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ARTICLE INFO ABSTRACT

Keywords: Angiostrongylus cantonensis and Angiostrongylus costaricensis are known human pathogens
Angiostrongylus responsible for eosinophilic angiostrongyliasis and abdominal angiostrongyliasis, respectively.
Diagnosis

Humans are accidental hosts, where infection occurs through the consumption of the infective
larva stage 3 in intermediate or paratenic hosts. The proven method for abdominal angios-
trongyliasis diagnosis is the histological examination through tissue biopsy, while the diagnosis of
eosinophilic angiostrongyliasis is the detection of larva in the cerebrospinal fluid. As there is
molecular evidence of cryptic species within A. cantonensis and A. costaricensis lineages, along
with morphological similarities within both lineages, accurate species identification and disease
diagnosis may be challenging. Moreover, species within the lineages share similar intermediate
and definitive hosts and geographic distribution. For example, both A. cantonensis and Angios-
trongylus malaysiensis (a closely related species in A. cantonensis lineage) overlap in their
geographic distribution in Southeast Asia. Additionally, variations in the molecular makeup of
A. costaricensis and A. cantonensis lineages may impact the pathogenicity, infectivity, and disease
severity of angiostrongyliasis. Understanding of the genetic diversity of both lineages is a
cornerstone for improved diagnosis and disease intervention, especially in a changing global
environment. To shed light and provide insights into the genetic diversity of the Angiostrongylus
lineages causing human angiostrongyliasis, we aim to present an up-to-date review of the studies
conducted and genetic markers used for A. costaricensis and A. cantonensis lineages. The impli-
cations for accurate molecular identification and diagnosis of human angiostrongyliasis are also
discussed.

Molecular identification
Cryptic species
Genetic diversity

1. Introduction

Human angiostrongyliasis, caused by the nematode Angiostrongylus cantonensis (Chen, 1935) and Angiostrongylus costaricensis
Morera & Cespedes, 1971, is a zoonotic disease found in the tropics, subtropics, and temperate regions (Pandian et al., 2023; Rojas
et al., 2021). These nematodes are responsible for eosinophilic angiostrongyliasis and abdominal angiostrongyliasis, respectively,
leading to symptoms of varying severity. Both species have similar life cycles involving gastropods (e.g., snails and slugs) as inter-
mediate hosts and rodents as definitive hosts. Humans become dead-end hosts by consuming infective larva stage 3 in intermediate or
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paratenic hosts. Angiostrongylus costaricensis was first discovered in humans in Costa Rica and has since been reported in the Caribbean
and other countries in South America (Valente et al., 2018). Angiostrongylus cantonensis, initially found in rodents in China, has
expanded its range and is now cosmopolitan, present in Southeast Asia, East Asia, South Asia, Australia, North and South America,
Europe, and Africa (Barratt et al., 2016).

Cryptic species, defined as morphologically similar taxa but representing distinct genetic lineages, complicate the identification of
Angiostrongylus. Previous studies have hinted at the possibility of cryptic species within the A. cantonensis lineage, which includes the
closely related Angiostrongylus malaysiensis (Bhaibulaya and Cross, 1971) and Angiostrongylus mackerrasae Bhaibulaya, 1968 (Dusit-
sittipon et al., 2017; Dusitsittipon et al., 2018). Although the geographical range of A. mackerrasae is confined to Australia,
A. cantonensis and A. malaysiensis overlap in Southeast Asia (Barratt et al., 2016). The overlap of geographic distribution, sharing of
similar intermediate and definitive host species, and close genetics exacerbate the risk for morphological misidentification, phenotypic
plasticity, and potential hybridization events. Additionally, the co-occurrence of both A. cantonensis and A. malaysiensis DNA was
detected in snail hosts and human cerebrospinal fluid (CSF) in Thailand, suggesting the possibility of A. malaysiensis as a human
pathogen (Jakkul et al., 2021; Watthanakulpanich et al., 2021). For A. costaricensis, molecular evidence suggests the possibility of
sibling species between the isolates obtained from Costa Rica and Brazil (Rojas et al., 2021; Yong et al., 2015a).

As morphological similarities and molecular evidence of cryptic species within the Angiostrongylus lineages are evident, molecular
methods are crucial for accurate identification and diagnosis. The presumptive diagnosis for both species are clinical symptoms, travel,
and food consumption history. For definitive diagnosis, the current method for abdominal angiostrongyliasis caused by A. costaricensis
is the histological examination of worms after tissue biopsy (Rodriguez et al., 2023). Serology methods like the enzyme-linked
immunosorbent assay (ELISA), indirect immunofluorescence assay (IFA), and immunochromatographic tests have also been devel-
oped (Geiger et al., 2001; Graeff-Teixeira et al., 2020). For eosinophilic angiostrongyliasis due to A. cantonensis infection, the definite
diagnosis is the detection of larva in the CSF (Ansdell et al., 2021). However, the larva is not often found in CSF samples, and if the larva
is present, A. cantonensis cannot be morphologically differentiated from A. malaysiensis. Serological assays using the 31-kDa and 29-
kDa antigen for immunoblot, ELISA, and immunochromatographic tests have been developed for serum and CSF samples with high
sensitivity (Dekumyoy et al., 2000; Eamsobhana et al., 2018a; Sawanyawisuth et al., 2011; Somboonpatarakun et al., 2020). However,
cross-reactivity with other helminthiasis remains challenging for specific diagnosis.

DNA-based methods can enhance the diagnosis of A. costaricensis and A. cantonensis. Species-level identification is possible using
various sample types (e.g., larva, adult, host tissue, and CSF) (Qvarnstrom et al., 2013; Watthanakulpanich et al., 2021). Additionally,
DNA-based methods can help understand genetic diversity and the detection of cryptic species within A. costaricensis and A. cantonensis
lineages. Various genetic markers from the nuclear and mitochondrial DNA have been utilized for Angiostrongylus molecular identi-
fication, diagnosis, and genetic diversity (Dusitsittipon et al., 2018; Lv et al., 2017; Qvarnstrom et al., 2013;). Understanding the
genetic diversity and molecular makeup of A. costaricensis and A. cantonensis lineages is a cornerstone for improved diagnosis and
disease intervention, especially in a rapidly changing global landscape due to climate changes and globalization. In the Atlantic Island
of Tenerife (Canary Islands), A. cantonensis were found only in the northern part of the island, which has a warmer and more humid
climate than other regions (Martin-Carrillo et al., 2021). Changes in climate may potentially increase the range of both definitive and
intermediate hosts, aiding disease transmission and altering the distribution of Angiostrongylus. Moreover, the impact of globalization
on the transmission of Angiostrongylus can be seen in the increase in angiostrongyliasis in non-endemic countries (Cowie et al., 2022).
Here, to shed light and provide insights into the genetic diversity of the Angiostrongylus lineages causing human angiostrongyliasis, we
present an up-to-date review of the studies conducted and genetic markers used for A. costaricensis and A. cantonensis lineages, The
implications for accurate molecular identification and diagnosis of human angiostrongyliasis are also discussed.

2. Genetic diversity of A. cantonensis and A. costaricensis cryptic lineages
2.1. Angiostrongylus costaricensis cryptic lineage

Angiostrongylus costaricensis was first discovered in Costa Rica in 1952 in a child presenting symptoms of severe abdominal pain. To
date, A. costaricensis distribution ranges from parts of South, Central, and North America, and Costa Rica remains endemic. At least 18
species of terrestrial mollusks are the experimental or natural intermediate hosts of A. costaricensis, and four out of the 18 mollusk
species were found naturally infected with A. cantonensis (Carvalho et al., 2012; Rojas et al., 2021). Although the hispid cotton rat
Sigmodon hispidus is the natural definitive host, other rodents (e.g., Rattus norvegicus and Rattus rattus) and mammals such as dogs,
raccoons, opossums, and non-human primates have also been implicated as potential definitive hosts (Alfaro-Alarcon et al., 2015;
Miller et al., 2006).

The genetic diversity of A. costaricensis is not widely studied. Currently, there are only a handful of A. costaricensis nucleotide
sequences in the National Center for Biotechnology Information (NCBI) database for the nuclear 18S ribosomal RNA (rRNA) gene, 28S
rRNA gene, internal transcribed spacer 2 region (ITS2), mitochondrial cytochrome c oxidase I (COI) gene, and whole mitochondrial
genome. Using the two mitochondrial genome sequences obtained from A. costaricensis from Costa Rica and Brazil, genetic distances
between the two isolates suggest that they are genetically distinct. The genetic distances obtained using the 36 mitochondrial genes
and the 12 mitochondrial protein genes were 15.3% and 16.1%, respectively (Yong et al., 2015a). Similarly, Eamsobhana et al. (2010a)
also observed a genetic distance of 11.7% with the mitochondrial COI gene between the isolates from Costa Rica and Brazil (Eam-
sobhana et al., 2010a).

Additionally, the genetic distance values obtained with the two isolates were similar to the genetic distance obtained between
A. cantonensis and A. malaysiensis (9.8% and 11.9% with COI and whole mitochondrial genomes, respectively) (Chan et al., 2020; Yong
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et al., 2016). The nuclear ITS2 region also supports that the isolates were phylogenetically distinct, with genetic distances of 7.4% to
9.1% (Jefferies et al., 2009). Moreover, intraspecies genetic distances for other Angiostrongylus spp. using ITS2 region are generally
small to none. With molecular evidence, the A. costaricensis isolates from Costa Rica and Brazil possibly represents a cryptic lineage.
Evolutionary forces like the diversity of the intermediate and definitive hosts for A. costaricensis and the parasite’s distribution range
could drive its genetic diversity. As there are currently few studies on the genetic diversity of A. costaricensis, more data from various
localities are needed for taxonomic delimitation to elucidate its status. Moreover, the elucidation of species status and increased
molecular information for A. costaricensis is crucial for the search of candidate proteins for treatment targets for abdominal angios-
trongyliasis (da Silva et al., 2022; da Silva and Morassutti, 2021; Rebello et al., 2011).

