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Abstract
Geometric morphometric and phylogenetic analyses, applied to 43 species of Russelliana, shed light on the evolution of insect
wing shape. Unconstrained and constrained ordination techniques are introduced to detect patterns of the forewing shape
variation within genus. Results show a high congruence between forewing shape variation and host-plant preference supporting
monophyly of most phylogenetic groups in Russelliana. Reconstruction of the ancestral forewing state shows its similarity to a
forewing shape of Solanaceae feeding species defined as ancestors by the phylogenetic study supporting a hypothesis as to a
primary association ofRussellianawith Solanaceae. In contrast to some other comparative studies on insect wing shape, results of
the present study reveal a strong correlation between variation of forewing shape in Russelliana and its phylogeny. Potential
influence of vicariant events and host shifts on the evolution of forewing shape is discussed.
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Introduction

The study of evolutionary changes in morphometric traits is
one of the most important steps for understanding how organ-
isms evolve (Klingenberg 2002). The question of how mor-
phometric data has to be treated in relation to phylogeny has
long been debated (see Pepinelli et al. 2013). Detection of the
correspondence between morphometric variation and phylog-
eny allows to define whether phenotypic similarities between
taxa reflect their phylogenetic relatedness, or these similarities
is a result of homoplastic events, such as reversals, parallel
evolution, and convergence (Klingenberg and Gidaszewski
2010). These events can be associated with organismal

adaptations in the face of different selection pressures; how-
ever, the dominant drivers of wing shape evolution remain
unexplored and, judging by available phylogenetic compara-
tive studies (Hansen and Houle 2004; Johansson et al. 2009;
Bai et al. 2011; Alves et al. 2016), differ across species groups.

Most studies that have used geometric morphometrics to
investigate shape variation in an evolutionary context focused
on vertebrate animals (e.g., Oettlé et al. 2005; Stayton 2005;
Mennecart et al. 2011; Mennecart and Costeur 2016). At the
same time, relatively few evolutionary studies based on geo-
metric morphometric methods have been conducted on insects
(Klingenberg and Gidaszewski 2010; Pepinelli et al. 2013;
Muñoz-Muñoz et al. 2014; Perrard et al. 2015), and even fewer
used a high number of morphological and/or molecular char-
acters and analyzed wing shape of a large number of species
(e.g., Bai et al. 2011; Chazot et al. 2016). This can be explained
by the absence of well-studied phylogeny for many insect
groups. Prominent exceptions include studies on morphomet-
ric variation and phylogeny of Drosophila melanogaster sub-
groups (Gidaszewski et al. 2009; Klingenberg and
Gidaszewski 2010), for which a strongly supported phylogeny
is available (Kopp 2006). The results of these studies, however,
mostly concluded that the wing shape provides incorrect esti-
mates of phylogeny in Drosophila (Klingenberg and
Gidaszewski 2010). Nevertheless, comparative studies con-
ducted on some species of beetles, flies, and midges revealed
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partial or complete congruence between phylogenetic trees and
geometric morphometric data (Bai et al. 2011; Muñoz-Muñoz
et al. 2011; Pepinelli et al. 2013; Muñoz-Muñoz et al. 2014).

Incorporation of shape data to estimate phylogenies has
long been discussed (Fink and Zelditch 1995; Adams and
Rosenberg 1998; Rohlf 1998; Zelditch et al. 1998, 2012).
One of the most common approaches used for revealing con-
gruence between shape data and phylogeny is the measure of
phylogenetic signal that can be described as a number of ho-
mologies found in the data. Despite its common use, the reli-
ability of this method has been questioned due to its inability
to remove the proportion of the variance caused by common
species ancestor (Rohlf 2006; Zelditch et al. 2012). Thus, the
results of some studies on wing shape variation showed incor-
rect estimation of the phylogeny, despite a significant phylo-
genetic signal in the data (Klingenberg and Gidaszewski
2010). Along with estimation of phylogenetic signal, uncon-
strained and constrained ordination techniques, such as prin-
cipal component and canonical variate analysis, can be used to
improve the reliability of the geometric morphometric
methods (Zelditch et al. 2012).

