
INTRODUCTION

Dengue fever is the most common arboviral disease 
of humans, with a recent estimate of 390 million infec-
tions per year worldwide, of which 96 million show clini-
cal manifestations1. Aedes aegypti and Ae. albopictus are 
the major vectors of dengue  in several countries including 
Sri Lanka2–5.  These two Aedes species are also vectors 
of chikungunya in many countries, while Ae. aegypti is 
an established vector of yellow fever and Zika in several 
countries. Eliminating, minimizing and larviciding pre-
imaginal developmental habitats of the two Aedes vec-

tors and the application of insecticides through fogging 
and residual spraying at infection foci are the mainstay of 
global approaches for controlling dengue5. There has been 
a long-held and prevalent view that Ae. aegypti and Ae. al-
bopictus oviposit and undergo preimaginal development 
only in fresh water collections, and therefore only fresh 
water habitats in the vicinity of human dwellings are pres-
ently targeted in dengue vector control programmes5-6.

Sri Lanka is an Island with an area of 65,525 km2 lo-
cated between latitudes 5°55′ and 9°51′ N and longitudes 
79°41′ and 81°53′ E . It is composed of  25 administrative 
districts. The central hills of the island divide the surround-
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ABSTRACT

Background & objectives: Aedes aegypti and Ae. albopictus are major arboviral vectors that are considered to lay 
eggs, and undergo preimaginal development only in fresh water collections. However, recently they have been also 
shown to develop in coastal brackish water habitats. The ability of the biologically variant salinity-tolerant Aedes 
vectors to transmit arboviral diseases is unknown. We therefore, investigated the infection of salinity-tolerant Aedes 
mosquitoes with dengue virus (DENV) and analysed dengue incidence and rainfall data to assess the contribution 
of salinity-tolerant Aedes vectors to dengue transmission in the coastal Jaffna peninsula in Sri Lanka. 
Methods: Brackish and fresh water developing female Ae. aegypti and Ae. albopictus were tested for their ability to 
become infected with DENV through in vitro blood feeding and then transmit DENV vertically to their progeny. An 
immunochromatographic test for the NS1 antigen was used to detect DENV. Temporal variation in dengue incidence 
in relation to rainfall was analysed for the peninsula and other parts of Sri Lanka.
Results: Aedes aegypti and Ae. albopictus developing in brackish water, became infected with DENV through in 
vitro blood feeding and the infected mosquitoes were able to vertically transmit DENV to their progeny. Monsoonal 
rainfall was the discernible factor responsible for the seasonal increase in dengue incidence in the peninsula and 
elsewhere in Sri Lanka. 
Interpretation & conclusion:  Fresh water Aedes vectors are main contributors to the increased dengue incidence that 
typically follows monsoons in the Jaffna peninsula and elsewhere in Sri Lanka. It is possible however, that brackish 
water-developing Aedes constitute a perennial reservoir for DENV to maintain a basal level of dengue transmission 
in coastal areas of the peninsula during the dry season, and this supports increased transmission when monsoonal 
rains expand populations of fresh water Aedes. 
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ing plains into dry and wet rainfall zones (Fig. 1). The wet 
zone, located in the central hills and the southwest part of 
the island, receives an average annual rainfall of 250 cm in 
two main rainy seasons, viz. the northeast (NE) monsoon 
that typically commences in October and ends in Janu-
ary, and the southwest (SW) monsoon that often begins in 
April and ends in June. Inter-monsoonal rains also occur 
between these periods in the wet zone. The dry zone, with 
an annual rainfall of 60 to 190 cm, receives maximal rain-
fall during the NE monsoon, and typically little or no rain 
for the rest of the year. An intermediate zone, with mixed 
characteristics, lies between the dry and wet zones (Fig. 
1). The Jaffna peninsula falls within the dry zone and is 
located at the northern tip of Sri Lanka in close proximity 
to India. Together with several small islands in the inter-
vening Palk straits, it comprises the Jaffna administrative 
district (Fig.1). The peninsula has a maximum altitude of 
10.4 m and contains many lagoons and sea water inlets. 
All locations in the Jaffna district are less than 10 km from 
the sea and therefore the entire district may be considered 
as coastal zone. The Jaffna district has a land area of 1100 
km2 and an average population density of approximately 
700 persons per km2.

