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When this special issue was first conceived in early 2019, we never anticipated that the publication
of this collection of articles would be happening during a pandemic. While this outbreak collection is
focused on viruses transmitted by arthropods, its release concurrent with the SARS-CoV-2 pandemic
and international health emergency provides an appropriate context in which to draw attention to
research focused on other high-consequence, epidemic-causing viruses that may be next to emerge on
the global stage.

Arthropod-borne pathogens account more than 17% of infectious diseases, affect millions of people
around the world each year, and comprise a significant proportion of emerging human pathogens [1–4].
Dengue, as the most widespread arboviral disease, causes more than 90 million cases and approximately
40,000 deaths per year [3]. The emergence and explosive spread of Zika virus (ZIKV) has recently
challenged the global health infrastructure to diagnose and differentiate ZIKV infections from infections
with closely related arboviruses and to minimize the catastrophic effects of congenital infection.
Additional arboviruses including Rift valley fever, Mayaro, West Nile, chikungunya, and tick-borne
encephalitis viruses have captured the attention of the scientific community as emerging public
health threats [3,5]. As the world responds to outbreak after outbreak, research on: surveillance and
preparedness, virus transmission dynamics, ecology and epidemiology, diagnosis and treatment, public
attitudes and practices and existing barriers and challenges to outbreak prevention and control of these
and other emerging viruses will be needed to contribute to more effective mitigation strategies and for
protecting public health.

This Special Issue comprises a highly diverse group of articles from around the world, which highlight
various aspects of arbovirus outbreaks in endemic regions and in areas of introduction. This issue
showcases the important work that is being done to mitigate epidemic activity and protect human and
animal health from emerging arboviral threats, as well as provides a unique insight into past epidemics.
Articles in this issue include coverage of viruses transmitted by ticks as well as mosquitoes, discussions
of clinical, epidemiological, and entomological perspectives, and includes emerging arboviruses from
every hemisphere. Below is a brief tour of the articles in this collection (Figure 1).

Trop. Med. Infect. Dis. 2020, 5, 142 1 www.mdpi.com/journal/tropicalmed
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Figure 1. International scope of arbovirus outbreak-related articles included in the “Arthropod-borne
Viruses: The Outbreak Edition” special collection. Venezuelan equine encephalitis virus (VEEV),
Zika virus (ZIKV), West Nile virus (WNV), tick-borne encephalitis virus (TBEV), Japanese encephalitis
virus (JEV), dengue virus (DENV), Rift Valley fever virus (RVFV), Crimean-Congo hemorrhagic fever
virus (CCHV), Mayaro virus (MAYV), chikungunya virus (CHIKV), and yellow fever virus (YFV).
Numbers indicate the associated reference.

Southeast Asia: The two studies included in this collection from Southeast Asia provide
corresponding perspectives on the transfer or “spillover” of zoonotic pathogens from natural
transmission cycles into the human population. Young et al. [6] described the blood feeding patterns of
mosquitoes in Malaysian Borneo, in an area undergoing significant changes in land cover and land use.
They provided novel insights into how the host utilization patterns of some major mosquito vectors in
different land use types could influence the spread and spillover of arboviruses, including Japanese
encephalitis virus, between natural and epidemic cycles. As a complement to this work, Ab Hamid et
al. [7] studied the vertical stratification of Aedes mosquitoes responsible for the transmission of dengue
virus (DENV) in high-rise buildings in Malaysian cities. They reported mosquito infestations up to
21 stories high, demonstrating a unique risk of arbovirus transmission in urban settings [7].

South America: While screening sera from human patients in Sinop city, Brazil, de Silva Pessosa
Vierra et al. [8] documented concurrent circulation of both Mayaro (MAYV) and chikungunya
(CHIKV) viruses. While the MAYV genomes detected matched other strains known to be present,
the CHIKV genome detected from one patient was of the East/Central/South African (ECSA) genotype.
This genotype was distinct from strains already circulating in this area and represented an important
discovery, that there was a separate introduction event of CHIKV into Brazil [8]. The simultaneous
circulation of Aedes mosquito-borne viruses including DENV, CHIKV, ZIKV, and MAYV, and the
stress this poses to the human population and health infrastructure in Brazil is discussed in detail by
Magalhaes et al. [9].

Africa: This collection covers two hemorrhagic fever viruses endemic to Africa, Rift Valley fever
virus (RVFV) and Crimean Congo hemorrhagic fever virus (CCHFV), both of which are listed as
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“select agents” [10] due to the severity of disease they could cause, as well as potential use as agents of
bioterrorism. Rift Valley fever virus is endemic to Africa where it causes large epizootics typically
associated with climate patterns and rainfall, and causes significant morbidity and mortality in both
humans and animals [11]. This virus has spread to Saudi Arabia, Madagascar, and other island nations in
the Indian Ocean (i.e., Mayotte, Comoros), but has not yet emerged in a transoceanic location. Mitigation
of a RVFV outbreak carries with it many unique considerations, and would involve mobilization
of diverse agencies focused on public health, animals and agriculture, and biosecurity. To this end,
Grossi-Soyster and LaBeaud [12] reviewed major considerations for such risk mitigation pertaining to
future outbreaks of RVFV, with a special emphasis on vaccines, travelers and tourism. Crimean Congo
hemorrhagic fever virus, transmitted by ticks, was originally described from both central Africa as well
as the Crimean region of Russia. This virus has alarmingly sustained continual epizootic activity from
Africa north through Western Asia in recent years. Sorvillo et al. [13] comprehensively reviewed and
discussed a One Health approach to CCHFV prevention and included a special focus on knowledge
gaps that are critically important to address.

North America: The United States has experienced invasions of West Nile and Zika viruses in recent
decades, with continual threats of endemic re-emerging mosquito-borne viruses such as St. Louis,
LaCrosse, Powassan, and Eastern equine encephalitis viruses. In 1971, a transboundary outbreak of
Venezuelan equine encephalitis (VEE) virus epidemic strain 1b invaded South Texas. In a letter to
the editor, McLean [14] provided a valuable first-hand account of the interagency response to this
outbreak, and how this outbreak response remains the sole example of the successful prevention of
VEE establishment in the United States. To build on this historical perspective, Kading et al. [15]
provided a 30-year analysis on the reactionary response of funding agencies to the emergence and
invasion of mosquito-borne viruses in the Americas and how these events have also stimulated the
innovative development of traps and augmented surveillance capacity. As the most recent arbovirus
introduction to the United States, ZIKV infections have been mostly associated with travelers, however
local transmission was documented in areas of Florida and Texas [16,17]. To this end, Hinojosa et
al. [16] reported locally-acquired cases of ZIKV in South Texas, particularly as surveillance efforts were
increased out of specific concerns of virus infections in pregnant women.

