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Abstract. Five species members of the Korean Hyrcanus Group: Anopheles pullus,
Anopheles sinensis, Anopheles kleini, Anopheles belenrae, and Anopheles lesteri were
tested for susceptibility to Brugia malayi. They were allowed to feed artificially on
blood containing B. malayi microfilariae and dissected 14 days after feeding. The
susceptibility rates were 60%, 65%, 90%, 100% and 100% in An. pullus, An. sinensis,
An. kleini, An. belenrae, and An. lesteri, respectively. As determined by levels of
susceptibility, results indicated that An. pullus was a moderate potential vector,
while An. sinensis, An. kleini, An. belenrae, and An. lesteri were high potential vec-
tors, when compared with the 90-95% susceptibility rates of an efficient control
vector, Ochlerotatus (=Aedes) togoi. An introgressive study of B. malayi-susceptible/-
refractory genes was performed intensively by hybridization experiments between
a high (Korean strain) and a low (Thailand strain) potential An. sinensis vectors.
The susceptibility rates of F-hybrids and backcross progenies were compared
with parental stocks. The results indicated that the B. malayi-susceptible genes
could be introgressed from a high to low potential An. sinensis vector by increas-
ing the susceptibility rates from 0-5% in the parental stocks to 55% and 70% in
F -hybrids and backcross progenies, respectively. The increase of susceptibility
rates related clearly to the increase of normal larval development in the thoracic
muscles of F -hybrids and backcross progenies.
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INTRODUCTION

Anophelines of the Hyrcanus Group
comprises at least 26 species members
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and have a wide distribution, extend-
ing from Iberia in Europe to East and
Southeast Asian regions, including some
of the off-lying islands of the Indian and
Pacific oceans (Harrison and Scanlon,
1975; Tanaka et al, 1979; Harbach, 2012). It
is recognized that some species members
of the Hyrcanus Group are involved in
the transmission of human diseases: ma-
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laria (Plasmodium vivax), filariasis (Brugia
malayi), and Japanese encephalitis virus,
particularly in the Oriental Region and
contiguous parts of the eastern Palaearctic
Region (Sasa, 1976; Zhang, 1990; Ree et al,
2001; Kanojia et al, 2003; Lee et al, 2007;
Rueda et al, 2010; Joshi et al, 2011).

In the Republic of Korea (ROK), at
least six species members (Anopheles
belenrae, An. kleini, An. lesteri, An. pul-
lus, An. sinensis and An. sineroides) of the
Hyrcanus Group have been recognized
(Tanaka et al, 1979; Rueda, 2005). Among
these, An. sinensis was incriminated as a
natural vector of lymphatic filariasis due
to B. malayi in mainland ROK; whereas,
An. sinensis and An. lesteri were reported
as natural vectors of this filarial parasite
in China (Sasa, 1976). Regarding control
measures in the ROK, the reduction of
microfilariae in the peripheral blood of
carriers interrupts the mosquito-transmit-
ted cycle by using mass, combined with
selective, treatments with a microfilaricide
(diethylcarbamazine: DEC) to microfilaria
positive persons.

These measures were started in
1964, together with substantial economic
growth and improved living standards,
including environmental and personal
hygiene. This filarial control program
brought about complete elimination of
this lymphatic filariasis in 2007 (Cheun et
al, 2009). Despite complete success of the
program, re-emergence at any time of this
endemic disease should be kept in mind,
even in thoroughly controlled endemic
regions, where the possible environmental
factors favor suitable conditions for the
transmission-cycle. This was reported
recently in other mosquito-borne diseases,
eg, re-emergence of malaria due to P. vivax
in the ROK (Chai et al, 1994; Park et al,
2000; Shim and Shin, 2002).
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Regarding the information mentioned
above, details of the natural vectors of B.
malayi have been documented in only An.
sinensis among six species members of the
Korean Hyrcanus Group. Therefore, this
information clearly emphasizes lack of
knowledge on the vector competence to
B. malayi of these anopheline mosquitoes.
However, the information could be used
as a robust primary guideline for a field
control approach, when suspecting any
anopheline species of being a transmit-
ting vector in endemic areas of Brugian
filariasis. Hence, this study describes the
susceptibility to B. malayi of five species
members of the Korean Hyrcanus Group:
An. belenrae, An. kleini, An. lesteri, An. pul-
lus and An. sinensis.

