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Abstract: Vector-borne diseases spread from wild animals and their associated ectoparasites to
humans and domesticated animals. Wildlife markets are recognized as important areas where this
transfer can take place. We assessed the potential for spreading vector-borne diseases in two live
and wet markets in Myanmar (Mong La, on the Myanmar-China border) and Indonesia (Sukahaji in
Bandung on the island of Java) by making an inventory of all live and freshly killed wild mammals
for sale. For eight mammal families, we quantified the number of animals on offer, and we used a
heatmap cluster analysis to map vector-borne diseases that these families may carry. In Myanmar, we
observed large numbers of wild pigs and deer (potentially carrying West Nile and various encephalitis
viruses) whereas in Indonesia we observed Old World fruit bats (potentially carrying Chikungunya
and encephalitis viruses) and squirrels (potentially carrying West Nile and encephalitis viruses). The
trade in Indonesia was dominated by live mammals offered for sale as pets, and only Old World
fruit bats and squirrels traded for traditional Asian medicine were killed in the markets. The trade in
Myanmar was more geared towards wild meat (e.g., wild pigs, deer, primates) and traditional Asian
medicine (squirrels). The combined risks of vector-borne diseases spreading from traded animals
to human health highlight the need for an integrated approach protecting public health, economic
interests and biodiversity.

Keywords: CITES; conservation; encephalitis; infectious diseases; One Heath; West Nile virus;
wildlife trade; zoonosis

1. Introduction

Vector-borne diseases account for 17% of the estimated global burden of all infectious
diseases; their social, health and economic impacts continue to be very high [1]. The inci-
dence of vector-borne diseases in humans, wild and domesticated animals has increased [2]
in part due to an increase in the amount of contact between wild animals, their associated
ectoparasites on the one hand and humans and domesticated animals on the other. Part of
this is facilitated by the intrusion of humans into the domain of wild animals, e.g., due to
accelerated land use changes, deforestation and habitat fragmentation, increased access to
previously inaccessible areas and an increased globalization of commercial trade in wild
animals [3,4]. The latter takes the form of the trade in dead animals, as in the wild meat
trade or trade in animal parts for traditional medicine, or it can take the form of trade in
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live animals, either for eventual consumption or for decorative purposes, such as to be
kept as pets. The emergence of disease in new regions is caused primarily by pathogen
movement due to trade and travel [5], whereas local emergence is driven by a combination
of environmental changes that affect vectors and wildlife hosts and social changes that
affect human exposure to vectors [6]. Vector-borne diseases that were once endemic to
specific regions show up in hitherto unaffected regions because of globalization and climate
change, and advances in molecular biology during the last three decades have led to the
discovery of new vector-borne pathogenic organisms sometimes far outside their region of
origin [7–10].

Trade in wildlife provides disease transmission mechanisms at levels that not only
cause human disease outbreaks but also threaten livestock, international trade, rural
livelihoods, native wildlife populations and the health of ecosystems. Wild mammals,
birds, reptiles and amphibians flow daily through trading centers where they are in contact
with people and numerous other species of animals (dead and alive, wild and domestic)
before they are shipped to other markets, sold locally or released into the wild as part of
religious customs meriting release or as unwanted pets [11]. The 2003 SARS-CoV-1 outbreak
may have spread from a wildlife market in southern China, similar to the SARS-CoV-2
outbreak [12,13].

In Asia, the main vector-borne diseases of public health importance are malaria,
dengue, Japanese encephalitis, chikungunya, African swine fever and West Nile virus
amongst others [1,8,10,14,15]. In recent years, especially after the emergence of SARS-CoV-
2 (COVID-19) and its links to the Wuhan wet markets in China, there have been calls to ban
the sale of exotic animals in markets (e.g., [16]) or to curb the trade in illegal wildlife more
effectively as these were seen as main vectors in the emergence of zoonotic diseases [17,18].
It is not ‘just’ exotic (i.e., non-native) animals or animals that are traded illegally that
have the potential to carry diseases harmful to humans, but also includes a wide range of
species that are traded legally [19]. Wildlife markets, especially open outdoor ones where
wild-caught animals arrive alive and are either sold alive or are slaughtered in the market,
bring together wildlife and large numbers of humans in close contact, potentially more so
than in settings where the animals are living freely in their natural environment (e.g., a
forest) where they may occasionally encounter humans. In Shenzhen, China, 40% (8/40)
of wild animal traders had SARS-CoV-1 antibodies in comparison to 5% (1/20) vegetable
traders from the same market [20], and similarly among wildlife traders in Guangzhou,
China, the highest prevalence of antibodies to SARS-CoV-1 was found among those who
traded primarily masked palm civets Paguma larvata (16/22, 73%), wild boars Sus scrofa
(16/28, 57%) and muntjac deer Muntjacus spp. (9/16, 56%) [21]. Transmission does occur
in markets, but it is not always clear if this is through direct contact or via vectors. In
Vietnam, Huong et al. [22] tested for the presence of coronaviruses in rodents, bats and birds
along the wildlife trade supply chain and noted that the odds of detecting coronaviruses
increased from animals sold by traders (39/188, 21%) to large markets (116/363, 32%) to
wild meat restaurants (84/151, 56%). Rather than attempting to eradicate pathogens or
the wild species that may harbor them, a more effective method of lowering the likelihood
of zoonotic disease transmission is to decrease the contact rate among species, including
humans, at the interface created by the wildlife trade. Since wildlife trading in markets
functions as a system of scale-free networks with major hubs, these points provide control
opportunities to maximize the effects of regulatory efforts [11]. To instigate these control
opportunities, it is worthwhile investigating what the potential infectious diseases are that
circulate in these wildlife markets [18,23].

That is what we set out to do in this study, focusing on mammalian vector-borne
diseases in two wildlife markets in Indonesia and Myanmar. We finally place our study in
a One Health context where we discuss the impact of wildlife trade on public health and
biodiversity in terms of the conservation and socio-economic implications of the observed
trade in Indonesia and Myanmar by examining species in trade and their protection status,
legality and global conservation status. It is important to stress that we did not set out
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to test the actual presence of vector-borne diseases in the mammals we observed in the
wildlife markets or indeed of the humans that work and visit these markets; rather our
study is perhaps best seen as a theoretical study that sets out to assess the presence of
reservoir hosts of vector-borne diseases.

2. Materials and Methods
2.1. Study Areas

We selected two markets where we have worked and collected data over an extended
period of time, the first one being Mong La, Myanmar [24–26] and the second being
Sukahaji, Indonesia [27–29]. Mong La (population 43,000) is situated in Eastern Shan State
on the border with China. It is situated relatively distant within Myanmar (the nearest town
is Kentung, population 172,000, at 80 km), but it is well connected to Daluo and is some
100 km from Jinghong (population 205,000) in China (with its own international aiport).
The main road through Mong La is part of the R3B route linking Kunming to Bangkok.
Developed by Chinese investors, Mong La now focuses on the entertainment industry
(nightclubs, brothels, 24-h casinos, exotic meat restaurants) for Chinese visitors [30]. The
wet market is situated in the central part of the town and is open each morning.

Sukahaji bird market is in the city of Bandung (population 2.5 million), the capital
of the province of West Java. Bandung is well connected to other large cities in Java,
including the capital Jakarta (11.3 million), Bekasi (2.5 million) and Tasikmalaya (72,000),
and has its own international airport. The market is open 7 days a week and consists of
around 75 shops and stalls along Jalan Peta, Suka Asih and Bojongloa Kaler, with additional
vendors selling birds along these streets in mobile shops [27–29,31]. Mostly birds are offered
for sale, for instance, Chng et al. [27] recorded 3178 wild-caught birds of 154 species on a
single day in 2016, but in addition, wild-caught mammals and reptiles are offered every
day [28,29].

In both markets the levels of hygiene are low, and of particular relevance is that the
presence of still standing water in small pools or puddles is common, thus creating suitable
conditions for mosquitoes to remain present.

2.2. Data Acquisition

Myanmar: We visited Mong La on six occasions between 2009 and 2021 (i.e., 6 February
2006; 26 February 2009; 31 December 2013; 6 March 2015; 1 December 2017; 18 January 2021),
during which we recorded wildlife that was offered openly for sale in the wet markets and
outside nearby wild meat restaurants (there is one cluster of such restaurants along the
Mong La River).

A survey was completed within a day, with the morning spent in the wet market and
the afternoon surveying the animals that were displayed outside the wild meat restaurants
and other outlets that sold wildlife. Vendors were somewhat reluctant in allowing us to
take photographs, when it came to live or freshly killed mammals there were no problems
in observing and recording.

Indonesia: We surveyed the Sukahaji bird market in Bandung on the island of Java
between 2012 and 2021 and selected six visits (similar to Mong La) over this period as
a representation of the mammal trade taking place in this market (i.e., 15 April 2012; 27
November 2016; 22 January 2017; 4 February 2018; 6 July 2019; 23 November 2021). A
survey lasted a morning or an afternoon, during which, in addition to mammals, birds
and reptiles were also recorded. The trade in the bird markets is open, and there were no
difficulties recording what was offered for sale.

