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The fact that yellow fever (YF) has never occurred in Asia remains an “unsolved mystery” in global health. Most countries in Asia
with high Aedes aegypti mosquito density are considered “receptive” for YF transmission. Recently, health officials in Sri Lanka
issued a public health alert on the potential spread of YF from a migrant group from West Africa. We performed an extensive
review of literature pertaining to the risk of YF in Sri Lanka/South Asian region to understand the probability of actual risk and
assist health authorities to form evidence informed public health policies/practices. Published data from epidemiological, historical,
biological,molecular, andmathematicalmodelswere harnessed to assess the risk of YF inAsia.Using this datawe examine a number
of theories proposed to explain lack of YF in Asia. Considering the evidence available, we conclude that the probable risk of local
transmission of YF is extremely low in Sri Lanka and for other South Asian countries despite a high Aedes aegypti density and
associated dengue burden. This does not however exclude the future possibility of transmission in Asia, especially considering the
rapid influx travelers from endemic areas, as we report, arriving in Sri Lanka.

1. Background

In February 2012, mainstream media reported that Sri Lanka
faced a “threat” of local transmission of yellow fever (YF)
due to the repatriation of clusters of Sri Lankans from West
African countries where the disease was endemic [1]. Since
January 2012, large numbers of Sri Lankans were intercepted
as they tried to migrate to Canada through “irregular”
means (via human smuggling operations). This incident was
communicated to the media by a health official as a threat of
YF transmission in Sri Lanka creating a major public health
panic [2]. Sri Lanka is hyperendemic to dengue with the
dengue virus causing 220 deaths and 44,855 cases in 2012
alone [3]. The transmission of dengue in Sri Lanka is mainly
due to the vector mosquito Aedes aegypti, which is also the
competent vector for YF. Since the mosquito vector Aedes is
abundant in Sri Lanka, it appeared logical to conclude that
Sri Lanka is a high risk country for YF transmission. The
epidemiological unit of the Ministry of Health in Sri Lanka
formally alerted the public health system of this risk [4].

However, an evidence-based public health practice
requires rigorous synthesis of available scientific evidence
to move beyond a singular plausible explanation [5]. We
performed an extensive review of literature pertaining to the
risk of YF transmission in the South Asian region, in order
to understand the probability of actual risk and to assist
evidence informed public health policies.

2. Disease History and Epidemiology

YF is viral hemorrhagic fever caused by the yellow fever
virus, prototypemember of the genus Flavivirus in the family
Flaviviridae. It has a single serotype and five genotypes.
The virus is transmitted by vector mosquito primarily by
Aedes spp. in Africa and Haemagogus spp in South America.
There are three epidemiologically different infectious cycles
in which the YF virus is transmitted from mosquitoes to
humans or other primates. In the sylvatic “Jungle” cycle,
monkeys act as host and A. africans and other Aedes spp as
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Figure 1: WHO surveillance data on reported cases of yellow fever
1980–2011.

the vector. In the savanna (intermediate) cycle, noted only
in Africa, monkeys and humans act as hosts with Aedes spp
as vector. Finally, in the “Urban” cycle only Ae. aegypti is
involved with human as hosts. Ae. aegypti mosquito is well
adapted to urban centres and can also transmit other diseases
such as dengue and chikungunya.

The spectrum of the clinical disease may vary from
mild flu like disease to classical triphasic hemorrhagic fever
with hepatorenal involvement. Only around 15–25% of the
cases progress to the period of intoxication and 20–50%
of patients with end organ impairments die [6]. Before
the development of YF vaccine, YF was one of the most
feared death specially in the Atlantic trade route, which was
known as “Yellow Jack” and also the basis for the legend
“Flying Dutchman” [7]. The first documented outbreak of
YF was reported from Guadeloupe and Yukatan in 1648 [8].
Though the disease originated from West African countries,
devastating epidemics of YF were reported from tropical and
subtropical Americas in the 18th and 19th centuries. It then
spread to European countries through travel and trade routes,
causing epidemics in France, Spain, England, and Italy [9].
A resurgence of the disease occurred in late 1920’s and early
1930’s due to heavy outmigration of nonimmune European
populations to endemic countries and through trade routes
[10].

The successful introduction of the YF vaccine and mass
immunization campaigns in West Africa in 1940’s lead to a
significant reduction of disease in high endemic countries.
The largest recorded outbreak in the post-YF vaccine era
occurred in Ethiopia during 1960–1962, with more than
100,000 people in the Omo and Didessa river valleys acquir-
ing YF leading to 30,000 deaths [12]. Even though YF
reemerged as a priority global agenda since this outbreak,
it continued to cause epidemics in endemic countries, also
spreading to West African countries where cases were never
previously reported and to the EasternMediterranean region
[7].

Of importance is the complete absence of yellow fever in
South Asia before the introduction of the vaccine.TheWorld
Health Organization (WHO) YF surveillance database from
1981 to 2011 showed 42 countries reported YF during the last
30 years, withmajor outbreaks in 1987–1991 period (Figure 1).
However, WHO estimates an annual caseload of 200,000
cases with 30,000 deaths due to underreporting.The “at risk”
population is estimated at 900 million people living across 45

endemic countries (32 African and 13 Latin American). The
revised global YF risk map in 2011 classified 27 of 32 endemic
countries in Africa as having risk for YF transmission and
five countries as having “low potential” for exposure to YF
(Table 1) [11].

