of apical cell and changing the
geometric characters (figs. 4, B and 4, D). In contrast,
at the negative extreme, the outline landmarks (1, 2, 3,
4, 5 and 8) were more close to each other and defined a
roughly concave shape (figs. 4, C, 4, E).

Oneway MANOVAs revedled a significant
difference among the shape components of the
populations (Wilks’ lambda = 0.454, P < 0.01).
Therefore, the null hypothesis of MANOVA test,
which assumes the distances among the groups are
similar, was rejected. Pairwise generalized squared
distances among groups showed significant differences
between Pakistan (P) and Sarbaz (S) populations
comparing to other populations (table 2). Three
dimensional ordinations using the mean canonical
variate scores (CV1 and CV2) of the 12 populations
(fig. 5) gave the same result.

Table 1. Collection sites, codes, their geographic coordination, and the number of examined specimens for Diaphorina

citri populations.

L ocality Region Code N. E. Altitude n
Iran, Kerman Orzoiye KO 28°27'37.56" 56°7'35.64" 1030 30
Jiroft-Anbarabad KJA 28°16'0.88" 57°36'7.26" 508 30
Jiroft-Blook KB 28°12'3.77" 57°28'0.48" 653 30
Kahnuj KK 27°43'7.42" 57°35'10.64" 343 30
Manujan KM 27°28'35.19" 57°30'57.74" 308 30
Iran, Hormozgan Rudan HR 27°10'3.6" 57°9'40.70" 370.5 30
Minab HM 26°52'55.7" 57°28'58.48" 185 30
Fareghan HF 28°02'1.56" 56°14'32.2" 1100 30
Hajiabad HH 28°18'32.1" 55°54'42.7" 731 30
Iran, Fars Darab FD 28°46'52.92" 54°22'13.62" 1094 30
Iran, Sistan-Baluchestan Sarbaz S 26°3'26.73" 61°24'25.45" 300 30
Pakistan, Punjab Multan P - - 50-380 30

The correlation coefficient is used as a measure
of goodness of fit for a cluster analysis in NTSY Spc
software. The dendrogram plotted by UPGMA method

(fig. 6) in the latter program had a very good degree of
fit (r = 0.96577). Based on the cluster analysis, the
Pakistan (P) and Sarbaz (S) popul ations were clustered
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distinctly from the others. The KO and HH popul ations
were quite similar to each other. Also, HM and HR
were clustered together, and the result was the samefor
HF and FD populations. The KM population could be
considered asthe sister-group of remaining popul ations

Pterostigma
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(fig. 6). Mantel test revealed a significant correlation
between geographic distances matrix and Mahal anobis
distances matrix at o = 0.05 (R = 0.743, p [rand z> obs
7] = 0.014)

Fig. 1. Position of landmarks (circles) in the right forewing of Diaphorina citri. Wing vein terminology follows that of

Hodkinson & White (1979).

Fig. 2. Superimposed landmarks obtained from the studied populations of Diaphorina citri using the generalized

Procrustes analysis.

Wing size variation

The Shapiro-Wilk test reveded a normal
distribution of al populations (P > 0.05) and the
Levene’s test showed the significant homogeneity of
variances (P < 0.05) based on means. A one-way
ANOVA indicated a significant difference in the
centroid size (F = 8.28, df = 11, P < 0.01) among the
populations. Pairwise comparisons of samples from the
12 populations, using HSD post-hoc test, indicated that
Sarbaz (S) and Pakistan (P) populations had smaller
wings size than the other ones (table 3). In contrast to
wing shape analysis, the Manujan (KM), Pakistan (P)
and Sarbaz (S) populations had no significant

difference among their wing size. Generally, based on
the centroid size, two significantly different groups
were obtained: (1) populations with small-sized wings
including S, P and KM, and (2) those with large-sized
wings, i.e. HF, HH, KJA, KJB, KK, KO, HM, HR, and
FD (fig. 7).

The regression of partial warps on the centroid
size was significant (Wiliks’ Lambda = 0.894, P <
0.05). Comparing alometric slope and shape in
constant size revealed the homogeneity of regression
slopes (Wiliks’ Lambda = 0.526, P > 0.05). In other
words, geographic populations had separate allometric
direction but parallel to each others.
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Fig. 3. Scatter plot of the first two principal components of the forewing of Diaphorina citri. The numbers (230-260)
enclosed by atrapezoid show the Pakistan (P) popul ation.