Here, we focus on mammals, and only the ones that were offered for sale alive or
that were obviously newly killed (both whole carcasses and individual body parts). There
are no refrigeration facilities in Mong La, and in the sections of the market where wild
mammals are offered for sale, there is no running water (this is present in another section
where domesticated animals and fish are sold). Animals typically arrive freshly killed in
the market in the early morning and are sold on the same day. Animals also arrive alive,
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and these are then either sold alive or they are killed when a purchase is made. Some, for
instance, Bengal slow lorises Nycticebus bengalensis, are slaughtered prior to purchase, but
their carcasses are mostly sold on the same day [32].

Based on our visits, we estimate that on a typical morning, about 50 vendors are
present at least several hundred people visit the wet market. In Sukahaji mammals are sold
mostly alive for the pet trade; some squirrels and fruit bats are sold for medicine, and these
are either sold alive or at the request of the buyer, the vendor will slaughter them on the
spot. Sukahaji is open from early morning until late afternoon, and we estimate that, in
addition to 150 vendors, up to a thousand people visit the market daily.

While some of the animals in the market, and in particular the carcasses, are sold
within one or two days, the live animals especially may not be sold for considerable periods
of time, hence increasing the likelihood of diseases spreading from animals to humans.

Greatorex et al. [23] noted that fresh carcasses can carry infective viral pathogens,
for instance, by the handling of primate and bat carcasses and by the observation of viral
survival without the requirement of a living host that can occur in laboratories for between
24 h and six days at temperatures similar to those found in Myanmar and Indonesia.
Smoked, dried, fermented carcasses and carcasses submerged in alcohol (e.g., whole
tiger carcasses in ‘tiger wine’) were excluded due to their unknown potential to transmit
pathogens and unknown length of time since death.

2.3. Analysis

While the surveys in Indonesia were complete surveys, that is, we were able to
record all openly displayed mammals for sale, data collection in Myanmar was somewhat
hampered by the reluctance of some traders to show their wares, and some surveys may
have under-recorded the total amount of mammals on offer. By combining the six surveys
for Indonesia and Myanmar separately, we overcome this oversight as we are confident
that we capture the overall trade in live and freshly killed mammals well (i.e., no new
mammal families carrying vector-borne diseases were detected after the third and second
survey in Myanmar and Indonesia, respectively).

Given that our knowledge of the presence of vector-borne diseases does not cover
individual species very well, the analysis was conducted at the family level. Eight families
were included in the analysis: Viverridae (civets), Cercopithecidae (Old World monkeys),
Felidae (cats), Suidae (pigs), Cervidae (deer), Sciuridae (squirrels), Pteropodidae (Old
World fruit bats) and Rhinolophidae (horseshoe bats).

In terms of vector-borne diseases, we consulted Greatorex et al. [23], Johnson et al. [33]
and Morcatty et al. [34]. We added primate malaria to the list of vector-borne diseases
(zoonotic malaria caused by Plasmodium knowlesi is particularly common in Southeast
Asia: [35]). There is evidence of infections of P. knowlesi in captive long-tailed macaques
Macaca fascicularis [36] (Table 1).
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Table 1. Vector-borne diseases considered as having the potential to spread to humans in and around
wet and wildlife markets. Direct contact indicates the disease can also spread directly to humans by
contact with blood or other bodily fluids, in addition to through a vector.

Vector-Borne Disease Transmission 1 References

Crimean-Congo hemorrhagic fever virus Hyalomma ticks/direct contact [37–39]
Chikungunya virus Aedes (daytime) mosquitoes [8,40,41]

Dengue virus Aedes (daytime) mosquitoes [42,43]
Japanese encephalitis virus Culex (evening) mosquitoes [9,44,45]

Tick-borne encephalitis virus complex Ixodes ticks [44,46,47]
West Nile virus Culex (evening) mosquitoes [15,48,49]

Western equine encephalitis virus Aedes (daytime) mosquitoes [50–52]
Yellow fever virus Aedes (daytime) mosquitoes [10,53,54]
Primate malaria Anopheles (evening/night) mosquitoes [55–58]

Dabie banda virus Ticks/direct contact [59–62]
1 For mosquitoes, daytime refers to species that have a preponderance to be active during the day whereas evening
refers to those species that become more active after sunset.

We created a presence-absence matrix for these seven families and their potential
vector-borne diseases for both Myanmar and Indonesia, provided there was at least one
detection. Values were based on the pooled number of animals or whole animal equivalents
that we observed. These values were then used to generate a heatmap using ClustVis [63].
ClustVis uses several R packages internally, including ggplot2 for the principal component
analysis (PCA) plot, pheatmap (R package version 0.7.7) for plotting heatmap and PCA.
We used the default setting for the PCA analysis, i.e., a Singular Value Decomposition with
imputation. For data pre-processing the unit variance scaling method divides the values by
standard deviation so that each row has variance equal to one [63].

3. Results
3.1. Observations in the Markets

In Myanmar we observed at least 16 species of the seven recorded families; numbers
for individual species were low (i.e., rarely more than ten individuals) but the sale of
animals happened at a high rate (i.e., few animals stayed for long in the markets, and new
ones came in regularly).

Two-thirds of the animals or animal equivalents were freshly killed whereas the
remaining third of the animals were alive when first observed. Most of the animals we
focus on were traded within the eastern and north-eastern side of the wet market, with
smaller numbers displayed in front of the wild meat restaurants a few 100 m further to the
east. Animals were kept in small cages or tethered. Butchering was not in the most basic
of hygienic conditions, with no facilities for cleaning or preventing cross-contamination.
Carcasses of animals would arrive in the morning and were left out in the open, with often
only a piece of cardboard as protection.

Fewer species were observed in Indonesia with four of the seven recorded families,
but numbers were higher, especially for the Sciuridae and the Pteropodidae. All but three
of the individuals we observed were alive (Table 2).
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Table 2. Individuals of eight mammal families (Cercopithecidae, Felidae, Viverridae, Suidae,
Cervidae, Sciuridae, Pteropodidae, Rhinolophidae) * recorded in two live and wet markets
in Myanmar and Indonesia. Key to global conservation status: CR = Critically Endangered;
EN = Endangered; VU = Vulnerable.

FAMILY, Species [Conservation Status] Mong La, Myanmar Bandung, Indonesia

Live Dead Live Dead

CERCOPITHECIDAE
Northern pig-tailed macaque Macaca leonina [VU] 2

Assamese macaque M. assamensis 2
Rhesus macaque M. mulatta 9

Long-tailed macaque M. fascicularis [EN] 10
Macaque Macaca spp. 3

Phayre’s langur Trachypithecus phayrei [EN] 1
Ebony langur T. auratus [EN] 4

FELIDAE
Leopard Panthera pardus [VU] 1

Clouded leopard Neofelis nebulosa [VU] 2
Asian golden cat Catopuma temminckii 1

Leopard cat Prionailurus bengalensis 2 1 3
Jungle cat Felis chaus 1

VIVERRIDAE
masked palm civet Paguma larvata 2 2

Asian palm civet Paradoxurus hermaphroditus 1 4 20
SUIDAE

Eurasian wild pig Sus scrofa 11
CERVIDAE

Sambar Rusa unicolor [VU] 13
Large deer 2

Northern red muntjac Muntiacus vaginalis 11 26
SCIURIDAE

Pallas’s squirrel Callosciurus erythraeus 2 1
Plantain squirrel C. notatus 66 2
Squirrel Callosciurus spp. 2 10

Red-cheeked squirrel Dremomys rufigenis 3
Flying squirrel 2

PTEROPODIDAE
Large flying fox Pteropus vampyrus 50 1

RHINOLOPHIDAE
Small bat 5

* Other families recorded included the slow lorises Lorisidae (Myanmar: Bengal slow loris Nycticebus bengalensis
[EN] live 30, dead 47; Indonesia: Javan slow loris N. javanicus [CR]: live 2).

While Sukahaji bird market stretches out over a large area, almost all outdoors and
some along the roads leading to the market, vendors selling mammals are mostly concen-
trated in the central part of the market. The live animals were mostly kept in cramped
conditions, in tiny cages stacked on top of each other, domestic and wild-caught animals
separate but in close contact. Squirrels were kept 5 to 20 in a cage without any water,
food or shelter; fruits bats were kept in similar conditions. As in Mong La, cages are often
stacked on top of each other, and levels of hygiene are very low. Occasionally large fruit
bats and plantain squirrels that were bought for traditional medicinal purposes would be
slaughtered in the market. Figure 1 illustrates the conditions in the markets (Figure 1).
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Figure 1. Wildlife observed in trade in Indonesia (top) and Myanmar (bottom), clockwise from top
left: long-tailed macaque (Macaca fascicularis); large flying fox (Pteropus vampyrus); northern red
muntjac (Muntiacus vaginalis); leopard cat (Prionailurus bengalensis).