Despite the possibility of the spread of YF from East
Africa to Asia being hypothesized as early as 1934 [13], YF
has never been reported in Asia. WHO also cautions the
“potential for outbreaks” to occur in Asia [14], especially in
the context of growing migration flows and increasing Aedes
mosquito densities across many countries such as India [13].
Different theories have presented to explain this “mystery.”
These are explored with available evidence and in relation to
Sri Lanka.

3. Mapping Theories and Evidence Base

3.1. Theory That YF Was Never Introduced to Asia. The first
theory postulates that YF has never been introduced to Asia.
Some investigators have argued that the absence in Asia
could be due to failed introduction of YF in Asia prior to
the modern transportation era [14]. However, during the
17th century, world trade and travel by Europeans involved
mainly African and Asian nations. Though the majority of
slave trades were not routed in the direction of Asia, the
European nations involved in such trades that concurred in
West Africa also travelled to Asia. The “Coolie trade” in the
18th and 19th centuries involved the migration flow of Indian
and Chinese labourers towards African, Latin American,
and Caribbean countries, where YF was endemic. This trade
which opened both inbound and outbound humanmigration
flows provided ample opportunities for the introduction of
YF to Asia.

In the 20th century, world travel increased in exponential
proportions. Further opportunities for the introduction and
spread of YF to Asia from South America are linked to the
opening of the Panama Canal in 1914, which brought Asiatic
ports into contact with those in South America where YF is
endemic [15, 16].

This argument may be contested in light of evidence
that YF had spread to Latin America, become endemic, and
resulted in outbreaks in North America and Europe even
before the air travel has been invented. Spread of yellow
fever from Africa to America was due to slave trade and the
first documented outbreak outside Africa was reported from
Yukatan in 1648 [9]. Spread of yellow fever to Europe was
through sea ports and all initial outbreaks were reported from
Spanish and Portuguese ports [17]. Spice trade in South and
South East Asia was started as early as in 1498 by Portuguese
and they controlled almost all sea ports of India (since 1498),
Sri Lanka (since 1597), Maldives (since 1518), Malacca (since
1511), and several other countries over a century and half.
During the same period they were extensively involved in
slave trade in YF endemic African countries [18]. Subsequent
colonial emperors in Asia (Dutch and English) also had large
YF outbreaks in their own countries (specially in sea ports)
during the 18th and 19th centuries [17] but Asia has not been
affected. Further, restricted air travel was true for the African
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Table 1: Classification of countries with risk of yellow fever transmission [11].

Africa
Countries with risk of yellow fever virus transmission

Angola Equatorial Guinea Mauritania1

Benin Ethiopia1 Niger1

Burundi Gabon Nigeria
Cameroon The Gambia Rwanda
Central African Republic Ghana Senegal
Chad1 Guinea Sierra Leone
Congo, Republic of the Guinea-Bissau Sudan1

Côte d’Ivoire Kenya Togo
Democratic Republic of the Congo Liberia Uganda
Congo1 Mali1

Countries with low potential for exposure to yellow fever virus
Eritrea1 Zambia1 Tanzania
São Tomé Somalia1

South America (countries with risk of yellow fever virus (YFV) transmission)
Argentina1 Suriname Panama1

Bolivia1 Trinidad and Tobago1 Paraguay
Brazil1 Venezuela Peru1

Colombia1 French Guiana
Ecuador1 Guyana
1These countries are not holoendemic (only a portion of the country has risk of yellow fever transmission).

region while it was not so for central and Latin American
regions where the YF was endemic.

At present, countries in Asia have a combined population
of more than 4 billion persons. Travel statistics are not
available for proper estimation of travel dynamics between
Asian and YF endemic countries. However, India reported
more than 450,000 inbound travellers from Africa and
central/south America in 2008, out of which more than
200,000 are estimated to be from countries with risk of YF
virus transmission [19]. In Sri Lanka, during the 2007 to
2008 period, the total inbound migration from YF endemic
regions was 12,542. The outbound migration from Sri Lanka
to YF endemic countries increased rapidly from the end of
civil conflict in 2009 (Figure 2), with travellers to Africa,
South America, and Middle East comprising 97%, 2%, and
1%, respectively.

The lack of air travel from remote disease endemic areas
was a strong alternative explanation to support the theory
that YF was never introduced to Asia [6]. It is noteworthy
that yellow fever never appeared in Asia even before the
discovery of the YF vaccine by Max Theiler in 1937 [20].
Almost all countries in Asia require people travelling to
and from YF endemic zones to undertake and/or produce
YF vaccination records at ports of entry [21]. Although
data for YF vaccination records in Asia are scarce, the
literature revealed that 25% of the passengers travelling to
Kolkata, India, during the 1982–1984 period possessed valid
YF vaccination certificates [22]. As noted in introduction,
irregular migration routes such as those stemming from
human smuggling and trafficking, before the prevaccination
era, provided multiple opportunities for introducing YF to
the Asian continent via sea, land, and air routes.
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Figure 2: Number of Sri Lankans travelling to yellow fever endemic
countries based on registries at Port Health Medical Offices (1998 to
2011).