Psyllids or jumping plant-lice (Hemiptera: Psylloidea) are
phloem-feeding bugs associated mostly with woody angio-
sperms. The majority of psyllid species are monophagous or
narrowly oligophagous (Hodkinson 2009; Burckhardt et al.
2014), and higher psyllid taxa are often associated with a
single host taxon revealing tendency of related psyllids to
develop on related hosts (Burckhardt 2005). Psyllids encom-
pass the relatively modest number of species (~ 3,800 de-
scribed and at least as many undescribed species) (Ouvrard
et al. 2015) and due to their high host specificity (Burckhardt
et al. 2014) represent a suitable model group for evolutionary
studies. Nevertheless, there are relatively few studies on psyl-
lid phylogeny (Burckhardt and Basset 2000; Burckhardt and
Mifsud 2003; Percy 2003; Percy et al. 2004; Burckhardt and
Ouvrard 2007; Serbina and Burckhardt 2017), and none of
them used geometric morphometric methods to investigate
wing shape variation in an evolutionary context. The phylog-
eny of the Neotropical psyllid genus Russelliana Tuthill, 1959
(Aphalaroidinae) has been recently studied (Serbina and
Burckhardt 2017). The phylogenetic tree was built on the 26
morphological (forewing and body) characters of 43 species
ofRusselliana (Fig. 1). As expected, in the tree, closely related
species ofRusselliana establish taxonomic groups on the basis
of their host-plant preference. This demonstrates the reliability
of the phylogenetic data on Russelliana allowing use of this
genus as a model group to study evolution of insect wing
shape.

A key advantage of the present study lies in the using a
high number of related species from the same genus, together
with its resolved phylogeny based on a high number of char-
acters; both are rarely available for phylogenetic studies. Here,
we aim to interpret the processes that have driven evolution of

the forewing shape in Russelliana by comparing shape varia-
tion of the forewings with the postulated Russelliana phylog-
eny (Fig. 1). Given that a number of hypotheses attribute
Neotropical species diversity to life-history events (Rull
2011; Smith et al. 2014), we compare species distributions
to detect vicariant events in Russelliana. We address the fol-
lowing questions: (1) Is a phylogenetic signal present in the
data, and if so, are monophyletic groups in Russelliana distin-
guished by the forewing shape variation? (2) Do closely relat-
ed psyllid species show differences in the forewing morphol-
ogy? Do more remotely related species reflect any similarities
in the forewing shape as a result of convergence? Finally, this
study will help to understand a potential of using wing shape
data as an additional character in the reconstruction of insect
phylogeny and will shed light on the unstudiedmechanisms of
insect wing evolution.

Materials and methods

This study is based on 43 psyllid species from the genus
Russelliana. The selected material consists of adult speci-
mens belonging to the collections from Natural History
Museum, London, UK (BMNH), California Academy of
Sciences, San Francisco, California (CASC), Muséum
d’Histoire Naturelle, Geneva, Switzerland (MHNG), and
Naturhistorisches Museum, Basel, Switzerland (NHMB).
Due to a low number of specimens, only one specimen per
species was selected for the analyses, which we consider to
be sufficient for representing the diversity of wing shape
within studied genus.

The right forewings from slide-mounted specimens were
photographed with a Leica Digital Camera DFC320 mounted
on a Leica MZ12 dissecting microscope. The 19 landmarks
(Fig. 2) were located at vein intersections with other veins and
at vein margins with the same location for all species. The
landmarks were chosen to cover as completely as possible
the variation among the forewing shape and venation of all
specimens, while ensuring that they will be located precisely
in all specimens regardless of potential homologous across all
43 species. To increase accuracy in case of vein convexity,
two parallel lines (one connects the veinmargins, another goes
parallel to the former one) were drawn and spots with the most
significant convexity were chosen for additional landmarks
(Fig. 2). Digitalization of the landmarks was performed using
a program tpsDig (Rohlf 2015a).

Phylogenetic signal and diversity in shape space
(PCA)

To display and interpret the arrangement of the shape vari-
ables, a principal component analysis (PCA) was performed
and a phylogenetic tree of Russelliana has been superimposed
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Fig. 1 Simplified phylogeny for 43 species of Russelliana. Three nodes with numbers (1–3) correspond to clades 1–3 with the strongest synapomorphic
support. Numbers at branches are bootstrap values. Source tree is mentioned in the text
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with the resulting plotting area. For the current study, we used
a consensus tree (Serbina and Burckhardt 2017; Fig. 1) which
was calculated with the Nelsen command, as a result of 54
trees derived from 26 morphological characters of adults in-
cluding characters of the head, forewing, and male and female
terminalia. Bootstrap values were calculated in NONA soft-
ware (Goloboff 1999) as implemented in WinClada (Nixon
2002) using 1,000 iterations. The phylogenetic tree was de-
rived using a Mesquite program (Maddison and Maddison
2015) and then imported into the MorphoJ 1.06d software
(Klingenberg 2011) as a Nexus file. An original phylogenetic
tree, detailed list of the character states, and all relevant tree
characteristics are available in Serbina and Burckhardt (2017).