3.2. Vector-Borne Diseases and Mammals in Markets

Indonesia: In the ClustVis heatmap analysis the first PC axis explained 45.9% of
the variation and the second explained 25.3%. PC1 was associated with high loadings
for Crimean-Congo hemorrhagic fever virus (0.57) and West Nile virus (0.58). PC2 was
associated with low loadings for Japanese encephalitis virus (−0.49), Chikungunya (−0.45)
and Primate malaria (−0.45). Regressing PC1 against PC2 allowed for clear identification
of most families, albeit that the Pteropodidae and Suidae showed considerable overlap
(Figure 1). When considering families, the cluster analysis (indicated by the dendrograms
on the top and left side of the heatmaps) shows two clusters, one grouping Sciuridae
and Cercopithecidae, and the second with the other four families, i.e., Phinolophidae,
Pteropodidae, Cervidae, Suidae and Felidae. In terms of vector-borne diseases, we recognise
two clusters, i.e., (1) Chikungunya and Japanese encephalitis virus and (2) the remaining
vector-borne diseases.

Myanmar: PC1 explained about two-fifths of the variation (37.6%) and PC2 explained
a little less (30.2%). PC1 was associated with high loadings for CCHFae (0.62) and TBEVC
(0.48). PC2 was associated with low loadings for West Nile virus (−0.62) and Dalie banda
virus (−0.56). Regressing PC1 against PC2 allowed for clear identification of most families,
with both Scuiridae and Cervidae separating considerably (Figure 2). In terms of families
in the cluster analysis, the Pteropodidae, Rhinolophidae and Cervidae formed one cluster,
and the remaining five families formed a second (with an early split for the Suidae and
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Scuiridae). The pattern of clustering for the vector-borne diseases was less clear, with three
equal groupings (Figure 2).
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Figure 2. Top: Heatmaps of potential vector borne diseases in various mammal families recorded in
wildlife markets in Indonesia (left) and Myanmar (right). The values are relative with red indicating
the highest values and pale blue the lowest. The dendrograms on the left represent the clustering
of potential vector-borne diseases whereas the dendrogram on the top indicates the clustering of
mammal families. Bottom: Associated principal component plots showing the position of the eight
mammal families, with the values between brackets indicating the amount of variation explained by
PC1 and PC2, respectively.

4. Discussion
4.1. Vector-Borne Diseases, Mammals and Wildlife Trade

We show that there is a consistent and open trade in live (Indonesia and Myan-
mar) and freshly killed (Myanmar) wild mammals under conditions that have the po-
tential to spread vector-borne diseases. In other parts of Indonesia, there are markets
where, just like in Mong La, live and/or freshly killed mammals are openly offered for
sale, including Genyem, Nimbokrang, Manokwari and Sorong (Papua), Jambi, Maura
Tebo (Sumatra) and Modoinding, Pompasa Baru, Motoling, Kawangkoan and Tomohan
(Sulawesi) [63–69]. Similarly, in other Myanmar wildlife markets, live and freshly killed
mammals are offered for sale, including in Muse, Putao, Dagon, Kyaiktiyo, Tachilek and
Three Pagoda Pass [70–72].

In all these places, trade happens in public markets that are open daily (or at least
several times a week) and that are visited by hundreds if not thousands of people on a daily
basis. Assuming our surveys were representative for the trade on any given day in the two
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markets we monitored, our observations suggest that annually some 7500 live individuals
of these seven mammal families are traded in Sukahaji bird market on an annual basis (or
9000 if we include the Lorisidae and the Viverridae). We arrive at comparable numbers for
Mong La: 6250 live or freshly killed individuals of these seven mammal families (or 11,250
including the Lorisidae and the Viverridae), adding that a large additional trade in Mong
La comprises animal parts rather than live or freshly killed animals [17–19].

The risk to human health differs greatly between markets. Lin et al. [73] concluded
that wildlife markets that have the highest levels of risk are (1) those that offer higher
disease risk taxa such as rodents, primates and bats; (2) those that sell live wild-caught
animals and where slaughter takes place in these markets; (3) those with poor hygiene
conditions, including the improper storing of carcasses and low levels of cleaning; (4) those
that are larger, including the number of vendors, number of animals for sale and number
of customers; (5) those where animals are kept at high density in cramped conditions with
cages stacked on top of each other and where frequent interspecies mixing takes place and
(6) those markets that sell animals that were sourced at considerable distances and that
have long supply chains. We note that both Mong La and Sukahaji meet most if not all of
these six criteria.

While we have no data on the actual transmission of diseases in wildlife markets
in either Myanmar or Indonesia, it may be worth speculating how this could happen
in practice. Focusing on primate malaria in Indonesia, as an example, humans may get
infected if bitten by an Anopheles mosquito that previously fed on either a long-tailed
macaque, a pig-tailed macaque M. nemestrina or a Presbytis langur, as these are known
to suffer from primate malaria [55]. These species often live in different types of forests
(in Java, long-tailed macaques live more along the forest edge, whereas grizzled langur
P. comata lives more in the interior; pig-tailed macaques are not found on Java; a similar
pattern is found on Sumatra, with pig-tailed macaques being more terrestrial than the other
two species) at low densities (i.e., up to three or four individuals per hectare at the most)
and generally rarely come in contact with humans. In these setting, for instance along a
forest edge, an Anopheles mosquito that has bitten one of these primates is much more likely
to bite another primate than a human. In the markets, these three species can be found in
very close proximity in cramped conditions at a ‘density’ that is much higher than in the
wild, but unlike in the wild, they now come in daily contact with 100s if not 1000s of people.
Any mosquito that bites a primate is more likely to subsequently bite a human rather than
a primate. For other vector-borne diseases, the likelihood of transfer from one species to
another in the markets is less clear, as some mosquitoes are very specific in the species they
feed on (making it less likely that humans will be bitten, even if they are present in high
densities and in large numbers).

While here we focus on the trade in wild-caught mammals and the potential they have
for carrying and transmitting vector-borne diseases of humans, in these same markets, there
is a parallel trade in domestic mammals that equally have the potential to be of zoonotic
concern [74]. In Myanmar, this takes the form of domestic dogs being sold for meat, and in
Indonesia, it takes the form of a wide range of domestic mammals sold for the pet trade,
including rabbits, dogs and cats. In both markets, free-ranging cats and dogs are found
(dogs more so in Myanmar, cats more so in Indonesia), and numerous rats are found in
both. We focused on the potential of vector-borne diseases spreading from wild mammals
in trade rather than the actual spread, but it is important to note that many of the diseases
we focused on have indeed been recorded in Myanmar, Indonesia and/or neighbouring
countries [1,35,36,75–93].

The main differences in terms of species composition between Indonesia and Myanmar
was the higher number of Sciuridae (11.3 vs. 1.3 animals survey−1) and Pteropodidae
(8.3 vs. 0) and the absence of Rhinolophidae, Cervidae and Suidae in Indonesia. Compared
to a similar study conducted in seven wildlife markets in Laos [23], in Myanmar, we
observed markedly more Cervidae (8.7 vs. 1.1 animals survey−1), Suidae (1.8 vs. 0.4) and
Felidae (1.3 vs. 0.2), an equal number of Rhinolophidae (0.8 vs. 0.6) but fewer Sciuridae (1.3
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vs. 4.0). Comparing the findings in Laos with that of Indonesia, we observed markedly more
Sciuridae (11.3 vs. 4.0 animals survey−1), Pteropodidae (8.3 vs. 2.6) and, to a lesser degree,
Felidae (0.5 vs. 0.2). In Laos, no Cercopithecidae were observed, and the only primates for
sale were Lorisidae (0.1 animals survey−1 vs. 0.3 in Indonesia and 3.7 in Myanmar).

4.2. A One Health Approach to Mitigating the Risk of Zoonotic Diseases

We here discuss the conservation and socio-economic implications of wildlife trade
by focusing on the legality of the trade and protection status of traded wildlife. There are
likely to be multiple causes of novel disease emergence, including vector-borne diseases,
but the transport of pathogens, often in infected hosts, by humans as part of economic
activities is a major driver of this. Natural biodiversity may limit the exposure, impact
and opportunities for pathogen spillover of many zoonotic pathogens through a dilution
or buffering effect [94]. A One Health approach refers to approaches to tackling zoonotic
diseases that consider multiple components that increase the likelihood of the emergence
and spread of these diseases. This does include biodiversity and the use of animals as well
as socio-economic, cultural, political and legislative drivers that either promote or restrict
this spread [65].

Both Indonesia and Myanmar have recognised that certain species should not be
traded commercially and both countries have lists of species that are legally protected
(including many of the cats, primates and deer that we observed in the markets). Harvest
and trade in other species is regulated though quota systems or seasonal closures. Seven of
the species we observed in trade, alive or freshly killed, are listed as globally threatened
with extinction. These include two species of macaques and two species of langur, one of
each taxon observed in Myanmar and one of each taxon observed in Indonesia, as well
as two species of wild cat and a deer in Myanmar (Table 1). It is disconcerting to see
these species openly in trade; both Myanmar and Indonesia carry a global responsibility to
ensure the last remaining populations of these species are safeguarded from any human
harm.