2.2. Angiostrongylus cantonensis cryptic lineage

The Angiostrongylus cantonensis cryptic lineage consists of A. cantonensis, A. malaysiensis, and A. mackerrasae. Of them, A. cantonensis
is a human pathogen, while Angiostrongyluus malaysiensis has been implicated as a potential pathogen, but more substantial studies are
needed to elucidate its pathogenicity (Watthanakulpanich et al., 2021). The life cycles of the three species are similar, with
A. cantonensis and A. malaysiensis sharing intermediate and definitive host species, while the main definitive host of A. mackerrasae is
Rattus fuscipes, found in Australia (Valentyne et al., 2020). Although A. mackerrasae has been found in non-native rodents, rodents
native to Australia (e.g. R. fuscipes, Rattus lutreolus, and Melomys cervinipes) are more susceptible to A. mackerrasae infection (Tian et al.,
2023). Regarding distribution, A. cantonensis and A. mackerrasae are present in Australia, while A. cantonensis and A. malaysiensis
overlap widely in Thailand, Lao People’s Democratic Republic (PDR), and Myanmar. Although morphological differences exist among
adults, accurate identification may still be challenging. Using molecular-based methods, studies have mainly been performed in
countries where A. cantonensis is prevalent (e.g., in Southeast Asia, East Asia, and Hawaii) using the mitochondrial COI and Cyto-
chrome b (Cytb) genes and the nuclear ITS1 and ITS2 regions (Apichat et al., 2016; Dusitsittipon et al., 2017; Lv et al., 2017; Rodpai
etal., 2016). The origin of A. cantonensis is hypothesized to be from South China or the Indochinese peninsula as it was first reported in
1935 from Guangzhou Province, China, in the bronchi of Rattus norvegicus and Rattus rattus (Chen, 1935). Both rodent species are
generalists, live near humans, and can thrive in various environments (Feng and Himsworth, 2013). The intermediate host Achatina
fulica has expanded its distribution range and was introduced as an invasive species in many countries (Celis-Ramirez and Quintero-
Angel, 2022). Currently, A. cantonensis is distributed globally, and its spread can be attributed to the spread of the definitive rodent and
intermediate snail hosts, which is, in turn, influenced by human activity.

Outside of Asia and Southeast Asia, the genetic diversity of A. cantonensis is low. Cervena et al. (2019) revealed that the genetic
distance using the mitochondrial COI gene between the A. cantonensis isolate from Sydney, Australia, and Tenerife, Spain, was 0.06%,
while there was no genetic difference between the isolates from Hawaii, USA, and Fatu Hiva, French Polynesia (Cervena et al., 2019).
Similarly, a recent study by Alava et al. (2023) conducted in 11 provinces in Ecuador revealed no genetic differences in the
A. cantonensis sampled (Alava et al., 2023). Complete mitochondrial genome phylogenies also support the genetic differentiation
between the isolates from Asia and outside Asia, where the isolates from China and Thailand each formed their subclade while the
isolates from Australia, Spain, the USA, French Polynesia, and Taiwan formed another subclade (Cervena et al., 2019). The genetic
diversity of A. cantonensis in Asia is comparatively higher, with 5% genetic distances between A. cantonensis isolates from China and
Japan using mitochondrial genomes, while those between China and Thailand were 3.8% using the COI gene (Song et al., 2018; Tokiwa
etal., 2012). Also, five subclades of A. cantonensis were observed using the mitochondrial COI gene, with subclades 1 and 3 solely from
Thailand, subclade 4 from Southeast Asia and Japan, while subclades 2 and 5 are the most global as they contain isolates from
Southeast Asia, the Americas, East Asia, and Australia (Dusitsittipon et al., 2018; Cervena et al., 2019). The Thailand isolates were
found in subclades 1, 2, and 3, revealing their high genetic diversity. Additionally, a recent study using complete mitochondrial ge-
nomes revealed that the haplotype diversity of A. cantonensis in Southeast and East Asia were significantly higher than those from other
regions, corroborating with previous studies (Tian et al., 2023).

Moreover, genetic variability may impact the pathogenicity and infectivity of A. cantonensis in hosts and may be a factor influencing
the severity of angiostrongyliasis in humans. In the laboratory setting, the pathogenicity and infectivity of the Hualien and Pingtung
lineages of A. cantonensis in Taiwan has been investigated. Infection in rats and mice with the Hualien lineage resulted in lower
infectivity and milder pathology as compared to the Pingtung lineage (Lee et al., 2014).

2.3. Angiostrongylus cantonensis cryptic lineage in Thailand

In Thailand, early studies revealed high genetic diversity with low gene flow between A. cantonensis populations, indicative of local
fixation, and that the dispersal of A. cantonensis is likely due to human activity. Using eight A. cantonensis populations in Thailand
(Chiang Mai, Nong Khai, Khon Kaen, Chanthaburi, Kanchanaburi, Lop Buri, Prachuap Khiri Khan, and Narathiwat provinces), two
groups with statistically significant differentiation resulted using the random amplified polymorphic DNA-polymerase chain reaction
(RAPD-PCR) method (Thaenkham et al., 2012). Moreover, the low gene flow, high genetic diversity between populations, and low
genetic differences within populations suggest local fixation within their own populations. Support for high genetic diversity and low
gene flow across geographic localities was also seen with the mitochondrial COI and Cytb genes, with seven haplotypes from seven
provinces (Ranong, Samut Prakan, Phitsanulok, Trat, Chantaburi, Nakhon Phanom, and Kanchanaburi) and 11 haplotypes from eight
provinces (Nan, Bangkok, Kanchanaburi, Lop Buri, Mahasarakam, Nakhon Sri Thammarat, Prachuap Khiri Khan, and Phitsanulok),
respectively (Dusitsittipon et al., 2015; Eamsobhana et al., 2017). Additionally, four phylogenetic clusters were observed, with a
maximum of 3.1% intraspecies genetic distance using the Cytb gene.
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Aside from A. cantonensis, the closely related A. malaysiensis was also found in Thailand, where only A. cantonensis was initially
thought to be present. Angiostrongylus malaysiensis was first discovered in Rattus tiomanicus from Malaysia, and it was known as the
Malaysian lineage of A. cantonensis (Bhaibulaya and Cross, 1971). Currently, the distribution of A. malaysiensis ranges from Malaysia,
Thailand, Myanmar, and Lao PDR, where overlapping countries with A. cantonensis are Thailand, Myanmar, and Lao PDR. Using the
nuclear 18S rRNA gene, ITS2 region, and the mitochondrial COI gene, Rodpai et al. (2016) found A. malaysiensis in Phrae and
Phatthalung provinces, while A. cantonensis was found in Khon Kaen and Surat Thani provinces (Rodpai et al., 2016). Sampling from
16 provinces across Thailand, Dusitsittipon et al. (2017) also uncovered the presence of both A. cantonensis and A. malaysiensis using
the mitochondrial Cytb gene and microsatellite markers (Dusitsittipon et al., 2017). Angiostrongylus cantonensis was found in nine
provinces — Nan, Nakhon Phanom, Phitsanulok, Mahasarakham, Lop Buri, Kanchanaburi, Bangkok, Prachuap Khiri Khan, and Nakhon
Si Thammarat, while A. malaysiensis was found in ten provinces — Chiang Mai, Nong Khai, Khon Kaen, Lop Buri, Bangkok, Chanthaburi,
Prachuap Khiri Khan, Ranong, Phang Nga, and Narathiwat. Additionally, of the 16 provinces, both species of Angiostrongylus were
present in Bangkok, Lop Buri, and Prachuap Khiri Khan provinces. These results confirmed the widespread distribution of
A. malaysiensis in Thailand and the occurrence of both species in the same province. Additionally, A. malaysiensis’s status as a distinct
species from A. cantonensis is evidenced and supported by both nuclear and mitochondrial genetic markers (Chan et al., 2020). The
interspecies genetic distance between these two species in A. cantonensis cryptic lineage ranged from 10.9% to 12.1%, 9.8 to 16.4%,
and 15.1 to 15.7% with the Cytb gene, COI gene, and ITS2 region, respectively.

Besides having both A. cantonensis and A. malaysiensis, molecular evidence using the Cytb gene further revealed coinfection of both
species in the same snail host. In a survey done in Bangkok parks, 5.97% of A. fulica were coinfected with both Angiostrongylus spp.
(Jakkul et al., 2021). Moreover, all A. fulica that were infected with A. cantonensis were consistently found to be coinfected with
A. malaysiensis. In an angiostrongyliasis outbreak area in Kalasin Province in 2019, Pila virescens was found coinfected with both
Angiostrongylus spp. (Watthanakulpanich et al., 2021). Moreover, the DNA of A. malaysiensis and A. cantonensis were detected in human
CSF samples. With evidence revealing both species coinfecting in one intermediate snail host and in humans, along with their close
genetics, hybrids may occur between A. cantonensis and A. malaysiensis in nature. Supporting this hypothesis, one F1 hybrid female was
identified in Bangkok using microsatellite markers (Dusitsittipon et al., 2017). Recently, using the nuclear ITS2 region, 8.2% of the
Angiostrongylus specimens sampled were identified as hybrids (Kaenkaew et al., 2024). Also, experimental crosses conducted among
A. cantonensis x A. malaysiensis and A. cantonensis x A. mackerrasae revealed that the F1 hybrid females were able to produce eggs, while
the F1 males were sterile (Bhaibulaya, 1974).

