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Abstract

Pear psyllids are major pests and the causal agents of pear decline disease in orchards. In the past two dec-
ades, their outbreaks have raised issues pertaining to invasions and taxonomic identification of the dimorphic 
Cacopsylla chinensis (Yang and Li) in East Asia. The present study elucidated, as an aid to quarantine man-
agement, the invasive origins, differentiation history, and putative gene flow and hybridization between 
C. chinensis and its sibling species Cacopsylla jukyungi (Kwon). Analyses revealed that the ancestors of C. 
jukyungi might have diverged from C. chinensis approximately 3.5 million yr ago (Mya) and that differenti-
ation between C. chinensis lineages I and II probably occurred 1.5 Mya. The known overlapping distribution of 
C. chinensis and C. jukyungi in northeastern China and the two C. chinensis lineages in the Bohai Rim region 
and Taiwan could be attributed to recent population expansion after the Last Glacial Maximum and/or an-
thropogenic activities. Analyses of the nuclear gene demonstrated that frequent gene flow between the two C. 
chinensis lineages and the paraphyletic relationship between C. chinensis and C. jukyungi might be caused by 
incomplete lineage sorting or hybridization events. On the basis of the current distribution, it is evident that C. 
jukyungi is not present in middle-southern China, whereas C. chinensis is not distributed in Japan and Korea. 
Preventing new invasions of Cacopsylla psyllids among geographic regions through the transportation of pear 
scions is thus pivotal in East Asia, particularly for the possible genetic exchanges among differentiated lineages 
after secondary invasion events.
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The increasing prevalence of global trade has heightened the risk 
of invasion by pathogens and pests as a consequence of crop trans-
portation across the world (Nghiem et  al. 2013). Illegal plant 
smuggling is another means by which agricultural pest invasion 
is promoted (Ferrier 2009). More importantly, human-mediated 
introduction events have evidently further promoted secondary 
invasions by originally differentiated pest populations or species, 
inducing gene flow or hybridization (Yang et  al. 2012, Su et  al. 
2017) and causing severe damage through ecological trait alter-
ations. Genetic analyses involving population structure evaluation 
are a crucial method to elucidate the possible source of invasive 
pest introduction when samples are acquired from both introduced 
and native areas (Boissin et  al. 2012, Lombaert et  al. 2014, Wu 
et al. 2019). Considering that genetic exchange involving gene flow 

and hybridization is sometimes used interchangeably, we herein use 
‘gene flow’ to denote intraspecific interactions and ‘hybridization’ 
to denote interspecific relationships.

Pears (Pyrus spp.) (Rosales: Rosaceae) are a major horticul-
tural crop and are widely grown in temperate regions. In 2017, 
24,168,309 metric tons of pears were produced worldwide; approxi-
mately 71% were grown in East Asia (FAO 2019). In Taiwan, pears 
are cultivated on medium-altitude mountains and in low-altitude 
areas. Taiwanese farmers invented the well-known top-grafted pear 
production system using the scions from the medium-altitude pear 
orchards in central Taiwan and the temperate Japan and China to 
improve the pulp quality of pears, wherein lower chilling require-
ments of pears (Seo and Choi 2016). In 2016, 106.11 and 18.70 tons 
of pear scions were imported from Japan and China, respectively 
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(Roan et al. 2017). Preventing invasions by pear pests is thus pivotal 
in the quarantine management strategies of pears.

Pear psyllids, members of the genus Cacopsylla Ossiannilsson 
(Hemiptera: Psyllidae), are major pests in pear orchards. They dir-
ectly damage pears by sucking their fluids and cause extensive damage 
through honeydew secretion, leading to the development of severe 
sooty mold and inhibition of photosynthesis (Hodkinson 1984, 
Burckhardt and Hodkinson 1986, Burckhardt 1994). Moreover, 
some pear psyllids are vectors of phytoplasma diseases (Weintraub 
and Jones 2010, Seemüller et al. 2011). Taxonomic confusion has 
been an ongoing problem for these Pyrus-associated psyllids since 
several psyllids are multivoltine with seasonal dimorphism influ-
enced by photoperiod and temperature (Wong and Madsen 1967, 
Cho et al. 2020). For instance, dimorphic psyllids such as Cacopsylla 
pyricola (Foerster), Cacopsylla pyri L., Cacopsylla chinensis (Yang 
and Li), and Cacopsylla bidens (Šulc) exhibit variations in body 
color, size, and wing patterns, which has led to much taxonomic con-
troversies (Wong and Madsen 1967, Yang and Li 1981, Burckhardt 
and Hodkinson 1986, Yang et al. 2004, Cho et al. 2017). The ac-
curacy of pear psyllid recognition is thus the first priority in the es-
tablishment of pest management strategies.

