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Abstract 

Background The closely related Angiostrongylus cantonensis and Angiostrongylus malaysiensis have been reported 
to coexist in Thailand and share similar hosts and life cycles. Recently, in an angiostrongyliasis outbreak in Thailand, 
both A. cantonensis and A. malaysiensis were found in the cerebrospinal fluid of affected patients. Morphological 
similarities, overlapping distribution, shared hosts and habitats, and the close genetics of the two Angiostrongylus 
species can complicate accurate species identification. Addressing these challenges, this study aims to evaluate 
whether a correlation between the morphological and genetic identities of A. cantonensis and A. malaysiensis can 
improve species identification accuracy.

Methods Angiostrongylus spp. specimens from five zoogeographical regions in Thailand were subjected to morpho-
logical and molecular identification using the mitochondrial cytochrome b gene and the nuclear internal transcribed 
spacer 2 region (ITS2). The morphological characters for males and females were then validated using the species 
identity obtained from the nuclear ITS2 region.

Results The results revealed that morphological misidentifications between these two closely related species are 
common due to overlapping morphological characters. Although certain male traits such as body length and width 
aided species differentiation, female traits were found to be less reliable. Furthermore, hybrid forms (8.2%) were 
revealed through the ITS2 results, which can further complicate morphological identification. Mito-nuclear discord-
ance was also present in 1.9% of the Angiostrongylus specimens from Thailand, suggesting a complex historical 
interbreeding between the species.

Conclusions Based on our findings, we suggest that nuclear ITS2 is a reliable marker for species identification of A. 
cantonensis and A. malaysiensis, especially in regions where both species coexist. Additionally, the scope and con-
sequences of hybridization between the two closely related Angiostrongylus species should be further investigated 
in Thailand.
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Background
Angiostrongylus, a nematode genus within the Metastron-
gyloidea superfamily and Angiostrongylidae family, hosts 
species that can pose substantial health risks to humans. 
Specifically, Angiostrongylus cantonensis and Angiostron-
gylus costaricensis can cause eosinophilic meningoen-
cephalitis and abdominal angiostrongyliasis, respectively 
[1–3]. Their life cycles involve complex interactions with 
snail intermediate hosts and rodent definitive hosts, with 
humans as accidental hosts after consuming infected 
snails [1]. Angiostrongylus malaysiensis, a closely related 
species of A. cantonensis, has been proposed as a poten-
tial human pathogen. However, additional research is 
necessary to ascertain the pathogenicity of A. malaysien-
sis [4, 5].

In Thailand, three Angiostrongylus species have been 
reported, namely A. cantonensis, A. malaysiensis, and A. 
siamensis. Accurate identification is essential, as misiden-
tification can lead to improper diagnosis and treatment, 
thereby exacerbating public health issues [6, 7]. The mor-
phological similarities and the overlapping habitats of A. 
cantonensis and A. malaysiensis have complicated the 
accurate identification of these species. Species identifi-
cation becomes even more challenging with the discov-
ery of both A. cantonensis and A. malaysiensis within a 
single snail host [4, 5]. Notably, in a recent angiostron-
gyliasis outbreak in Kalasin Province, Thailand, both A. 
cantonensis and A. malaysiensis were found in the cer-
ebrospinal fluid of affected patients [5].

Previously, morphological traits served as the gold 
standard for Angiostrongylus species identification. 
However, as mentioned earlier, challenges in accurate 
identification can arise, leading to misidentification 
even with careful morphological examination. Conse-
quently, molecular methods are necessary for confirma-
tion [8–11]. Additionally, reports of F1 hybridization 
between A. cantonensis and A. malaysiensis highlight 
the potential for morphological uncertainty [12]. To 
address the issue of misidentification, molecular iden-
tification using reliable genetic markers is essential. 
Promising markers include the nuclear ribosomal inter-
nal transcribed spacer 1 (ITS1) region, 18S ribosomal 
RNA (rRNA) gene, and mitochondrial genes such as 
the cytochrome c oxidase subunit 1 (COI), cytochrome 
b (cytb), and 16S rRNA genes [6, 9, 13–16]. Recently, a 
SYBR Green-based quantitative polymerase chain reac-
tion (qPCR) method utilizing species-specific primers 
targeting the mitochondrial cytb gene was developed to 
quantitatively detect and differentiate between A. can-
tonensis and A. malaysiensis [4].