Mong La is situated in ‘Special Region 4’ and is strategically situated across the border
from Daluo in China. It is controlled by an autonomous ruler (Lin Min Xiang) and the
Myanmar central government has limited authority [30]; it is a de facto Chinese enclave
in Myanmar. Many of the species, including the parts of high-profile ones such as tigers
Panthera tigris, elephants, rhinos and pangolins Manis spp, are openly offered for sale [24–
26]. Several of the species we discuss here, including most of the wild cats, are formally
protected in Myanmar, and much of the trade we observed is illegal under the country’s
legislation (the cross-border trade in these animals furthermore would be in violation of
several regional treaties and international conventions Myanmar has signed).

The commercial trade in wildlife taken from the wild in Indonesia is strictly regulated
through a harvest quota system [29]; while some of the species we observed in trade, such
as many of the squirrels and some of the primates are not legally protected, their trade
would have almost certainly have been in violation of Indonesia’s harvest regulations. The
ebony langurs and leopard cats we observed in Sukahaji bird market are protected under
Indonesian law and cannot be traded [29]. As such the majority of the trade we observed
in Indonesia is therefore illegal under the country’s national legislation. However, Sukahaji
bird market, just like many other markets in Indonesia, has been operating in the same
location and are open daily, so the public display of legally protected species clearly is not
of concern to local traders and the local (or indeed national) authorities.

It has been long recognised that there are clear links between wildlife trade and the risk
of spreading zoonotic diseases, especially as trade becomes more globalised [2,4,11,17,95–98].
Specifically focusing on reducing the risk of vector-borne diseases spreading from wildlife to
humans, with urgency we implore the traders’ organizations that run Sukahaji and Mong
La markets to focus on increasing the levels of hygiene in all parts of the trade (transport,
storage, display, handling, selling) and to cease trading those species for which they have
no permission to trade. Other mitigation strategies should focus on the general cleanliness
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of the area, ensuring that there are no still-standing water sources available for mosquitoes
to breed in and properly cleaning the market prior to closure for the night (something that
is not done at present). Among the measures are the obvious improvement of standards of
hygiene and sanitation in these markets, which may include avoidance of keeping animals
in overpopulated cages and regular cleaning and disinfection of animal enclosures, pest
control and waste management with special attention to animal urine, faeces and other
secretions [34].

For a comprehensive analysis of risks, information should become available on the
pathogen loads in traded animals, the transmission risks at different contact points and the
origins of the animals in trade. Periodic zoonotic surveillance (noting which wild-caught
mammalian species are present in the market), ideally in combination with clinical testing,
may result in the early detection of the occurrence of main pathogens, allowing the preven-
tion of outbreaks in both humans and animals [99,100]. Such a functional early alert system
may attenuate the health, social and economic impacts of epidemics and pandemics [101].
The guidance from the World Health Organization [102] is to concentrate on live species
in food markets, but by extension, this also concerns the sale of live animals for other
purposes, including the pet and medicinal trade. The development and implementation of
campaigns for market traders, stallholders, consumers and the general public that can bring
information about the risks of transmission of zoonotic pathogens at the human–animal
interface, safety practices in handling and keeping live wild animals and what to consider
when selling or buying an animal in order to reduce the likelihood of spreading zoonotic
diseases [34,102].

More broadly speaking, given that a substantial proportion of the trade in the markets
in Myanmar and Indonesia comprises legally protected species that cannot be bought
or sold, and given that the trade in other, non-protected, species violates other national
regulations, and given that in the case of Mong La, a large part of the trade is to meet the
demand from across the border in China and is traded in violation of CITES regulations,
and given that previous law enforcement actions, if any, must have been wholly ineffective
in curbing this illegal trade, we urge the authorities to either completely shut down these
two markets, or, at a minimum, to permanently prevent the sale of wild-caught animals. In
most wildlife markets in Myanmar and Indonesia, and for most vendors in these markets,
the sale of wild-caught mammals is not the main source of revenue (i.e., most sell only
domestic mammals or sell a combination of wild-caught and domestic animals). The latter
option (to ban the sale of wild-caught animals) would have, in our view, limited impact on
the livelihoods or financial security of most traders, as the majority of traders could switch
to focusing exclusively on domestic or captive-bred individuals.

Author Contributions: Conceptualization, V.N., T.Q.M. and K.A.I.N. methodology, V.N., M.C.,
T.Q.M.; formal analysis, V.N., T.Q.M.; investigation, V.N., C.R.S., L.V., A.A., M.C., K.H.; data curation,
K.A.I.N., V.N., K.H.; writing—original draft preparation, V.N.; writing—review and editing, V.N.,
K.A.I.N., C.R.S., L.V., A.A., M.A.I., Q.N., K.H., M.C., T.Q.M.; project administration, K.A.I.N., M.A.I.;
funding acquisition, K.A.I.N., C.R.S., L.V., V.N., T.Q.M. All authors have read and agreed to the
published version of the manuscript.

Funding: Our research in Indonesia was funded by Cleveland Zoo and Zoo Society, Columbus
Zoo and Aquarium, Disney Worldwide Conservation Fund, Global Challenges Fund, Henry Doorly
Zoo, Lee Richardson Zoo, Little Fireface Project, Mohamed bin al Zayed Species Conservation Fund
(152511813), Moody Gardens Zoo, Naturzoo Rhein, Paradise Wildlife Park, People’s Trust for Endan-
gered Species, Sacramento Zoo, Shaldon Wildlife Trust, and ZGAP. For the work in Myanmar we
received funding from Elephant Crisis Fund, Aspinall Foundation, British Council and Xishuang-
banna Tropical Botanical Gardens. T.Q.M. is funded by Wildlife Conservation Society, Wildlife
Conservation Network, and British Federation of Women Graduates and V.N. and T.Q.M. are funded
by an Oxford Brookes University Research Excellence Award.



Microbiol. Res. 2023, 14 127

Institutional Review Board Statement: This study did not involve any experiment on animals or
research involving human participants. Part of the research was underpinned by a Memorandum of
Understanding between Universitas Gadjah Mada and Oxford Brookes University. In our United
Kingdom and Indonesian institutes we did not require institutional permission for observational
research in bird markets; they were, however, added to Oxford Brookes University’s Register of
Activities Involving Animals (2016–2021). Informal discussions with traders followed the ethical
guidelines proposed by the Association of Social Anthropologists of the UK and Commonwealth.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study that are not yet included in the paper
are available on request from the corresponding authors.

Acknowledgments: We thank two reviewers for constructive comments and feedback that helped us
improve the paper.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. WHO. Vector-Borne Diseases; World Health Organization Regional Office for South-East Asia: New Delhi, India, 2014.
2. Jones, K.E.; Patel, N.G.; Levy, M.A.; Storeygard, A.; Balk, D.; Gittleman, J.L.; Daszak, P. Global trends in emerging infectious

diseases. Nature 2008, 451, 990–993. [CrossRef] [PubMed]
3. Pavlin, B.I.; Schloegel, L.M.; Daszak, P. Risk of importing zoonotic diseases through wildlife trade, United States. Emerg. Infect.

Dis. 2009, 15, 1721. [CrossRef] [PubMed]
4. Allen, T.; Murray, K.A.; Zambrana-Torrelio, C.; Morse, S.S.; Rondinini, C.; Di Marco, M.; Breit, N.; Olival, K.J.; Daszak, P. Global

hotspots and correlates of emerging zoonotic diseases. Nat. Commun. 2017, 8, 1124. [CrossRef] [PubMed]
5. Baker, R.E.; Mahmud, A.S.; Miller, I.F.; Rajeev, M.; Rasambainarivo, F.; Rice, B.L.; Takahashi, S.; Tatem, A.J.; Wagner, C.E.;

Wang, L.F.; et al. Infectious disease in an era of global change. Nat. Rev. Microbiol. 2022, 20, 193–205. [CrossRef]
6. Kilpatrick, A.M.; Randolph, S.E. Drivers, dynamics, and control of emerging vector-borne zoonotic diseases. Lancet 2012, 380,

1946–1955. [CrossRef]
7. Reperant, L.A.; Osterhaus, A.D. AIDS, Avian flu, SARS, MERS, Ebola, Zika . . . what next? Vaccine 2017, 35, 4470–4474. [CrossRef]
8. Zeller, H.; Van Bortel, W.; Sudre, B. Chikungunya: Its history in Africa and Asia and its spread to new regions in 2013–2014. J.

Infect. Dis. 2016, 214, 436–440. [CrossRef]
9. Van den Hurk, A.F.; Ritchie, S.A.; Mackenzie, J.S. Ecology and geographical expansion of Japanese encephalitis virus. Ann. Rev.