In East Asia, the taxonomic identification of the pear psyllid 
C. chinensis was initiated in the early 2000s since its outbreak in 
Taiwan (Yang et al. 2004). The mitochondrial cytochrome oxidase 
subunit I  (COI) and the 16S rDNA regions were considered to be 
efficient for use in identifying Cacopsylla species, in analyzing gen-
etic variations, and in elucidating possible invasive sources (Lee et al. 
2007, 2008; Katoh et al. 2013; Cho and Lee 2015; Chen et al. 2018; 
Cho et al. 2020). Regarding distribution, the C. chinensis lineage I is 
widespread throughout mainland China and Taiwan, and lineage II 
is usually found in China’s Bohai Rim region; Cacopsylla jukyungi 
(Kwon) (sensu C. chinensis lineage III proposed by Chen et al. 2018) 
is primarily found in northeastern Asia (Lee et al. 2008, Katoh et al. 
2013, Chen et al. 2018, Cho et al. 2020). Moreover, the coexistence 
of lineages has also been reported; for example, C. chinensis lineages 
I and II coexist in the Bohai Rim region, and C. chinensis lineage 
I  and C. jukyungi coexist in Jilin province in northeastern China 
(Chen et al. 2018). Sympatric differentiation or long-distance migra-
tion events could be responsible for the current coexistence of these 
pear psyllids, as well as human-mediated dispersal. The distribution 
information is potentially useful for pest management strategies, spe-
cifically in preventing invasion events. In a unique case that received 
much attention, several psyllid specimens were detected by Taiwan 
customs officials on the smuggled scions of Pyrus pyrifolia (Nakai), 
one of them was packaged in a Korean newspaper. According to the 
aforementioned distribution information, we believe that the mo-
lecular analyses will help identify and delineate the origin of these 
scion psyllids.

To establish pear psyllid management strategies, particularly 
quarantine requirements, outbreak regularities and the possible 
origin of species should be considered (Chen et al. 2018). In China, 
serious economic losses due to outbreaks of Cacopsylla psyllids in 
pear plantations are reported every year (Yang and Li 1981, Chen 
et al. 2018). The grafting of pear scions by farmers has also led to 
the coexistence of C. chinensis lineages I and II in Taiwan, resulting 
in severe economic losses in the pear industry (Lee et al. 2008, Chang 
and Wang 2011). Thus, studying the genetic structure of C. chinensis 
from different regions is critical to determine evolutionary history, 
elucidate invasive events, and understand the status of gene flow 
or hybridization among the various differentiated psyllid lineages. 
These data should be useful for deriving a management program for 
pear psyllids.

The nuclear internal transcribed spacer 1 (ITS1) gene is an ef-
ficient genetic marker in accessing gene flow and hybridization in 
insects (Yara et al. 2010, Kumar et al. 2018, Thompson et al. 2020). 
The transportation of pear seedlings among regions may increase the 
possibility of genetic exchanges between psyllid lineages. Especially, 
slight variations in the genital characteristics, close phylogenetic 
relationships, and overlapping distribution of C. chinensis and C. 
jukyungi in northeastern China are required to be clarified (Cho et al. 
2017, Chen et al. 2018). Thus, we used the ITS1 gene to examine the 
putative gene flow between the two C. chinensis lineages and the po-
tential hybridization between C. chinensis and C. jukyungi.