In response to these challenges, our study aims to 
determine whether a correlation between the morpho-
logical and genetic identities of A. cantonensis and A. 

malaysiensis can improve species identification accuracy. 
By comparing morphological diagnostic characters with 
their corresponding genetic identity, we hypothesize that 
validated morphological diagnostic characters directly 
associated with their molecular identity can aid in accu-
rate species identification. To test this hypothesis, adult 
worms from five distinct zoogeographical regions in 
Thailand were collected and initially identified based on 
morphological traits. Molecular methods subsequently 
confirmed the species’ identity using the mitochondrial 
cytb gene and the nuclear internal transcribed spacer 2 
(ITS2) region. By integrating morphological and molecu-
lar data, we hope to provide valuable insight into improv-
ing species identification, offering a more comprehensive 
and reliable approach to overcoming the challenges cur-
rently associated with Angiostrongylus identification.

Methods
Study area and specimens used
This study was conducted using 257 archived specimens 
of Angiostrongylus adult worms. These specimens, col-
lected from five distinct zoogeographical regions in Thai-
land, were initially acquired as part of a previous study 
(no. FTM-ACUC 002/2013). An overview of the speci-
mens categorized by region is provided in Table  1. For 
each region, a minimum of 10 specimens were selected 

Table 1 Angiostrongylus spp. specimens used for morphological 
and molecular identification

a Abbreviations for each province are in parentheses

Zoogeographical region Provincea Male Female

Sino-Himalayan (n = 42) Chiang Mai (CMI) 4 0

Nan (NAN) 10 15

Phayao (PYO) 3 10

Indo-Burmese (n = 43) Prachuap Khiri Khan (PKN) 4 0

Kanchanaburi (KRI) 9 0

Ratchaburi (RBR) 10 20

Indo-Chinese (n = 57) Nong Khai (NKI) 1 0

Khon Kaen (KKN) 10 2

Chanthaburi (CTI) 10 0

Nakhon Phanom (NPM) 10 0

Maha Sarakham (MKM) 20 4

Sundaic (n = 82) Phang-Nga (PHA) 1 13

Nakhon Si Thammarat (NKT) 10 36

Ranong (RNG) 10 0

Narathiwat (NWT) 5 0

Satun (STN) 7 0

Central (n = 33) Lopburi (LRI) 5 0

Bangkok (BKK) 0 7

Phitsanulok (PLK) 21 0

Total (n = 257) 150 107
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for analysis. In instances where fewer than 10 specimens 
were available, all existing samples were included in the 
study.

Morphological identification
Archived Angiostrongylus adult worms previously pre-
served in 80% ethanol were morphologically identified 
following a checklist and diagnostic characters detailed 
in the morphometry of pulmonary angiostrongylids in 
Southeast Asia [17–20]. For males, the specific diagnostic 
characters used for identification were spicule length and 
Δ bursal rays (length difference between the posterolat-
eral (PL) ray and the mediolateral (ML) ray). For females, 
three specific diagnostic characters were used: the dis-
tance of the anus opening from the posterior end, the dis-
tance of the vulva opening from the posterior end, and 
the presence of a minute projection at the posterior end. 
In addition, four morphological characters were meas-
ured for both sexes: body length, body width, esophagus 
length, and esophagus width. Measurements were car-
ried out using a stereomicroscope (Olympus SZ51) and 
an inverted compound microscope (ZEISS Primovert).

Molecular identification
DNA extraction
To isolate genomic DNA (gDNA), individual adult Angi-
ostrongylus were thoroughly rinsed with sterile distilled 
water to eliminate any ethanol residue and placed in a 
1.7-ml centrifuge tube. DNA extraction was then carried 
out using the Genomic DNA Mini Kit (Geneaid Biotech 
Ltd., Taipei, Taiwan), adhering to the manufacturer’s 
guidelines. The gDNA was stored at 4  °C until further 
analysis.

SYBR Green quantitative real‑time PCR using the cytb gene
Molecular identification of A. cantonensis and A. malay-
siensis was determined using the mitochondrial cytb gene 
following the species-specific primers (AC4_cytb_F: 5′- 
AAT GTT TGT TGA GGC AGA TC-3′ and AC5_cytb_R: 
5′-GCT ACA ACA CCC ATA ACC T-3′ for A. canton-
ensis; AM3_cytb_F: 5′-CGA GAT ATT TAT TGA GGC 
TG-3′ and AM4_cytb_R: 5′-GAC AAA ACC CTC ATC 
AAT AA-3′ for A. malaysiensis) and the SYBR Green 
qPCR assay developed by Jakkul et al. [4]. All gDNA sam-
ples were diluted to 1 ng and used as the DNA template 
for qPCR. The qPCR reactions for both species-spe-
cific primers were conducted concurrently on a CFX96 
Touch™ Real-Time PCR system (Bio-Rad Laboratories, 
CA, USA).