Dengue has been reported in Sri Lanka since the 
beginning of the 20th century, but its prevalence has in-

creased after in 1990 with four serotypes of the dengue 
virus (DENV), DENV 1– 4, being detected in the island4,7. 
Dengue incidence continues to be high in Sri Lanka with 
55,150 total cases reported for the island in 2016 7. The di-
agnosis of dengue is mainly based on clinical criteria in Sri 
Lanka, with only a small proportion of cases subsequently 
confirmed by serological tests for antibodies to DENV or 
the presence of DENV nucleic acid by RT-PCR8.  Dengue 
is one of the notifiable diseases in Sri Lanka where it is 
legally binding for the Ministry of Health to be informed 
of the diagnosis of dengue in any patients.

Aedes aegypti and Ae. albopictus larvae have been 
recently observed in discarded food and beverage con-
tainers having brackish water with up to 15 and 14 parts 
per thousand (ppt) salt respectively along beaches9-10; and 
in domestic wells with up to 9 ppt salt11 in coastal areas 
of the Jaffna peninsula. Saline, brackish and fresh wa-
ter are defined as containing >30, 0.5–30 and <0.5 ppt 
salt respectively9–11. Salinity adaptation in Ae. aegypti is 
reflected in inheritable as well as reversible biological 
changes12. High brackish-water larval positivity rates are 
associated with a high incidence of dengue in precincts 
of Jaffna City that borders the sea9, 13. The observation 
of salinity-tolerant Ae. aegypti and Ae. albopictus in Sri 
Lanka has been subsequently confirmed by findings in 
coastal areas of other countries, viz. Brunei Darussalam14, 
Florida, USA15 and Sao Paulo state, Brazil16. The develop-
ment of these two Aedes vectors in coastal brackish water 
may partly be an adaptive response to the extensive use 
of insecticides for agriculture in inland areas, the applica-
tion of larvicides exclusively to fresh water habitats of the 
two vectors and increasing coastal salinization leading to 
a greater availability of brackish water habitats12, 17. Such 
anthropogenically-induced adaptive changes in mosquito 
vectors can lead to range expansion, facilitating invasion 
to neighbouring territories18.  

Many countries, particularly in Southeast Asia, have 
extensive coastlines, high coast to land area ratios, and 
a large proportion of their populations living in coastal 
areas. They are therefore, particularly susceptible to 
the transmission of dengue and other arboviral diseases 
by brackish water Aedes vectors—A vulnerability that 
may become more pronounced as climate change causes 
sea levels to rise and increase saline intrusion in coastal 
locations17, 19. 

To address gaps in existing knowledge, the present 
study investigated the relative contribution of Aedes vec-
tors, that develop in brackish and fresh water habitats in 
coastal areas, to dengue transmission by relating dengue 
incidences to monsoonal rains, and explored the possibil-
ity of brackish water female Ae. aegypti and Ae. albop-

Fig. 1: Map of Sri Lanka showing the different rainfall zones and 
the 25 administrative districts with the incidence of dengue in 
the year 2016 as the number of cases/100,000 persons .  The 
northern Jaffna district encompassing the Jaffna peninsula 
is highlighted in black. The numerical data for incidence in 
each district is tabulated on the left of the map. The size of 
the circle indicates the proportion of reported number of cases 
for each district.

District Cases/ 
100,000

Jaffna 416 
Kilinochchi 84 
Mullaitivu 154 
Mannar 132 
Vavuniya 288 
Anuradhapura 83 
Trincomalee 129 
Puttalam 134 
Polonnaruwa 116 
Kurunegala 156 
Matale 232 
Batticaloa 115 
Ampara 186 
Kandy 291 
Badulla 143 
Nuwara-Eliya 58 
Kegalle 178 
Gampaha 308 
Colombo 716 
Kalutara 283 
Galle 287 
Ratnapura 282 
Matara 225 
Hambantota 109 
Moneragala 103 

N
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ictus becoming infected with DENV, and then vertically 
transmit DENV to their progeny. 