Europe. Tick-borne encephalitis (TBE) is a severe infection of the central nervous system, caused by
tick-borne encephalitis virus (TBEV) in the family Flaviviridae. Incidence of TBE has increased in recent
years throughout Europe, spread to new endemic foci, and became a notifiable disease in the European
Union in 2012 [18,19]. The TBE vaccine licensed in Europe is recommended for all age groups in
endemic areas with incidence rates exceeding 5 per 100,000 [19,20], however vaccination rates are
very low [19]. Riccò et al. [18] conducted a knowledge, attitudes and practices survey of tick-borne
encephalitis among occupational physicians in Italy, and found a lack of knowledge of TBE and low
vaccine literacy among this stakeholder group. Improving knowledge of TBE, behavioral practices
that prevent tick-bites, and vaccination would help prevent the spread of tick-borne infections such
as TBE in Italy and elsewhere [18]. West Nile virus (WNV) has been circulating throughout Europe
since the 1990s. A dramatic increase in WNV infections in multiple countries in Southern Europe was
observed during 2018 in both humans and horses [21]. Castaldo et al. [22] provided a case report on
two human patients from Italy. Clinical disease was characterized by atypical neurological presentation
in these patients diagnosed with WNV neuroinvasive disease, involving the brainstem. The authors
encouraged providers to remain alert to unusual disease presentations involving the central nervous
system [22].
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Abstract: In this Editorial, we list and discuss some of the main challenges faced by the population
and public health authorities in Brazil concerning arbovirus infections, including the occurrence of
concurrent epidemics like the ongoing SARS-CoV-2/COVID-19 pandemic.
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Optimal ecological and environmental conditions support year-long breeding of mosquito
vectors of arboviruses in several Brazilian States. This, combined with socioeconomical factors that
facilitate mosquito breeding (e.g., intermittent water supply that leads to short-term water storage
in open-air artificial containers) and human exposure to mosquito bites, fosters cyclic and intense
transmission of arboviruses in Brazil. In urban and peri-urban areas, the four dengue virus serotypes
(DENV1-4), Zika virus (ZIKV), and chikungunya virus (CHIKV) are the most widespread and impactful
mosquito-borne pathogens, all transmitted by the highly urbanized and anthropophagic Aedes aegypti.
Arboviral diseases impose a great health burden to the population in Brazil and represent a constant
challenge to health authorities. Diagnosis (and therefore clinical management) and notification of
arboviral infections in co-endemic places (where more than one arbovirus co-circulate) are extremely
complex. Point-of-care virus-specific testing is non-existent in the public and private health care sectors,
and the most important diagnosis is clinical-epidemiological, upon which a case is notified to health
authorities as suspected or confirmed based on the Ministry of Health case definitions (which uses
clinical symptoms and blood test results, such as platelet counts). However, diseases caused by DENV,
ZIKV and CHIKV can lead to similar acute symptoms that may differ only in time of onset, duration
and severity [1]—thus, only well-trained, experienced physicians are more apt to correctly diagnose a
patient, but even these professionals can misdiagnose without available virus-specific tests. Arboviral
diseases are nationally notifiable diseases in Brazil, but in the public sector, which exclusively serves
more than 70% of the Brazilian population, only a small proportion of cases notified by health care
units undergo confirmatory tests in public reference laboratories through virus-specific molecular or
serological assays, or virus culture. For instance, among the notified dengue cases in 2020 (until April),
only approximately 23% were tested in reference laboratories [2]. In addition, for DENV and ZIKV,
cross-reactivity of serological assays represents a serious issue as it can lead to erroneous results [3].
Official government notifications may thus be biased by inaccurate clinical diagnosis and cross-reactive
serological results, and clinical management of infections may not be appropriate if the wrong diagnosis
is made. The different socioeconomic realities of Brazilian States also contribute to inconsistencies of
arboviral disease notifications.

Trop. Med. Infect. Dis. 2020, 5, 75 7 www.mdpi.com/journal/tropicalmed
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The cross-reactivity between DENV and ZIKV serological assays are due to similar antigenic
regions of viral proteins of these genetically related flaviviruses that can be recognized by the same
antibodies. Besides being an issue in serological tests, cross-reactive DENV and ZIKV immunity can
have important epidemiological implications in places where these viruses co-circulate. For instance,
in vitro, in vivo and epidemiological studies have shown that pre-existing DENV immunity can
either protect or enhance ZIKV infection, and consequently impact disease development [4–6].
Other studies suggest that the atypically low dengue incidence observed after the Zika epidemics
in Brazil and other Latin American countries was due, in part, to short-term DENV protection from
ZIKV infections [7,8]. Importantly, this lower dengue incidence was followed by a significant increase
in dengue cases [2,7]. The impact of pre-existing DENV and ZIKV immunity in further heterologous
infections and, importantly, in clinical diseases, needs to be continuously assessed in endemic areas.

It is also possible that ZIKV or other arboviruses may establish sylvatic transmission cycles in Brazil,
as discussed by other authors [9]. If one looks at the map of Paulista, for example, a municipality
within the Recife Metropolitan Region (RMR) in Pernambuco State that was heavily affected by ZIKV
and CHIKV, forested areas surround all the urban areas where the viruses co-circulated and human
cases were concentrated in 2015-16 (Figure 1 and [10]). These forested areas may harbor several sylvatic
mosquitoes like Aedes albopictus, Haemagogus janthinomys, and Sabethes tarsopus that feed on non-human
primates (NHPs) and may serve as vectors of arboviruses [11]. In addition, NHPs like the common
marmoset Callithrix jacchus are abundant in the area [12] and found near humans. Importantly,
ZIKV RNA and antibodies against several arboviruses have been found in NHPs in different regions of
Brazil, including marmosets [13–16]. The seriousness of an established sylvatic arbovirus transmission
cycle in NHPs and sylvatic mosquitoes in Brazil is well represented by yellow fever virus (YFV),
which causes sporadic spillover human outbreaks leading to hundreds of deaths. Although a few
studies have found little evidence of sylvatic ZIKV transmission in Brazil [16,17], the possibility of a
sylvatic cycle being established in distinct Brazilian regions and at different times cannot be excluded.
Further governmental or research-related arbovirus surveillance activities should intensify monitoring
of sylvatic mosquitoes, NHPs and other small mammals, as the establishment of sylvatic cycles will
require changes in the design of control programs.

The ZIKV outbreaks that occurred in Brazil in 2014-16 probably ceased due to herd
immunity—however, instead of disappearing, the virus is still circulating in areas that were intensely
affected, like the RMR, even if at low rates. In addition, virus transmission during the outbreaks was focal
across metropolitan regions, where some areas were more intensely hit than others within the same
municipality [4], corroborating the notion of clustered household/community transmission of arboviruses
transmitted by Ae. aegypti. The low but constant circulation of ZIKV, the presence of prior virus foci
with surrounding patchy areas containing higher numbers of naïve people, and the possibility of a
sylvatic cycle being established in some regions increase the chances of unexpected re-emergence of
the virus. It will also be important to assess the importance of sexual transmission among the sustained,
low ZIKV circulation in endemic regions, as the epidemiological relevance of ZIKV sexual transmission
may be higher than previously thought ([18] and Magalhaes et al., unpublished).

