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ABSTRACT (250 words)

Japanese encephalitis virus (JEV) is the most frequent cause of mosquito-borne encephalitis in Asian
countries. Several culicine species are potential vectors. The primary JEV vectors feed mainly on cows (a
dead-end host for JEV), pigs (an amplifying host), and occasionally humans (a dead-end host). It is
essential to determine blood feeding patterns to understand the transmission cycle of the disease. Here we
review blood feeding characteristics of the primary JEV vector Culex tritaeniorhynchus, Cx. vishunui, and
Cx. gelidus based on experimental works and field surveys conducted in Asian countries. Several studies
showed that these JEV vectors have an innate preference for cows, however, the former two species often
showed higher rates of blood feeding on pigs than on cows, probably because pigs are more abundant than
cows. On the other hand, the latter species Cx. gelidus fed mostly on cows. Thus, the first two species
showed higher plasticity to compromise host availability than the last. By reviewing the available articles
and based on our relevant studies, it may be deduced that JEV transmission cannot be reduced by
zooprophylaxis. We emphasize the need of keeping cows away from the human residences to dampen the
human risk of JEV. These primary JEV vector species exhibit pre-biting resting. The adaptive significance
of this behavior remains to be unexplored, but it may have a function to avoid defensive attack of host
animals. Application of recent quantitative analysis of gene expression in this phase may enable us to come

up with novel vector control strategies.

Keywords: Host preference, Culex tritaeniorhynchus, Culex vishnui, Culex pseudovishunui, Culex gelidus,

Japanese Encephalitis.
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Japanese encephalitis virus (JEV) is an arthropod-borne virus (an arbovirus) that circulates among wild
animals and is the most frequent cause of mosquito-borne encephalitis (Vaughn and Hoke 1992, Endy and
Nisalak 2002). JEV was first isolated in Japan in the 1935 (Kamimura 1998) and is the main cause of viral
encephalitis, with an estimated 68,000 cases annually in South-East Asia and the Western Pacific regions,
exposing more than 3 billion people to the risk of infection (WHO 2015). JEV prevalence is associated
with rice fields (which are the breeding sites for the vector mosquitoes) and the densities of large non-
human mammals (which are the sources of blood meals) (WHO 2011, Solomon 2006). The primary JEV
vectors are not anthropophilic; the mosquitoes feed more commonly on pigs and cows than on chickens or
humans (Gajanana et al.1995, Gingrich et al. 1992, Gould et al. 1974, Leake et al. 1986, Peiris et al. 1993,
Wthilingam et al. 1997, Bhattacharyya et al. 1994, Arunachalam et al. 2005, Samuel et al. 2008, Reuben et
al. 1992, Wang 1975). If JEV vector mosquito species feed only on non-human hosts or humans, they are
no longer vectors, because human JEV infection requires virus preservation or amplification in a non-
human host prior to transmission to a human as a dead-end host where JEV is unable to amplify enough for
further infection. Wild birds (especially herons) are reservoirs of JEV and they carry JEV over long
distance by their seasonal migration (Kamimura 1998). Domestic pigs act as an amplifying host and has an
important role in the epidemiology. Human, cattle and horse are dead-end hosts as the disease manifests as
fatal encephalitis. There is no human-to-human transmission. Therefore, an effective JEV vector should
have catholic host preferences. The individual mosquitoes must bite multiple host species, including

humans.

In Asian countries, Culex tritaeniorhynchus Giles, Culex vishnui sensu lato (sl.), Culex fuscocephala
Theobald, Culex gelidus Theobald, Culex whitmorei (Giles), and Mansonia uniformis (Theobald) have
been implicated as JEV vectors (Gajanana et al.1995, Gingrich et al. 1992, Gould et al. 1974, Leake et al.
1986, Peiris et al. 1993, Vythilingam et al. 1997). Although these mosquitoes feed more commonly on pigs
and cows than on chickens or humans (Pennington and Phelps 1968, Reisen and Boreham 1979, Reuben et
al. 1992, Bhattacharyya et al. 1994, Arunachalam et al. 2005, Samuel et al. 2008, LY 1975), the feeding
pattern varies by host availability. The feeding patterns of mosquitoes are largely influenced by two
parameters: an innate tendency to respond to particular cues, and the relative availability of hosts in

