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Summary 

Medically important arthropods include insects and arachnids are vectors of disease and can 

transmit many infectious pathogens (bacteria, protozoa, and viruses) that cause common and 

emerging diseases between humans or from other creatures to humans. Annually, transmitted 

infectious agents are responsible for millions of infectious and death cases in humans and 

animals around the world.  Integrated vector management and epidemiological surveillance are 

essential in strategies for the control and monitoring of these vector-borne diseases. Therefore, 

the accurate identification of arthropod vectors and the characterization of the repertoire of 

associated microorganisms are crucial steps in vector control. This study aimed to determine 

arthropods captured from wild and domestic mammals in Vietnam and the presence, prevalence 

of their associated microorganisms using morphological, molecular, and MALDI-TOF 

approaches. 

In the first project, we evaluated the capacity of the MALDI-TOF MS tool for the rapid and 

correct identification of the field-caught Vietnamese mosquitoes stored in silica gel. The 

MALDI-TOF MS analysis allowed us to identify 22 mosquito species, of which 18 species, were 

added to our house database to be reference spectra. Our work indicated that the MALDI-TOF 

MS was able to distinguish between the sibling mosquito species and cryptic species groups that 

are not only difficult to distinguish morphologically but also molecularly. 

In the second project of the thesis, we combined three tools (morphology, molecular, and 

MALDI-TOF MS) to identify alcohol-preserved ticks and to search for microorganisms 

associated with these ticks collected in Vietnam. In this work, we showed the usefulness of 

MALDI-TOF  MS  to overcome the limitations of traditional morphological and molecular 
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identification methods. We also explored for the first time, the DNA of five microorganisms 

(Anaplasma platys, Anaplasma phagocytophilum, Anaplasma marginale, Ehrlichia rustica, and 

Theileria sinensis) was detected in dogs and cattle ticks. 

The third project allowed us to identify two flea species that were stored in alcohol using the 

MALDI-TOF MS technique. The effectiveness of the approach to distinguish between species in 

the same group was evaluated as well. Fleas were also screened using molecular biology tools to 

detect microorganisms associated with their ectoparasites. We reported for the first time in 

Vietnam the presence of Bartonella genus (B. clarridgeiae, B. rochalimae, B. 

coopersplainsensis) and Wolbachia endosymbiont in fleas collected in wild small rodents and 

domestic animals. 

Finally, we wrote a literature review of mosquitoes and mosquito-borne diseases in Vietnam. 

Our review was to provide a complete checklist of all Vietnamese mosquitoes that have been 

recognised, along with a comprehensive and systematic overview of mosquito-borne diseases in 

Vietnam. This review may be useful to decision-makers responsible for vector control strategies 

and to researchers for future surveys on mosquitoes. 

Overall, our thesis enabled us to confirm the effectiveness of MALDI-TOF MS in medical 

entomology, for the first time its application on Vietnamese mosquitoes, ticks, and fleas 

collected in the field in the central highlands of Vietnam, and to detect the important vector-

borne agents and their associated diseases.  
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Résumé 

Les arthropodes d'importance médicale et vétérinaire sont des insectes et des arachnides pouvant 

transmettre de nombreux agents pathogènes (bactéries, protozoaires, et virus) responsables de 

maladies chez les Humains ou les animaux. Chaque année dans le monde , ces agents infectieux 

transmis sont responsables de millions de cas infectieux, certains  mortels, chez les humains et 

les animaux . La lutte intégrée contre les vecteurs et la surveillance épidémiologique sont 

essentielles dans les stratégies de contrôle et de surveillance de ces maladies à transmission 

vectorielle. Cette étude visait à identifier les arthropodes capturés sur des mammifères sauvages 

et domestiques au Vietnam et analyser la présence éventuellede micro-organismes pathogènes à 

l'aide d'études  morphologiques, de la biologie moléculaires et de la technique du MALDI-TOF. 

Dans le premier projet, nous avons vérifié la capacité de l'outil MALDI-TOF MS pour 

l'identification des moustiques vietnamiens capturés sur le terrain et stockés avec du gel de silice. 

L'analyse MALDI-TOF MS nous a permis d'identifier 22 espèces de moustiques, dont 18 

espèces, ont été ajoutées à la base de données IHU comme  spectres de référence. Nos travaux 

montrent que le MALDI-TOF MS est capable de faire la distinction entre des espèces de 

moustiques très proches ainsi que pour des groupes d'espèces cryptiques, difficiles à distinguer 

morphologiquement mais aussi par biologie moléculaire.  

Dans le second projet de la thèse, nous avons combiné trois outils (morphologie, biologie 

moléculaire, et MALDI-TOF MS) pour identifier des tiques conservées dans l'alcool et pour 

rechercher les micro-organismes associés à ces tiques collectés au Vietnam. Dans ce travail, nous 

avons montré l'utilité du MALDI-TOF MS pour aller au delà des limites des méthodes 

traditionnelles d'identification morphologique et moléculaire. Nous avons également exploré 
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pour la première fois l'ADN de cinq micro-organismes  -Anaplasma platys, Anaplasma 

phagocytophilum, Anaplasma marginale, Ehrlichia rustica, et Theileria sinensis -  détectée chez 

des chiens et des tiques de bovins. 

Le troisième projet nous a permis d'identifier à l'aide de la technique MALDI-TOF MS deux 

espèces de puces  stockées en alcool. L'efficacité de la techniquepour distinguer des espèces d'un 

même groupe a également été évaluée. Les puces ont été criblées à l'aide d'outils de biologie 

moléculaire pour détecter les micro-organismes associés. Nous avons ainsi signalé pour la 

première fois au Vietnam la présence du genre Bartonella (B. clarridgeiae, B. rochalimae, B. 

coopersplainsensis) et de l'endosymbionte Wolbachia dans des puces collectées chez des petits 

rongeurs sauvages et des animaux domestiques. 

Enfin, nous avons rédigé une revue de la littérature sur les moustiques et les maladies transmises 

par les moustiques au Vietnam. Le but était de  fournir une liste tous les moustiques vietnamiens 

connus, ainsi qu'un aperçu complet des pathogènes transmis par ces moustiques. Cette revue peut 

être utile aux décideurs responsables des stratégies de lutte antivectorielle et aux chercheurs pour 

de futures enquêtes sur les moustiques. 

Globalement, notre thèse nous a permis de confirmer l'efficacité du MALDI-TOF MS en 

entomologie médicale. Il a été utilisé pour la première fois  sur les moustiques, tiques et puces  

collectés sur le terrain dans les hauts plateaux du centre du Vietnam, et identifier les  vecteurs 

importants et les maladies associées. 
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  Introduction 

Medical entomology is focused on the study of insects and other arthropods that have a huge 

impact on human health. A "One Health" perspective emphasizes the interdependence of human, 

veterinary health, and their ecosystem. Community awareness of vector biology, arthropod 

monitoring, and vector population control will continue to be important, as will emergency 

measures to prevent the spread of vector-borne diseases. Thus, medical entomology research and 

monitoring are critical in the fight against arthropod-borne diseases (1). 

Arthropods are the most diverse phylum, accounting for more than 85% of all known living animal 

species (2). Hematophagous arthropod vectors consume a pathogen agent (bacterium, parasite, or 

virus) while blood-feeding on an infected vertebrate host before transmitting the pathogen to 

another (3). Mosquitoes and ticks have been identified as the first and second most important 

vectors of human and animal infectious pathogens, respectively, that are responsible for hundreds 

of thousands of human infections and deaths each year, globally (1). Many emerging and re-

emerging infectious diseases have been transmitted to humans and animals for decades by blood-

feeding arthropods such as mosquitoes, ticks, fleas, lice, and other blood-sucking arthropods (4). 

Many different factors contribute to their emergence and re-emergence, including microbial 

evolution, population growth, reservoir hosts or vectors, human behavior, and ecosystem 

imbalance factors, posing a threat to human and animal health (5). 

For effective arthropod control, accurate identification of arthropod vectors from non-vectors is 

essential. Morphological identification is the “gold standard” method, which is widely used for 

discriminating between arthropods using their external characteristics. However, this traditional 

method has several drawbacks, including the requirement for standard taxonomic keys, expert 
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entomology knowledge, and the ability to classify species belonging to siblings, cryptic groups, 

and immature or damaged specimens (6,7). Molecular biology techniques such as polymerase 

chain reaction (PCR), enzyme electrophoresis, and DNA sequencing have been used to distinguish 

between homogeneous species (8). However, these techniques are also limited because they are 

time-consuming, expensive, and require primer-specific targeting for certain species (9,10). 

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) 

has revolutionised the field of clinical microbiology and mycology (11). Recently, MALDI-TOF 

MS has been proposed as an alternative and innovative method of overcoming the drawbacks of 

the above two methods in medical entomology to identify arthropods (10). This approach has 

routinely been applied in our laboratory for the rapid and accurate identification of arthropods, 

including mosquitoes, ticks, lice, bedbugs, and termites  (12–15). MALDI-TOF MS is an easy-to-

use, time-saving, and affordable method compared to earlier methods, and a device may be 

purchased for medical microbiology and then used in entomology (16). Its operation is based on 

the identification of acidic extraction of proteins from an organ of interest. The mass/charge ratio 

of each protein is measured as it passes across an electric field after propulsion of the protein 

molecules from ultraviolet laser desorption. The mass/charge ratio of the proteins generated is a 

unique protein mass spectrum of the specific sample known as the “protein signature” for reliable 

species identification. This spectrum is then compared to a database of reference profiles 

containing the spectra of species that have been officially validated using morphology and 

molecular techniques (10).  

Vietnam is a tropical country in Asia where individuals are at high risk of acquiring arthropod-

borne diseases such as malaria, dengue, Zika, Japanese encephalitis, murine typhus, and scrub 

typhus (17,18). In which, malaria and dengue fever are the most prevalent diseases and continue 
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to be public health threats. As a result, the Vietnamese government is heavily investing in malaria 

elimination to achieve great success by 2030 through a variety of programs and strategies such as 

social-economic improvement, early diagnosis, prompt and effective treatment, widespread 

distribution of insecticide-treated bed nets, and regular use of pyrethroids through indoor residual 

spraying in households (18–21) as well as reduce and prevent dengue by improving knowledge 

and behavior changes, vector management (22). Additionally, many studies have focused on 

malaria and dengue and their agents that are transmitted by mosquitoes, but much less on other 

arthropods. For instance, the most common microorganisms are transmitted by fleas and ticks such 

as cat-scratch disease is transmitted by cat fleas Ctenocephalides spp. (agents Bartonella henselae 

and Bartonella clarridgeiae), Pulex irritans flea was described as Bartonella vector, which can 

cause trench fever (23), feline spotted-fever-causing bacteria (Rickettsia felis), Rhipicephalus 

(Boophilus) microplus tick as a vector of Anaplasma phagocytophilum that is the causative agent 

of human granulocytic anaplasmosis and tick-borne fever in ruminants (24), and Scrub typhus is 

caused by Orientia tsutsugamushi bacterium (formerly Rickettsia tsutsugamushi) and is 

transmitted to humans via the bite of trombiculid mite larvae (25). The emerging and reemerging 

infectious diseases are caused by ectoparasites is significant increasing, however, limited data is 

available on ectoparasites and ectoparasite-borne microorganisms in Vietnam. Therefore, the aim 

of this thesis was to use MALDI-TOF MS tool to identify arthropods from Vietnam and to detect 

microorganisms associated with their arthoropods. We hope that this thesis may be useful to 

entomologists conducting future surveys of Vietnamese arthropods and their related 

microorganisms as well as decision-makers responsible for vector control tactics. 

The result of our research is presented in the following published or submitted papers: In the first 

project, we assessed the ability of the MALDI-TOF MS tool for the rapid and correct identification 
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of the field-caught Vietnamese mosquitoes stored in silica gel. The MALDI-TOF MS analysis 

allowed us to identify 22 mosquito species, 18 of which were added to our house database as 

reference spectra. Our work indicated that the MALDI-TOF MS was able to identify sibling 

mosquito species and cryptic species groups that are difficult to distinguish not only 

morphologically but also molecularly (Article 1). In the thesis's second project, we used three tools 

(morphology, molecular, and MALDI-TOF MS) to identify alcohol-preserved ticks and look for 

microorganisms associated with ticks collected in Vietnam. In this study, we demonstrated the 

usefulness of MALDI-TOF MS in overcoming the limitations of traditional morphological and 

molecular identification methods. For the first time, we investigated the DNA of five 

microorganisms (Anaplasma platys, Anaplasma phagocytophilum, Anaplasma marginale, 

Ehrlichia rustica, and Theileria sinensis) found in dogs and cattle ticks (Article 2). The MALDI-

TOF MS technique was used in the third project to identify two flea species that were stored in 

alcohol. The approach's ability to distinguish between species in the same group was also 

evaluated. Fleas were also screened for microorganisms associated with their ectoparasites using 

molecular biology tools. The presence of the Bartonella genus (B. clarridgeiae, B. rochalimae, B. 

coopersplainsensis) and Wolbachia endosymbiont in fleas collected from wild small rodents and 

domestic animals was reported for the first time in Vietnam (Article 3). Finally, we completed this 

project by conducting a literature review on mosquitoes and mosquito-borne diseases in Vietnam. 

Our goal was to provide a complete checklist of all recognized Vietnamese mosquitos, with a total 

of 281 mosquito species of 42 subgenera and 22 genera found in Vietnam, as well as a 

comprehensive and systematic overview of mosquito-borne diseases in Vietnam (Article 4). 
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Abstract  

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) 

is a tool that has revolutionised clinical microbiology and has recently been described as an 

innovative and effective approach to arthropod identification. In this study, mosquitos were 

captured in Vietnam using four different methods: human landing catch (HLC), CDC light traps 

(CDC-LT), BG sentinel traps, and animal-baited net traps. A total of 4,215 mosquitoes were 

captured and morphologically identified as belonging to three genera: Aedes, Anopheles, and 

Culex. These species are widely distributed, medically important mosquitoes, and were most 

frequently captured during entomological surveillance and management programmes in the 

Central Highlands of Vietnam. We randomly selected 1,253 mosquitoes, including 662 specimens 

of 14 Anopheles species, 200 specimens of two Aedes species, and 391 morphologically 

unidentified Culex specimens for molecular and MALDI-TOF MS analysis. For Culex mosquitoes 

that were not identified to the species level when specific morphological characters could not be 

identified with certitude due to being damaged during collection, transport, or storage. Only 98 

mosquito specimens, including 69 Anopheles, 23 Culex, and six Aedes species, were subjected to 

molecular analysis either to confirm our morphological identification or MALDI-TOF MS. On the 

other hand, to identify the Culex species that were morphologically identified at the genus level 

and to resolve the discrepancies between the morphological identification and the MALDI-TOF 

MS identification. Excellent quality MS spectra were obtained for 1,058 out of the 1,253 

specimens (84%) including 192/200 for Aedes, 589/662 for Anopheles, and 277/391 for Culex. 

The blind test showed that 986/997 (99%) of the specimens were correctly identified by MALDI-

TOF MS, with LSVs ranging from 1.708 to 2.843. Eleven specimens of Culex could not be 

identified by morphology, MALDI-TOF MS, or molecular analysis. This shows that all techniques 
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have limitations and that molecular identification requires a reliable genomic sequence and the 

presence in GenBank of the homologous sequences of the specimen to be identified. Despite the 

difficulties and limitations of morphological identification, it remains the gold standard when it 

comes to identifying an unknown specimen, especially when the molecular method cannot identify 

it due to the absence of its sequence in GenBank or due to the lack of a sequence. 
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RESEARCH

MALDI-TOF mass spectrometry identification 
of mosquitoes collected in Vietnam
Ly Na Huynh1,2,3, Adama Zan Diarra1,2, Hong Sang Nguyen3, Long Bien Tran3, Van Nguyen Do3, 
Tran Duc Anh Ly1,2, Van Hoang Ho3, Xuan Quang Nguyen3 and Philippe Parola1,2*  

Abstract 

Background: Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) is a tool 
that has revolutionised clinical microbiology and has recently been described as an innovative and effective approach 
to arthropod identification.

Methods: In this study, mosquitoes were captured in Vietnam using four different methods (human landing catch, 
CDC light traps, BG-Sentinel traps, animal-baited net traps). A total of 4215 mosquitoes were captured and morpho-
logically identified as belonging to three genera: Aedes, Anopheles and Culex. We randomly selected 1253 mosquitoes, 
including 662 specimens of 14 Anopheles species, 200 specimens of two Aedes species and 391 morphologically 
unidentified Culex specimens, for molecular and MALDI-TOF MS analysis. The DNA from 98 mosquitoes (69 Anopheles 
specimens, 23 Culex specimens and six Aedes sp. specimens) was subjected to molecular analysis, either to confirm 
our morphological identification or the MALDI-TOF MS results, as well as to identify the Culex species that were mor-
phologically identified at the genus level and to resolve the discrepancies between the morphological identification 
and the MALDI-TOF MS identification.

Results: High-quality MS spectra were obtained for 1058 of the 1253 specimens (84%), including 192/200 for Aedes, 
589/662 for Anopheles and 277/391 for Culex. The blind test showed that 986/997 (99%) of the specimens were cor-
rectly identified by MALDI-TOF MS, with log score values ranging from 1.708 to 2.843. Eleven specimens of Culex could 
not be identified based on morphological features, MALDI-TOF MS or molecular analysis.

Conclusions: This study enabled us to identify several species of mosquitoes from Vietnam using MALDI-TOF MS, 
and to enrich our database of MALDI-TOF MS reference spectra.

Keywords: MALDI-TOF MS, Molecular identification, Mosquitoes, Vietnam
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Background
Mosquitoes are one of the most important insect species 
in the world and approximately 3500 species are currently 
recognised [1]. They pose a major threat to human public 
health and economic development due to their ability to 
transmit and spread infectious pathogens, such as those 
causing malaria, dengue fever [dengue virus (DENV)], 

yellow fever [yellow fever virus (YFV)], Japanese enceph-
alitis [Japanese encephalitis virus (JEV)], chikungunya 
[chikungunya virus (CHIKV)] and filariasis [2]. Malaria, 
caused by Plasmodium malarial parasites (i.e. P. falci-
parum, P. vivax, P. malariae, P. ovale and P. knowlesi), is 
transmitted to humans by female Anopheles spp. mosqui-
toes [3–5]. The WHO estimated that there were 229 mil-
lion cases of malaria in 2019, resulting in 409,000 deaths 
worldwide [6]. Dengue infection, caused by any of the 
four DENV serotypes (DENV-1, -2, -3, and -4), is trans-
mitted to humans via the bites of infected female Aedes 
aegypti or Aedes albopictus mosquitoes [7]. Dengue is 
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epidemic in 128 countries, with four billion people living 
in areas at risk of dengue infection [8]. There are 100 mil-
lion cases of dengue annually around the world, resulting 
in approximately 20,000 deaths [9].

In Vietnam, 255 mosquito species have been described, 
belonging to 42 subgenera and 21 genera [10]. The major-
ity fall into three genera, namely Aedes, Anopheles and 
Culex, and include vectors of agents of infectious path-
ogens [11]. The number of species being discovered is 
steadily increasing, some of which are difficult to distin-
guish from others or are morphologically indistinguish-
able using traditional systematic methods [12]. Molecular 
biology techniques, such as enzyme electrophoresis and 
PCR analyses, have been used to discriminate between 
homogeneous species [13, 14]. However, these tech-
niques are limited due to being time-consuming and 
expensive and by requiring amplified gene sequences, 
which are not available in the GenBank databases for cer-
tain species [15, 16].

Recent studies show that matrix-assisted laser des-
orption/ionization time-of-flight mass spectrometry 
(MALDI-TOF MS) may be a rapid and accurate tool for 
the identification of arthropods, their blood meal sources 
and potentially associated microorganisms [17–19]. 
Compared to sequencing, MALDI-TOF MS is an easy-
to-use, time- and cost-saving technique in entomology, 
especially if a machine that is generally purchased for 
microbiology is available [20, 21]. It is a technique based 
on the identification of proteins contained in a sample of 
interest. The mass/charge ratio of each protein is meas-
ured as it crosses an electromagnetic field after propul-
sion of the protein molecules by an ultraviolet laser. The 
mass/charge of the proteins thus measured generates a 
specific protein mass spectrum of the sample known as 
the “protein signature”. This spectrum is then compared 
to a reference database containing the spectra of species 
which have been formally identified morphologically and 
molecularly [21]. In medical entomology, the choice of 
the body part of the arthropod and the method of pres-
ervation are parameters that can influence the quality of 
the spectrum [17]. However, the choice of the body part 
to be used for MALDI-TOF MS analysis depends on 
the type of arthropod, such as the legs for mosquitoes 
and ticks [20, 22, 23], the head for bedbugs [24] and the 
cephalothorax for lice [25]. This proteomic technique has 
overcome the limitations of traditional morphological 
and molecular identification methods because it does not 
require specific entomological knowledge and consider-
ably reduces the time and cost involved [14, 21, 26].

The aim of the present study was to apply MALDI-TOF 
MS to identify some mosquito species collected in Viet-
nam in order to first create a reference database for rapid 
and accurate characterisation.

Methods
Mosquito collection and morphological identification
All mosquitoes were collected by an entomological team 
from the Institute of Malariology, Parasitology and Ento-
mology in Quy Nhon, Vietnam (IMPE-QN), at the begin-
ning of the rainy season (May) and the beginning of the 
dry season (January) between 2018 and 2020 in the Cen-
tral Highlands of Vietnam. The collection area included 
eight provinces: Hoa Vang (16°03′N; 108°01′E) District, 
Da Nang Province; Nam Giang (15°65′N; 107°50′E) 
District, Quang Nam Province; Van Canh (13°37′N; 
108°59′E) District, Binh Dinh Province; Dong Xuan 
(13°22′N; 109°02′E) District, Phu Yen Province; Ea Kar 
(12°49′N; 108°27′E) District, Dak Lak Province; Krong 
Pa (13°15′N; 108°45′E) District, Gia Lai Province; Khanh 
Vinh (12°16′N; 108°53′E) District, Khanh Hoa Province; 
and Ham Thuan Nam (11°09′N; 108°03′E) District, Binh 
Thuan Province (Fig. 1).

Collections were performed on eight consecutive 
nights/days using four different methods: human landing 
catch (HLC), CDC light trap (CDC-LT), animal-baited 
net trap and Biogents Sentinel mosquito trap (BG-Sen-
tinel trap; BioGents AG, Regensburg, Germany). Collec-
tions took place in the forests, homes and plot huts and 
around local people’s homes in order to capture mosqui-
toes representing a greater number of genera and species. 
HLCs were used for night/day collection both indoors 
and outdoors. The mosquito collectors were local adults 
who volunteered to capture mosquitoes using HLCs and 
subsequently trained as mosquito collectors. They were 
regularly observed for signs of malaria or dengue and 
were treated if infected. A group of four people worked 
from 6:00  pm until 12:00  pm sampling Anopheles spp. 
mosquitoes, and from 5:30–7:30 am to 5:30–7:30  pm 
sampling Aedes spp. mosquitoes. Four CDC-LTs and two 
BG-Sentinel traps were also used for indoor and outdoor 
overnight captures. They were positioned outdoors with 
a minimum between-trap distance of 100 m. Indoor traps 
were placed near bed nets around human sleeping areas. 
All traps were suspended in the areas targeted from 
6:00 pm until 6:00 am. The animal-baited net traps were 
positioned from 6:00 pm until 6:00 am.

Anopheles and Aedes mosquitoes were identified mor-
phologically at the species level and Culex mosquitoes 
were identified at the genus level using Vietnamese mos-
quito identification keys [27–30]. Only female mosqui-
toes were used in this study, and captured specimens 
were stored in silica gel (Carl Roth GmbH, Karlsruhe, 
Germany) for the most part, or frozen at − 20 °C, before 
being sent to the Institut Hospitalo-Universitaire (IHU) 
Méditerranée Infection in Marseille, France for analysis. 
Samples were stored and subsequently analysed over a 
period of between 1 and 2.5 years.
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Molecular identification of mosquitoes and phylogenetic 
analysis
Total DNA was extracted using a BioRobot EZ1 instru-
ment (QIAGEN, Hilden, Germany) according to the 
manufacturer’s instructions. Cephalothoraxes from indi-
vidual mosquitoes were placed in tubes containing 180 µl 
of G2 buffer and 20  µl of proteinase K and the samples 
incubated at 56  °C overnight. DNA extraction was per-
formed from 200 µl of the incubation solution, eluted in 
100 μl and stored at − 20 °C.

The DNA from 98 mosquitoes, including 43 mos-
quitoes the spectra of which were used to create our 
MALDI-TOF MS database and 55 mosquitoes selected 
for quality control of our MALDI-TOF MS identifica-
tion, was subjected to molecular identification. The 
group of 55 mosquitoes selected for quality control of 
the MALDI-TOF MS identification method consisted of 
34 mosquitoes whose identification by MALDI-TOF MS 
agreed with that by our morphological identification and 
21 mosquitoes whose identification by MALDI-TOF MS 
showed discrepancies with that by our morphological 
identification. Standard PCR that specifically amplified 

a partial 720-bp cytochrome C oxidase I (COI) gene 
[forward primer COI_1 (LCO1490): 5′-GGT CAA ATC 
ATA AGA TAT TGG-3′; reverse primer (HC02198): 
5′-TAA ACT TCA GGG TGA CCA AAA AAT CA-3′] 
was carried out and followed by sequencing [31]. We also 
sequenced the 720-bp COI fragment of 34 specimens of 
different species of mosquitoes to confirm our MALDI-
TOF MS identification using the same primers. Samples 
for which we did not successfully sequence the COI_1 
gene were then subjected to another standard PCR and 
sequencing using the gene known as COI_2 [forward 
primer (CI-J-1632): 5′-TGA TCA AAA AAT TTA TAA T-3′; 
reverse primer (CI-N-2191): 5′-GGG GTA AAA AAA ATA 
TAA ACTTC-3′] amplifying a 560-bp partial sequence 
[32]. We used the acetylcholinesterase 2 (Ace2) gene 
[direct primer (ACEpip): 5′-GGA AAA CAA ACG ACGT 
ATG TAC T-3′; reverse primer (B1246s): 5′-TGG AGC 
CTC CTC TTC ACG GG-3′] amplifying a 610-bp frag-
ment of Culex pipiens and a 274-bp fragment of Culex 
quinquefasciatus to distinguish the two species [33].

For specimens of Anopheles maculatus sensu lato 
(s.l.) that were not identified by MALDI-TOF MS, we 

Fig. 1 Location of study sites in the Central Highlands of Vietnam
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performed standard PCR and sequencing targeting a par-
tial 459-bp internal transcribed spacer 2 (ITS2) [forward 
primer (5.8F): 5′-TGT GAA CTG CAG GAC ACATG-3′; 
reverse primer (28R): 5′-ATG CTT AAA TTT AGG GGG 
TA-3′] [34].

Standard PCR and sequencing were performed as 
described in previous studies [23]. Negative controls 
(single PCR mix and sterile water) and positive controls 
(DNA extracted from identified Anopheles gambiae and 
Ae. albopictus from our laboratory colony) were included 
in each PCR run. The sequences obtained were assem-
bled and analysed using ChromasPro software (ver-
sion 1.77) (Technelysium Pty Ltd., Tewantin, Australia) 
and submitted for analysis to the NCBI BLAST website 
(http:// blast. ncbi. nlm. nih. gov). The phylogenetic tree was 
built using Mega 7.0 software (https:// www. megas oftwa 
re. net) [35]. Analyses were performed using the maxi-
mum likelihood method proposed by MEGA 7 and boot-
strap analyses were performed using 500 replicates.