Beyond human hosts, mosquito vectors infected with
YF virus may also bring the disease through aircraft or
ships. Worldwide distribution of Culex quinquefasciatus,
Aedes aegypti, Aedes albopictus, and Anopheles gambiae and
several other mosquito species carried in ships, sailboats, and
steamboats, which resulted in the spread of dengue, malaria,
and yellow fever, has been well documented in medical
literature [23]. Even in the modern world, countries with the
highest levels of biosecurity have failed to stop introduction
of exoticmosquitoes entering their countries [24].The theory
of failed introduction via migration routes is therefore weak
in the context of growing migration flows, growing Aedes
populations and zones of infestation, and around 200,000
annual cases of YF in endemic countries.
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3.2. Protective Immunity from Dengue and Other Flavivirus
Cross-Reactive Antibodies. Asia is considered to be a YF
“receptive” area due to the abundance of the competent
epidemic vector for urban YF, Aedes aegypti mosquitoes.
ThroughoutAsia, especially in SouthAsian region, this vector
is responsible for hyperendemic dengue. In Sri Lanka, the
annual case number consistently exceeded 35,000 during
last three years, showing a sustained epidemic of dengue
fever. Reported seroprevalence of flavivirus infection among
Sri Lankan children ranged from 34% to 51.4% [25–27].
However, the reported seroprevalence among children less
than 11 years had risen to 51.4% in 2013. At the age of 11 years,
the prevalence was 71.7%. Seroprevalence studies in India
showed that a prevalence of dengue antibodies among adults
population is as high as 100% [28].

A hypotheses for the lack of YF in Asia is due to pro-
tective immunity conferred from dengue and other flavivirus
cross-reactive antibodies in populations due to the “original
antigenic sin theory” first described by Thomas Francis in
1960 [29]. Cross-reactivity of flavivirus antibodies, antigenic
properties responsible for this immunogenic property of
flaviviruses, has been studied extensively [30–35]. During
reinfection of dengue due to different serotypes, dengue
responsive CD8+ T cells showed low affinity for the infecting
serotype and higher affinity for other, probably previously
encountered strains [36]. These studies lead to identification
of epitopes recognized by dengue serotype-cross-reactive and
flavivirus-cross-reactive CD4+ CTL [37]. Cross-reactivity of
flavivirus antibodies created problems in diagnosis of dengue
and YF infections [33]. Another study done among Malay
soldiers showed that most of them were having antibodies
that cross-reacted with YF assay [38]. Experimental hamster
models confirmed that the prior heterologous flavivirus
infection including dengue could prevent fatal YF [39].
When challenged with YF virus, dengue-immune rhesus
monkeys showed low viraemia compared to nonimmune
monkeys under experimental settings [40]. A single study
showed that previous exposure to dengue infection may
not prevent yellow fever infection, though it induces an
anamnestic immune response. Nevertheless, the study con-
cluded that the severity of the disease could greatly be reduced
[41].

Monath argued that dengue immunity could protect
against clinical progression of YF infection by reducing
viraemia and decreasing the possibility of secondary spread
[42]. Historical reports and observational studies have pro-
vided supportive evidence for cross-reactivity of dengue and
YF antibodies conferring relative protection for those from
high dengue endemic areas. As summarized by Vainio and
Cutts [7], during the YF epidemics in America in the 19th
century, Indian labourers and British troops that served in
India were less susceptible for YF [43]. So acute was this
observation/realization amongst military leaders that during
Napoleonic wars, it was suggested that troops be “seasoned
in India” before they were dispatched to West Indies [44].
Further, Indian workers brought to sugar plantations inWest
Indies were minimally affected during the YF epidemics [45].

Based on a range of historical, experimental, and obser-
vational studies and epidemiological data, it appears that

previous exposure to dengue and other flavivirus provide a
compelling hypothesis on the absence of yellow fever in Asia.

3.3. Coexistence of Yellow Fever and Dengue Virus in West
Africa and South America. Even though the protective
immunity theory may partially explain the absence of YF in
Asia, the dengue virus has been shown to continually occur in
parts of Africa [46] and South America [47]. A challenge and
unresolved mystery for scientists propagating the protective
immunity hypothesis have been the failure to conclusively
explain why dengue and (urban) yellow fever coexist in West
Africa.

One explanation for this coexistence is known as the
“African hypothesis” and relates toAe. albopictus, an epidemic
vector for dengue [48], but with limited capacity for YF
transmission [49]. Using a complex mathematical model,
Amaku and colleagues showed that the low prevalence of
the oriental mosquito Ae. albopictus in Africa, combined
with a high density of Ae. aegypti, could be an alternative
explanation for this observation. This simulation model was
based on the assumptions that the vector competence of
Ae. albopictus had shown limited potential to transmit YF
[50], that Ae. albopictus competes with Ae. aegypti [51] with
studies documenting a competitive reduction of Ae. aegypti
by invasive Ae. albopictus [52], and that individuals who have
recovered from dengue are partially immune to yellow fever.
In their model they explained that if the cross-immunity is
less than 93% in Africa, then dengue and urban YF could
indeed coexist.