combination with the capacity of the vector to be mobile. The term “host preference” can be used to
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describe an integration of these parameters (Clements 1999). Therefore, studies on the feeding patterns of
JEV vectors in Asia have produced varying results, depending on the relative abundances of host
populations and the sampling procedures used. The relative abundance of pigs compared to cows can be
low in countries dominated by Muslims. In India, where the cow population is greater than the pig
population, 86-98% of all blood meals ingested by vectors are from cows (Christopher and Reuben 1971).
In Okinawa, Singapore, and Taiwan, where the pig populations are greater than the cow populations, up to
60% of vector blood meals are from pigs (Pennington and Phelps 1968, Colless 1958, Mitchell et al. 1973).
Some researchers investigated the JEV vector host feeding patterns in Asia (Japan, Thailand, and

Vietnam) and explored the innate host preferences and the actual field feeding habits of the primary vector

species (Mwandawiro et al. 1999, 2000, Hasegawa et al. 2008).

Innate Host Preference and How this Can be Distorted

Primary JEV vectors have been reported to feed on pigs and cows rather than chickens or humans
(Clements 1999, Christopher and Reuben 1971, Pennington and Phelps 1968, Reisen and Boreham 1979,
Reuben et al. 1992, Bhattacharyya et al. 1994, Arunachalam et al. 2005, Samuel et al. 2008, LY 1975). The
pig is an amplifying host but the cow is a dead-end host for JEV; thus, the nature of the blood meals taken
by vector mosquitoes is critical in terms of disease transmission. Host preference tests were performed by
our group using these two host animals (Mwandawiro et al. 1999, 2000) and field-collected mosquitoes
(Mwandawiro et al. 1999, Hasegawa et al. 2008) to determine the innate preferences of, and blood meals
taken by, wild mosquitoes. Release-and-recapture tests and light trapping were conducted on the Mae Joh
University campus in Chiang Mai, where various animals, including cattle and pigs, are kept and JEV
vectors are abundant (Mwandawiro et al.1999). Wild-collected mosquitoes or offsprings of them were
released and recaptured in experimental mosquito nets in which host animal (a cow, a pig or both) were
confined to evaluate host preference in terms of the blood taken (Mwandawiro et al.1999, 2000). Under
non-choice conditions (either a cow or a pig was confined), all three species tested, Cx. tritaeniorhynchus,
Cx. vishnui, and Cx. gelidus, fed on cows in significantly higher proportions (65.2-66.1%) than on pigs
(42.4-56.6%).Under choice conditions (both animals were confined), they fed on cows almost 10-fold
more often (39.0-45.3%) than on pigs (2.4-5.3%) (Mwandawiro et al. 2000). Thus, the JEV vectors

exhibited a higher preference for cows than pigs but the difference was not large when no choice was
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available (Mwandawiro et al. 2000). When mosquitoes that had fed on, or had been attracted to, cow or pig
were released, they tended to bite the same host animals to which they had originally been attracted.
However, laboratory-reared offspring of pig-fed or cow-fed mothers did not exhibit such differences, rather
showing a uniform preference for cows (Mwandawiro et al. 2000). Therefore, the three JEV vector species
underwent physiological or behavioral conditioning in terms of host preference.

Mosquitoes (n= 34,708) were collected in light traps baited with dry ice and placed in animal sheds
(housing cows, pigs, chickens, sheep, and goats) to evaluate feeding preferences in the field (Mwandawiro
et al.1999). Unlike what they found with the bait experiments, Cx. tritaeniorhynchus and Cx. vishnui took
more meals from pigs than from cows, probably because pigs are more abundant than cows. On the other
hand, Cx. gelidus fed significantly more often on cows than on pigs. Interestingly, individuals of Cx.
tritaeniorhynchus and Cx. vishnui caught in pigsties drastically increased in late night (02.00-06.00),
whereas those caught in cowsheds (feeding on cows) remained constant throughout the night. On the other
hand, Cx. gelidus fed on cows in significantly higher proportions than on pigs throughout the night. Thus,
Cx. gelidus had a fixed feeding preference (cows), while Cx. tritaeniorhynchus and Cx. vishnui preferred
cows but exhibited more flexibility in feeding. The two species exhibited higher feed ratios on pigs in the
late night; they may have changed their preferences according to the availability of host. Our data gained
from the field do not explain the cause of their host shift; however, we suggest host defensive behavior as a
possible cause. Host defensive behavior triggered by high density of mosquitoes that may cause attacking
mosquitoes’ fatality. The relationships between mosquitoes density and their biting success will be

discussed later.