Preparation of mosquitoes for MALDI‑TOF MS analysis
Mosquitoes with at least three legs were selected for the 
MALDI-TOF MS analysis. Each mosquito was treated 
individually by grinding the legs in a 1.5-ml Eppendorf 
tube containing 15  μl of 70% (v/v) formic acid (Sigma-
Aldrich, St. Louis, MO, USA) and 15  μl of 50% (v/v) 
acetonitrile (Fluka, Buchs, Switzerland), with 1.0-mm-
diameter glass beads (Sigma France, Lyon, France) using 
a tissue lyser machine (Qiagen); the optimal parameters 
had been previously established [36]. The crushed legs 
were centrifuged, and a 1-μl aliquot of the supernatant 
of each sample was deposited in quadruplicate on a 
MALDI-TOF MS steel plate (Bruker Daltonics, Wissem-
bourg, France) and covered after drying with a matrix 
solution composed of 1  μl of saturated alpha-cyano-
4-hydroxycinnamic acid (Sigma France), 50% acetoni-
trile (v/v), 2.5% trifluoroacetic acid (v/v) (Sigma-Aldrich 
Co. Ltd., Gillingham Dorset, UK) and high-performance 
liquid chromatography-grade water [19, 37]. The target 
plate was then air-dried for a few minutes at room tem-
perature before being introduced into the Microflex LT 
MALDI-TOF MS apparatus (Bruker Daltonics) for analy-
sis. The quality of the matrix, the sample loading and the 
performance of the MALDI-TOF MS apparatus were 
controlled using the leg of an Ae. albopictus from our lab-
oratory as a positive control.

MALDI‑TOF MS parameters
The spectral profiles obtained from the mosquito legs 
were visualised using a Microflex LT MALDI-TOF 
mass spectrometer with FlexControl software (version 
3.3; Bruker Daltonics). The spectra were acquired in a 
positive linear mode at a laser frequency of 50  Hz. The 

accelerating voltage was 20 kV, and the extraction delay 
time was 200  ns. Each spectrum corresponded to the 
ions obtained from the 240 laser shots performed in six 
regions at the same location and acquired automatically 
using the AutoXecute Flex Control software (version 2.4; 
Bruker Daltonics). The MS profiles were visualised using 
the FlexAnalysis v3.4 software, MALDI Biotyper Com-
pass Explorer v4.1.70 (Bruker Daltonics), and ClinPro-
Tools v3.0 software (Bruker Daltonics) was used for data 
processing.

Spectral analysis and reference database creation
All spectra were visualised using the FlexAnalysis v.3.3 
software to check their quality, reproducibility, and 
specificity. Spectra of poor quality, i.e. those which had 
low intensity (< 3000 AU), which were non-reproducible 
and which featured background noise, were excluded 
from the study. Finally, cluster analysis was performed to 
visualise the reproducibility and specificity of the spec-
tra using the Main Spectrum Profile (MSP) dendrogram 
function of the MALDI Biotyper Compass Explorer 
v4.1.70 software. The dendrogram was performed using 
two to three spectra per species, excluding Anopheles 
barbirostris and Culex pallidothorax, for which there was 
only one spectrum for each species. The MS dendrogram 
is the result of comparing the MSPs produced by the 
MALDI Biotyper software and clustered according to the 
mass profile of the proteins (i.e. their mass signals and 
intensities), and this MS dendrogram illustrates how the 
samples are related to one another. The MS dendrograms 
helped us select representative reference spectra of the 
species [23]. Between one and four reference spectra per 
species were then added to our in-house arthropod data-
base of MS reference spectra [20]. However, the reference 
spectra of Anopheles kochi and Anopheles jeyporiensis 
were not added to the database as the identification of 
An. kochi had not been molecularly confirmed and the 
spectrum of An. jeyporiensis was of poor quality.

Blind test for mosquito identification
The MS spectra from Ae. albopictus, Ae. aegypti and 
Culex spp. were blind tested against our pre-existing 
database containing spectra from Ae. albopictus, Ae. 
aegypti, Cx. quinquefasciatus and Culex sitiens species, 
the reference spectra of which were already available in 
our MALDI-TOF MS database. For specimens of Culex 
spp. that were not identified by this first blind test and the 
Anopheles species, a blind test was performed with the 
remaining spectra after creating a database of reference 
spectra of the different species confirmed by molecular 
biology. A total of 43 specimens, including between one 
and four of each species, were used to create the MALDI-
TOF MS spectral database of Vietnamese mosquitoes. 
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The level of reliability of species’ identification was deter-
mined using log score values (LSVs) of between 0 and 3 
using the MALDI-TOF Biotyper software, which cor-
responded to a degree of similarity between the queried 
spectra and the reference spectrum in the database. The 
LSV threshold score set for correct identification of mos-
quito species was 1.70 in this study as this is the optimal 
threshold value applied for arthropod identification using 
MALDI-TOF MS [38, 39].

Results
Mosquito collection and morphological identification
A total of 4215 individual mosquitoes were captured 
using different methods, including 1301 specimens 
(30.9%) by HLCs, 1335 (31.7%) by CDC-LTs, 891 (21.1%) 
by animal-baited net traps and 688 (16.3%) by BG-Sen-
tinel traps. Mosquitoes collected by CDC-LTs, HLCs 
and animal-baited net traps were more abundant in 
quantity and number of species than those caught using 
the BG-Sentinel traps. The number of specimens col-
lected per province was: Da Nang (n = 902), Quang Nam 
(n = 220), Binh Dinh (n = 1098), Gia Lai (n = 473), Dak 
Lak (n = 233), Phu Yen (n = 899), Khanh Hoa (n = 209) 
and Binh Thuan (n = 181) (Table  1; Fig.  1; Additional 
file  1: Table  S1). Two Aedes species were identified 

morphologically: Ae. aegypti (n = 507; 12%) and Ae. 
albopictus (n = 640; 15.2%). Fourteen Anopheles species 
were identified based on morphological characteristics: 
Anopheles aconitus (n = 15; 0.4%), Anopheles annularis 
(n = 3; 0.1%), Anopheles barbirostris (n = 7; 0.2%), Anoph-
eles dirus s.l. (n = 281; 6.7%), An. kochi (n = 8; 0.2%), An. 
maculatus s.l. (n = 1062; 25.2%), Anopheles minimus s.l. 
(n = 183; 4.2%), An. jeyporiensis (n = 1; 0.02%), Anopheles 
peditaeniatus (n = 81; 1.9%), Anopheles sinensis (n = 11; 
0.2%), Anopheles splendidus (n = 36; 0.8%), Anopheles 
jamesii (n = 49; 1.2%), Anopheles vagus (n = 35; 0.8%) and 
Anopheles varuna (n = 9; 0.2%). The Culex mosquitoes, 
representing 1287 mosquitoes (30.7%), were not iden-
tified to the species level when specific morphological 
characters could not be identified with certitude due to 
being damaged during collection, transport or storage.

MALDI‑TOF MS identification of the mosquitoes
Of the 4215 mosquitoes collected, 1253 (30%) mosqui-
toes, including 662 specimens of Anopheles spp., 391 
specimens of Culex spp. and 200 specimens of Aedes 
spp., were randomly selected for MALDI-TOF MS anal-
ysis (Table  2). Overall, good-quality MS spectra were 
obtained from the legs of 1058 of the 1253 (84%) mos-
quitoes subjected to MALDI-TOF MS analysis. The 

Table 1 The number and composition of the mosquitoes collected by different methods in Vietnam between May 2018 and January 
2020

Morphological ID Different collection methods

Human-landing catch Animal-baited net trap CDC-LT BG-Sentinel trap Total

No. collected % No. collected % No. collected % No. collected % Total number 
collected

Total %

Aedes albopictus 403 9.6 0 0 0 0 237 5.6 640 15.2

Ae. aegypti 261 6.2 0 0 0 0 246 5.8 507 12

Anopheles aconitus 3 0.1 5 0.1 7 0.2 0 0 15 0.4

An. annularis 0 0 2 0.1 1 0.02 0 0 3 0.1

An.barbirostris 0 0 3 0.1 4 0.1 0 0 7 0.2

An. dirus 187 4.4 23 0.6 71 1.7 0 0 281 6.7

An. kochi 0 0 3 0.1 5 0.1 0 0 8 0.2

An. jamesii 12 0.3 12 0.3 25 0.6 0 0 49 1.2

An. jeyporiensis 0 0 1 0.02 0 0 0 0 1 0.02

An. maculatus 323 7.7 289 6.9 450 10.7 0 0 1062 25.2

An. minimus 83 1.9 34 0.8 66 1.5 0 0 183 4.2

An. peditaeniatus 0 0 45 1.1 36 0.8 0 0 81 1.9

An. sinensis 0 0 6 0.1 5 0.1 0 0 11 0.2

An. splendidus 8 0.2 22 0.5 6 0.1 0 0 36 0.8

An. vagus 7 0.2 26 0.6 2 0.1 0 0 35 0.8

An. varuna 3 0.1 4 0.1 2 0.04 0 0 9 0.2

Culex spp. 11 0.3 416 10 655 15.5 205 4.9 1287 30.7

Total 4215
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percentage of good-quality spectra was highest for Aedes 
spp., with 96% (192/200) good-quality spectra, followed 
by Anopheles spp. (88.97%; 589/662) and Culex spp. 
(70.84%; 277/391). Visually, the comparison of MS pro-
files of legs of different species using FlexControl analysis 
revealed intra-species reproducibility and inter-species 
specificity (Additional file  2: Fig. S1). The MS protein 
profiles of between two and three specimens of each 
mosquito species used to generate an MSP dendrogram 
showed a clustering of specimens of the same species on 
the same branch (Fig. 2). The average discriminant peak 
intensity of 19 mosquito species, excluding those with 
low numbers, is presented in Additional file 3: Table S2.

Querying 192 good-quality spectra of Aedes spp. 
against our in-house MALDI-TOF MS database showed 
that 94 spectra were Ae. albopictus and 98 were Ae. 
aegypti, with LSVs ranging from 1.729 to 2.39 (Table 2). 
For Anopheles spp., we added 28 reference spectra from 

between one and four spectra of each species, confirmed 
by molecular biology analysis, to our MALDI-TOF MS 
database, which did not contain spectra of the concerned 
species. The remaining 561 spectra were then blind 
tested against the updated database, revealing that 96.8% 
(543/561) had been correctly identified, i.e. presented a 
match between our morphological identification and 
MALDI-TOF MS results. The LSVs of these Anopheles 
spp. specimens ranged from 1.708 to 2.821 (Table 2). For 
the remaining 18 specimens (3.2%) there were discrepan-
cies between our morphological identification and the 
MALDI-TOF MS identification. Molecular biology analy-
sis confirmed the MALDI-TOF MS identification of all 
species, with the exception of specimens of An. macula-
tus s.l. The dendrogram visually produced using the spec-
tra of mosquitoes identified as An. maculatus s.l. shows 
that they form two distinct branches (Fig. 3).

Table 2 Number of specimens of each morphologically identified mosquito species randomly selected for MALDI-TOF MS analysis, 
creation of the reference database and blind test results for MS identification and log-score values of each species

a Species was already available in our database

( ) the values in parentheses: the number of specimens of each species was identified using MALDI-TOF MS

Morphological ID No. tested/no. 
collected

No. of good 
spectra

No. added to database MALDI-TOF MS ID LSV range 
(minimum–
maximum)

Ae. albopictus 100/640 94 0 Ae. albopictusa (94) 1.892–2.371

Ae. aegypti 100/507 98 0 Ae. aegyptia (98) 1.729–2.39

An. aconitus 10/15 7 2 An. aconitus (5) 1.732–2.786

An. annularis 2/3 2 1 An. annularis (1) 2.082

An. barbirostris 3/7 1 1 An. barbirostris (0) Not applicable

An.dirus 79/281 79 3 An. dirus (75) 1.78–2.782

An. kochi 7/8 0 0 Not identified Not applicable

An. jamesii 36/49 34 4 An. jamessi (29) 1.844–2.605

An. jeyporiensis 1/1 0 Not applicable Not applicable Not applicable

An. maculatus 329/1062 287 2 An. maculatus (276) 1.708–2.782

An. minimus s.l. 79/183 7 1 An. minimus (4) 2.174–2.815

71 3 An. harrisoni (66) 1.836–2.821

An. peditaeniatus 46/81 43 4 An. peditaeniatus (37) 1.814–2.539

An. sinensis 10/11 8 1 An. sinensis (7) 1992–2.755

An. splendidus 36/36 28 2 An. splendidus (24) 1.851–2.449

An. vagus 16/35 14 3 An. vagus (11) 2.088–2.777

An. varuna 8/9 8 1 An. varuna (7) 2.065–2.449

Culex sp. 391/1287 277 0 Cx. quinquefasciatusa (48) 1.725–2.401

Culex sp. 4 Cx. tritaeniorhynchus (58) 1.739–2.338

Culex sp. 4 Cx. pseudovishnui (46) 1.820 –2.012

Culex sp. 1 Cx. pallidothorax (0) 0

Culex sp. 2 Cx. fuscocephala (25) 1.756–2.843

Culex sp. 4 Cx. vishnui (44) 1.72–2

Culex sp. 0 Cx. sitiensa (30) 1.737–2.144

Culex spp. Not applicable Not identified Not applicable

Total 1253/4215 1058 43
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Querying the 277 legs of Culex spp. against our data-
base, which contained the spectra of 17 Culex species, 
showed that 28.2% (78/277) were identified, including 
48 Cx. quinquefasciatus and 30 Cx. sitiens, with LSVs 
ranging from 1.725 to 2.401, and from 1.737 to 2.144, 
respectively. From the remaining 199/277 legs of Culex 
spp. which were unidentified, we randomly selected 15 
of the 199 Culex specimens to create our database with 
reference spectra of four Culex tritaeniorhynchus, four 
Culex pseudovishnui, four Culex vishnui s.l., two Culex 
fuscocephala, and one Culex pallidothorax identified by 
molecular biology. The second blind test of the remain-
ing 184 spectra against the updated database showed that 
92.4% (170/184) were identified, with LSVs ranging from 
1.739 to 2.843. Of the 173 Culex mosquitoes which were 
identified, 58 specimens were Cx. tritaeniorhynchus, 
46 were Cx. pseudovishnui, 44 were Cx. vishnui s.l. and 
25 were Cx. fuscocephala (including 3 specimens which 
showed discrepancies between the morphological and 
the MALDI-TOF MS results, which were subsequently 
confirmed by molecular analysis). Finally, 11 specimens 
with good spectra were not identified by MALDI-TOF 
MS and could not be identified molecularly because we 
could not sequence them using the three types of genes 
(Additional file 4: Fig. S2).

Molecular identification of the mosquitoes
Sequencing and BLAST of the COI_1 or COI_2 gene 
sequences from the Anopheles and Aedes species selected 
for the database revealed reliable and consistent species’ 
identification according to the morphological identifica-
tion, with between 98.4 and 100% identity with GenBank 
sequences (Table 3). The COI_1 gene was used to iden-
tify species of 15 Culex spp. randomly selected to enter 
in our database. BLAST showed that four were between 
99.3% and 100% identical to Cx. tritaeniorhynchus 
(MF179219; MF179221; MF179231; MF179232), four 
were between 97.9% and 98.2% identical to Cx. pseudov-
ishnui (AB738092; LC054483), four were between 99.2% 
and 100% identical to Cx. vishnui (MF179240), two were 
100% identical to Cx. fuscocephala (HQ398887) and one 
was 98% identical to Cx. pallidothorax (MF179281). Only 
one Cx. quinquefasciatus species could not be identi-
fied using COI_1 DNA barcoding; this species was then 
identified using the Ace2 gene, which was shown to 
share between 99.6% and 100% identity with GenBank 
(MN299021; MK575480) (Table 3).

Similarly, for specimens that showed discrepancies 
between our morphological identification and MALDI-
TOF MS identification, i.e., An. aconitus identified as An. 
varuna by MALDI-TOF MS, An. dirus identified as An. 
sinensis, An. minimus identified as An. varuna, An. jamesi 
identified as An. maculatus, An. pediteniatus identified as 

Fig. 2 Dendrogram constructed from between two and three representative leg spectra of different mosquito species collected in Vietnam 
between May 2018 and January 2020. The dendrogram was created using Biotyper v3.0 software and the distance units correspond to the relative 
similarity of the MS spectra. The red lines show the cut-off level between mosquito genera. The purple lines show the cut-off level between the 
different Anopheles species. The blue and green lines show the cut-off between Culex and Aedes species, respectively
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An. sinensis, and Culex sp. identified as An. minimus, An. 
jamesii, and An. dirus. We found consistent identifica-
tion between MALDI-TOF MS and molecular tools after 
querying the sequences against the GenBank database. 
However, for some specimens that were morphologically 
identified as An. maculatus s.l., the COI_1 sequences 
were 93.44% identical to An. maculatus (KT382822). We 
had no sequence for these specimens with the ITS gene 
generally used to differentiate between species of the An. 
maculatus complex (Table 3).

Finally, interrogation of the sequences from the sam-
ples selected for confirmation showed a perfect match 
between MALDI-TOF MS and molecular identification 
(Tables 2 and 3).

The COI_1, COI_2 or Ace2 sequences of some speci-
mens were deposited in GenBank, and the names 
and accession numbers are listed in Additional file  5: 
Table  S3. The phylogenetic tree constructed using the 
COI_1 sequences and their homologues available on 
GenBank shows that these 22 mosquito species formed 
distinct groups (Fig. 4) while correlated with morpholog-
ical and MALDI-TOF MS identifications.

Discussion
MALDI-TOF MS is an innovative tool for the rapid 
and accurate identification of arthropods [21]. Here, we 
report the first MALDI-TOF MS reference spectra of a 
selection of protein extractions from Vietnamese mos-
quito legs. These species are widely distributed, medi-
cally important mosquitoes, and were most frequently 
captured during entomological surveillance and man-
agement programmes in the Central Highlands of Viet-
nam. Among them, An. minimus s.l., An. dirus s.l. and 
An. maculatus s.l. are considered to be the main vectors 
of human malaria in Vietnam [40–42] and other parts of 
Southeast Asia, such as Laos, Cambodia and Thailand 
[28, 43, 44]. Aedes albopictus and Ae. aegypti, are vec-
tors of DENV, and recent epidemics of dengue fever in 
2017 and 2019 resulted in 183,287 and 200,000 cases, 
with 32 and 50 deaths, respectively [45–47]. These two 
Aedes species are also important vectors of the CHIKV 
and Zika virus, both of which are present in the arbo-
virus burden of disease in Vietnam [48]. Mosquitoes of 
the genus Culex are the main vectors responsible for the 
transmission of JEV throughout Vietnam [49]. Despite 
the introduction of a JEV vaccine in 1997 and mandatory 

Fig. 3 Dendrogram revealing that the spectra of mosquitoes identified as Anopheles maculatus senus lato formed two distinct branches
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Table 3 Details of the result of the specimens submitted to molecular biology analysis and homology with the reference sequences 
available on GenBank using BLAST

a COI_1 gene
b Ace2 gene
c COI_2 gene

Mosquito species 
(morphological ID)

No. sequenced Percentage of similarity between 
sequences of same species

Molecular identification (% identity) Accession no.

-Specimens using for confirming MALDI-TOF MS identification

 Ae. aegyptia 3 100% Ae. aegypti (100%) MN299016

 Ae. albopictusa 3 99.7–100% Ae. albopictus (99.7–100%) MN299017, MK995332

 Cx. quinquefasciatusb 3 99–100% Cx. Quinquefasciatus (99.6–100%) MN299021, MK575480

 Cx. sitiensa 2 100% Cx. sitiens 99.8% MF179212

 An. aconitusa 2 99.8% An. aconitus (100%) HQ877378

 An. annularisa 1 99.5% An. annularis (96.6%) KF406655

 An. dirusa 2 100% An. dirus (99.7%) JX219732

 An. minimus s.la 2 100% An. harrisoni (99.8–100%) HQ877377

 An. minimus s.l.a 2 100% An. minimus (99.4%) HQ877337

 An. jamessia 2 89.2–100% An. jamessi (99.7–99.8%) MT380518, MT871938

 An. pediteaniatusa 3 96–99.5% An. pediteaniatus (99.3–99.8%) LC333267

 An. sinensisa 2 100% An. sinensis (99.7%) MG816536

 An. vagusa 2 100% An. vagus 99.7% MK685245

 An. maculatusa 3 100% An. maculatus 99.8% KT382822

 An. varunaa 2 100% An. varuna (100%) HQ877380

Specimens used for database update

 An. aconitusa 2 90.4–99.8% An. aconitus (99.8–100%) HQ877378

 An. annularisa 1 - An. annularis (96.6%) KF406655

 An. dirusa 3 89.7–100% An. dirus (99.5–99.7%) JX219732

 An. minimus s.l.a 4 90–99.84% An. harrisoni (99.8–100%) HQ877377

An. minimus (99.4%) HQ877337

 An. barbirostrisa 1 99.7% An. barbirostris (99.7%) AB971312

 An. jamessia 4 89.2–100% An. jamessi (99.7–99.8%) MT380518, MT871938

 An. pediteaniatusa 4 96–99.5% An. pediteaniatus (99.3–99.8%) LC333267

 An. sinensisa 1 98.7–98.9% An. sinensis (99.5–99.7%) MG816536, MG816562, KX779641

 An. vagusa 3 98.2–98.7% An. vagus (99–99.7%) MK685245, MH425442, MF179262

 An. maculatusa 2 100% An. maculatus 99.8% KT382822

 An. varunaa 1 - An. varuna (100%) HQ877380

 An. splendidusc 2 99.8% An. splendidus (98.4–98.7%) MK685253

 Culex spp.a 15 Cx. tritaeniorhynchus (99.3–100%) MF179219, MF179221, MF179231, 
MF179232

Cx. fuscocephala (100%) HQ398887

Cx. pseudovishnui (97.9–98.2%) AB738092, LC054483

Cx. pallidothorax (98%) MF179281

Cx. vishnui (99.2%) MF179240

Specimens with discrepancies between morphological and MALDI-TO MS identification

 An. aconitusa 1 - An. varuna (100%) HQ877380

 An. dirusa 1 - An. sinensis (99.5%) MG816562

 An. minimusa 4 99–100% An. varuna (99–100%) HQ877380

 An. jamesia 1 - An. maculatus (93.8%) KT382822

 An. pediteniatusa 2 99.5% An. sinensis (99.4–99.5%) MG816562, KX779641

 An. maculatusa 9 100% An. maculatus (93.6%) KT382822

 Culex sp.a 1 - An. minimus A (99.5%) HQ877337

 Culex sp.a 1 - An. jamesii (99.7%) MT871938

 Culex sp.a 1 - An. dirus (99.7%) JX219732
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vaccination of children under the age of 5 years in Viet-
nam [49] over the past 10 years, the average annual num-
ber of JEV cases is between 1000 and 1200, with 20 to 50 
deaths [50].

In terms of entomological surveillance, all mosquito 
species collected using the four methods in this study did 
not really have much of an impact on the quality of the 
MALDI-TOF MS profile, despite the duration of exposure 
to the mosquitoes according to temperature and humidity 
varying widely. After 12 h of use of the animal-baited net 
trap, the CDC-LT and the BG-sentinel trap, compared to 
the HLC method, the LSV median values remained at 
the optimal threshold score (i.e. 1.7). The stability of the 
MALDI-TOF MS results could likely be explained by the 
mosquitoes being handled carefully before being stored in 
dry tubes with silica gel.

Two species of Aedes and 14 species of Anopheles were 
identified based on morphological characteristics. In con-
trast, Culex specimens were only identified to the genus 
level based on morphological features due to the integrity 
of the mosquitoes, which did not allow for discrimination 
between morphologically identical sibling mosquito spe-
cies and cryptic species groups. Although morphologi-
cal identification is the “gold standard” for distinguishing 
mosquitoes based on external characteristics, it is unable to 
separate species belonging to the same complex. In the pre-
sent study, almost all of the Culex species that were identi-
fied belong to species complexes that are not only difficult 
to distinguish morphologically [51] but also molecularly 
[23, 39, 52].

High-quality MS spectra were obtained for 84% of mos-
quito samples analysed by MALDI-TOF MS. The quality of 
the spectra obtained from Aedes spp. was higher than that 
obtained for MS spectra from Anopheles spp. and Culex 
spp. However, our percentage of good-quality spectra was 
lower than that found in a study of mosquitoes stored at 
− 20 °C [53]. This is due to the difference in storage meth-
ods, as demonstrated by previous studies which have 
highlighted that storage at − 20  °C is the best method of 
preserving arthropods for MALDI-TOF MS analysis for 
periods not exceeding 6  months [54] while for MALDI-
TOF MS analyses that are to be performed after periods 
exceeding 6 months, the best method of storage is − 80 °C 
[39]. However, many laboratories do not have a −  80  °C 
freezer for mosquito storage, and in these cases −  20  °C 
freezing is the optimal method. In our study, conducted 
under field conditions, the percentage of good-quality 

spectra was higher than that of another study on mosqui-
toes which were also preserved in silica gel [20].

The MS spectra generated from the legs of the different 
mosquito species and the dendrogram show intra-species 
reproducibility and inter-species specificity or group-
ing of specimens of the same species on the same branch 
(Fig. 2; Additional file 2: Figure S1). This specificity of the 
MALDI-TOF MS spectra of mosquitoes has already been 
reported [20, 23, 53].

MALDI-TOF MS analysis allowed us to identify 22 
species of mosquitoes, with LSV scores ranging from 
1.708 to 2.843, including 18 species that were not in our 
MALDI-TOF MS database. Two species of Anopheles 
(An. kochi and An. jeyporiensis) were identified based on 
morphological features and 11 specimens of Culex sp. 
were not identified by MALDI-TOF MS because their 
spectra were not in our database. The latter is due to An. 
kochi and Culex not being molecularly identified in our 
study because we did not obtain DNA sequences from 
them, despite having good-quality spectra. An arthro-
pod spectrum is added to our database only when the 
specimen is unambiguously identified by morphology 
and molecular biology analysis [17]. We had only one 
specimen of An. jeyporiensis for which the MS spectrum 
was of poor quality [lower intensity: < 3000 AU; which 
was non-reproducible and which contained background 
noise). In addition to being able to identify closely related 
mosquito species, we found that MALDI-TOF MS can 
distinguish between subgroups of species of the same 
complex, which are impossible to distinguish morpho-
logically, as was the case for the An. minimus complex 
(An. minimus and An. harrisoni formerly referred to as 
An. minimus A and C) [55, 56] and for the An. maculatus 
s.l. complex (Figs. 2, 3). Interestingly, the first two top hits 
for species classification were Cx. quinquefasciatus and 
Cx. pipiens, both ranging from 99 to 100% of sequence 
correspondence. These Cx. quinquefasciatus specimens 
were then classified by Ace_2 (Table 3). Preliminary stud-
ies had already reported that the MALDI-TOF MS tech-
nique is capable of identifying arthropods at the species, 
species subgroup or complex level [20, 57].

