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1 |  INTRODUCTION

One of the most essential goals of evolutionary biology is 
understanding the processes that contribute to reproductive 
isolation and promote speciation (Carstens & Dewey, 2010; 
Jousselin et al., 2013), which, in turn, rests on accurate 
species delimitation and robust phylogenetic frameworks. 
Indeed, delimiting species is of paramount importance to 
various disciplines of biodiversity research and practices of 
biodiversity conservation (Carstens, Pelletier, Reid, & Satler, 

2013; de Queiroz, 1998, 2005; Matos-Maraví, Wahlberg, 
Antonelli, & Penz, 2019), and any change in the taxonomic 
status of the concerned group directly influences many re-
search fields, such as biogeography, ecology, evolution and 
conservation biology (Thomson et al., 2018). Traditionally, 
taxonomic delimitations have relied on diagnostic morpho-
logical traits to divide divergent populations into species and 
subspecies (Matos-Maraví et al., 2019). However, morphol-
ogy-based species delimitation faces challenges because it 
often fails to uncover explicit boundaries between closely 
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Abstract
The broadly distributed genus Hyalopterus currently comprises three formally recog-
nized species that are highly similar morphologically and hence difficult to be identi-
fied with certainty. This group has undergone multiple revisions in the past century, 
but none of these has assessed species from Asia, which has hampered our under-
standing of the species diversity within this genus. Based on a comprehensive data set 
from morphological data and host-associated data, and by coalescent-based delimita-
tion approaches, the Hyalopterus species boundaries, distribution and diversity were 
clarified here to further reveal the composition of the species. Two single-locus (ML-
GMYC and mPTP) and two multilocus (BPP and STACEY) delimitation methods 
were conducted based on extensive sampling. Then, the phylogenetic relationships 
and morphological divergence were assessed. Our data strongly supported that the 
number of recognized species in Hyalopterus had likely been underestimated. The 
phylogenetic analyses recovered four major clades, which corresponded to distinct 
host-plant preferences. Also, the morphological analyses showed significant differ-
entiation for only one of the newly recognized candidate species uncovered by the 
delimitation approaches, suggesting the existence of at least two independent evolu-
tionary lineages within Hyalopterus arundiniformis, which showed different patterns 
of host association. Moreover, based on our data, the taxonomic misidentification of 
H. arundiniformis in China was corrected here. This study lays the groundwork for 
the thorough taxonomic revision of Hyalopterus and for future evolutionary studies 
and underlines the importance of an integrated framework for species determination.
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related species and may not identify incipient and cryptic 
species (Bellati, Carranza, Garcia-Porta, Fasola, & Sindaco, 
2015; Fišer, Robinson, & Malard, 2018; Struck et al., 2018). 
Notably, cryptic species are a well-documented phenomenon 
in all major lineages of the tree of life (Struck et al., 2018), 
especially if the organisms are widespread with low vagility 
as their populations are more likely to be subjected to dis-
ruptions (e.g., geological, ecological and anthropogenic) that 
may lead to allopatric/sympatric differentiation and foster 
cryptic speciation (Schield et al., 2018). Additionally, detect-
ing cryptic species is essential for understanding the specia-
tion process (Fišer et al., 2018) and provides valuable insight 
into the connection between taxonomy and phylogenetic pat-
terns (Struck et al., 2018). Thus, examining the hidden diver-
sity of the broad-range lineages that occupy distinct habitats 
and ecological niches should facilitate the improvement of 
our understanding of the ecological features and geographi-
cal processes that drive diversification.

Aphids (Hemiptera, Aphidoidea) are phytophagous in-
sects and usually of smaller body size, and currently com-
prise more than 5,000 species, including many economically 
important pests (Blackman & Eastop, 2000; Favret, 2020). 
Morphology-based species delimitation for aphids remains a 
big challenge due to the complex life cycles and the paucity 
of diagnostic morphological features of these insects (Foottit, 
Lowery, Maw, Smirle, & Lushai, 2009; Foottit, Maw, Von 
Dohlen, & Hebert, 2008; Wang, Jiang, & Qiao, 2011; Zhang 
& Zhong, 1983; Zhu, Chen, Chen, Jiang, & Qiao, 2017). 
For example, intraspecific polymorphisms can be triggered 
by various features, such as host-alternating heteroge-
neous behaviour or population structures in distinct regions 
(Margaritopoulos, Tsitsipis, Zintzaras, & Blackman, 2000; 
Margaritopoulos, Tzortzi, Zarpas, Tsitsipis, & Blackman, 
2006; Wieczorek, Bugaj-Nawrocka, Kanturski, & Miller, 
2017; Wool & Hales, 1997). On the other hand, interspecific 
morphological indistinguishability can be driven by adapting 
to closely related hosts (Cocuzza & Cavalieri, 2014). Thus, 
the lack of unambiguous morphological characteristics can 
easily cause misidentification, resulting in an overlook of 
the cryptic diversity of the common and widely distributed 
species.