The ancestral shape of the forewing was calculated using
the root of the tree superimposed with the plotting area. An
unweighted squared-changed parsimony was used to estimate
the shapes at the internal nodes of the phylogeny from the
shape averages of the terminal taxa which is a standard meth-
od widely used for mapping characters onto a phylogeny
(Klingenberg and Gidaszewski 2010; Zelditch et al. 2012).
A thin-plate splin interpolation (deformation grids) using
tpsRelw (Rohlf 2015b) was applied to visualize change of
the shape pattern along the PCs. A test of the phylogenetic
signal was conducted (using the MorphoJ) by mapping the
shape data on the tree (via squared-change parsimony) and
calculating the tree length. A permutation procedure was ap-
plied to shuffle the shape data among tips of the tree; the
permuted tree lengths were then compared with the original
tree length (randomized rounds 10,000).

Forewing shape variation in predefined species
groups (CVA)

Additionally, a canonical variate analysis (CVA) was applied
to determine the significance of the forewing shape differ-
ences by a priori groupings. Nine species groups were formed

according to the host preference of species (Table 1), which
mostly correspondent to the phylogenetic groups (Fig. 1).
Because of polyphyly, psyllid species associated with plant
family Solanaceae were referred to as the three a priori group-
ings. Groupings were as follows: (1) Asteraceae, (2)
Fabaceae, (3) Polygonaceae, (4) Polyphagous, (5) Rosaceae,
(6) Solanaceae gr. 1, (7) Solanaceae gr. 2, (8) Solanaceae gr. 3,
and (9) Verbenaceae. We tested the statistical significance of
each a priori grouping by computing the Mahalanobis
Distances. This approach accessed the degree of separation
between groups relative to within-group variation
(Klingenberg and Monteiro 2005) and is broadly applicable
in geometric morphometric studies (e.g., Pepinelli et al. 2013;
Gómez et al. 2014; Muñoz-Muñoz et al. 2014). In case of
lacking host/immature data, we used information on the esti-
mated host-plant taxa (Serbina and Burckhardt 2017). Two
psyllid species, R. nana and R. queirozae, were eliminated
from the analysis due to the absence of information on the
potential host-plants. The shape change patterns were visual-
ized using the MorphoJ.

To compare morphometric and phylogenetic data directly,
clades 1–3 derived from the phylogenetic tree (Fig. 1) were
assigned to the plots within the PCA and CVA results.

Phylogenetic analysis with Bno forewing characters^

An additional phylogenetic analysis was performed using
NONA software in order to track a potential presence of con-
vergence events. For this purpose, the characters on the fore-
wing morphology (a general forewing shape, a shape of the
veins C + Sc and Rs, and a length of the vein Cu) were ex-
cluded from the analysis. The consensus tree (hereafter named
as the Bno forewing characters^ tree), based on 22 morpho-
logical characters, was calculated with the Nelson command.

Bootstrap values were calculated in NONA software as
implemented in WinClada using 1,000 iterations.

Fig. 2 A forewing of Russelliana
magellanica with the 19
landmarks used to characterize its
shape
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Results

Phylogenetic signal and diversity in shape space
(PCA)

The results of the PCA of the forewing shape for 43 species of
Russelliana are visualized in the Fig. 4. The first two principal
components are accounted for 48.96% (PC1 = 31.19%,
PC2 = 17.78%) of the total forewing shape variation among
species.

The shape changes along the PC1 are the following (from
negative to positive scores; see Fig. 3):

– The general shape of the forewing narrowly oblong-oval,
to broadly oval

– The forewing broadest in the middle, to broadest in the
apical third

– The cells are narrower and longer, to broader and shorter
– The vein Rs is curved backwards apically, to curved to the

fore margin apically
– The apical margin of the forewing narrowly rounded, to

broadly rounded

The shape changes along the PC2 are the following (from
negative to positive scores; see Fig. 3):