The morphological identification of all the specimens 
introduced in our database was confirmed by molecular 
biology using at least one gene. We found consistency 
between our morphological and molecular identifica-
tions, as our sequences had identities ranging from 96.6 
to 100% with their GenBank homologues. For specimens 

(See figure on next page.)
Fig. 4 Neighbour-joining tree of genetic relationships obtained from COI_1 DNA barcode from 20 mosquito species collected in Vietnam (not 
including Anopheles splendidus by COI_2 and Culex quinquefasciatus by Ace2 gene) compared to other reference sequences (highlighted in dark 
text) in the GenBank database based on the 720-bp partial COI_1 gene. For the sequences downloaded from the GenBank database, the species 
names are indicated with their GenBank accession numbers and the country of origin, followed by the year they were deposited in GenBank. Node 
numbers are percentages of bootstrap values
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Fig. 4 (See legend on previous page.)
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that showed inconsistencies between morphologi-
cal identification and MALDI-TOF MS identification, 
molecular biology analysis agreed with the MALDI-TOF 
MS identification. Morphological identification errors 
thus occurred, showing the limitations of this method. 
These errors were partly identified by MALDI-TOF MS, 
which we consider to be reliable for the identification of 
arthropods. Sequencing, which is the last technique we 
used to either confirm morphological and MALDI-TOF 
MS identification or to separate the two, did not allow 
us to identify 11 Culex specimens for which we had no 
morphological and MALDI-TOF MS identification of 
the species. This shows that all techniques have limita-
tions and that molecular identification requires a reliable 
genomic sequence and the presence in GenBank of the 
homologous sequences of the specimen to be identified 
[26]. Despite the difficulties and limitations of morpho-
logical identification, it remains the gold standard when 
it comes to identifying an unknown specimen, especially 
when the molecular method cannot identify it due to the 
absence of its sequence in GenBank or due to the lack of 
a sequence.

Conclusion
This study is the first to apply MALDI-TOF MS to the 
identification of field-caught mosquitoes in Vietnam, 
where the burden of disease transmitted by these vectors 
is high. It confirms that misidentification of mosquitoes 
by morphology can be prevented with MALDI-TOF MS, 
provided that the reference spectrum of that mosquito 
species is present in the MALDI-TOF MS database. The 
study allowed us to enrich our in-house MALDI-TOF 
MS database by adding reference spectra of new species. 
MALDI-TOF MS is a promising entomological surveil-
lance tool that can significantly contribute to the control 
of mosquito-borne diseases in Vietnam.
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Abstract 

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) 

has been described as a promising and dependable tool for identifying arthropods, including the 

identification of alcohol-preserved ticks using extracted leg protein spectra. In this study, the legs 

of 361 ticks were collected from wild and domestic animals in September 2010, between April 

and September 2018 in Vietnam, including 251 Rhiphicephalus sanguineus s.l, 99 Rhipicephalus 

(Boophilus) microplus, two Amblyomma varanensis, seven Dermacentor auratus, one 

Dermacentor compactus, and one Amblyomma sp. All these species had been reported in Vietnam. 

However, our study is the first to observe Am. varanensis, Amblyomma sp. on pangolins from 

Vietnam. Molecular techniques were used to confirm our morphological identification of tick 

species by amplifying a portion sequence of a 465-bp fragment 16S rRNA gene. Unfortunately, 

we were unable to obtain sequences for all specimens that had been preserved in alcohol for more 

than ten years (i.e., Am. varanensis, Amblyomma sp., D. auratus, and D. compactus) with the 16S 

and 12S rDNA genes. This could be because the alcohol was not completely removed during 

extraction, or because the ticks contained blood from their host, which consists several factors that 

can inhibit the PCR reaction, as previously reported. Spectral analysis showed intra-species 

reproducibility and inter-species specificity and the spectra of 329 (91%) specimens were of 

excellent quality. The blind test of 310 spectra remaining after updating the database with 19 

spectra revealed that all were correctly identified with log score values (LSV) ranging from 1.7 to 

2.396 with a mean of 1.982± 0.142 and a median of 1.971. Interestingly, specimens that could not 

be identified using molecular biology were identified using MALDI-TOF MS. This demonstrates 

that the tool is reliable and accurate for tick identification. The microorganisms identified in this 

study and confirmed by sequencing are Anaplasmataceae (A. phagocytophilum, A. marginale, A. 
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platys, and E. rustica), which are known aetiologies of zoonotic diseases and the Piroplasmida 

family (B. vogeli, T. sinensis, and T. orientalis) was mainly known as the potential zoonotic 

pathogens. Co-infection by A. phagocytophilum and T. sinensis was found in one Rh. (B) 

microplus. These findings suggested that ticks and tick-associated pathogens are likely to pose 

challenges to public and veterinary health in Vietnam. 
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Abstract

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF

MS) has been reported as a promising and reliable tool for arthropod identification, including

the identification of alcohol-preserved ticks based on extracted leg protein spectra. In this

study, the legs of 361 ticks collected in Vietnam, including 251 Rhiphicephalus sanguineus

s.l, 99 Rhipicephalus (Boophilus) microplus, two Amblyomma varanensis, seven Derma-

centor auratus, one Dermacentor compactus and one Amblyomma sp. were submitted for

MALDI-TOF MS analyses. Spectral analysis showed intra-species reproducibility and inter-

species specificity and the spectra of 329 (91%) specimens were of excellent quality. The

blind test of 310 spectra remaining after updating the database with 19 spectra revealed that

all were correctly identified with log score values (LSV) ranging from 1.7 to 2.396 with a

mean of 1.982 ± 0.142 and a median of 1.971. The DNA of several microorganisms includ-

ing Anaplasma platys, Anaplasma phagocytophilum, Anaplasma marginale, Ehrlichia rus-

tica, Babesia vogeli, Theileria sinensis, and Theileria orientalis were detected in 25 ticks.

Co-infection by A. phagocytophilum and T. sinensis was found in one Rh. (B) microplus.

Author summary

Ticks are one of the important vectors and reservoirs of multiple pathogens infecting

humans and animals such as bacteria, protozoans, viruses, and helminths. Nevertheless,

studies on ticks and tick-borne infections remain limited in Vietnam. That said, serologi-

cal and molecular evidence of tick infections in animals and humans have been reported

on several occasions in Vietnam and Southeast Asia in recent decades. The identification

of ticks and tick-associated diseases has an important role to play in epidemiological

investigation and in assessing the risks of disease transmission to humans and animals.

Recently, MALDI-TOF MS has been used as an innovative tool for the rapid and accurate

identification of alcohol-preserved ticks based on proteins from extracted legs. This proce-

dure represents a time-cost saving and does not require expert knowledge. This goal of
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this study was to assess the efficiency and reliability of MALDI-TOF MS for the identifica-

tion of alcohol-preserved ticks collected in Vietnam and to determine the presence of

their relative pathogens. Our study revealed 97% correspondence between morphological

and MALDI-TOF MS identification. The detected microorganisms that were confirmed

by sequencing belonged to the Anaplasmataceae and Piroplasmida families. These find-

ings suggested that ticks and tick-associated pathogens are likely to pose challenges to

public and veterinary health in Vietnam.

Introduction

Ticks have been incriminated as the second most important vectors of human and animal

infectious pathogens in the world after mosquitoes [1] and are able to transmit a wide range of

pathogens, including bacteria, protozoans, viruses, and helminths [2]. In Southeast Asia

(SEA), there are 104 known tick species, representing 12 genera, which is approximately 12%

of all recognised and classified species [3]. Among them, Rhipicephalus sanguineus sensu lato

(s.l.) are the most common ticks that parasitise dogs in SEA. These ticks are the ectoparasite

vectors of bacterial and protozoal pathogens that can be transmitted to animals [4] and

humans [5]. Rhipicephalus (Boophilus) microplus is an important vector of livestock pathogens

[6]. Amblyomma (formerly Aponomma) varanensis, Dermacentor auratus, and Dermacentor
compactus may act as vectors of infectious agents (e.g. Rickettsia spp., Anaplasma spp., Ehrli-
chia spp., Borrelia spp., Babesia spp. and Theileria spp.) to humans, and to domestic and wild

animals in Malaysia, Laos, Thailand, and Vietnam [7–10].

In Vietnam, the agricultural sector makes up one-third of the developing nation’s economy

[11], and livestock represents the second biggest contribution to household incomes after crop

growing [12]. Despite the perceived food and economic benefits of livestock production, the

country is potentially faced with challenges such as the emergence and re-emergence of zoo-

notic diseases, which can cause huge losses [13, 14]. One such example is the risk of infectious

diseases spreading through the large number of dogs that are illegally imported into Vietnam

from neighbouring countries for food consumption without any veterinary controls [15, 16].

In 2014, an outbreak of oriental theileriosis, which causes abortion and death, in imported cat-

tle from Australia to Vietnam was associated with Theileria orientalis [17]. The serological

detection of both Babesia bovis and Babesia bigemina parasite species transmitted by ticks has

also been reported in cattle imported from Thailand [18].

Limited data is available on ticks and tick-associated pathogens in Vietnam. Nevertheless,

48 species of nine tick genera have been reported by Kolonin [19] and recently two new species

of ticks of the genus Dermacentor (Dermacentor limbooliati and Dermacentor filippovae) have

been described by Apanaskevich [9, 20]. Also in Vietnam, some tick-borne microorganisms

have been reported in ticks and animals [19, 21–23], more precisely in Hepatozoon canis, Ehrli-
chia canis, and Babesia vogeli ticks [24].

In recent years, several studies have focused on acarology in Vietnam [4, 10, 25]. The cor-

rect identification of ticks is a crucial step in distinguishing tick vectors from non-vectors. The

lack of reference data and standard taxonomic keys specific to Vietnamese tick species makes

the morphological identification of Vietnamese ticks difficult or almost impossible. The mor-

phological identification of tick species therefore remains a challenge for Vietnamese research-

ers [19]. Molecular tools have been used to overcome the limitations of morphological

identification [26]. However, there are several drawbacks to these tools, which are time-con-

suming, expensive, and require primer-specific targeting [27–29].
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Recently, the MALDI-TOF MS method has been proposed as an alternative and innovative

tool to overcome the limitations of the above two methods in arthropod identification [30].

Since then, studies in several laboratories have demonstrated that MALDI-TOF MS is a

remarkably robust tool for identifying many species of arthropod vectors and non-vectors

[30]. The aim of this study was to identify tick species collected from domestic and wild ani-

mals in Vietnam and their associated pathogens using morphological, MALDI-TOF MS and

molecular tools.

Materials and methods

Ethics statement

Ethical approval was obtained from the Institute of Malariology, Parasitology, and Entomol-

ogy, Quy Nhon (IMPE-QN) on behalf of the Vietnamese Ministry of Health (approval no:

401/VSR-CT-2010, 333/CT-VSR-2018). Permission was obtained from the communal author-

ities for wild animals that were not listed in the Red Data Book of Vietnam, and agreement

was obtained from the owners of cows, goats, and dogs.

Tick collection and morphological identification

Ticks were collected in four provinces: Quynh Luu (19o13’ N; 105o60’ E) District, Nghe An

Province; Nam Giang (15o65’ N; 107o50’ E) District, Quang Nam Province; Van Canh (13o37’

N; 108o59’ E) District, Binh Dinh Province; and Khanh Vinh (12o16’ N; 108o53’ E) District,

Khanh Hoa Province in Vietnam in September 2010, between April and September 2018. The

map of Vietnam showing the collection sites was made with QGIS version 3.10 and the Viet-

namese layers were downloaded from DIVA-GIS at the following link: https://www.diva-gis.

org/datadown (Fig 1A). All engorged and non-engorged ticks were collected from the skin of

domestic animals (cows, goats, and dogs) and wild animals (pangolins, wild pigs) using for-

ceps. Ticks from wild animals were collected in a collaborative manner by rangers and trained

care personnel from the Wildlife Rescue, Conservation and Development Center. Ticks were

morphologically identified first at species level using dichotomous keys [9, 31] by an entomo-

logical team from the Institute of Malariology, Parasitology and Entomology, Quy Nhon,

Fig 1. Map of Vietnam showing tick collection sites realised with QGIS version 3.10, the layers have been uploaded to

the DIVA-GIS website: https://www.diva-gis.org/datadown (A); Morphologically, the 70% alcohol tick-preserved

species were collected in Vietnam over a period of 10 years: Amblyomma varanensis [♀: a, b]; Amblyomma sp. [♀: c,

d]; Dermacentor auratus [♂: e, f]; Dermacentor compactus [♂: g, h]; and approximately 2 years: Rhipicephalus (B)

microplus [♀: I, k]; Rhipicephalus sanguineus s.l [♂: l, m] (B).

https://doi.org/10.1371/journal.pntd.0009813.g001
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Vietnam (IMPE-QN). Ticks from the same host were counted and placed in the same tube

containing 70% v/v alcohol, before being sent to the Institut Hospitalo-Universitaire (IHU)

Méditerranée Infection in Marseille, France for MALDI-TOF MS and molecular analysis. In

Marseille, the morphological identification of ticks was verified by two specialists in morpho-

logical identification of ticks using a magnifying glass (Zeiss Axio Zoom.V16, Zeiss, Marly le

Roi, France) and dichotomous keys. Morphological identification was carried out only if all

discriminating characters had been observed.

Tick dissection and sample preparation

Ticks were individually removed from the alcohol and were rinsed and dissected with a sterile

surgical blade, as previously described [32]. The four legs of each tick and the half part without

legs were submitted for MALDI-TOF MS and molecular biology analysis, respectively. The

remaining parts with legs were frozen and stored as samples for any further research.

DNA extraction and molecular identification of ticks

DNA from each half-tick or legs (for ticks from which we did not obtain sequences with half-

tick DNA) was individually extracted using an EZ1 DNA tissue kit (Qiagen), according to the

manufacturer’s recommendations, as previously described [33]. DNA was monitored with

Nanodrop 1000 Spectrophotometer (Thermo Fisher Scientific, Wilmington, USA) and either

immediately used or stored at -20˚C until use.

DNA from ticks was submitted to standard PCR in an automated DNA thermal cycle to

amplify a 465-base pair (bp) fragment of the mitochondrial 16S DNA gene, as described previ-

ously [34]. The 12S tick gene, amplifying about 405-bp of the mitochondrial DNA fragment,

was used for all specimens for which we did not have a sequence with the 16S gene. DNA from

Rh. sanguineus s.l., reared in our laboratory, was used as a positive control. Purified PCR prod-

ucts were sequenced as previously described [34]. The obtained sequences were assembled and

analysed using the ChromasPro software (version 1.7.7) (Technelysium Pty. Ltd., Tewantin,

Australia), and were then blasted against the reference sequences available in GenBank (http://

blast.ncbi.nlm.nih.gov/).

MALDI-TOF MS analysis

Sample preparation. The four legs of each tick were first put into an Eppendorf tube and

dried overnight at 37˚C and then put into an Eppendorf tube with 40 μL of high-performance

liquid chromatography (HPLC) grade water and incubated overnight at 37˚C. The legs were

then crushed in a mix of 20 μL of 70% (v/v) formic acid (Sigma) and 20 μL of 50% (v/v) aceto-

nitrile (Fluka, Buchs, Switzerland), with glass beads (Sigma, Lyon, France), as described previ-

ously [35]. The crushed legs were centrifuged and 1 μL of the supernatant of each sample was

deposited in quadruplicate onto a MALDI-TOF MS steel plate (Bruker Daltonics, Wissem-

bourg, France). After drying at room temperature, 1μL of matrix solution composed of a satu-

rated solution of α-cyano-4-hydroxycynnamic acid (Sigma, Lyon, France), 50% acetonitrile

(v/v), 2. 5% trifluoroacetic acid (v/v) (Aldrich, Dorset, United Kingdom), and high perfor-

mance liquid chromatography (HPLC) grade water was added [36]. The target plate was air-

dried one more at room temperature before being introduced into the Microflex LT MALDI-

TOF Mass Spectrometer (Bruker Daltonics, Germany) for analysis. The quality of the matrix,

sample loading, and performance of the MALDI-TOF MS device were controlled using the

legs of a Rh. sanguineus s.l. reared in our laboratory as a positive control.

MALDI-TOF MS parameters, spectral analysis and reference database creation. The

spectral profiles obtained from the tick legs were visualised using a Microflex LT MALDI-TOF
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mass spectrometer with FlexControl software (version 3.3, Bruker Daltonics). The setting

parameters of the MALDI-TOF MS apparatus were identical to those previously used [32].

The FlexAnalysis v.3.3 software was used to evaluate spectral quality (smoothing, baseline

subtraction, peak intensities). MS spectra reproducibility was assessed by comparing the aver-

age spectral profiles (MSP, main spectrum profile) obtained from the four spots of each tick

leg, according to species, using MALDI-Biotyper v3.0 software (Bruker Daltonics) [37]. MS

spectra reproducibility and specificity were assessed based on a principal component analysis

(PCA) and cluster analysis (MSP dendrogram). PCA was performed using ClinProTools v2.2

with the manufacturer’s default settings. Cluster analysis was performed based on a compari-

son of the MSP given by MALDI-Biotyper v3.0. software with clustering according to protein

mass profile (i.e., their mass signals and intensities) [37].

Based on the morphological identification, eight and seven reference spectra of Rh. sangui-
neus and Rh. (B) microplus, respectively, were added to our MALDI-TOF MS database. How-

ever, two, one, and one spectra of D. auratus, Am. varanensis, D. compactus, respectively,

which were only identified morphologically by three tick identification specialists, were also

added to our MALDI-TOF MS database. To create a database, reference spectra (MSP, Main

Spectrum Profile) were created by combining the results of spectra from specimens of each

species using the automated function of the MALDI-Biotyper v3.0 software (Bruker Dal-

tonics). MSPs were created based on an unbiased algorithm using peak position, intensity, and

frequency data [38]. Four tick species that could not be identified by molecular biology were

temporarily added into the MS reference database to identify the remaining specimens from

the same species.

Blind test for tick identification. A blind test was performed with the remaining tick

specimens not included in our MALDI-TOF MS database after the database had been

upgraded with 19 MS spectra from specimens of the five tick species to determine their identi-

fication. The reliability of tick species identification was estimated using the log score values

(LSVs) obtained from the MALDI-Biotyper software, which ranged from 0 to 3. These LSVs

correspond to the degree of similarity between the MS reference spectra in the database and

those submitted to blind tests. An LSV was obtained for each spectrum of the samples tested.

According to one previous study [37], an LSV of at least 1.8 should be obtained to be consid-

ered reliable for species identification.

Detection of microorganisms. Quantitative PCR (qPCR) was performed for screening

microorganisms using specific primers and probes targeting Anaplasmataceae, Piroplasmida,

Borrelia spp., Bartonella spp., Coxiella burnetii, and Rickettsia spp. PCR reactions were per-

formed according to the manufacturer’s instructions, using a CFX96 Touch detection system

(Bio-Rad). qPCR amplification was performed using the thermal profile described previously

[39]. The DNA of Rickettsia montanensis, Bartonella elizabethae, Anaplasma phagocytophilum,

Coxiella burnetii, Borrelia crocidurae, and Babesia vogeli were used as a positive control and

DNA from Rh. sanguineus s.l from our laboratory, which were free of bacteria, were used as

negative controls. The samples were considered to be positive when the cycle threshold (Ct)

was strictly less than 36 [40].

All samples that were positive following qPCR were submitted to standard PCR and

sequencing to identify the microorganism species. For the Rickettsia sp. positive sample, we

first used a primer targeting a 630-bp fragment of the OmpA gene [35] and then another tar-

geting a 401-bp fragment of the gltA gene [33]. Samples which were Anaplasmataceae positive

following qPCR were subjected to amplifying and sequencing of a 520-bp fragment of the 23S
rRNA gene [33]. Samples which were Piroplasmidae positive following qPCR were subjected

to amplifying and sequencing of a 969-bp fragment of the 18S rRNA [41]. Samples which were

Borrelia sp. positive following qPCR was subjected to amplifying and sequencing of a 344-bp
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fragment of the flaB gene [42]. The primers and probes used in this study are listed in Table 1.

The obtained sequences were assembled and analysed using the ChromasPro software (version

1.7.7) (Technelysium Pty. Ltd., Tewantin, Australia), and were then blasted against the refer-

ence sequences available in GenBank (http://blast.ncbi.nlm.nih.gov/). The method used for

phylogenetic tree analysis was the neighbour-joining (NJ) method with 1,000 replicates. DNA

sequences were aligned using MEGA software version 7.0 (https://www.megasoftware.net/).

The various statistical analyses were performed using R software version 3.4 (R Development

Core Team, R Foundation for Statistical Computing, Vienna, Austria) and ggplot packages

were used to perform the graphics.

Results

Tick collection and morphological identification

A total of 1120 ticks including 334 (30%) engorged ticks were collected in four provinces of

Vietnam: Nghe An, Quang Nam, Binh Dinh, and Khanh Hoa. Morphologically, ticks were

identified as belonging to six species (Fig 1A), including 935 (83.5%) Rh. sanguineus s.l. col-

lected from dogs, 174 (15.5%) Rh. (B) microplus) from cows and goats, seven (0.6%) D. auratus

Table 1. Target amplified and used for qPCR and standard PCR.

Microorganisms Targeted sequence Primers (5’-3’) and Probes (Used for qPCR Screening or Sequencing) References

Anaplasmataceae 23S f_TGACAGCGTACCTTTTGCAT

r_GTAACAGGTTCGGTCCTCCA

p_6FAM-GGATTAGACCCGAAACCAAG

[108]

23S (520-bp) f_ATAAGCTGCGGGGAATTGTC

r_TGCAAAAGGTACGCTGTCAC

Piroplasmida 5.8S f_AYYKTYAGCGRTGGATGTC

r_TCGCAGRAGTCTKCAAGTC

p_FAM-TTYGCTGCGTCCTTCATCGTTGT-MGB

[39]

18S (969-bp) f1_GCGAATGGCTCATTAIAACA

f4_CACATCTAAGGAAGGCAGCA

f3_GTAGGGTATTGGCCTACCG�

r4_AGGACTACGACGGTATCTGA�

Rickettsia spp. gltA(RKND03) f_GTGAATGAAAGATTACACTATTTAT

r_GTATCTTAGCAATCATTCTAATAGC

p_6FAM-CTATTATGCTTGCGGCTGTCGGTTC

[109]

gltA (401-bp) f_ATGACCAATGAAAATAATAAT

r_CTTATACTCTCTATGTACA

[110]

OmpA (630-bp) 70_ATGGCGAATATTTCTCCAAAA

701_GTTCCGTTAATGGCAGCATCT

180_GCAGCGATAATGCTGAGTA�

[1]

Borrelia spp. ITS4 f_GGCTTCGGGTCTACCACATCTA

r_CCGGGAGGGGAGTGAAATAG

p_TGCAAAAGGCACGCCATCACC

[111]

flaB (344-bp) f_TGGTATGGGAGTTTCTGG

r_ TAAGCTGACTAATACTAATTACCC

Bartonella spp. ITS2 f_GATGCCGGGGAAGGTTTTC

r_GCCTGGGAGGACTTGAACCT

p_GCGCGCGCTTGATAAGCGTG

[112]

Coxiellia burnetii IS30A f_CGCTGACCTACAGAAATATGTCC

r_GGGGTAAGTAAATAATACCTTCTGG

p_CATGAAGCGATTTATCAATACGTGTATG

[113]

Abbreviation

�, used for sequencing only.

https://doi.org/10.1371/journal.pntd.0009813.t001
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from pangolins, two (0.2%) Am. varanensis from wild pigs, and one (0.1%) D. compactus and

one (0.1%) Amblyomma sp. from a pangolin (Table 2). Rhipicephalus sanguineus s.l. and Rh.

(B) microplus were collected between April and September 2018. The other ticks were collected

in September 2010. The different specimens that could not be identified by molecular biology

are shown in the pictures in Fig 1B that we took using a magnifying glass (Zeiss Axio Zoom.

V16, Zeiss, Marly le Roi, France).

Molecular identification of ticks

To confirm our morphological identification, 25 tick specimens were submitted to molecular

analysis using the 16S rDNA gene, including eight specimens of Rh. sanguineus s.l., seven Rh.

(B) microplus, seven D. auratus, one Am. varanensis, one D. compactus and one Amblyomma

Table 2. The number of tick species used for MALDI-TOF MS analysis, creation of the MS reference spectra creation, and molecular biology confirmation.

Morphological

identification

Number submitted

for molecular ID�
Molecular ID� (%identity;

GenBank accession number)

Number of good

spectra/ tested

Number of spectra

added to DB$
MADI-TOF MS ID�

(number identified)

LSVs &

[Low-High]

Rhipicephalus
sanguineus s.l

8 Rh. sanguineus s.l (99.75–100%;

MG651947, MG793434,

KX632154)

241/251 8 Rh. sanguineus s.l (233) [1.7–2.351]

Rhipicephalus (B)

microplus
7 Rh. (B) microplus (100%;

MN880401, MT462222,

EU918187)

78/99 7 Rh. (B) microplus (71) [1.705–

2.346]

Amblyomma
varanensis

1 not identified 1/2 1 NA NA

Amblyomma sp. 1 not identified 1/1 0 Am.varanensis (1) 1.857

Dermacentor
auratus

7 not identified 7/7 2 D. auratus (5) [1.949–

2.396]

Dermacentor
compactus

1 not identified 1/1 1 NA NA

Total 25 329/361 19 310

�Identification
& Range of log score values
$ Database.

https://doi.org/10.1371/journal.pntd.0009813.t002

Fig 2. Comparison of MALDI-TOF MS spectra from the legs of six tick species collected in Vietnam. The MS

spectra revealed intra-species reproducibility and inter-species specificity (A); The MS spectra were compared by

Principal Component Analysis (B); a.u., arbitrary units; m/z, mass-to-charge ratio.

https://doi.org/10.1371/journal.pntd.0009813.g002
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sp. Sequences were obtained only for the specimens of Rh. sanguineus s.l. and Rh. (B) micro-
plus. BLAST analysis indicated that obtained sequences from Rh. sanguineus s.l. were 99.75 to

100% identical to the corresponding sequences of Rh. sanguineus s.l. (Genbank: MG651947,

MG793434, KX632154) and those obtained from Rh. (B) microplus were 100% identical to the

corresponding sequences of Rh. (B) microplus (Genbank: MN880401, MT462222, EU918187).

Unfortunately, for the specimens morphologically identified as D. auratus, Am. varanensis,
Amblyomma sp. and D. compactus, we were unable to amplify any DNA from the half-tick or

legs of these tick species with PCR targeting part of the two genes (16S and 12S rDNA), despite

the fact that the nanodrop had indicated that the amount of DNA contained in these samples

was 7.8 to 19.4 ng/μl.

MS reference spectra analysis

The legs of 361 specimens, including 251 morphologically identified as Rh. sanguineus s.l., 99

Rh. (B) microplus, seven D. auratus, two Am. varanensis, one Amblyomma sp. and one D. com-
pactus were randomly selected and subjected to MALDI-TOF MS analysis. Visualisation of

MS spectra from all specimens using FlexAnalysis v.3.3 software showed that 91% (329) of

specimens had excellent quality spectra (peak intensity > 3,000 a.u., no background noise and

baseline subtraction correct) (Figs 2A and S1 and Table 2). The MS spectra of different speci-

mens showed intra-species reproducibility and inter-species specificity, as confirmed by PCA

(Figs 2B and 3B) and dendrogram (Fig 3A) analysis. PCA and dendrogram analysis showed

that all specimens of the same species were grouped together or were on the same branches.

Additionally, at the genus level, all specimens from the same genus were also gathered in the

same part of dendrogram (Fig 3A).

MALDI-TOF MS tick identification by blind test

The 310 MS remaining spectra of excellent quality, including 233 Rh. sanguineus s.l, 71 Rh. (B)

microplus, five D. auratus and one Amblyomma sp. were queried against our reference spectra

database upgraded with eight Rh. sanguineus s.l. and seven Rh. (B) microplus which were mor-

phologically and molecularly identified, and two D. auratus, one Am. varanensis and one

D. compactus identified only morphologically. The spectra of the ticks introduced in the

Fig 3. Comparison of MALDI-TOF MS spectra from the legs of six alcohol-preserved tick species collected in

Vietnam and stored for different periods of time. The dendrogram was built using between one and eight

representative MS spectra from six distinct tick species (A). The MS spectra of different specimens showed intra-

species reproducibility and inter-species specificity as confirmed by PCA (B).

https://doi.org/10.1371/journal.pntd.0009813.g003
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MALDI-TOF MS database have been deposited on the website of the University Hospital

Institute (UHI) under the following DOI: https://doi.org/10.35088/rbqp-g648. The blind test

revealed that 100% (233) of Rh. sanguineus s.l. specimens were correctly identified as Rh. san-
guineus s.l. with LSVs ranging from 1.7–2.351 with a mean of 1.976 ± 0.137, 100% (71) of Rh.