Fig. 4. Shape variation along the negative and positive extremes of RW1 in the wings of the Iranian populations of
Diaphorina citri: A, the consensus configuration; B, positive deformation; C, negative deformation; D, wing

deformation, positive extreme; E, wing deformation, negative extreme.
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Fig. 5. Ordination of the group means along the first three canonical variate (CV) axes (the third axis not |1abelled) based
onthepartial warp scores matrix. Dotted lines show the edges of a minimum length spanning treethat joint neighbouring
points based on the generalized distance matrix given in table 2. See table 1 for abbreviations.

T T 1
168 an %0

Procrustes distance

Fig. 6. Dendrogram plotted by UPGMA method based on clustering of the generalized distance matrix of Diaphorina
citri populations. See table 1 for abbreviations.

Table 2. Generalized distance Matrix (Mahalanobis distances) among 12 populations of Diaphorina citri. P values
based on Hotelling’s pairwise comparisons. See table 1 for abbreviations.

Pop. FD HF HH HM HR KJA KJB KK KM KO P S
FD 0
HF 1.193 0

HH 0.557 0.537 0

HM 0.283 0.819 0.193 0

HR 1.221 0.043 0.509 0.775 0

KJA 0.410 0.810 0.139 0.093 0.815 0

KJB 0.798 0.924 0.273 0.512 0.801 0.656 0

KK 0.805 1.718 0.722 0.955 1.762 0.609 1.145 0

KM 0.511 1.346 0.802 0.414 1.257 0.414 1.334 0.870 0

KO 0.610 0.685 0.163 0.433 0.784 0.368 0.443 0.913 1.366 0

P 4.16** 500** 5.66** 4.26%* 474 502** 569** 6.56** 3.05** 6.76** 0
S 3.38** 4.15** 481** 368** 3.80** 453** 4.61** 595 283** 575** 053** 0
** Significant differences (o = 0.01).

Pop. = Population.
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Discussion

The results of the current study suggest that the
examined geographic populations of Asian citrus
psyllid can be categorized into two major groups.
According to these results, there was a significant
difference in the shape and sguared Mahaanobis
distance of Sarbaz (S) and Pakistan (P) populations
compared to the other ones. Removal of size as a
differentiation criterion isbelieved to reveal patterns of
variation to be lessinfluenced by environmental factors

Fig 7. The mean centroid size of 12 populations of
Diaphorina citri. Black dots indicate mean values and
whiskers show standard deviations. See table 1 for
abbreviations.

According to the thin-plate spline deformation
grids of wing shape variation, it seems that the apical
half of the wing played a more important role than the
basal part in population differentiation (fig. 4), which
was in agreement with the results of Sadeghi et al.
(2009) on significant differences among geographic
populations of C. splendens. Based on the position of
landmarks in deformation grids, two main types of
wing deformation were distinguishable in the D. citri
populations (fig. 4).

Distance can influence the gene flow among
populations, even in species that are able to move long
distances. This is known as “isolation by distance”
(Wright, 1943; Hartl & Clark, 1989; Britten et al.,
1995). In the current study, it can be suggested that
either Sarbaz (S) or Pakistan (P) populations had the
least gene flow with the other populations because of
some geographical barriers, such as Makran mountains

Centroid Size

12001

1100

1000}

(Dujardin et al., 1999) and, hence, much related to
evolutionary differences (Hutcheson et al., 1995;
Dujardin et al., 1999). As shown in fig. 5, the two
populations, P and S, were obvioudly distinct from the
others along the first three canonical variate axes based
on partial warp scores matrix. However, the other
populations were not quite distinguishable from each
other. This was also confirmed in the cluster analysis
of the examined populations (fig. 6).
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and Espakeh desert (26°52' N to 27°4' N and 59°49' E
to 60°31' E) in Sistan-Baluchestan province (fig. 8).
There was also a significant correlation between form
differences and geographic distances, suggesting that
the amount of morphological differences could be
predicted by the level of geographic isolation, without
needing to infer them from climatic or ecological
differences (Dujardin et al., 1999). This result was
consistent with that of Dujardin e al. (1999) and
Mozaffarian et al. (2007b), who found a significant
correlation between form differences and geographic
distances in geographical populations of Lutzomyia
quinquefer (Dyar) and E. ceratoniae, respectively.
Analysis of allometric relationships showed a
significant shape difference among populations, even
after removing the allometric component. This result
was in agreement with that of Dujardin et al. (1999),
Mozaffarian et al. (2007b) and Khiaban et al. (2010a),
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i.e. founding a significant alometric growth in
geographical populations of L. quinquefer, E.
ceratoniae and H. armigera, respectively. These
findings may indicate the genetic basis of the variation
rather than environmental factors (Dujardin et al.,
1999).