Hybridization can result in the introgression and transfer of genetic material, with genes affecting parasite transmission, patho-
genicity, adaptation, drug resistance, and phenotypic characteristics. Evidence of hybridization has been observed in nature between
Haemonchus contortus and Haemonchus placei and can consequently lead to interspecies introgression of anthelmintic resistance alleles
from one species to another (Chaudhry et al., 2015; Santos et al., 2019). Hybrids were also detected among the sibling species of
Anisakis simplex and Anisakis pegreffii, where hybrid species complicate accurate identification using morphology (Roca-Gerones et al.,
2021). Consequently, the detection and evidence of hybrids occurring between A. cantonensis and A. malaysiensis has significant
implications in the epidemiological, identification, and diagnostic aspects, further complicating the cryptic species status of
A. cantonensis lineage in Thailand. Morphological similarities, overlapping characters, and no reliable diagnostic character to
differentiate both species and their hybrid forms further complicate accurate identification. For treatment, although studies have
shown no difference between treatments (corticosteroid only or combination of corticosteroid and anthelminthic drugs) administered
for eosinophilic meningitis, the pathogenicity of infection may be different among A. cantonensis, A. malaysiensis, or their hybrids
(Chotmongkol et al., 2009). Thus, the effectiveness and treatment regime may potentially be affected. However, more studies are
needed to elucidate this hypothesis.

3. Genetic markers used for molecular diagnosis and identification of Angiostrongylus

The advancement of molecular techniques greatly aided in accurately diagnosing and identifying pathogens, including

Table 1

Summary of molecular studies conducted on A. costaricensis, including genetic marker, molecular method, sample type, host, and location of study.
Genetic marker ~ Method Sample type/ Host/ Locality Type of study Reference
cor cPCR Adult/ Rodent/ Costa Rica Identification, phylogenetics (Eamsobhana et al., 2010a)

cPCR Adult, larva/ White-nosed coati/ Costa Rica Identification (Santoro et al., 2016)

PCR-RFLP Adult, larva/ Rodent, mollusk/ Brazil Identification, assay development (Caldeira et al., 2003)
Secondary dataset ~ NA Genetic diversity, phylogenetics (Song et al., 2018)
128 cPCR Adult, larva/ Dog/ Costa Rica Diagnosis (Alfaro-Alarcon et al., 2015)
Mt genome Long-PCR Adult/ Rodent/ Brazil Mt genome characterization (Lv et al., 2012)
Mlumina Adult/ Rodent/ Costa Rica Mt genome characterization (Yong et al., 2015a)
Secondary dataset ~ NA Mt genome characterization (Song et al., 2018)
18S cPCR Adult, larva/ White-nosed coati/ Costa Rica Identification (Santoro et al., 2016)
Adult, larva/ Dog/ Costa Rica Diagnosis (Alfaro-Alarcon et al., 2015)
66-kDa cPCR Adult/ Rodent/ Costa Rica Phylogenetics (Eamsobhana et al., 2010b)
Paraffin embedded (FFPE) tissue / Human/ Brazil Diagnosis (Rodriguez et al., 2014)
Adult, serum/ Rodent, human/ Brazil Diagnosis (Amaral et al., 2023)
Serum/ Human/ Brazil Diagnosis (da Silva et al., 2003)
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Table 2
Summary of molecular studies conducted on A. cantonensis, including genetic marker, molecular method, sample type, host, and location of study.
Genetic marker Method Sample type/ Host/ Locality Type of study Reference
CcoI cPCR Larva/ Human/ Thailand Identification (Boonroumkaew et al.,
2020)
Adult/ Hedgehog/ Spain Identification (Delgado-Serra et al., 2022)
Adult/ Rodent/ Australia Identification (Valentyne et al., 2020)
Adult/ Rodent/ China Genetic diversity (Lv et al., 2017)
CSF/ Human/ Hawaii Identification (Qvarnstrom et al., 2016)
Larva/ Mollusk/ Thailand Identification (Apichat et al., 2016)
Adult, larva/ Rodent, mollusk/ Japan, China, Identification, phylogenetics (Tokiwa et al., 2012)
Taiwan, Thailand
Larva/ Mollusk/ Brazil Identification, phylogenetics (Monte et al., 2012)
Adult, larva/ Rodent, mollusk/ Brazil Identification (Moreira et al., 2013)
Adult, larva/ Rodent, mollusk/ Thailand, Identification, phylogenetics (Eamsobhana et al., 2010a)
Hawaii, China
Adult/ Rodent/ French Polynesia, Spain, Genetic diversity (Cervena et al., 2019)
Hawaii, Australia
Larva/ Mollusk/ Thailand Genetic diversity (Dumidae et al., 2019)
Adult/ Rodent/ Japan Identification, genetic diversity (Tokiwa et al., 2013)
Adult/ Opossum, armadillo/ Greece, America  Identification (Dalton et al., 2017)
Adult/ Rodent/ Thailand Genetic diversity, phylogenetics (Eamsobhana et al., 2018b)
Adult/ Rodent/ Spain Identification (Galan-Puchades et al.,
2022)
Larva/ Mollusk/ Thailand, Lao PDR, Identification, phylogenetics (Rodpai et al., 2016)
Myanmar
Larva/ Mollusk/ Taiwan Identification (Lee et al., 2014)
PCR-RFLP Adult, larva/ Rodent, mollusk/ Japan Identification, assay development (Caldeira et al., 2003)
qPCR CSF/ Dog/ Australia Identification (Mallaiyaraj et al., 2021)
Secondary NA NA (Dusitsittipon et al., 2018)
dataset
NA Genetic diversity, phylogenetics (Song et al., 2018)
NADI cPCR Adult/ Rodent/ China Genetic diversity (Lv et al., 2017)
Cytb cPCR Larva/ Mollusk/ China, Taiwan, Lao PDR Genetic diversity (Peng et al., 2017)
Adult/ Rodent/ Thailand, Hawaii, China Genetic diversity, phylogenetics (Yong et al., 2015b)
Larva/ Mollusk/ Thailand Genetic diversity, phylogenetics (Dusitsittipon et al., 2015)
Larva/ Mollusk/ Thailand Genetic diversity, phylogenetics (Dumidae et al., 2019)
Larva/ Mollusk/ Thailand Genetic diversity, phylogenetics (Dusitsittipon et al., 2017)
qPCR Larva, CSF/ Mollusk, human/ Thailand Diagnosis, identification (Watthanakulpanich et al.,
2021)
Larva, CSF/ Mollusk, human/ Thailand Assay development, identification (Jakkul et al., 2021)
Adult/ Rodent/ Thailand Identification (Kaenkaew et al., 2024)
Secondary NA Genetic diversity, phylogenetics (Dusitsittipon et al., 2018)
dataset
128 cPCR Adult/ Rodent/ Thailand Identification (Chan et al., 2020)
16S cPCR Adult/ Rodent/ Thailand Identification (Chan et al., 2020)
Mt genome Long-PCR Adult/ Rodent/ Australia Mt genome characterization (Aghazadeh et al., 2015)
Adult/ Rodent/ Australia Mt genome characterization (Valentyne et al., 2020)
Adult/ Rodent/ China Mt genome characterization (Lv et al., 2012)
Adult/ Rodent/ China Mt genome characterization, (Tian et al., 2023)
phylogenetics
Long-PCR, Adult/ Rodent/ French Polynesia, Spain, Genetic diversity (Cervena et al., 2019)
Illumina Hawaii, Australia
Adult/ Rodent/ Thailand Mt genome characterization, (Yong et al., 2016)
genetic diversity
NA Genetic diversity, phylogenetics (Song et al., 2018)
18S cPCR Larva/ Human/ Thailand Identification (Boonroumkaew et al.,

Larva/ Mollusk/ French Polynesia

Larva/ Mollusk/ Spain

Larva/ Mollusk/ Philippines

Adult/ Rodent/ Thailand, Hawaii, Japan,
China,

Larva, adult/ Mollusk, rodent/ Japan, China,
Taiwan, Thailand

Larva/ Mollusk/ Philippines

Larva/ Mollusk/ Thailand

Adult/ Rodent/ Japan

Larva/ Mollusk/ Thailand, Lao PDR,
Myanmar

Identification
Identification
Identification
Phylogenetics

Identification, Phylogenetics
Identification
Identification

Identification
Identification, phylogenetics

2020)

(Fontanilla and Wade, 2012)
(Martin-Alonso et al., 2015)
(Fontanilla and Wade, 2008)
(Eamsobhana et al., 2015)

(Tokiwa et al., 2012)

(Constantino-Santos et al.,
2014)

(Dumidae et al., 2019)
(Tokiwa et al., 2013)
(Rodpai et al., 2016)