(B) microplus identified with LSVs ranging from 1.705–2.346 with a mean of 1.989 ± 0.148 and

100% (five) D. auratus with LSVs of 1.949–2.396 with a mean of 2.164 ± 0.149 (Table 2). The

tick identified morphologically as Amblyomma sp. was identified by MALDI-TOF MS as Am.

varanensis (LSV = 1.857) (Table 2). All our specimens were identified with LSVs ranging from

1.7–2.396 with a mean of 1.982 ± 0.142 and a median of 1.971, and 97% (301) had LSVs >1.8,

which is considered the threshold for identification (Fig 3B). No blind test was performed for

D. compactus because of the low number of specimens.

Detection of microorganisms in ticks

A total of 361 ticks, including 260 (72%) non-engorged and 101 (28%) engorged ticks, were

examined for the DNA of six microorganisms using qPCR. Thirty-nine (10.8%) were positive

for at least one of the microorganisms, including Anaplasmataceae, Rickettsia spp, Borrelia
spp. and Piroplasmida (Table 3). Notably, two Rh. (B) microplus specimens were co-infected

with both Anaplasmataceae and Piroplasmida. No samples were positive for C. burnetii or Bar-
tonella spp.

DNA from bacteria of the Anaplasmataceae family were detected in 18/361 (5%) of ticks by

qPCR. The DNA of bacteria belonging to the Anaplasmataceae family was found in 13 (72%)

Rh. (B) microplus and five (28%) Rh. sanguineus s.l. We successfully obtained seven (40%)

sequences all from Rh. (B) microplus by standard PCR and sequencing using the 23S Anaplas-

mataceae gene amplifying a 520-pb fragment of rRNA (Table 3). A BLAST analysis showed

that four of the sequences obtained were 100% identical to the corresponding sequence of

Anaplasma marginale (Genbank: CP023731), one of sequences obtained was 100% identical to

the corresponding sequence of Ehrlichia rustica (Genbank: KT364330), one was 99.13% identi-

cal to the corresponding sequence of Anaplasma phagocytophilum (Genbank: CP015376) and

one was 100% identical to the corresponding sequence of Anaplasma platys (Genbank:

CP046391).

DNA of Piroplasmida was detected in 19/361 (5.3%) of ticks by qPCR using the 5.8S rRNA

gene. Of these, ten (53%) were found in Rh. sanguineus s.l. and nine (47%) were found in Rh.

Table 3. Microorganisms detected using molecular biology tools in ticks collected in Vietnam.

Microorganisms tested Tick species

Rh. sanguineus Rh. (Bo) microplus Amblyomma sp. Total

Anaplasmataceae 2% (5/251) 13.1% (13/99) - 5% (18/361)

Anaplasma phagocytophilum - 1% (1/99) - 0.3% (1/361)

Anaplasma platys 0.4% (1/251) - - 0.3% (1/361)

Anaplasma marginale 1.2% (3/251) 1% (1/99) - 1.1% (4/361)

Ehrlichia rustica - 1% (1/99) - 0.3% (1/361)

Piroplasmida 4% (10/251) 10.1% (9/99) - 5.3% (19/361)

Babesia vogeli 3.6% (9/251) - - 2.5% (9/361)

Theileria sinensis - 6.1% (6/99) - 1.7% 96/361)

Theileria orientalis - 3% (3/99) - 0.8% (3/361)

Rickettsia sp. - - 100% (1/1) 0.3% (1/361)

Borrelia sp. 0.4% (1/251) - - 0.3% (1/361)

https://doi.org/10.1371/journal.pntd.0009813.t003
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(B) microplus. We successfully obtained 18 (95%) sequences by standard PCR and sequencing

using the 18S rRNA gene amplifying a 969-pb fragment of rRNA. The BLAST analysis of nine

sequences obtained from Rh. sanguineus s.l. revealed that they were between 99.75% and 100%

identical to the corresponding sequence of Babesia vogeli (GenBank: MN067709), six

sequences obtained from Rh. (B) microplus were between 99.82% and 100% identical to the

corresponding sequences of Theileria sinensis (GenBank: KF559355, MT271911, AB000270)

and three sequences obtained from Rh. (B) microplus were between 99.88 and 100% identical

to the corresponding sequences of Theileria orientalis (GenBank: MG599099) (Table 3).

Rickettsia and Borrelia sp. were detected by qPCR in one tick of Amblyomma sp. and one of

Rh. sanguineus s.l., respectively. However, all the standard PCR procedures for the identifica-

tion of Rickettsia and Borrelia species failed. Of the 25 ticks for which we obtained sequences

of microorganisms, 16 (64%) came from engorged ticks and one tick (4%) was co-infected

with A. phagocytophilum and T. sinensis. The species of microorganism, the species of tick and

the state of engorgement of the ticks in which the microorganisms were detected are listed in

S1 Table.

Two phylogenetic trees of Anaplasmataceae and Piroplasmida were built from the 23S
rRNA and 18S rRNA genes sequences of our amplicons, respectively. These phylogenetic trees

showed that the microorganisms detected in this study are close to their homologues available

in GenBank (Fig 4A and 4B).

Discussion

The correct identification of tick species and associated pathogens can contribute to improving

vector control efforts adapted to the surveillance and prevention of outbreaks of tick-borne

diseases. In this study, our ticks were identified using traditional methods (morphological)

and then confirmed by molecular methods and MALDI-TOF MS, and the associated patho-

gens were researched using molecular tools. In this study, we combined these three tools to

identify ticks and to search for microorganisms associated with these ticks collected in

Vietnam.

In this study, the morphological identification of ticks collected in Vietnam revealed six

species, including Rh. sanguineus s.l., Rh. (B) microplus, Am. varanensis, Amblyomma sp., D.

Fig 4. 23S rRNA gene-based phylogenetic analysis of strains identified in this study. Phylogenetic tree highlighting

the position of A. phagocytophilum, A. marginale, A. platys, and E. rustica identified in our study are close to their

homologues available in GenBank (A). 18S rRNA gene-based phylogenetic analysis of strains identified in the present

study. Phylogenetic tree highlighting the position of B. vogeli, T. sinensis, and T. orientalis relative to their

correspondence available in GenBank (B).

https://doi.org/10.1371/journal.pntd.0009813.g004
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auratus and D. compactus. All these species had already been reported in Vietnam [3, 19, 25]

and neighbouring countries including Laos, Malaysia, Cambodia, and Thailand [3, 23, 43].

Among the Rh. sanguineus s.l. were the species most commonly found on dogs in Vietnam.

This tick species is the most widely distributed worldwide and is known to be a vector of sev-

eral pathogens such as Anaplasma, Rickettsia, Ehrlichia, and Babesia spp. [44, 45]. Rhipicepha-
lus (Boophilus) microplus was collected from both cows and goats and is responsible for the

transmission of livestock pathogens [6, 24]. There have been several reports of tick-borne live-

stock pathogens such as Anaplasma spp., Ehrlichia ruminantium, Babesia bigemina, Babesia
bovis, and Theileria spp. [46–48]. However, this tick rarely bites humans [22]. Other tick spe-

cies were collected from wild animals (pangolins and pigs). Several species of ticks of the genus

Amblyomma have been collected from almost all species of pangolins [49, 50] and are vectors

of Rickettsia, Ehrlichia spp. [51]. Recently, several studies reported Amblyomma javanense
detected from pangolins in Singapore [52] and China [53], and Amblyomma compressum ticks

on pangolins from Congo [54]. Our study is the first to observe Am. varanensis, Amblyomma
sp. on pangolins from Vietnam. Dermacentor auratus, D. compactus are widely distributed

across Sri Lanka, Bangladesh, India, and SEA including Vietnam [55, 56], and are well known

vectors of Rickettsia, Coxiella burnetii, Borrelia, and Anaplasma spp. [57, 58].

Molecular techniques were used to confirm our morphological identification of tick species

by amplifying a portion sequence of a 465-bp fragment 16S rRNA gene. The choice of the 16S
rRNA gene was based on previous studies that reported that this gene was a reliable tool for

tick identification [29, 59]. Interrogating the GenBank database with 16S rDNA sequences

from Rh. sanguineus s.l and Rh. (B) microplus showed similarity with the reference sequences

available in Genbank for these species that were stored in 70% alcohol for approximately two

years. Conversely, we were unable to obtain sequences for all specimens that had been pre-

served for more than 10 years in alcohol (i.e., Am. varanensis, Amblyomma sp., D. auratus, and

D. compactus) with the 16S and 12S rDNA genes. This might be due to the fact that the alcohol

was not completely eliminated during extraction [60] and/or to the fact that these ticks con-

tained blood from their host, which includes several factors that can inhibit the PCR reaction,

as already reported [61].

In this study, MALDI-TOF MS was used to identify ticks collected in Vietnam from domes-

tic and wild animals. Among the spectra of tick legs that were subjected to MS analysis, the cor-

rect identification rates (LSVs>1.8) were 97%, almost identical to the identification rate

reported in other studies [32, 33, 62]. Interestingly, specimens that were not able to be identified

by molecular biology were identified by MALDI-TOF MS. This confirms that the tool is reliable

and accurate for the identification of ticks. Despite these numerous advantages, this technique

is limited by the high cost of the device, although it can be used for clinical microbiology and

mycology in addition to entomology, with no additional cost. Maintenance may be another lim-

itation but this can be compensated for by the low cost of reagents once the device is acquired

[30]. Secondly, the development of protocols, the choice of the arthropod compartment to be

used, the spectra for the creation of the database and, finally, the methods and time of conserva-

tion of the arthropods can influence the performance of MALDI-TOF MS [30, 37, 63].

In this study, 10.8% of the ticks were positive for at least one of the microorganisms by

qPCR, of which 16/25 (64%) of the ticks carrying DNA of microorganisms by sequencing were

engorged ticks. The detection of microorganisms in engorged ticks doesn’t have the same epi-

demiological meaning as when detected in a questing or non-engorged attached tick. Such

ticks may potentially have fed on hosts with bacteraemia, thus biasing the estimate of the actual

rate of tick infestation.

The microorganisms detected in this study and confirmed by sequencing belong to the

Anaplasmataceae family (A. phagocytophilum, A. marginale, A. platys, and E. rustica), which
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are known aetiologies of zoonotic diseases [8, 13, 64, 65]. The Piroplasmida family (B. vogeli,
T. sinensis, and T. orientalis) was mainly known as the potential zoonotic pathogens [66].

Anaplasma marginale is responsible for bovine anaplasmosis and is an intracellular bacte-

rium transmitted by tick species mainly belonging to the Rhipicephalus and Dermacentor gen-

era [67]. The DNA and specific antibodies against A. marginale were previously reported in

the blood of cattle and cows from Vietnam [23, 24]. This study is the first report of A. margin-
ale in Rh. (B) microplus and Rh. sanguineus s.l ticks collected in Vietnam. However, A. margin-
ale had previously been reported in cattle and cattle Rh. (B) microplus ticks in China [68], the

Philippines [69] which is a neighbouring country to Vietnam, in cattle and cattle ticks in

Malaysia [70], and many African countries [71].

Anaplasma platys, the aetiological agent of infectious canine cyclic thrombocytopenia and

which can be transmitted by Rh. sanguineus s.l., A. platys has been recorded in China [48],

Colombia [72], and detected on various ectoparasites such as Rh. (B) microplus [48] and Hya-
lomma dromedarii [73]. Anaplasma platys is one of the most significant tick-borne zoonotic

pathogens [24, 74] and several cases of human infections have been described in Venezuela

[75], Chicago [76], and South Africa [77]. Anaplasma platys has already been detected from

blood specimens of cattle and dogs in Vietnam [24], but it was the first discovery in Rh. sangui-
neus s.l. ticks from Vietnam in our study. It had been previously detected in Rh. sanguineus s.l.

in SEA [25], including in the Philippines [78], Thailand, and Malaysia [79, 80].

The pathogen A. phagocytophilum is the causative agent of human granulocytic anaplasmo-

sis (HGA) and tick-borne fever in ruminants [81]. It is rarely found in Rh. (B) microplus and is

known to be transmitted by the Ixodes tick genus [82]. Of the detected tick-borne diseases, A.

phagocytophilum is the most important bacterium due to its wide distribution across Europe,

Asia, and North America [83, 84], with several reports of human infections [85, 86]. This is the

first study reporting the detection of A. phagocytophilum in Rh. (B) microplus ticks using the

molecular method in Vietnam. It has also been described in the same tick species in China

[87] and Malaysia [70].

We found Candidatus Ehrlichia rustica in the Ehrlichia chaffeensis group, the agent of

human monocytic ehrlichiosis [88]. Canine ehrlichiosis was first recorded in a serological

study in US military dogs serving in the Vietnam war [89]. The vectors of this pathogen are

Rhipicephalus, Amblyomma, Dermacentor spp. [90]. Another study from 2003 reported that

Ehrlichia spp., which gathered with E. chaffeensis, was also discovered in other species, such as

Haemaphysalis hystricis from wild pigs in Vietnam [22], and Ixodes sinensis in China [91].

Babesia vogeli, the agent of canine babesiosis in North and South America, is transmitted

by Rh. sanguineus s.l. and is the less pathogenic species. It is a protozoan found mainly in tropi-

cal or subtropical areas of northern, eastern and southern Africa, Asia, and northern and cen-

tral Australia [92]. In SEA, B. vogeli has been described in Malaysia [93] and in the Philippines

[94]. The molecular evidence of B. vogeli in Rh. sanguineus s.l. collected from dogs has been

reported in Vietnam [4] and in ticks collected from East and Southeast Asia [25]. The DNA of

B. vogeli was detected in this study in Rh. sanguineus s.l. ticks, confirming the presence of the

protozoan in Vietnam.

Theileria sinensis, the causative agent of bovine theileriosis, causes economic losses and

threats to the cattle industry. Theileria sinensis is primarily distributed throughout Asia

(including China, the Korean Peninsula, Japan, and Malaysia [95–97]. It was identified in Hae-
maphysalis qinghaiensis ticks collected from cattle and yaks in China [98]. Theileria spp. were

then detected in Haemaphysalis longicornis, Hyalomma (i.e., Hy. detritum, Hy. dromedarii, Hy.

a. anatolicum, Hy.a asiaticum, Hy. rufipes), and Rhipicephalus sp. [99, 100]. Besides ticks, Thei-
leria spp. were also detected in sheep, goat, and ruminant blood samples [101]. This is the first

report of T. sinensis DNA in Rh. (B) microplus in Vietnam.
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Similarly, Theileria orientalis, the causative agent of oriental theileriosis, is an economically

significant protozoan which infects cattle [95]. Theileria orientalis is widely distributed in

countries such as Japan [102], China [103], Indonesia [104], Australia [105], and New Zealand

[95]. The Theileria orientalis species has been identified in Vietnam from blood samples from

cattle, water buffalo, sheep, goats and Rh. (B) microplus ticks collected from these hosts [46].

Here, we showed the presence of 3% T. orientalis in Rh. (B) microplus collected from cows.

Although Rh. (B) microplus is not recorded as a vector of T. orientalis, none of the common

vectors Amblyomma, Dermacentor, and Haemaphysalis spp. [106] were detected in our work.

Rickettsia spp. and Borrelia spp. detected by qPCR in this study were not amplified and

sequenced to confirm their species. As previously reported, this could be caused by the higher

sensitivity of qPCR than standard PCR [107].

Co-infections in ticks usually occur after a blood meal from a host co-infected with different

microorganisms. In this study, we reported for the first time the co-infection by A. phagocyto-
philum and T. sinensis in Rh. (B) microplus ticks. The coinfection rate of 0.3% (1/361) in this

study is lower those that have been reported in the Côte d’Ivoire [71], and in Mali [33].

Conclusion

Our work indicates that MALDI-TOF MS is a useful and reliable tool for the identification of

alcohol-preserved tick species which have undergone different storage periods collected in

Vietnam. Our database demonstrates, for the first time, the prevalence of A. platys, A. phagocy-
tophilum, A. marginale, E. rustica, and T. sinensis pathogens in ticks collected in Vietnam. Our

finding should prompt further investigation to evaluate the potential risks of ticks and tick-

associated pathogens in Vietnam. Furthermore, it shows that MALDI-TOF MS may be used as

an alternative tool for identifying ticks infected or uninfected by pathogens in future studies.
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Abstract  

Fleas are obligatory blood-sucking ectoparasites of medical and veterinary importance. The 

identification of fleas and associated flea-borne microorganisms is thus critical in controlling and 

managing these vectors. However, the absence of standard taxonomic keys and reference data 

specific to Vietnamese flea species makes morphological identification of fleas more difficult, if 

not impossible. Arthropods and the associated microorganisms have been identified using 

molecular methods. Molecular approaches have been used to identify arthropods and their 

associated microorganisms. However, these techniques have a number of limitations, including 

the need for primer-specific targeting, the expense of doing so, and the need for GenBank reference 

sequence availability. Recently, Matrix-Assisted Laser Desorption/Ionization Time-of-Flight 

Mass Spectrometry (MALDI-TOF MS) has been reported as an innovative and effective approach 

to the identification of arthropods, including fleas. This research aims to identify ethanol-preserved 

fleas collected in Vietnam by the MALDI-TOF MS tool, as well as use molecular biology to look 

for microorganisms associated with these fleas. A total of 502 fleas were collected mainly from 

cats, dogs, and small wild rodents in four provinces of Vietnam. Morphological identification led 

to the recognition of five flea species, namely Xenopsylla cheopis, Xenopsylla astia, Pulex irritans, 

Ctenocephalides canis, and Ctenocephalides felis. These ectoparasites are well known to be 

vectors of human and veterinary pathogens, which are considered important for public health 

worldwide. The cephalothoraxes of 300 individual, randomly selected fleas were tested by 

MALDI-TOF MS and molecular analysis for identification and microorganism detection. A total 

of 257/300 (85,7%) of the obtained spectra from cephalothoraxes of each species were of good 

enough quality to be used for our analyses. Our laboratory MALDI-TOF MS reference database 

was upgraded with spectra achieved from five randomly selected fleas for every species of 
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Ctenocephalides canis and Ctenocephalides felis. The remaining spectra were then queried against 

the upgraded MALDI-TOF MS database, which showed 100% correspondence between 

morphology and MALDI-TOF MS identification for two flea species (Ctenocephalides canis and 

Ctenocephalides felis). The MS spectra of the remaining species (three P. irritans, five X. astia, 

and two X. cheopis) were visually generated low-intensity MS profiles with high background noise 

that could not use to update our database. The limited sample size of these species (between two 

and five specimens per species) may explain our spectra results. 

We report, for the first time, the presence of  Bartonella and Wolbachia spp. in three flea species 

from Vietnam, which were detected in 300 fleas by using PCR and sequencing with primers 

derived from the gltA gene for Bartonella and 16S rRNA gene for Wolbachia, including three 

Bartonella clarridgeiae (1%), three Bartonella rochalimae (1%), one Bartonella 

coopersplainsensis (0.3%), and 174 Wolbachia spp. Endosymbiont (58%). The detection of these 

pathogenic bacteria in their ectoparasites may be applied to epidemiologic surveillance and 

prevention strategies. 
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Abstract: Fleas are obligatory blood-sucking ectoparasites of medical and veterinary importance. 

The identification of fleas and associated flea-borne microorganisms therefore plays an important 

role in controlling and managing these vectors. Recently, Matrix-Assisted Laser Desorption/Ioniza-

tion Time-of-Flight Mass Spectrometry (MALDI-TOF MS) has been reported as an innovative and 

effective approach to the identification of arthropods, including fleas. This study aims to use this 

technology to identify ethanol-preserved fleas collected in Vietnam and to use molecular biology to 

search for microorganisms associated with these fleas. A total of 502 fleas were collected from wild 

and domestic animals in four provinces of Vietnam. Morphological identification led to the recog-

nition of five flea species, namely Xenopsylla cheopis, Xenopsylla astia, Pulex irritans, Ctenocephalides 

canis, and Ctenocephalides felis. The cephalothoraxes of 300 individual, randomly selected fleas were 

tested by MALDI-TOF MS and molecular analysis for identification and microorganism detection. 

A total of 257/300 (85,7%) of the obtained spectra from cephalothoraxes of each species were of good 

enough quality to be used for our analyses. Our laboratory MALDI-TOF MS reference database was 

upgraded with spectra achieved from five randomly selected fleas for every species of Cten-

ocephalides canis and Ctenocephalides felis. The remaining spectra were then queried against the up-

graded MALDI-TOF MS database, which showed 100% correspondence between morphology and 

MALDI-TOF MS identification for two flea species (Ctenocephalides canis and Ctenocephalides felis). 

The MS spectra of the remaining species (three P. irritans, five X. astia, and two X. cheopis) were 

visually generated low-intensity MS profiles with high background noise that could not use to up-

date our database. Bartonella and Wolbachia spp. were detected in 300 fleas from Vietnam by using 

PCR and sequencing with primers derived from the gltA gene for Bartonella and 16S rRNA gene for 

Wolbachia, including three Bartonella clarridgeiae (1%), three Bartonella rochalimae (1%), one Bartonella 

coopersplainsensis (0.3%), and 174 Wolbachia spp. Endosymbiont (58%).  
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1. Introduction 

Fleas are considered as hosts for a wide range of human pathogens. The most severe 

infection by fleas is a plague which is caused by the bacterium Yersina pestis [1]. Fleas are 

still known worldwide as important vectors of several other zoonotic pathogens, includ-

ing Rickettsia typhi, the agent of murine typus, and Bartonella henselae, the agent of cat-

scratch disease (CSD) [2,3]. 

In Vietnam, Xenopsylla cheopis and Xenopsylla astia fleas play an important role in the 

transmission of bubonic plague from rodents to other rodents and to humans [4]. The first 

two outbreaks of human plague occurred in Nha Trang (1898) and Saigon (1906) (now 

known as Ho Chi Minh city) [4]. Recently, plague foci have occasionally arisen in the Cen-

tral Highlands of Vietnam, with 472 confirmed plague cases, leading to 24 deaths [5]. Pulex 

irritans is a vector of various zoonotic pathogens including plague, murine typhus, and 

Rickettsia felis infection [2]. Additionally, P. irritans has been described as a potential vector 

of B hensaleae, the agent of CSD and B. quintana, the agent of trench fever [6]. Infestation 

of dogs with the human flea P. irritans due to Bartonella spp. has been reported in southeast 

Asia (SEA) [7]. Meanwhile, the Ctenocephalides species are ectoparasites with a global dis-

tribution and are vectors of various pathogens [8], many of which are also well-known to 

infect humans [9]. 

Despite reports of murine typhus, plague, and rickettsial and bartonella infections 

[5,10,11], studies on fleas and their associated microorganisms have been poorly investi-

gated in Vietnam [12]. However, there are 51 flea species and subspecies that have been 

described. Among those, one new species of Peromyscopsylla himalaica flea was recently 

found in Vietnam for the first time [13]. The accurate identification of most fleas is an 

essential step in studying and surveying flea-borne diseases. Undoubtedly, the list of Vi-

etnamese flea fauna remains incomplete and is likely to be extended if further investiga-

tions on fleas are carried out [13]. However, the presence of standard taxonomic keys and 

reference data specific to Vietnamese flea species are currently lacking, which makes the 

morphological identification of fleas more difficult and sometimes nigh impossible. The 

identification of flea species entirely based on morphological aspects that require exten-

sive entomological expertise, therefore, remains challenging for Vietnamese researchers. 

Over the last two decades, molecular approaches have been used for the identification of 

arthropods and their associated microorganisms. Nevertheless, there are several draw-

backs to these methods, which are time-consuming, expensive, and require primer-spe-

cific targeting and reference sequence availability in GenBank. 

The development of an alternative tool enabling the rapid, reliable, and affordable 

identification of fleas is, therefore, needed. Matrix-Assisted Laser Desorption/Ionization 

Time-Of-Flight Mass Spectrometry (MALDI-TOF MS), a useful tool that relies on the anal-

ysis of protein fingerprints, has revolutionised clinical microbiology diagnostics. More re-

cently, MALDI-TOF MS has successfully been used for the identification of arthropods, 

including fleas [6]. Specifically, MALDI-TOF MS makes it possible to distinguish between 

fleas which are infected and not infected by Borrelia and Bartonella spp. [6]. This study 

aimed to identify flea species captured from small wild and domestic mammals in Vi-

etnam and their associated microorganisms using morphological, molecular, and MALDI-

TOF MS methods. 

2. Materials and Methods 

2.1. Study sites, flea collection and morphological identification 
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The collection areas included four provinces: Binh Dinh (13o37′N; 108o59′E) prov-

ince; Gia Lai (13o11′N; 108o41′E) province; Dak Lak (12o49′N; 108o27′E) province; and Dak 

Nong (12o40′N; 107o44′E) province, between June and October 2021 in the Central and 

Highlands areas of Vietnam. The map of Vietnam showing the collection areas was cre-

ated with QGIS version 3.10 and the Vietnamese layers were downloaded from DIVA-GIS 

at the following link: https://www.diva-gis.org/datadown (Figures A1 and B1). All spec-

imens were collected by an entomological team from IMPE-QN from the skin of rodents 

and domestic animals (cats and dogs) using forceps. The handling of wild animals in this 

study was carried out following the guidelines approved by the American Society of 

Mammalogists (http://www.jstor.org/stable/1383033) [14]. Fleas were morphologically 

identified first at species level using dichotomous keys [15] by an entomological team 

from IMPE-QN, Vietnam. Fleas from the same host were counted and then stored in the 

same tube containing 70% ethanol and placed at room temperature. Flea specimens were 

then transferred to the Institut Hospitalo-Universitaire (IHU) Méditerranée Infection in 

Marseille (France) for MALDI-TOF MS and molecular analysis. In the laboratory, all flea 

specimens were then morphologically verified, again by entomologists, using a magnify-

ing glass (Zeiss Axio Zoom.V16, Zeiss, Marly le Roi, France) and taxonomic keys [15,16]. 

Morphological identification was performed only if all discriminating characters were 

well seen. 

Figure 1. (A) Map of Vietnam showing the fleas collection sites. (B) Field photographs of the sam-

pling collection on different animals (B). 

2.2. Flea dissection and specimen preparation 

Fleas were individually removed from 70% ethanol and rinsed twice in distilled wa-

ter for five minutes. Each flea was dissected into three parts (cephalothorax, dorsal and 

ventral half of the abdomen) using a sterile surgical blade and placed in 1.5 ml Eppendorf 

tubes, as previously described [17]. The cephalothorax of each flea and the dorsal half of 
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the abdomen were subjected to MALDI-TOF MS and molecular biology analyses, respec-

tively. The ventral halves of the abdomen were frozen at -20 °C for backup. 

2.3. DNA extraction and validation of morphological identification by molecular analysis  

The dorsal abdomen parts of all fleas were incubated at 56 °C overnight in 180 µL 

of G2 buffer (Qiagen, Hilden, Germany) and 20 µL of proteinase K (Qiagen, Hilden, Ger-

many). DNA was individually extracted from 200 µL of the incubation solution using an 

EZ1 DNA tissue kit (Qiagen), according to the manufacturer’s recommendations. The 

eluted DNA extraction was then stored at -20 °C. 