– The general shape of the forewing broadly oval, to nar-
rowly oblong-oval

– The forewing broadest in the middle, to broadest in the
apical third

– The vein C + Sc is strongly curved, to weakly curved
– The vein Rs is strongly curved to the fore margin apically,

to almost straight apically
– The cell r2 is broader, to narrower; the cellm1 is shorter, to

longer
– The apical margin of the forewing broadly, unevenly

rounded, to narrowly, more evenly rounded

The projection of the phylogenetic tree into the PC plots
demonstrates a clear divergence between two main clusters
along PC2. One of these clusters partly corresponds to clade
2 linking psyllids from Solanaceae gr. 2 (PC2 values < −

Table 1 Forty-three species of Russelliana based on the a priori
groupings (see BMaterials and methods^)

Clades Species Host-plant family

Clade 1 Solanaceae gr. 1

fabianae

viscosae

Clades 2 Verbenaceae

bulbosa

diosteae

marionae

sebastiani

theresae

Solanaceae gr. 2

adelpha

capsici

dimorpha

globosa

lycii

nolanae

Clade 3 Unknown

nana

queirozae

Asteraceae

adela

bicolorata

intermedia

xantha

Fabaceae

adesmiae

chilensis

longicauda

longirostro

maculata

magellanica

melaina

mendozae

monticola

pallida

punctulata

setosa

vinculipennis

Polygonaceae

chorizanthis

Rosaceae

rutila

tetraglochin

Solanaceae gr. 3

adunca

brevigenis

caunda

didyma

Table 1 (continued)

Clades Species Host-plant family

disparilis

nigra

similis

Polyphagous

solanicola
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0.025), whereas another cluster combines most species from
clade 3 belonging to the following groups: Fabaceae,
Polygonaceae, Polyphagous, Rosaceae, and Solanaceae gr. 3
(PC2 values > − 0.010). Meanwhile, Solanaceae gr. 1 overlaps
with these two clusters on the PC1, however, occupying the
morphospace between clade 2 (except most of the
Verbenaceae-feeders) and clade 3 along the PC2. The
Verbenaceae group represents the maximum of wing shape
diversity of the species of Russelliana along PC1 (covering
> 60% of the observed variability).

The forewings of species from clades 1 and 2 are broad,
possessing a relatively strongly curved vein C + Sc; however,
the general shape of the forewing in clade 2 is rhomboidal,
with an unevenly rounded apical part and a strongly curved
apically vein Rs, whereas clade 1 is characterized by an
oviform forewing, evenly rounded apically and with a rela-
tively straight apically vein Rs. The similarities in the fore-
wing shape between clades 1 and 3 are reflected in the rela-
tively straight apically vein Rs. In contrast to species from
clade 1, clade 3 is characterized by a relatively elongate, oval,
or oblong-oval forewing, with a hardly curved vein C + Sc.

Examination of the reconstructed ancestral shape of the
forewing (Fig. 4a) located at the root of the tree (Fig. 3) reveals
a certain level of similarity with the forewing shape of species
from Solanaceae gr. 1 (Fig. 4b; clade 1). It is supported by the
following characters: A general shape of the forewing is
oviform, evenly rounded apically, with a curved vein C + Sc
and a straight apically vein Rs. Clade 1 is situated on the basal
branching point in the phylogenetic tree (Fig. 1) and

represents a hypothetical ancestor of the other groups in the
tree sharing a number of forewing characters common for
species from both clades 2 and 3.

The projection of the phylogenetic tree into the PC plots
confirms the presence of phylogenetic structure in the data (P
< 0.0001) as these clusters occupy specific regions in the
morphospace. However, in some cases, both terminal and in-
ternal branches of the tree appeared to be fairly long

Fig. 3 Scatter plot from the PCA showing scores on the first two PCs for
the 43 species of Russelliana. Shape changes are shown by deformation
grids associated with extreme values (− 0.20 and + 0.10 on the PC1, and

− 0.10 and + 0.07 on the PC2). Three nodes with numbers (1–3)
correspond to clades 1–3 derived from the phylogenetic tree (Fig. 1)

Fig. 4 a Reconstructed ancestral shape of Russelliana forewing. b The
forewing of Russelliana viscosae
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(Verbenaceae-feeders; R. adesmiae and R. longirostro; R.
chilensis and R. magellanica) suggesting that forewing shape
of some closely related species shows clear differences.

Forewing shape variation in predefined species
groups (CVA)

The results of the CVA based on the forewing shape among
nine groups of the 41 species are visualized in Fig. 5. The first
two CVs exhibit 57.21 and 38.14% of the forewing variation
within species groups showing more than 95% of its total
variation.