3.4. Vectorial Capacity. The ability of a mosquito species
such as Ae. aegypti to serve as a disease vector is deter-
mined by its vectorial capacity [53]. Vectorial capacity is
influenced by the density, longevity, and competence of
the vector including associated environmental, behavioural,
cellular, and biochemical factors that influence its association
between virus type and host [54, 55]. Vector competence, is a
subcomponent of vectorial capacity and is defined by genetic
factors that influence the ability of a vector to transmit a
pathogen and the inherent tolerance of the vector to ensure
viral transmission, infection, and replication [55–57].

Reviews have described an interplay of factors such as
mosquito morphology, viral genetics, and environment that
govern the transmission of Flaviviruses in the Ae. aegypti
vector [58]. Ae. aegypti has two distinct genetic clusters.
The first cluster, domestic, and forest populations of Ae.
aegypti in Africa are included within an ancestral form.
The second genetic cluster contains all domestic populations
outside Africa. Interestingly, all domestic forms could be
assigned back to the human population which they are
associated with [59]. Evolutionary aspect of flavivirus shows
that YF virus as the prototype form with slower evolutionary
dynamics compared to other flaviviruses, specially to dengue
[60]. These two evolutionary pathways of vector and virus
could have overlapped and the observed variation of vectorial
competencies in harbouring different flavivirus could be a
part of the evolutionary process. Polymorphism in the vector
competence ofAedesmosquitoes in disease transmission that
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occur among geographical samples is largely attributed to
such evolutionally pathways [61].

The role of vector competence has also been studied in
relation to flaviviruses and Ae. aegypti [58]. Flaviviruses, such
as yellow fever, dengue, and West Nile virus differ not only
in their interactions with the Ae. aegypti mosquito, but also
in interactions within viral genotypes [62]. Dengue virus
genotypes of Southeast Asian origin have been significantly
associated with higher virulence and transmission compared
to those fromother regions [63, 64].Ae. aegypti is the primary
vector for transmission of dengue in Asia which is considered
as a possible vector for YF if it ever occurred in Asia. Aworld-
wide genetic variation study ofAe. aegypti using 34 mosquito
populations showed clearly distinct two major groups of
Ae. aegypti in Africa and America. Genetic variations of
Asian strains were significantly lower compared to African
and American strains, which were attributed to historical
absences of YF in Asia [65]. Oral susceptibility studies using
large number of mosquito populations confirmed the genetic
variation of Ae. aegypti in YF transmission [66]. Few studies
showed genetic foci as well as nongenetic factors in different
mosquito populations that determine the susceptibility of
Ae. aegypti to YF virus [67]. This was further studied and
colonization was also shown to have an effect on vector
competency through genetic and phenotypic variations [68]
which is largely geographically determined. Asian strain was
shown to have significantly low competency of YF trans-
mission compared to African and American counterparts in
someother studies. Studies donewithin theAfrican continent
also show varying vectorial competencies. As an example,
South African strains Ae. aegypti were shown as potentially
poor vector of YF [69]. Even in high endemic African
countries, some strains of Ae. aegypti were shown to be less
efficient in transmitting YF virus [70]. Noteworthy is the
fact that a few laboratory experiments have shown the Asian
strains ofAe. aegypti as having the highest infection rates and
oral susceptibility to YF [71]. However, YF epidemics such
as the 1987 epidemic in Africa, in particular Nigeria, have
also been shown to occur with relatively incompetent vector
strains, where vector was relatively resistant to infection and
transmitted the virus inefficiently [72]. Gubler also reported
that Asian vectors could acquire and transmit yellow fever
virus [73].

Though some of these molecular evidence and laboratory
experiments providing evidence to suggest that vectorial
competence may be an alternative explanation for lack of YF
in Asia, some studies showed definitive evidence that Asian
vectors could acquire and transmit the disease. Thus, this
theory is not a strong explanation of absence of YF in Asia.

3.5. Genetically Determined Immunity against YF Virus. A
large body of evidence, mostly based on laboratory studies
and animal models, shows greater range of genetic varia-
tion of flavivirus infections and genetic determinants [74–
77]. In mouse models, innate resistance to flavivirus was
experimentally shown due to variation in cluster of genes on
chromosome 5 and the investigators speculated a possible
role for OAS1 in human susceptibility to flavivirusviral
infections [78]. Recent studies on dengue have clearly shown

genetic determinants of DENV susceptibility, including
human leukocyte antigens, blood type, and single nucleotide
polymorphisms in immune response genes [79, 80]. Human
predisposition to Tick-borne encephalitis virus (another
flavivirus) was also shown to be associated with SNPs [81, 82].
Though laboratory evidence may indicate a possible genetic
determination of yellow fever infection and susceptibility,
there is no clear evidence to suggest that the lack of disease
in Asian continent is due to human genetic factors. Epi-
demiological as well as genetic studies targeting this specific
objective are needed to confirm the hypothesis.