Genetic forces (e.g. mutation and genetic drift)
interact with natural selection favouring adaptation to
local conditions, as well as leading to a genetic
differentiation of local populations, whereas the force
of gene flow opposes such differentiation. Moreover, a
significant genetic bottleneck likely occurs when an
expanding population colonizes a new locality (Kim &
McPheron, 1993). A gene flow would have been
occurred in the studied D. citri populations, especially
Pakistan (P) and Sarbaz (S). It seems that transferring
of agricultural materials, such as seedlings, may have
also lead to the occurrence of gene flow among pest
populations. This is expected considering the short
geographic distance between citrus orchards in
different locations in south of Iran, e.g. between
Hajiabad and Orzoiye, Jiroft-Anbarabad and Jiroft-
Blook, and Minab and Rudan.

Sarbaz (S) and Pakistan (P) populations had a
smaller wing size compared with other ones, suggesting
a temperature-dependent pattern and dependency on
food quality. The observed size variation may be due
to climatic elements such as temperature, asthe studied
geographic localities had different climates (fig. 9) and
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altitudes (fig. 8). Additionally, the humidity and winter
type of these localities were different. The HF, KO, FD
and HH populations were collected from regions
having a semi-arid climate, with cool winter and very
warm summers (SA-C-VW); whereas, S, HM, HR,
KJA, KJB, KM and KK populations belonged to arid
climate regions, with moderate winter and very warm
summer (A-M-VW). A number of studies reported that
changesin the wing size in response to temperature led
to changes in cell size and, to a lesser extent, in cell
numbers (Alpatov, 1930; Robertson, 1959; Masry &
Robertson, 1979; Partridge et al., 1994). De Moed et
al. (1997) showed that the wing length of Drosophila
melanogaster Meigen, had a strong linear reduction
with increasing temperature under optimal food
conditions. However, under food-limited conditions,
the response of the wing length levelled off at low
temperature. Moreover, they argued that the wing size
was highly sensitive to a reduction of food level.

It seems that the geographic variations observed
in the studied populations were developed by the
interaction of genetic mechanisms and environmental
processes. According to Kim & McPheron (1993),
these variations are expressed in various biological
characteristics, including morphology, physiology,
behaviour, life history traits and gene frequency. Such
evol utionary processes would |ead to the manifestation
of different taxonomic status of local populations such
as biotype and ecotype (Kim & McPheron, 1993). For

Table 3. Results of HSD (post-hoc) test on the wing centroid size of Diaphorina citri populations. See table 1 for

abbreviations.

Loc. HF HH KJA KJB KK KO HM HR FD KM S P
HF 0

HH 1.16 0

KJA 8.97 7.81 0

KJB 1300 1184 403 0

KK 1470 1354 573 1.70 0

KO 1873 1757 977 5.73 4.03 0

FD 3305 31.89 2408 20.05 1835 1431 O

HR 4026 3910 3130 27.26 2556 2153 7.22 0

HM 51.10 4994 4213 3810 3640 3237 1805 1084 O

KM 82.9**  81L.7** 73.9** 69.90** 68.20* 64.17* 49.85 42.64 31.80* 0

S 127.6%* 1265** 118.7** 114.67** 112.9** 108.9** 94.62* 87.40* 7657* 4477 O

P 167.0** 165.8** 158.0** 154.0** 152.3** 148.2** 133.9** 126.7** 115.9** 84.1* 39.3 0

* Significant differences (o = 0.05).
** Gignificant differences (o = 0.01).
Loc. = Locdity.
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Fig. 8. Collection sites based on topology, where
Diaphorina citri populations were collected. See table
1 for abbreviationsand other geographical information.

Fig. 9. Callection sites based on climate layers, where
Diaphorina citri populations were collected. The HF,
KO, FD and HH collection sites are located in semi
arid climate, whereas S, HM, HR, KJA, KJB, KM and
KK are located in arid climate regions. See table 1 for
abbreviations.

example, Ostrinia nubilalis (Hiibner) differs among
populations by morphology (Kim et al., 1967). Also,
the three biotypes (B, C, E) of Schizaphis graminum
(Rondani), show distinc morphometric differences
(Inayatullah et al., 1987).

Differences between the studied populations
suggest that wing characteristics are valuable in the
preliminary assessment of population structure and
pest management strategies of D. ciri in lran.
Definitely, for complete and precise conclusion, some
molecular studies on these populations are required.
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