Escalating the problem of arboviral disease surveillance and management, concurrent
outbreaks/epidemics of arboviruses and non-arthropod-borne pathogens can further complicate
clinical diagnosis and completely overwhelm/saturate the health care system, as we may be seeing now
with the pandemic of coronavirus disease (COVID-19) caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). The number of notified dengue, Zika and chikungunya cases in Brazil
in 2020 have reached over 660,000 by April [2], reflecting a difficult year for arboviral diseases
in the country (Figure 2A). Although the true incidences of SARS-CoV-2 infections and COVID-19
cases are unknown in Brazil due to the very limited testing (currently, the Brazilian government
recommends that only severe cases are tested in health clinics and hospitals), the notified numbers of
infections and deaths are starting to increase, indicating a worsening epidemic scenario as of April 2020
(Figure 2B) [2]. At the moment, health care units like the local rapid-access units (Unidades de Pronto
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Atendimento-UPAs), which serve communities like the Paulista population (~330,000 habitants),
are working with a reduced number of staff as some individuals have fallen ill and many elderly
professionals or those with comorbidities are on leave due to fear of becoming infected with the virus.
In a recent serosurvey of SARS-CoV-2 antibodies among health professionals in Pernambuco State,
60% have tested positive, confirming these professionals are under very high risk of infection [19].
Although the highest numbers of notified arboviral diseases seemed to have occurred in March
2020, it is very likely that case notification has dropped as a result of fewer people infected with
arboviruses seeking health facilities due to the SARS-CoV-2 pandemic. In fact, it would be important
to see if household mosquito transmission of arboviruses increases because of social isolation during
the COVID-19 pandemic, considering the endophilic behavior of Ae. aegypti (although social isolation is
necessary, it is also important to assess its effects on other health factors). The blunt reality is that health
care units have been dealing with a peak in arbovirus infections and COVID-19 cases concomitantly.
Besides the many troubles inherent to an overwhelmed health care system, concurrent epidemics
also can complicate clinical-epidemiological diagnoses. Some studies show that dengue cases can
be misdiagnosed as respiratory infections and vice-versa [20,21]. Coinfections during concurrent
epidemics must also be considered as they may worsen clinical diseases. Coinfections of influenza
virus and DENV have been identified in several occasions during concurrent epidemics [22–24].
Future control efforts and programs must consider concurrent epidemics as they will most likely
continue to happen in the future (e.g., epidemics of DENV and new strains of influenza virus).

Figure 1. Mapped cases of Zika virus (ZIKV) and chikungunya virus (CHIKV) infections in Paulista,
Pernambuco State, Brazil, in 2015-16. Note the green/forested areas surrounding the urban areas where
cases were concentrated: an optimal interface for the establishment of sylvatic cycles of arbovirus
transmission (this map was published in [10]).
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Figure 2. Cumulative notified cases of dengue, Zika and chikungunya (a) and COVID-19 (b) in Brazil
as of April 2020.

Conclusions

Effective management of arboviral diseases in Brazil requires confronting major challenges.
The co-endemicity of multiple and related arboviruses complicates clinical-epidemiological diagnoses,
clinical management and case notification, in addition to impacting the epidemiology of arboviral
diseases in unclear ways. The possible establishment of sylvatic transmission cycles will represent
a significant additional challenge to the development of control programs and should be constantly
monitored. Lastly, concurrent epidemics like the SARS-CoV-2/COVID-19 or other respiratory
pathogens/illnesses can overwhelm health care systems and further complicate clinical-epidemiological
diagnoses. Efforts to better control these diseases must seriously consider all these issues.
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Abstract: Hidalgo County (HC), located along the Texas–Mexico border, was listed as a high-risk
county for Zika virus (ZIKV) in 2017 by the Texas Department of State Health Services, based on its
historical presence of Dengue. Due to its subtropical climate, active binational travel, and population
of low socioeconomic status, Hidalgo County focused on disease detection activities for the prevention
of further transmission. Therefore, Hidalgo County Health and Human Services enacted public health
surveillance, reviewed laboratory results, and conducted epidemiological investigations from 2016 to
2018. In 2017, Hidalgo County experienced a locally-acquired outbreak of Zika virus disease, resulting
in the highest local mosquito-borne acquisition case count for the year within the United States.
This resulted in Hidalgo County reviewing epidemiological data for disease detection and risk areas.
With the data review, key outcomes of testing were identified. This included the importance of
both RT-PCR and IgM-ELISA/PRNT testing methods. In addition, increased antenatal testing and
surveillance also recognized the need of improved disease identification and testing among the
general population, especially during localized outbreaks.

Keywords: Zika; tropical disease; epidemiology; border health; outbreak

1. Introduction

Hidalgo County fosters a transient, unique community supplemented by common travel along
the Texas–Mexico border and multiple demographic factors that culminate in a high-risk population
for arboviral diseases [1]. The majority of the Hidalgo County population is Hispanic or Latin at
91.8% (770,794) [2,3]. The median age is 28.9 and it has the 5th largest adolescent population in Texas.
A pronounced proportion of the population was in poverty at 31.8%, more than double the national
average (14.6%) and nearly double the average of Texas (16.0%). Furthermore, the median household
income was well below both the state and national median by about USD 20,000 per year. Also, a great
part (31.6%) of the civilian noninstitutionalized population of Hidalgo County lived with no health
insurance, triple the rate of the country and nearly double the rate of the state. In addition, there was an
educational disparity in Hidalgo County with only 63.7% of the population (25 and older) possessing a
high school degree or higher; the state’s and country’s numbers are well above 80%. Over half of the
population was female (51.1%) with about 42.2% of them between ages 15 and 44 [2,3]. The birth rate
in Hidalgo County of women in this age range is 5.78% whereas the state and national averages are
5.65% and 5.21%, respectively. Lastly, Hidalgo County fosters a tropical environment suitable for the
presence of the mosquito species Aedes aegypti and Aedes albopictus, the primary vectors of the Zika
virus [4,5].
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In April 2017, the Texas Department of State Health Services (DSHS) released a health alert,
urging increased testing of pregnant women and symptomatic individuals in high-risk counties,
resulting in a large spike in Zika virus testing. Recommendations were set forth by the Texas DSHS
for residents of counties within the Lower Rio Grande Valley (i.e., Cameron, Hidalgo, Starr, Webb,
Willacy, and Zapata) [6]. This included testing of pregnant women in their first and second trimester
as a part of their prenatal care, and of symptomatic individuals presenting with a rash and at least
one other common Zika virus (ZIKV) symptom, either fever, joint pain, or conjunctivitis (red eye) [5].
In April 2018, this health alert was updated to include additional high-risk counties in addition to the
previous counties (i.e., Kinney, Maverick, and Val Verde counties). In this 2018 update, asymptomatic
pregnant women were recommended they be tested three times during their pregnancy, once per
trimester using RT-PCR only instead of paired RT-PCR and IgM-ELISA samples as recommended in
2017. The general population testing recommendation stayed the same in regards to symptom-based
testing, encompassing rash and one other symptom associated with ZIKV (i.e., joint pain, conjunctivitis,
fever) [7].