DNA samples obtained from fleas selected for molecular identification were sub-

mitted to standard PCR in an automated DNA thermal cycle to amplify a 540-base pair 

(bp) fragment of the mitochondrial ITS2 gene, as described previously [18]. Amplification 

of a 1000-bp fragment of the mitochondrial ITS1 gene [18] was used for all specimens for 

which we did not obtain a sequence with the ITS2 gene. DNA from Ct. felis, reared in our 

laboratory, was used as a positive control and a mixture without DNA as a negative con-

trol. Purified PCR products were sequenced as previously described [18]. All generated 

sequences were clustered and analysed using the ChromasPro software (version 1.7.7) 

(Technelysium Pty. Ltd., Tewantin, Australia), and were then blasted against the reference 

sequences available in GenBank (http://blast.ncbi.nlm.nih.gov/). 

2.4. MALDI-TOF MS analysis 

Sample preparation Cephalothoraxes from each flea were individually placed in 

1.5-mL Eppendorf tubes and dried at 37 °C overnight. To each tube, 40 μL of high-perfor-

mance liquid chromatography (HPLC) grade water was added and incubated at 37 °C 

overnight, as previously described [19]. The cephalothorax was ground up in a mix of 20 

μL of 70% (v/v) formic acid (Sigma) and 20 μL of 50% (v/v) acetonitrile (Fluka, Buchs, 

Switzerland), with a small amount of 1.0 mm diameter glass beads (Sigma, Lyon, France) 

using a tissue layer machine (Qiagen). The cephalothorax was crushed at a frequency of 

30 Hz for one minute three times, as in a previous protocol [20]. After centrifugation, 1 μL 

of the supernatant of each sample was spotted in quadruplicate onto a MALDI-TOF MS 

steel plate (Bruker Daltonics, Wissembourg, France) and over-layered after drying at 

room temperature with a matrix solution composed of 1 μl of saturated alpha-cyano4-

hydroxycinnamic acid (Sigma France), 50% acetonitrile (v/v), 2.5% trifluoroacetic acid 

(v/v) (Sigma-Aldrich Co. Ltd., Gillingham Dorset, UK) and high-performance liquid chro-

matography (HPLC) grade water, as previously described [21]. The target steel plate was 

air-dried at room temperature for a few minutes before being deposited into the Microflex 

LT MALDI-TOF MS apparatus (Bruker Daltonics, Germany) for analysis. The quality of 

the matrix, sample spotting, and operation of the MALDI-TOF MS machine were admin-

istered using the cephalothorax of a Ct. felis flea reared in our laboratory as a positive 

control. 

2.5. MALDI-TOF MS parameters 

The obtained protein mass profile from the flea cephalothorax was visualised using 

a Microflex LT MALDI-TOF (Bruker Daltonics, Germany) mass spectrometer with Flex-

Control software (version 3.3; Bruker Daltonics), with detection in positive ion linear 

mode at a laser frequency of 50 Hz in a mass range 2–20 kDa. 

2.6. Spectral analysis 
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The flexAnalysis v.3.3 software was used to evaluate spectral quality, reproducibil-

ity, and specificity. Poor quality spectra, i.e. those with low intensity (3000 AU), non-re-

producibility, and background noise, were excluded from the study. The reproducibility 

of MS spectra was determined by comparing the average spectral profiles (MSP, main 

spectrum profile) obtained from four spots of each flea cephalothorax, according to spe-

cies, using MALDI-Biotyper v3.0 software (Bruker Daltonics) [22]. The reproducibility 

and specificity of MS spectra were evaluated using gel-view, principal component analy-

sis (PCA), and cluster analysis (MSP dendrogram). ClinProTools v2.2 with the manufac-

turer’s default settings was used to perform gel-view and PCA. Cluster analysis was car-

ried out based on a comparison of the MSP provided by MALDI-Biotyper v3.0 software 

with clustering based on protein mass profile (i.e., their mass signals and intensities) [22]. 

2.7. Reference database creation and blind test 

The reference MS spectra were created using spectra from the extracted cephalotho-

raxes of each flea species using MALDI-Biotyper software v3.0. (Bruker Daltonics) [23]. 

MSPs were generated using an unbiased algorithm and data from peak position, intensity, 

and frequency [24]. MS spectra of cephalothoraxes from ten specimens of two flea species 

(five Ct. canis and five Ct. felis) identified morphologically and molecularly were added to 

our homemade MS spectra database [20]. The ten MS spectra of the remaining three flea 

species (three P. irritans, five X. astia, and two X. cheopis), which were low-quality spectra, 

were not added to our house MS reference spectra database as reference spectra. A blind 

test against the updated database was performed with the remaining specimens of both 

Ct. canis and Ct. felis flea species (Table 2). The log score values (LSVs) obtained from the 

MALDI-Biotyper software v.3.3, which ranged from 0 to 3, were used to estimate the reli-

ability of species identification.  

2.8. PCR detection of microorganisms in fleas 

Real-time PCR (quantitative PCR, qPCR) was performed according to the manufac-

turer’s protocol using a PCR detection systema CFX Connect™ Real-Time (Bio-Rad) with 

the Eurogentec Takyon qPCR kit (Takyon, Eurogentec, Belgium). The qPCR reaction con-

tained 10 μL of  Master Mix Roche (Eurogentec, Belgium), 0.5 μL of each primer probe 

and UDG, 3μL of sterile distilled water and 5 μL of the extracted DNA. DNA from flea 

specimens was screened to detect microorganisms using specific primers and probes tar-

geting bacteria of the Anaplasmataceae family, Rickettsia spp., Borrelia spp., Bartonella spp., 

and Coxiella burnetii (Table 1). DNA positive for bacteria of the Anaplasmataceae family 

were re-checked using Wolbachia spp. specific real-time PCR using the 16S rRNA gene. 

Negative specimens for Wolbachia spp. were then retested by standard PCR using the gene 

23S Anaplasmatacea amplifying a 485-bp fragment. The DNA of Rickettsia montanensis, 

Anaplasma phagocytophilum, Bartonella elizabethae, Borrelia crocidurae, and Coxiella burnetii 

was used as a positive control, and DNA from Ct. felis from our laboratory which was free 

of the bacteria tested was used as negative controls. The samples were considered to be 

positive when the cycle threshold (Ct) was < 36 for all microorganisms tested [25]. 

Following qPCR, Bartonella-positive specimens were subjected to amplifying and se-

quencing of a 1000-bp fragment of the gltA rRNA gene. We randomly selected ten speci-

mens which were Wolbachia spp. Positive, following qPCR, and subjected them to ampli-

fication and sequencing of a 438-bp fragment of the 16S rRNA gene. The primers and 

probes used for real-time quantitative and standard PCR in this study are listed in Table 

1. 
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Table 1. Sequences of the primer sets used for fleas and flea-borne pathogen detection using qPCR 

and standard PCR 

Microorganisms 
Targeted sequence  

/Amplicon size (bp) 

Primers (5’-3’) and Probes (Used for qPCR Screening or 

Sequencing) 
References 

Anapplasmataceae 

23S 

f_TGACAGCGTACCTTTTGCAT 

r_GTAACAGGTTCGGTCCTCCA 

p_6FAM-GGATTAGACCCGAAACCAAG (26) 

23S (485) 
f_ATAAGCTGCGGGGAATTGTC 

r_TGCAAAAGGTACGCTGTCAC 

Rickettsia spp. gltA(RKND03) 

f_GTGAATGAAAGATTACACTATTTAT 

r_GTATCTTAGCAATCATTCTAATAGC 

p_6FAM-CTATTATGCTTGCGGCTGTCGGTTC 

(27) 

Borrelia spp. ITS4 

f_GGCTTCGGGTCTACCACATCTA 

r_CCGGGAGGGGAGTGAAATAG 

p_TGCAAAAGGCACGCCATCACC 

(28) 

Bartonella spp. 

ITS2 

f_GATGCCGGGGAAGGTTTTC 

r_GCCTGGGAGGACTTGAACCT 

p_GCGCGCGCTTGATAAGCGTG 
(29) 

 

gltA (1000 bp) 

 

f_ACGTCGAAAAGAYAAAAATG 

r_GTAATRCCAGAAATARAAATC 

Coxiellia burnetii IS30A 

f_CGCTGACCTACAGAAATATGTCC 

r_GGGGTAAGTAAATAATACCTTCTGG 

p_CATGAAGCGATTTATCAATACGTGTATG 

(30) 

Wolbachia spp. 

23S rRNA 

Wol-301-f (5’-TGGAACTGAGATACGGTCCAG-3’)  

Wol-478-r (5’-GCACGGAGTTAGCCAGGACT-3’)  

Wol-347-p (6FAM-AATATTGGACAATGGGCGAA) 

(31) 

16S rRNA (rrs) 

 

W-Spec_f (5’-CATACCTATTCGAAGGGATAG-3’)  

W-Spec_r (5’-AGCTTCGAGTGAAACCAATTC-3’) 
(26) 

The obtained sequences of Bartonella spp. and Wolbachia spp. were assembled and 

analysed using the ChromasPro software (version 1.7.7) (Technelysium Pty. Ltd., 

Tewantin, Australia), and were then blasted against the NCBI’s reference sequences data-

base available in GenBank (http://blast.ncbi.nlm.nih.gov/). The method constructed for 

phylogenetic tree analysis was the neighbour-joining (NJ) method with 1,000 replicates. 

DNA sequences were aligned using MEGA software version 7.0 (https://www.megasoft-

ware.net/).  

3. Results  

3.1. Flea collection and morphological identification 

A total of 502 fleas were collected in four provinces of Vietnam including 96 in Binh 

Dinh, 227 in Gia Lai, 35 in DakLak, and 144 in Dak Nong. Morphologically, the fleas iden-

tified belonged to five species (Figures 2 and 3), including three X. cheopis and eight X. 
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astia collected from rodents, four P. irritans from dogs, 51 Ct. felis and 436 Ct. canis collected 

from cats and dogs. 

Figure 2. Morphologically, the 70% ethanol flea-preserved species were collected in Vietnam over a 

period of between two and six months: Ctenocephalides canis (♀; a: morphological features on an 

adult flea; b: hind tibia with setae A and B; c: frons rounded, the first spine of genal comb about half 

as long as the second); Ctenocephalides felis (♀; d: morphological features on an adult flea; e: hind 

tibia only with setae A; f: frons more elongated, the first spine of genal comb only a little shorter 

than the second). 

Figure 3. Morphological characters for identification of Xenopsylla spp. and Pulex sp. Xenopsylla 

cheopis (g: morphological features on an adult female flea; h: spermathecal), Xenopsylla astia (i: 
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morphological features on an adult female flea; k: spermathecal), Pulex irritans (l: morphological 

features on an adult male flea; m: aedeagus (male sexual organ) 

 

3.2. Molecular identification  

To confirm our morphological identification, a total of 20 flea specimens were sub-

mitted to molecular analysis using the ITS2 gene, including two specimens of X. cheopis, 

five X. astia, three P. irritans, five Ct. felis, and five Ct. canis (Table 2). We successfully 

obtained nine sequences of good quality of three flea species using the ITS2 gene, namely, 

three specimens for P. irritans, five for X. astia, and one for X. cheopis. The BLAST analysis 

indicated that fleas morphologically identified as P. irritans and X. cheopis were 100% iden-

tical to their respective homologous sequences available in GenBank (Accession number: 

KX982861; DQ295095). However, the sequences obtained from five fleas that had been 

morphologically identified as X. astia were more closely related to the sequences depos-

ited in GenBank as X. cheopis sequences, with an identity range of 83.7%–84.89% 

(KX982860). Specimens of two flea species, Ct. canis and Ct felis, which could not be iden-

tified using the ITS2 gene were sequenced using the ITS1 gene. The BLAST analysis re-

vealed that sequences obtained from Ct. canis matched with 100% identity with the Gen-

Bank reference sequence for Ct. canis (MT895636, HF563590) and those obtained from Ct. 

felis were 99.84%–100% similar to their respective homologous species available in Gen-

Bank (MT895636, HF563590). 

Table 2. The number of flea species used for MALDI-TOF MS, creation of the MS reference spectra, 

and molecular biology validation 

 

Morphological 

identification 

No tested 

MALDI-TOF 

MS/collected 

No obtained/tested & 

MolecularID* (%identity; 

GenBank accession number) 

No of good 

spectra/ 

tested 

No of 

spectra 

added to 

DB& 

MADI-TOF MS 

ID* (number 

identified) 

LSVs$ [Low-

High] 

Pulex irritans 3/4 
3/3 Pulex irritans (99-100%; 

KX982861) 
0/3 0 Not applicable Not applicable 

Xenopsylla cheopis 2/3 
1/2 Xenopsylla cheopis (100%; 

DQ295059) 
0/2 0 Not applicable Not applicable 

Xenopsylla astia 5/8 
5/5 Xenopsylla cheopis (83.16-

90%; KX982860 
0/5 0 Not applicable Not applicable 

Ctenocephalides 

felis 
48/51 

5/5 Ctenocephalides felis (100%; 

MT895636, HF583247) 
45/48 5 

Ctenocephalides felis 

(40) 
1.731–2.733 

Ctenocephalides 

canis 
242/436 

5/5 Ctenocephalides canis (100%; 

MH895642) 
212/242 5 

Ctenocephalides canis 

(207) 
1.708–2.438 

5 flea species 300/502  257/300    

 

3.3. MS spectra analysis 
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The cephalothoraxes of 300 flea specimens, including three morphologically identified as 

P. irritans, five as X. astia, two as X. cheopis, 48 as Ct. felis, and 242 as Ct. canis were ran-

domly selected for MALDI-TOF MS analysis (Table 2). Visualisation of MS spectra ob-

tained from Ct. canis and Ct. felis specimens showed that 93.8% (45/48) and 87.6% (212/242) 

of the spectra were of high quality (peak intensity > 3,000 arbitrary units (a.u.), no back-

ground noise and baseline subtraction correct), respectively (Figure 4A and Table 2). The 

intra-species reproducibility and inter-species specificity of the MS spectra of different 

specimens were confirmed by dendrogram (Fiure B4), gel-view, and PCA (Figures C4 

and D4) analysis. According to the dendrogram, gel-view, and PCA analysis, all speci-

mens of the same species were on the same branches or were grouped. Conversely, the 

remaining species’ MS spectra were visually generated low-intensity MS profiles with 

high background noise (Figure A4) and hence the spectra from P. irritans, X. astia, and X. 

cheopis were considered as of insufficient quality and were excluded from the 

dendrogram, gel-view, and PCA analyses 

Figure 4. Comparison of MALDI-TOF MS spectra obtained from different flea species to create the 

database. Spectral alignment of five flea species showing discriminative peaks using flexAnalysis 

software; representative MALDI-TOF MS spectra from cephalothorax of X. cheopis, X. astia, and P. 

irritans with low-intensity MS profiles and high background noise; representative MS spectra of Ct. 

canis and Ct. felis with high-quality spectra (peak intensity > 3,000 arbitrary units (a.u.), no back-

ground noise with baseline subtracted (A). Dendrogram of MALDI-TOF MS spectra of flea species 

collected in Vietnam. Cluster analysis was performed using Biotyper software v.3.0 (B). The MS 

spectra of different specimens showed intraspecies reproducibility and inter-species specificity as 

confirmed by PCA (C and D) 

The dendrogram was generated using five representative spectra of each species to 

evaluate intra-species reproducibility and inter-species specificity revealing the grouping 

of all flea specimens of the same species on the same branch (Figure B4).  
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3.4. MALDI-TOF MS flea identification  

The accuracy of MALDI-TOF MS identification for the flea specimens was assessed 

by querying 247 specimens (207 Ct. canis and 40 Ct. felis) morphologically identified 

against our upgraded MALDI-TOF MS reference database with five spectra per species 

which was validated by molecular biology (Table 2). 

Interrogation of the spectra of 247 flea specimens showed that all matched their counter-

parts in our MALDI-TOF MS database, i.e., a concordance between our morphological 

identification and MALDI-TOF MS. The LSVs of Ct. canis specimens ranged from 1.708–

2.438 (mean: 2.007 ± 0.158), and of those of Ct. felis ranged from 1.731–2.733 (mean: 2.183 

± 0.171). The spectra of the flea specimens updated in the MS protein profile database were 

deposited on the website of the University Hospital Institute (UHI) under the following 

DOI: https://doi.org/10.35088/rbqp-g648.  

3.5. Detection of microorganisms in fleas 

The DNA of a total of 300 fleas was screened for five bacterial groups (bacteria of 

Anaplasmataceae family, Rickettsia spp., Borrelia spp., Bartonella spp., and Coxiella burnetii) 

using qPCR. Only DNA of bacteria of the Anaplasmataceae family and Bartonella spp. 

were detected in 184/300 (60.3%) of our specimens. DNA of bacteria of the Anaplasma-

taceae family was detected in 174/300 (58%) of fleas (Table 3). DNA of Bartonella spp. was 

detected in 10/300 (3%) fleas by qPCR using the ITS2 gene (Table 3). Infected specimens 

included Ct. canis, Ct felis, and X. astia. Notably, five X. astia and one Ct. canis were co-

infected with both Anaplasmataceae and Bartonella spp. DNA of bacteria of Rickettsia spp., 

Borrelia spp., and Coxiella burnetii was not found in any fleas. 

Table 3. Microorganisms detected using real-time PCR in fleas 

Microorganisms tested 
Flea species 

X. astia  Ct. canis Ct. felis  Total (%) 

Anaplasmataceae  5 148 21  174 (58%) 

Bartonella spp. 4 10 - 7 (2.3%) 

Rickettsia spp. - - - - 

Borrelia spp. - - - - 

Coxiella burnetii - - - - 

All 174 flea specimens that were positive for the Anaplasmataceae family were then 

found to be positive for Wolbachia spp. using the 16S rRNA gene. We randomly selected 

ten positive Wolbachia specimens for sequencing. The analysis of the Wolbachia 16S rRNA 

fragment indicated that Wolbachia spp. from X. astia, Ct. felis, and Ct. canis were between 

99.69% and 100% similar to the corresponding sequences of Wolbachia pipientis 

(MN123077, MN123078) as well as other sequences deposited in GenBank as Wolbachia 

endosymbionts of various arthropods (DQ399344). A total of seven out of ten Bartonella-

positive specimens were successfully amplified by standard PCR targeting a fragment of 

the gltA gene, the BLAST analysis showed genetic distinctions in the three species of Bar-

tonella spp. found in our study based on the gltA gene. Specifically, the BLAST analysis of 

three sequences obtained from Ct. canis was between 99.2% and 100% identical to the cor-

responding sequences of Bartonella clarridgeiae (KJ170239; KY913636), and three sequences 
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achieved from X. astia were 100% similar with the corresponding sequences of Bartonella 

rochalimae (FN645459). One sequence obtained from X. astia was 100% identical to the cor-

responding sequence of Bartonella coopesplainersis (EU111803) (Table 4). 

Table 4. Microorganisms detected using sequencing in fleas 

 

Microorganisms tested 
Flea species 

Per ident (%) X. astia Ct. canis Ct. felis Total (%) 

Wolbachia endosymbiont  

99.69 - 100 

3  2 NA 

Wolbachia pipiens  5 - NA 

Bartonella clarridgeiae 99.2 - 100 - 3 - 3 (1%) 

Bartonella rochalimae 100 3 - - 3 (1%) 

Bartonella coopersplainsensis 100 1 - - 1 (0.3%) 

 
1 NA; Not applicable 

Two phylogenetic tree analyses of Wolbachia spp. and Bartonella spp. were generated from 

the 16S rRNA and gltA genes sequences of our amplicons, respectively. These phyloge-

netic trees indicated that the detected microorganisms are close to their homologues avail-

able in GenBank (Figures 5 and 6). 
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Figure 5. Neighbour-joining (NJ; 500 bootstrap replicates) phylogenetic tree of the gltA gene. Bar-

tonella spp. sequences (◆) obtained in this study 

 

 

Figure 6. Neighbour-joining (NJ; 500 bootstrap replicates) phylogenetic tree of the 16S rRNA gene. 

Wolbachia spp. (  ) collected from Xenopsylla astia, Ct. felis, and Ct. canis. Wolbachia strains are desig-

nated following the names of their host species 

Discussion  

The fleas analysed in our study were collected mainly from cats, dogs and small 

wild rodents. These ectoparasites are well known to be vectors of human and veterinary 

pathogens, which are considered important for public health worldwide. 

In this study, the morphological identification of fleas collected in Vietnam revealed 

the presence of five species, namely, X. astia, X. cheopis, P. irritans, Ct. canis, and Ct. felis. 

All these species had already been recorded in Vietnam and several countries in southeast 

Asia (SEA), including Laos, Thailand, and Malaysia [32–37]. X. cheopis was the species 

most predominantly captured from wild rodents in Vietnam [5]. X. cheopis is best 

known for being a vector in the transmission of Y. pestis, the bacterial agent of the bubonic 

plague primarily responsible for two pandemics that marked human history in Vietnam 

[4] and which still poses a threat to public health in endemic countries [38–42]. X. astia is 

also included here because it has been identified in other plague hit countries (43–45). In 

Vietnam, the presence of X. cheopis and X. astia plague vectors co-exist and parasitise in 
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commensal rodents living inside or outside dwellings but also in open biotopes (agricul-

tural areas, savanna grasslands) and forests [33].  

Ctenocephalides canis was the dominant flea species infection in 86.9% of both dogs 

and cats, followed by 10.2% Ct. felis, as already reported worldwide, including SEA [7,46]. 

These species are known as competent vectors of zoonotic pathogens such as Rickettsia 

felis and Bartonella spp. [47]. Ct. felis is the most well-known vector of Rickettsia felis, a 

causative agent of spotted fever group rickettsiosis [48]. In SEA, the first human case of R. 

felis infection was identified on Thai-Myanmar border, as described by Parola et al. [49]. 

Since then, many human infections have been reported in Laos [50], Indonesia [51], and 

Vietnam [10]. Several studies have shown R. felis in Ct. felis flea in Vietnam [7,12]. How-

ever, no Rickettsia-positive fleas were found in our specimens. Similarly, no C. felis ana-

lysed showed evidence of the carriage of Bartonella bacteria in our fleas. In contrast, we 

reported that three Ct. canis dog fleas were found to be infected with the B. clarridgeiae 

species, which is the causative agent of CSD in humans. This bacterium was the most 

common species found in cat fleas and was also detected in humans, cats, and dogs [52,53]. 

The human flea P. irritans was collected from 0.8% (4/502) of dogs in our study. P. irritans 

is widespread globally and has also been detected in other wild animals (birds, rodents, 

bats, carnivores, and ungulates [54,55]. Furthermore, this flea plays a role in domestic hu-

man-to-human transmission of Y. pestis [54,56]. However, it has also been identified as a 

vector of several bacterial pathogens, such as Rickettsia and Bartonella species [57]. Never-

theless, no evidence of Bartonella was found from P. irritans fleas in our study. 

Molecular biology was used to confirm the morphological identification of five flea 

species collected in Vietnam, namely, X. cheopis, X. astia, P. irritans, Ct. canis, and Ct. felis 

using either the ITS1 or ITS2 gene, homologous sequences of which were available in Gen-

Bank. The ITS1 gene was chosen to differentiate Ct. felis from Ct. canis because this specific 

marker shows unique divergence compared with other genes frequently used to identify 

arthropods [58]. Nevertheless, the reference DNA barcode sequences deposited in Gen-

Bank miss the ITS1 region or have only recently been updated [58,59], which shows the 

limited range of molecular technology in the choice of targeted sequences. Furthermore, 

one species, morphologically identified as X. astia, did not match the molecular identifi-

cation result. This discrepancy was due to the lack of DNA sequence information for X. 

astis species in the GenBank database, which is also one of the described drawbacks of 

molecular biology [60,61]. 

MALDI-TOF MS has revolutionised clinical microbiology diagnostics as a result of 

its advantages in the routine identification of bacteria, archaea, and fungi [62]. Recently, 

MALDI-TOF MS has emerged as an efficient approach to the rapid and accurate identifi-

cation of arthropod vectors, including fleas [6,20,59]. In our study, the high-quality spectra 

of Ct. canis and Ct. felis were 87.6 % and 93.8%, respectively. Unfortunately, it was not 

possible to get good quality spectra from three flea species (corresponding to three P. irri-

tans samples from dogs, five X. astia, and two X. cheopis from rodents) in order to update 

the database and then identify using a blind test. The theories were excluded from our 

results, for example: (1) the specimens were stored in ethanol for a long time, while all our 

samples were preserved and subsequently analysed for a period of between two and six 

months. Ethanol is widely used for the conservation and transportation of arthropods un-

der field conditions because it is less restrictive than freezing [63]. Several studies have 

shown the efficacy of MALDI-TOF MS for the identification of arthropods preserved in 

ethanol for between two and ten years [61,63] and even up to several decades [19]; (2) the 

choice of the compartment to be performed for MALDI-TOF MS, cephalothorax, chosen 
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for the MALDI-TOF MS analysis, based on previous data indicating that this body part 

has high-quality spectra compared to different parts of the body [6,17,20]. The limited 

sample size for each species (between two and five specimens per species) may explain 

our spectra results. 

We report, for the first time, the presence of Wolbachia spp. in three flea species from 

Vietnam. Wolbachia is a genus of bacterial endosymbiont that is known to infect both nem-

atodes and arthropods [64]. These bacteria have been reported to enable transmission 

from parents to their descendants and may alter the biology, ecology, and evolution of its 

hosts by acting on feminisation, parthenogenesis, male-killing in the arthropods, and 

hence cause the cytoplasmic incompatibility of spermatozoa [64]. In Vietnam, the molec-

ular detection of Wolbachia in natural mosquito populations and other arthropods has not 

been recorded. However, information on the detection of Wolbachia spp. on arthropods, 

including fleas found in the tropical regions of Laos, Thailand, and Malaysia, has been 

published [65]. In our study, 58% of the fleas were positive for Wolbachia spp. endosymbi-

ont DNA. The prevalence of Wolbachia found in our work is higher than that identified in 

a study of cat fleas in France [29], although similar results on the occurrence of the 

Wolbachia infection has been established in Malaysia [65]. 

Bartonella species are intracellular parasites of erythrocytes of a wide range of vari-

ous mammalian and ectoparasite hosts [29]. Most of these bacterial species have been de-

tected in their arthropod vectors, including fleas, ticks, and lice [6,67,68], although the 

majority of these arthropods’ roles as vectors has yet to be proven [69]. Herein, we showed 

the presence of two human pathogens of the Bartonella genus (B. clarridgeiae and B. rochali-

mae) [70] and one B. coopersplainsensis in an endemic Australian rat [71]. The occurrence of 

Bartonella from rodent and cat fleas has been reported in China [70], Thailand [72], Japan 

[73], Nepal [74], Indonesia [75], and Cambodia [76]. Our results provide the first molecular 

evidence of Bartonella clarridgeiae, B. coopersplainsensis, and B. rochalimae in rodent and dog 

fleas from Vietnam and suggest their related flea-borne diseases. 

Bartonella clarridgeiae has been suspected to be an additional agent of CSD, and its 

pathogenic role in humans has been demonstrated in Ireland [77] and the United States 

[78]. B. clarridgeiae is also known as a veterinary pathogen associated with disease in cats 

and dogs [79]. Bartonella spp. (B. elizabethae, B. rattimassiliensis, B. tribocorum, B. cooper-

splainensis, and B. queenslandensis) have already been reported from rat mites in the Me-

kong Delta [80] and blood samples from rodents and bats in Vietnam [11,81]. However, 

the Bartonella genus, especially, B. clarridgeiae was first discovered in Ct. canis dog fleas in 

our study. It has been previously been found in fleas in southeast Asia (SEA) from the 

Thai-Myanmar border [82], Laos [32], the Philippines [83], and Indonesia [84]. 

We found that 1% of X. astia fleas, which parasitise small wild rodent species, har-

bour B. rochalimae DNA by sequence analysis based on the gltA gene. B. rochalimae is the 

causative agent of CSD, which can be transmitted to humans by fleas and mites [85]. Sev-

eral cases of human infection have been described in the United States [86]. A B. rochali-

mae infection was first reported in a dog from California [87]. Wild carnivores such as 

coyotes, foxes, and skunks, have been suggested to be major reservoirs for B. rochalimae in 

nature [85]. In Asia,  B. rochalimae has been found in wild rodents near the China-Kazakh-

stan border [70]. 