In the present study, we performed phylogenetic and demo-
graphic analyses of C. chinensis and C. jukyungi based on the nu-
clear ITS1 gene and mitochondrial genes of COI and 16S rDNA. 
Our aims were as follows: 1)  to address the possible evolutionary 
scenario of C. chinensis and C. jukyungi with regard to their current 
sympatric distribution, 2)  to discuss the influence of possible gene 
flow or hybridization events on their capacity to inflict damage in an 
orchard, and 3) to illuminate the origin of invasive Cacopsylla spe-
cies in East Asia for the benefit of quarantine management strategy 
development for pear psyllids. We believe our results pertaining to 
the differentiation history and genetic structure should be helpful 
for establishing pear psyllid management strategies across the world, 
particularly in East Asia.

Materials and Methods

Sample Collection
We preserved the following specimens in 95% ethanol at −20°C 
for molecular analyses: 60 adults and nymphs of C. chinensis from 
Taiwan (Yilan County), seven C. jukyungi specimens, including 
adults and nymphs, from Korea, and six adults and two nymph sam-
ples seized from the smuggled scions of two P. pyrifolia cultivars 
(Wonhwang and Whangkeumbae) in six packages, with one piece 
packaged in a Korean newspaper. The specimens were deposited in 
the Department of Entomology, National Chung Hsing University, 
Taichung, Taiwan.

DNA Extraction, Amplification, and Sequencing
Genomic DNA was extracted from the hindleg of psyllids using 
the QuickExtract DNA extraction kit (Epicentre Biotechnologies, 
Lucigen Corporation, Middleton, WI), following Tsai et al. (2014). 
In both adults and nymphs, the hindleg was ground in 50 µl of ex-
traction buffer and was incubated at 65°C for 10 min; it was then 
vortexed for 15 s followed by incubation at 98°C for 2 min. Next, 
DNA was preserved at −20°C for PCR. The DNA samples from Lee 
et al. (2008) were also used for the ITS1 gene amplification in the 
present study.

Primer sets used to amplify COI, 16S rDNA, and ITS1 are 
listed in Table 1. PCR was performed in a reaction volume of 25 µl 
using the programming conditions described by Lee et  al. (2008). 
The amplicons were purified using shrimp alkaline phosphatase/
exonuclease I  (USB Products, Affymetrix, Cleveland, OH) treat-
ment. Sequencing was performed using the BigDye Terminator 3.1 
sequencing kit (Applied Biosystems, Foster City, CA) on an ABI 
3730XL DNA Analyzer. Forward and reverse sequences were edited 
and corrected using BioEdit v7.0 (Hall 1999). The amino acid trans-
lation of COI sequences was examined using MEGA 7.0 (Kumar 
et al. 2016) to confirm whether stop codons existed in the protein-
coding gene, which could prevent the amplification of nuclear mito-
chondrial pseudogenes. In ITS1, the deletion and insertion may 
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cause unclear chromatograms signals; therefore, we double-checked 
nucleotides from both strand sequences. For heterozygous sites, 
the codes B, K, M, R, S, W, and Y were used to represent G/T/C, 
G/T, A/C, G/A, G/C, A/T, and T/C, respectively. All the sequences 
for Cacopsylla pear psyllids in the present study have been depos-
ited in GenBank under LC513971–LC513985 for COI, LC513960–
LC513970 for 16S rDNA, and LC513986–LC514026 for ITS1, 
respectively (Supp Table 1 [online only]).