Hidalgo County is comprised of a younger population (over 5 years below both the state and
national medians) with education and income disparities in addition to frequent cross-border travel and
inherent environmental risks. Hidalgo County has also had historical evidence of Dengue transmission,
another arboviral illness transmitted by the mosquito species Aedes aegypti and Aedes albopictus [8,9].
Thus, the Hidalgo County population presents as a vulnerable population with concerns of high-risk
Zika virus transmission. Due to these risk factors within this population, local testing efforts for ZIKV
increased and an outbreak of local acquisition was identified in the later part of 2017. This resulted in
Hidalgo County having the highest local mosquito-borne acquisition case count, with four of the total
seven symptomatic disease cases within the United States for 2017 [10]. This surveillance report aimed
at pinpointing Zika virus cases, understanding routes of transmission, and analyzing the representation
of different sources and types of testing. With this information, the goal was to establish and quantify
the most effective testing measures to prevent spread of the virus. From there, implications on future
surveillance and policies would better serve to protect the community in a preventative capacity to
stop any locally-acquired outbreaks from occurring. High-yield tests and testing sources would be
emphasized to create maximum outreach. Additionally, the data obtained and conclusions formed
may assist in further scientific research conducted on similar communities.

2. Materials and Methods

A surveillance report was conducted to assess ZIKV testing outcomes of patients in Hidalgo
County, Texas. The work conducted was considered non-research Public Health Surveillance; therefore,
it was not subject to IRB review requirements. Electronic lab results were submitted to the National
Electronic Disease Surveillance System (NEDSS, v5.4.6-GA, Centers for Disease Control and Prevention,
Atlanta, GA, USA) by laboratories performing Zika virus tests on serum and urine samples. Commercial
laboratories automatically sent positive and presumptive positive IgM-ELISA specimens to Centers of
Disease Control and Prevention (CDC) laboratories for confirmation by plaque-reducing neutralization
testing (PRNT). This PRNT method would assess antibodies of Dengue-1, Dengue-2, and ZIKV to
assess possible cross-reactivity. CDC laboratories would then submit these laboratory results to the
NEDSS database. Hidalgo County Zika virus staff ran and exported a report to abstract data from
1 January 2016 to 31 December 2018, reflecting all electronic ZIKV lab reports for this time period.

All cases were defined as either positive or negative. Then, each was designated a test type as
IgM-ELISA, RT-PCR, or PRNT. Furthermore, the data were categorized into specimen type as serum,
urine, or other (including umbilical blood and seminal fluid) as well as the facility type as hospital,
obstetrics and gynecology (OB-GYN), unknown OB-GYN, private clinic, and public health.

Microsoft Excel (v2016, Microsoft Corp., Redmond, WA, USA) and StataIC (v15.1, 64-bit, StataCorp
LLC, College Station, TX, USA) programs were used to analyze the extracted data from NEDSS.
These data were evaluated with descriptive statistics on the total number of cases, median age,
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age range, percentage of female patients, percentage of patients tested by OB/GYNs, travel history,
and the change in tests ordered in 2017 and 2018 after a Texas DSHS Zika virus Health Advisory
updated testing recommendations for pregnant women to once per trimester. Texas DSHS travel
history was defined as no travel history within the last 12 months since date of collection. Descriptive
statistics were also used to identify the different case characteristics from the 2017 Zika virus outbreak.

3. Results

Testing for ZIKV among patients in Hidalgo County began in June 2016. During this time period,
until 31 December 2018, a total number of 29,045 lab results came from a total of 15,016 patients.
Some patients received multiple lab tests in compliance with DSHS recommendations to test during
each trimester. The median age of these patients was 27 years old (n = 29,014), excluding 31 cases
where date of birth was not collected. The age range of these lab results ranged from birth (0 days) to
99 years old. The majority of specimens (55.5%) were RT-PCR testing, as noted in Table 1. The vast
majority (98.31%) of patients tested were female patients (n = 28,569), shown in Table 2. With new
testing recommendations and capacity, testing increased 54.3 times more in 2017 compared to 2016.

Table 1. Zika virus testing by test type, 2016–2018. This table depicts testing by test type and total
positives by test type. Plaque-reducing neutralization testing (PRNT) took place for IgM non-negative
specimens. IgM samples had a 2.18% positivity rate, while RT-PCR samples had a 0.11% positivity rate.
Overall positivity rate for these specimens was 1.16%.

IgM-ELISA RT-PCR PRNT Total Results

2016 70 (25.36%) 196 (71.01%) 10 (3.62%) 276
2017 6649 (45.50%) 7855 (53.75%) 110 (0.75%) 14,614
2018 6015 (42.49%) 8026 (56.70%) 114 (0.81%) 14,155

Total Tested 12,734 (43.84%) 16,077 (55.35%) 234 (0.81%) 29,045
Total Positives 277 (2.18%) 17 (0.11%) 44 (18.80%) 338 (1.16%)

Table 2. Gender representation of Zika virus specimen testing by facility type from 2016 to 2018. Testing
with OB-GYN clinics was identified as the most common facility type for testing both females and
males. Males had the lowest testing count at private laboratories (without a facility) and private clinics.
Males represented only 1.69% of the specimens tested.

Source of Testing (2016–2018)

OB-GYN Hospital
Lab,

no Facility
Private
Clinic

Public
Health

Total

Female 23,807 1545 43 1694 1465 28,554 (98.31%)
Male 225 100 8 58 100 491 (1.69%)
Total 24,032 (82.74%) 1645 (5.67%) 51 (0.18%) 1752 (6.03%) 1565 (5.39%) 29,045

In 2017, a total of 14,614 specimens were processed for residents in Hidalgo County. Figure 1 shows
the 2017 trends in testing outcomes by month, where an increase in ZIKV testing and non-negative test
results were witnessed, beginning April 2017, after the Texas DSHS Health Advisory. Of the specimens
tested, 110 of the 117 presumptive positive laboratory specimens were forwarded to the CDC for
confirmation. As per Texas DSHS epidemiological case criteria, CDC confirmation was needed to
check for false positives and cross-reactivity. Of these forwarded presumptive results, 22 samples
were confirmed as positive by PRNT, while all other of these IgM sample results were identified as
false-positive. This resulted in 16 unique and unduplicated ZIKV patients. An additional two RT-PCR
cases were also positive, but they were not subject to CDC confirmation due to their confirmatory
status. These cases were divided into two categories, as defined by Texas DSHS, Zika disease cases and
Zika infection cases. Zika disease cases were defined as having clinical symptomatic evidence of the
virus along with laboratory confirmation. Zika virus infection cases were defined as having laboratory
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confirmation without clinical symptomatic evidence. In Table 2, the breakdown of case type (symptom
presence), acquisition, and pregnancy status is described. Of the 18 cases, eight were symptomatic
disease and ten were asymptomatic infection; eleven of these cases were identified as travel-associated
(61.11%). Furthermore, most of the cases involved a pregnant patient (72.22%). Only five of the
confirmed cases were identified as locally-acquired, where no international travel history was identified
within the last 12 months, which indicates potential transmission within the Hidalgo community.
Only two cases’ origins remained undetermined, as shown in Table 3. The five locally-acquired
cases occurred in four different cities, which included McAllen, Pharr, Alamo, and Mercedes, Texas.
These communities did not present similar geographical or demographical findings, presenting an
outbreak within multiple local communities, rather than one specific neighborhood.