Recently, the ever-increasing availability of multilocus 
sequences and the emergence of robust coalescent-based spe-
cies delimitation approaches have facilitated the uncovering 
of cryptic species diversity and have provided the unprece-
dented complement to understand the processes of speciation 
(Bellati et al., 2015; Busschau, Conradie, & Daniels, 2019; 
Domingos et al., 2014; Domingos, Colli, Lemmon, Lemmon, 
& Beheregaray, 2017; Fujita, Leache, Burbrink, McGuire, 
& Moritz, 2012; Hurtado-Burillo, May-Itzá, Quezada-Eúan, 
Rúa, & Ruiz, 2017; Kotsakiozi et al., 2018; O'Connell et al., 
2018; Solis-Lemus, Knowles, & Ane, 2015). Among the 
methods for species delimitation, the multispecies coalescent 

model (MSC; Fujita et al., 2012; Rannala & Yang, 2003; Yang 
& Rannala, 2010, 2014) analyzing multiple loci to test alter-
native hypotheses of lineage divergence, is the most preva-
lent and has been successfully applied to delimit species for a 
broad array of organisms, from animals and plants (Denham, 
Brignone, Johnson, & Pozner, 2019; Matos-Maraví et al., 
2019) to microbial groups (Galen, Nunes, Sweet, & Perkins, 
2018). However, species delimitation based on the multi-
species coalescent model has been debated recently on both 
theoretical and practical grounds (Leache, Zhu, Rannala, & 
Yang, 2019; Sukumaran & Knowles, 2017). In this context, 
in addition to intensive geographic sampling, approaches 
that combine multiple lines of evidence (e.g., morphology, 
biology, ecology, and geography) are thus potentially more 
effective and objective than either method in isolation (Fujita 
et al., 2012; Padial, Miralles, De la Riva, & Vences, 2010; 
Solis-Lemus et al., 2015; Sukumaran & Knowles, 2017; 
Yang, Kong, Huang, & Kang, 2019). However, these integra-
tive approaches are employed less for insects than for other 
organisms and are often based on relatively small data sets 
(Masonick & Weirauch, 2020).

The mealy aphids, Hyalopterus Koch (Hemiptera: 
Aphididae: Aphidinae), are widespread pests that damage 
various stone fruit crops and currently comprise three de-
scribed species, all of which are associated with distinct 
Prunus species as their preferred primary hosts, and all may 
migrate to reed (e.g., Phragmites, Arundo and other gram-
inaceous plants) as secondary (summer) hosts (Blackman 
& Eastop, 2000; Lozier, Foottit, Miller, Mills, & Roderick, 
2008; Lozier, Roderick, & Mills, 2007; Mosco, Arduino, 
Bullini, & Barbagallo, 1997; Poultos, Margaritopoulos, & 
Tsitsipis, 2007; Rakauskas, Havelka, & Zaremba, 2013). 
Hyalopterus is morphologically characterized by an elon-
gated shape, antennae shorter than the body, and siphun-
culi shorter than cauda without flange and rounded at apex 
(Zhang & Zhong, 1983). Numerous researchers have fo-
cused on the taxonomy of this group over the last century 
(Eastop, 1966; Favret, Meshram, Miller, Nieto Nafria, & 
Stekolshchikov, 2017; Lozier et al., 2008; Moreno-Gonzalez 
& Nieto Nafria, 2018; Poultos et al., 2007; Rakauskas et al., 
2013; Smith, 1936). Recent revisionary attempts to resolve 
the species boundaries within Hyalopterus have made prog-
ress partly as a result of the rapid introduction and spread of 
the invasive species H. pruni across North America (Lozier, 
Roderick, & Mills, 2009), as well as from a general inter-
est in speciation mechanisms, host-associated gene expres-
sion and so on (Cui, Yang, Guo, Kang, & Cui, 2017; Lozier 
et al., 2007). Despite continuing attention, the delimitation of 
the genus has remained unresolved, as no systematic study 
has assessed species from Asia, which may have left some 
species diversity undocumented. Furthermore, some stud-
ies have provided identification keys and suggested distin-
guishing the species within Hyalopterus by host utilization 
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(Lozier et al., 2008; Rakauskas et al., 2013), but these traits 
do not seem accurate as evidenced by the presence of remark-
able overlap in morphological characteristics between spe-
cies (Kudirkaite-Akuliene & Rakauskas, 2009; Rakauskas 
et al., 2013). Therefore, there is a great need for a pluralistic 
approach for the species delimitation of this group, includ-
ing an integrative taxonomic and systematic review (Padial 
et al., 2010). Previous studies have found no evidence that 
spatiotemporal barriers could explain the overall diversity 
in Hyalopterus (Lozier et al., 2007), but have led to the hy-
pothesis that host-plant association has played a role in main-
taining reproductive isolation (Lozier et al., 2007; Mosco 
et al., 1997). However, these studies were usually based on 
small numbers of samples or included sampling from a nar-
row geographic range, which may have overlooked specia-
tion events within the recognized range of a known species. 
Thus, a clear understanding of the species boundaries and 
relationships and wide-range sampling in Asia would facil-
itate to understand the underlying evolutionary mechanisms 
of Hyalopterus (Lozier et al., 2007).