Host Animal Distributions Change the Risk to Humans

We have described how host availability (thus influencing host choice) may differ among vector species.
This raises the following questions: Does the host animal distribution affect the risk of a human being
bitten by a JEV vector? If animals are kept in the vicinity of humans, does this increase or reduce the risk
to humans? Hasegawa et al. (2008) conducted a study to seek answers to these questions. They performed
a field investigation in a rice production area of northern Vietnam to elucidate the relationship between
host species and mosquito distributions. We determined mosquito and host abundances in 50 compounds

(where both humans and animals lived), and host abundances in an additional 29 compounds, to examine



118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146

the relation between mosquito and vertebrate host densities.

Cattle increase the human risk:

In Vietnam, Hasegawa et al. (2008) found Cx. quinquefasciatus (not a JEV vector) as the most dominant
species that occurs indoors, followed by the Cx. vishnui subgroup, and Cx. gelidus (the latter was the most
dominant species outdoors). They applied PCR analyses on parts of the samples and found that 79% of the
captured specimens were Cx. tritaeniorhynchus and 21% were Cx. vishnui. They treated these two species
as the “Cx. vishnui subgroup” because a few specimens classified as Cx. tritaeniorhynchus by morphology
were assigned as Cx. vishunui by PCR. The numbers of Cx. vishnui subgroup and Cx. gelidus mosquitoes
were larger in outdoor collections. Individuals of the Cx. vishnui subgroup and Cx. gelidus had fed mainly
on cows and pigs, even though they were sampled indoors (Table 1, Hasegawa et al. 2008). These species
had also fed on humans. The number of individuals of the Cx. vishnui subgroup that fed human blood
correlated positively with the number of cows kept in the compound. Thus, they found that the presence of
cows increased human mosquito bites (Fig. 1, Hasegawa et al. 2008). The number of individuals with
mixed blood meals was examined in these species and also in Culex quinquefasciatus, a non-JEV-vector
that mainly feeds on humans and chickens; it was 15 (9%) of the 164 Cx. vishnui subgroup mosquitoes, 3
(4%) of the 70 Cx. gelidus mosquitoes, and 16 (5%) of the 299 Cx. quinquefasciatus mosquitoes. The
mixed blood meal combinations were as follows: 2 of the Cx. vishnui subgroup mosquitoes had ingested
human and cattle blood, and 13 of these mosquitoes along with 3 of the Cx. gelidus mosquitoes had
ingested cattle and pig blood. In Cx. quinquefasciatus mosquitoes, three had ingested human and pig
blood; two had ingested human and cattle blood; five had ingested human and chicken blood; two had
ingested pig and cattle blood; one had ingested pig and chicken blood; two had ingested cattle and chicken
blood; and one had ingested human, pig, and chicken blood. This shows how different types of arbovirus

are mixed.

Mosquito abundance and environmental factors:
Culex gelidus, Cx. tritaeniorhynchus, and Cx. vishnui are exophilic (i.e., they mainly remain outdoors), but
they sometimes occur indoors. These indoor individuals predominantly feed on cattle and pigs (Table 1,

Hasegawa et al. 2008). This suggests that these vectors enter the houses even after feeding. The number of
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cows significantly affected the indoor collection numbers of the Cx. vishnui subgroup, but less