Phylogenetic Analyses
The COI and 16S rDNA sequences from Taiwan, China, and Japan 
were retrieved from GenBank for phylogenetic analyses (Supp Table 
1 [online only]). Cacopsylla qianli (Yang and Li), Diaphorina citri 
Kuwayama, Psylla alniformosanaesuga (Yang), and Psylla lanceolata 
Yang were selected as outgroups for comparison (Supp Table 1 
[online only]). All the sequences were aligned using the Muscle 
Alignment option in SeaView4 (Gouy et al. 2010). Both COI+16S 
rDNA and ITS1 were exploited to conduct the phylogenetic analyses 
of pear psyllids using Bayesian inference (BI) and maximum likeli-
hood (ML). The best-fitting models for COI, 16S rDNA, COI+16S 
rDNA, and ITS1 were calculated in jModelTest 0.1 (Posada 2008) 
using the Bayesian information criterion (BIC), and the best-fit 
models were TPM3uf+G, HKY+I+G, HKY+G, and JC+G, respect-
ively. For BI, two partitioned genes, COI+16S rDNA, and the nu-
clear ITS1 were analyzed in MrBayes 3.2 (Ronquist et al. 2012) with 
three heat chains and one cold chain; Metropolis-coupled Markov 
chain Monte Carlo (MCMCMC) searches were conducted for 1 × 
107 generations with sampling every 100 generations, stopping 
when the average standard deviation of split frequencies was <0.01. 
The initial 25% trees were discarded as burn-in, and the remaining 
75% trees were used to reconstruct a consensus tree. The ML trees 
were executed using the online server PhyML 3.0 (http://www.atgc-
montpellier.fr/phyml/; Guindon et  al. 2010). One thousand boot-
strap replications were implemented. Genetic divergences among 
the three lineages were analyzed using MEGA 7.0 through Kimura 
2-parameter distance (Kumar et al. 2016).

Network Analyses
Generally, all the thousands of mitochondria in a cell are identical, 
a phenomenon known as homoplasmy (Chinnery and Hudson 
2013). Inefficient mitochondrial DNA (mtDNA) repair in a local-
ized oxidative environment would cause frequent mutations, leading 
to heteroplasmy. The mtDNA sequences were determined based on 
PCR and confirmed with sequence chromatograms, which repre-
sented the most common mtDNA form of each individual.

To understand the diversification processes of C. chinensis and C. 
jukyungi, the haplotype networks of COI and 16S rDNA were ana-
lyzed using TCS v1.21 with a 95% connection limitation, and the 
indel was regarded as missing data (Clement et al. 2000).

Diversification Calibration
The divergence time of Cacopsylla psyllids was analyzed using a strict 
molecular clock in BEAST v1.6.1 (Drummond and Rambaut 2007). 
The best-fit model employed in BEAST was determined by jModelTest 
0.1 (Posada 2008) using the BIC. The best-fit models for COI and 16S 
rDNA were TrN+G and HKY+G, respectively. Substitution rates used 
in pear psyllids were 1.15%/lineages/million years for COI and 1%/lin-
eages/million years for 16S rDNA (Brower 1994). Markov chain Monte 
Carlo (MCMC) sampling was run for 1 × 108 generations and sampled 
every 1 × 104 generations. The effective sample size (ESS) and values 
of the estimated parameter were traced in Tracer v1.5 (Rambaut and 
Drummond 2009) until the suggested value of the effective sample size 
was >200. The initial 10% of the run was then discarded as burn-in.

Demographic Analyses
Demographic analyses for C. chinensis lineages I, II, and C. jukyungi 
lineage were performed using COI+16S rDNA in a coalescent-
based extended Bayesian skyline plots (EBSP) in BEAST v1.6.1 
(Drummond and Rambaut 2007). All the best-fit models for COI 
and 16S rDNA for C. chinensis lineages I and II, and C. jukyungi 
lineage were HKY. The MCMC sampling was run for 1 × 108 gener-
ations and sampled every 1 × 104 generations. Population expansion 
of the three lineages was examined based on COI+16S rDNA using 
a mismatch distribution analysis with 1,000 bootstrap replications 
in Arlequin 3.1 (Excoffier et al. 2005). The sum of square deviations 
was applied to test the goodness-of-fit between the observed and the 
expected demographic models, and the Harpending’s Raggedness 
index (HRi) was applied for the significant statistical test (Excoffier 
et al. 2005).

Results

Sequence compositions in Cacopsylla psyllids
Genes of mitochondrial COI, 16S rDNA, and the nuclear ITS1 gene 
measuring 628, 509, and 577  bp, respectively, were successfully 
amplified for 15, 11, and 41 specimens of Cacopsylla species in this 
study. The average base compositions for G, A, T, and C were, re-
spectively, 9.1, 35.2, 41.0, and 14.6% in the COI gene; 16.3, 35.2, 
38.9, and 9.6% in 16S rDNA; and 25.7, 28.5, 21.8, and 24.0% in 
the ITS1 gene. The number of variable sites for COI, 16S rDNA, and 
ITS1 were 71, 39, and 54, respectively.