We showed, for the first time, the prevalence of B. coopersplainsensis in X. astia rodent 

fleas captured in Vietnam. This Bartonella bacterium has not yet been described in humans 

[66]. However, B. coopersplainsensis has been detected in rats collected from SEA [76,88,89], 
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Brazil [66], and New Zealand [90], and from other wild rodents in China [91] and Lithua-

nia [92]. In Vietnam, B. coopersplainsensis has already been detected in trombiculid mites of 

rats and their reservoir host’s blood samples [80]. 

The Bartonella species detected in our specimens were B. clarridgeiae, B. rochalimae, 

and B. coopersplainensis, with no evidence of other species such as Bartonella spp. (B. ratti-

massiliensis, B. tribocolum), being reported in the SEA region. Our results demonstrate that 

X. astia and Ct. canis fleas are potential vectors of B. clarridgeiae and B. rochalimae, which 

might play role in human infection in the Central Highlands of Vietnam.  

Conclusion  

Our work proves that MALDI-TOF MS as an efficient tool for the rapid and accurate iden-

tification of the ethanol-stored flea species. It has also provided evidence of dogs and ro-

dent fleas being the vectors for carrying Bartonella species in Vietnam. The detection of 

these pathogenic bacteria in their ectoparasites may be applied to epidemiologic surveil-

lance and prevention strategies. Hence, further studies will be needed to identify the po-

tential factors of B. clarridgeiae, B. rochalimae, and B. coopersplainsensis and to investigate 

whether small wild rodents and domestic dogs, as well as ectoparasite vectors, are of zo-

onotic importance.  

Author Contributions: Conceptualisation, P.P. and X.Q.N.; methodology, P.P. and A.Z.D.; formal 
analysis, L.N.H. and A.Z.D.; investigation, L.N.H., Q.L.P.; identification, L.N.H., Q.L.P. and J.M.B.; 
resource, P.P.; data curation, P.P.; writing original draft preparation, L.N.H.; writing—review and 
editing, L.N.H., A.Z.D. and P.P.; visualization, L.N.H., A.Z.D., X.Q.N., V.H.H. and P.P.; supervision, 
PP.; funding acquisition, P.P. All authors have read and agreed to the published version of the 
manuscript. 

Funding: This study was supported by the Institut Hospitalo-Universitaire (IHU) Méditerranée In-

fection, the National Research Agency under the “Investissements d’avenir” programme, reference 

ANR-10-IAHU-03, the Région Provence Alpes Côte d’Azur and European ERDF PRIMI funding. 

LNH received a PhD scholarship from IHU Méditerranée Infection. The funders had no role in the 

study design, data collection and analysis, decision to publish, or preparation of the manuscript.  

Data Availability Statement: Not applicable 

Acknowledgments: We are sincerely grateful to the staff of the Entomological Department of the 

Institute of Malariology, Parasitology and Entomology, Quy Nhon (IMPE-QN), Vietnam for their 

support with specimen collection. The authors would like to thank all of the pet owners for giving 

us access to their animals. We would also thank the insectarium team of the Institut Hospitalo-Uni-

versitaire Méditerranée Infection, Marseille, France, for their assistance and the provision of the 

MALDI-TOF MS and molecular biology materials. 

Conflicts of Interest: The authors declare no conflict of interest. 

Ethics statement: The study was approved by the research ethics committee of the Institute of Ma-

lariology, Parasitology, and Entomology, Quy Nhon (IMPE-QN) on behalf of the Vietnamese Min-

istry of Health (Approval No. 380/CT-VSR-2021). Permission was obtained from local authorities 

for wild mammals that were not listed in national parks or other protected areas in Vietnam. For 

dogs and cats, permission was obtained from the owners. Rodents were captured using live animal 

traps and released into their natural habitat after collecting flea samples. 

 

 

69



Microorganisms 2022, 10, x FOR PEER REVIEW 16 of 21 
 

 

References 

1. Barbieri, R.; Signoli, M.; Chevé, D.; Costedoat, C.; Tzortzis, S.; Aboudharam, G.; et al. Yersinia pestis: the Natural History of Plague. 

Clin Microbiol Rev. 2020 Dec 16;34(1):e00044-19.  

2. Bitam, I.; Dittmar, K.; Parola, P.; Whiting, M.F.; Raoult, D. Fleas and flea-borne diseases. International Journal of Infectious Diseases. 

2010 Aug;14(8):e667–76.  

3. Hamzaoui, B.E.; Zurita, A.; Cutillas, C.; Parola, P. Fleas and flea-borne diseases of North Africa. Acta Trop. 2020 Nov;211:105627.  

4. Cavanaugh, D.C.; Dangerfield, H.G.; Hunter, D.H.; Joy, R.J.; Marshall, J.D.; Quy, D.V.; et al. Some observations on the current 

plague outbreak in the Republic of Vietnam. Am J Public Health Nations Health. 1968 Apr;58(4):742–52.  

5. Pham, H.V.; Dang, D.T.; Tran, M.N.N.; Nguyen, N.D.; Nguyen, T.V. Correlates of environmental factors and human plague: an 

ecological study in Vietnam. Int J Epidemiol. 2009 Dec;38(6):1634–41.  

6. El Hamzaoui, B.; Laroche, M; Almeras, L.; Bérenger, J.M.; Raoult, D.; Parola, P. Detection of Bartonella spp. in fleas by MALDI-

TOF MS. PLoS Negl Trop Dis. 2018 Feb 16;12(2):e0006189.  

7. Nguyen, V.L.; Colella, V.; Greco, G.; Fang, F.; Nurcahyo, W.; Hadi, U.K.; et al. Molecular detection of pathogens in ticks and fleas 

collected from companion dogs and cats in East and Southeast Asia. Parasit Vectors. 2020 Aug 15;13(1):420.  

8. Álvarez-Fernández, A.; Breitschwerdt, E.B.; Solano-Gallego, L. Bartonella infections in cats and dogs including zoonotic aspects. 

Parasit Vectors. 2018 Dec 4;11:624.  

9.  Beugnet, F.; Marié, J.L. Emerging arthropod-borne diseases of companion animals in Europe. Veterinary Parasitology. 2009 Aug 

26;163(4):298–305.  

10. Le-Viet, N.; Le ,V.N.; Chung, H.; Phan, D.T.; Phan, Q.D.; Cao, T.V.; et al. Prospective case-control analysis of the aetiologies of 

acute undifferentiated fever in Vietnam. Emerg Microbes Infect. 2019 Mar 4;8(1):339–52.  

11. Anh, L.T.L.; Balakirev, A.E.; Chau, N.V. Investigation of multiple infections with zoonotic pathogens of rodents in northern 

Vietnam. J Vector Borne Dis. 2021 Mar;58(1):47–53.  

12. Do, T.; Inpankaew, T.; Duong, D.H; Bui, K.L. First Molecular Evidence of Pathogens in Fleas Collected from Dogs in Northern 

Vietnam. Pathogens. 2021 Sep 14;10(9):1185.  

13. Porshakov,. AM.; Korneev, M.G.; Chumachkova, E.A; Chau, N.V.; Toan, T.V.; Cuong, V.V. Addition to the Flea Fauna of 

Vietnam. Entomological Review. 2021 Dec 1;101(9):1287–92.  

14. Kirkland, G.L. Guidelines for the Capture, Handling, and Care of Mammals as Approved by the American Society of 

Mammalogists. Journal of Mammalogy. 1998 Dec 3;79(4):1416–31.  

15. Pratt, H.D. Flea diagram - with structures labeled. :8.   

16. Beaucournu, J.C.; Launay, H. Les Puces de la France et du Bassin M ´editerran ´een Occidental. F´ed ´eration Française des Soci 

´et ´es de Sciences Naturelles:; ISBN 2-903052-10-7, France. 1990. 

17. Yssouf, A.; Socolovschi, C.; Leulmi, H; Kernif, T.; Bitam, I.; Audoly, G.; et al. Identification of flea species using MALDI-TOF/MS. 

Comp Immunol Microbiol Infect Dis. 2014 May;37(3):153–7.  

18. Vobis, M.; D’Haese, J.; Mehlhorn, H.; Mencke, N.; Blagburn, B.L.; Bond, R.; et al. Molecular phylogeny of isolates of 

Ctenocephalides felis and related species based on analysis of ITS1, ITS2 and mitochondrial 16S rDNA sequences and random 

binding primers. Parasitol Res. 2004 Oct;94(3):219–26.  

70



Microorganisms 2022, 10, x FOR PEER REVIEW 17 of 21 
 

 

19. Ahamada, M.S., Diarra, A.Z.; Almeras, L.; Parola, P. Identification of ticks from an old collection by MALDI-TOF MS. J Proteomics. 

2022 Jul 30;264:104623.  

20. Nebbak, A.; El Hamzaoui, B.; Berenger, J.M.; Bitam, I.; Raoult, D.; Almeras, L.; et al. Comparative analysis of storage conditions 

and homogenization methods for tick and flea species for identification by MALDI-TOF MS. Med Vet Entomol. 2017 

Dec;31(4):438–48.  

21. Yssouf, A.; Almeras, L.; Raoult, D.; Parola, P. Emerging tools for identification of arthropod vectors. Future Microbiol. 

2016;11(4):549–66.  

22. Nebbak, A.; Willcox, A.C.; Bitam, I.; Raoult, D.; Parola, P.; Almeras, L. Standardization of sample homogenization for mosquito 

identification using an innovative proteomic tool based on protein profiling. Proteomics. 2016 Dec;16(24):3148–60.  

23. Yssouf, A.; Parola, P.; Lindström, A.; Lilja, T.; L’Ambert, G.; Bondesson, U.; et al. Identification of European mosquito species by 

MALDI-TOF MS. Parasitol Res. 2014 Jun;113(6):2375–8.  

24. Vega-Rúa, A.; Pagès, N.; Fontaine, A.; Nuccio, C.; Hery, L.; Goindin, D.; et al. Improvement of mosquito identification by 

MALDI-TOF MS biotyping using protein signatures from two body parts. Parasit Vectors. 2018 Nov 3;11:574.  

25. Lafri, I.; El Hamzaoui, B.; Bitam, I.; Leulmi, H.; Lalout, R.; Mediannikov, O.; et al. Detection of relapsing fever Borrelia spp., 

Bartonella spp. and Anaplasmataceae bacteria in argasid ticks in Algeria. PLoS Negl Trop Dis. 2017 Nov;11(11):e0006064. 

26. Djiba, M.L.; Mediannikov, O.; Mbengue, M.; Thiongane, Y.; Molez, J.F.; Seck, M.T.; et al. Survey of Anaplasmataceae bacteria in 

sheep from Senegal. Trop Anim Health Prod. 2013 Oct;45(7):1557–61.  

27. Rolain, J.M.; Stuhl, L.; Maurin, M.; Raoult, D. Evaluation of antibiotic susceptibilities of three rickettsial species including 

Rickettsia felis by a quantitative PCR DNA assay. Antimicrob Agents Chemother. 2002 Sep;46(9):2747–51.  

28. Mediannikov, O.; Trape, J.F.; Diatta, G.; Parola, P.; Fournier, P.E.; Raoult, D. Rickettsia africae, Western Africa. Emerg Infect Dis. 

2010 Mar;16(3):571–3.  

29. Rolain, J.M.; Franc, M.; Davoust, B.; Raoult, D. Molecular Detection of Bartonella quintana, B. koehlerae, B. henselae, B. clarridgeiae, 

Rickettsia felis, and Wolbachia pipientis in Cat Fleas, France. Emerg Infect Dis. 2003 Mar;9(3):339–42.  

30. Rolain, J.M.; Raoult, D. Molecular detection of Coxiella burnetii in blood and sera during Q fever. QJM. 2005 Aug;98(8):615–7; 

author reply 617-620.  

31. Laidoudi, Y.; Levasseur, A.; Medkour, H.; Maaloum, M.; Ben, K.M.; Sambou, M.; et al. An Earliest Endosymbiont, Wolbachia 

massiliensis sp. nov., Strain PL13 from the Bed Bug (Cimex hemipterus), Type Strain of a New Supergroup T. Int J Mol Sci. 2020 

Oct 29;21(21):8064.  

32. Nguyen, H.M.; Theppannga, W.; Vongphayloth, K.; Douangngeun, B.; Blacksell, S.D.; Robinson, M.T. Screening of ectoparasites 

from domesticated dogs for bacterial pathogens in Vientiane, Lao PDR. Zoonoses Public Health. 2020 Dec;67(8):862–8.  

33. Suntsov, V.V.; Huong, L.T.; Suntsova, N.I.; Gratz, N.G. Plague foci in Viet Nam: zoological and parasitological aspects. Bull 

World Health Organ. 1997;75(2):117–23.  

34. Suntsov, V.V.; Huong, L.T.; Suntsova, N.I. [Notes on fleas (Siphonaptera) in plague foci on the Tay Nguyen plateau (Vietnam)]. 

Parazitologiia. 1992 Dec;26(6):516–20.  

35. Kernif, T.; Socolovschi, C.; Wells, K.; Lakim, M.B.; Inthalad, S.; Slesak, G.; et al. Bartonella and Rickettsia in arthropods from the 

Lao PDR and from Borneo, Malaysia. Comp Immunol Microbiol Infect Dis. 2012 Jan;35(1):51–7.  

71



Microorganisms 2022, 10, x FOR PEER REVIEW 18 of 21 
 

 

36. Beaucournu, J.C.; Sountsova, N.I.; Ly, T.V.H.; Sountsov, V.V. Contribution à l’étude de la peste au Vietnam : historique et 

inventaire des puces signalées (Insecta - Siphonaptera) en zones anthropisées. Parasite. 2002 Mar;9(1):3–10.  

37. Le, T.D.; Tran, N.H.; Tran, T.K.T.; Mai, D.T.; Doan, B.M. Research on species composition and distribution of some external 

parasites groups in Southern – Lam Dong area. Available online: http://www.tapchiyhocduphong.vn/tap-chi-y-hoc-du-

phong/2015/08/nghien-cuu-thanh-phan-loai-va-phan-bo-mot-so-nhom-ngoai-ky-sinh-tai-mot-so-diem--o81E20300.html 

(accessed on 21 Jun 2022). 

38. Porshakov, A.; Чумачкова, А.; Касьян, Ж.; Оглодин.; Мо, Т.; Кыонг, В.; et al. Results of Epizootiological Survey on Plague and 

Other Zoonotic Infections in the Northern Provinces of the Socialist Republic of Vietnam During Spring Months of 2019. 2020 

Apr 24;  

39. Andrianaivoarimanana, V.; Kreppel, K.; Elissa, N.; Duplantier, J.M; Carniel, E.; Rajerison, M.; et al. Understanding the 

persistence of plague foci in Madagascar. PLoS Negl Trop Dis. 2013 Nov;7(11):e2382.  

40. Eisen, R.J.; Atiku, L.A.; Enscore, R.E.; Mpanga, J.T.; Acayo, S.; Mead, P.S.; et al. Epidemiology, Ecology and Prevention of Plague 

in the West Nile Region of Uganda: The Value of Long-Term Field Studies. Am J Trop Med Hyg. 2021 Jul;105(1):18–23.  

41. Crook, L.D.; Tempest, B. Plague. A clinical review of 27 cases. Arch Intern Med. 1992 Jun;152(6):1253–6.  

42. He, Z.; Wei, B.; Zhang, Y.; Liu, J.; Xi, J.; Ciren, D.; et al. Distribution and Characteristics of Human Plague Cases and Yersinia 

pestis Isolates from 4 Marmota Plague Foci, China, 1950-2019. Emerg Infect Dis. 2021 Oct;27(10):2544–53.  

43. Goyle, A.N. On the Transmission of Plague by Xenopsylla astia and X. cheopis. Preliminary Observations *Being a paper read at 

the Indian Science Congress, Lahore, in January, 1927. Ind Med Gaz. 1927 Jun;62(6):317–8.  

44. Tun, M.M.; King, R.E. The host/parasite relationships of Xenopsylla astia and X. cheopis on Bandicota bengalensis in Rangoon, 

Burma. Southeast Asian J Trop Med Public Health. 1979 Dec;10(4):505–9.  

45. Kia, E.; Moghddas-Sani, H.; Hassanpoor, H; Vatandoost, H.; Zahabiun, F.; Akhavan, A.; et al. Ectoparasites of rodents captured 

in bandar abbas, southern iran. Iran J Arthropod Borne Dis. 2009;3(2):44–9.  

46. Zarea, A.A.K.; Bezerra-Santos, M.A.; Nguyen, V.L.; Colella, V.; Dantas-Torres, F.; Halos, L.; et al. Occurrence and bacterial loads 

of Bartonella and haemotropic Mycoplasma species in privately owned cats and dogs and their fleas from East and Southeast Asia. 

Zoonoses Public Health. 2022 May 11;  

47. Lawrence, A.L.; Hii, S.F.; Jirsová, D.; Panáková, L.; Ionică, A.M.; Gilchrist, K.; et al. Integrated morphological and molecular 

identification of cat fleas (Ctenocephalides felis) and dog fleas (Ctenocephalides canis) vectoring Rickettsia felis in central Europe. 

Veterinary Parasitology. 2015 Jun;210(3–4):215–23.  

48. Parola, P.; Davoust, B.; Raoult, D. Tick- and flea-borne rickettsial emerging zoonoses. Vet Res. 2005 May;36(3):469–92.  

49. Parola, P.; Cornet, J.P.; Sanogo, Y.O.; Miller, R.S.; Thien, H.V.; Gonzalez, J.P.; et al. Detection of Ehrlichia spp., Anaplasma spp., 

Rickettsia spp., and other eubacteria in ticks from the Thai-Myanmar border and Vietnam. J Clin Microbiol. 2003 Apr;41(4):1600–

8.  

50. Dittrich, S.; Phommasone, K.; Anantatat, T.; Panyanivong, P.; Slesak, G.; Blacksell, S.D.; et al. Rickettsia felis Infections and 

comorbid conditions, Laos, 2003-2011. Emerg Infect Dis. 2014 Aug;20(8):1402–4. 

51. Mawuntu, A.H.P.; Johar, E.; Anggraeni, R.; Feliana, F.; Bernadus, J.B.B.; Safari, D.; et al. Rickettsia felis identified in two fatal cases 

of acute meningoencephalitis. PLoS Negl Trop Dis. 2020 Feb;14(2):e0007893.  

72



Microorganisms 2022, 10, x FOR PEER REVIEW 19 of 21 
 

 

52. Mokhtar, A.S.; Tay, S.T. Molecular Detection of Rickettsia felis, Bartonella henselae, and B. clarridgeiae in Fleas from Domestic Dogs 

and Cats in Malaysia. Am J Trop Med Hyg. 2011 Nov 1;85(5):931–3.  

53. Abreu-Yanes, E.; Abreu-Acosta, N.; Kosoy, M.; Foronda, P. Molecular detection of Bartonella henselae, Bartonella clarridgeiae and 

Rickettsia felis in cat and dog fleas in Tenerife, Canary Islands, Spain. Journal of Vector Ecology. 2020 Dec;45(2):233–40.  

54. Miarinjara, A.; Bland, D.M.; Belthoff, J.R.; Hinnebusch, B.J. Poor vector competence of the human flea, Pulex irritans, to transmit 

Yersinia pestis. Parasit Vectors. 2021 Jun 10;14:317.  

55. Hornok, S.; Beck, R.; Farkas, R.; Grima, A.; Otranto, D.; Kontschán, J.; et al. High mitochondrial sequence divergence in 

synanthropic flea species (Insecta: Siphonaptera) from Europe and the Mediterranean. Parasit Vectors. 2018 Apr 2;11:221.  

56. Ratovonjato, J.; Rajerison, M.; Rahelinirina, S.; Boyer, S. Yersinia pestis in Pulex irritans Fleas during Plague Outbreak, Madagascar. 

Emerg Infect Dis. 2014 Aug;20(8):1414–5.  

57. O’Donnell, M.; Elston, D.M. What’s Eating You? Human Flea (Pulex irritans). 2020;106(5). Available online: 

https://www.mdedge.com/dermatology/article/231222/infectious-diseases/whats-eating-you-human-flea-pulex-irritans 

(accessed on 5 Aug 2022). 

58. Zurita, A.; Callejón, R.; De Rojas, M.; Gómez López, M.S.; Cutillas, C. Molecular study of Stenoponia tripectinata tripectinata 

(Siphonaptera: Ctenophthalmidae: Stenoponiinae) from the Canary Islands: Taxonomy and phylogeny. Bull Entomol Res. 2015 

Dec;105(6):704–11.  

59. Zurita, A.; Gutiérrez, S.G.; Cutillas, C. Infection Rates of Wolbachia sp. and Bartonella sp. in Different Populations of Fleas. Curr 

Microbiol. 2016 Nov;73(5):704–13.  

60. Sevestre, J.; Diarra, A.Z.; Laroche, M.; Almeras, L.; Parola, P. Matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry: an emerging tool for studying the vectors of human infectious diseases. Future Microbiol. 2021 Mar;16:323–40.  

61. Huynh, L.N.; Diarra, A.Z.; Pham, Q.L.; Le-Viet, N.; Berenger, J.M.; Ho, V.H.; et al. Morphological, molecular and MALDI-TOF 

MS identification of ticks and tick-associated pathogens in Vietnam. PLoS Negl Trop Dis. 2021 Sep;15(9):e0009813.  

62.  Tahir, D.; Almeras, L.; Varloud, M.; Raoult, D.; Davoust, B.; Parola, P. Assessment of MALDI-TOF mass spectrometry for filariae 

detection in Aedes aegypti mosquitoes. PLoS Negl Trop Dis. 2017 Dec 20;11(12):e0006093 

63. Diarra, A.Z.; Almeras, L; Laroche, M.; Berenger, J.M.; Koné, A.K.; Bocoum, Z.; et al. Molecular and MALDI-TOF identification 

of ticks and tick-associated bacteria in Mali. PLoS Negl Trop Dis. 2017 Jul;11(7):e0005762.  

64. Werren, J.H.; Baldo, L.; Clark, M.E. Wolbachia: master manipulators of invertebrate biology. Nat Rev Microbiol. 2008 

Oct;6(10):741–51.  

65. Tay, S.T. Wolbachia endosymbionts, Rickettsia felis and Bartonella species, in Ctenocephalides felis fleas in a tropical region. Journal 

of Vector Ecology. 2013 Jun;38(1):200–2.  

66. Gonçalves, .LR.; Harrus, S.; Herrera, H.M.; Gutiérrez, R.; Pedrassani, D.; Nantes, W.A.G.; et al. Low occurrence of Bartonella in 

synanthropic mammals and associated ectoparasites in peri-urban areas from Central-Western and Southern Brazil. Acta Tropica. 

2020 Jul;207:105513.  

67. Parola, P.; Raoult, D. Tropical rickettsioses. Clinics in Dermatology. 2006 May 1;24(3):191–200.  

68. Parola, P; Shpynov, S.; Montoya, M.; Lopez, M.; Houpikian, P.; Zeaiter, Z.; et al. First molecular evidence of new Bartonella spp. 

in fleas and a tick from Peru. Am J Trop Med Hyg. 2002 Aug;67(2):135–6.  

73



Microorganisms 2022, 10, x FOR PEER REVIEW 20 of 21 
 

 

69. Diarra, A.Z; Kone, A.K.; Doumbo, N.S.; Laroche, M.; Diatta, G.; Atteynin,e S.A.; et al. Molecular Detection of Microorganisms 

Associated with Small Mammals and Their Ectoparasites in Mali. Am J Trop Med Hyg. 2020 Dec;103(6):2542–51.  

70. Yin, X.; Zhao, S.; Yan, B; Tian, Y.; Ba, T.; Zhang, J.; et al. Bartonella rochalimae, B. grahamii, B. elizabethae, and Wolbachia spp. in 

Fleas from Wild Rodents near the China-Kazakhstan Border. Korean J Parasitol. 2019 Oct;57(5):553–9.  

71. Gundi, V.A.K.B.; Taylor, C.; Raoult, D.; La Scola, B. Bartonella rattaustraliani sp. nov., Bartonella queenslandensis sp. nov. and 

Bartonella coopersplainsensis sp. nov., identified in Australian rats. International Journal Of Systematic And Evolutionary Microbiology. 

2009 Dec 1;59(12):2956–61.  

72. Saengsawang, P.; Kaewmongkol, G.; Phoosangwalthong, P.; Chimnoi, W.; Inpankaew, T. Detection of zoonotic Bartonella 

species in ticks and fleas parasitizing free-ranging cats and dogs residing in temples of Bangkok, Thailand. Veterinary 

Parasitology: Regional Studies and Reports. 2021 Jul;25:100612.  

73. Inoue, K.; Maruyama, S.; Kabeya, H.; Yamada, N.; Ohashi, N.; Sato ,Y.; et al. Prevalence and genetic diversity of Bartonella species 

isolated from wild rodents in Japan. Appl Environ Microbiol. 2008 Aug;74(16):5086–92.  

74. Gundi, V.A.K.B.; Kosoy, M.Y.; Myint, K.S.A.; Shrestha, S.K.; Shrestha, M.P.; Pavlin, J.A.; et al. Prevalence and genetic diversity 

of bartonella species detected in different tissues of small mammals in Nepal. Appl Environ Microbiol. 2010 Dec;76(24):8247–54.  

75. Winoto, I.L.; Goethert, H.; Ibrahim, I.N.; Yuniherlina, I.; Stoops, C.; Susanti, I.; et al. Bartonella species in rodents and shrews in 

the greater Jakarta area. Southeast Asian J Trop Med Public Health. 2005 Nov;36(6):1523–9.  

76. Jiyipong. T.; Morand, S.; Jittapalapong, S.; Rolain, J.M. Bartonella spp. infections in rodents of Cambodia, Lao PDR, and Thailand: 

identifying risky habitats. Vector Borne Zoonotic Dis. 2015 Jan;15(1):48–55.  

77. Logan, J.M.J.; Hall, J.L; Chalker, V.J.; O’Connell, B.; Birtles, R.J. Bartonella clarridgeiae infection in a patient with aortic root abscess 

and endocarditis. Access Microbiol. 2019 Oct 10;1(10):e000064.  

78. Kordick, D.L; Hilyard, E.J.; Hadfield, T.L.; Wilson, K.H.; Steigerwalt, A.G.; Brenner, D.J.; et al. Bartonella clarridgeiae, a newly 

recognized zoonotic pathogen causing inoculation papules, fever, and lymphadenopathy (cat scratch disease). J Clin Microbiol. 

1997 Jul;35(7):1813–8.  

79. André, M.R.; Canola, R.A.M.; Braz, J.B.; Perossi, I.F.S.; Calchi ,A.C.; Ikeda, P.; et al. Aortic valve endocarditis due to Bartonella 

clarridgeiae in a dog in Brazil. Rev Bras Parasitol Vet. 2019 Dec;28(4):661–70.  

80. Loan, H.K.; Cuong, N.V.; Takhampunya, R.; Klangthong, K.; Osikowicz, L.; Kiet, B.T; et al. Bartonella species and trombiculid 

mites of rats from the Mekong Delta of Vietnam. Vector Borne Zoonotic Dis. 2015 Jan;15(1):40–7.  

81. Anh, P..H.; Van, C.N.; Son, N.T.; Tue, N.T.; Kosoy, M.; Woolhouse, M.E.J.; et al. Diversity of Bartonella spp. in Bats, Southern 

Vietnam. Emerg Infect Dis. 2015 Jul;21(7):1266–7.  