significantly with the distance from mosquito breeding sites (the nearest rice field: the location of breeding
sites was assessed by the abundance of male mosquitoes, because they usually remain in the vicinity of
breeding sites; see Hasegawa et al. 2008 for details). This indicates that the distributions of the Cx. vishnui
subgroup in the villages were not constrained by their breeding sites. On the other hand, the numbers of Cx.
gelidus mosquitoes were mainly influenced by the proximity to their breeding sites and were only slightly
affected by the number of cow hosts; this result was consistent with Mwandawiro et al.’s (1999, 2000)
findings that Cx. gelidus prefers cows to pigs or chickens. However, these results imply that for Cx. gelidus
the distance between available hosts and breeding sites is more critical than is host preference. It has been
reported that this species breeds in a variety of habitats in Malaysia (Gould et al. 1962). In the study area,
people washed their animal sheds and thus created polluted ground pools that served as larval habitats for
Cx. gelidus. When the hosts and the breeding sites are closely located, mosquitoes do not need to disperse
over long distances; this may be important to a species with limited flight ability. The number of female Cx.
quinquefasciatus mosquitoes also correlated positively with the proximity to the breeding sites. Cx.
quinquefasciatus is reported to breed in any type of habitat that contains water (ranging from fresh clear
water to polluted water with decayed organic matter, [Reid 1968]). In the study area, the larval habitats of
Cx. quinquefasciatus were assumed to locate within the villages, similar to those of Cx. gelidus. Human
blood comprised 76% of the diet of this species. The number of female Cx. quinquefasciatus mosquitoes

did not correlate with the abundance of any animal host.

How Do Mosquitoes Achieve Plasticity in Blood Feeding?

The primary JEV vectors prefer cows to pigs although the actual blood meals taken do not necessarily
coincide with host preference; species-specific plasticity is in play (Mwandawiro et al.1999, 2000,
Hasegawa et al. 2008,). The Cx. vishnui subgroup exhibited more flexibility than did Cx. gelidus. The
distribution of the latter species is thought to be limited to the vicinity of breeding sites, whereas the
distribution of the former species is less limited by the breeding sites (rice fields). This raises a question
whether there is relation between the plasticity in terms of host preference and the ability to move away

from breeding sites. In this context, Tuno et al (2003) studied an interesting behavior, termed pre-biting
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resting. They speculated that vector breeding sites and vector density might affect blood-feeding plasticity.
Mosquito blood-feeding behavior is composed of several phases, i.e., searching for a host, attraction to the
host, attack, feeding, and resting. Among these phases, the marked interval between the appearance of
mosquitoes near a host and the actual alighting on the host is termed the “pre-biting rest” (Reid 1968) or
“pre-attack rest” (Clements 1999). Pre-biting resting has been reported in several taxa (Service 1993)
including the Anopheles leucosphyrus subgroup (Colless 1956ab), An. dirus (Scanlon and Sandhinand
1965), An. gambiae s. I. (Smith 1958), Cx. quinquefasciatus (De Meillon and Sebastian 1967), Cx.
tritaeniorhynchus (Wada 1969), and Mansonia species (Service 1969, Wharton 1962). The biological
significance of pre-biting resting has not been elucidated, but it may have evolutionary significance. Tuno
et al. (2003) studied micro-spatial distribution of mosquitoes around a cow host in the countryside of
Northern Thailand. Forty sticks were arranged in 4 rays in vicinity of a cow tethered. All mosquitoes
resting on the sticks were collected, sexed, identified their species and blood feeding status. A total of
1,566 mosquitoes of 25 species of five genera were captured (Tuno et al. 2003). Anopheles aconitus was
the most abundant, followed by An. peditaeniatus, Cx. vishnui, and Cx. pseudovishnui. There was no
directional difference in mosquito abundance. Mosquitoes were randomly distributed before they
approached the cow. More unfed mosquitoes were collected at sites closer to the host (i.e., they were
engaged in pre-biting resting), and the feeding ratio correlated negatively with mosquito density (Tuno et
al. 2003). Thus, the numbers of fed mosquitoes were almost constant despite fluctuations in the daily
numbers of mosquitoes captured. They also found that mosquito species can be separated into two groups
in terms of distributions of fed and unfed mosquitoes around the host. One group, represented by five
species, showed higher proportions of fed individuals irrespective of mosquito density, while the other,
represented by seven species, aggregated around the host to close distances of 1-4 m but contained lower
proportions of fed mosquitoes. A characteristic of mosquito blood-feeding is that the amount of blood
available is enormous compared to what is required. Thus, mosquitoes do not need to hurry to bite because
of a shortage of blood. Possible factors limiting feeding might include the host body surface area
(Clements 1999), or (more likely) host defenses triggered by excessive attacks. A negative correlation
between mosquito density and feeding success, possibly caused by density-dependent defensive host
behavior, has been reported (Tuno et al. 2003). If this is a general rule, pre-biting resting may be an