MATERIAL & METHODS

Ethical statement
Human blood for feeding mosquitoes on membrane 

feeders was donated by adult volunteers with their writ-
ten-informed and free consent. The protocol for feeding 
mosquitoes on laboratory animals was approved by the 
Institutional Animal Ethics Committee of the University 
of Jaffna (AERC/2014/02). 

Dengue incidence and rainfall data
Data on the total number of dengue cases in each of 

the 25 administrative districts of Sri Lanka were obtained 
from the Epidemiology Unit of the Ministry of Health 
and monthly rainfall for the Jaffna and Colombo districts 
from the Meteorological Department of the Government 
of Sri Lanka. The population of each of the districts was 
obtained from the Department of Census, Government of 
Sri Lanka for the year 2014 and used to calculate the den-
gue incidences per 100,000 inhabitants for the 25 districts. 

Infectivity of Aedes mosquitoes with DENV
Aedes aegypti and Ae. albopictus larvae collected  

from fresh and brackish-water habitats in inland and 
coastal locations of the Jaffna peninsula respectively 
were used to establish respective self-mating colonies 
that were maintained in 10 ppt salinity (brackish water 
colony) and 0 ppt salinity (fresh water colony) as previ-
ously described9-11. 

Adult females (3–5 days old) maintained in the labo-
ratory were used to determine their ability to become in-
fected with DENV by feeding them on DENV-containing 
human blood. Additionally, to more closely mimic the 
situation in the field, the first generation of Ae. aegypti 
adult females emerging from larvae collected from brack-
ish water domestic wells of 5–9 ppt salinity in Kurunagar 
in the Jaffna peninsula11, and maintained in the same well 
water were also tested. 

 For each infectivity experiment, approximately 25 
each of Ae. aegypti and Ae. albopictus females were 
starved for 24 h prior to feeding on DENV. DENV sero-
type 1 cultured in the C6/36 clone of Ae. albopictus cells 
(approximate viral titre of 107 pfu/ml) was obtained from 
the Medical Research Institute, Colombo, Sri Lanka and 
stored in liquid nitrogen. Thawed virus suspension was 
mixed immediately with washed uninfected erythrocytes 
of human blood in a 2 : 3 v/v ratio. An artificial membrane 
blood feeding technique was employed essentially as de-

scribed for anopheline mosquitoes20. The bottom of the 
membrane feeder covered with parafilm was placed on 
top of the netting on a plastic cup containing female mos-
quitoes to commence the feeding. The mosquitoes were 
allowed to feed for 30 min at 37°C. 

After feeding, the fully-engorged females from each 
set were separated from the partially blood fed and non-
blood fed mosquitoes. The fully engorged females were 
individually transferred to clean plastic cups and the 
cups covered with mosquito netting were kept in a con-
tainment condition in the insectary to prevent accidental 
escape into the environment. Glucose (10%) on cotton 
wool pledgets was provided to blood-fed females which 
were maintained under laboratory conditions (28±2 °C, 
70–80% relative humidity) for an approximate extrinsic 
incubation period of 12 days before the mosquitoes were 
individually assayed for DENV infection in the head and 
thorax, that was isolated by dissection from the rest of the 
body.  The salivary glands where DENV accumulates to 
transmit infection in a subsequent blood feed are present 
in the head and thorax section. 

Detection of DENV in blood-fed mosquitoes and their 
progeny 

The head/thorax tissue from each mosquito was in-
dividually triturated in a microfuge tube with a plastic 
disposable pestle for extracting soluble antigens in 100 
µl of 0.01M phosphate buffered saline (PBS) containing 
1% v/v Triton X-100. The extract was then centrifuged 
at 10,000 g for 5 min, and the supernatant was tested for 
DENV NS1 antigen using the BIOLINE DENV NSI an-
tigen test strip (Standard Diagnostics, Gyeonggi-do, Ko-
rea) according to the manufacturer’s instructions. 