3.6. Viral Interference: Competition of YFV and DENV within
Mosquito Cell. Recent in-vitro studies suggest that DENV
interferes with the YF virus replication within the mosquito
cells, especially where there is a competition between two
flavivirus. Highly adaptive and evolutionary more advanced,
dengue viruses were shown to “win” this competition [83–
85]. While no report of dengue and YF coinfection in human
beings has been reported hitherto, results from in-vitro
studies showing the presence of viral interference may add to
the hypothesis of the dominant role DENV serotypes play in
the Asian context. One argument against this in-vitro studies
is that even during epidemics DENV infected vectors are
around 20% [16].

3.7. Competitive Exclusion Principle. Combining the evidence
from cross-immunity and viral interference within mosquito
cells, a generalization of previously suggested competitive
expulsion principal [86–88] has also been suggested to
explain the absence of YF in Asia. The competitive exclusion
principle represents an extreme idealized situation in which
only one disease prevails [49]. The principal assumes that
mosquitoes and/or humans can be infected by dengue or
yellow fever but not by both. Each infection serves as a
perfect vaccine for the other infection in both human hosts
and mosquito vectors. Based on the evidence described, this
exclusion should always favour dengue within hyperendemic
Asian countries.

3.8. Evidence from Mathematical Modeling. Beyond basic
and applied research on YF, mathematical modelling has
also been utilized in explaining the mystery of YF in
Asia. Amaku and colleges tested several hypothesis in their
differential equation model which included the following
assumption: Asian Ae. aegypti is relatively incompetent to
transmit yellow fever; competition between dengue and
yellow fever viruses existing within the mosquitoes; when
an Ae. aegypti mosquito is infected by yellow fever and then
acquires dengue, it becomes latent for dengue due to internal
competition within the mosquito between the two viruses;
cross-immunity between yellow fever and dengue leads to
diminished susceptibility to yellow fever in dengue epidemic
regions [49]. The model showed an additive effect from all
four hypothesis, but the predominant contributing effect was
from the cross-immunity hypothesis [88]. A limitation of the
model was that it did not consider the genetic susceptibility
theory.



6 BioMed Research International

4. Conclusion

The probability of “yellow fever never introduced to Asia”
and related explanation of geographical barriers are highly
unlikely to explain the mystery of YF. Considering other
theories we conclude that the probability of risk of local
transmission of YF is extremely low in Sri Lanka where
dengue is hyperendemic. This does not however exclude the
possibility of importation and autochthonous transmission
due to factors such as rapidly increasingmigrant flows, vector
habitat expansion with the forging of new sylvatic territories
through climate change, and disrupted or poor vaccination
coverage. The H1N1 pandemic proved that despite enhanced
surveillance, disease control activities, and travel restrictions,
there were many failures in the public health community
failing in containing the outbreak.

The current epidemiology shows dengue is mainly trans-
mitted by urban mosquitoes Ae. aegypti and Ae. albopic-
tus, whilst YF circulates in Africa within predominantly
rural areas and mainly within sylvatic mosquitoes. Based
on such epidemiological data and those historical, experi-
mental, mathermatical modelling and observational studies
described here, provide a compelling argument for the
absence of yellow fever in Asia.

Despite what has been described by both media and
health administrators as a “conducive” and “enabling environ-
ment” for YF transmission in Sri Lankawith rapid population
movements from endemic countries and an abundance of
the Ae. aegypti vector, no evidence of YF transmission
has ever been described. Public health awareness and risk
communication form a vital function of any health authority.
We recommend the use of evidence-based public health
approaches rather than a reliance of “simple logic” in deter-
mining disease transmission risk.The use of evidence should
be a prerequisite in formulating public health announcements
and averting potential panic or fear psychosis within general
public on autochthonous transmission and outbreaks. A
focus on strategies such as ensuring that outbound travellers
receive YF vaccination upon receipt of their travel itinerary
at least ten days prior to departure and the active surveil-
lance at ports of entry are required. Such approaches have
been effective in malaria elimination activities in Sri Lanka
[89].

Key Learning Points

(1) Yellow fever transmission cycle requires a susceptible
human host, vector mosquito, YF virus, and primate
hosts (in sylvatic and savanna cycles).

(2) With the exception of the YF virus, all components
to facilitate disease transmission cycle are present in
Asia. The disease has never been reported despite
such enabling components and presence of abundant
vectors.

(3) Different theories have been used to explain lack of YF
in Asia, such as protective immunity acquired from
dengue and other flavivirus cross-reactive antibodies,

vectorial capacity, genetically determined resistance,
competition of YF and dengue within mosquito cells,
and the competitive exclusion principle.

(4) Theory of geographical barriers and YF never intro-
duced toAsia seems unlikely to explain themystery of
YF in ever-increasing flows ofmigrants from endemic
zones.

(5) Theories on immunity to dengue, providing a barrier
to interhuman transmission by mosquitoes and less
efficient Asian strains of Ae. aegypti compared to
strains fromAfrica and Latin America are more likely
to explain lack of YF in Asia.
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Budapest, Hungary, 2002.

[18] J. J. Spielvogel, Exploration and Expansion Glencoe World
History, Glencoe/McGraw-Hil, New York, NY, USA, 2005.

[19] Government of India, India Tiurism Statistics, New Delhi
Ministry of Tourism, Market Research Division, 2010.

[20] A. D. Barrett and D. E. Teuwen, “Yellow fever vaccine—how
does it work and why do rare cases of serious adverse events
take place?” Current Opinion in Immunology, vol. 21, no. 3, pp.
308–313, 2009.