Phylogenetic Analyses
The average genetic distances for C. chinensis lineages I/II, C. 
chinensis lineages I/C. jukyungi, and C. chinensis lineages II/C. 
jukyungi were, respectively, 3.6, 8.4, and 8.7% using COI and 2.3, 
6.6, and 6.5% using 16S rDNA. Phylogenetic analyses based on 
COI+16S rDNA revealed the existence of three distinct lineages in 

Table 1. Primer sets used in this study

Gene Primer Sequence 5′→3′ References

COI UEA9 (+) GTAAACCTAACATTTTTTCCTCAACA Simon et al. (1994); 
Lunt et al. (1996) C2-N-3389 (–) TCATAAGTTCARTATCATTG

16S rDNA 16SR21 (+) GCCTGTTTATCAAAAACAT Yeh et al. (1997)
 16S22 (–) CCGGTCTGAACTCAGATCA
ITS1 18Se (+) TCCCTGCCCTTTGTACACAC Yeh et al. (2015)
 Psy-5.8SD (–) GAAGAACTCCCATGCAAGC In this study

‘+’ and ‘–’ represent upstream and downstream primers, respectively.
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the two Cacopsylla species (Fig.  1). Most C. chinensis specimens 
from mainland China and Taiwan were part of lineage I and those 
from the Bohai Rim region of mainland China and Taiwan (Hsinchu 

and Taichung counties) were part of lineage II. The specimens from 
Japan, South Korea, and northeastern mainland China (Heilongjiang 
and Jilin provinces) were recognized as C. jukyungi. Based on the 

Fig. 1. Phylogenetic inferences of C. chinensis based on COI+16S rDNA using Bayesian inference. The statistical supports of each node are shown by posterior 
probabilities of Bayesian inference (left) and bootstrapping values (right).
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mtDNA sequences, the unknown psyllids from the smuggled pear 
scions were part of lineage II. Several specimens from the same 
locality were included in the two C. chinensis lineages: I—BJPG1 
(Pinggu, Beijing, China), LNYK1 (Yingkou, Liaoning, China), and 
TD–N (Jianshi, Taoyuan, Taiwan); II—BJPG2, LNYK2, and TD–A 
(Fig. 1, Supp Table 1 [online only]). Specimens JLYL1 and JLYL2 
from Yanlong (Jilin, China) were included in C. chinensis lineage 
I and C. jukyungi lineage, respectively.

The ITS1 tree exhibited a genetic admixture among C. chinensis 
lineages I  and II and C. jukyungi lineage (Fig.  2). Furthermore, 
two specimens from China (Beijing: BA-N; Xizang: CuA) and a 
seized specimen (02a) formed a sister group within the C. jukyungi 
lineage. An additional sublineage was also discovered within the 
C. jukyungi lineage, revealing high levels of polymorphism at the 
intraspecific level. Most variations were in the insertion or dele-
tion of a nucleotide or point mutations distributed throughout the 
alignment. No relationships with the secondary structure were 
detected.

Haplotype Networks
Statistical parsimony networks of COI and 16S rDNA showed the 
existence of three haplogroups (Fig. 3). In COI (Fig. 3A), the C. 
jukyungi haplogroup was at least 45 and 41 substitution steps from 
C. chinensis haplogroups I and II, respectively. Cacopsylla chinensis 
haplogroup I was at least 14 substitution steps from haplogroup II. 
In C. chinensis, the divergence of COI haplotypes ranged from 1 
to 12 substitution steps within the haplogroups. Furthermore, the 
COI network showed that the specimens from China and Taiwan 
shared the major haplotype. In C. jukyungi haplogroup, 87 of 89 
Japanese specimens shared the same haplotype. The networks 

originated from the haplotype of northeastern China specimens, 
connected to the haplotype shared by China, Korea, and Japan, and 
were eventually linked to those samples from Japan. In addition, 
six of the smuggled specimens exhibited two haplotypes grouping 
in the C. chinensis haplogroup II: five individuals, including a spe-
cimen from scions packed in a Korean newspaper, shared the same 
haplotype with the samples from China and Taiwan, and one in-
dividual had a unique haplotype with one substitution step from 
the others.