In addition, this paper reported an in-
trogressive study of B. malayi-susceptible/-
refractory genes between high (Korean
strain) and low (Thailand strain) potential
An. sinensis vectors was performed by hy-
bridization experiments and comparison
of susceptibility levels of F -hybrids and
backcross progenies with parental stocks.

MATERIALS AND METHODS

Mosquito species, wild-caught, fully
engorged females of An. belenrae, An.
kleini, An. pullus and An. sinensis were
collected from Paju City, Gyeonggi-do
Province, while An. lesteri was collected
from So-Rae District, Incheon City, ROK.
Species identification of wild-caught fe-
males followed standard illustrated keys
(Tanaka et al, 1979; Rueda et al, 2005).
Subsequently, morphological identifica-
tion (using intact morphology of eggs,
larvae, pupal skins, and adult females)
and molecular investigation (Joshi et al,
2010) were performed in F -progenies of
iso-female lines to guarantee the exact
identification of species.
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The laboratory colonies of the five
anopheline species were then estab-
lished by pooling five iso-female lines
of each anopheline species, using the
techniques described by Kim et al (2003).
These colonies were used for studies on
susceptibility to B. malayi throughout the
experiments.

Regarding the introgressive study of
B. malayi-susceptible/-refractory genes,
the parental stocks of An. sinensis Korean
strain [a high potential vector for B. ma-
layi (results obtained from this study)],
An. sinensis Thailand strain [a low po-
tential vector for B. malayi (Saeung et al,
2013)], and their F -hybrids and backcross
progenies were used. As for the control
vector, autogenous Ochlerotatus (=Aedes)
togoi (Chanthaburi Province, eastern
Thailand strain) was selected as a proven
efficient laboratory vector for a wide-
range of genera and species of filarial
nematodes, including B. malayi (Jumkum
et al, 2003).

Filarial B. malayi originated from a
20-year-old woman, who was a resident
of Narathiwat Province, southern Thai-
land. Domestic cats were later infected
experimentally with the parasite, which
was maintained at the Department of
Medical Entomology, Faculty of Tropical
Medicine, Mahidol University, Bangkok,
Thailand, from 1982 to 1986, when it was
transferred to Mongolian jirds (Meriones
unguiculatus) and then maintained at the
animal house of the Faculty of Medicine,
Chiang Mai University, Chiang Mai, Thai-
land (Choochote et al, 1986).

Blood containing B. malayi microfilariae

Preparation of blood containing B.
malayi microfilaria followed the details
as described recently (Saeung et al, 2013).
Briefly, the jirds were inoculated intraperi-
toneally for at least 3 months with infec-
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tive larvae of B. malayi and anesthetized
deeply with ethylene ether. The microfi-
lariae were collected by injecting 3 ml of
Hank’s Balanced Salt Solution (HBSS, pH
7.2-7.4) into the peritoneal cavity before
withdrawing by peritoneal washing. The
0.05 ml of peritoneal-washed-rich micro-
filariae was mixed with 5 ml of human-
heparinized blood (10 units of heparin/ml
of blood), taken from human volunteers
who had signed the consent form. Then,
the adjusted microfilarial density ranged
from approximately 250 to 350 micro-
filariae (mf)/20 pl by using the human-
heparinized blood for artificial feeding
all of all the mosquito species.

Infection of mosquitoes with B. malayi
microfilariae

Five-day-old adult female Oc. togoi,
An. belenrae, An. kleini, An. lesteri, An.
pullus and An. sinensis fasted for 24 hours
and then were allowed artificial feeding
simultaneously on blood-containing B.
malayi microfilariae (microfilarial density
= 305 and 297 mf/20 ul in Experiments I
and II, respectively), using the techniques
and apparatus previously described
(Chomcharn et al, 1980).