The shape changes along the CV1 are the following (from
negative to positive scores; see Fig. 5):

– The vein C + Sc is strongly curved, to weakly curved
– The vein Rs is strongly curved to the fore margin apically,

to almost straight apically
– The cell m1 is shorter, to slightly longer
– The apical margin of the forewing unevenly rounded, to

more evenly rounded

The shape changes along the CV2 are the following (from
negative to positive scores; see Fig. 5):

– The general shape of the forewing narrowly oblong-oval,
to broadly oval/rectangular

– The cells r1, m1, and cu1 slightly narrower and longer, to
slightly broader and shorter

– The vein C + Sc is weakly curved, to strongly curved

– The vein Rs is almost straight apically, to strongly curved
to the fore margin apically

– The apical margin of the forewing narrowly rounded, to
broadly rounded

The majority of pairwise group comparisons using
Mahalanobis distances are statistically significantly different
(p < 0.05), with some exceptions, i.e., group pairs which pre-
dominantly include Polygonaceae and Polyphagous (Table 2
in Supplementary material). Insignificant p values for
Polygonaceae and Polyphagous can be explained by the low
number of species in these groups.

The results of the CVA show six clusters significantly sepa-
rated in the morphospace (from negative to positive scores along
the CV1): (1) Verbenaceae (CV1 value ca − 28.0), (2)
Solanaceae gr. 2 (CV1 value ca − 21.2), (3) Polygonaceae
(CV1 value ca − 12.5), (4) Solanaceae gr. 1 (CV1 value ca −
2.4), (5) Asteraceae + Fabaceae (CV1 value ca + 10.0), and (6)
Polyphagous +Rosaceae + Solanaceae gr. 3 (CV1 value ca +
22.0). According to the phylogenetic results, Solanaceae gr. 2
and Verbenaceae correspond to the same clade (2), which is
supported by CV1, while CV2 greatly separates the groups from
each other and shows the furthest separation from all the remain-
der (except the Polygonaceae with a high positive value + 14.8).
Polyphagous, Rosaceae, and Solanaceae gr. 3, similarly to
Asteraceae and Fabaceae, overlap along both axes forming two
distinct morphogroups. Solanaceae gr. 1 is significantly separat-
ed from other clusters by the CV1 occupying the morphospace
between clades 2 and 3. Polygonaceae is split off from all groups
and, however, remains closest to Solanaceae gr. 2 along the CV2.

Fig. 5 Scatter plot from the CVA of 41 species of Russelliana (R. nana
and queirozae are excluded). Shape changes are shown by the wireframes
associated with extreme values (− 30.0 and + 30.0 on the CV1, and − 40.0

and + 25.0 on the CV2; blue lines represent negative values, red lines
correspond to positive values). Three nodes with numbers (1–3)
correspond to clades 1–3 derived from the phylogenetic tree (Fig. 1)
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Phylogenetic analysis with Bno forewing characters^

The analysis resulted in 189 most parsimonious trees with the
following parameters: length = 66, CI = 68, and RI = 90. The
consensus tree (Fig. 6) supports all taxonomic groups from the
phylogenetic tree (Fig. 1).

Discussion

Impact of the phylogeny on the forewing shape

Most insect studies using geometric morphometric methods are
predominantly focused on the analysis of wing shape variability
to identify closely related species (Jaramillo et al. 2015;Mondal
et al. 2015; Su et al. 2015; Gushki et al. 2018), different popu-
lations within the same species (Jorge et al. 2011; Lashkari et al.
2013; Benítez et al. 2014; Charistos et al. 2014), and sexual
shape dimorphism in wings (Gidaszewski et al. 2009; Gallesi et
al. 2015; Gushki et al. 2018). At the same time, relatively few
studies addressed the question on the evolution of insect wing
shape by comparing phylogeny and geometric morphometric
data (e.g., Bai et al. 2011; Pepinelli et al. 2013; Muñoz-Muñoz
et al. 2014; Perrard et al. 2015). Even fewer studies used a high
number of morphological and/or molecular characters, com-
bined with the wing shape analysis of a large number of species
(e.g., Bai et al. 2011; Chazot et al. 2016).

The present study is the first one to compare variation of
the forewing shape in psyllids by integrating both geometric
morphometric and phylogenetic data. Our results reveal a sig-
nificant phylogenetic signal in the landmark data on the fore-
wing shape of 43 species of Russelliana. Phylogenetic struc-
ture in the shape data was also found in the studies conducted
on flies, midges, dragonflies, and hornets (Klingenberg and
Gidaszewski 2010; Muñoz-Muñoz et al. 2014; Palacino-
Rodríguez et al. 2014; Perrard et al. 2014).