adaptation used by mosquitoes to avoid aggressive host defenses. Dawkins and Krebs (1979) called life-
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dinner principle about asymmetric relationships between prey and predator. In case of mosquitoes’ blood
feeding, mosquitoes bet their life for attacking but host are not killed by their attacks (Kweka et al. 2010).
Therefore evolutional selection would work more severely on mosquitoes than host animal. However, if so,
why is pre-biting resting behavior observed in only some mosquito species? Indeed, they found that
density-dependent feeding ratios were not evident in all species. Then they returned to the two different
feeding groups. They compared the specific breeding habitats and adult host preferences to seek any
common characteristics within a group that differed between the groups and found that members of the
second group, that aggregated around the host exhibited lower proportions of fed mosquitoes than did the
first group, used larger breeding sites (such as rice fields, ponds, swamps, and streams). However, no clear
difference in host preference was evident between the two groups. If host animal defensive behavior is
triggered by only high mosquito density, then mosquito species that form large populations will have more
experience of such host defensive behavior. From this point of view, members of the second group, using
larger breeding sites, must have been subjected to the density-dependent evolutionary selection. In other
words, the pre-biting rest allows the mosquito to decide whether the host is to be attacked. Gillies (1980)
showed that carbon dioxide generally attracts host-seeking mosquitoes. Most mosquitoes are attracted by
general host cues such as carbon dioxide, odors, and heat. But we raise a question; why can mosquitoes
that engage in pre-biting resting stop their attack so close to the host where the host cues are strongest? We
suggest that a form of density effect may be in play. The closer the host, the more mosquitoes are present.
Mosquitoes may evaluate their densities by sensing wing vibrations or certain volatiles that remains

unknown.

Future Directions.

Finally, we integrated our thoughts to suggest how to control the transmission rates of JEV vectors. Some
researchers have shown experimentally that the JEV vectors Cx. tritaeniorhynchus, Cx. vishunui, and Cx.
gelidus have an innate preference for cows over pigs; these likes and dislikes are clearer when they can
choose between the two animals. Contrary to these preferences, the pig blood feed ratios were often higher
than the cow blood feed ratios in the former two species, while the latter species, Cx. gelidus, fed mainly
on cows in Thailand (Mwandawiro et al.1999, 2000) and in Vietnam (Hasegawa et al. 2008). In a village in

northern Vietnam where people lived in close proximity to many types of animals, mosquito abundance
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was most affected by cow abundance (Hasegawa et al. 2008). The abundance of the Cx. vishnui subgroup
was positively associated with cow abundance (Fig. 2). The number of human blood meals taken by this
species increased with the number of cows in the compound (Fig. 1). However, the abundances of Cx.
gelidus and Cx. quinquefasciatus were primarily affected by closeness to their breeding sites. In another
words, their distributions were limited by the distance from their breeding grounds (Hasegawa et al. 2008).
A study of the micro-distributions of pre-biting mosquitoes (including the Cx. vishnui subgroup) around a
cow found that many unfed mosquitoes remained in vicinity of the host (Tuno et al. 2003). There was
previous study that discussed the adaptive aspect of pre-biting resting. Wada (1969) used various methods
to observe the nocturnal biting activities of An. sinensis and Cx. tritaeniorhynchus, and counted
mosquitoes alighting on pigs and on plates or tapes set near dry-ice baits in Japan. In the cited study, Cx.
tritaeniorhynchus showed a sharp peak in nocturnal activity when dry-ice baits were used; however,
mosquito counts on pigs did not exhibit a peak, being instead almost constant. This difference was
attributed to pre-attack resting. The dry-ice baited counts indicated only the flight activity rhythm; this
differs from attack behavior; the lack of a peak was explained by suggesting that the “missing” mosquitoes

(that should have formed a peak) were engaging in pre-attack resting.