(continued on next page)
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Genetic marker Method Sample type/ Host/ Locality Type of study Reference
Lung tissue/ Fox/ Brazil Identification (Caprioli et al., 2019)
Larva, mollusk tissue/ Mollusk/ Hawaii Assay development (Qvarnstrom et al., 2007)
Larva/ Human/ Vietnam Identification (Van De et al., 2015)
Mollusk tissue/ Mollusk/ Australia Identification (Chan et al., 2015)
LAMP Larva/ Mollusk/ China Assay development (Chen et al., 2011)
Larva/ Mollusk/ Spain Identification (Martin-Alonso et al., 2015)
ITS1 cPCR Adult/ Rodent/ China Genetic diversity (Lv et al., 2017)
Adult/ Rodent/ China Assay development (Liu et al., 2011)
Larva/ Mollusk/ Colombia Identification (Giraldo et al., 2019)
qPCR Mollusk tissue/ Mollusk/ USA Identification (Iwanowicz et al., 2015)
Adult, mollusk tissue, CSF/ Rodent, mollusk, Assay development (Sears et al., 2021)
human/ USA
CSF/ Human/ Hawaii Identification (Qvarnstrom et al., 2016)
Larva/ Mollusk/ Hawaii Assay development (Jarvi et al., 2012)
Adult, larva, feces/ Rodent/ USA Identification (Stockdale-Walden et al.,
2017)
Blood, rodent tissue/ Rodent/ Hawaii Identification (Jarvi et al., 2015)
Larva, mollusk tissue/ Mollusk/ USA Identification (Stockdale-Walden et al.,
2015)
Fox tissue/ Fox/ Brazil Identification (Caprioli et al., 2019)
Larva, mollusk secretion/ Mollusk/ Hawaii Assay development (Qvarnstrom et al., 2010)
Larva, mollusk tissue/ Mollusk/ USA Identification (Smith et al., 2015)
Mollusk tissue/ Mollusk/ Australia Identification (Chan et al., 2015)
Larva/ Mollusk/ Colombia Identification (Giraldo et al., 2019)
LAMP Adult/ Rodent/ China Assay development (Liu et al., 2022)
ITS2 cPCR Larva/ Human/ Thailand Identification (Boonroumkaew et al.,
2020)
Adult/ Rodent/ China Genetic diversity (Lv et al., 2017)
Larva/ Mollusk/ Thailand Genetic diversity, phylogenetics (Dumidae et al., 2019)
Larva/ Mollusk/ Thailand, Lao PDR, Identification, phylogenetics (Rodpai et al., 2016)
Myanmar
Larva/ Mollusk/ Taiwan Identification (Lee et al., 2014)
Larva/ Mollusk/ Brazil Identification (Cardoso et al., 2020)
PCR-RFLP Adult/ Rodent/ Japan Identification (Caldeira et al., 2003)
Larva/ Mollusk/ Brazil Identification (Caldeira et al., 2007)
Adult/ Rodent/ Thailand Identification (Kaenkaew et al., 2024)
qPCR CSF/ Dog/ Australia Identification (Mallaiyaraj et al., 2021)
Larva, feces/ Rodent/ China Assay development (Fang et al., 2012)
66-kDa cPCR Adult/ Rodent/ Thailand, China, Japan Phylogenetics (Eamsobhana et al., 2010b)
Adult/ Rodent/ Thailand, China, Japan, Phylogenetics, genetic diversity (Eamsobhana et al., 2019)
Hawaii
CSF/ Human/ Thailand Diagnostics (Eamsobhana et al., 2013)
Adult, larva/ Rodent, mollusk/ Thailand Molecular identification (Dumidae et al., 2022)
Repetitive qPCR Adult, mollusk tissue, CSF/ Rodent, mollusk, Assay development (Sears et al., 2021)
sequences human/ USA
RPA CSF/ Human/ Hawaii Assay development (Sears et al., 2021)
RAPD Larva/ Mollusk/ Thailand Genetic diversity (Thaenkham et al., 2012)
Microsatellite Larva/ Mollusk/ Thailand Genetic diversity, phylogenetics (Dusitsittipon et al., 2017)
Whole genome Shot-gun Adult/ Rodent/ China Genomics (Xu et al., 2019)
sequencing
Illumina Adult/ Rodent/ Thailand Genomics (Yong et al., 2015d)
NGS CSF/ Human/ China Diagnostics (Xie et al., 2019)
CSF/ Human/ China Diagnostics (Liu et al., 2022)
CSF/ Human/ China Diagnostics (Zou et al., 2020)
CSF/ Human/ China Diagnostics (Feng et al., 2020)

Angiostrongylus. Tables 1 to 4 present the summary of genetic markers used for molecular-based studies of A. costaricensis and
A. cantonensis cryptic lineages.

Based on our literature search, there were only 14 molecular studies specifically for A. costaricensis. Two of these used secondary
datasets, and two focused on characterizing A. costaricensis mitochondrial genome. The genetic marker most utilized for diagnosis is
the 66-kDa gene, where abdominal angiostrongyliasis was confirmed in human serum and paraffin-embedded tissue samples (Amaral
et al., 2023; da Silva et al., 2003; Rodriguez et al., 2014). Adults and larva stages 1 and 3 were also identified in various host species,
including dogs, white-nosed coati, and rodents using the nuclear 18S rRNA gene, ITS2 region, and the mitochondrial COI and 12S rRNA
genes (Alfaro-Alarcon et al., 2015; Eamsobhana et al., 2010a; Santoro et al., 2016). Additionally, a PCR-restriction fragment length
polymorphism (PCR-RFLP) using the ITS2 region and COI gene was developed by Caldeira et al. (2003) to differentiate between
A. costaricensis, A. cantonensis and A. vasorum (Caldeira et al., 2003). With molecular evidence suggesting that the Brazil and Costa Rica
isolates of A. costaricensis are possibly sibling species, there is an increasing need to determine the differences in pathogenicity and
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Table 3
Summary of molecular studies conducted on A. malaysiensis, including genetic marker, molecular method, sample type, host, and location of study.
Genetic Method Sample type/Host/Locality Type of study Reference
marker
CcoI cPCR Adult, larva/ Rodent, mollusk/ Thailand, Identification, phylogenetics (Eamsobhana et al., 2010a)
Malaysia
Larva/ Mollusk/ Thailand Genetic diversity (Dumidae et al., 2019)
Larva/ Mollusk/ Thailand Identification (Chaisiri et al., 2019)
Adult/ Rodent/ Thailand Genetic diversity, phylogenetics (Eamsobhana et al., 2018b)
Larva/ Mollusk/ Thailand, Lao PDR, Identification, phylogenetics (Rodpai et al., 2016)
Myanmar
Secondary NA Genetic diversity, phylogenetics (Dusitsittipon et al., 2018)
dataset
NA Genetic diversity, phylogenetics (Song et al., 2018)
Cytb cPCR Adult/ Rodent/ Malaysia Genetic diversity, phylogenetics (Yong et al., 2015b)
Larva/ Mollusk/ Thailand Genetic diversity, phylogenetics (Dumidae et al., 2019)
Larva/ Mollusk/ Thailand Genetic diversity, phylogenetics (Dusitsittipon et al., 2017)
qPCR Larva, CSF/ Mollusk, human/ Thailand Diagnosis, identification (Watthanakulpanich et al.,
2021)
Larva, CSF/ Mollusk, human/ Thailand Assay development (Jakkul et al., 2021)
Adult/ Rodent/ Thailand Identification (Kaenkaew et al., 2024)
Secondary NA Genetic diversity, phylogenetics (Dusitsittipon et al., 2018)
dataset
128 cPCR Adult/ Rodent/ Thailand Identification (Chan et al., 2020)
16S cPCR Adult/ Rodent/ Thailand Identification (Chan et al., 2020)
Mt genome Ilumina Adult/ Rodent/ Thailand Mt genome characterization, genetic (Yong et al., 2015¢)
diversity
Adult/ Rodent/ Malaysia Mt genome characterization (Yong et al., 2016)
Secondary NA Genetic diversity, phylogenetics (Song et al., 2018)
dataset
18S cPCR Adult/ Rodent/ Malaysia Phylogenetics (Eamsobhana et al., 2015)
Larva/ Mollusk/ Thailand Identification (Dumidae et al., 2019)
Larva/ Mollusk/ Thailand, Lao PDR, Identification, phylogenetics (Rodpai et al., 2016)
Myanmar
1TS2 cPCR Larva/ Mollusk/ Thailand Genetic diversity, phylogenetics (Dumidae et al., 2019)
Larva/ Mollusk/ Thailand, Lao PDR, Identification (Rodpai et al., 2016)
Myanmar
PCR-RFLP Adult/ Rodent/ Thailand Identification (Kaenkaew et al., 2024)
66-kDa cPCR Adult/ Rodent/ Malaysia Phylogenetics (Eamsobhana et al., 2010b)
Adult/ Rodent/ Malaysia Phylogenetics, genetic diversity (Eamsobhana et al., 2019)
Adult, larva/ Rodent, mollusk/ Thailand Molecular identification (Dumidae et al., 2022)
Microsatellite Larva/ Mollusk/ Thailand Genetic diversity, phylogenetics (Dusitsittipon et al., 2017)
Table 4
Summary of molecular studies conducted on A. mackerrasae, including genetic marker, molecular method, sample type, host, and location of study.
Genetic marker Method Sample type/Host/Locality Type of study Reference
coI cPCR Adult/ Rodent/ Australia Identification (Valentyne et al., 2020)
Secondary dataset NA Genetic diversity, phylogenetics (Song et al., 2018)
Mt genome Long PCR Adult/ Rodent/ Australia Mt genome characterization (Valentyne et al., 2020)
Secondary dataset NA Genetic diversity, phylogenetics (Song et al., 2018)

transmission among them. Moreover, diagnostic tools for abdominal angiostrongyliasis will have to be refined, ensuring the accuracy
for detecting DNA of both isolates as substantial differences in genetic variation could lead to lowered sensitivity of the genetic markers
and assays for molecular diagnosis.

For A. cantonensis lineage, various genetic markers have been used for molecular identification. These genetic markers include the
nuclear 18S rRNA gene, ITS regions, mitochondrial Cytb, COI, 12S and 16S rRNA genes, and the 66-kDa gene. Various molecular
techniques have also been developed to detect A. cantonensis lineage in different sample types, e.g., mollusk tissue, human serum and
CSF, and rodent fecal samples. Of note, the TagMan quantitative real-time PCR assay developed by Qvarnstrom et al. (2010) employing
the ITS1 region is widely used for A. cantonensis detection (Qvarnstrom et al., 2010). The assay has been employed in detecting
A. cantonensis DNA in human CSF samples and environmental samples (mollusk tissue), showing high sensitivity at a detection limit of
10 plasmid copies (Qvarnstrom et al., 2010, 2016). Fang et al. (2012) also developed a copro-detection assay using qPCR and revealed
that their assay using the ITS2 region could detect a single L1 A. cantonensis larva in rodent fecal samples (Fang et al., 2012). Another
species-specific qPCR assay targeting A. cantonensis and A. malaysiensis was developed using the mitochondrial Cytb gene, showing its
ability to detect a single larva at approximately 10~ ng (Jakkul et al., 2021). Next-generation sequencing (NGS) techniques are also
gaining traction to aid in diagnosis. Employing metagenomic NGS, A. cantonensis DNA was detected in pediatric patients with
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eosinophilic meningitis (Liu et al., 2022; Xie et al., 2019). Also, the high sensitivity and usefulness of NGS was shown by Zou et al.
(2020), where the patient presenting eosinophilic meningitis was ELISA negative for A. cantonensis, but NGS results revealed the
presence of A. cantonensis in the CSF (Zou et al., 2020).