In this study, we employed an integrative approach to 
include morphological data, multilocus molecular data and 
ecological host-associated data to clarify the species bound-
aries and diversity within Hyalopterus. The specific objec-
tives of this investigation were threefold: (a) to clarify the 
taxonomic status of the Hyalopterus species based on exten-
sive geographic sampling from Asia, (b) to test whether the 
valid nominal species contained unrecognized cryptic spe-
cies using comprehensive analysis and (c) to reconstruct the 
phylogenetic relationship within Hyalopterus.

2 |  METHODS AND MATERIALS

2.1 | Taxon sampling and DNA sequencing

In total, 334 samples of Hyalopterus were collected from 
2002 to 2019, which covered much of the known recorded ge-
ographical ranges of these species in Asia and encompassed 
samples from diverse host plants (peach, plum, apricot, reed 
and so on), to investigate geographical and/or host-associ-
ated population structure and genetic diversity (Table  S1). 
Total genomic DNA was isolated from a single adult aphid 
individual per sample that was either frozen (−80°C) and/
or preserved in ethanol, which was followed by the Quick-
Start protocol of DNeasy Blood & Tissue Kit (QIAGEN). To 
evaluate potential genetic variability between Hyalopterus, 
three DNA fragments were amplified that corresponded to 
one cytochrome c oxidase subunit I (COI) and one ribosomal 
gene (12S rRNA) from the mitochondrial genome (mtDNA) 
and one protein-coding gene fragment (elongation factor-1ɑ; 
EF-1ɑ) from the nuclear genome. The primer selection and 
sources and the programmes used for the PCR amplification 

of each fragment were summarized in Table  S2. Raw am-
plified sequences were checked and edited manually via 
SeqMan II (DNAStar). All protein-coding sequences were 
translated into amino acids to check for stop codons prior to 
further analysis using the online tool EMBOSS Transeq (Li 
et al., 2015). In addition, the sequences of Hyalopterus from 
previous studies (Li et al., 2020; Lozier et al., 2008; Lozier 
et al., 2009; Wang, Jing, & Qiao, 2013; Wen, Chen, Jiang, & 
Qiao, 2013) were retrieved from GenBank. Ultimately, 552 
samples of Hyalopterus were evaluated. Considered that the 
species of Hyalopterus are highly similar morphologically, 
the sequences from Lozier et al. (2008), in which a systematic 
review of Hyalopterus based on samples from Europe has 
been performed, were considered as the reference sequences 
in our analysis. The introns in the EF-1ɑ gene were included 
in the subsequent analyses, as recommended in previous 
study (Théry, Kanturski, & Favret, 2018). All sequences of 
the three genes were aligned separately utilizing the ClustalW 
algorithm with default parameters implemented in MEGA 7 
(Kumar, Stecher, & Tamura, 2016). The sequences generated 
in this study were submitted to GenBank (Table S1).

2.2 | Species delimitation analyses

To identify the species boundaries and assess whether 
Hyalopterus consisted of hidden diversity and/or cryptic 
species, a two-stage method was conducted (Carstens et al., 
2013; Leache & Fujita, 2010). The first stage was to recog-
nize the species threshold (i.e., species discovery), in which 
putative taxonomic units were estimated without a priori in-
formation. Once we inferred the putative species hypotheses 
from the previous delimitation (discovery stage), a validation 
approach was carried out under the multispecies coalescent 
model framework (MSC).

2.2.1 | Species discovery

To investigate the putative taxonomic units within 
Hyalopterus, two different coalescent-based delimitation 
methods were implemented based on concatenated mtDNA: 
(1) the maximum likelihood of the generalized mixed Yule 
coalescent method (ML-GMYC; Fujisawa & Barraclough, 
2013) and (2) multi-rate Poisson tree processes (mPTP; 
Kapli et al., 2017). The generalized mixed Yule coalescent 
model (GMYC) is a tree-based method under the coalescent 
model that employs a likelihood approach to search for the 
threshold point between divergence events (Yule) and popu-
lation genetic (coalescent) processes on an ultrametric tree. 
The input file for the GMYC model was generated using 
RAxML (Stamatakis, 2014) based on the unique sequences 
obtained from DNAsp 5 (Librado & Rozas, 2009). Then, 
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the best ML tree from RAxML was converted into an ultra-
metric tree using the chronos function in the APE package 
(Paradis & Schliep, 2019) in R 3.5 (R Core Team, 2018). 
The ML-GMYC analysis was performed using the splits 
package (Fujisawa & Barraclough, 2013) in R 3.5 (R Core 
Team, 2018) under the single-threshold model, as prior stud-
ies have demonstrated that it is relatively more robust than 
the multiple threshold version (Fujisawa & Barraclough, 
2013; Talavera, Dinca, & Vila, 2013). The Poisson tree 
process (PTP) model is another tree-based species delimi-
tation method that determines the transition points within 
and between species by assuming that the number of sub-
stitutions between species is substantially higher than that 
within species, rather than using time to estimate branching 
rates as in the GMYC model. Multi-rate Poisson tree pro-
cesses (mPTP), which are an improvement on PTP and bPTP 
(Bayesian implementation of PTP; Zhang, Kapli, Pavlidis, 
& Stamatakis, 2013), were conducted using the web server 
(http://mptp.h-its.org/#/tree). Since mPTP requires a strictly 
bifurcating tree, we directly used the ML tree derived from 
RAxML analyses, as described above.