 
Figure 1. The line depicts a sharp increase in the number of Zika virus (ZIKV) specimens tested (noted
as a blue line) and non-negative results (noted as red bars), after the 2017 Zika virus Health Alert was
released. A total of 14,614 labs were processed, resulting in 150 non-negative samples. Non-negative
samples included results that were positive, equivocal, indeterminate, or other results that were not
negative. Testing peaked in August 2017, with 26 non-negative samples and 2036 negative samples.

Table 3. This table presents the breakdown of cases that were symptomatic disease cases versus
asymptomatic infections. Acquisition was also determined, with 5 cases identified as locally- acquired.
The majority of cases were pregnant with 75% pregnant symptomatic disease cases and 70% asymptomatic
infection cases.

2017 Zika Case Count Travel-Associated Locally-Acquired Acquisition Undetermined Total Pregnant

Zika Disease Cases 4 4 0 8 6 out of 8
Zika Infection Cases 7 1 2 10 7 out of 10

Of these 18 cases, ages ranged from 6 to 56 years, with an average age of 24.2 years and a median
of 22.0 years. When assessing gender, 2 cases were male and 16 were female. In regard to travel,
seven cases had travel history to neighboring Mexico cities in Tamaulipas, three cases to Nuevo Leon,
and one case to both southern Mexico and Honduras. Of these 18 cases, 16 were identified as serum
IgM-ELISA presumptive positive, along with CDC PRNT positive results, and 2 samples were positive
through urine and serum via RT-PCR.

In 2018, testing stayed consistent with 14,155 specimens. RT-PCR testing slightly increased,
while IgM-ELISA testing slightly decreased, as shown in Table 1. This included a total of nine Zika
virus cases. One case was symptomatic disease and eight were asymptomatic infections. Three cases
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were identified as local acquisition, one case with unknown acquisition, and five cases identified as
travel-associated. All cases were pregnant at the time of testing. However, in 2019, testing began to
show a decrease with a total of 9323 results, with three Zika virus cases identified. All three cases were
asymptomatic infection and were pregnant. One case had unknown acquisition and the other two
cases were identified as travel-associated.

4. Discussion

Increased efforts of testing, through the Texas Zika virus public health alert and provider education,
assisted in the identification of local acquisition ZIKV cases within Hidalgo County, Texas. Prior to this
health advisory, asymptomatic testing for Zika virus was not routine. Therefore, with this advisory
and new testing recommendations, asymptomatic Zika infections, which may not have originally been
identified, were detected. In addition, with 75% of Zika disease cases and 70% of Zika asymptomatic
infection cases being pregnant at the time of testing, this poses a question as to what could be the
true case representation of ZIKV cases in the non-pregnant population. Therefore, increasing both
surveillance efforts and disease awareness are necessary for the medical community, especially at
times of outbreaks, in regards to testing and identification of cases within the general population.
In addition, the majority of the cases (16 of the 18) were serology-based testing, accompanied by PRNT
confirmation. Therefore, exposure time periods may be less clear. However, with multiple infections
occurring in the later part of 2017, exposure may have taken place around this time. Serology-based
testing produced a higher rate of false-positives after CDC testing confirmed these samples to be
actually negative. However, although RT-PCR testing is the recommended method, without these
serology-based testing methods, these cases may have never been identified through routine provider
testing and public health surveillance. Therefore, utilization of serology, paired with PRNT testing
to account for Dengue cross-reactivity, may be beneficial in future continued surveillance efforts,
especially during times of increased arboviral activity within the community, compared to PCR alone.
This testing method is helpful during times of Dengue outbreaks, where outbreaks of local acquisition
were identified in Hidalgo County in 2013 and 2019. Furthermore, OB/GYN providers testing partners
of pregnant females provided a strong surveillance system for identification of infection, and assisted
in preventative education for negative partners. In addition, new testing recommendations also
assisted in the detection of an asymptotic male partner of a pregnant female. Although this outbreak
was limited in the number of cases with local acquisition, these findings present the importance
of continued surveillance efforts along the southern Texas–Mexico border for Zika virus and other
mosquito-borne illnesses.
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Abstract: Tick-Borne Encephalitis (TBE) is an occupational health threat with increasing incidence in
the geographic area of Italy. Despite this, TBE vaccination rates have ranged from 10% to 40% in
Italy, even in at-risk workers. The reasons for this low rate are investigated in this present study of
the knowledge, attitudes, and practices of occupational physicians (OP) regarding TBE disease and
vaccination in at-risk workers. A total of 229 OP participated in an internet-based survey by completing
a structured questionnaire. Adequate general knowledge of TBE disease was found in 58% of OP.
Accurate perception of TBE risk in occupational settings was found in 20%. TBE vaccination for at-risk
workers was recommended by 19%. Willingness to recommend TBE vaccination was more likely by
OP practicing in endemic areas (Odds Ratio 3.10, 95% confidence intervals 1.47–6.55), who knew the
existence of the term “arboviruses” (3.10, 1.29–7.44), or exhibited a better understanding of TBE (2.38,
1.11–5.12)—and were positive predictors for promoting TBE vaccine, while acknowledging that TBE
as a severe disease was a negative one. Tick-borne disorders in Italy are a still rare (but increasing)
occupational health threat, and vaccination gaps for TBE virus may find an explanation in OP incomplete
knowledge of evidence-based recommendations.

Keywords: Ixodes ricinus; knowledge; risk perception; tick; tick-borne encephalitis (TBE);
occupational physicians

1. Introduction

Tick-borne encephalitis (TBE) is a potentially lethal vaccine-preventable infection of the central
nervous system (CNS) caused by an arbovirus (TBE virus, or TBEV) included within the Flavivirus genus,
Flaviviridae family [1]. Overall incidence rates for TBE in most Western European countries have ranged
between 0.4 and 0.6/100,000 over the years 2011–2015; but notification rates in certain areas (e.g., Czech
Republic, Estonia, Lithuania, Slovenia) have largely exceeded 5 cases/100,000 population/years [2–5].
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With mortality rates up to 2% and long-term neurological complications in around 10% of patients, TBE has
emerged as an increasing cause of morbidity and mortality [1–3,6–9]. The geographical distribution of the
competent vector, Ixodes spp., is expanding as an effect of climate change. For this reason, previously spared
countries have become endemic for TBE [8,10,11], particularly in northern regions and in mountainous
territory, whose forests support the life cycle of Ixodes ricinus [1–3,8,9].

For instance, Italy has historically been considered as a relatively low-risk region, having no cases
reported until 1978, and a total of 456 cases notified between 2000 and 2016 [2,3,7]. With 0.1 incident
cases/100,000 population/year and no TBE-related deaths since 2016, Italy remains, actually, a low-incidence
country [4]. Since 2015, a total of 135 cases have been reported; the majority of them clustered in
North-Eastern Subalpine Regions of Trentino-South Tyrol, Friuli-Venezia-Giulia, and Veneto [3,4,12].
Recent estimates suggest that some smaller areas in the aforementioned regions of Trentino (1.0 case/100,000
inhabitants for the province of Trento as a whole during 2000–2013, peaking to 41.6 in the municipality of
Tres), Friuli-Venezia-Giulia (1.0 case/100,000 inhabitants for the whole province of Udine, but 181.2/100,000
for the community of Tramonti di Sopra in the time period 2000–2013) [3,12], and Veneto (e.g., 5.95/100,000
population in the province of Belluno 2007–2018, peaking to 35.9/100,000 in the municipality of Limana
in 2000–2013), [2] largely exceed national TBE estimates [3,8,9,12,13], and could be classified as highly
endemic areas (i.e., >5 cases/100,000 inhabitants/year) according to current World Health Organization
(WHO) definition [1–3,6–9,12].