We gave a schematic illustration of blood feeding by JEV vectors based on the data of Hasegawa et al
(2008) (Figure 2). The primary vectors aggregate around cow, most beloved host, resulting in a high vector
density due to their comparatively high mobility. If the high density of mosquitoes attack altogether they
will more likely fail to get blood meals because of host defensive behavior. To avoid it, many of them
engage in pre-biting resting instead of direct attacks. A proportion of them will successfully take a blood
meal from cow in course of time and a certain proportion change their mind to turn to pigs, humans, and
chickens (in successively smaller ratios) to feed; more than half of such “alternative feeders” will remain
unfed (Table 2). Figure 1 presents us that mosquitoes attracted to cow changed their target into human.
Therefore, it is important to keep cows away from human residences and keep pigs (the amplifying host)
away from cows (dead end host) to reduce the human risk suffering from JEV. This was realized in Japan
in the 1960s (Kamimura 1998). Thousands of JE cases were reported in Japan prior to 1960, but the last
outbreak occurred in 1966. Japan became JE-free for several reasons; e.g., a nationwide human

immunization program, and isolation of pigsties and cowsheds from human dwellings (Kamimura 1998).

10
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We receive reports every year that naive piglets kept in pigsties are becoming JEV preservers, but have few
opportunities to contact JEV vectors. It is important to isolate human dwellings from cows and pigs, as
achieved in Japan. But it is not easy to achieve social changes over a short period. Low-cost interim
solutions are to keep cows and humans apart, and to keep cows and pigs apart. The spatial isolation can be
less than 100 m. Mosquitoes judge the abundance of preferable hosts on the small spatial scale (Hasegawa
et al. 2008). Culex gelidus, the other important JEV vector species, is less mobile. Therefore, its attack can
be effectively reduced by locating its breeding sites apart from human habitats. Thoughtful village and city
planning can achieve costless control of the transmission rate of JEV. In this study, we pointed out
evolutionally aspects of pre-biting resting. Now we are able to study the effect of high density of
mosquitoes or defensive behavior of host on the occurrence of pre-biting resting by analysing the
expression of thousand genes with next generation sequencing. If we apply the emerging quantitative
gene expression analysis to unsolved mosquitoes pre-biting behavior, we will be able to clarify what kind
of physiological processes are operating and these processes are activated by what kind of environmental
stimuli. Understanding of pre-biting resting will lead to a novel finding in mosquitoes biting behavior and

will enable us to design new program to suppress vector contacts and disease transmission not only JEV.
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381  Figure captions

382  Fig 1. Relationships between numbers of human blood meals in the Culex vishnui subgroup sampled in
383 respective house compounds and the numbers of cows kept in the compound in a village in Vietnam.

384 Effect of cow was significant (P<0.0001).

385  Fig 2. Relative numbers of vertebrates species in the village were, cow: human: pig: chicken=1: 8: 16: 80,

386 and the relative blood meals taken from them were, cow: human: pig: chicken=60: 3: 35: 1 in the
387 Culex vishnui subgroup sampled in Vietnam.
388
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389

Table 1. Species composition (%) of blood meal identified of Culex mosquitoes

sampled in a village in Vietnam.

the Cx. vishnui

Cx.

Numbers of subgroup Cx. gelidus quinquefasciatus
Host host n=175 n=71 n=314

Human (370) 2.9 2.8 75.8

Swine (787) 35.2 28.2 4.5

Cow (48) 60.3 67.6 4.5

Chicken (3852) 1.2 1.4 15.3
390
391
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392

Table 2. Unfed ratio in dominant mosquito species sampled by light traps in early night and late night

hours in a village in Vietham

Early night (18-

Late night (23PM-

23PM) +09AM) Total
Total
Unfed Numbers Unfed Numbers of numbers of
unfed ratio
ratio of ratio individuals individuals
Species individuals
Cx. gelidus 0.55 549 0.58 1573 0.57 2122
the Cx. vishnui 0.53 276 0.62 398 0.58 674
subgroup
Mansonia annulifera 0.54 28 0.44 25 0.49 53
Cx. quinquefasciatus 0.19 16 0.33 15 0.26 31
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Fig 1. Relationships between numbers of human blood meals in
the Culex vishnui subgroup sampled in respective house
compounds and the numbers of cows kept in the compound in a
village in Vietnam. Effect of cow was significant (P<0.0001).



Fig 2. Relative numbers of vertebrates species in the village were, cow: human: pig:
chicken=1: 8: 16: 80, and the relative blood meals taken from them were, cow: human:
pig: chicken=60: 3: 35: 1 in the Culex vishnui subgroup sampled in Vietham.