Entomol. 2009, 54, 17–35. [CrossRef]
10. Wasserman, S.; Tambyah, P.A.; Lim, P.L. Yellow fever cases in Asia: Primed for an epidemic. Intern. J. Infect. Dis. 2016, 48, 98–103.

[CrossRef]
11. Karesh, W.B.; Cook, R.A.; Bennett, E.L.; Newcomb, J. Wildlife trade and global disease emergence. Emerg. Infect. Dis. 2005,

11, 1000. [CrossRef]
12. Worobey, M.; Levy, J.I.; Malpica Serrano, L.; Crits-Christoph, A.; Pekar, J.E.; Goldstein, S.A.; Rasmussen, A.L.; Kraemer, M.U.;

Newman, C.; Koopmans, M.P.; et al. The Huanan Seafood Wholesale Market in Wuhan was the early epicenter of the COVID-19
pandemic. Science 2022, 377, 951–959. [CrossRef] [PubMed]

13. Shi, Z.; Hu, Z. A review of studies on animal reservoirs of the SARS coronavirus. Virus Res. 2008, 133, 74–87. [CrossRef] [PubMed]
14. Bhatia, R.; Ortega, L.; Dash, A.P.; Mohamed, A.J. Vector-borne diseases in South-East Asia: Burdens and key challenges to be

addressed. WHO South-East Asia J. Public Health 2014, 3, 2–4. [CrossRef]
15. Campbell, G.L.; Marfin, A.A.; Lanciotti, R.S.; Gubler, D.J. West Nile virus. Lancet Infect. Dis. 2002, 2, 519–529. [CrossRef] [PubMed]
16. Aguirre, A.A.; Catherina, R.; Frye, H.; Shelley, L. Illicit wildlife trade, wet markets, and COVID-19: Preventing future pandemics.

World Med. Health Policy 2020, 12, 256–265. [CrossRef]
17. Bezerra-Santos, M.A.; Mendoza-Roldan, J.A.; Thompson, R.A.; Dantas-Torres, F.; Otranto, D. Illegal wildlife trade: A gateway to

zoonotic infectious diseases. Trends Parasitol. 2021, 37, 181–184. [CrossRef] [PubMed]
18. Saylors, K.E.; Mouiche, M.M.; Lucas, A.; McIver, D.J.; Matsida, A.; Clary, C.; Maptue, V.T.; Euren, J.D.; LeBreton, M.; Tamoufe, U.

Market characteristics and zoonotic disease risk perception in Cameroon bushmeat markets. Soc. Sci. Med. 2021, 268, 113358.
[CrossRef] [PubMed]

19. Nijman, V. Illegal and legal wildlife trade spreads zoonotic diseases. Trends Parasitol. 2021, 37, 359–360. [CrossRef]
20. Guan, Y.; Zheng, B.J.; He, Y.Q.; Liu, X.L.; Zhuang, Z.X.; Cheung, C.L.; Luo, S.W.; Li, P.H.; Zhang, L.J.; Guan, Y.J.; et al. Isolation

and characterization of viruses related to the SARS coronavirus from animals in southern China. Science 2003, 302, 276–278.
[CrossRef]

21. Yu, D.; Li, H.; Xu, R.; He, J. Prevalence of IgG antibody to SARS-associated coronavirus in animal traders-Guangdong Province,
China, 2003. MMWR Morb. Mortal. Wkly. Rep. 2003, 52, 986.

http://doi.org/10.1038/nature06536
http://www.ncbi.nlm.nih.gov/pubmed/18288193
http://doi.org/10.3201/eid1511.090467
http://www.ncbi.nlm.nih.gov/pubmed/19891857
http://doi.org/10.1038/s41467-017-00923-8
http://www.ncbi.nlm.nih.gov/pubmed/29066781
http://doi.org/10.1038/s41579-021-00639-z
http://doi.org/10.1016/S0140-6736(12)61151-9
http://doi.org/10.1016/j.vaccine.2017.04.082
http://doi.org/10.1093/infdis/jiw391
http://doi.org/10.1146/annurev.ento.54.110807.090510
http://doi.org/10.1016/j.ijid.2016.04.025
http://doi.org/10.3201/eid1107.050194
http://doi.org/10.1126/science.abp8715
http://www.ncbi.nlm.nih.gov/pubmed/35881010
http://doi.org/10.1016/j.virusres.2007.03.012
http://www.ncbi.nlm.nih.gov/pubmed/17451830
http://doi.org/10.4103/2224-3151.206878
http://doi.org/10.1016/S1473-3099(02)00368-7
http://www.ncbi.nlm.nih.gov/pubmed/12206968
http://doi.org/10.1002/wmh3.348
http://doi.org/10.1016/j.pt.2020.12.005
http://www.ncbi.nlm.nih.gov/pubmed/33454218
http://doi.org/10.1016/j.socscimed.2020.113358
http://www.ncbi.nlm.nih.gov/pubmed/32992090
http://doi.org/10.1016/j.pt.2021.02.001
http://doi.org/10.1126/science.1087139


Microbiol. Res. 2023, 14 128

22. Huong, N.Q.; Nga, N.T.T.; Long, N.V.; Luu, B.D.; Latinne, A.; Pruvot, M.; Phuong, N.T.; Quang, L.T.V.; Hung, V.V.; Lan, N.T.; et al.
Coronavirus testing indicates transmission risk increases along wildlife supply chains for human consumption in Viet Nam,
2013–2014. PLoS ONE 2020, 15, 0237129. [CrossRef] [PubMed]

23. Greatorex, Z.F.; Olson, S.H.; Singhalath, S.; Silithammavong, S.; Khammavong, K.; Fine, A.E.; Weisman, W.; Douangngeun, B.;
Theppangna, W.; Keatts, L.; et al. Wildlife trade and human health in Lao PDR: An assessment of the zoonotic disease risk in
markets. PLoS ONE 2016, 11, 0150666. [CrossRef] [PubMed]

24. Shepherd, C.R.; Nijman, V. An assessment of wildlife trade in Mong La market on the Myanmar-China border. Traffic Bull. 2007,
21, 85–88.

25. Nijman, V.; Zhang, M.; Shepherd, C.R. Pangolin trade in the Mong La wildlife market and the role of Myanmar in the smuggling
of pangolins into China. Glob. Ecol. Conserv. 2016, 5, 118–126. [CrossRef]

26. Vigne, L.; Nijman, V. Elephant ivory, rhino horn, pangolin and helmeted hornbill products for sale at the Myanmar–Thailand–
China border. Environm. Conserv. 2022, 49, 187–194. [CrossRef]

27. Chng, S.C.; Guciano, M.; Eaton, J.A. In the market for extinction: Sukahaji, Bandung, Java, Indonesia. BirdingASIA 2016, 26, 22–28.
28. Nijman, V.; Spaan, D.; Rode-Margono, E.J.; Nekaris, K.A.I. Changes in the primate trade in Indonesian wildlife markets over a

25-year period: Fewer apes and langurs, more macaques and slow lorises. Am. J. Primatol. 2017, 79, 22517. [CrossRef] [PubMed]
29. Nijman, V.; Ardiansyah, A.; Bergin, D.; Birot, H.; Brown, E.; Langgeng, A.; Morcatty, T.Q.; Spaan, D.; Siriwat, P.; Imron, M.A.; et al.

Dynamics of illegal wildlife trade in Indonesian markets over two decades, illustrated by trade in Sunda leopard cats. Biodiversity
2019, 20, 27–40. [CrossRef]

30. Davies, B. Black Market: Inside the Endangered Species Trade in Asia; Earth Aware Editions: San Rafael, CA, USA, 2005.
31. Rippa, A.; Saxer, M. Mong La: Business as usual in the China-Myanmar borderlands. Cross-Curr. East Asian Hist. Cult. Rev. 2016,

19, 240–252.
32. Nijman, V.; Shepherd, C.R.; Van Balen, S. Declaration of the Javan hawk eagle Spizaetus bartelsi as Indonesia’s National Rare

Animal impedes conservation of the species. Oryx 2009, 43, 122–128. [CrossRef]
33. Johnson, C.K.; Hitchens, P.L.; Pandit, P.S.; Rushmore, J.; Evans, T.S.; Young, C.C.; Doyle, M.M. Global shifts in mammalian

population trends reveal key predictors of virus spillover risk. Proc. R. Soc. B 2020, 287, 20192736. [CrossRef] [PubMed]
34. Morcatty, T.Q.; Pereyra, P.E.; Ardiansyah, A.; Imron, M.A.; Hedger, K.; Campera, M.; Nekaris, K.; Nijman, V. Risk of viral

infectious diseases from live bats, primates, rodents and carnivores for sale in Indonesian wildlife markets. Viruses 2022, 14, 2756.
[CrossRef] [PubMed]

35. Nijman, V.; Shepherd, C.R.; Nekaris, K.A.I. Trade in Bengal slow lorises in Mong La, Myanmar, on the China border. Primate
Conserv. 2014, 28, 139–142. [CrossRef]