[21] Worl Health Organization, Country List1, Yellow Fever Vac-
cination Requirements and Recommendations; and Malaria
Situation, International Travel andHealth,WHOPress,Geneva,
Switzerland, 2012.

[22] M. K. Sinha and N. M. Majumder, “Will the present health
check-up system invite yellow fever in India?” Indian Journal
of Public Health, vol. 34, no. 2, pp. 119–121, 1990.

[23] J. Mouchet, T. Giacomini, and J. Julvez, “Spreading of disease
vectors and pests throughout the world by humans,” Cahiers
Sante, vol. 5, no. 5, pp. 293–298, 1995.

[24] J. G. B. Derraik, “A scenario for invasion and dispersal of Aedes
albopictus (Diptera: Culicidae) in New Zealand,” Journal of
Medical Entomology, vol. 43, no. 1, pp. 1–8, 2006.

[25] G. N. Malavige, S. Fernando, J. Aaskov et al., “Seroprevalence of
anti-dengue virus antibodies in children in Colombo district,
Sri Lanka,” Dengue Bulletin, vol. 30, pp. 68–71, 2006.

[26] W. B. Messer, U. T. Vitarana, K. Sivananthan et al., “Epidemi-
ology of dengue in Sri lanka before and after the emergence
of epidemic dengue hemorrhagic fever,” American Journal of
Tropical Medicine andHygiene, vol. 66, no. 6, pp. 765–773, 2002.

[27] C. C. Tam, H. Tissera, A. M. de Silva et al., “Estimates of dengue
force of infection in children in Colombo, Sri Lanka,” PLOS
Neglected Tropical Diseases, vol. 7, Article ID e2259, 2013.

[28] M. Kurukumbi, J. P.Wali, S. Broor et al., “Seroepidemiology and
active surveillance of dengue fever/dengue haemorrhagic fever
in Delhi,” Indian Journal of Medical Sciences, vol. 55, no. 3, pp.
149–156, 2001.

[29] T. Francis, “On the doctrine of original antigenic sin,”American
Philosophical Society, vol. 104, no. 6, pp. 572–578, 1960.

[30] W. D. Crill and G.-J. J. Chang, “Localization and characteriza-
tion of flavivirus envelope glycoprotein cross-reactive epitopes,”
Journal of Virology, vol. 78, no. 24, pp. 13975–13986, 2004.

[31] W. D. Crill, N. B. Trainor, and G.-J. J. Chang, “A detailed
mutagenesis study of flavivirus cross-reactive epitopes using
west Nile virus-like particles,” Journal of General Virology, vol.
88, no. 4, pp. 1169–1174, 2007.

[32] Y.-Q. Deng, J.-X. Dai, G.-H. Ji et al., “A broadly flavivirus
cross-neutralizingmonoclonal antibody that recognizes a novel
epitope within the fusion loop of e protein,” PLoS ONE, vol. 6,
no. 1, Article ID e16059, 2011.

[33] N. Houghton-Triviño, D. Montaña, and J. E. Castellanos,
“Dengue-yellow fever sera cross-reactivity; challenges for diag-
nosis,”Revista de Salud Publica, vol. 10, no. 2, pp. 299–307, 2008.

[34] K. Stiasny, S. Kiermayr, and F. X. Heinz, “Entry functions and
antigenic structure of flavivirus envelope proteins,” Novartis
Foundation Symposium, vol. 277, pp. 57–65, 2006.

[35] K. Stiasny, S. Kiermayr, H. Holzmann, and F. X. Heinz, “Cryptic
properties of a cluster of dominant flavivirus cross-reactive
antigenic sites,” Journal of Virology, vol. 80, no. 19, pp. 9557–
9568, 2006.

[36] J. Mongkolsapaya, W. Dejnirattisai, X.-N. Xu et al., “Original
antigenic sin and apoptosis in the pathogenesis of dengue
hemorrhagic fever,” Nature Medicine, vol. 9, no. 7, pp. 921–927,
2003.

[37] Y. Okamoto, I. Kurane, A. M. Leporati, and F. A. Ennis,
“Definition of the region on NS3 which contains multiple
epitopes recognized by dengue virus serotype-cross-reactive
and flavivirus-cross-reactive, HLA-DPw2-restricted CD4+ T
cell clones,” Journal of General Virology, vol. 79, part 4, pp. 697–
704, 1998.

[38] C. E. Smith, L. H. Turner, and P. Armitage, “Yellow fever
vaccination in Malaya by subcutaneous injection and multiple
puncture. Neutralizing antibody responses in persons with and
without pre-existing antibody to related viruses,” Bulletin of the
World Health Organization, vol. 27, pp. 717–727, 1962.

[39] S.-Y. Xiao, H. Guzman, A. P. A. Travassos Da Rosa, H.-
B. Zhu, and R. B. Tesh, “Alteration of clinical outcome and
histopathology of yellow fever virus infection in a hamster
model by previous infection with heterologous flaviviruses,”
American Journal of Tropical Medicine and Hygiene, vol. 68, no.
6, pp. 695–703, 2003.