PCR–RFLP using the ITS2 region
Molecular identification of A. cantonensis and A. malay-
siensis with the ITS2 region of the nuclear ribosomal 
gene was carried out via the PCR restriction fragment 
length polymorphism (PCR–RFLP) method. Primers 
(AngiITS2_forward: 5′-ACA TCT GGT TCA GGG TTG 
TT-3′ and AngiITS2_reverse: 5′-AGC ATA CAA GCA 
CAT GAT CAC-3′) and thermal cycling conditions were 
applied following Rodpai et  al. (2016). The PCR reac-
tions were performed on a T100™ Thermal Cycler (Bio-
Rad Laboratories, CA, USA). Once the 395-bp PCR 
product was obtained, the PCR–RFLP method using the 
BtsI-v2 restriction enzyme (New England Biolabs, MA, 
USA) was then used for species differentiation between 
A. cantonensis and A. malaysiensis. Potential hybridiza-
tion between A. cantonensis and A. malaysiensis was 
also investigated by comparing the specific band patterns 
attributed to each species. The restriction enzyme cutting 
sites are illustrated in Additional file 1: Fig. S1. The 30 μl 
restriction digest mixture contained one unit of BtsI-v2 
restriction enzyme (New England Biolabs, MA, USA), 
1×  CutSmart® Buffer (New England Biolabs, MA, USA), 
100  ng/μl of the purified PCR product, and nuclease-
free water. The resulting PCR–RFLP band patterns were 
visualized on a 2% agarose gel stained with SYBR™ Safe 
(Thermo Fisher Scientific, MA, USA).

Additionally, sequencing of potential hybrids were 
performed by a commercial company (Tsingke Biotech, 
Beijing, China) using the FastNGS method to confirm 
the presence of both A. cantonensis and A. malaysiensis 
DNA and to detect the presence of double peaks in the 
electropherogram.

Statistical analysis
Following molecular identification, a cross-verification 
was initiated to confirm the morphological identity of the 
specimens. The cross-verification and validation of mor-
phological diagnostic characters were performed using 
three molecularly defined groups obtained from the 
nuclear ITS2 results: A. cantonensis, A. malaysiensis, and 
their hybrid. All data derived from morphological iden-
tification, except for the presence or absence of minute 
projections at the posterior end of the female, were uti-
lized to validate the diagnostic characters.

For each diagnostic character, a boxplot was generated 
to compare the morphological differences among the 
three molecularly defined groups. The normality of data 
was assessed, and differences among the groups based 
on various morphological diagnostic characters were 
analyzed using analysis of variance (ANOVA) with Bon-
ferroni’s post hoc analysis. The results are presented as 
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mean and standard deviation (SD) values, with a prede-
termined significance level set at P < 0.05. Principal com-
ponent analysis (PCA) was conducted for the males and 
females using the morphological measurements obtained 
to determine whether the three molecularly defined 
groups could be differentiated based on morphology. The 
morphological measurements used for PCA for males 
included body length, body width, esophagus length, 
esophagus width, spicule length, and Δ bursal rays. The 
morphological characters used for females were body 
length, body width, esophagus length, esophagus width, 
distance of the anus opening from the posterior end, and 
distance of the vulva opening from posterior end. All sta-
tistical analysis and PCA were conducted using R Studio 
v.1.2.5033 [21].

Results
Morphological identification of Angiostrongylus
In total, 257 adult worms, comprising 150 males and 
107 females, sourced from five different zoogeographical 
regions, were examined for morphological identification. 
From the results, it was discerned that 35.8% (92/257) 
of the specimens were identified as A. cantonensis, 
while 64.2% (165/257) were identified as A. malaysiensis 
(Table 2 and Additional file 2: Table S1).