As a consequence, TBE has become a significant health threat for outdoor workers in North Eastern
Italy [6,7,14–16], and the Italian Ministry of Health has recommended TBE vaccination for forestry
workers, farmers, and veterinarians from endemic areas [1–3,8,12]. Even though official data on TBE
vaccination rates in Italy are lacking, some reports hint towards figures ranging between 10% and
40%, even in high-risk groups from highly endemic areas [2–4,7,12]. Such recommendations have been
issued by means of the National Immunization Prevention Plan 2017–2019 (Piano Nazionale Prevenzione
Vaccinale—PNPV), a guidance document for immunization policies [17,18]. Application of immunization
policies for workplaces is a main issue for occupational physicians, the medical professionals responsible
for health promotion in workplaces [18–21]. More precisely, Italian occupational physicians are not
only requested to properly tailor national recommendations to specific occupational settings, but they
should recall the vaccination status of the assisted workers, informing them about the pros and cons of
recommended vaccinations [18,20,21]. Moreover, occupational physicians (OP) should actively inform
workers about occupational risk factors, including vectors and microorganisms. As prevention of TBE
may also benefit from several environmental (e.g., pesticide treatment of the working environment) and
behavioral (e.g., promoting self-assessment for tick bites at the end of outdoor activities) interventions,
the assessment of knowledge (i.e., the awareness of official recommendations), attitudes (i.e., propensity
towards a certain intervention), and practices (i.e., actual application of such intervention)—or knowledge,
attitudes, practices (KAP)—of occupational physicians towards TBE and TBE vaccine, they can be useful
in order to improve the health and safety of high-risk outdoor workers [10,14,22].

Although studies about outdoor workers have assessed their KAP toward TBE preventive
measures [10,14,23–26], occupational physicians have been scarcely investigated. Therefore, the main
endpoint of this study is to assess KAP of occupational physicians concerning TBE preventive measures,
particularly TBE vaccination, in order to assess factors associated with TBE vaccine acceptancy,
and alternative or complementary preventive practices.

2. Materials and Methods

Study design. A cross-sectional questionnaire-based study was performed between 01/02/2020 and
28/02/2020, involving occupational physicians participating in seven different private Facebook group
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pages and four closed forums, focusing on occupational medicine, and whose applications were officially
limited to occupational physicians. The group pages had approximately 2034 unique members, but no
information could be obtained regarding cross-inscriptions, not even how many of these members were
actively using Facebook.

To post the study invitation, the chief researcher contacted the administrators, requesting preventive
authorization to post the link to the questionnaire, including a short description of the aims of the
survey. Facebook users who clicked on the invitation texts were provided with the full study information,
an opportunity to give their informed consent, and a web link to the survey (Google Forms; Google LLC;
Menlo Park, CA, USA). The survey was conducted in Italian. To be included in the sample, the participant
was supposed to be living and working in Italy as an occupational physician. If a potential participant was
found not to match the inclusion criteria, the survey closed down. The survey was anonymous, and no
personal data, such as name, IP address, email address, or personal information unnecessary to the survey,
was requested, saved, or tracked. No monetary or other compensation was offered to the participants.

Questionnaire. The questionnaire was formulated in Italian, and its test–retest reliability was
preventively assessed through a survey on 10 occupational physicians completing the questionnaire
at two different points in time. The testing questionnaires were ultimately excluded from the final
analyses. All questions were self-reported, and not externally validated. An English translation of the
questionnaire is available on request from the corresponding author. The final questionnaire included the
following sections:

1. individual characteristics: age (by decennial groups), sex, whether they had encountered at least a
TBE case in their practice (yes vs. no), and the Italian Region where the professional mainly worked
and lived. The latter factor was eventually dichotomized as endemic vs. non-endemic for TBE;

2. knowledge test: participants were initially requested whether they knew the meaning of the term
“arbovirus”, being able to explain it. Participants then received a knowledge test containing a
set of 20 true–false statements, elaborated through extensive literature review, covering typical
misconceptions about arboviruses (e.g., “TBE vaccine is effective also against Lyme disease”;
FALSE) [5,9,23–30]. Across the knowledge test, TBE was always reported as “TBE” or “tick-borne
encephalitis” (in English), avoiding the Italian translation (i.e., “Encefalite da zecca”). A General
Knowledge Score (GKS) was then calculated as the sum of correctly and incorrectly marked
recommendations: when the participants answered correctly, +1 was added to a sum score, whereas a
wrong indication or a missing/“don’t know” answer added 0 to the sum score. GKS was then
dichotomized by median value in higher vs. lower knowledge status;

3. risk perception: participants were initially asked to rate the perceived severity (CINF) and the
perceived frequency (IINF) of TBE in agricultural and forestry settings by means of a fully labeled
5-points Likert scale. The available options ranged from “not significant” (i.e., “of no significant
concern in daily practice”, score 1) to “very significant” (i.e., “of very high concern in daily practice”,
score 5). As perceived risk has been defined as a function of the perceived probability of an event and
its expected consequences [21,27], a Risk Perception Score (RPS) was eventually calculated as follows:

RPS = IINF × CINF (1)

4. attitudes and practices: we inquired participants whether they recommend TBE vaccine for high-risk
groups (yes vs. no). A series of possible interventions for prevention of arboviral infections in
workplaces were then reported to the participants, and they were asked to report which ones they
perceived as useful in order to prevent TBE, the tick-borne Lyme disease, and the mosquito-borne
arboviral infection West Nile Fever (WNF). Namely (useful vs. useless): removal of standing water
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from the working environment; treatment of standing water with chemicals and/or biological agents;
use of pesticides; use of light-colored cloths; use of full-length trousers; putting the end of trousers
into the socks; self-assessment at the end of the outdoor activities.

Ethical considerations. Before giving their consent to the survey, participants were briefed that all
information would be gathered anonymously and handled confidentially. Participation was voluntary,
and the questionnaire was collected only from subjects who had expressed consent for study participation.
As individual participants cannot be identified based on the presented material, this study caused no
plausible harm or stigma to participating individuals. As the study had an anonymous, observational
design, and did not include clinical data about patients, nor configured itself as a clinical trial, a preliminary
evaluation by an Ethical Committee was not required, according to the Italian law (Gazzetta Ufficiale
no. 76, dated 31/3/2008).

Data analysis. Continuous variables were initially tested for normal distribution (D’Agostino and
Pearson omnibus normality test): where the corresponding p value was < 0.10, “normal” distribution was
assumed as rejected, and variables were compared through Mann–Whitney or Kruskal–Wallis tests for
multiple independent samples. On the other hand, variables passing the normality check (D’Agostino
and Pearson p value ≥ 0.10) were compared using the Student’s t test or ANOVA, where appropriate.
Categorical variables were reported as per cent values, and their distribution in respect of the outcome
variable of promoting TBE vaccine was initially analyzed through chi-squared test. The paired proportions
of preventive measures for TBE vs. Lyme disease, and TBE vs. the WNF were also tested through the
McNemar test, assuming as the null hypothesis that no differences were reported.