In the more conservative 16S rDNA (Fig.  3B), C. jukyungi 
haplogroup was at least 32 and 27 substitution steps from C. 
chinensis haplogroups I  and II, respectively. Cacopsylla chinensis 
haplogroup I was at least nine substitution steps from haplogroup II. 
Divergences within haplogroups I and II ranged from 1 to 7 substitu-
tion steps. In both haplogroups, specimens from China and Taiwan 
shared the same major haplotype as well. In C. jukyungi haplogroup, 
the specimens from northeastern China, Japan, and Korea shared the 
same haplotype. In addition, the smuggled specimens in C. chinensis 
haplogroup II shared the same haplotype as the samples from China 
and Taiwan.

Divergence Calibration
Calibration dating of C. chinensis and C. jukyungi on the basis 
of COI and 16S rDNA revealed that the C. jukyungi lineage di-
verged from C. chinensis lineages I  and II approximately 3.51 
million yr ago (Mya), and the subsequent differentiation between 
lineages I and II seemed to have occurred ca. 1.48 Mya (Supp Fig. 
1 [online only]). Moreover, a sublineage in lineage II diverged 
roughly 0.87 Mya. The diversification of each lineage occurred 
ca. 0.22–0.38 Mya.

Fig. 2. ITS1 tree of C. chinensis using Bayesian inference. The statistical supports of each node are shown by posterior probabilities of Bayesian inference (left) 
and bootstrapping values (right).
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Population Demography
The mismatch distribution of C. chinensis lineages I and II and 
C. jukyungi lineage, determined on the basis of COI+16S rDNA, 
did not show significant HRi (lineage I: HRi = 0.063, P = 1.000; 
lineage II: HRi  =  0.427, P  =  0.568; C. jukyungi: HRi  =  0.724, 
P  =  0.703), implying recent demographic expansion (Fig.  4A, 
C, and E). The historic effective population size inferred from 
the EBSP for each lineage was as follows: C. chinensis lineage 
I  started to grow significantly ca. 0.11–0.02 Mya and lineage 
II grew continuously ca. 0.02–0.005 Mya, both lineages initi-
ated a sudden growth approximately 5,000 yr ago; and the C. 
jukyungi lineage showed stable population growth since 0.01 
Mya (Fig. 4B, D, and F).

Discussion

Evolutionary History of C. chinensis and C. jukyungi
Phylogeographic studies have reported that differentiation and 
distribution of closely related species are primarily attributable to 
Pleistocene glaciations (Avise 2000; Hewitt 2000, 2004). In the cases 
of C. jukyungi and C. chinensis, the ancestors of C. jukyungi might 
have diverged from C. chinensis approximately 3.5 Mya and eventu-
ally adapted to temperate regions, specifically to northeastern China 
and Korea (Supp Fig. 1 [online only]). Populations would have had 
more morphological variations and accumulated genetic variations 
via drift under the influence of glaciations during the late Pliocene 
and Pleistocene (Alvarez et  al. 2015). Subsequent differentiations 
between C. chinensis lineages I  and II may have occurred ca. 1.5 
Mya in the early Pleistocene (Supp Fig. 1 [online only]). The current 
distribution and phylogenetic data indicate that the possible refugia 
of C. chinensis lineage II and C. jukyungi might be located in the 
Bohai Rim region and northeastern Asia, respectively, and yet, the 

refugia of the widespread C. chinensis lineage I still needs to be fur-
ther studied when more samples are acquired.

Demographic analysis suggested that population expansion is 
responsible for the coexistence of C. chinensis lineages I and II in 
the Bohai Rim region (Pinggu, Beijing: specimen BJPG1 and BJPG2; 
Yingkou, Liaoning: LNYK1 and LNYK2) and for the coexistence 
of C. chinensis lineage I and C. jukyungi in Jilin province (Yanlong: 
JLYL1 and JLYL2); no distribution boundary exists in these regions 
(Figs. 1 and 4; Chen et al. 2018). Because sympatric differentiation 
cannot occur in such a short time, such differentiation did not occur 
in these two species (Lee et al. 2008, Chen et al. 2018). An alterna-
tive scenario is that anthropogenic activities might be involved in 
lineage coexistence, considering that the grafting of pear scions and 
transplantation of pear trees are common in pear plantations. For 
example, the coexistence of invasive C. chinensis lineages I  and II 
in Taiwan could be attributed to the transportation and grafting of 
pear scions (Fig. 1; Lee et al. 2008, Chang and Wang 2011).