36. Moyes, C.L.; Shearer, F.M.; Huang, Z.; Wiebe, A.; Gibson, H.S.; Nijman, V.; Mohd-Azlan, J.; Brodie, J.F.; Malaivijitnond, S.; Linkie,
M.; et al. Predicting the geographical distributions of the macaque hosts and mosquito vectors of Plasmodium knowlesi malaria in
forested and non-forested areas. Parasites Vectors 2016, 9, 242. [CrossRef]

37. Flick, R.; Whitehouse, C.A. Crimean-Congo hemorrhagic fever virus. Curr. Mol. Med. 2005, 5, 753–760. [CrossRef]
38. Shahhosseini, N.; Wong, G.; Babuadze, G.; Camp, J.V.; Ergonul, O.; Kobinger, G.P.; Chinikar, S.; Nowotny, N. Crimean-Congo

hemorrhagic fever virus in Asia, Africa and Europe. Microorganisms 2021, 9, 1907. [CrossRef]
39. Spengler, J.R.; Estrada-Peña, A. Host preferences support the prominent role of Hyalomma ticks in the ecology of Crimean-Congo

hemorrhagic fever. PLoS Negl. Trop. Dis. 2018, 12, 0006248. [CrossRef]
40. Morrison, T.E. Reemergence of chikungunya virus. J. Virol. 2014, 88, 11644–11647. [CrossRef]
41. Wimalasiri-Yapa, B.R.; Stassen, L.; Huang, X.; Hafner, L.M.; Hu, W.; Devine, G.J.; Yakob, L.; Jansen, C.C.; Faddy, H.M.;

Viennet, E.; et al. Chikungunya virus in Asia–Pacific: A systematic review. Emerg. Microbes Infect. 2019, 8, 70–79. [CrossRef]
42. Ferreira-de-Lima, V.H.; Lima-Camara, T.N. Natural vertical transmission of dengue virus in Aedes aegypti and Aedes albopictus:

A systematic review. Parasites Vectors 2018, 11, 77. [CrossRef]
43. Ooi, E.E.; Gubler, D.J. Dengue in Southeast Asia: Epidemiological characteristics and strategic challenges in disease prevention.

Cad. Saude Publica 2009, 25, 115–124. [CrossRef] [PubMed]
44. Fang, Y.; Li, X.S.; Zhang, W.; Xue, J.B.; Wang, J.Z.; Yin, S.Q.; Li, S.G.; Li, X.H.; Zhang, Y. Molecular epidemiology of mosquito-borne

viruses at the China–Myanmar border: Discovery of a potential epidemic focus of Japanese encephalitis. Infect. Dis. Poverty 2021,
10, 57. [CrossRef] [PubMed]

45. Garjito, T.A.; Anggraeni, Y.M.; Alfiah, S.; Satoto, T.B.T.; Farchanny, A.; Samaan, G.; Afelt, A.; Manguin, S.; Frutos, R.; Aditama,
T.Y. Japanese encephalitis in Indonesia: An update on epidemiology and transmission ecology. Acta Trop. 2018, 187, 240–247.
[CrossRef] [PubMed]

46. Im, J.H.; Baek, J.H.; Durey, A.; Kwon, H.Y.; Chung, M.H.; Lee, J.S. Geographic distribution of Tick-borne encephalitis virus
complex. J. Vector Borne Dis. 2020, 57, 14.

47. Slovák, M.; Kazimírová, M.; Siebenstichová, M.; Ustaníková, K.; Klempa, B.; Gritsun, T.; Gould, E.A.; Nuttall, P.A. Survival
dynamics of tick-borne encephalitis virus in Ixodes ricinus ticks. Ticks Tick-Borne Dis. 2014, 5, 962–969. [CrossRef]

48. Hamer, G.L.; Kitron, U.D.; Brawn, J.D.; Loss, S.R.; Ruiz, M.O.; Goldberg, T.L.; Walker, E.D. Culex pipiens (Diptera: Culicidae): A
bridge vector of West Nile virus to humans. J. Med. Entomol. 2008, 45, 125–128. [CrossRef]

http://doi.org/10.1371/journal.pone.0237129
http://www.ncbi.nlm.nih.gov/pubmed/32776964
http://doi.org/10.1371/journal.pone.0150666
http://www.ncbi.nlm.nih.gov/pubmed/27008628
http://doi.org/10.1016/j.gecco.2015.12.003
http://doi.org/10.1017/S0376892922000169
http://doi.org/10.1002/ajp.22517
http://www.ncbi.nlm.nih.gov/pubmed/26713673
http://doi.org/10.1080/14888386.2019.1590236
http://doi.org/10.1017/S0030605307001081
http://doi.org/10.1098/rspb.2019.2736
http://www.ncbi.nlm.nih.gov/pubmed/32259475
http://doi.org/10.3390/v14122756
http://www.ncbi.nlm.nih.gov/pubmed/36560762
http://doi.org/10.1896/052.028.0112
http://doi.org/10.1186/s13071-016-1527-0
http://doi.org/10.2174/156652405774962335
http://doi.org/10.3390/microorganisms9091907
http://doi.org/10.1371/journal.pntd.0006248
http://doi.org/10.1128/JVI.01432-14
http://doi.org/10.1080/22221751.2018.1559708
http://doi.org/10.1186/s13071-018-2643-9
http://doi.org/10.1590/S0102-311X2009001300011
http://www.ncbi.nlm.nih.gov/pubmed/19287856
http://doi.org/10.1186/s40249-021-00838-z
http://www.ncbi.nlm.nih.gov/pubmed/33902684
http://doi.org/10.1016/j.actatropica.2018.08.017
http://www.ncbi.nlm.nih.gov/pubmed/30118700
http://doi.org/10.1016/j.ttbdis.2014.07.019
http://doi.org/10.1093/jmedent/45.1.125


Microbiol. Res. 2023, 14 129

49. Myint, K.S.A.; Kosasih, H.; Artika, I.M.; Perkasa, A.; Puspita, M.; Ma’roef, C.N.; Antonjaya, U.; Ledermann, J.P.; Powers, A.M.;
Alisjahbana, B. West Nile virus documented in Indonesia from acute febrile illness specimens. Am. J. Trop. Med. Hyg. 2014, 90, 260.
[CrossRef]

50. Forrester, N.L.; Kenney, J.L.; Deardorff, E.; Wang, E.; Weaver, S.C. Western equine encephalitis submergence: Lack of evidence for
a decline in virus virulence. Virology 2008, 380, 170–172. [CrossRef]

51. Avilés, G.; Sabattini, M.S.; Mitchell, C.J. Transmission of western equine encephalomyelitis virus by Argentine Aedes albifasciatus
(Diptera: Culicidae). J. Med. Entomol. 1992, 29, 850–853. [CrossRef]

52. Gubler, D.J. Emerging and re-emerging vector-borne diseases in Asia. In Proceedings of the South East Asia Regional Conference
on Epidemiology, New Delhi, India, 8–10 March 2010; pp. 43–48.

53. Douam, F.; Ploss, A. Yellow fever virus: Knowledge gaps impeding the fight against an old foe. Trends Microbiol. 2018, 26, 913–928.
[CrossRef]

54. Moreno, E.S.; Barata, R.C.B. Methodology for definition of yellow fever priority areas, based on environmental variables and
multiple correspondence analyses. PLoS Negl. Trop. Dis. 2012, 6, 1658. [CrossRef]

55. Lempang, M.E.P.; Dewayanti, F.K.; Syahrani, L.; Permana, D.H.; Malaka, R.; Asih, P.B.S.; Syafruddin, D. Primate malaria: An
emerging challenge of zoonotic malaria in Indonesia. One Health 2022, 14, 100389. [CrossRef] [PubMed]

56. Maeno, Y.; Quang, N.T.; Culleton, R.; Kawai, S.; Masuda, G.; Nakazawa, S.; Marchand, R.P. Humans frequently exposed to a
range of non-human primate malaria parasite species through the bites of Anopheles dirus mosquitoes in South-central Vietnam.
Parasites Vectors 2015, 8, 376. [CrossRef] [PubMed]

57. Loiseau, C.; Sehgal, R.N. Consequences of deforestation and habitat degradation on wildlife mosquito-borne diseases. Ecol.
Control. Vector-Borne Dis. 2022, 7, 450–460.