Despite the effectiveness of molecular genetic markers for the molecular diagnosis and identification of Angiostrongylus spp.,
molecular techniques may not be available in resource-limited settings and for detection in the field. For example, majority of the
molecular-based studies utilized either conventional PCR or qPCR, and only four studies have utilized the field-based loop-mediated
isothermal amplification (LAMP) technique or recombinase polymerase amplification (RPA) (Chen et al., 2011; Liu et al., 2011;
Martin-Alonso et al., 2015; Sears et al., 2021). Additionally, the selection of an appropriate genetic marker is essential for species
discrimination of closely related species, especially within cryptic lineages. For example, low sequence variation (0 to 1% genetic
distance) was observed between A. cantonensis and A. malaysiensis with the nuclear 18S rRNA gene (Chan et al., 2020). With the
occurrence of hybrids between A. cantonensis and A. malaysiensis, possible introgression, morphological similarities, the overlapping
distribution of both species, and the unclear potential of A. malaysiensis as a human pathogen, appropriate genetic markers with
sufficient genetic variation must be employed to successfully differentiate between A. cantonensis, A. malaysiensis, and their hybrid
forms, especially in areas where they live in sympatry. Moreover, the utilization of appropriate genetic markers can aid in the accurate
diagnosis of eosinophilic angiostrongyliasis.

4. Conclusion

In conclusion, we highlight the need to consider the genetic variability among A. costaricensis and A. cantonensis cryptic lineages to
improve molecular diagnosis further. As organisms continue to evolve and adapt in this rapidly changing environment, understanding
the genetic diversity of the Angiostrongylus spp. causing human angiostrongyliasis is essential for accurate identification and has
significant implications for diagnosis.

Funding

This research did not receive any specific grant from funding agencies in the public, commercial, and not-for-profit sectors.
Ethics approval and consent to participate

Not applicable.
Authors’ contributions

UT and AC conceived the study, wrote, and reviewed the manuscript draft. CK and WP reviewed and revised the manuscript. All
authors approved the final manuscript.

CRediT authorship contribution statement

Abigail Hui En Chan: Conceptualization, Formal analysis, Writing — original draft, Writing — review & editing. Chanisara
Kaenkaew: Formal analysis, Writing — review & editing. Wallop Pakdee: Formal analysis, Writing — review & editing. Urusa
Thaenkham: Conceptualization, Formal analysis, Writing — original draft, Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial interests of personal relationships that could have appeared to
influence the work reported in this paper.

Availability of data and material
All data generated or analysed during this study are included in this published article.

References

Aghazadeh, M., Traub, R.J., Mohandas, N., Aland, K.V., Reid, S.A., McCarthy, J.S., et al., 2015. The mitochondrial genome of Angiostrongylus mackerrasae as a basis for
molecular, epidemiological and population genetic studies. Parasit. Vectors 8 (473).

[\lava, L.S., Pilozo, C.B., Alvarez, H.H., Rivera, L.R., Ortega, M.R., Nodarse, J.F., et al., 2023. In the dawn of an early invasion: no genetic diversity of Angiostrongylus
cantonensis in Ecuador? Pathogens 12.

Alfaro-Alarcén, A., Veneziano, V., Galiero, G., Cerrone, A., Gutierrez, N., Chinchilla, A., et al., 2015. First report of a naturally patent infection of Angiostrongylus
costaricensis in a dog. Vet. Parasitol. 212, 431-434.

Amaral, F.U.L, Zorzi, N.R., Soveral, L.F., Frandoloso, R., Rodriguez, R., Graeff-Teixeira, C., et al., 2023. Molecular diagnosis of abdominal angiostrongyliasis by PCR
using serum samples. Parasitol. Res. 122, 381-385.

Ansdell, V., Kramer, K.J., McMillan, J.K., Gosnell, W.L., Murphy, G.S., Meyer, B.C., et al., 2021. Guidelines for the diagnosis and treatment of neuroangiostrongyliasis:
updated recommendations. Parasitology. 148, 227-233.


http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0005
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0005
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0010
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0010
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0015
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0015
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0020
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0020
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0025
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0025

A.H.E. Chan et al. Food and Waterborne Parasitology 35 (2024) e00230

Apichat, V., Narongrit, S., Jittranuch, T., Anucha, W., Wilaiwan, P., Chamaiporn, F., et al., 2016. Phylogeny of Angiostrongylus cantonensis in Thailand based on
cytochrome c oxidase subunit I gene sequence. Southeast Asian J. Trop. Med. Public Health 47, 377-386.

Barratt, J., Chan, D., Sandaradura, 1., Malik, R., Spielman, D., Lee, R., et al., 2016. Angiostrongylus cantonensis: a review of its distribution, molecular biology and
clinical significance as a human pathogen. Parasitology. 143, 1087-1118.

Bhaibulaya, M., 1974. Experimental hybridization of Angiostrongylus mackerrasae, Bhaibulaya, 1968 and Angiostrongylus cantonensis (Chen, 1935). Int. J. Parasitol. 4,
567-573.

Bhaibulaya, M., Cross, J.H., 1971. Angiostrongylus malaysiensis (Nematoda: Metastrongylidae), a new species of rat lung-worm from Malaysia. Southeast Asian J. Trop.
Med. Public Health 2, 527-533.

Boonroumkaew, P., Sanguansak, T., Visaetsilpanonta, S., Sanpool, O., Sadaow, L., Intapan, P.M., et al., 2020. Two ocular angiostrongyliasis cases in Thailand with
molecular identification of causative parasite species. Am. J. Trop. Med. Hyg. 102, 1399-1403.

Caldeira, R.L., Carvalho, O.S., Mendonga, C.L., Graeff-Teixeira, C., Silva, M.C., Ben, R., et al., 2003. Molecular differentiation of Angiostrongylus costaricensis,

A. cantonensis, and A. vasorum by polymerase chain reaction-restriction fragment length polymorphism. Mem. Inst. Oswaldo Cruz 98, 1039-1043.

Caldeira, R.L., Mendonca, C.L., Goveia, C.O., Lenzi, H.L., Graeff-Teixeira, C., Lima, W.S., et al., 2007. First record of molluscs naturally infected with Angiostrongylus
cantonensis (Chen, 1935) (Nematoda: Metastrongylidae) in Brazil. Mem. Inst. Oswaldo Cruz 102, 887-889.

Caprioli, R.A., de Andrade, C.P., Argenta, F.F., Ehlers, L.P., Soares, J.F., Pavarini, S.P., et al., 2019. Angiostrongylosis in Cerdocyon thous (crab-eating fox) and
Lycalopex gymnocercus (Pampas fox) in southern Brazil. Parasitology. 146, 617-624.

Cardoso, C.V., Vaccas, D.C., Bondan, E.F., Martins, M.F.M., 2020. Prevalence of Angiostrongylus cantonensis and Angiostrongylus costaricensis in Achatina fulica snails in
the municipality of Sao Bernardo do Campo (SP, Brazil). Arq. Bras. Med. Vet. Zootec. 72, 273-276.

Carvalho, O.S., Scholte, R.G., Mendonga, C.L., Passos, L.K., Caldeira, R.L., 2012. Angiostrongylus cantonensis (Nematode: Metastrongyloidea) in molluscs from harbour
areas in Brazil. Mem. Inst. Oswaldo Cruz 107, 740-746.

Celis-Ramirez, M., Quintero-Angel, M., 2022. Control of invasive alien species: the giant African snail (Lissachatina fulica) a difficult urban public management
challenge. J. Environ. Manag. 322, 116159.

Cervend, B., Modry, D., Feckova, B., Hrazdilova, K., Foronda, P., Alonso, A.M., et al., 2019. Low diversity of Angiostrongylus cantonensis complete mitochondrial DNA
sequences from Australia, Hawaii, French Polynesia and the Canary Islands revealed using whole genome next-generation sequencing. Parasit. Vectors 12 (241).

Chaisiri, K., Dusitsittipon, S., Panitvong, N., Ketboonlue, T., Nuamtanong, S., Thaenkham, U., et al., 2019. Distribution of the newly invasive New Guinea flatworm
Platydemus manokwari (Platyhelminthes: Geoplanidae) in Thailand and its potential role as a paratenic host carrying Angiostrongylus malaysiensis larvae.

J. Helminthol. 93, 711-719.

Chan, D., Barratt, J., Roberts, T., Lee, R., Shea, M., Marriott, D., et al., 2015. The prevalence of Angiostrongylus cantonensis/mackerrasae complex in molluscs from the
Sydney region. PLoS One 10, e0128128.

Chan, A.H.E., Chaisiri, K., Dusitsittipon, S., Jakkul, W., Charoennitiwat, V., Komalamisra, C., et al., 2020. Mitochondrial ribosomal genes as novel genetic markers for
discrimination of closely related species in the Angiostrongylus cantonensis lineage. Acta Trop. 211 (105645).

Chaudhry, U., Redman, E.M., Abbas, M., Muthusamy, R., Ashraf, K., Gilleard, J.S., 2015. Genetic evidence for hybridisation between Haemonchus contortus and
Haemonchus placei in natural field populations and its implications for interspecies transmission of anthelmintic resistance. Int. J. Parasitol. 45, 149-159.