The results of both PCA and CVA indicate a significant
congruence between morphological pattern and phylogeny
of Russelliana (Figs. 3 and 5). The CVA successfully places
the majority of species in their respective a priori groupings
based on their host preference. In view of that most species of
Russelliana formmonophyletic groups according to host pref-
erences, the forewing shape variation within Russelliana is
likely linked to its phylogeny. Similar results were obtained
in the studies on other insect groups. Bai et al. (2011) found a
strong correlation between geometric morphometric and phy-
logenetic trees of 81 dung beetles species (Coleoptera:
Scarabaeinae) showing that wing shape characters can be use-
ful for reconstruction of evolutionary patterns in beetles.
Similarly, Pepinelli et al. (2013) studied wing shape of 36
species of black flies (Diptera: Simuliidae) and found congru-
ence between geometric morphometric data and black flies
phylogeny. Muñoz-Muñoz et al. (2014) conducted an analysis
of relative warp scores on wing shape of six species of biting
midges (Diptera: Ceratopogonidae) which revealed a signifi-
cant correlation between wing shape variation and midges’
phylogeny. In addition to the results of the multivariate anal-
yses, the position of species in the no forewing characters tree
(Fig. 6) corresponds to their position in the phylogenetic tree
(Fig. 1) assuming that the characters on the forewingmorphol-
ogy do not impact the tree structure.

Fig. 6 Phylogeny for 43 species of Russelliana excluding characters on
forewing morphology. Three nodes with numbers (1–3) correspond to
clades 1–3 derived from the phylogenetic tree (Fig. 1). Numbers at
branches are bootstrap values
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A number of studies revealed that wing shape in insects can
be affected by different selective pressures. Thus, in the study
on dragonflies (Odonata), Johansson et al. (2009) found that
migration and mate guarding behavior affect the shape of
insect wings. Alves et al. (2016) discovered a significant en-
vironmental effect (temperature, relative humidity, rainfall,
etc.) on wing morphology in populations within a single spe-
cies of flies (Diptera: Muscidae). The evolutionary study by
Chazot et al. (2016) demonstrated that wing shape evolution
of 30 butterfly species (Lepidoptera: Satyrinae) is driven by
microhabitat use rather than determined by its phylogeny. Bai
et al. (2011) suggested that wing shape of some genera of
dung beetles converged in face of similar environmental con-
ditions. Contrary to the latter study, we have not found any
evidence of shape convergences in Russelliana, which is most
likely because our study was conducted at Bsmall scale^ on
species from the same genus. Whereas to explain the differ-
ences in the forewing morphology between closely related
species, we focus on two possible life-history events which
most likely affect insect speciation in the Neotropics (Rull
2011; Smith et al. 2014; Ouvrard et al. 2015): geographical
vicariance and host shifts.

Evolutionary processes of the forewing shape
and dispersion pattern

The comparative phylogenetic studies on insect wing shape
allow to investigate evolutionary changes of wing morpholo-
gy and understand how functional constrains may limit wing
variation in insects (Bai et al. 2012). Because adult psyllids are
always winged and able to disperse over both short and long
distances (Hodkinson 2009), the shape data obtained in the
current study may help to understand how different selection
pressures have shaped trait values in psyllid wings.

Within Solanaceae gr. 1–3 (clades 1–3), both PCA and
CVA relatively well separate the three groups (gr. 1–3) from
each other demonstrating highly significant differences in the
forewing shape within Solanaceae-feeders. In view of the phy-
logenetic relationships in Russelliana, Solanaceae gr. 1 forms
clade 1 at the base of the tree (Fig. 1), while its sister group
gives a split to clades 2 and 3 comprising Solanaceae gr. 2 and
gr. 3, respectively. Both analyses placed Solanaceae gr. 1
(clade 1) between clade 2 (including Solanaceae gr. 2) and
clade 3 (including Solanaceae gr. 3) (Figs. 4 and 6).
Reconstruction of the ancestral forewing form (Fig. 4a) shows
that an ancestral state of Russelliana forewing is the closest to
the forewing shape of species from Solanaceae gr. 1 (Fig. 4b),
suggesting two independent directions of the forewing shape
evolution in the Solanaceae-feeders (Solanaceae gr. 2 and gr.
3) from the ancestral state (Fig. 5). The results of the current
study are congruent with the phylogenetic results (Serbina and
Burckhardt 2017) suggesting that Solanaceae-feeders in
Russelliana constitute three phylogenetically distinctive

groups and their association with Solanaceae is a result of
feeding convergence.