Brackish and fresh water-derived Ae. aegypti and Ae. 
albopictus females that fully engorged on DENV-infected 
blood were allowed to lay eggs and the ensuing whole 
larvae and whole adult male and female progeny were 
extracted in PBS Triton X100. Pooled extracts from 7–12 
individual larvae and adults were separately tested for in-
fection with DENV using the BIOLINE DENV NSI an-
tigen test strip. 

RESULTS

Dengue incidence in Sri Lankan districts
The calculated dengue incidence in each of the 25 

administrative districts in Sri Lanka for 2016 is shown in 
Fig. 1. Many southwestern coastal districts have a rela-
tively high incidence of dengue while the Nuwara Eliya 
district, which is the highest altitude inland area in the cen-
tre of the country, has a noticeably low incidence. The SW 
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of the island is densely populated and many southwestern 
districts such as the Colombo district that includes the ad-
ministrative capital of Sri Jayewardenapura, are economi-
cally more advanced and possess better health services 
than the rest of the country. Colombo district had the high-
est district-wise dengue incidence of 716 per 100,000 per-
sons in 2016. Factors such as human population density, 
the efficacy of case detection in the health sector, housing 
infrastructure and vector control measures influence the 
incidence data for the different districts. In 2016, the inci-
dence of dengue in the Jaffna district was 416 per 100,000 
persons (second highest in the Sri Lanka) (Fig. 1).

Seasonal rainfall patterns in the districts of Jaffna and 
Colombo

The monthly rainfall data for the period 2012–16 for 
the dry zone district of Jaffna is shown in Fig. 2a. This 
was compared with the data for the Colombo district (Fig. 
2b) located within the wet rainfall zone. The comparison 
data shows that Jaffna receives much of its rain from 
the NE monsoon in most years with the year 2016 being 

somewhat exceptional due to unusual high rainfall from 
a strong SW monsoon. The Colombo district regularly 
received rain from both the NE and SW monsoons as well 
as inter-monsoonal rains in intervening periods. 

Seasonal variation in dengue incidence in the whole  
island

The monthly number of dengue cases in the years 
2012 to 2016 for the whole country is shown in Fig. 3a. 
The data shows that dengue incidence in the whole is-
land peaks soon after the SW monsoon every year with an 
additional peak following the NE monsoon.  During the 
five-year period, the SW monsoon tended to peak in April-
May and was noticeably stronger in 2016 (Fig. 2b). The 
incidence of dengue tended to reach a peak in June–July, 
i.e. approximately one month after the peak of the SW 
monsoon. The NE monsoon tended to peak in October–
November for the period 2012–16 (Fig. 2b) and this was 
followed by a peak in dengue incidence in December–
January, i.e. approximately one month after peak rainfall. 

Seasonal variation in dengue incidence in the Colombo 
district

The temporal variation in dengue incidence in the pe-
riod 2012–16 in the Colombo district lying in the wet rain-
fall zone in the SW of the island is shown in Fig. 3b. The 
results show the temporal variations in dengue incidence 
in the district, mirrors that for the whole island shown in 
Fig. 3a. This reflects (a) the dominant contribution of the 
pattern of rainfall in the wet zone to the composite rain-
fall data for the whole island, (b) tendency for peaks of 
dengue incidence to occur approximately one month after 
the peak of monsoon rains, and (c) location of most of the 
island’s population in Colombo and other southwestern 
districts.  

Seasonal variation in dengue incidence in the Jaffna  
district

The temporal variation in dengue incidence over the 
past five years in the Jaffna district is shown in Fig. 3c.  
The data shows that the incidence of dengue in Jaffna reg-
ularly increases approximately one month after the peak 
of the NE monsoon. Dengue incidence then decreases 
with the end of the rains to be maintained at a low level 
during the dry season. The incidence of dengue also shows 
a smaller and more variable peak soon after the onset of 
the SW monsoon rainfall which is normally weak in the 
Jaffna district. A noticeably higher peak of dengue inci-
dence was observed in July 2016, two months after an 
atypically strong SW monsoon that resulted in unusually 
high rainfall in May 2016 in the Jaffna district (Fig. 2a). 