Similarly, 5-day-old female An. si-
nensis Korean and Thailand strains, and
their F -hybrids and backcross progenies
fasted for 24 hours and then were al-
lowed artificial feeding simultaneously on
blood-containing B. malayi microfilariae
(microfilarial density = 323 and 346 mf/20
ul in Experiments I and II, respectively),
using similar procedures as mentioned
above. Fourteen days after feeding, all
infected mosquitoes were dissected in
normal saline solution and examined un-
der a dissecting microscope. The number
of mosquitoes with one or more infective
stage larvae in any part of the body (head,
thorax, or abdomen) was recorded.
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Determination of the possible factors af-
fecting the level of susceptibility

The thorax of infected An. sinensis
Korean and Thailand strains, and their
F -hybrids and backcross progenies were
torn in a drop of normal saline solution
and examined under a compound mi-
croscope 4 days after feeding. The first
stage (L,) larvae were counted and scored
as normal L, larvae if alive with intact
morphology. The larvae were scored as
melanized L, larvae if they had evidence
of a retained stage and melanotic encapsu-
lation and scored as degenerated L, larvae
if they demonstrated vacuolated internal
organs without any evidence of melanotic
encapsulation.

Ethical considerations

The Animal Ethics Committee of
Faculty of Medicine, Chiang Mai Uni-
versity, Chiang Mai, Thailand approved
the protocols. Authors have provided
substantiation of ethical approval.

RESULTS

Details of the infective rates and
parasite loads of Oc. togoi, An. belenrae,
An. kleini, An. lesteri, An. pullus, and An.
sinensis 14 days after feeding on blood
containing B. malayi microfilariae are
shown in Table 1. The 95% and 90% infec-
tive rates corresponded to an average of
16.47 and 13.06 infective (L,) larvae per
infected Oc. togoi in Experiments I and
II, respectively, which indicated that all
feeding experiments were under condi-
tions of appropriate B. malayi microfilarial
densities in infected blood. The infective
rates and average number of L, larvae
per infected mosquito of An. pullus, An.
belenrae, and An. lesteri in Experiment I
were 60%/8.50, 100%/8.85, and 100%/10.90,
respectively. Those in An. kleini and An.
sinensis in Experiment II were 90%/5.39,
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and 65%/4.23, respectively.

Comparative statistical analyses of
the infective rates and average number
of L, larvae per infected mosquito were
carried out between Oc. togoi and five
An. hyrcanus species. The results indi-
cated that the infective rates differed
significantly only between Oc. togoi and
An. pullus (p<0.05), whereas the average
number of L, larvae per infected mosquito
did not differ significantly only between
Oc. togoi and An. lesteri (p>0.05). Notably,
all infective larvae that recovered from the
two experimental feedings were very ac-
tive and found to distribute in all regions
of the head, thorax, and abdomen. Also,
their behavior was similar, with more than
65% of infective larvae migrating from the
thorax to the head and proboscis.

Details of the infective rates and para-
site loads of parental, F,-hybrids and back-
cross progenies of An. sinensis Korean and
Thailand strains, 14 days after feeding on
blood containing B. malayi microfilariae,
are shown in Table 2. The 65% and 60%
infective rates corresponded to an average
of 3.62 and 4.33 L, larvae per infected An.
sinensis Korean strain in Experiments I
and II, respectively, which indicated that
all feeding experiments were under con-
ditions of suitable B. malayi microfilarial
densities in infected blood. The infective
rates and average number of L, larvae per
infected mosquito of An. sinensis Korean
strain, An. sinensis Thailand strain, and
their 2 F -hybrids [(female An. sinensis
Korean strain x male An. sinensis Thailand
strain)F, and (female An. sinensis Thailand
strain x male An. sinensis Korean strain)
F, ] in Experiment I were 65%/3.62, 5%/1,
65%/3.92, and 55%/5.27, respectively.