58. Imwong, M.; Madmanee, W.; Suwannasin, K.; Kunasol, C.; Peto, T.J.; Tripura, R.; von Seidlein, L.; Nguon, C.; Davoeung, C.;
Day, N.P.; et al. Asymptomatic natural human infections with the simian malaria parasites Plasmodium cynomolgi and Plasmodium
knowlesi. J. Infect. Dis. 2019, 219, 695–702. [CrossRef]

59. Liu, Q.; He, B.; Huang, S.Y.; Wei, F.; Zhu, X.Q. Severe fever with thrombocytopenia syndrome, an emerging tick-borne zoonosis.
Lancet Infect. Dis. 2014, 14, 763–772. [CrossRef]

60. Yun, S.M.; Lee, W.G.; Ryou, J.; Yang, S.C.; Park, S.W.; Roh, J.Y.; Lee, Y.J.; Park, C.; Han, M.G. Severe fever with thrombocytopenia
syndrome virus in ticks collected from humans, South Korea, 2013. Emerg. Infect. Dis. 2014, 20, 1358. [CrossRef]

61. You, E.; Wang, L.; Zhang, L.; Wu, J.; Zhao, K.; Huang, F. Epidemiological characteristics of severe fever with thrombocytopenia
syndrome in Hefei of Anhui Province: A population-based surveillance study from 2011 to 2018. Eur. J. Clin. Microbiol. Infect. Dis.
2021, 40, 929–939. [CrossRef]

62. Gamalo, L.E.; Dimalibot, J.; Kadir, K.A.; Singh, B.; Paller, V.G. Plasmodium knowlesi and other malaria parasites in long-tailed
macaques from the Philippines. Malar. J. 2019, 18, 147. [CrossRef]

63. Metsalu, T.; Vilo, J. ClustVis: A web tool for visualizing clustering of multivariate data using Principal Component Analysis and
heatmap. Nucleic Acids Res. 2015, 43, 566–570. [CrossRef]

64. Lee, R.J.; Gorog, A.J.; Dwiyahreni, A.; Siwu, S.; Riley, J.; Alexander, H.; Paoli, G.D.; Ramono, W. Wildlife trade and implications
for law enforcement in Indonesia: A case study from North Sulawesi. Biol. Conserv. 2005, 123, 477–488. [CrossRef]

65. Latinne, A.; Saputro, S.; Kalengkongan, J.; Kowel, C.L.; Gaghiwu, L.; Ransaleleh, T.A.; Nangoy, M.J.; Wahyuni, I.; Kusumaningrum,
T.; Safari, D.; et al. Characterizing and quantifying the wildlife trade network in Sulawesi, Indonesia. Glob. Ecol. Conserv.
2020, 21, 00887. [CrossRef]

66. Kusumaningrum, T.; Latinne, A.; Martinez, S.; Kalengkongan, J.; Wiyatno, A.; Dewantari, A.K.; Kasenda, N.; Bernadus, J.B.;
Jaya, U.A.; Ma’roef, C.N.; et al. Knowledge, attitudes, and practices associated with zoonotic disease transmission risk in North
Sulawesi, Indonesia. One Health Outlook 2022, 4, 11. [CrossRef]

67. Bailey, C.; Hilser, H.; Siwi, Y.; Lawe, Z.; Waterman, J.; Loffeld, T.A.C.; Sampson, H.; Tasirin, J.; Melfi, V.; Bowkett, A.E. Trends in
the bushmeat market trade in North Sulawesi and conservation implications. Anim. Conserv. 2022, 25, 4–14. [CrossRef]

68. Pattiselanno, F.; Lloyd, J.K.; Sayer, J.; Boedhihartono, A.K.; Arobaya, A.Y. Wild meat trade chain on the Bird’s Head Peninsula of
West Papua Province, Indonesia. J. Ethnobiol. 2020, 40, 202–217. [CrossRef]

69. Luskin, M.S.; Christina, E.D.; Kelley, L.C.; Potts, M.D. Modern hunting practices and wild meat trade in the oil palm plantation-
dominated landscapes of Sumatra, Indonesia. Hum. Ecol. 2014, 42, 35–45. [CrossRef]

70. Pangau-Adam, M.; Noske, R.; Muehlenberg, M. Wildmeat or bushmeat? Subsistence hunting and commercial harvesting in
Papua (West New Guinea), Indonesia. Hum. Ecol. 2012, 40, 611–621. [CrossRef]

71. Zhang, M.; Gouveia, A.; Qin, T.; Quan, R.; Nijman, V. Illegal pangolin trade in northernmost Myanmar and its links to India and
China. Glob. Ecol. Conserv. 2017, 10, 23–31. [CrossRef]

72. McEvoy, J.F.; Connette, G.; Huang, Q.; Soe, P.; Pyone, K.H.H.; Valitutto, M.; Htun, Y.L.; Lin, A.N.; Thant, A.L.; Htun, W.Y.; et al.
Two sides of the same coin–Wildmeat consumption and illegal wildlife trade at the crossroads of Asia. Biol. Conserv. 2019,
238, 108197. [CrossRef]

73. Lin, B.; Dietrich, M.L.; Senior, R.A.; Wilcove, D.S. A better classification of wet markets is key to safeguarding human health and
biodiversity. Lancet Planet. Health 2021, 5, 386–394. [CrossRef]

74. Shepherd, C.R.; Gomez, L.; Siriwat, P.; Nijman, V. Wildlife conservation in Myanmar: Trade in wild sheep and goats for meat,
medicine, and trophies, with links to China, India, and Thailand. Eur. J. Wildl. Res. 2022, 68, 76. [CrossRef]

http://doi.org/10.4269/ajtmh.13-0445
http://doi.org/10.1016/j.virol.2008.08.012
http://doi.org/10.1093/jmedent/29.5.850
http://doi.org/10.1016/j.tim.2018.05.012
http://doi.org/10.1371/journal.pntd.0001658
http://doi.org/10.1016/j.onehlt.2022.100389
http://www.ncbi.nlm.nih.gov/pubmed/35686151
http://doi.org/10.1186/s13071-015-0995-y
http://www.ncbi.nlm.nih.gov/pubmed/26178324
http://doi.org/10.1093/infdis/jiy519
http://doi.org/10.1016/S1473-3099(14)70718-2
http://doi.org/10.3201/eid2008.131857
http://doi.org/10.1007/s10096-020-04098-x
http://doi.org/10.1186/s12936-019-2780-4
http://doi.org/10.1093/nar/gkv468
http://doi.org/10.1016/j.biocon.2005.01.009
http://doi.org/10.1016/j.gecco.2019.e00887
http://doi.org/10.1186/s42522-022-00067-w
http://doi.org/10.1111/acv.12723
http://doi.org/10.2993/0278-0771-40.2.202
http://doi.org/10.1007/s10745-013-9606-8
http://doi.org/10.1007/s10745-012-9492-5
http://doi.org/10.1016/j.gecco.2017.01.006
http://doi.org/10.1016/j.biocon.2019.108197
http://doi.org/10.1016/S2542-5196(21)00112-1
http://doi.org/10.1007/s10344-022-01622-6


Microbiol. Res. 2023, 14 130

75. Nguyen, V.L.; Dantas-Torres, F.; Otranto, D. Canine and feline vector-borne diseases of zoonotic concern in Southeast Asia. Curr.
Res. Parasitol. Vector-Borne Dis. 2021, 1, 100001. [CrossRef]

76. Wang, J.; Zhang, H.; Sun, X.; Fu, S.; Wang, H.; Feng, Y.; Wang, H.; Tang, Q.; Liang, G.D. Distribution of mosquitoes and
mosquito-borne arboviruses in Yunnan Province near the China–Myanmar–Laos border. Am. J. Trop. Med. Hyg. 2011, 84, 738.
[CrossRef] [PubMed]

77. Kumar, K.; Arshad, S.S.; Selvarajah, G.T.; Abu, J.; Toung, O.P.; Abba, Y.; Yasmin, A.R.; Bande, F.; Sharma, R.; Ong, B.L. Japanese
encephalitis in Malaysia: An overview and timeline. Acta Trop. 2018, 185, 219–229. [CrossRef]

78. Kardena, I.M.; Adi, A.A.A.M.; Astawa, N.M.; O’Dea, M.; Laurence, M.; Sahibzada, S.; Bruce, M. Japanese encephalitis in Bali,
Indonesia: Ecological and socio-cultural perspectives. Int. J. Vet. Sci. Med. 2021, 9, 31–43. [CrossRef]

79. Kyaw, A.K.; Tun, M.M.N.; Nabeshima, T.; Buerano, C.C.; Ando, T.; Inoue, S.; Hayasaka, D.; Lim, C.K.; Saijo, M.; Thu, H.M.; et al.
Japanese encephalitis-and dengue-associated acute encephalitis syndrome cases in Myanmar. Am. J. Trop. Med. Hyg. 2019, 100,
643. [CrossRef]

80. Chin, A.Z.; Maluda, M.C.M.; Jelip, J.; Jeffree, M.S.B.; Culleton, R.; Ahmed, K. Malaria elimination in Malaysia and the rising threat
of Plasmodium knowlesi. J. Physiol. Anthropol. 2020, 39, 36. [CrossRef]

81. Kwong, J.C.; Druce, J.D.; Leder, K. Case report: Zika virus infection acquired during brief travel to Indonesia. Am. J. Trop. Med.
Hyg. 2013, 89, 516. [CrossRef]

82. Harapan, H.; Michie, A.; Mudatsir, M.; Nusa, R.; Yohan, B.; Wagner, A.L.; Sasmono, R.T.; Imrie, A. Chikungunya virus infection in
Indonesia: A systematic review and evolutionary analysis. BMC Infect. Dis. 2019, 19, 243. [CrossRef]