With regard to clade 2, the CVA supports all species on
Verbenaceae (Fig. 5), whereas the PCA species from the
paraphyletic group (R. bulbosa, R. diosteae, and R. sebastiani)
are scattered in the shape space and assigned relatively far
from the other species (R. marionae and R. theresae) on
Verbenaceae (Fig. 3). Therefore, expanding data set on species
associated with Verbenaceae to determine if these species re-
main separated or cluster together would be of interest. R.
marionae and R. theresae, despite being closely related, are
plotted relatively far from each other in the PCAmorphospace
(Fig. 3). These two species have vicariant distribution likely
resulted from the Andean uplift (Burckhardt 2008). The latter
is considered as one of the major drivers of speciation in the
Neotropics (Smith et al. 2014) explaining allopatric speciation
in many insect groups (Rull 2011; Domínguez et al. 2016) as
well as in other psyllid genera (Burckhardt and Basset 2000;
Burckhardt and Ouvrard 2007).

In contrast to the phylogenetic results, both CVA and PCA
did not merge Verbenaceae and Solanaceae gr. 2 revealing a
significant difference in the forewing shape of species within
the same clade (2). Thus, in contrast to Solanaceae gr. 2,
Verbenaceae shows the trends towards narrower, oblong-
oval forewing shape, a hardly or strongly curved vein C +
Sc, and a vein Rs relatively straight or strongly curved to the
fore margin apically. The narrowing and longer length of the
cells r1, m1, and c1 are likely associated with the narrowing of
the whole forewing within the Verbenaceae species.
Meanwhile, in Solanaceae gr. 2, the shape changes towards
broader, rectangular forewing with a strongly curved vein C +
Sc, and a vein Rs strongly curved to the fore margin apically.
The cells along the apical margin (r1,m1, and c1) are relatively
broad and short, which may be correlated with the broadening
of the whole forewing. Similarly to the study by Ennos
(1989), in which he demonstrated a higher efficiency of insect
flight with broader wings by contrast to longer slender wings
for long distance flying, our study shows a wider distribution
of species with broader forewings contrary to those with
narrower ones. Indeed, species with the broad forewings
(Solanaceae gr. 2) are distributed from the North Central
Andes to Eastern South America, whereas Verbenaceae-
feeders predominantly occur only in the South Central
Andes (Fig. 7a). The dispersion of Solanaceae gr. 2 species
was probably followed by a number of vicariant events, one of
which could have been splitting the North/South of West
Andes into two biogeographical regions. The same vicariant
event (SVE 4) was also introduced to explain allopatric spe-
ciation between insect species from the orders Coleoptera and
Phasmatodea (Domínguez et al. 2016).

Verbenaceae-feeders geographically overlap with
Solanaceae gr. 1 (Fig. 7b). In comparison with other species
groups in Russelliana, a huge disparity in the morphospace
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between Verbenaceae and Solanaceae gr. 1 may be due to a
host shift with selection pressure release on the forewing
shape.

For Asteraceae, Fabaceae, Polygonaceae, Polyphagous,
Rosaceae, and Solanaceae gr. 3 (clade 3), while the PCA
clusters mostly all species from clade 3 (Fig. 3), the CVA
indicates the differences in the forewing shape between
Asteraceae + Fabaceae and Solanaceae gr. 3 + Rosaceae +
Polyphagous (Fig. 5). The similarities in the forewing shape
between Asteraceae- and Fabaceae-feeders may be a result of
convergence due to their common distribution: psyllids asso-
ciated with both plant families are widely distributed in and
along Andes, mostly occupying its Western side (Fig. 7c).
However, because Asteraceae and Fabaceae are located in
the morphospace between the ancestral state and more derived
Solanaceae gr. 3 + Rosaceae + Polyphagous group (Fig. 5),
we suggest that these similarities most likely represent a
plesiomorphic state of clade 3.