2.2.2 | Species validation

The other two molecular species delimitation approaches, 
namely STACEY (Jones, 2017) and BPP (Flouri, Jiao, 
Rannala, & Yang, 2018), were employed to validate the spe-
cies hypothesis proposed in the species discovery step under 
the multispecies coalescent framework. Given the computa-
tional limitation, in this step, only the samples we collected 
were used, and the mitochondrial alignments and nuclear se-
quences were treated as two independent loci.

The Bayesian Phylogenetics and Phylogeography pro-
gramme (BPP 4.1.3; Flouri et al., 2018) was used to jointly 
infer the species trees and delimit the species with algo-
rithm A11. The BPP software implements reversible-jump 
MCMC (rjMCMC) to compare the different species delim-
itation models while calculating the posterior probability 
of each model. The guide species tree was generated by the 
StarBEAST2 0.15.2 (Ogilvie, Bouckaert, & Drummond, 
2017) module of BEAST 2.5 (Bouckaert et al., 2019). The 
best-fit nucleotide substitution models for each gene locus 
followed jModelTest (Darriba, Taboada, Doallo, & Posada, 
2012). A Yule model was selected as the species tree prior, 
and a strict molecular clock was implemented. We executed a 
Markov chain Monte Carlo (MCMC) for two hundred million 
generations with a sampling frequency of 5,000 generations, 
and the initial 20% of the trees were discarded as burn-in. 
A maximum clade credibility tree was built with the soft-
ware TreeAnnotator (Bouckaert et al., 2019). For the BPP 
analysis, the heredity scalar was set to 1 and 0.25 for the 
nuclear locus and mitochondrial loci, respectively. Different 

combinations of ancestral population size (θ) and divergence 
time (τ) parameters were employed to evaluate the effect in 
the prior settings on the number of delimited species (Leache 
& Fujita, 2010): (a) large ancestral population size and deep 
divergence (θ ~ IG (3, 0.04), τ ~ IG (3, 0.02)), (b) small an-
cestral population size and shallow divergence (θ  ~  IG (3, 
0.004), τ ~ IG (3, 0.002)), (c) small ancestral population size 
and deep divergence (θ ~ IG (3, 0.004), τ ~ IG (3, 0.02)), and 
(d) large ancestral population size and shallow divergence 
(θ ~ IG (3, 0.04), τ ~ IG (3, 0.002)). The analyses were re-
peated two independent times using the rjMCMC algorithm 
1 with gamma variable fine-tuning shape α  =  2 and mean 
m = 1. For each run, 100,000 samples were collected with a 
sampling frequency of 2 iterations after a burn-in of the first 
8,000 cycles.

The STACEY algorithm (Species Tree and Classification 
Estimation, Yarely), a package implemented in BEAST 2.5 
(Bouckaert et al., 2019), was performed for species delimita-
tion and species tree estimation, in which a birth–death–col-
lapse model was applied to estimate the number of ‘minimal 
clusters’ by merging the clades of the species or minimal 
clusters tree. The nucleotide substitution models were se-
lected according to jModeltest 2.1 (Darriba et al., 2012). 
The ploidy values equalled 2 for the nuDNA and 0.5 for the 
mtDNA genes. We used the birth–death–collapse model fol-
lowed by a collapse height prior of 0.0001 and a collapse 
weight of 0.5, while uncorrelated lognormal relaxed mo-
lecular clock models were chosen for all loci (Jones, 2017). 
The MCMC analysis was run for 200 million generations, 
sampling every 5,000 generations. The final species delim-
itation posterior and pairwise similarity probabilities were 
calculated using SpeciesDelimitationAnalyser 1.8.0 (Jones, 
Aydin, & Oxelman, 2015) with a ‘collapseHeight’ of 0.0001.

2.3 | Phylogenetic analyses

Phylogenetic analyses were performed using the Bayesian 
inference (BI) framework and maximum-likelihood (ML) 
method, which was conducted in MrBayes 3.2.6 (Ronquist 
et al., 2012) and RAxML 8.2.12 (Stamatakis, 2014), re-
spectively. The analyses were carried out based on data 
sets of the combined mitochondrial alignments, nuclear 
alignments only and all alignments, with Hysteroneura 
setariae and Rhopalosiphum padi as out-groups. For the 
Bayesian analysis, the nucleotide substitution model of 
the sequence evolution that best-fit the data was identi-
fied for each gene separately according to Bayesian infor-
mation criterion (BIC) as implemented in jModeltest 2.1 
(Darriba et al., 2012). The following best-fitting models of 
nucleotide substitution were selected: HKY + I+G (COI), 
HKY + I (12S rRNA) and HKY + G (EF-1ɑ). Four simul-
taneous Markov chains (two parallel runs of one cold and 

http://mptp.h-its.org/#/tree
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three heated) were run for 10 million generations, and the 
sampling frequency parameter was set to every 100 genera-
tions to obtain an average standard deviation of the split 
frequencies of less than 0.01. The first 25% of the Markov 
chain samples were discarded as burn-in. The ML phyloge-
nies were inferred with a GTRCAT nucleotide substitution 
model and a rapid 1,000 bootstrapping replicates for node 
confidence. JModeltest, RAxML and MrBayes were con-
ducted on the CIPRES Science Gateway (Miller, Pfeiffer, 
& Schwartz, 2010).