Taxonomic Notes
Taxonomic clarification of the two Cacopsylla species is vital con-
sidering their significant economic influence on national pear indus-
tries in East Asia. In psyllids, interspecific genetic variations in COI 
(>3%) have been proposed as the species boundary (Percy 2003, 
Cho et  al. 2020). Exceptional cases with slightly higher intraspe-
cific genetic variations in COI have been reported; for example, Cho 
et al. (2020) found 3.8 and 5.9% maximum intraspecific divergence 
in C. chinensis and C. maculatili, respectively, and in this study, we 
found 3.6% divergence between C. chinensis lineages I and II. This 
could be attributed to either frequent gene flow or recent coloniza-
tion in a new area (Percy 2003). In the present study, genetically 
admixed pattern of the two C. chinensis lineages in the nuclear ITS1 
gene suggests frequent gene flow between them, which has been 

Fig. 3. Haplotype networks of C. chinensis based on mitochondrial COI (A) and 16S rDNA (B). Colors represent specimens from different populations. The 
smallest circle represents one individual, and the number of individuals for each haplotype is shown in the circle.
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demonstrated in China via the microsatellite data (Fig. 2; Sun et al. 
2011). The secondary contacts of the genetically differentiated lin-
eages accompanied with gene flow may alter both their genetic com-
positions, leading to higher genetic variations.

The high genetic divergence between C. jukyungi and C. chinensis 
(approximately 8.5 and 6.5% in COI and 16S rDNA, respectively) 
confirms their taxonomic status, although C. jukyungi had been 
misidentified as C. chinensis due to morphological similarity if their 
genital characteristics are not compared (Katoh et  al. 2013; Cho 
et al. 2017, 2020). However, evidence from the nuclear ITS1 gene re-
vealed that several samples, namely 02a, BA-N, and CuA, belonging 
to C. chinensis lineages I and II constitute a sublineage along with 
the C. jukyungi lineage (Figs.  1 and 2). The ITS variations could 

be attributed to incomplete lineage sorting of sibling species or the 
maintenance of ancestral polymorphisms because of insufficient time 
for homogenization between the differentiation events (Hillis and 
Davis 1988). Moreover, hybridization events may have occurred 
in these species. Other factors such as asexual reproduction, poly-
ploidy, and presence of the ribosomal cistrons on more than one 
chromosome have been proposed to be associated with homogeneity 
(Famá et al. 2000), although these are unlikely in the present study.

Gene Flow or Hybridization Among Closely Related 
Pear Psyllids
Our ITS1 gene-related results suggest frequent gene flow between 
the two C. chinensis lineages (Fig. 2); this has also been reported in 

Fig. 4. Mismatch distribution and extended Bayesian skyline plots of C. chinensis lineages I (A and B) and II (C and D) and C. jukyungi (E and F) inferred from 
COI+16S rDNA. Statistical results are shown in each panel.
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microsatellite marker analyses conducted in mainland China (Sun 
et  al. 2011). The frequent gene flow between C. chinensis lineages 
I and II might have increased their adaptability and survival rate upon 
encountering a strong selection pressure such as pesticide exposure. 
This would seem to explain the sudden outbreak events during their 
initial period of invasion in Taiwan (Lee et al. 2007, 2008).