Fig. 2: Monthly total rainfall data for the period 2012–2016 for (a) 
Jaffna district; and (b) Colombo district, Sri Lanka.
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Fig. 3: Total number of dengue case per month (above) and year-wise (below) for the period 2012–2016 in, (a) Whole of Sri Lanka; (b) Colombo 
district; and (c) Jaffna district.

During the first ten weeks of 2017 approximately 1172 
cases of dengue were reported in Jaffna district8. The 
rise in dengue incidence soon after the NE monsoon is a 
more pronounced feature in the dry zone district of Jaffna 
that received its rainfall mainly from the NE monsoon 
when compared with the whole island for the same period  
(Figs. 3a and c).

Ability of brackish water developing Ae. aegypti and Ae. 
albopictus to be infected with DENV

Table 1 shows the DENV-serotype 1 infection rates 
in the head/thorax of the fully-engorged, DENV-infected, 
blood fed female mosquitoes as well as the DENV infec-
tion rates in their larval and adult progeny. The results 
in Table 1 were obtained 12 generations after colony 

establishment and are consistent with findings from earli-
er generations. Infection was also similarly demonstrable 
with DENV-serotype 2 in the salinity-tolerant laboratory 
Aedes colonies (data not shown). Representative results 
of NS1 antigen tests carried out on head and thorax ex-
tracts (containing the salivary glands) of Ae. albopictus 
collected from both fresh and brackish water are shown in 
Fig. 4. NS1 antigen was never detected in similar extracts 
of the two Aedes species that fed on uninfected blood.  The 
results in Table 1 demonstrate that salinity-tolerant Ae. 
aegypti and Ae. albopictus from the laboratory colonies 
as well as salinity-tolerant Ae. aegypti recently collect-
ed from field habitats can become infected with DENV 
through blood-feeding in a manner similar to fresh water 
Ae. aegypti and Ae. albopictus. 

Table 1. Infection of Ae. aegypti and Ae. albopictus with DENV through blood feeding

Type of colony No. of 
females 

engorged 
fully with 

blood 

No. of 
engorged 

females that 
survived to 

12 days

No. head/thorax
NS1 positive 

females in those 
that survived 

12 days

No. of F1 larval 
pools positive 
for NS1 Ag 

(No. of pools 
tested)

No. of F1 adult 
pools positive 
for NS1 Ag

(No. of pools 
tested)

Ae. aegypti fresh water colony 
   (Maintained at 0 ppt salt)

4 3 1 3(3) 3(3)

Ae. aegypti brackish water colony (10 ppt) 6 6 2 3(3) 4(4)
Ae. aegypti collected from  brackish water wells (5–9 ppt) 6 6 3 –
Ae. albopictus fresh water colony (0 ppt) 7 7 4 3(5) 2(4)
Ae. albopictus brackish water colony (10 ppt) 8 8 3   3(10) 2(6)
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The results further showed that salinity-tolerant Ae. 
aegypti and Ae. albopictus from the laboratory colonies, 
like their fresh water counterparts, are also capable of 
transmitting DENV vertically to their progeny through a 
process that is sometimes also referred to as transovarial 
transmission. 

DISCUSSION

The immunochromatography-based BIOLINE 
DENV NSI antigen test is used for detecting DENV in 
mosquitoes21 as well as in human blood. It’s usage in this 
study showed that DENV is present after an extrinsic in-
cubation period of 12 days in the head and thorax seg-
ments (containing the salivary glands) in a proportion of 
brackish water-derived Ae. aegypti and Ae. albopictus, 
artificially fed in vitro on blood containing DENV.  This 
observation suggests that salinity-adapted Ae. aegypti and 
Ae. albopictus may transmit DENV like their fresh water 
counterparts. However, not all the mosquitoes that took 
a full infected blood meal had detectable NS1 antigen in 
the head and thorax. The NS1 antigen-negative mosqui-
toes may either have failed to be productively infected 
with DENV or be infected in the salivary glands at levels 
below the threshold of detection of the BIOLINE DENV 
NSI antigen test.  