Molecular identification of Angiostrongylus using the cytb 
gene and ITS2 region
Molecular analysis using qPCR targeting the cytb gene 
revealed that 42.8% (110/257) of the specimens were 
identified as A. cantonensis, while 57.2% (147/257) were 
identified as A. malaysiensis. The PCR–RFLP analysis 
of the ITS2 amplicons indicated that 44.7% (115/257) of 
the worms were A. cantonensis, 47.1% (121/257) were A. 
malaysiensis, and 8.2% (21/257) represented hybrids of 
A. cantonensis and A. malaysiensis (Table  2 and Addi-
tional file 2: Table S1). A comparison of species identity 

between the two genetic markers revealed that 89.8% 
(231/257) exhibited either pure A. cantonensis or pure 
A. malaysiensis, as indicated by a congruence of species 
identity using both the cytb gene and ITS2 region. In con-
trast, discordant hybridization was noted in 1.9% (5/257) 
of the specimens, as characterized by discrepancies in the 
molecular identification results between the cytb gene 
and the ITS2 region. The band patterns indicative of con-
gruence between the two genetic markers and discord-
ant hybridization, along with potential F1 hybrids, are 
depicted in Additional file 3: Fig. S2.

After molecular identification, it was found that 36.9% 
(95/257) of the specimens were misidentified based 
on morphological characteristics. Among those misi-
dentified, the majority (52.6%, 50/257) were initially 
morphologically identified as A. malaysiensis but were 
subsequently molecularly identified as A. cantonensis. 
The misidentification errors were more common for male 
adults relative to females. Furthermore, within the speci-
mens identified as hybrids based on the ITS2 region, a 
significant proportion (18.9%, 18/95) were initially iden-
tified morphologically as A. malaysiensis. Among these 
misidentified hybrids, 11 were males and seven were 
females. Based on ITS2 as the genetic marker, the num-
bers of A. cantonensis and A. malaysiensis tended to be 
approximately equal, as depicted in Fig. 1.

Confirmation of potential hybrids of A. cantonensis and A. 
malaysiensis
DNA sequencing of the ITS2 amplicons of potential 
hybrids revealed the presence of double peaks in the elec-
tropherograms obtained, confirming the hybrid status of 
the specimens in Thailand (Fig.  2A). The double peaks 
were obtained at three fixed difference positions between 
the ITS2 sequences of A. cantonensis and A. malaysiensis 
(Fig. 2B). For A. cantonensis, the nucleotides at the fixed 

Table 2 Morphological and molecular identification of Angiostrongylus species

Angiostrongylus cantonensis and A. malaysiensis are abbreviated as Ac and Am, respectively

mtDNA mitochondrial DNA, nuDNA nuclear DNA

Region No. Morphological 
identification

Molecular identification Misidentification 
by morphological 
characters (%)cytb gene (mtDNA) ITS2 (nuDNA)

Ac (%) Am (%) Ac (%) Am (%) Ac (%) Am (%) Hybrid (%)

Sino-Himalayan 42 26.2 73.8 23.8 76.2 28.6 69.0 2.4 33.3

Indo-Burmese 43 32.6 67.4 18.6 81.4 25.6 60.5 13.9 32.5

Indo-Chinese 57 36.8 63.2 59.6 40.4 59.6 36.9 3.5 42.1

Sundaic 82 39.0 61.0 39.0 61.0 39.0 46.3 14.7 37.8

Central 33 42.4 57.6 78.8 21.2 78.8 21.2 0 36.3

Total 257 35.8 64.2 42.8 57.2 44.7 47.1 8.2 36.9
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difference positions were C, T, and T, while for A. malay-
siensis, the nucleotides were T, G, and C. The potential 
hybrid specimen (STN16) showed double peaks of both 
nucleotides from A. cantonensis and A. malaysien-
sis (C/T, T/G, and T/C), thereby confirming its hybrid 
nature.

Validation of the morphological diagnostic characteristics 
after genetic status confirmation
Upon confirmation of the molecular identity based on 
the ITS2 region, comparisons with six morphologi-
cal diagnostic characters revealed that the male speci-
mens were statistically significantly different (P < 0.05) 
in body length, body width, spicule length, and bursal 
rays across all groups, which included A. cantonensis, 
A. malaysiensis, and their hybrid. For esophagus width, 
there was a significant difference between A. cantonen-
sis and A. malaysiensis. In contrast, the esophagus length 
did not vary significantly across all groups. Notably, the 
use of spicule length as a diagnostic character resulted in 
numerous outliers, which can confound identification. 
Moreover, substantial overlap in measurements between 
A. cantonensis and A. malaysiensis was observed for △ 
bursa rays (Fig. 3), which is a key diagnostic character for 
morphological differentiation between the two species. 
The morphometric comparison values among the three 
groups are presented in Additional file 4: Table S2.