Chen, H., 1935. Un nouveau nématode pulmonaire, Pulmonema cantonensis, n. g., n. sp. Ann. Parasitol. Hum. Comp. 13, 312-317.

Chen, R., Tong, Q., Zhang, Y., Loy, D., Kong, Q., Lv, S., et al., 2011. Loop-mediated isothermal amplification: rapid detection of Angiostrongylus cantonensis infection in
Pomacea canaliculata. Parasit. Vectors 4 (204).

Chotmongkol, V., Kittimongkolma, S., Niwattayakul, K., Intapan, P.M., Thavornpitak, Y., 2009. Comparison of prednisolone plus albendazole with prednisolone alone
for treatment of patients with eosinophilic meningitis. Am. J. Trop. Med. Hyg. 81, 443-445.

Constantino-Santos, M.A., Basiao, Z.U., Wade, C.M., Santos, B.S., Fontanilla, I.K., 2014. Identification of Angiostrongylus cantonensis and other nematodes using the
SSU rDNA in Achatina fulica populations of Metro Manila. Trop. Biomed. 31, 327-335.

Cowie, R.H., Ansdell, V., Dunavan, C.P., Rollins, R.L., 2022. Neuroangiostrongyliasis: global spread of an emerging tropical disease. Am. J. Trop. Med. Hyg. 107,
1166-1172.

da Silva, A.J., Morassutti, A.L., 2021. Angiostrongylus spp. (Nematoda; Metastrongyloidea) of global public health importance. Res. Vet. Sci. 135, 397-403.

da Silva, A.C., Graeff-Teixeira, C., Zaha, A., 2003. Diagnosis of abdominal angiostrongyliasis by PCR from sera of patients. Rev. Inst. Med. Trop. Sao Paulo 45,
295-297.

da Silva, E.M.G., Rebello, K.M., Choi, Y.J., Gregorio, V., Paschoal, A.R., Mitreva, M., et al., 2022. Identification of novel genes and proteoforms in Angiostrongylus
costaricensis through a proteogenomic approach. Pathogens. 11.

Dalton, M.F., Fenton, H., Cleveland, C.A., Elsmo, E.J., Yabsley, M.J., 2017. Eosinophilic meningoencephalitis associated with rat lungworm (Angiostrongylus
cantonensis) migration in two nine-banded armadillos (Dasypus novemcinctus) and an opossum (Didelphis virginiana) in the southeastern United States. Int. J.
Parasitol. Parasites Wildl. 6, 131-134.

Dekumyoy, P., Komalamisra, C., Nuamtanong, S., Nacapunchai, D., Sinnawong, M., Shanaha, P., et al., 2000. Angiostrongyliasis: analysis of antigens of
Angiostrongylus costaricensis adult worms versus IgG from infected patients with Angiostrongylus cantonensis. Southeast Asian J. Trop. Med. Public Health 31 (Suppl.
1), 48-53.

Delgado-Serra, S., Sola, J., Negre, N., Paredes-Esquivel, C., 2022. Angiostrongylus cantonensis nematode invasion pathway, Mallorca, Spain. Emerg. Infect. Dis. 28,
1163-1169.

Dumidae, A., Janthu, P., Subkrasae, C., Dekumyoy, P., Thanwisai, A., Vitta, A., 2019. Genetic characterization of Angiostrongylus larvae and their intermediate host,
Achatina fulica, in Thailand. PLoS One 14, e0223257.

Dumidae, A., Subkrasae, C., Ardpairin, J., Thanwisai, A., Vitta, A., 2022. Genetic analysis of a 66-kDa protein-encoding gene of Angiostrongylus cantonensis and
Angiostrongylus malaysiensis. Parasitology. 150, 1-17.

Dusitsittipon, S., Thaenkham, U., Watthanakulpanich, D., Adisakwattana, P., Komalamisra, C., 2015. Genetic differences in the rat lungworm, Angiostrongylus
cantonensis (Nematoda: Angiostrongylidae), in Thailand. J. Helminthol. 89, 545-551.

Dusitsittipon, S., Criscione, C.D., Morand, S., Komalamisra, C., Thaenkham, U., 2017. Cryptic lineage diversity in the zoonotic pathogen Angiostrongylus cantonensis.
Mol. Phylogenet. Evol. 107, 404-414.

Dusitsittipon, S., Criscione, C.D., Morand, S., Komalamisra, C., Thaenkham, U., 2018. Hurdles in the evolutionary epidemiology of Angiostrongylus cantonensis:
pseudogenes, incongruence between taxonomy and DNA sequence variants, and cryptic lineages. Evol. Appl. 11, 1257-1269.

Eamsobhana, P., Lim, P.E., Solano, G., Zhang, H., Gan, X., Yong, H.S., 2010a. Molecular differentiation of Angiostrongylus taxa (Nematoda: Angiostrongylidae) by
cytochrome c oxidase subunit I (COI) gene sequences. Acta Trop. 116, 152-156.

Eamsobhana, P., Lim, P.E., Zhang, H., Gan, X., Yong, H.S., 2010b. Molecular differentiation and phylogenetic relationships of three Angiostrongylus species and
Angiostrongylus cantonensis geographical isolates based on a 66-kDa protein gene of A. cantonensis (Nematoda: Angiostrongylidae). Exp. Parasitol. 126, 564-569.

Eamsobhana, P., Wanachiwanawin, D., Dechkum, N., Parsartvit, A., Yong, H.S., 2013. Molecular diagnosis of eosinophilic meningitis due to Angiostrongylus
cantonensis (Nematoda: Metastrongyloidea) by polymerase chain reaction-DNA sequencing of cerebrospinal fluids of patients. Mem. Inst. Oswaldo Cruz 108,
116-118.

Eamsobhana, P., Lim, P.E., Yong, H.S., 2015. Phylogenetics and systematics of Angiostrongylus lungworms and related taxa (Nematoda: Metastrongyloidea) inferred
from the nuclear small subunit (SSU) ribosomal DNA sequences. J. Helminthol. 89, 317-325.

Eamsobhana, P., Song, S.L., Yong, H.S., Prasartvit, A., Boonyong, S., Tungtrongchitr, A., 2017. Cytochrome c oxidase subunit I haplotype diversity of Angiostrongylus
cantonensis (Nematoda: Angiostrongylidae). Acta Trop. 171, 141-145.

Eamsobhana, P., Tungtrongchitr, A., Wanachiwanawin, D., Yong, H.S., 2018a. Immunochromatographic test for rapid serological diagnosis of human
angiostrongyliasis. Int. J. Infect. Dis. 73, 69-71.


http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0030
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0030
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0035
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0035
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0040
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0040
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0045
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0045
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0050
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0050
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0055
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0055
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0060
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0060
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0065
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0065
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0070
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0070
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0075
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0075
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0080
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0080
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0085
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0085
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0090
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0090
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0090
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0095
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0095
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0100
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0100
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0105
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0105
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0110
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0115
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0115
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0120
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0120
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0125
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0125
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0130
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0130
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0135
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0140
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0140
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0145
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0145
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0150
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0150
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0150
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0155
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0155
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0155
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0160
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0160
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0165
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0165
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0170
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0170
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0175
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0175
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0180
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0180
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0185
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0185
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0190
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0190
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0195
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0195
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0200
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0200
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0200
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0205
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0205
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0210
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0210
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0215
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0215

A.H.E. Chan et al. Food and Waterborne Parasitology 35 (2024) e00230

Eamsobhana, P., Yong, H.S., Song, S.L., Prasartvit, A., Boonyong, S., Tungtrongchitr, A., 2018b. Cytochrome ¢ oxidase subunit I haplotype reveals high genetic
diversity of Angiostrongylus malaysiensis (Nematoda: Angiostrongylidae). J. Helminthol. 92, 254-259.

Eamsobhana, P., Yong, H.S., Song, S.L., Gan, X.X., Prasartvit, A., Tungtrongchitr, A., 2019. Molecular phylogeography and genetic diversity of Angiostrongylus
cantonensis and A. malaysiensis (Nematoda: Angiostrongylidae) based on 66-kDa protein gene. Parasitol. Int. 68, 24-30.

Fang, W., Wang, J., Liu, J., Xu, C., Cai, W., Luo, D., 2012. PCR assay for the cell-free copro-DNA detection of Angiostrongylus cantonensis in rat faeces. Vet. Parasitol.
183, 299-304.

Feng, A.H., Himsworth, C.G., 2013. The secret life of the city rat: a review of the ecology of urban Norway and black rats (Rattus norvegicus and Rattus rattus). Urban
Ecosyst. 17.

Feng, L., Zhang, A., Que, J., Zhou, H., Wang, H., Guan, Y., et al., 2020. The metagenomic next-generation sequencing in diagnosing central nervous system
angiostrongyliasis: a case report. BMC Infect. Dis. 20 (691).

Fontanilla, LK., Wade, C.M., 2008. The small subunit (SSU) ribosomal (r) RNA gene as a genetic marker for identifying infective 3rd juvenile stage Angiostrongylus
cantonensis. Acta Trop. 105, 181-186.

Fontanilla, L.K., Wade, C.M., 2012. First report of Angiostrongylus cantonensis in the giant African land snail Achatina fulica in French Polynesia detected using the SSU
rRNA gene. Trop. Biomed. 29, 642-645.

Galan-Puchades, M.T., Gémez-Samblds, M., Osuna, A., Sdez-Durdn, S., Bueno-Mari, R., Fuentes, M.V., 2022. Autochthonous Angiostrongylus cantonensis lungworms in
urban rats, Valencia, Spain, 2021. Emerg. Infect. Dis. 28, 2564-2567.

Geiger, S.M., Laitano, A.C., Sievers-Tostes, C., Agostini, A.A., Schulz-Key, H., Graeff-Teixeira, C., 2001. Detection of the acute phase of abdominal angiostrongyliasis
with a parasite-specific IgG enzyme linked immunosorbent assay. Mem. Inst. Oswaldo Cruz 96, 515-518.