83. Laras, K.; Sukri, N.C.; Larasati, R.P.; Bangs, M.J.; Kosim, R.; Wandra, T.; Master, J.; Kosasih, H.; Hartati, S.; Beckett, C.; et al.
Tracking the re-emergence of epidemic chikungunya virus in Indonesia. Trans. R. Soc. Trop. Med. Hyg. 2005, 99, 128–141.
[CrossRef]

84. Kyaw, A.K.; Tun, M.M.N.; Nabeshima, T.; Soe, A.M.; Thida, T.; Aung, T.H.; Htwe, T.T.; Myaing, S.S.; Mar, T.T.; Aung, T.; et al.
Chikungunya virus infection in blood donors and patients during outbreak, Mandalay, Myanmar, 2019. Emerg. Infect. Dis. 2020,
26, 2741–2745. [CrossRef] [PubMed]

85. Luvai, E.A.C.; Kyaw, A.K.; Sabin, N.S.; Yu, F.; Hmone, S.W.; Thant, K.Z.; Inoue, S.; Morita, K.; Ngwe Tun, M.M. Evidence of
Chikungunya virus seroprevalence in Myanmar among dengue-suspected patients and healthy volunteers in 2013 2015, and
2018. PLoS Negl. Trop. Dis. 2021, 15, 0009961. [CrossRef]

86. Hu, T.S.; Zhang, H.L.; Feng, Y.; Fan, J.H.; Tang, T.; Liu, Y.H.; Zhang, L.; Yin, X.X.; Chen, G.; Li, H.C.; et al. Epidemiological and
molecular characteristics of emergent dengue virus in Yunnan Province near the China-Myanmar-Laos border, 2013–2015. BMC
Infect. Dis. 2017, 17, 331. [CrossRef] [PubMed]

87. Suwandono, A.; Kosasih, H.; Kusriastuti, R.; Harun, S.; Ma’roef, C.; Wuryadi, S.; Herianto, B.; Yuwono, D.; Porter, K.R.;
Beckett, C.G.; et al. Four dengue virus serotypes found circulating during an outbreak of dengue fever and dengue haemorrhagic
fever in Jakarta, Indonesia, during 2004. Trans. R. Soc. Trop. Med. Hyg. 2006, 100, 855–862. [CrossRef] [PubMed]

88. Rao, T.R. Immunological surveys of arbovirus infections in South-East Asia, with special reference to dengue, chikungunya, and
Kyasanur Forest disease. Bull. World Health Organ. 1971, 44, 585. [PubMed]

89. Dash, A.P.; Bhatia, R.; Sunyoto, T.; Mourya, D.T. Emerging and re-emerging arboviral diseases in Southeast Asia. J. Vector Borne
Dis. 2013, 50, 77.

90. Halstead, S.B. Dengue and hemorrhagic fevers of Southeast Asia. Yale J. Biol. Med. 1965, 37, 434. [PubMed]
91. Hotez, P.J.; Bottazzi, M.E.; Strych, U.; Chang, L.Y.; Lim, Y.A.; Goodenow, M.M.; Abu Bakar, S. Neglected tropical diseases among

the Association of Southeast Asian Nations (ASEAN): Overview and update. PLoS Negl. Trop. Dis. 2015, 9, 0003575. [CrossRef]
92. Auerswald, H.; Ruget, A.S.; Ladreyt, H.; In, S.; Mao, S.; Sorn, S.; Tum, S.; Duong, V.; Dussart, P.; Cappelle, J.; et al. Serological

evidence for Japanese encephalitis and West Nile virus infections in domestic birds in Cambodia. Front. Vet. Sci. 2020, 7, 15.
[CrossRef]

93. Song, R.; Guan, S.; Lee, S.S.; Chen, Z.; Chen, C.; Han, L.; Xu, Y.; Li, A.; Zeng, H.; Ye, H.; et al. Late or lack of vaccination linked to
importation of yellow fever from Angola to China. Emerg. Infect. Dis. 2018, 24, 1383. [CrossRef]

94. He, B.; Li, Z.; Yang, F.; Zheng, J.; Feng, Y.; Guo, H.; Tu, C. Virome profiling of bats from Myanmar by metagenomic analysis of
tissue samples reveals more novel mammalian viruses. PLoS ONE 2013, 8, 61950.

95. Cunningham, A.A.; Daszak, P.; Wood, J.L. One Health, emerging infectious diseases and wildlife: Two decades of progress? Phil.
Trans. R. Soc. B Biol. Sci. 2017, 372, 20160167. [CrossRef] [PubMed]

96. Scheffers, B.; Oliviera, B.; Lamb, I.; Edwards, D. Global wildlife trade across the tree of life. Science 2019, 366, 71–76. [CrossRef]
[PubMed]

97. Fukushima, C.S.; Tricorache, P.; Toomes, A.; Stringham, O.C.; Rivera-Téllez, E.; Ripple, W.J.; Peters, G.; Orenstein, R.I.; Morcatty,
T.Q.; Longhorn, S.J.; et al. Challenges and perspectives on tackling illegal or unsustainable wildlife trade. Biol. Conserv. 2021,
263, 109342. [CrossRef]

98. Krishnasamy, K.; Shepherd, C.R.; Or, O. Observations of illegal wildlife trade in Boten, a Chinese border town within a Specific
Economic Zone in northern Lao PDR. Glob. Ecol. Conserv. 2018, 14, 00390. [CrossRef]

99. Córdoba-Aguilar, A.; Ibarra-Cerdeña, C.N.; Castro-Arellano, I.; Suzan, G. Tackling zoonoses in a crowded world: Lessons to be
learned from the COVID-19 pandemic. Acta Trop. 2021, 214, 105780. [CrossRef] [PubMed]

http://doi.org/10.1016/j.crpvbd.2020.100001
http://doi.org/10.4269/ajtmh.2011.10-0294
http://www.ncbi.nlm.nih.gov/pubmed/21540383
http://doi.org/10.1016/j.actatropica.2018.05.017
http://doi.org/10.1080/23144599.2021.1975879
http://doi.org/10.4269/ajtmh.18-0530
http://doi.org/10.1186/s40101-020-00247-5
http://doi.org/10.4269/ajtmh.13-0029
http://doi.org/10.1186/s12879-019-3857-y
http://doi.org/10.1016/j.trstmh.2004.03.013
http://doi.org/10.3201/eid2611.201824
http://www.ncbi.nlm.nih.gov/pubmed/33079056
http://doi.org/10.1371/journal.pntd.0009961
http://doi.org/10.1186/s12879-017-2401-1
http://www.ncbi.nlm.nih.gov/pubmed/28482813
http://doi.org/10.1016/j.trstmh.2005.11.010
http://www.ncbi.nlm.nih.gov/pubmed/16507313
http://www.ncbi.nlm.nih.gov/pubmed/4400821
http://www.ncbi.nlm.nih.gov/pubmed/5837996
http://doi.org/10.1371/journal.pntd.0003575
http://doi.org/10.3389/fvets.2020.00015
http://doi.org/10.3201/eid2407.171868
http://doi.org/10.1098/rstb.2016.0167
http://www.ncbi.nlm.nih.gov/pubmed/28584175
http://doi.org/10.1126/science.aav5327
http://www.ncbi.nlm.nih.gov/pubmed/31604304
http://doi.org/10.1016/j.biocon.2021.109342
http://doi.org/10.1016/j.gecco.2018.e00390
http://doi.org/10.1016/j.actatropica.2020.105780
http://www.ncbi.nlm.nih.gov/pubmed/33253658


Microbiol. Res. 2023, 14 131

100. Naguib, M.M.; Li, R.; Ling, J.; Grace, D.; Nguyen-Viet, H.; Lindahl, J.F. Live and wet markets: Food access versus the risk of
disease emergence. Trends Microbiol. 2021, 29, 573–581. [CrossRef]

101. Charlier, J.; Barkema, H.W.; Becher, P.; De Benedictis, P.; Hansson, I.; Hennig-Pauka, I.; La Ragione, R.; Larsen, L.E.; Madoroba, E.;
Maes, D. Disease control tools to secure animal and public health in a densely populated world. Lancet Planet. Health 2022, 6,
812–824. [CrossRef]

102. WHO-World Health Organization. Reducing Public Health Risks Associated with the Sale of Live Wild Animals of Mammalian Species in
Traditional Food Markets; World Health Organization, WHO Headquarters (HQ): Geneva, Switzerland, 2021; pp. 1–8.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.tim.2021.02.007
http://doi.org/10.1016/S2542-5196(22)00147-4

	Introduction 
	Materials and Methods 
	Study Areas 
	Data Acquisition 
	Analysis 

	Results 
	Observations in the Markets 
	Vector-Borne Diseases and Mammals in Markets 

	Discussion 
	Vector-Borne Diseases, Mammals and Wildlife Trade 
	A One Health Approach to Mitigating the Risk of Zoonotic Diseases 

	References