PCA using six male morphological characters revealed 
that A. cantonensis and A. malaysiensis can be differenti-
ated, but an overlapping region could confound identifi-
cation (Additional file 5: Fig. S3). Moreover, the potential 
hybrids could not be differentiated from A. malaysiensis, 

Fig. 1 The distribution of A. cantonensis, A. malaysiensis, and their 
hybrid across the zoogeographical regions using ITS2 as a genetic 
marker for molecular identification

Fig. 2 Evidence of the hybrid form of A. cantonensis and A. malaysiensis in the A electropherogram and B sequence alignment. An asterisk (*) 
indicates the position of the double peaks observed at the fixed difference positions
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as the PCA graph revealed that the hybrid specimens fell 
within the range of A. malaysiensis.

For females, statistically significant differences 
(P < 0.05) in body width and esophagus length were 
observed across the three groups. Significant differences 
were found between A. cantonensis and A. malaysiensis 
in body length, esophagus width, and distance from the 
vulva opening to the posterior end. Despite showing sta-
tistically significant differences using the morphological 
characters mentioned above, there was no distinct dif-
ferentiation between the A. cantonensis, A. malaysien-
sis, and hybrid groups due to the overlap in the range 

of measurements obtained (Fig.  4). The morphometric 
comparison values among the three groups are shown 
in Additional file 4. PCA of the six female morphological 
characters provided further evidence that A. cantonensis, 
A. malaysiensis, and their hybrids could not be differenti-
ated (Additional file 6: Fig. S4).

To highlight instances of initial morphological misi-
dentification, Fig.  5 presents the disparities between 
the morphological traits and molecular identification 
for both males and females. For females, the specimens 
shown were initially morphologically identified due to 
the absence or presence of a minute projection at the 

Fig. 3 Comparative analysis of six male morphological characters. A body length, B body width, C esophagus length, D esophagus width, E spicule 
length, and F △ bursa rays according to molecular identity with the nuclear ITS2 region. An asterisk (*) indicates a statistical significance of P < 0.05 
between the means of each group. The solid line of the boxplot indicates the mean value obtained from the morphological measurements, 
while the dashed line indicates the median. A. cantonensis and A. malaysiensis are abbreviated as Ac and Am, respectively
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tip of the posterior end, but subsequent molecular 
identification revealed that the morphological identity 
did not correspond to the molecular identity (Fig. 5A). 
Likewise, in males, the specimens in Fig.  5B were ini-
tially identified as either A. cantonensis or A. malay-
siensis due to observed disparities in the length of the 
PL and ML rays. However, molecular analysis con-
firmed that the morphological characters were not reli-
able and did not match the molecular identity.

Discussion
In this study, morphological differentiation between A. 
cantonensis and A. malaysiensis was challenging. Mor-
phological misidentifications were particularly frequent 
for A. malaysiensis after confirmation of species identity 
using the nuclear ITS2 region. Despite thorough efforts, 
the misidentification rate was 36.9% across the specimens 
studied. In males, the key morphological character typi-
cally used to differentiate A. cantonensis and A. malay-
siensis is the difference in the lengths between the PL and 
ML rays (△ bursa rays). However, our results revealed 

Fig. 4 Comparative analysis of six female morphological characters: A body length, B body width, C esophagus length, D esophagus width, E 
distance from the anus to the posterior end, and F distance from the vulva to the posterior end according to molecular identity with the nuclear 
ITS2 region. An asterisk (*) indicates a statistical significance of P < 0.05 between the means of each group. The solid line of the boxplot indicates 
the mean value obtained from the morphological measurements, while the dashed line indicates the median. Angiostrongylus cantonensis and A. 
malaysiensis are abbreviated as Ac and Am, respectively
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that this key morphological character may not be suf-
ficient for species differentiation. A similar phenome-
non was observed in females, where the unique minute 
projection, a prominent morphological character of A. 
malaysiensis, failed to distinguish it from A. cantonensis. 
Of the morphological characters, our findings revealed 
that the male body length and width can effectively differ-
entiate between the two species. Contrarily, for females, 
size overlap between the two species was observed, pos-
ing challenges for effective species differentiation.