2.4 | Morphological differentiation

To investigate the morphological divergence between the 
putative lineages, we measured a total of 23 quantitative 
morphometric characteristics (Table S3) of apterous vivipa-
rous females following previous studies (Lozier et al., 2008; 
Rakauskas et al., 2013). The specimens were examined using 

a Leica Microsystems imaging system. All measurements 
were taken by Leica Application Suite X (LAS) software 
with digital callipers accurate to 0.01  mm. The individu-
als were assigned to different groups based on the results 
of the species validation analyses. Individuals with miss-
ing data were excluded, and all morphometric traits were 
log10-transformed to improve normality and homoscedas-
ticity. Subsequently, a permutational multivariate analysis 
of variance (PERMANOVA) with Euclidian distance ma-
trices was implemented for significant differences between 
the candidate species, followed by pairwise comparisons. 
Then, a linear discriminant analysis (LDA) was conducted 
to visualize the morphological variation between the indi-
viduals. To remove the effect of body size, variables were 
regressed against log-BL (body length), and the residu-
als were used for LDA analysis. All statistical analyses in 
this step were conducted using R 3.5 (R Core Team, 2018). 
PERMANOVA inference was performed with the package 
vegan (Oksanen et al., 2019), pairwise comparisons with the 

F I G U R E  1  Results from the species delimitations and phylogenetic references. (a) The maximum-likelihood tree based on the unique 
sequences of concatenated mtDNA is shown on the left. The vertical bars, from left to right, indicate the candidate species inferred by ML-GMYC, 
mPTP, BPP and STACEY, respectively. (b) The coalescent species tree was estimated by StarBEAST2 analysis (left) and BPP inference (right; 
under the small ancestral population size) based on concatenated mtDNA and nuDNA sequences. The posterior probabilities are shown at the nodes 
[Colour figure can be viewed at wileyonlinelibrary.com]
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package RVAideMemoire (Hervé, 2018) and LDA analysis 
with the MASS package (Venables & Ripley, 2002).

3 |  RESULTS

3.1 | Species delimitation

The single-threshold ML-GMYC approach recovered six en-
tities as effective putative species (Figure 1). The likelihood 
ratio test was significantly higher (LR = 10.51, p-value < .01) 
with the null model of a single entity being rejected, indi-
cating the presence of more than one species in the data set. 
Another single-locus coalescent method, mPTP, delineated 
similar results, with support for six ‘species’ (Figure 1). The 
BPP and STACEY delimitation analyses consistently iden-
tified six candidate ‘species’ as distinct clades (Figure  1). 
Also, the different combinations of the ancestral population 
size (θ) and divergence time (τ) had no effect on the species 
delimitation results. According to the species delimitation re-
sults, among the 334 samples of Hyalopterus we collected, 
11 samples were clustered with H.  amygdali (clade I), and 
35 samples were identified as H.  pruni (clade II). Clade I 
consisted of individuals collected from Europe and Central 
Asia: Kazakhstan, Kyrgyzstan and Tajikistan (Table S1). The 
specimens of H. pruni were collected from throughout North 
America, Europe and Central Asia as well as north of the 
Tianshan Mountains (Xinjiang, China; Table S1). Worthy of 
a distinct consideration is the individuals collected on plum 
and red plum (namely, Prunus salicina and Prunus cerasif-
era f. atropurpurea, respectively) in Central and South China 
(clade III). These individuals appeared to be genetically allied 
to the clade IV species but were clearly divergent. The sam-
ples included in clade IV were separated into three subclades 
corresponding to three putative species, the last of which was 
the most cohesive and comprised numerous specimens. They 
were characterized by no or slight genetic divergence, with 
H. arundiniformis that resulted as the referring species.

3.2 | Phylogenetic analyses

The tree topologies reconstructed by both BI and ML 
analyses based on the concatenated data sets (mtDNA 
and mtDNA + nuDNA) were very similar, with high sup-
port values for the major clades (Figures 1a and S1). The 
inferred phylogenetic relationships were robust for the 
major clades, as evidenced by congruence with MSC spe-
cies trees with high posterior probabilities (Figures 1b and 
S3). In terms of phylogenetic branching pattern, the genus 
Hyalopterus was divided into four distinct clades in which a 
group comprising H. amygdali (clade I) and H. pruni (clade 
II) was a sister to the remaining clades (posterior probability 