Interspecific hybridization between C. jukyungi and C. chinensis 
might occur in their overlapping geographic region due to the trans-
plantation of pear scions, even though they have been confirmed as 
two species with high genetic divergence ranging from 6.5 to 8.5% 
(Cho et al. 2017, 2020). Although prezygotic barriers may hinder 
interspecific mating, cases of hybridization are still not scarce. 
Potential interspecific hybridization experiments performed between 
the two invasive termite species, Coptotermes formosanus and 
Coptotermes gestroi, in the United States have indicated that hybrids 
may be more active in tropical areas than in temperate regions (Su 
et  al. 2017, Patel et  al. 2019). Heterosis has also been proposed 
in two invasive fire ant species, Solenopsis invicta and Solenopsis 
richteri, in which the hybrid offspring outcompeted several native 
ant species and exhibited lower temperature tolerance than both 
parent species (James et  al. 2002, Gibbons and Simberloff 2005). 
In psyllids, the acoustic signals transmitted through different host 
plants and the related structural properties, as well as morphological 
variations of the genitalia, are the major characteristics for the pos-
sible prereproductive isolation factors in speciation (Liao et al. 2016, 
2019). In the case of C. chinensis and C. jukyungi, the transplant-
ation and grafting of pear scions would increase the possibility of 
sympatric distribution in a pear tree. The potential for hybridization 
requires further study, particularly when the interspecific variations 
in genital characteristics are minute (Cho et al. 2017, 2020). Thus, it 
is essential to understand their present differentiation status and hy-
bridization possibility, more genetic markers and samples from the 
overlapping distribution areas need to be evaluated. Clarifying this 
issue is vital because human activities or outbreak events can pro-
mote secondary invasions by these differentiated Cacopsylla species 
or lineages in the future.

Quarantine Management of Pear Psyllids in 
East Asia
Cacopsylla chinensis was firstly found in China (Yang and Li 1981); 
this species had not been found in Taiwan until 2002 (Yang et al. 
2004). Our results suggest that according to both phylogenetic in-
ferences and haplotype network analyses of C. chinensis, Taiwanese 
populations of C. chinensis were introduced from China (Figs. 1 and 
3; Yang et al. 2004, Lee et al. 2008, Chen et al. 2018). Owing to 
widespread distribution, the possible origin of C. chinensis lineage 
I  remains unclear. Furthermore, a few samples from Hsinchu and 
Taichung belonging to C. chinensis lineage II were found to have 
their origin in the Bohai Rim region. The smuggled specimens seized 
from pear scions of P. pyrifolia belonging to C. chinensis lineage 
II appeared to have originated from the Bohai Rim region as well 
(Fig. 1). However, we cannot exclude the possibility that C. chinensis 
lineage II is distributed in Korea, considering that one of the smug-
gled specimens was packaged in a Korean newspaper. With regard 
to C. jukyungi, both phylogenetic inferences and haplotype network 
analyses indicated that Japanese psyllids originated from Korea or 
northeastern China, as they had not been found in Japan before 
2011 (Figs. 1 and 3; Katoh et al. 2013). Thus, the present results fur-
ther confirm that Japanese C. jukyungi is not from Taiwan.

Several studies have reported damage to pears due to Cacopsylla 
species invasion through human-mediated activities; for example, 

the introduction of C. pyricola and C. bidens in the United States 
and Uruguay, C. chinensis in Taiwan, and C. jukyungi in Japan 
(Burckhardt 1994, Lee et  al. 2008, Katoh et  al. 2013, Ouvrard 
2017, Valle et  al. 2017). On the basis of the current distribution, 
C. jukyungi is not present in middle-southern China and Taiwan, 
and C. chinensis does not exist in Korea and Japan. Preventing 
new invasion events of pear psyllids among geographical regions 
through the transplantation of pear scions is thus pivotal in pear 
psyllid management in East Asia. In particular, a new invasion or 
sudden outbreak events of genetically differentiated lineages might 
promote secondary encounter of C. jukyungi and C. chinensis. It is 
essential to survey the sympatric distribution of C. jukyungi and C. 
chinensis on the same pear tree and the mating behavior occurring 
between them. In the case of hybridization among pest species, infor-
mation pertaining to changes in ecological traits, pesticide resistance, 
and damage status of hybrid individuals is specifically required for 
amendments to control strategies. Thus, establishing suitable man-
agement strategies according to geographical distribution and pos-
sible import approaches of pear psyllids should prevent Cacopsylla 
invasions in countries involved in pear cultivation.

Supplementary Data

Supplementary data are available at Journal of Economic 
Entomology online.
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rDNA for C. chinensis and C. jukyungi.
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