Giraldo, A., Garzén, C., Casstillo, A., Cérdoba-Rojas, D.F., 2019. Confirmation of the presence of Angiostrongylus cantonensis in lung tissue of the African giant snail
(Lissachatina fulica) in Colombia. Infectio. 23 (129).

Graeff-Teixeira, C., Pascoal, V.F., Rodriguez, R., Morassutti, A.L., Intapan, P.M., Maleewong, W., 2020. Abdominal angiostrongyliasis can be diagnosed with a
immunochromatographic rapid test with recombinant galactin from Angiostrongylus cantonensis. Mem. Inst. Oswaldo Cruz 115, e200201.

Iwanowicz, D.D., Sanders, L.R., Schill, W.B., Xayavong, M.V., da Silva, A.J., Qvarnstrom, Y., et al., 2015. Spread of the rat lungworm (Angiostrongylus cantonensis) in
giant african land snails (Lissachatina fulica) in Florida, USA. J. Wildl. Dis. 51, 749-753.

Jakkul, W., Chaisiri, K., Saralamba, N., Limpanont, Y., Dusitsittipon, S., Charoennitiwat, V., et al., 2021. Newly developed SYBR green-based quantitative real-time
PCRs revealed coinfection evidence of Angiostrongylus cantonensis and A. malaysiensis in Achatina fulica existing in Bangkok Metropolitan, Thailand. Food
Waterborne Parasitol. 23, e00119.

Jarvi, S.I., Farias, M.E., Howe, K., Jacquier, S., Hollingsworth, R., Pitt, W., 2012. Quantitative PCR estimates Angiostrongylus cantonensis (rat lungworm) infection
levels in semi-slugs (Parmarion martensi). Mol. Biochem. Parasitol. 185, 174-176.

Jarvi, S.I., Pitt, W.C., Farias, M.E., Shiels, L., Severino, M.G., Howe, K.M., et al., 2015. Detection of Angiostrongylus cantonensis in the blood and peripheral tissues of
wild hawaiian rats (Rattus rattus) by a quantitative PCR (qPCR) assay. PLoS One 10, e0123064.

Jefferies, R., Shaw, S.E., Viney, M.E., Morgan, E.R., 2009. Angiostrongylus vasorum from South America and Europe represent distinct lineages. Parasitology. 136,
107-115.

Kaenkaew, C., Chan, A.H.E., Saralamba, N., Ruangsittichai, J., Chaisiri, K., Charoennitiwat, V., et al., 2024. Molecular insights versus morphological traits: rethinking
identification of the closely related Angiostrongylus cantonensis and Angiostrongylus malaysiensis. Parasit. Vectors 17 (56).

Lee, J.D., Chung, L.Y., Wang, L.C., Lin, R.J., Wang, J.J., Tu, H.P,, et al., 2014. Sequence analysis in partial genes of five isolates of Angiostrongylus cantonensis from
Taiwan and biological comparison in infectivity and pathogenicity between two strains. Acta Trop. 133, 26-34.

Liu, C.Y., Song, H.Q., Zhang, R.L., Chen, M.X., Xu, M.J., Ai, L., et al., 2011. Specific detection of Angiostrongylus cantonensis in the snail Achatina fulica using a loop-
mediated isothermal amplification (LAMP) assay. Mol. Cell. Probes 25, 164-167.

Liu, J., Tao, J., Chen, W., Wang, T., Chen, X., Shen, M., et al., 2022. The application of metagenomic next-generation sequencing for Angiostrongylus eosinophilic
meningitis in a pediatric patient: a case report. Front. Public Health 10, 1003013.

Lv, S., Zhang, Y., Zhang, L., Liu, Q., Liu, H.X., Hu, L., et al., 2012. The complete mitochondrial genome of the rodent intra-arterial nematodes Angiostrongylus
cantonensis and Angiostrongylus costaricensis. Parasitol. Res. 111, 115-123.

Lv, S., Zhang, Y., Steinmann, P., Utzinger, J., Zhou, X.N., 2017. The genetic variation of Angiostrongylus cantonensis in the People’s Republic of China. Infect. Dis.
Poverty 6, 125.

Mallaiyaraj, M.J.T., Calvani, N.E.D., Lee, R., Malik, R., Slapeta, J., 2021. Using cerebrospinal fluid to confirm Angiostrongylus cantonensis as the cause of canine
neuroangiostrongyliasis in Australia where A. cantonensis and Angiostrongylus mackerrasae co-exist. Curr. Res. Parasitol. Vector Borne Dis. 1, 100033.

Martin-Alonso, A., Abreu-Yanes, E., Feliu, C., Mas-Coma, S., Bargues, M.D., Valladares, B., et al., 2015. Intermediate hosts of Angiostrongylus cantonensis in Tenerife,
Spain. PLoS One 10, e0120686.

Martin-Carrillo, N., Feliu, C., Abreu-Acosta, N., Izquierdo-Rodriguez, E., Dorta-Guerra, R., Miquel, J., et al., 2021. A peculiar distribution of the emerging nematode
Angiostrongylus cantonensis in the Canary Islands (Spain): recent introduction or isolation effect? Animals (Basel) 11.

Miller, C.L., Kinsella, J.M., Garner, M.M., Evans, S., Gullett, P.A., Schmidt, R.E., 2006. Endemic infections of Parastrongylus (=Angiostrongylus) costaricensis in two
species of nonhuman primates, raccoons, and an opossum from Miami, Florida. J. Parasitol. 92, 406-408.

Monte, T.C.C., Simoes, R.O., Oliveira, A.P.M., Novaes, C.F., Thiengo, S.C., Silva, A.J., et al., 2012. Phylogenetic relationship of the Brazilian isolates of the rat
lungworm Angiostrongylus cantonensis (Nematoda: Metastrongylidae) employing mitochondrial COI gene sequence data. Parasit. Vectors 5 (248).

Moreira, V.L., Giese, E.G., Melo, F.T., Simoes, R.O., Thiengo, S.C., Maldonado, A., et al., 2013. Endemic angiostrongyliasis in the Brazilian Amazon: natural parasitism
of Angiostrongylus cantonensis in Rattus rattus and R. norvegicus, and sympatric giant African land snails, Achatina fulica. Acta Trop. 125, 90-97.

Pandian, D., Najer, T., Modry, D., 2023. An overview of Angiostrongylus cantonensis (Nematoda: Angiostrongylidae), an emerging cause of human angiostrongylosis on
the Indian subcontinent. Pathogens. 12.

Peng, J., He, Z.P., Zhang, S., Lun, Z.R., Wu, Z.D., Fan, C.K,, et al., 2017. Phylogeography of Angiostrongylus cantonensis (Nematoda: Angiostrongylidae) in southern
China and some surrounding areas. PLoS Negl. Trop. Dis. 11, e0005776.

Qvarnstrom, Y., Sullivan, J.J., Bishop, H.S., Hollingsworth, R., da Silva, A.J., 2007. PCR-based detection of Angiostrongylus cantonensis in tissue and mucus secretions
from molluscan hosts. Appl. Environ. Microbiol. 73, 1415-1419.

Qvarnstrom, Y., da Silva, A.C., Teem, J.L., Hollingsworth, R., Bishop, H., Graeff-Teixeira, C., et al., 2010. Improved molecular detection of Angiostrongylus cantonensis
in mollusks and other environmental samples with a species-specific internal transcribed spacer 1-based TagMan assay. Appl. Environ. Microbiol. 76, 5287-5289.

Qvarnstrom, Y., Bishop, H.S., da Silva, A.J., 2013. Detection of rat lungworm in intermediate, definitive, and paratenic hosts obtained from environmental sources.
Hawaii J. Med. Public Health 72, 63-69.

Qvarnstrom, Y., Xayavong, M., da Silva, A.C., Park, S.Y., Whelen, A.C., Calimlim, P.S., et al., 2016. Real-time polymerase chain reaction detection of Angiostrongylus
cantonensis DNA in cerebrospinal fluid from patients with eosinophilic meningitis. Am. J. Trop. Med. Hyg. 94, 176-181.

Rebello, K.M., Barros, J.S., Mota, E.M., Carvalho, P.C., Perales, J., Lenzi, H.L., et al., 2011. Comprehensive proteomic profiling of adult Angiostrongylus costaricensis, a
human parasitic nematode. J. Proteome 74, 1545-1559.

Roca-Gerones, X., Alcover, M.M., Godinez-Gonzélez, C., Montoliu, I., Fisa, R., 2021. Hybrid genotype of Anisakis simplex (s.s.) and A. pegreffii identified in third- and
fourth-stage larvae from sympatric and allopatric spanish marine waters. Animals (Basel) 11.

Rodpai, R., Intapan, P.M., Thanchomnang, T., Sanpool, O., Sadaow, L., Laymanivong, S., et al., 2016. Angiostrongylus cantonensis and A. malaysiensis broadly overlap in
Thailand, Lao PDR, Cambodia and Myanmar: a molecular survey of larvae in land snails. PLoS One 11, e0161128.

Rodriguez, R., da Silva, A.C., Miiller, C.A., Alves, S.L., Graeff-Teixeira, C., Fornari, F., 2014. PCR for the diagnosis of abdominal angiostrongyliasis in formalin-fixed
paraffin-embedded human tissue. PLoS One 9, e93658.

Rodriguez, R., Mora, J., Solano-Barquero, A., Graeff-Teixeira, C., Rojas, A., 2023. A practical guide for the diagnosis of abdominal angiostrongyliasis caused by the
nematode Angiostrongylus costaricensis. Parasit. Vectors 16 (155).