[PP] = 1.00, bootstrap percentage [BP] = 100; Figure S1). 
The main primary host of H. pruni is plum (P. domestica), 
while H. amygdali utilizes almond (P. dulcis; Lozier et al., 
2008; Lozier et al., 2007; Poultos et al., 2007). Clade III 
encompassed individuals collected on plum and red plum, 
which formed an independent lineage. Clade IV was the 
most divergent group with three subclades. The sister-group 
relationship in clade IV between H.  arundiniformis-2 and 
H. arundiniformis-3 was recovered with relatively low sup-
port (Figure S1). However, the sister relationship between 
H. arundiniformis-2 and H. arundiniformis-3 was not sup-
ported by the BPP species trees under the large ances-
tral population size (θ). Instead, H.  arundiniformis-3 and 
H.  arundiniformis-4 formed a sister-group (Figure  S3). 
Clade IV comprised individuals collected mainly on P. per-
sica (peach) and Phragmites australis (common reed) and 
also found on plum, apricot and P.  trilobal (Table  S1). 
Furthermore, the subclades within clade IV were strongly 
associated with geographic areas. H. arundiniformis-2 and 
H.  arundiniformis-4 are mainly distributed in northern 
Eurasia, while subclade H. arundiniformis-3 is mainly dis-
tributed in East Asia (Table S1).

The single-nuclear gene tree topologies were not com-
pletely congruent with the concatenated all loci tree 
(Figure S2), but also recovered the major clades. The conflict 
between the concatenated data set and the nuclear trees was 
that the single-nuclear gene tree did not resolve any subclade 
within clade IV.

3.3 | Morphological analysis

A total of 228 specimens of Hyalopterus were measured. The 
PERMANOVA analysis showed a significant divergence 
between the candidate species (p-value  <  .001, Table  S4). 
The pairwise comparisons detected that the morphological 
variation of H. arundiniformis-1 was significantly divergent 
from that of the others (Table  1). However, the remaining 
subclades of H.  arundiniformis were not significantly dif-
ferentiated from each other. Similarly, H.  amygdali was 
also divergent from all candidate species, whereas H. pruni 
showed morphological similarity with H. arundiniformis-2. 
The LDA analysis of the morphometric traits showed that 
76.70% of the variance explained by LD1 and LD2 accounted 
for 11.99% of the total variance (Figure 2). The variables that 
substantially contributed to the separation of the species in 
LD1 were the length of the processus terminalis, the length of 
siphunculi and the distance between the bases of the median 
dorsal head setae. The LD2 separated the samples primarily 
due to the length of the basal width of the ultimate rostral 
segment (Table S5). The individuals of H. arundiniformis-1 
were clearly separable from all others, while the remaining 
subclades of H. arundiniformis were slightly divergent from 
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each other. For H. pruni, there was some overlap in morphol-
ogy between H. arundiniformis (except H. arundiniformis-1) 
and H. amygdali (Figure 2).

4 |  DISCUSSION

Hyalopterus have become a model system for the study of 
complex host specialization and reproductive behaviours, 
and their underlying evolutionary, ecological and physiolog-
ical mechanisms. However, without a clear understanding 
of the species boundaries and relationships, the compre-
hensive inference or analysis of the complex evolutionary 
processes would have been greatly misled. In this study, 
we combined different lines of evidence (e.g., morpho-
logical, molecular and ecological characteristics) through 
an integrative approach to clarify the species boundaries, 
distribution, diversity and evolutionary relationships of the 
Hyalopterus species. Our findings showed that the Chinese 

record of H. pruni (Geoffroy) should be H. arundiniformis 
Ghulamullah, and Hyalopterus, which is currently identi-
fied as three nominal species, actually exhibits considerable 
cryptic diversity in East Asia than previously recognized.

4.1 | Phylogeny within Hyalopterus

The research provided a comprehensive and robust assess-
ment of the phylogenetic relationships within Hyalopterus 
so far, through more extensive geographic sampling and the 
multispecies coalescent model framework. The phylogenetic 
analyses uncovered four major highly supported monophy-
letic clades (I-IV) consistent to distinct host-plant prefer-
ences. H. pruni and H. amygdali form a sister group, with 
H.  arundiniformis at the base, which is in agreement with 
previous studies based on morphological or/and molecular 
data (Lozier et al., 2008; Lozier et al., 2007; Mosco et al., 
1997; Rakauskas et al., 2013). However, H. arundiniformis 

T A B L E  1  Results of the pairwise comparisons for morphological differentiation between the candidate species

H. arundiniformis-1 H. arundiniformis-2 H. arundiniformis-3 H. arundiniformis-4 H. amygdali H. pruni

H. arundiniformis-1 –

H. arundiniformis-2 4.464693** –

H. arundiniformis-3 5.577715** 0.604773 –

H. arundiniformis-4 5.521886** 1.136857 1.773321 –

H. amygdali 4.652025** 2.816506** 7.329993** 8.443416** –

H. pruni 6.82865** 2.183361 2.968595* 2.488204* 1.853055* –

*p-Value < .05. 
**p-Value < .01. 