Comparative statistical analyses of
the infective rates and average number
of L, larvae per infected mosquito were
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Fig 1-L, larvae recovered from thoracic muscle of Anopheles sinensis strains 4 days after infected
blood meal. An. sinensis Korean strain: (A) Normal live larva with intact cuticle and internal
organs (small arrow: protuberance of anal plug at the anal pore). An. sinensis Thailand strain:
(B) Incomplete melanotic encapsulated larva. (C) Completely melanotic encapsulated larva.
(D) Degenerated and vacuolated internal organs (small arrow) larva.

carried out between An. sinensis Korean
strain and (female An. sinensis Korean
strain x male An. sinensis Thailand strain)
F, and An. sinensis Thailand strain and
(female An. sinensis Thailand strain x
male An. sinensis Korean strain)F,. The
results indicated that the infective rates
and average number of L, larvae per in-
fected mosquito differed significantly only
between An. sinensis Thailand strain and
(female An. sinensis Thailand strain x male
An. sinensis Korean strain)F, (p <0.05). The
infective rates and average number of L,
larvae per infected mosquito of An. sinen-
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sis Korean strain and An. sinensis Thailand
strains, and their backcross progenies
[(female An. sinensis Korean strain x male
An. sinensis Thailand strain)F, x male An.
sinensis Thailand strain], and [(female
An. sinensis Thailand strain x male An.
sinensis Korean strain)F1 x male An. sinen-
sis Korean strain] in Experiment II, were
60% and 4.33, 0%, 45% and 4.22, and 70%
and 5.50, respectively. Comparative sta-
tistical analyses of the infective rates and
average number of L, larvae per infected
mosquito were carried out between An.
sinensis Korean strain and [(female An.
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Table 1
Infective rates and parasite loads of five species in the Korean Anopheles hyrcanus
group after feeding on blood containing Brugia malayi microfilariae (microfilarial
density = 305 and 297 mf/20 pl in Experiments I and II, respectively), with all
mosquitoes dissected 14 days after feeding.

Mosquito Infective Average no. L.-distribution
. . 3
species rate (%) L, per infected
(n)2 mosquito (range)® % head (1) % thorax (n) % abdomen (1)
Experiment I
Oc. togoi 95 (19/20) 16.47 (1-37) 61.66 (193) 20.13 (63) 18.21 (57)
An. pullus 60 (12/20)a 8.50 (1-16)f 65.69 (67) 15.68 (16) 18.63 (19)
An. belenrae 100 (20/20)b 8.85 (1-21)g 75.71 (134) 15.25 (27) 9.04 (16)
An. lesteri 100 (20/20)c 10.90 (2-24)h 68.35 (149) 11.01 (24) 20.64 (45)
Experiment II
Oc. togoi 90 (18/20) 13.06 (1-31) 66.81 (157) 14.89 (35) 18.30 (43)
An. kleini 90 (18/20)d 5.39 (1-10)i 76.29 (74) 11.34 (11) 12.37 (12)
An. sinensis 65 (13/20)e 4.23 (1-17)j 81.82 (45) 12.73 (7) 5.45 (3)

aFisher’s exact test: b, ¢, d, e vs control, p > 0.05; a vs control, p < 0.05.
bt-test (two-sided): h vs control, p > 0.05; {, g, i, j vs control, p < 0.05.

sinensis Korean strain x male An. sinensis
Thailand strain)F, x male An. sinensis
Thailand strain] and An. sinensis Thailand
strain and [(female An. sinensis Thailand
strain x male An. sinensis Korean strain)
F, x male An. sinensis Korean strain]. The
results suggested that the infective rates
and average number of L, larvae per
infected mosquito differed significantly
only between An. sinensis Thailand strain
and [(female An. sinensis Thailand strain x
male An. sinensis Korean strain)F, x male
An. sinensis Korean strain] (p <0.05).

Parasite loads dissected 4 days after
feeding on blood containing B. malayi
microfilariae in parental, F -hybrids and
backcross progenies of An. sinensis Korean
and Thailand strains are detailed in Table
3 and Fig 1. A satisfactory average number
of 19.40, 21.60, 23.20, and 18.20 L, larvae
recovered from the thoracic muscles of An.
sinensis Korean strain, An. sinensis Thai-
land strain, (female An. sinensis Korean
strain x male An. sinensis Thailand strain)
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F,, and (female An. sinensis Thailand
strain x male An. sinensis Korean strain)Fl,
respectively, in Experiment I; and 24.60,
23.80, 20.40, and 25.60 L, larvae obtained
from the thoracic muscles of An. sinensis
Korean strain, An. sinensis Thailand strain,
[(female An. sinensis Korean strain x male
An. sinensis Thailand strain)F, x male An.
sinensis Thailand strain], and [(female An.
sinensis Thailand strain x male An. sinensis
Korean strain)F1 x male An. sinensis Ko-
rean strain], respectively, in Experiment II,
indicated that all of the mosquito species
were successful in taking a considerable
number of microfilariae from infected
blood. Subsequently they invaded the
cells of thoracic muscles.