All categorical variables that at univariate analysis were significantly associated with a positive
attitude towards TBE vaccine (i.e., p < 0.05) were included in a stepwise binary logistic regression analysis
model in order to calculate adjusted odds ratios (aOR) and their respective 95% confidence intervals
(95%CI). All statistical analyses were performed by means of IBM SPSS Statistics 24.0 for Macintosh
(IBM Corp. Armonk, NY, USA).

3. Results

3.1. Descriptive Analysis

As shown in Table 1, a total of 229 occupational physician (11.3% of the eligible population)
participated to the inquiry. The majority of respondents were aged 40 years or more (66.9%); 52.0%
were males, and 48.0% females. Overall, 41.9% of participants came from Northern regions (i.e., Valle
d’Aosta, Piemonte, Liguria, Lombardia, Veneto, Trentino-Südtirol, Friuli-Venezia-Giulia, Emilia-Romagna),
40.6% came from Central Italy (i.e., Toscana, Umbria, Marche, Abruzzo, Lazio), and residual 17.5% from
Southern regions (i.e., Campania, Molise, Puglia, Basilicata, Calabria) and major islands of Sicilia and
Sardinia. Of all respondents, 44.5% resided in Italian regions characterized by incident cases of TBE,
and 10.9% had any previous interaction with at least one patient affected by TBE.

3.2. Assessment of Knowledge about TBE

After normalization, the mean GKS was generally low (58.4% ± 12.0; actual range 30.0%–80.0%;
median 60.0%). Internal consistency coefficient amounted to Cronbach’s alpha = 0.707 (Table 2).
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Table 1. Characteristics of 229 Italian occupational physicians participating in the survey (2020). Likert scale
for perceived severity and perceived frequency of tick-borne encephalitis (TBE) in agricultural and forestry
settings were dichotomized as “significant” and “very significant” (i.e., severe and frequently reported
disease) vs. all other values (i.e., not severe and infrequently reported).

Variable No., % Average ± SD

Age Group

<30 years 10, 4.4%
30–39 years 66, 28.8%
40–49 years 102, 44.5%
50–59 years 38, 16.6%
≥60 years 13, 5.7%

Gender

Male 119, 52.0%
Female 110, 48.0%

Residence

Northern Italy 96, 41.9%

Central Italy 93, 40.6%

Southern Italy 40, 17.5%

Residence in Italian Region Endemic for TBE 102, 44.5%

Knowledge of the Term “arbovirus” 143, 62.4%

Any Previous Interaction with TBE case(s) in the Practice 25, 10.9%

TBE Immunization Recommended in High-Risk
Occupational Groups

44, 19.2%

General Knowledge Score
58.4% ± 12.0

(median 60.0%)

General Knowledge Score >Median (i.e., 60.0%) 79, 34.5%

TBE Acknowledged as a Severe Disease 38, 16.6%

TBE Acknowledged as a Frequently Reported Disease 77, 33.6%

Risk Perception Score
20.7% ± 12.8

(median 16.0%)

Notes: TBE = Tick Borne Encephalitis; Northern Italy = Italian regions of Valle d’Aosta, Piemonte, Liguria, Lombardia,
Veneto, Trentino-Südtirol, Friuli-Venezia-Giulia, Emilia-Romagna; Central Italy = Italian regions of Toscana, Umbria,
Marche, Abruzzo, Lazio; Southern Italy= Italian regions of Campania, Molise, Puglia, Basilicata, Calabria, Sicilia, Sardinia.

Interestingly, only 16.6% of respondents were aware that the Italian region where they live/work is
characterized by incident TBE cases, while around a quarter of participants (27.9%) acknowledged TBE as a
vaccine preventable disease, and only 27.1% understood that TBE vaccine is not active against Lyme disease.
Moreover, participants were affected by uncertainties about transmission of arboviruses, including the very
same TBE (i.e., only 55.5% reporting tick bite as instrumental to human infection), but also dengue (only 7.0%
clearly stated that dengue virus cannot be transmitted by tick bite) and Crimean-Congo hemorrhagic fever
(14.4% correctly reporting tick as the infection’s primary vector). Significant uncertainties involved also the
immediate managing of tick bite, as 25.3% reported that oils/lotions may improve the removal of tick head.
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Table 2. Knowledge test: response distribution of presented items proposed to the 229 Occupational
Physicians participating in the survey and contributing to the assessment of General Knowledge Score
(GKS) (Cronbach’s Alpha = 0.707).

Statement Correct Answer No., %

1. The subsequent disorders are transmitted by tick bite
TBE TRUE 127, 55.5%

Crimea-Congo Hemorrhagic Fever TRUE 33, 14.4%
Lyme Disease TRUE 173, 75.5%
Yellow Fever FALSE 219, 96.5%

Dengue FALSE 16, 7.0%
West Nile Fever FALSE 223, 97.4%

2. The subsequent disorders are preventable through commercially
available vaccination(s)

TBE TRUE 64, 27.9%
Crimea-Congo Hemorrhagic Fever FALSE 198, 86.5%

Lyme Disease FALSE 205, 89.5%
Yellow Fever TRUE 130, 56.8%

Dengue FALSE 175, 76.4%
West Nile Fever FALSE 183, 79.9%

3. In the Italian Region where he/she lives/works TBE is endemic * 38, 16.6%
4. In cases of tick bites, the head should be removed as soon as possible TRUE 184, 80.3%

5. Tick head should be removed by means of specifically designed tweezers TRUE 157, 68.6%
6. Tick head removal may be improved by means of oils/lotions FALSE 58, 25.3%

7. TBE vaccine is effective also against Lyme disease FALSE 62, 27.1%
8. Arboviral infections in at-risk professionals are compensated as

occupational injuries TRUE 123, 53.7%

9. TBE is characterized by inter-human spreading FALSE 174, 76.0%
10. Latency for Lyme’s disease may be of weeks up to some months TRUE 135, 59.0%

Note = * depending of the region of residence.

3.3. Assessment of Attitudes and Practices

A total of 44 respondents acknowledged that they usually recommend TBE vaccination in agricultural
and forestry workers, i.e., 19.2% of total sample, with only 68.8% of respondents aware that the disorder
may be prevented by means of vaccination.