F I G U R E  2  Results from the linear 
discriminant analyses of Hyalopterus 
based on 23 morphological characteristics. 
The percentages beside the axis depict 
the amount of variance explained by 
them. The ellipses show equal 95% 
confidence frequencies for each candidate 
species [Colour figure can be viewed at 
wileyonlinelibrary.com]
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was also divided into two major clades (clade III and clade 
IV) with different patterns of host association. Clade III was 
collected on P.  salicina and P.  cerasifera f. atropurpurea, 
while clade IV was mainly sampled from peach (P. persica). 
Moreover, H. amygdali utilizes almond (P. dulcis; clade I), 
while the main primary host of H. pruni is plum (P. domes-
tica; clade II; Lozier et al., 2008). The host-plant differen-
tiation among closely related clades of Hyalopterus (i.e., 
clade I + clade II and clade III + clade IV) may suggest the 
speciation triggered by transitions in ecological character-
istics. Furthermore, the main difference in the phylogenetic 
topology between the concatenated data set and nuclear gene 
trees was that the single-nuclear gene tree was unable to re-
solve relationship within clade IV, which is likely due to the 
nuclear EF-1ɑ gene being more conservative and thus less 
informative of more recent evolutionary events (Morales, 
Pavlova, Joseph, & Sunnucks, 2015).

4.2 | Cryptic diversity of Hyalopterus 
arundiniformis

Molecular-based approaches have demonstrated great poten-
tials for accurately delimiting species, recognizing cryptic 
species and detecting host-specific lineages for aphids (Beji 
et al., 2015; Chen, Jiang, Chen, & Qiao, 2016; Cocuzza & 
Cavalieri, 2014; Foottit et al., 2008, 2009; Kinyanjui et al., 
2016; Lee, Lee, Lee, & Kim, 2015; Li et al., 2020; Rebijith 
et al., 2013; Wang et al., 2011, 2013; Wang & Qiao, 2009; 
Wen et al., 2013; Zhu et al., 2017). However, most stud-
ies limited the species delimitation methods to threshold-
based and/or single-gene approaches. In the present study, 
a two-stage approach of multilocus coalescent-based species 
delimitation was conducted to identify the species bounda-
ries within an assemblage of morphologically indistinguish-
able but genetically distinct stone fruit crop pests within 
Hyalopterus. The results depicted high genetic variability 
and indicated the occurrence of three unrecognized species 
in Hyalopterus (Figure 1). The consensus of the results of 
our analyses using different methods indicated that H. arun-
diniformis was composed of a complex of cryptic species 
(Figure 1), which disagreed with previous studies based on 
specimens from the European regions only (Lozier et al., 
2008; Rakauskas et al., 2013). The putative species are 
widely distributed across East Asia, either in allopatry or in 
sympatry, indicating the complex evolutionary history in the 
region. The significant differentiation among these cryptic 
species may suggest a relatively long period of isolation due 
to reduced gene flow among the lineages because of physical 
or ecological barriers. Compared to that in Europe at simi-
lar latitudes, the topography of East Asia is more complex, 
and the climate of the region was also more stable during 
the Pleistocene period (Weaver, Eby, Augustus, & Wiebe, 

1998; Williams, Kasting, & Frakes, 1998), which probably 
provided suitable conditions for their differentiation. The 
topographic complexity in East Asia and more specifically in 
the Qinling Mts., Taihang Mts., and Yan Mountains has been 
suggested to be responsible for high intraspecific divergence 
in various organisms (Cheng, Jiang, Xue, & Han, 2019; Song 
et al. 2016). It is also probably implicated in the diversifica-
tion of Hyalopterus. Indeed, there were two subclades (H. 
arundiniformis-2 and H. arundiniformis-3) that found in 
northern Eurasia and East Asia, respectively. Thus, the low 
dispersal ability of the species and complex terrain most 
likely drove the diversification within the H. arundiniformis 
complex. Morphological similarity coupled with significant 
genetic differentiation is common in aphids (e.g., Chen et al., 
2016), and the disagreement between the molecular and mor-
phological data in this study is not a novelty. However, the 
evolutionary processes and mechanisms for the retention of 
cryptic phenotypes among divergent lineages are not well 
understood. Four distinct explanations have been suggested: 
recent divergence, morphological convergence, niche con-
servatism and parallelism (see review Fišer et al., 2018). 
Here, the disruption seems more likely explained by recent 
divergence, in which the cryptic species are too young for 
substantial morphological differences to accumulate (Fišer 
et al., 2018; Struck et al., 2018). In addition, this cryptic mor-
phology could be caused by constrained evolution of exter-
nal morphological features (such as body shape, coloration 
and pheromones) resulting from processes such as stabiliz-
ing selection, which can prevent morphological divergence 
and cause distinct populations to remain similar over long 
periods of time (Fišer et al., 2018).