[40] M. Theiler and C. R. Anderson, “The relative resistance of
dengue immune monkeys to yellow fever virus,” American
Journal of Tropical Medicine and Hygiene, vol. 24, no. 1, pp. 115–
117, 1975.

[41] R. O. Izurieta, M. Macaluso, D. M. Watts et al., “Anamnestic
immune response to dengue and decreased severity of yellow
fever,” Journal of Global Infectious Diseases, vol. 1, no. 2, pp. 111–
116, 2009.

[42] T. Monath, Yellow Fever. the Arboviruses; Epidemiology and
Ecology, CRC Press, Boca Raton, Fla, USA, 1988.

[43] T. P. Monath, “Epidemiology of Yellow Fever: current status
and speculation of future trends,” in Factors in the Emergence of
Arboviral Disease, J. F. Salusso and B. Dodet, Eds., pp. 143–156,
Elsevier, Paris, France, 1997.

[44] M. T. Ashcroft, “Historical evidence of resistance to yellow fever
acquired by residence in India,”Transactions of the Royal Society
of Tropical Medicine and Hygiene, vol. 73, no. 2, pp. 247–248,
1979.

[45] M. Wallbridge and W. G. Downs, “The communicability of
yellow fever,” Annals of Internal Medicine, vol. 3, pp. 7–18, 1891.

[46] A. Amarasinghe, J. N. Kuritsky, G. William Letson, and H.
S. Margolis, “Dengue virus infection in Africa,” Emerging
Infectious Diseases, vol. 17, no. 8, pp. 1349–1354, 2011.

[47] R. Tapia-Conyer, M. Betancourt-Cravioto, and J. Mendez-
Galvan, “Dengue: an escalating public health problem in Latin
America,” Paediatrics and International Child Health, vol. 32,
supplement 1, pp. 14–17, 2012.

[48] G. Rezza, “Aedes albopictus and the reemergence of Dengue,”
BMC Public Health, vol. 12, no. 1, article 72, 2012.

[49] M. Amaku, F. A. B. Coutinho, and E. Massad, “Why dengue
and yellow fever coexist in some areas of the world and not in
others?” BioSystems, vol. 106, no. 2-3, pp. 111–120, 2011.



8 BioMed Research International

[50] B. W. Johnson, T. V. Chambers, M. B. Crabtree et al., “Vector
competence of Brazilian Aedes aegypti and Ae. albopictus for a
Brazilian yellow fever virus isolate,” Transactions of the Royal
Society of Tropical Medicine and Hygiene, vol. 96, no. 6, pp. 611–
613, 2002.

[51] S. A. Juliano, L. P. Lounibos, and G. F. O’Meara, “A field test for
competitive effects of Aedes albopictus on Ae. aegypti in South
Florida: differences between sites of coexistence and exclusion?”
Oecologia, vol. 139, no. 4, pp. 583–593, 2004.

[52] F. Tripet, L. P. Lounibos, D. Robbins, J. Moran, N. Nishimura,
and E. M. Blosser, “Competitive reduction by satyrization?
Evidence for interspecific mating in nature and asymmetric
reproductive competition between invasive mosquito vectors,”
American Journal of Tropical Medicine and Hygiene, vol. 85, no.
2, pp. 265–270, 2011.

[53] B. T. Beerntsen, A. A. James, and B. M. Christensen, “Genetics
of mosquito vector competence,” Microbiology and Molecular
Biology Reviews, vol. 64, no. 1, pp. 115–137, 2000.

[54] W. C. Black IV and C. G. Moore, “Population biology as a tool
for studying vector-borne diseases,” in The Biology of Disease
Vectors, B. J. Beaty and W. C. Marquardt, Eds., pp. 187–206,
Elsevier Academic Press, Burlington, Vt, USA, 1996.

[55] B. J. Beaty and S. Higgs, “Natural cycles of vector-borne
pathogens,” in The Biology of Disease Vectors, B. J. Beaty and
W. C. Marquardt, Eds., pp. 167–186, Elsevier Academic Press,
Burlington, Vt, USA, 1996.

[56] W. C. Black IV and C. G. Moore, “Population biology as a
tool for studying vector-borne diseases,” in 1996The Biology of
Disease Vectors, B. J. Beaty and W. C. Marquardt, Eds., pp. 187–
206, Elsevier Academic Press, Burlington, Vt, USA.

[57] J. L. Hardy, E. J. Houk, L. D. Kramer, and W. C. Reeves,
“Intrinsic factors affecting vector competence of mosquitoes for
arboviruses,” Annual Review of Entomology, vol. 28, pp. 229–
262, 1983.

[58] W. C. Black IV, K. E. Bennett et al., “Flavivirus susceptibility in
Aedes aegypti,” Archives of Medical Research, vol. 33, pp. 379–
388, 2002.

[59] J. E. Brown,C. S.Mcbride, P. Johnson et al., “Worldwide patterns
of genetic differentiation imply multiple “domestications” of
Aedes aegypti, a major vector of human diseases,” Proceedings
of the Royal Society B, vol. 278, no. 1717, pp. 2446–2454, 2011.