82. Parola, P.; Miller, R.S.; McDaniel, P.; Telford, S.R; Rolain, J.M.; Wongsrichanalai, C.; et al. Emerging rickettsioses of the Thai-

Myanmar border. Emerg Infect Dis. 2003 May;9(5):592–5.  

83. Chomel, B.B.; Carlos, E.T.; Kasten, R.W.; Yamamoto, K.; Chang, C.C.; Carlos, R.S.; et al. Bartonella henselae and Bartonella 

clarridgeiae infection in domestic cats from The Philippines. Am J Trop Med Hyg. 1999 Apr;60(4):593–7.  

84. Marston, E.L; Finkel, B; Regnery, R.L.; Winoto, I.L; Graham, R.R; Wignal, S.; et al. Prevalence of Bartonella henselae and Bartonella 

clarridgeiae in an urban Indonesian cat population. Clin Diagn Lab Immunol. 1999 Jan;6(1):41–4.  

74



Microorganisms 2022, 10, x FOR PEER REVIEW 21 of 21 
 

 

85. Mizukami, M.; Sato, S.; Nabeshima, K.; Kabeya, H.; Ueda, D.; Suzuki, K.; et al. Molecular survey of Bartonella rochalimae in 

Japanese raccoon dogs (Nyctereutes procyonoides viverrinus). Journal of Wildlife Diseases. 2020 Jul 2;56(3):560.  

86. Eremeeva, M.E.; Gerns, H.L.; Lydy, S.L.; Goo, J.S.; Ryan, E.T.; Mathew, S.S.; et al. Bacteremia, fever, and splenomegaly caused 

by a newly recognized bartonella species. N Engl J Med. 2007 Jun 7;356(23):2381–7.  

87. Henn, J.B.; Gabriel, M.W.; Kasten, R.W.; Brown, R.N.; Koehler, J.E.; MacDonald, K.A.; et al. Infective Endocarditis in a Dog and 

the Phylogenetic Relationship of the Associated “Bartonella rochalimae” Strain with Isolates from Dogs, Gray Foxes, and a Human. 

J Clin Microbiol. 2009 Mar;47(3):787–90.  

88. Saisongkorh, W.; Suputtamongkol, Y.; Raoult, D. Emerging Bartonella in humans and animals in Asia and Australia. Journal of 

the Medical Association of Thailand. 2014;26.  

89. Tay, S.T.; Mokhtar, A.S.; Zain, S.N.M.; Low, K.C. Isolation and Molecular Identification of Bartonellae from Wild Rats (Rattus 

Species) in Malaysia. Am J Trop Med Hyg. 2014 Jun 4;90(6):1039–42.  

90. Helan, J.N.V.G.; Grinberg, A.; Gedye, K.; Potter, M.; Harrus, S. Molecular detection of Bartonella coopersplainsensis and B. henselae 

in rats from New Zealand. New Zealand Veterinary Journal. 2018 Sep 3;66(5):257–60.  

91. Li, D.M.; Hou, Y.; Song, X.P.; Fu, Y.Q.; Li, G.C.; Li, M.; et al. High prevalence and genetic heterogeneity of rodent-borne Bartonella 

species on Heixiazi Island, China. Appl Environ Microbiol. 2015 Dec;81(23):7981–92.  

92. Mardosaitė-Busaitienė, D.; Radzijevskaja, J.; Balčiauskas, L.; Bratchikov, M.; Jurgelevičius, V.; Paulauskas, A. Prevalence and 

diversity of Bartonella species in small rodents from coastal and continental areas. Sci Rep. 2019 Aug 26;9(1):12349.  

 

  

75



 

 

 

ARTICLE IV: LITERATURE REVIEW 

 

Mosquitoes and mosquito-borne diseases in Vietnam 

Ly Na Huynh, Long Bien Tran, Hong Sang Nguyen, Van Hoang Ho,  Philippe Parola, Xuan 

Quang Nguyen* 

(Submitted: Insects) 

 

76



Abstract  

Mosquito-borne diseases pose a significant threat to humans in almost every part of the world. Key 

factors such as global warming, climatic conditions, rapid urbanisation, frequent human relocation, 

and widespread deforestation significantly increase the number of mosquitoes and mosquito-borne 

diseases in Vietnam, and elsewhere around the world. In southeast Asia, and notably in Vietnam, 

national mosquito control programmes contribute to reducing the risk of mosquito-borne disease 

transmission, including social-economic improvement, early diagnosis, prompt and effective 

treatment, widespread distribution of insecticide-treated bed nets, and indoor residual chemical 

spraying in households, change of behaviour, public awareness, and environmental management, 

however, malaria and dengue remain a threat to public health, while there are no potential vaccines 

available for most mosquito-borne diseases. The aim of our review is to provide a complete 

checklist of all Vietnamese mosquitoes that have been recognised, as well as an overview of 

mosquito-borne diseases in Vietnam to entomological researchers for future surveys of 

Vietnamese mosquitoes and to decision-makers responsible for vector control tactics. A total of 

281 mosquito species of 42 subgenera and 22 genera exist in Vietnam. However, the checklist of 

Vietnamese mosquitoes is far from being complete as long as further investigations on mosquitoes 

are carried out. Hence, for effective mosquito control, their accurate identification is a crucial step 

in differentiating mosquito vectors from non-vectors. Nonetheless, there are several drawbacks to 

these traditional methods (morphological and molecular identification) such as the need for time-

consuming, exorbitantly priced, standard taxonomic keys, expert entomology knowledge to 

classify species belonging to sibling and cryptic groups, and primer-specific targeting for certain 

species. MALDI-TOF MS is an easy-to-use, time-saving, and affordable method compared to 

earlier methods, and a device may be purchased for medical microbiology and then used in 
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entomology. Its operation is based on the identification of acidic extraction of proteins from an 

organ of interest. Major mosquito-borne diseases in high-incidence areas of Vietnam include 

malaria, dengue, and Japanese encephalitis 
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Simple Summary: Vietnam is one of the tropical countries of Asia where individuals are at high risk of 13 

attaining mosquito-borne diseases. Due to rapid urbanization in Vietnam, most of the major cities have im-14 

mense population growth, along with inadequate control measures over mosquitoes. These factors contributed 15 

to a sudden increase in the population of disease vectors that lead to cyclical epidemics of mosquito-borne 16 

diseases. This review paper aims to (i) provide a complete checklist of Vietnamese mosquitoes, (ii) provide 17 

an overview of mosquito-borne diseases in Vietnam, and (iii) preventive measures for mosquitoes in Vietnam. 18 

We list 281 mosquito species, belonging to 42 subgenera of 22 genera. We found that three genera, namely, 19 

Anopheles, Aedes, and Culex are found to be potential vectors for mosquito-borne diseases in Vietnam. We 20 

found dengue and malaria are the most common mosquito-borne diseases in Vietnam with about 320,702 21 

cases and 54 deaths in the 2019 outbreak and 4548 clinical cases and six deaths, respectively. We suggest that 22 

mosquito-borne diseases could be effectively controlled and prevented through mechanical, chemical, biolog-23 

ical, and genetic methods. 24 

Abstract: Mosquito-borne diseases pose a significant threat to humans in almost every part of the world. Key 25 

factors such as global warming, climatic conditions, rapid urbanisation, frequent human relocation, and wide-26 

spread deforestation significantly increase the number of mosquitoes and mosquito-borne diseases in Vietnam, 27 

and elsewhere around the world. In southeast Asia, and notably in Vietnam, national mosquito control pro-28 

grammes contribute to reducing the risk of mosquito-borne disease transmission, however, malaria and dengue 29 

remain a threat to public health. The aim of our review is to provide a complete checklist of all Vietnamese 30 

mosquitoes that have been recognised, as well as an overview of mosquito-borne diseases in Vietnam. A total 31 

of 281 mosquito species of 42 subgenera and 22 genera exist in Vietnam. Of those, Anopheles, Aedes, and 32 

Culex are found to be potential vectors for mosquito-borne diseases. Major mosquito-borne diseases in high-33 

incidence areas of Vietnam include malaria, dengue, and Japanese encephalitis. This review may be useful to 34 

entomological researchers for future surveys of Vietnamese mosquitoes and to decision-makers responsible 35 

for vector control tactics. 36 

Keywords: Aedes, Anopheles, Culex, Anophelinae, Culicinae, Culicidae, vector, Vietnam 37 
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Mosquitoes are vectors of disease and can transmit many infectious pathogens (arboviruses, filar-43 

iae, and protozoans) that cause common and emerging diseases, specifically malaria, dengue, Zika, 44 

chikungunya, and Japanese encephalitis, between humans or from other creatures to humans [1]. 45 

Mosquito-borne diseases are widely distributed in almost all countries of the world, but are mainly 46 

concentrated in tropical and subtropical regions of the globe with warm and humid climates [2]. 47 

There are 3,563 valid species, belonging to three genera (Anopheles, Aedes, and Culex) within two 48 

subfamilies (Anophelinae and Culicinae) [3,4]. The mosquito vectors of the Anopheles genus cause 49 

malaria and filariasis, while the Aedes genus causes dengue virus (DENV), chikungunya virus 50 

(CHIKV), Zika virus (ZIKV), yellow fever virus (YFV), and the Culex genus cause filariasis, Jap-51 

anese encephalitis virus (JEV) and West Nile virus (WNV) [5]. According to the World Health 52 

Organization (WHO, 2020), every year about 219 million malaria cases and 96 million sympto-53 

matic dengue cases, leading to more than 445,000 and 40,000 deaths, respectively, are recorded 54 

globally [4,6]. There are no potential vaccines available for most mosquito-borne diseases. The 55 

WHO has, therefore, declared that the key preventive measures for controlling mosquito-borne 56 

diseases are a change of behaviour, public awareness, and environmental management [6].  57 

Vietnam is a tropical country in Asia where individuals are at high risk of acquiring mosquito-58 

borne diseases such as malaria, dengue, Zika, Japanese encephalitis, and lymphatic filariasis [7]. 59 

Although malaria was previously endemic in many parts of Vietnam, it has recently been signifi-60 

cantly reduced following vector control efforts by the Vietnamese government. These measures 61 

included prompt case detection and treatment with pyronaridine-artesunate (Pyramax) which is 62 

used for diversifying anti-malarial therapy in artemisinin- and piperaquine-resistant Plasmodium 63 

falciparum parasite regions [8], the widespread distribution of insecticide-treated bed nets (ITNs), 64 

long-lasting insecticide-treated bed nets/long-lasting insecticide-treated hammock nets 65 

(LLTNs/LLHNs), and the regular the use of pyrethroids through indoor residual spraying (IRS) in 66 

households [9–14]. However, malaria continues to persist as an important public health threat in 67 

the Central Highlands and the southern forested and mountainous regions [15,16], where almost all 68 

ethnic minority groups live in impoverished socio-economic conditions. It mainly affects people 69 

such as farmers and/or forest-goers, as well as temporary migrants moving from endemic regions 70 

[17]. In addition, vector resistance to chemical insecticide, has been found in every main species. 71 

Anopheles minimus sensu lato (s.l.) was found to be pyrethroid-resistant in northern Vietnam, 72 

Anopheles dirus s.l. showed possible tolerance to type II pyrethroids in central Vietnam, and 73 

Anopheles epiroticus showed high resistance to pyrethroids in the Mekong Delta region [18,19]. 74 

The drug-resistant malaria strains in particular pose a major potential threat to extensive malaria 75 

control and elimination strategies planned for the whole country before 2030 [12,20,21]. Cases of 76 

the multidrug resistance of the P. falciparum malaria parasite in Vietnam and other southeast Asian 77 

countries such as Laos, Cambodia, Thailand, and Myanmar, have been published [15,22,23]. Den-78 

gue fever (DF) is the fastest spreading mosquito-borne arboviral infection, which is transmitted to 79 

humans through the bites of infected female Aedes aegypti or Aedes albopictus mosquitoes [24]. 80 

Vietnam has been ranked among the five countries with the heaviest dengue burden in the Asian-81 

Pacific region [25,26]. Due to rapid urbanisation, most of the major cities in Vietnam have experi-82 

enced immense population growth, coupled with inadequate mosquito control measures. Addition-83 

ally, the country faces the risk of climate change [27] and extreme weather variability, with wide-84 

spread flooding due to rising sea levels. Other unexpected outcomes of climate change include 85 

rising temperatures and decreasing rainfall. These factors have contributed to a sudden increase in 86 

the population of disease vectors that lead to cyclical epidemics of mosquito-borne diseases [28].   87 

This is the first review that provides a complete checklist of Vietnamese mosquitoes along with a 88 

comprehensive and systematic overview of mosquito-borne diseases in Vietnam. We hope it may 89 

be useful to decision-makers responsible for vector control strategies and to researchers for future 90 

surveys on mosquitoes.  91 

2. Mosquitoes and medical importance in Vietnam 92 
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In Vietnam, detailed studies on mosquitoes (particularly on the Anopheles, Culex, and Aedes spe-93 

cies) were initiated after the first outbreak of the dengue virus in 1959 [28]. However, the first 94 

detailed report on mosquitoes and their relationship to human diseases in Vietnam was proposed 95 

by Parrish in 1968 [29]. In this report, Parrish identified 94 different mosquito species from ten 96 

United States Air Force (USAF) installations in Vietnam between June 1966 and June 1968. Of 97 

these, 22 species were reported as main vectors of human diseases [29]. In 1970, Reinert [30] and 98 

Tyson [31] improved the catalogue of Culex and Aedes mosquitoes in SEA countries including 99 

Vietnam, Malaysia, Indonesia, and the Philippines.   100 

In 1974, Thoa [32] collected and examined around 107,000 mosquitoes in and around poultry 101 

houses and piggeries in Saigon city (now known as Ho Chi Minh City) between 1972–1973 and 102 

noted that the Culex species (particularly Culex tritaeniorhynchus) was predominant. Later, Thuan 103 

[33] studied and reported the evolution of Anopheles mosquitoes in the Da Nang, Quang Nam, Phu 104 

Khanh, Nghia Binh, and Thuan Hai provinces, between 1975 and 1986. Since then, multiple studies 105 

on the diversity of medical mosquito vectors in Vietnam have been published [34]. Bui et al. (2008) 106 

listed 191 species and subspecies, 28 subgenera and 35 genera, and the authors compared their 107 

research with those published from US military sources during the Vietnam war. However, these 108 

data were not exhaustive, as they did not update all the reported research by domestic authors [35]. 109 

More recently, Nguyen (2015) listed 255 species in 21 genera and 42 subgenera. The author’s list 110 

was based on research papers published by domestic and foreign researchers [36]. Nevertheless, 111 

none of them are documented as a literature review of existing mosquito species, along with their 112 

associated mosquito-borne diseases. Hence, in this review, we provide a complete checklist of all 113 

recognised mosquitoes in Vietnam. It was compiled from multiple reliable studies published both 114 

nationally and internationally by Parrish (1969) and Grothaus et al. (1971) [29,30], Reinert (1973) 115 

[37], Vu (1984) [34], Harbach (2007) [38], Bui et al. (2008) [35] and Nguyen (2015) [36]. 116 

Our research reported the existence of a total of 281 Vietnamese mosquito species in 42 subgenera 117 

and 22 genera, of which the main vectors were 66 Anopheles, 51 Aedes, 50 Culex, one Aedeomyia, 118 

12 Armigeres, three Coquillettidia, one Ficalbia, seven Heizmannia, one Hodgesia, one Kimia, 119 

four Lutzia, three Malaya, nine Mansonia, three Mimomyia, 24 Ochlerotatus, three Orthopo-120 

domyia, three Topomyia, four Toxorhynchites, six Tripteroides, one Udaya, 20 Uranotaenia, and 121 

eight Verrallina species [36,39]. These findings are presented in Tables 1 and 2. The distribution 122 

of the primary mosquito vectors in Vietnam and breeding and resting sites are shown in Figs. 1A 123 

and 1B 124 
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Figure 1. Distribution map of the major vectors [A]. Landscapes of larval breeding and adult resting habitats 125 

of Aedes aegypti, Aedes albopictus, Culex quinquefasciatus [B] 126 

3. Mosquito-associated microorganims and human diseases 127 

Malaria  128 

Malaria is a protozoal infection of erythrocytes and ranks fourth among parasitic diseases affecting 129 

birds, reptiles, humans, and other mammals [4,5] Human malaria is also known as ague, marsh 130 

fever, paludism, and intermittent fever [4]. Of the 172 known Plasmodium species, only four, 131 

namely P. falciparum, Plasmodium vivax, Plasmodium malariae, and Plasmodium ovale, are com-132 

monly known to infect humans with malaria [5]. P. falciparum has caused the greatest morbidity 133 

and mortality to date, with several hundreds of millions of clinical malaria cases [40]. 134 

In Vietnam, malaria became a serious public health problem in the late 1980s and early 1990s [41]. 135 

In 1991, the National Malaria Control Programme (NMCP), based on ITNs, IRS, and early diag-136 

nosis and treatment of malaria (EDTM), was approved. Since then, there has been a reduction in 137 

malaria cases between 1991, when there were estimated to be 1,674,000 uncomplicated and severe 138 

clinical cases and 4,650 deaths, and 2017, when there were estimated to be 4,548 clinical cases and 139 

six deaths [41–43]. Nevertheless, as is the case in many countries in the Asia-Pacific region, Vi-140 

etnam faces the challenges of rapidly evolving multi-drug resistant parasites [44], changes in the 141 

outdoor feeding and early biting and resting behaviour of some mosquitoes, as well as insecticide-142 

resistant mosquitoes, which impact the malarial control and elimination strategies which were ex-143 

pected to eradicate the disease by 2030. 144 

Early in the 19th century, Leger (1910) published 15 species of Anopheles mosquitoes in Vietnam. Gallilard 145 

and Dang (1946) built the taxonomic key of 22 Anopheles mosquito species. Tran (1995), published a list of 146 

55 species nationwide [45]. To date, 64 Anopheles species have been identified, but, only 15 Anopheles species 147 

have formally been recognised as likely to transmit malaria [46]. 148 
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Table 1. Checklist of mosquito species reported in Vietnam  149 

Genus Species 

Before 1970 [34–36] 1970-present [30–33,37] 

Anopheles 

An. aconitus An. philippinensis An. aberrans An. harrisoni  An. paraliae 

An. annularis An. sinensis An. alongensis An. indefinitus  An. pseudojamesi  

An. argyropus An. splendidus An. asiaticus An. insulaeflorum An. pseudowillmori  

An. barbirostris An. subpictus An. baezai An. interruptus  An. pursati  

An. campestris An. tessellatus  An. baileyi An. jamesii  An. rampae  

An. crawfordi An.umbrosus  An. barbumbrosus An. kochi An. sawadwongporni  

An. introlatus An. vagus An. bengalensis An. letifer  An. separatus 

An. jeyporiensis An. varuna An. cucphuongensi An. lindesayi  An. sintonoides  

An. karwari  

 

 

An. culicifacies  An. monstrosus  An. stephensi  

An. lesteri An. dangi  An. nimpe An. takasagoensis  

An. maculatus An. dirus An. nitidus An. vietnamensis 

An. minimus An. donaldi  An. nivipes An. whartoni  

An. nigerrimus An. dravidicus  An. notanandai An. willmori 

An. pallidus An. epiropticus  An. palmatus  

An. peditaeniatus An. gigas An. pampanai  

Aedes 

Ae. aegypti     Ae. mediolineatus Ae. alongi Ae. helenae  Ae. novonivveus 

Ae. albolineatus   Ae. nivens Ae. annandalei Ae. hirsutipleura Ae. pampagensis 

Ae. albopictus Ae. niveoscutellum Ae. andamanensis Ae. gardnerii imitator Ae. patriciae 

Ae. alboscutellatus Ae. ostentatio Ae. agrestis Ae. ibis Ae. poecilus 

Ae. amesii          Ae. pseudalbopictus Ae. caecus Ae. jamesii Ae. prominens 

Ae. assamensis Ae. taeniorhynchoites Ae. cancricomes Ae. macfarlanei Ae. saxicola 

Ae. aureostriatus Ae. tonkinensils Ae. chrysolineatus Ae. malayensis Ae. thailandensis 

Ae. dux         Ae. vallistris       Ae. culicinus Ae. manhi Ae. uniformis 

Ae. imprimens          Ae. vexans Ae. desmotes Ae. mediopunctatus Ae. vittatus 

Ae. laniger     Ae. eldridgei Ae. niveoides   Ae. w-albus 

Ae. lineatopennis  Ae. elsiae   

Culex 

Cx. annulus Cx. peytoni Cx. alienus Cx. malayi  

 Cx. bitaeniorhynchus Cx. pseudosinensis Cx. alis Cx. mimulus 

Cx. brevipalpis Cx. pseudovishnui Cx. bernardi Cx. minutissimus 

Cx. fuscanus Cx. quadripalpis Cx. bicornutus Cx. murrelli 

Cx. fuscocephala Cx. quinquefasciatus Cx. cinctellus Cx. pallidothorax 

Cx. fuscocephalus Cx. raptor Cx. curtipalpis Cx. scanloni 

Cx. gelidus Cx. reidi Cx. edwardsi Cx. sumatranus 

Cx. incomptus Cx. rubithoracis Cx. foliatus Cx. variatus 

Cx. khazani Cx. sinensis Cx. fragilis Cx. viridiventer 

Cx. mimeticus Cx. sitiens Cx. hutchinsoni Cx. vishnui 

Cx. minor Cx. tritaeniorhynchus Cx. infantulus Cx. wilfredi 

Cx. nigropunctatus Cx. whitei Cx. infula  
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Cx. pholster Cx. whitmorei Cx. macdonaldi 

 

 150 

Three vectors have been incriminated as playing a role of primary vector in malaria transmission, 151 

namely An. dirus Peyton & Harrison, An. minimus Theobald, and An. epiroticus Linton & Harbach 152 

(Sundaicus complex) [18,47–49]. Other secondary vectors are Anopheles aconitus Dönitz, Anoph-153 

eles campestris Linnaeus, Anopheles culicifacies Giles, Anopheles indefinitus Ludlow, Anopheles 154 

interruptus Puri, Anopheles jeyporiensis James, Anopheles maculatus Theobald, Anopheles lesteri 155 

Baisas & Hu, Anopheles nimpe Nguyen, Tran & Harbach, Anopheles sinensis Wiedemann, Anoph-156 

eles subpictus Grassi, and Anopheles vagus Dönitz, which may be considered to contribute towards 157 

the transmission of malaria outside of forested regions [10].  158 

   

(a) (b) (c) 

Figure 2. Photographs of three mosquito species which are known to be major malaria vectors in Vietnam: 159 
(a) Anopheles dirus; (b) Anopheles minimus; (c) Anopheles epiroticus. 160 

Anopheles dirus sensu stricto (s.s.) Peyton & Harrison (Fig. 2a), 1979, spread to forested and mountain areas 161 

from central and south-eastern region of Vietnam [50]. An. dirus s.s. belongs to the Anopheles (Cellia) leuco-162 

sphyrus group, with 20 member species [51]. This species, previously known as Anopheles balabacensis, 163 

comes from Vietnam and other SEA countries [43]. Recently, it was formally named An. dirus s.s. (species 164 

A) [51]. Of the four Plasmodium species reported in Vietnam and known to be true parasites of humans, P. 165 

falciparum (64%) and P. vivax (35%) [52] have commonly been found, while P. ovale, P. malariae are also 166 

present but at low levels [52–54]. In 2009, a fifth parasite species was discovered, Plasmodium knowlesi, a 167 

macaque parasite that was recognised for the first time in a case of human malaria in a nine-year-old child in 168 

Khanh Phu in the Khanh Hoa province of Vietnam [55]. Interestingly, An. dirus was incriminated as the vector 169 

for carrying sporozoites of P. knowlesi, P. falciparum, and P. vivax, in a paper published by Charmand [56]. 170 

An. minimus s.l. (Fig. 2b) belongs to the Minimus subgroup. The An. minimus complex comprises three spe-171 

cies, of which two are known to occur in the Greater Mekong Subregion (GMS), namely An. minimus Theo-172 

bald (formerly An. minimus A), and Anopheles harrisoni Harbach and Manguin (formerly An. minimus C) 173 

[18]. An. minimus s.l. is widespread in hilly and forested areas nationwide. These mosquitoes breed in small, 174 

slow-flowing streams with aquatic vegetation, and clear water in full sunlight [57]. An. epiroticus (formerly 175 

Anopheles sundaicus species A) (Fig. 2c), which is distinguished by brackish water populations in sunlight, 176 

only occurs in coastal areas of southern Vietnam [58]. 177 

Dengue  178 

Dengue or dengue fever is the most prominent mosquito-borne virus, leading to approximately 100 179 

million symptomatic cases in about 100 tropical-zone countries every year. According to the WHO 180 

(2021), the number of dengue cases increased more than eight-fold from 505,430 cases in 2000 to 181 

5.2 million cases in 2019, with an increase in the death rate from 960 in 2000 to 4032 in 2015 [59]. 182 

It is estimated that approximately 70% of these cases were in Asia, with the most affected countries 183 

being, in order, the Philippines (420,000), Vietnam (320,000), Malaysia (131,000), and Bangladesh 184 

(101,000) [59]. The dengue virus (family Flaviviridae) has five distinct serotypes (DENV-1 to 185 
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DENV-5) and serotypes 1-4 are widely spread globally [60]. Infection with any of these five sero-186 

types can cause illnesses such as dengue fever and dengue shock syndrome [59]. Generally, the 187 

dengue virus is transmitted in humans through bites of the female Aedes mosquito. 188 

 Table 2. Checklist of other mosquito species reported in Vietnam 189 

Genus Species 

Before 1970 [31,35] 1970-present [30–33] 

Aedeomyia Ad. Catasticta - 

Armigeres Arm. flavus Arm. annulitarsis Arm. durhami Arm. moultoni 

Arm. subalbatus Arm. aureolineatus Arm. kuchingensis Arm. pectinatus 

 Arm. cingulatus Arm. longipalpis  

 Arm. dolichocephalus Arm. magnus 

Coquillettidia - Cq. crassipes Cq. ochracea Cq. nigrosignata 

Ficalbia Fi. minima - 

Heizmannia - Hz. communis Hz. greenii Hz. scintillans 

Hz. complex Hz. persimilis  

Hz. covelli Hz. reidi 

Hodgesia Ho. malayi - 

Kimia - Km. decorabilis 

Lutzia -Lt. raptor Lt. fuscanus Lt. halifaxii Lt. vorax 

Malaya Ml. jacobsoni Ml. genurostris                                                     Malaya sp. 

Mansonia Ma. annulifera Ma. annulata 

Ma. crassipes Ma. bonneae 

Ma. nigrosignata Ma. dives 

Ma. ochracea Ma. indiana 

Ma. uniformis  

Mimomyia - Mi. chamberlaini metallica Mi. hybrida Mi. luzonensis 

Ochlerotatus  Och. assamensis Och. macfarlanei Och. saxicola 

 Och. aureostriatus Och. mikrokopion Och. scatophgoides 

 Och. chrysolineatus Och. niveoides Och. tonkinensis 

 Och. dissimilis Och. niveus Och. vigilax 

 Och. elsiae Och. novoniveus Ochlerotatus sp.1 

 Och. khazani Och. poicilius Ochlerotatus sp.2 

 Och. laniger Och. prominens Ochlerotatus sp.3 

 Och. longirostris Och. pseudotaeniatus Ochlerotatus sp.4 

Orthopodomyia -  Or. albipes Or. andamanensis Or. anopheloides 

Topomyia - To. Gracilis                     Topomyia sp.1                 Topomyia sp.2 

Toxorhynchites Tx. splendens Tx. albipes Tx. Kempi                            Toxorhynchites sp. 