The use of morphological characters for species iden-
tification between the two closely related A. cantonensis 
and A. malaysiensis is further complicated by the pres-
ence of hybrid forms of A. cantonensis and A. malay-
siensis in Thailand. Of the representative specimens, 
8.2% were identified as hybrids of A. cantonensis and A. 
malaysiensis by the nuclear ITS2 region. The overlap-
ping distribution of A. cantonensis and A. malaysien-
sis in Indo-China has been highlighted in past studies, 
with F1 hybrids found in natural populations in Thailand 
[12, 22]. Moreover, co-infection of the two species have 
been discovered in both aquatic and terrestrial snails, 
with a report of the co-occurrence of both A. cantonen-
sis and A. malaysiensis DNA from the cerebrospinal fluid 
of patients [4, 5]. Our results show that hybrids mainly 
displayed morphological characteristics resembling A. 
malaysiensis, which can confound species identification. 

Moreover, overlaps in morphological characters among 
A. cantonensis, A. malaysiensis, and their hybrids were 
observed. Evidence of hybridization has been discovered 
in other parasitic nematodes as well, such as Haemon-
chus contortus and Haemonchus placei, and in the sibling 
species of Anisakis simplex and Anisakis pegreffi [23, 24].

Aside from the ineffectiveness of morphological char-
acters for species differentiation between A. cantonensis, 
A. malaysiensis, and their hybrid forms, mito-nuclear 
discordances were observed based on molecular identi-
fication using the nuclear ITS2 region and the mitochon-
drial cytb gene. Mito-nuclear discordance is defined as 
conflicting results and differences in patterns of differen-
tiation obtained from mitochondrial and nuclear DNA 
[25, 26]. Evidence of mito-nuclear discordance in A. can-
tonensis and A. malaysiensis in Thailand suggests that a 
complex relationship between these two closely related 
species is in play, possibly due to the sharing of hosts, 
habitats, geographical distribution, and their close genet-
ics. Additionally, the evidence of introgressive hybridi-
zation, especially the observed discordance, can hint at 
complex interbreeding events and history between the 
two species in Thailand. Although our results revealed 
that the majority (89.8%) of the specimens were con-
gruent between the species identity obtained from the 
mitochondrial and nuclear DNA markers, these findings, 

Fig. 5 Disparities between morphological traits and molecular identification of Angiostrongylus spp. A males and B females. Actual species 
identity was determined by molecular identification using the nuclear ITS2 region. The scale bars indicate a length of 20 µm; the arrowheads point 
to the tips of the female posterior ends, signifying the absence or presence of minute projections, while the posterolateral (PL) and mediolateral 
(ML) rays are labeled for males
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aside from pure ancestry lineages, are also suggestive of 
potential concordant hybridization events.

The use of nuclear DNA instead of mitochondrial 
DNA is proposed herein as a reliable method for spe-
cies identification, especially in regions where closely 
related species such as A. cantonensis and A. malay-
siensis coexist. The emphasis on nuclear DNA is piv-
otal, as it reveals potential hybridization events, which 
are expected to occur frequently. Moreover, misidenti-
fication due to hybridization discordance could occur 
if species identification relied solely on the mitochon-
drial gene [27, 28]. Regarding the distribution of A. 
cantonensis and A. malaysiensis in Thailand, our results 
revealed that the proportion of each species is approxi-
mately equal. Consequently, the previous understand-
ing of A. cantonensis as the dominant species in this 
region may need reconsideration [22]. Additionally, 
greater scrutiny and further investigation are deemed 
necessary to accurately identify Angiostrongylus species 
in Thailand and neighboring regions. The study thus 
recommends using nuclear DNA over mitochondrial 
genes for accurate species identification of A. cantonen-
sis and A. malaysiensis, especially in regions with over-
lapping cryptic species.

Conclusions
In conclusion, differentiating A. cantonensis from A. 
malaysiensis based on morphology led to misidentifica-
tions. While certain male traits such as body length and 
width aided species differentiation, female traits were 
less reliable. Moreover, the discordance between nuclear 
and mitochondrial DNA indicated historical interbreed-
ing between the species. We recommend using nuclear 
DNA over mitochondrial DNA for species identification 
of A. cantonensis and A. malaysiensis to reduce misiden-
tification due to hybrid forms. Future research should 
focus on refining markers for differentiation, widening 
the scope and effects of hybridization, and investigating 
the ecological and health repercussions of hybridization 
between the two closely related species.
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