However, low degrees of normal L,
and high degrees of abnormal L, (mela-
nized and degenerated L) larval develop-
ment in the thoracic muscles of An. sinensis
Thailand strain (normal L,:16.67-23.53%,
abnormal L;: 76.47-83.33%) clearly were
different from those of An. sinensis Korean
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Table 2
Infective rates and parasite loads in parental, reciprocal and backcross progenies of
Anopheles sinensis strains from Korea and Thailand after feeding on blood containing
Brugia malayi microfilariae (microfilarial density = 323 and 346 mf/20 pl in Experiments
I and II, respectively), with all mosquitoes dissected 14 days after feeding.

An. sinensis Infective Average n L,-distribution
strains rates L, per infected
(Female x male) (n)? mosquito (range)’ % head (1) % thorax (1) % abdomen (1)
Experiment I
Parental crosses
SK 65 (13/20)a 3.62 (1-13)e 72.34 (34) 10.64 (5) 17.02 (8)
ST 5 (1/20)b 1 (D)f 100 (1) - -
Reciprocal crosses
(SK x ST)F1 65 (13/20)a 3.92 (1-16)e 80.39 (41) 11.76 (6) 7.84 (4)
(ST x SK)F1 55 (11/20)b 5.27 (1-16)f 48.27 (28) 31.03 (18) 20.70 (12)
Experiment II
Parental crosses
SK 60 (12/20)c 4.33 (1-11)g 88.46 (46) 9.62 (5) 1.92 (1)
ST 0 (0/20)d - - - -
Back crosses
(SK x ST)F1 x ST 45 (9/20)c 4.22 (1-9)g 76.31 (29) 10.53 (4) 13.16 (5)
(ST x SK)F1 x SK 70 (14/20)d 5.50 (1-18) 64.94 (50) 18.18 (14) 16.88 (13)

SK, An. sinensis (Korean strain); ST, An. sinensis (Thailand strain).
aChi-square test: a, c vs control, p > 0.05; b, d vs control, p < 0.05.

bt-test (two-sided): e, g vs control, p > 0.05; f vs control, p < 0.05.

strain (normal L;: 48.45-56.10%, abnormal
L;: 43.90-51.55%), and their Fl-hybrids
(normal L,: 48.35-52.59%, abnormal L;:
47.41-51.65%) and backcross progenies
(normal L,: 45.10-56.25%, abnormal L:
43.75-54.90%) of both directions.

DISCUSSION

To delineate a mosquito vector in an
endemic area of filariasis, it is necessary
to confirm the following evidence for a
species of mosquitoes. Firstly, naturally
caught specimens of a mosquito species
contain infective stages of a parasite. Sec-
ondly, the same forms of infective stages
develop in a laboratory-bred, clean colony
of the same mosquito species after being
fed on carrier blood containing parasites,
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and thirdly, the same mosquito species fed
on human blood in an endemic area (Sasa,
1976). Therefore, from these criteria the
susceptibility test in an experimental labo-
ratory is a useful procedure for incriminat-
ing a potential vector of a certain species.
Nevertheless, susceptibility alone does not
imply an important role in the transmission
of disease in nature, while a refractory one
can rule out its significance entirely.

Vector competence to B. malayi of five
species of the Korean An. hyrcanus group
(An. pullus, An. sinensis, An. kleini, An.
belenrae, and An. lesteri), as determined
by susceptibility tests using a laboratory-
bred, clean mosquito colony, had not been
performed and/or reported until now.
The results of this investigation indicated
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Table 3
Parasite loads in parental, reciprocal and backcross progenies of Anopheles sinensis
strains from Korea and Thailand dissected 4 days after feeding on blood containing
Brugia malayi microfilariae (microfilarial density = 323 and 346 mf/20 ul in
Experiments I and II, respectively).