Within Fabaceae, a peculiar difference in the forewing
shape was found between closely related species R. adesmiae

and R. longirostro, as well as between R. chilensis and R.
magellanica (the PCA results; Fig. 4). The latter species are
likely vicariant inhabiting Southern and Far Southern Chile,
respectively (Serbina and Burckhardt 2017). The same vicar-
iant event (SVE3) was suggested by Domínguez et al. (2016)
to explain a number of vicariant events initiated by the series
of marine ingressions in East Andes. Another species pair, R.
adesmiae and R. longirostro, develop on different species of
Adesmia; both psyllids are sympatric in Northern and Central
Chile (Serbina and Burckhardt 2017) and could have radiated
from the same host with selection pressure release on the
forewing shape.

Both ordination techniques assign species from the
Rosaceae group to the Solanaceae gr. 3 (Figs. 3 and 5). The
distinction of these groups has been also problematic in the
phylogenetic tree (Fig. 1). In the study on different genera of
dung beetles, Bai et al. (2011) explained a low variation of
wing shape in some species inhabiting similar environmental
conditions as a result of convergence due to similar selective
pressures. In contrast to their study, we investigated closely

Fig. 7 Geographical distribution
of Russelliana. a Verbenaceae- (5
spp.) and Solanaceae-feeders (6
spp.) from gr. 2. b Verbenaceae-
(5 spp.) and Solanaceae-feeders
(2 spp.) from gr. 1. c Asteraceae-
(4 spp.) and Fabaceae-feeders (13
spp.). d R. solanicola, Rosaceae-
(2 spp.) and Solanaceae-feeders
(7 spp.) from gr. 3. The original
map was taken from the Natural
Earth, free vector, and raster map
data @naturalearthdata.com; the
geographical coordinates were
entered using the Google Earth.
Subdivision into
morphostructural provinces of the
Andean Region follows Ramos
(2009)
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related species from the same genus, which forewing shape
characters (Fig. 6) do not affect the species position in the tree
(Fig. 1). Thus, we suggest that the similarities in the forewing
morphology within the observed psyllid species were unlikely
induced directly by similar selective forces but rather confirm
their close relatedness.

The Polyphagous group is represented by a single species,
R. solanicola, widely distributed across South America (Fig.
7d) and associated with at least four plant families
(Amaranthaceae, Asteraceae, Escalloniaceae, and Solanaceae)
(Serbina et al. 2015; Syfert et al. 2017). Distribution of the
forewing shape of R. solanicola overlaps with Rosaceae and
Solanaceae gr. 3 in the morphospace of both analyses (Figs. 3
and 5). Similarly, the position R. solanicola was unresolved in
the phylogenetic tree (Fig. 1), where it was clustered together
with three Solanaceae-feeders and one species on Rosaceae
suggesting that a primary association of R. solanicola could
be with one of these plant families.

Conclusion

The current study is the first one using psyllids as a model
group to investigate evolutionary pattern of insect wing shape.
Our study reveals a high forewing shape variation containing
a clear phylogenetic signal. Almost full variation within spe-
cies groups is explained by the applied geometric morphomet-
ric analyses: Most monophyletic groups in Russelliana could
be distinguished by the forewing shape, which is another in-
dication that the forewing shape is affected by phylogeny. The
study shows that the ancestral state of the forewing shape
corresponds to the Solanaceae feeding group defined as an
ancestor by the phylogenetic analysis suggesting that a prima-
ry association of Russelliana was with Solanaceae plant fam-
ily. The difference in the forewing shape among the three
groups of Solanaceae-feeders in Russelliana confirms the in-
dependence of their origins.

Important differences between geometric morphometric
data and phylogeny are also found. The similarity in the fore-
wing shape between species associated with Asteraceae and
Fabaceae families has not been originally shown in the phy-
logenetic study. The fact that these species seem to represent
an intermediate stage between the ancestral state and other
species groups from clade 3 suggests that these similarities
are rather linked to psyllid phylogeny than represent evolu-
tionary convergences. In contrast, a strong difference in the
forewing shape between closely related species associated
with Verbenaceae and Solanaceae (gr. 2) can be a result of
geographical vicariance. Similarly, two likely allopatric spe-
cies pairs, developing each on Fabaceae and Verbenaceae,
show the significant forewing shape differences.

The results of our comparative study are opposite to some
study results, which concluded that wing shape data provide

incorrect estimates of insect phylogeny, and shape variation is
rather determined by other from phylogeny factors. Although
the functional characteristics of Russelliana forewing remain
to be associated with evolutionary changes, a significant con-
gruence between evolution of the forewing shape and phylog-
eny of Russelliana indicates a potential of the forewing shape
to provide valuable insights into reconstruction of insect
phylogeny.
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