10


http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0220
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0220
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0225
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0225
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0230
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0230
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0235
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0235
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0240
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0240
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0245
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0245
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0250
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0250
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0255
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0255
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0260
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0260
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0265
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0265
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0270
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0270
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0275
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0275
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0280
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0280
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0280
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0285
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0285
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0290
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0290
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0295
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0295
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0300
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0300
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0305
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0305
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0310
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0310
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0315
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0315
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0320
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0320
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0325
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0325
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0330
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0330
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0335
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0335
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0340
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0340
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0345
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0345
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0350
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0350
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0355
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0355
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0360
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0360
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0365
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0365
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0370
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0370
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0375
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0375
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0380
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0380
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0385
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0385
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0390
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0390
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0395
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0395
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0400
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0400
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0405
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0405
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0410
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0410

A.H.E. Chan et al. Food and Waterborne Parasitology 35 (2024) e00230

Rojas, A., Maldonado-Junior, A., Mora, J., Morassutti, A., Rodriguez, R., Solano-Barquero, A., et al., 2021. Abdominal angiostrongyliasis in the Americas: fifty years
since the discovery of a new metastrongylid species, Angiostrongylus costaricensis. Parasit. Vectors 14 (374).

Santoro, M., Alfaro-Alarcén, A., Veneziano, V., Cerrone, A., Latrofa, M.S., Otranto, D., et al., 2016. The white-nosed coati (Nasua narica) is a naturally susceptible
definitive host for the zoonotic nematode Angiostrongylus costaricensis in Costa Rica. Vet. Parasitol. 228, 93-95.

Santos, M.C., Amarante, M.R.V., Amarante, A.F.T., 2019. Establishment of co-infection and hybridization of Haemonchus contortus and Haemonchus placei in sheep.
J. Helminthol. 93, 697-703.

Sawanyawisuth, K., Sawanyawisuth, K., Intapan, P., Khotsri, P., Kanpittaya, J., Chotmongkol, V., et al., 2011. Specificity of immunoblotting analyses in eosinophilic
meningitis. Mem. Inst. Oswaldo Cruz 106, 570-572.

Sears, W.J., Qvarnstrom, Y., Dahlstrom, E., Snook, K., Kaluna, L., Balaz, V., et al., 2021. AcanR3990 qPCR: a novel, highly sensitive, bioinformatically informed assay
to detect Angiostrongylus cantonensis infections. Clin. Infect. Dis. 73, e1594-e1600.

Smith, T.R., Howe, A.C., Dickens, K., Stanley, J.D., Brito, J.A., Inserra, R.N., 2015. First comprehensive molecular and morphological identification of the rat
lungworm, Angiostrongylus cantonensis Chen, 1935 (Nematoda: Strongylida: Metastrongylida) in association with the giant african land snail, Lissachatina fulica
(Bowdich, 1822) (Gastropoda: Pulmonata: Achatinidae) in Florida. Nematropica. 45, 20-33.

Somboonpatarakun, C., Intapan, P.M., Sadaow, L., Rodpai, R., Sanpool, O., Maleewong, W., 2020. Development of an immunochromatographic device to detect
antibodies for rapid diagnosis of human angiostrongyliasis. Parasitology. 147, 194-198.

Song, S.L., Yong, H.S., Eamsobhana, P., 2018. Angiostrongylus mackerrasae and A. cantonensis (Nematoda: Metastrongyloidea) belong to same genetic lineage: evidence
from mitochondrial protein-coding genes. J. Helminthol. 92, 524-529.

Stockdale-Walden, H.D., Slapcinsky, J., Qvarnstrom, Y., McIntosh, A., Bishop, H.S., Rosseland, B., 2015. Angiostrongylus cantonensis in introduced gastropods in
Southern Florida. J. Parasitol. 101, 156-159.

Stockdale-Walden, H.D., Slapcinsky, J.D., Roff, S., Mendieta Calle, J., Diaz Goodwin, Z., Stern, J., et al., 2017. Geographic distribution of Angiostrongylus cantonensis in
wild rats (Rattus rattus) and terrestrial snails in Florida, USA. PLoS One 12, e0177910.

Thaenkham, U., Pakdee, W., Nuamtanong, S., Maipanich, W., Pubampen, S., Sa-Nguankiat, S., et al., 2012. Population structure of Angiostrongylus cantonensis
(Nematoda: Metastrongylidae) in Thailand based on PCR-RAPD markers. Southeast Asian J. Trop. Med. Public Health 43, 567-573.

Tian, X., Chen, S., Duan, L., Qian, Y., Li, H., Lv, Shan, 2023. The global spread pattern of rat lungworm based on mitochondrial genetics. Pathogens. 12 (788).

Tokiwa, T., Harunari, T., Tanikawa, T., Komatsu, N., Koizumi, N., Tung, K.C., et al., 2012. Phylogenetic relationships of rat lungworm, Angiostrongylus cantonensis,
isolated from different geographical regions revealed widespread multiple lineages. Parasitol. Int. 61, 431-436.

Tokiwa, T., Hashimoto, T., Yabe, T., Komatsu, N., Akao, N., Ohta, N., 2013. First report of Angiostrongylus cantonensis (Nematoda: Angiostrongylidae) infections in
invasive rodents from five islands of the Ogasawara Archipelago, Japan. PLoS One 8, e70729.

Valente, R., Robles, M.D.R., Navone, G.T., Diaz, J.I., 2018. Angiostrongylus spp. in the Americas: geographical and chronological distribution of definitive hosts versus
disease reports. Mem. Inst. Oswaldo Cruz 113, 143-152.

Valentyne, H., Spratt, D.M., Aghazadeh, M., Jones, M.K., Slapeta, J., 2020. The mitochondrial genome of Angiostrongylus mackerrasae is distinct from A. cantonensis
and A. malaysiensis. Parasitology. 147, 681-688.

Van De, N., Van Duyet, L., Chai, J.Y., 2015. A case of ocular angiostrongyliasis with molecular identification of the species in Vietnam. Korean J. Parasitol. 53,
713-717.

Watthanakulpanich, D., Jakkul, W., Chanapromma, C., Ketboonlue, T., Dekumyoy, P., Lv, Z., et al., 2021. Co-occurrence of Angiostrongylus malaysiensis and
Angiostrongylus cantonensis DNA in cerebrospinal fluid: evidence from human eosinophilic meningitis after ingestion of raw snail dish in Thailand. Food
Waterborne Parasitol. 24, e00128.

Xie, M., Zhou, Z., Guo, S., Li, Z., Zhao, H., Deng, J., 2019. Next-generation sequencing specifies Angiostrongylus eosinophilic meningoencephalitis in infants: two case
reports. Medicine (Baltimore) 98, e16985.

Xu, L., Xu, M., Sun, X., Xu, J., Zeng, X., Shan, D., et al., 2019. The genetic basis of adaptive evolution in parasitic environment from the Angiostrongylus cantonensis
genome. PLoS Negl. Trop. Dis. 13, e0007846.

Yong, H.S., Song, S.L., Eamsobhana, P., Goh, S.Y., Lim, P.E., Chow, W.L., et al., 2015a. Mitochondrial genome supports sibling species of Angiostrongylus costaricensis
(Nematoda: Angiostrongylidae). PLoS One 10, e0134581.

Yong, H.S., Eamsobhana, P., Song, S.L., Prasartvit, A., Lim, P.E., 2015b. Molecular phylogeography of Angiostrongylus cantonensis (Nematoda: Angiostrongylidae) and
genetic relationships with congeners using cytochrome b gene marker. Acta Trop. 148, 66-71.

Yong, H.S., Song, S.L., Eamsobhana, P., Goh, S.Y., Lim, P.E., 2015c. Complete mitochondrial genome reveals genetic diversity of Angiostrongylus cantonensis
(Nematoda: Angiostrongylidae). Acta Trop. 152, 157-164.

Yong, H.S., Eamsobhana, P., Lim, P.E., Razali, R., Aziz, F.A,, Rosli, N.S., et al., 2015d. Draft genome of neurotropic nematode parasite Angiostrongylus cantonensis,
causative agent of human eosinophilic meningitis. Acta Trop. 148, 51-57.

Yong, H.S., Song, S.L., Eamsobhana, P., Lim, P.E., 2016. Complete mitochondrial genome of Angiostrongylus malaysiensis lungworm and molecular phylogeny of
metastrongyloid nematodes. Acta Trop. 161, 33-40.

Zou, Y., Guan, H., Wu, H., Bu, H., Yan, L., Zhu, Y., et al., 2020. Angiostrongyliasis detected by next-generation sequencing in a ELISA-negative eosinophilic meningitis:
a case report. Int. J. Infect. Dis. 97, 177-179.

11


http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0415
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0415
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0420
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0420
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0425
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0425
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0430
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0430
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0435
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0435
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0440
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0440
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0440
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0445
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0445
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0450
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0450
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0455
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0455
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0460
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0460
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0465
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0465
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0470
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0475
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0475
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0480
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0480
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0485
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0485
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0490
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0490
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0495
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0495
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0500
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0500
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0500
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0505
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0505
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0510
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0510
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0515
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0515
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0520
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0520
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0525
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0525
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0530
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0530
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0535
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0535
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0540
http://refhub.elsevier.com/S2405-6766(24)00012-X/rf0540

	Insights into the genetic diversity of Angiostrongylus spp. causing human angiostrongyliasis and implications for molecular ...
	1 Introduction
	2 Genetic diversity of A. cantonensis and A. costaricensis cryptic lineages
	2.1 Angiostrongylus costaricensis cryptic lineage
	2.2 Angiostrongylus cantonensis cryptic lineage
	2.3 Angiostrongylus cantonensis cryptic lineage in Thailand

	3 Genetic markers used for molecular diagnosis and identification of Angiostrongylus
	4 Conclusion
	Funding
	Ethics approval and consent to participate
	Authors’ contributions
	CRediT authorship contribution statement
	Declaration of competing interest
	Availability of data and material
	References