An. sinensis strains Average n L, per

% normal % melanized % degenerated

(Female x male) infected thorax (range)® L, (1) L, (n) L, (n)
Experiment I
Parental crosses
SK 19.40 (5-23) 48.45 (47) 24.74 (24) 26.81 (26)
ST 21.60 (8-31) 16.67 (18) 39.81 (43) 43.52 (47)
Reciprocal crosses
(SK x ST)F1 23.20 (10-36) 52.59 (61) 22.41 (26) 25.00 (29)
(ST x SK)F1 18.20 (6-19) 48.35 (44) 21.98 (20) 29.67 (27)
Experiment II
Parental crosses
SK 24.60 (14-25) 56.10 (69) 26.83 (33) 17.07 (21)
ST 23.80 (9-44) 23.53 (28) 46.22 (55) 30.25 (36)
Back crosses
(SK x ST)F1 x ST 20.40 (7-38) 45.10 (46) 30.39 (31) 24.51 (25)
(ST x SK)F1 x SK 25.60 (11-27) 56.25 (72) 21.09 (27) 22.66 (29)

aDissected from five thoraxes.

that An. sinensis, An. kleini, An. belenrae,
and An. lesteri were high potential vec-
tors, whereas An. pullus was a moderate
potential vector. Therefore, these present
results confirm the natural vector status of
An. sinensis in the ROK, and An. sinensis
and An. lesteri in China (Sasa, 1976).

Beneficial results reported herein
emphasize the potential role of An. pul-
lus, An. sinensis, An. kleini, An. belenrae,
and An. lesteri in transmitting B. malayi
in the ROK, and An. sinensis and An.
lesteri in China, where these anopheline
species and B. malayi were found sym-
patrically. However, it is noteworthy that
An. sinensis, An. belenrae, and An. kleini
were cryptic morphologically, and only
a molecular-based assay could be used
robustly to recognize them (Rueda, 2005;
Joshi et al, 2010). Remarkably, it is possible
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that previous identification of An. sinensis
was based only on pure morphologi-
cal characteristics, particularly in using
traumatic scales of wild-caught adult
females from endemic areas of Brugian
filariasis, in which epidemiological and
control approaches might be mixtures of
two or three species, depending upon the
locations studied.

It has been known that the f" (filarial
susceptibility, B. malayi) in Aedes spe-
cies was controlled by simple sex-linked
genes with refractoriness being domi-
nant to susceptibility. The experiments
of reciprocal and backcrosses between B.
malayi-susceptible/-refractory strains of
Stegomyia (=Aedes) aegypti, and B. pahangi-
susceptible Ae. polynesiensis/-refractory
Ae. malayensis produced refractory proge-
ny-females, suggesting that refractoriness
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is dominant to susceptibility (MacDonald
and Ramachandran, 1965; MacDonald,
1976). However, those results are contrary
to this study’s experiments of recipro-
cal and backcrosses between B. malayi-
susceptible (Korean strain)/-refractory
(Thailand strain) An. sinensis by yielding
susceptible progeny-females of both di-
rections, indicating that susceptibility is
dominant to refractoriness.

The decrease in melanized and degen-
erated of L, (2 main refractory mechanisms
in the thoracic muscles of the Thai An.
sinensis) (Saeung et al, 2013) from 39.81-
46.22% melanization and 30.25-43.52%
degeneration in parental An. sinensis
(Thailand strain) to 21.98% melanization
and 29.67% degeneration in F -hybrids
(female An. sinensis Thailand strain x male
An. sinensis Korean strain) and 21.09%
melanization and 22.66% degeneration in
backcross progenies [(female An. sinensis
Thailand strain x male An. sinensis Ko-
rean s’crain)F1 x male An. sinensis Korean
strain], when compared to 24.74-26.83%
melanization and 17.07-26.81% degenera-
tion of An. sinensis (Korean strain) were
good supportive evidence. These results
elucidated on a promising model of a B.
malayi-anopheline-system for further in-
vestigations of various aspects concerning
susceptibility/refractoriness mechanisms.
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