Tripteroides Tp. aranoides Tp. powelli Tp. similis Tp. tenax 

 Tp. proximus Tp. tarsalis  

Udaya - Ud. argyrurus 

Uranotaenia Ura. annandalei Ura. bicolor Ura. koli Ura. spiculosa 
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Ura. campestris Ura. bimaculata Ura. lateralis Uranotaenia sp. 

Ura. macfarlanei Ura. bimaculiala Ura. longirostris  

Ura. maxima Ura. demeilloni Ura. lutescens 

Ura. obscura Ura. edwardsi Ura. nivipleura 

Ura. recondita Ura. hongayi Ura. rampae 

Verrallina - Ver. andamanensis Ver. consonensis Ver. unca 

Ver. butleri Ver. dux Ver. vallistris 

Ver. clavata Ver. nigrotarsis  

 190 

Vietnam is the country that is second most affected by the dengue virus in Asia, as well as in the 191 

world, and the first dengue case was reported in 1959 [7,59,61]. However, the largest dengue out-192 

break was reported in 2019, with about 320,702 cases and 54 deaths between January and Decem-193 

ber [61]. According to a report from the Vietnamese Ministry of Health, a 2.5-fold increase in the 194 

number of dengue cases was noted in the 2019 dengue outbreak, compared to cases in 2018 [61]. 195 

It has been reported that the dengue virus (mostly serotypes 1-4) has been highly distributed across 196 

Vietnam, from the southern region into the central and northern regions of the country. For instance, 197 

Nha Trang city in the central region of Vietnam recorded 12,655 dengue fever cases between 2006 198 

and 2016 [62]. The capital city, Hanoi, (northern region) has witnessed many significant dengue 199 

outbreaks over the last decade. The largest outbreak was recorded in 2017 with 37,651 cases and 200 

seven deaths [7]. The incidence rate of the dengue virus varies for each province and region, and 201 

the most affected cases are recorded in the southern part of the country compared to other regions 202 

[63,64]. To date, Vietnam has recorded an increase of about 15,000 dengue cases compared to 203 

statistics in the past 10 days, raising the total number of cases in 2022 as of July 2022 to 92,000 204 

cases and 36 deaths [65,66]. The main hotspot areas for dengue fever are in southern Vietnam, 205 

specifically Ho Chi Minh with 21,750 cases, an increase of more than 181% compared to the same 206 

period last year, and leading to nine deaths [65,67], followed by the provinces of Binh Duong (5,000 207 

cases and eight deaths) [68], Dong Nai (3,500 cases and three deaths), and An Giang (4,400 cases) 208 

[69]. These provinces have all witnessed an increasing number of infections. Due to the high pop-209 

ulation growth and rapid urbanisation, the biggest city, Ho Chi Minh, is well-know as critical urban 210 

centre for the transmission of dengue virus.  211 

Aedes aegypti (Fig. 3d) and Ae. albopictus (Fig. 3e) are two main vectors that cause dengue fever 212 

in Vietnam. Ae. aegypti is a dominant vector in urban regions of Vietnam, mainly breeding in 213 

flower vases, jars, and plastic buckets. Ae. albopictus breeds with lower density in both urban and 214 

peri-urban areas than Ae. aegypti, due to climate change, migration, and urbanisation. The factors 215 

influencing the distribution of the dengue virus in Vietnam have been found to be industrialisation, 216 

urbanisation, and climate change [70].  217 

Zika virus infection 218 

Zika virus is an arbovirus (Flavivirus genus) with a rapid geographic spread [71]. It was first isolated from the 219 

blood samples of a rhesus monkey, in the Ziika Forest of Uganda, in 1947, during epidemiological studies of 220 

yellow fever [72,73]. However, the first case in humans was isolated in a Nigerian female (10 years old) in 221 

1954 [74] and, outside the African continent, it was first identified in SEA (Malaysia 1966) and Indonesia 222 

(1977) [75,76]. However, the largest outbreak in humans was reported on the island of Yap in 2007, where 223 

75% of the population was infected [77,78]. Later, new epidemics broke out in French Polynesia (in late 2013) 224 

[79], the South Pacific (during 2014 and 2016), region of the Americas (in 2015), and Brazil (in 2015), leading 225 

the WHO to declare “congenital Zika syndrome” as a global public health emergency in February 2016 [76] 226 
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Serological screening during these epidemics identified that the Aedes species, including Aedes hensilli in Yap 227 

island, Aedes polynesiensis and Ae. aegypti in French Polynesia, and Aedes albopictus and Ae. aegypti in much 228 

of the Americas, are the probable vectors of Zika infection [71]. However, Ae. aegypti is the leading vector in 229 

urban areas, while Ae. albopictus occurs in both urban and rural areas [80]. In addition, the Zika virus has also 230 

been rarely isolated from Anopheles, Culex, and Mansonia species [81]. In recent ages, some evidence has 231 

been found that the Zika virus can also be transmitted by perinatal transmission, transfusions, and sexually 232 

[73]. The general clinical symptoms of Zika virus are arthritis or arthralgia, conjunctivitis, fever, Guillain-233 

Barré syndrome, headache, muscle and joint pain, myalgia, rash, retro-orbital pain, tiredness, and vomiting 234 

[82,83]. 235 

 236 

 
 

 

(d) (e) (f) 

Figure 3: Photographs of three mosquito species which are potential vectors of several viruses, including 237 

dengue, Zika, and Japanese encephalitis in Vietnam: (d) Aedes aegypti; (e) Aedes albopictus; (f) Culex quin-238 

quefasciatus. 239 

Vietnam is one of the top five countries that have been recognised as sentinel indicators for Zika virus trans-240 

mission [84]. In Vietnam, the first Zika infection was identified by Real-Time PCR in two children from the 241 

Long An province and Ho Chi Minh city in 2013 [85]. Later, it was identified in two females from Nha Trang 242 

city and Ho Chi Minh city in April 2016 [86]. During this first outbreak in 2016, around ten provinces in the 243 

Central Highlands and southern regions were strongly affected with 212 cases [86]. Furthermore, the number 244 

of cases dropped significantly to 24 cases in 2017, and one case in 2018 86,87]. All cases reported in Vietnam 245 

were recognised to be local, vector-borne infections [87] 246 

In Vietnam, the Aedes species is the main vector reported to cause transmission of the Zika virus [87]. The 247 

entomological report during the 2016 outbreak noted that Zika virus was mainly transmitted by the Ae. aegypti 248 

vector, which mostly survives in water stored at home [87,88]. In addition, the significant growth of the density 249 

of the vector was found to be due to (a) the impact of urbanisation; (b) climate change; (c) lack of awareness 250 

on the importance of eliminating the breeding areas of mosquitoes [88].  251 

Japanese encephalitis 252 

Japanese encephalitis is caused by a Flavivirus, which is the most common vector-borne disease in Asia and 253 

Pacific countries. It affects 67,900 people every year all over the globe [89]. Around 75% of these cases are 254 

reported among children 0–14 years old. The general clinical symptoms of viral encephalitis are disorientation, 255 

headache, high fever, neck stiffness, seizures, spastic paralysis, and coma [89,90]. Some serological screening 256 

studies have reported that the encephalitis virus may cause severe symptoms including abortion and stillbirth 257 

in animals such as horses and dogs [91]. Generally, pigs and birds act as reservoirs of the Japanese encephalitis 258 

virus, whereas humans and other animals are considered dead-end hosts [91,92]. The enzootic transmission 259 

cycle of Japanese encephalitis involves mosquitoes, birds, and pigs. However, there is no evidence that mos-260 

quitoes play a significant role in the epidemiology of the encephalitis virus [92]. 261 
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In the 1930s, the first isolate of the Japanese encephalitis virus was identified from Culex tritaeniorhynchus 262 

and 30 other mosquito species were later detected [93]. However, mosquitoes from Culex tritaeniorhynchus, 263 

Culex gelidus, Culex fuscocephala, Culex vishnui, and Culex quinquefasciatus (Fig. 3f) are well-recognised 264 

vectors and capable of transmitting flavivirus both naturally and experimentally [94,95], while mosquitoes 265 

from Aedes, Anopheles, Armigeres, and Mansonia genera are proven to transmit it experimentally [93,96,97]. 266 

Favourable breeding areas for these mosquito species are found to be rice fields, wastewater, and irrigation 267 

systems [92,98,99]. Encephalitis is, therefore, most common in countryside areas. 268 

In Vietnam, the Japanese encephalitis virus circulated in both rural and urban areas. In 1951, the first case of 269 

Japanese encephalitis virus was isolated in Vietnam [100]. Until 2003, the encephalitis virus was endemic 270 

throughout Vietnam, with 1,000–3,000 cases annually [92,101]. Later, the incidence rate of the encephalitis 271 

virus in the Vietnamese population reduced dramatically after the implementation of immunisation and Japa-272 

nese encephalitis vaccination programmes [100]. In Vietnam, the population of Culex species was predomi-273 

nant and its abundance was significantly connected with the density of cattle [102]. Cx. tritaeniorhynchus, Cx. 274 

vishnui s.l., and Cx. quinquefasciatus are the major vectors that cause encephalitis in Vietnam [103,104]. Spe-275 

cies in the Cx. vishnui subgroup, including Cx. tritaeniorhynchus, Cx. vishnui, and Cx. pseudovishnui, breed 276 

locally on a large scale in aquatic habitats, i.e., rice areas, puddles, ditches, and cisterns. The most common 277 

breeding habitat is the rice-field ecosystem [105]. Culex quinquefasciatus is a  member of the Culex pipiens 278 

complex. 279 

Lymphatic filariasis 280 

Lymphatic filariasis (LF) is a rapidly spreading and neglected tropical disease that causes permanent disrup-281 

tion of the human lymphatic system. It is widely distributed in tropical and subtropical countries in Africa, 282 

America, Asia, and the western Pacific [106,107]. Globally, the infection of lymphatic filariasis increased 283 

significantly from 120 million cases in 1997 to 56 million cases in 2017 [108]. This disease is caused by 284 

mosquito-borne parasitic filarial worms, namely, Brugia malayi, B. timori, and Wuchereria bancrofti, that are 285 

transmitted by some mosquito species. About 90% of lymphatic filariasis cases are caused by W. bancrofti 286 

and other cases by Brugia species [109]. The WHO recommended antihelmintic treatment to eliminate lym-287 

phatic filariasis. 288 

Aedes, Culex (predominantly Cx. quinquefasciatus) and Anopheles species are the principal vectors of lym-289 

phatic filariasis causing infections with W. bancrofti [110]. Mansonia species transmit the disease through 290 

Brugia malayi and B. timori. In 1997, the WHO declared lymphatic filariasis as the second leading disease 291 

that causes long-term or permanent disability globally. Integrated vector management programmes have been 292 

promoted by the WHO to improve cost-effectiveness, efficacy, ecological soundness, and vector control sus-293 

tainability [110]. However, the total global burden of this disease continues to grow and its prevalence of 294 

endemicity has been confirmed in 76 countries [109]. 295 

Lymphatic filariasis (LF) used to be endemic in many parts of Vietnam in the early 1900s, putting millions of 296 

people at risk [111,112]. Infections were only caused by Brugia malayi and Wuchereria bancrofti, in which 297 

B. malayi made up the majority (over 90%) [111,113]. An estimated 5%–10% of the population became in-298 

fected in several areas (114). The prevalence of the disease gradually declined to only 1%–3% in endemic 299 

areas [114]. In 2018, Vietnam declared the elimination of LF through the support of the WHO and the United 300 

States Agency for International Development (USAID) neglected tropical disease (NTD) programme. To 301 

maintain these results, Vietnam continues to conduct operational research to monitor and evaluate, having 302 

being recognised by the WHO as having eliminated the disease. 303 

4. Other mosquito-borne diseases 304 

Yellow fever 305 
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Yellow fever (Flavivirus) is a common mosquito-borne viral disease distributed mostly in South America and 306 

Africa countries. The clinical features of this disease range from mild febrile illness to lethal symptoms in-307 

cluding haemorrhages and liver damage. Annually, 80%–90% of cases are reported from about 44 Africa 308 

countries via epizootic outbreaks [115]. This disease was transmitted to other nations including the United 309 

States via slave transport ships in the middle of the 18th century [116]. In 1946, the Pan American Health 310 

Organization (PAHO) initiated an eradication campaign to eliminate the vectors causing yellow fever in urban 311 

areas of American countries. Unfortunately, this elimination campaign was interrupted and many of the Amer-312 

ican countries were re-infested by vectors including Ae. aegypti, Ae. africanus, and Haemagogus janthinomys 313 

[116,117]. The main vectors that transmit the yellow fever virus are found to be Aedes sp. in Africa, Haema-314 

gogus sp. in South America, and Ae. aegypti and Ae. albopictus in Brazil. In general, Haemagogus leucoce-315 

laenus and Sabethes albiprivus are highly susceptible to the yellow fever virus [117]. 316 

Chikungunya disease 317 

Chikungunya is an alphavirus (Togaviridae) that causes chronic musculoskeletal pain and acute fever in hu-318 

mans. In 1953, chikungunya was first reported in Tanzania and was characterised by severe fever and crippling 319 

joint pain [118]. Later, this virus became endemic in Africa through frequent sporadic outbreaks that were 320 

reported in the Democratic Republic of Congo, Nigeria, Kenya, Uganda, Senegal, South Africa, and Zimba-321 

bwe [119]. In a short time, the disease spread to tropical and temperate zones of Asia through mosquito vectors. 322 

In 1958, the first outbreak in Asia was recorded in Bangkok and further spread to Cambodia, Malaysia, Vi-323 

etnam, and Taiwan in the following years [120]. In recent years, chikungunya cases have been reported in 324 

Australia, the Caribbean, South America, Europe, the US, the Middle East, and the Pacific region through 325 

travellers from affected countries [121,122]. Chikungunya disease is highly debilitating and its epidemics have 326 

a significant economic impact. For instance, within nine months of the first chikungunya infection in the Car-327 

ibbean island of Saint Martin, it had spread to 22 countries by October 2013 [118].  328 

The extensive spread and frequent epidemics causing severe illness have led to the need for effective drug 329 

therapy. Generally, analgesics, anti-inflammatory, antiviral, and antipyretics agents are administered for the 330 

treatment of chikungunya fever [123]. In 1984, chloroquine phosphate was observed to be an effective thera-331 

peutic agent for chronic chikungunya arthritis [124]. Later, various chikungunya vaccines were developed and 332 

used, causing fewer side effects [125,126].  333 

The serological characterisation of blood samples collected in epidemic areas in Tanganyika and Thailand 334 

reported Ae. aegypti to be the major vector of the chikungunya virus [127,128]. Similarly, experimental studies 335 

identified Ae. albopictus as the potential vector in Indian Ocean islands [128]. The transmission of the 336 

chikungunya virus has differed in Africa and Asia. In Africa, the chikungunya virus is sustained in a sylvatic 337 

cycle of Aedes africanus, Ae. aegypti and Ae. furcifer-taylori, while the Asian virus is maintained in a mos-338 

quito-human-mosquito cycle of Mansonia and Culex sp. [129]. However, the Anopheles and Culex mosquito 339 

vectors need further investigation, as they failed to spread the chikungunya virus experimentally [128]. 340 

5. Mosquito population control strategies  341 

The mosquito control strategy in Vietnam has implemented a number of different methods to con-342 

trol vectors. In the 2000s, measures to improve the environment, clear sewers, clear bushes, etc., 343 

were an effective strategy in terms of the economy and savings for the state budget. However, once 344 

an epidemic occurs, chemical spraying is applied thoroughly and effectively on a large scale and 345 

plays a decisive role. In addition, biological methods have also been applied in Vietnam since the 346 

1990s, although with little effect. They are still applied and include methods such as releasing gup-347 

pies, carp, and tilapia to eat larvae in ponds, lakes and ornamental pots [130]. Currently, the use of 348 

Wolbachia-carrying mosquitoes appears to be the most effective means of preventing Aedes mos-349 

quitoes. Trials in Nha Trang in Khanh Hoa showed a significant reduction in the number of mos-350 

quitoes in the population, as well as a reduction in the number of dengue cases [131]. 351 

Mechanical methods and environmental improvements 352 

89



Insects 2022, 13, x FOR PEER REVIEW 12 of 23 
 

 

Generally, every stagnation group has appropriate areas to breed, mechanical methods eliminate 353 

such place in order to minimise the birth of new spores. In addition, by improving the environment 354 

the growth of disease-transmitting insects is interrupted and limited [132]. Environmental improve-355 

ment aims to be detrimental to the disease-causing species, the ecological imbalance, and maintains 356 

this imbalance for as long as possible. For instance, limited ponds, cleaning waste, and opening 357 

sewers to limit the growth of flies [133]. Overall, mechanical methods and environmental improve-358 

ment not only kill the vectors but also prevent them from coming into contact with animals and 359 

humans. These methods are promote high awareness, are inexpensive, and very effective, with the 360 

biggest advantages of not causing ecological contamination, and leading to sustainable and proac-361 

tive effects [134]. 362 

Chemical methods 363 

Over the last few years, chemical agents such as organochloride, pyrethroids, organophosphorus, 364 

thiacloprid, imidacloprid, N,N-diethyl-meta-toluamide, thiamethoxam, p-menthane-3,8-diol, 365 

fendona (α-cypermethrin), and synthetic chrysanthemum drugs have been given top priority for the 366 

inhibition of disease-transmitting vectors [134]. These methods not only limit the vector population 367 

but also are remarkably effective at controlling outbreaks in Vietnam. The main advantages of these 368 

chemical methods are that they are quick-acting and are highly effective, even on large areas. How-369 

ever, this method is limited by the chemical resistance of vectors and environmental pollution [135]. 370 

Biological methods  371 

In this method, either natural enemies of insects are used to destroy vectors (prey) or disease-caus-372 

ing organisms are used to infect with mosquitoes diseases [136]. For instance, the use of fish to kill 373 

larvae, and the release of Toxorhynchites mosquito larvae and/or microbes (such as Bacillus thu-374 

ringiensis, MESOCYCLOPS) to eat the larvae of Aedes, Anopheles, Ceolomomyces, Culex, Cu-375 

licinomyces, Entomophthora, Lagenidium and Tolypocladium [130,131,137–139]. Biological 376 

methods have the advantage of not polluting the environment and are non-toxic to animals and 377 

humans. On the other hand, this method is less effective [134]. 378 

Genetic methods 379 

Currently, genetically modified mosquitoes are using as a tool to kill the mosquitoes that transmit 380 

dengue fever in Malaysia, Brazil, and Vietnam [140]. In this method, male mosquitoes are genet-381 

ically engineered and released into the wild to mate with female mosquitoes. The larvae produced 382 

after mating with these modified mosquitoes will eventually moult or die at the four instar [141]. 383 

This method has been shown to be effective in controlling the transmission of dengue fever. How-384 

ever, genetic methods remain controversial with regards to the emergence of novel species [140]. 385 

6. An emerging method for the rapid and reliable identification of mosquito species 386 

Mosquito-borne diseases are a major public health concern worldwide. For effective mosquito con-387 

trol, their accurate identification is a crucial step in differentiating mosquito vectors from non-388 

vectors. Morphological identification is the “gold standard” method, which is widely used for dis-389 

criminating between mosquitoes using their external characteristics. However, there are several 390 

drawbacks to this traditional method, such as the need for standard taxonomic keys, expert ento-391 

mology knowledge, and the ability to classify species belonging to sibling and cryptic groups 392 

[142,143]. Interestingly, most of the significant malaria vectors in the SEA region are members of 393 

complexes in which the species are similar or indistinguishable using external morphology. Mo-394 

lecular biology methods such as polymerase chain reaction (PCR), enzyme electrophoresis, and 395 

DNA sequencing, have been used to distinguish between homogeneous species [144,145]. Never-396 

theless, these techniques are also limited due to being time-consuming, exorbitantly priced, and 397 

requiring primer-specific targeting for certain species [146–148]. 398 

90



Insects 2022, 13, x FOR PEER REVIEW 13 of 23 
 

 

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) 399 

has revolutionised the field of clinical microbiology and mycology [146]. Recently, MALDI-TOF 400 

MS has been proposed as an alternative and innovative method of overcoming the drawbacks of 401 

the above two methods in medical entomology to identify arthropods [148]. This approach has 402 

routinely been applied in our laboratory for the rapid and accurate identification of arthropods, 403 

including mosquitoes at almost all stages such as eggs, larvae, and adults [149–151]. MALDI-TOF 404 

MS is an easy-to-use, time-saving, and affordable method compared to earlier methods, and a de-405 

vice may be purchased for medical microbiology and then used in entomology. Its operation is 406 

based on the identification of acidic extraction of proteins from an organ of interest. The 407 

mass/charge ratio of each protein is measured as it passes across an electric field after propulsion 408 

of the protein molecules from ultraviolet laser desorption. The mass/charge ratio of the proteins 409 

generated is unique protein mass spectrum of the specific sample known as the “protein signature” 410 

for reliable species identification. This spectrum is then compared to a database of reference pro-411 

files containing the spectra of species that have been officially validated using morphology and 412 

molecular techniques.  413 

In Vietnam, MALDI-TOF MS was firstly applied to identify mosquitoes collected in eight areas of 414 

the Vietnam Central Highlands, including 22 mosquito species identified from extracted proteins 415 

from the legs. In particular, MALDI-TOF MS is able to distinguish between closely related mos-416 

quito species, which are impossible to classify using morphology, as was the case of the Anopheles 417 

minimus [152,153] and Culex pipiens complexes [149], which have been reported as being chal-418 

lenging to distinguish from others using morphology and molecular techniques [149,154–156]. 419 

This innovative technique is capable of successfully identifying Vietnamese mosquitoes at the spe-420 

cies level, as well as within the sibling and complex groups. It indicates that MALDI-TOF MS 421 

could be used to prevent mosquito misidentification by morphology. 422 

7. Conclusion and perspectives 423 

Recently, the collection of mosquitoes in Vietnam has mainly focussed on vector species related to 424 

the transmission of infectious diseases that cause global health problems. Eighty-nine mosquito 425 

species were recognised prior to 1970 and 192 species have been described from 1970 to the pre-426 

sent. [36]. However, the checklist of Vietnamese mosquitoes is far from being complete as long as 427 

further investigations on mosquitoes are carried out. Molecular biology tools have proven to greatly 428 

enhance the accurate identification of the microorganisms known to be associated with mosquitoes 429 

such as bacteria, protozoa, and arbovirus [158–160]. These methods not only confirm the morpho-430 

logical identification but also identify species and contribute to the detection of mosquito-borne 431 

microorganisms. 432 

A large number of vectors of the genera Aedes, Anopheles, and Culex have been identified as the 433 

mosquitoes that transmit diseases caused by parasites, bacteria, and viruses. Interestingly, outbreaks 434 

of dengue, Zika, and Japanese encephalitis have occurred in Vietnam and around the world where 435 

are Aedes spp. mosquitoes are prevalent. Following these viruses, we can hypothesise that a further 436 

pathogen transmitted by Anopheles and Aedes spp. mosquitoes probably appears in Vietnam as 437 

Rickettsia felis [161]. In fact, an increasing number of reports have implicated R. felis, an obligate 438 

intracellular bacterial pathogen that is able to cause disease in humans [161–163]. The first report 439 

of R. felis as a human pathogen detected it in two acute undifferentiated fever (AUF) patients and 440 

one afebrile adult patient in central Vietnam [164]. The cat flea Ctenocephalides felis was first 441 

considered to be the only confirmed vector of R. felis [161]. Nevertheless, we recently discovered 442 

that Anopheles gambiae, a major malaria vector in sub-Saharan Africa, was a potential vector for 443 

R. felis [163]. Additionally, R. felis has been detected in Anopheles sinensis, Aedes albopictus, and 444 

Culex pipiens pallens mosquitoes from China, where these vectors bite human beings [165]. There-445 

fore, further studies are needed to determine the range of mosquitoes hosting R. felis in Vietnam. 446 
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Conclusion and Perspectives 

During this thesis, we developed and evaluated for the first time the capacity of MALDI-TOF MS 

for the identification of field-caught mosquito, tick, and flea species in the Central Highlands of 

Vietnam. Firstly, we developed a quick and simple protocol to identify mosquitoes stored in silica 

gel. In our lab, this protocol has been used frequently to identify mosquitoes. It is a quick, low-

cost, and easy method for transporting mosquito samples from the field to laboratories, and it could 

be an alternative to the labor-intensive and expensive freezing preservation method. We have 

shown this protocol is effective for the rapid and accurate identification of Vietnamese mosquitoes. 

We have also enriched our in-house MALDI-TOF MS reference database by adding reference 

spectra of 18 new Vietnamese mosquito species. Particularly, we have deposited all our Raw MS 

spectra from arthropods included in the reference MS spectra database in a public repository in an 

attempt to be shared with the entire research community. The MS spectra are available with the 

DOI number: https://doi.org/10.35081/hwtr-5224. Researchers could download and apply their 

database system to develop the MS protein spectra database for vector-borne diseases monitoring 

comprehensively on a global scale. 

Secondly, we were the first to use the MALDI-TOF MS for the identification of alcohol-preserved 

ticks and fleas based on extracted leg and cephalothorax protein spectra, respectively. We have 

shown that the MALDI-TOF MS is a remarkably useful and reliable robust tool for identifying 

alcohol-preserved tick and flea species that have undergone different storage periods collected in 

Vietnam. Additionally, the MALDI-TOF allowed us to identify new tick and flea species that are 

challenging to identify using morphological and molecular techniques. We identified the DNA of 

several microorganisms including Anaplasma platys, Anaplasma phagocytophilum, Anaplasma 

marginale, Ehrlichia rustica, Babesia vogeli, Theileria sinensis, and Theileria orientalis in 
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collected tick species from dogs, cows. We also found Bartonella clarridgeiae, Bartonella 

rochalimae, Bartonella coopersplainsensis, and Wolbachia endosymbiont in fleas collected from 

cats, dogs, and small wild rodents in Vietnam. We have contributed to improving knowledge of 

the repertoire of microorganisms associated with ticks and fleas in Vietnam.  

Finally, we have written a review on mosquitoes and mosquito-borne diseases in Vietnam. The 

available data allowed us to see that the checklist of Vietnamese mosquito species is far from being 

complete as long as further investigations on mosquitoes are carried out and hence mosquito-borne 

diseases control will continue to be a significant public health concern.  

Vector-borne diseases are globally widespread, but they are frequently neglected in developing 

countries where access to healthcare is limited. Such as the case in Vietnam where Ehrlichia spp. 

infections, the agent of human monocytic ehrlichiosis, was found in ticks collected from wild and 

domestic animals, have been reported by Kelch WJ (1984) and Parola P et al. (2003) and rickettsial 

infections as a human disease, have been identified in 36,8 % of patients suffering from acute 

undifferentiated fever (AUF). Despite the potential risks to human health, very little research has 

been conducted on the molecular identification of ticks, fleas, and mites and their associated 

microorganisms in Vietnam, with previous studies relying solely on morphological identification. 

However, there are several drawbacks to both of these methods (morphology and molecular) such 

as the need for standard taxonomic keys, expert entomology knowledge, time-consuming, 

exorbitantly priced, and requiring primer-specific targeting for certain species. Recently, MALDI-

TOF MS has been proposed as an emerging, alternative and innovative tool for overcoming the 

drawbacks of the above two methods in medical entomology to identify arthropods. 
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Previously, I just well-known in entomology and field skills for vector investigation, however, 

after my Ph.D. thesis, my experience with the MALDI-TOF MS tool in the IHU's VITROME 

laboratory has enabled me to work on further projects regarding this innovative tool for 

identification of arthropods and arthropod-borne diseases in Vietnam. In the longer term, I wish in 

my career as an entomologist to participate in the transfer of my technological skills to Vietnam 

through training and scientific workshops, as well as conduct a future large-scale study on 

ectoparasites collected from geographically diverse areas for entomological researchers in future 

surveys of Vietnamese arthropods and vector control decision-makers. 
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