It has been established that Ae. aegypti and Ae. al-
bopictus developing in fresh water transmits DENV ver-
tically to progeny mosquitoes22–24. The findings of this 
study showed that brackish water-developing Ae. aegypti 
and Ae. albopictus, notwithstanding the other biological 
changes associated with salinity adaptation12, retained the 
ability to vertically transmit DENV to their progeny. Ver-
tical transmission can increase the numbers of DENV-in-
fected Aedes vectors in a population besides those that be-
come infected through blood-feeding on dengue patients.

The rainfall and dengue incidence data strongly sug-
gest that Ae. aegypti and Ae. albopictus developing in rap-
idly expanding fresh water habitats, that are formed as a 
result of the monsoons, are the main drivers of seasonal 
epidemics of dengue transmission throughout Sri Lanka. 
Importantly, this also holds true for the dry zone coastal 
district of Jaffna that receives its rainfall mainly from the 
NE monsoon and where the pre-imaginal development 
in brackish water habitats was first documented for the 
two Aedes vectors9-12. The increased dengue transmission 
peaks approximately one month after the peak in rain-
fall, coincident with the expected increase in densities of 
vector mosquitoes emerging from expanded fresh water 
habitats.   

Larval control measures are not typically applied to 
brackish water habitats at present in the Jaffna peninsula 
or other coastal areas in the world. Salinity-tolerant Ae-
des vectors are therefore an unappreciated source that can 
maintain basal-level dengue transmission in coastal areas 
during the dry, low-transmission season. Some brackish 
water habitats such as coastal wells constitute perennial 
habitats that are relatively independent of rainfall. Other 
brackish water habitats, e.g. discarded containers and 
coastal rock pools, may be formed as a results of inter-
actions between rainfall, sea spray and tidal movements. 
Importantly, the results show that salinity-adapted Aedes 
in coastal zones may act as a reservoir of DENV to sup-
port the monsoon-dependent amplification of dengue 
transmission by fresh water vectors. Salinity-tolerant Ae-
des are easily able to readapt and develop in fresh water 
habitats as previously shown12, and can therefore also take 
advantage of the expansion in fresh water habitats due 
to the monsoons and then directly contribute to dengue 
transmission in the peninsula.  

Vertical transmission of DENV can further contribute 
in maintaining the reservoir of DENV in both fresh and 
brackish water Aedes during the dry season, which is more 
prolonged in Jaffna than in the wet zone districts of Sri 
Lanka. A similar study has suggested that vertical trans-
mission contributes in maintaining a reservoir of DENV 
during the dry season and it is a key etiological feature in 

Fig. 4: Images showing the results of the NS1 antigen test on the 
head/thorax extract of blood fed Aedes albopictus–(a)  From 
the fresh water colony; and (b) From the brackish water 
colony maintained in 10 ppt salt.  Both strips show reactions 
producing a control band C and a test band T. The T band is 
not observed when uninfected blood fed Aedes are tested.

C
C

T

(a) (b)

T
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the seasonal epidemics of dengue that occur with the onset 
of rains in Rajasthan, India23. 

CONCLUSION

Aedes vectors developing in fresh water are main con-
tributors to the increased dengue transmission that typi-
cally follows Northeast and Southwest monsoons in the 
Jaffna peninsula and elsewhere in Sri Lanka. However, 
the role of brackish water-developing Aedes can’t be ig-
nored, because they can constitute a perennial reservoir for 
DENV to maintain a basal level of dengue transmission in 
coastal areas of the peninsula during the dry season, sup-
porting an increase in transmission that occurs when mon-
soonal rains expand populations of fresh water Aedes. The 
study for the first time showed that brackish water devel-
oping Aedes vectors have the potential to transmit DENV.  
Further studies on the relative vector bionomics of brack-
ish and fresh water Aedes vectors in relation to rainfall in 
coastal zones is important for controlling and eliminat-
ing the arboviral diseases they transmit. The findings also 
suggest that international and national guidelines for den-
gue control should also consider coastal salinity-tolerant 
Aedes vector reservoirs, that are presently not targeted in 
dengue control programmes. 
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