Specific associations with different host plants for phy-
tophagous insects are considered as the main ecological fea-
tures that affect the population dynamics and interactions and, 
as such, could ultimately involve in the speciation process 
(Kobayashi & Sota, 2019). Consequently, the observation of 
differences in host usage has often been followed by the dis-
covery of cryptic species (Hebert, Penton, Burns, Janzen, & 
Hallwachs, 2004; Hernandez-Roldan et al., 2016; Kankare, 
Van Nouhuys, & Hanski, 2005; Kobayashi & Sota, 2019). 
Our results from phylogenetic analysis (particularly in the 
nuclear gene), morphometric data and statistical tests corrob-
orated to support the presence of one host-specialized lineage 
on P.  salicina and P.  cerasifera f. atropurpurea in Central 
and South China (Figures 2 and S2, Table 1). Therefore, re-
productive isolation in sympatry might have occurred in this 
case, as suggested by others that host plants have played a role 
in maintaining host-associated differentiation in Hyalopterus 
(Lozier et al., 2007).

Overall, the results imply that H. arundiniformis is a com-
plex of biological entities at different stages of divergence 
(i.e., from the populations that present weak and incomplete 
reproductive barriers to irreversibly isolated species), which 



   | 763LIU et aL.

aligns with the idea of speciation as a continuum (de Queiroz, 
2007). There are three different lines that support these sit-
uations: (a) individuals with low genetic divergence and in-
cipient morphological variability (H. arundiniformis-4), (b) 
population groups with significant genetic divergence and a 
slight morphological divergence (clade IV), and (c) popula-
tion groups with high genetic divergence and high degree of 
morphological differentiation (clade III and clade IV).

4.3 | Implications for taxonomy

Previous studies have suggested that three nominal species of 
Hyalopterus alternate hosts from Prunus to Phragmites and 
others (Lozier et al., 2008; Mosco et al., 1997; Rakauskas 
et al., 2013). Nevertheless, proof that all three of them alter-
nated hosts has been lacking. Here, we proved that, for the 
first time, all three named species alternate hosts. In addi-
tion, the current taxonomy of Hyalopterus species heavily re-
lies on host utilization, the length of the median dorsal setae 
of head and the basal width of the ultimate rostral segment 
(Lozier et al., 2008; Poultos et al., 2007; Rakauskas et al., 
2013). However, these morphological traits are significantly 
variable. Thus, morphology-based species delimitation for 
this group is not only time-consuming but also challenging.

Lozier et al. (2008) conducted a systematic study of 
Hyalopterus and described a new species Hyalopetrus 
persikonus Miller, Lozier & Foottit based on samples 
from Europe. Then, Favret et al. (2017) performed a syn-
onymic revision of the nominal species of Hyalopterus, and 
Hyalopterus persikonus was considered as a synonym of 
H. arundiniformis. Yet the studies on the species composi-
tion of Hyalopterus from China have been limited to early 
morphology-based research. Zhang and Zhong (1983) re-
corded Hyalopterus amygdali (Blanchard) in China. Then, 
Zhang (2000) re-examined the slide-mounted specimens, and 
they were identified as H. pruni (Geoffroy) and only recorded 
H. amygdali in Xinjiang, China. In this study, the individuals 
we collected in clade III and clade IV were initially identified 
as H. pruni on the basis of the Chinese records and morpho-
logical comparisons. However, the sequences of H. arundini-
formis (=H. persikonus Miller, Lozier & Foottit) from Lozier 
et al. (2008) were clustered in clade IV (H. arundiniformis-4; 
Figure  1). Thus, the specimens originally designated as 
H. pruni in China should also be considered as specimens of 
H. arundiniformis. Recently, one study involved 26 samples 
of H. pruni from the subtropical region in China (Li et al., 
2020). Nevertheless, after incorporating the sequences of 
Hyalopterus from Li et al. (2020) into our analysis, 25 sam-
ples were clustered with H. arundiniformis-3, and one sample 
was identified as H. arundiniformis-4. Thus, the samples of 
H. pruni from Li et al. (2020) should also be a misidentifica-
tion of H. arundiniformis. The nominal species in China have 

shifted several times during a relatively short time period, re-
flecting a lack of diagnostic morphological characteristics for 
this group. Indeed, we found that there was some overlap in 
their morphological characteristics (Figure 2). Furthermore, 
the results revealed that widespread ‘ubiquitous’ species (e.g., 
H. arundiniformis) seem to comprise cryptic diversity. The 
group H. arundiniformis-1 may be a new species because it is 
supported not only by morphological characteristics but also 
by genetic and ecological data (e.g., host plants). An interest-
ing point is the stage of speciation in clade IV that shows a 
greater level of overlapping in morphological characteristics, 
which is possibly related to a more recent divergence.

The previous study has suggested that H.  amygdali is 
mainly distributed in the Mediterranean area and probably 
across Asia to China (Blackman & Eastop, 2000). Our re-
sults suggested that this species is not distributed in China. 
Originally, H. pruni was described from Europe. Now it has 
been introduced to North America (Lozier et al., 2009) and 
also recorded in Asia, including in the Korean Peninsula (Lee, 
Holman, & Havelka, 2002) and Indonesia (Noordam, 2004). 
Thus, it has been widely assumed that H. pruni is a cosmo-
politan species (Blackman & Eastop, 2000). However, our 
results showed that this species in China is only distributed in 
the north of the Tianshan Mountains (Xinjiang, China) and 
suggested that the distribution records of H. pruni in Asian 
other regions need to be re-examined.
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