[60] A. A. Sall, O. Faye, M. Diallo, C. Firth, A. Kitchen, and E.
C. Holmes, “Yellow fever virus exhibits slower evolutionary
dynamics than dengue virus,” Journal of Virology, vol. 84, no.
2, pp. 765–772, 2010.

[61] A.-B. Failloux, M. Vazeille-Falcoz, L. Mousson, and F. Rodhain,
“Genetic control of vectorial competence in Aedes mosquitoes,”
Bulletin de la Societe de Pathologie Exotique, vol. 92, no. 4, pp.
266–273, 1999.

[62] T.M. Colpitts, J. Cox, D. L. Vanlandingham et al., “Alterations in
theAedes aegypti transcriptome during infection with west nile,
dengue and yellow fever viruses,” PLoS Pathogens, vol. 7, no. 9,
Article ID e1002189, 2011.

[63] J. Cox, H. E. Brown, and R. Rico-Hesse, “Variation in vector
competence for dengue viruses does not depend on mosquito
midgut binding affinity,” PLoS Neglected Tropical Diseases, vol.
5, no. 5, Article ID e1172, 2011.

[64] J. R. Anderson and R. Rico-Hesse, “Aedes aegypti vectorial
capacity is determined by the infecting genotype of dengue
virus,” American Journal of Tropical Medicine and Hygiene, vol.
75, no. 5, pp. 886–892, 2006.

[65] W. J. Tabachnick and J. R. Powell, “A world-wide survey of
genetic variation in the yellow fever mosquito, Aedes aegypti,”
Genetical Research, vol. 34, no. 3, pp. 215–229, 1979.

[66] W. J. Tabachnick, G. P. Wallis, and T. H. G. Aitken, “Oral
infection of Aedes aegypti with yellow fever virus: geographic
variation and genetic considerations,” American Journal of
Tropical Medicine and Hygiene, vol. 34, no. 6, pp. 1219–1224,
1985.

[67] G. P. Wallis, T. H. G. Aitken, and B. J. Beaty, “Selection
for susceptibility and refractoriness of Aedes aegypti to oral
infection with yellow fever virus,” American Journal of Tropical
Medicine and Hygiene, vol. 34, no. 6, pp. 1225–1231, 1985.

[68] L. Lorenz, B. J. Beaty, and T. H. G. Aitken, “The effect of
colonization upon Aedes aegypti susceptibility to oral infection
with yellow fever virus,” American Journal of Tropical Medicine
and Hygiene, vol. 33, no. 4, pp. 690–694, 1984.

[69] P. G. Jupp and A. Kemp, “Laboratory vector competence
experimenths with yellow fever virus and five South African
mosquito species including Aedes aegypti,” Transactions of the
Royal Society of Tropical Medicine and Hygiene, vol. 96, no. 5,
pp. 493–498, 2002.

[70] B. R. Ellis, R. C. Sang, K.M. Horne, S. Higgs, andD.M.Wesson,
“Yellow fever virus susceptibility of two mosquito vectors from
Kenya, East Africa,” Transactions of the Royal Society of Tropical
Medicine and Hygiene, vol. 106, no. 6, pp. 387–389, 2012.

[71] R. Lourenço-de-Oliveira, M. Vazeille, A. M. B. De Filippis, and
A.-B. Failloux, “Oral susceptibility to yellow fever virus of v
from Brazil,” Memorias do Instituto Oswaldo Cruz, vol. 97, no.
3, pp. 437–439, 2002.

[72] B. R. Miller, T. P. Monath, W. J. Tabachnick, and V. I. Ezike,
“Epidemic yellow fever caused by an incompetent mosquito
vector,” Tropical Medicine and Parasitology, vol. 40, no. 4, pp.
396–399, 1989.

[73] D. J. Gubler, R. Novak, and C. E. Mitchell, “Arthropod vector
competence epidemiological, genetic and biological considera-
tions,” in Recent Developments in the Genetics of Insect Disease
Vectors, W. Steiner, W. Tabachnik, K. Rai, and S. Narang, Eds.,
p. 665, Stipes, Champaign, Ill, USA, 1982.

[74] G. R. Shellam,M. Y. Sangster, andN. Urosevic, “Genetic control
of host resistance to flavivirus infection in animals,” OIE Revue
Scientifique et Technique, vol. 17, no. 1, pp. 231–248, 1998.

[75] M.Y. Sangster, D. B.Heliams, J. S.Mackenzie, andG. R. Shellam,
“Genetic studies of flavivirus resistance in inbred strains derived
from wild mice: evidence for a new resistance allele at the
flavivirus resistance locus (Flv),” Journal of Virology, vol. 67, no.
1, pp. 340–347, 1993.

[76] A. L. Smith, “Genetic resistance to lethal flavivirus encephalitis:
effect of host age and immune status and route of inoculation on
production of interfering Banzi virus in vivo,”American Journal
of Tropical Medicine and Hygiene, vol. 30, no. 6, pp. 1319–1323,
1981.

[77] R. O. Jacoby and P. N. Bhatt, “Genetic resistance to lethal
flavivirus encephalitis. I. Infection of congenic mice with Banzi
virus,” Journal of Infectious Diseases, vol. 134, no. 2, pp. 158–165,
1976.

[78] T. Mashimo, D. Simon-Chazottes, and J.-L. Guénet, “Innate
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