Focusing on the reported preventive measures (Figure 1), TBE was associated with a distinctive
pattern, even when compared to a similarly tick-borne disorder such as Lyme disease. Even though
very few respondents addressed preventive treatment of standing waters, more properly reported for
preventing a mosquito-borne infection such as WNF (7.9% vs. 64.2% for the removal of standing water,
and 3.9% vs. 67.7% for chemical/biological treatment; both comparisons p < 0.001), such interventions were
associated with an effective prevention of Lyme disease (16.2% for removal of standing water, and 13.5% for
any other treatment, p = 0.001 and p < 0.001 compared to TBE). A significant share of respondents largely
overlooked otherwise effective interventions against tick bites, such as the use of repellents (41.0% for
TBE and 47.6% for Lyme disease), and the use of appropriate pesticides (35.8% and 22.3%, for TBE and
Lyme disease, respectively). Both repellents and pesticides were more commonly reported against WNF
(69.4%, and 40.2%); even though only for the use of repellents, the difference was statistically significant.
The highly effective behavioral adaptation of promoting self-assessment at the end of outdoor activities
was reported by 69.9% of respondents as effective against TBE, by 63.3% of them against Lyme disease
(p = 0.044), and by 40.2% against WNF (p < 0.001). Still, we identified a mixed understanding of other
behavioral adaptations, as a huge proportion of respondents advocated for TBE only countermeasures
effective also against Lyme disease, such as wearing full-length trousers (87.3% vs. 66.4% for Lyme disease),
and putting the end of trousers into the socks (70.7% vs. 54.6%). Less than one fifth of participants
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apparently promoted the use of light-colored cloths for TBE prevention (19.2%), a share significantly lower
than those reported for Lyme disease (61.1%, p < 0.001) and even WNF (34.5%, p < 0.001).

 
Figure 1. Prevalence of protective practices for TBE, Lyme disease, and West Nile Fever (WNF) reportedly
recommended by 229 Occupational Physicians participating in the survey, compared by means of McNemar
test for paired proportions.

3.4. Assessment of the Risk Perception

Overall, 16.6% of respondents acknowledged TBE severity as significant/highly significant, while 33.6%
of them similarly reported its frequency as significant/highly significant. The large majority of respondents,
then, did not characterize TBE as a disease of significant severity and occurrence in daily practice.
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A correspondent RPS equals to 20.7% ± 12.8 (range 4.0 to 60.0%) was calculated, stressing a diffuse
underestimation of TBE on the workplaces.

3.5. Univariate Analysis

Interestingly, RPS and GKS were well correlated (r = 0.304, p < 0.001): a better knowledge status
(i.e., fewer misconceptions and/or less personal attitudes guiding the vaccine decisions) was associated
with a greater risk perception for TBE infection. Univariate analysis showed that promotion of TBE vaccine
among agricultural and forestry workers was significantly associated with being from areas characterized
by incident TBE cases (65.9% vs. 39.5% in professionals from non-endemic areas, p = 0.003), knowing and
understanding the term “arbovirus” (81.8% vs. 57.8%, p = 0.005), scoring a higher GKS (50.0% in subjects
with GKS >median vs. 30.8% for GKS ≤median, p = 0.026). On the contrary, a proactive attitude was less
frequently reported among occupational physicians acknowledging TBE as a severe disease than among
those underscoring its severity (2.3% vs. 20.0%, p = 0.009).

3.6. Multivariate Analysis

In regression analysis (Table 3), being from areas endemic for TBE (aOR 3.107, 95%CI 1.473 to 6.553),
knowing the term “arbovirus” (aOR 3.104, 95%CI 1.295 to 7.442), and reporting a better GKS (aOR 2.386,
95%CI 1.112 to 5.120) were identified as positive predictors for a proactive attitude towards TBE vaccination.
On the contrary, acknowledging TBE as a severe disease was identified a negative effector (aOR 0.068;
95%CI 0.009–0.524).

Table 3. Analysis of factors associated with promoting tick-borne encephalitis (TBE) vaccine in 229 Italian
Occupational Physicians (2020).

Variable

TBE Immunization Recommended in
High-Risk Workers

Chi Squared Test p Value
aOR

(95% CI)Yes
(No./44, %)

No
(No./185, %)

Age < 40 Years 13, 29.5% 63, 34.1% 0.695 -
Male Gender 18, 40.9% 101, 54.6% 0.143 -

Residence in Northern Italy vs. Other
Regions

24, 54.5% 72, 38.0% 0.086 -

Residence in Italian Region Endemic
for TBE

29, 65.9% 73, 39.5% 0.003 3.107 (1.473; 6.553)

Knowledge of the Term “arbovirus” 36, 81.8% 107, 57.8% 0.005 3.104 (1.295; 7.442)
Any Previous Interaction with TBE case(s)

in the Practice
5, 11.4% 20, 10.8% 1.000 -

General Knowledge Score >Median 22, 50.0% 57, 30.8% 0.026 2.386 (1.112; 5.120)
TBE Acknowledged as a Severe Disease 1, 2.3% 37, 20.0% 0.009 0.068 (0.009; 0.524)

TBE Acknowledged as a Frequently
Reported Disease

11, 25.0% 66, 35.7% 0.242 -

Notes: aOR = adjusted Odds Ratio (i.e., Odds Ratio calculated through binary logistic regression).

4. Discussion

In our survey, the large majority of respondents was apparently unaware that a relatively uncommon
but severe disease such as TBE may be avoided through an effective and reliable vaccine. As a consequence,
only a small share of sampled Italian occupational physicians exhibited willingness to recommend the
TBE vaccine, a feature that was substantially consistent with the relatively low acceptance for TBE vaccine
even among high-risk occupational groups [20]. Main factors involved in TBE vaccine promotion among
high-risk groups (i.e., agricultural and forestry workers) were identified in residing in high-risk areas,
having a certain understanding about arboviruses, and exhibiting a better knowledge of TBE and tick-borne
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diseases. Not coincidentally, study participants exhibited a diffuse misunderstanding of TBE and its
preventive measures, with risk perception significantly associated with the assessed knowledge status.

Such results were not unexpected. On the one hand, the Health Belief Model points out that personal
experiences and knowledge status are the logical prerequisites to raise risk perception, which in turn
promotes behavioral adaptations [22,28]. On the other hand, Occupational Physicians acknowledging TBE
as a severe disease were less frequently promoting TBE vaccine among high-risk groups. These results may
appear as inconsistent, or even openly in opposition with the basic assumption that a better understanding of
the risk associated with a certain disorder will ultimately increase the acceptance of countermeasures [22,28],
but it should be stressed that with an overall annual incidence of 0.1 cases/100,000 people, TBE remains an
uncommon event for the majority of professionals not working in high-risk areas [1–5]. Previous studies
on KAP of Italian OP have shown significant knowledge gaps and misunderstandings on up-to-date
vaccinology [18,20]. Moreover, international reports hint towards diffuse false beliefs on immunization
practice among such healthcare professionals [21]. Interestingly, while some previous reports have inquired
KAP of medical professionals on other tick-borne disorders (e.g., Lyme disease) [29–31], there is a significant
lack of evidence on OP and their understanding of TBE [7,14–16,32]. Some studies that have examined
acceptance of preventive measures in endemic areas found uneven or low use of risk-reducing measures,
suggesting that people at risk either ignore or underestimate the health threat from TBE, being unaware of
risks and protective measures, or do not understand that the adoption of protective measures is worth
their time [14,15,33–36].

Still, some aspects of the diffuse misunderstandings on TBE and its prevention were particularly
frustrating, for the following reasons. First, it is obvious that while TBE may be easily prevented by avoiding
high-risk habitats during the peak period of tick activity [1,9,31,37], agricultural and forestry workers may be
forced to perform their tasks irrespective of such place and time restrictions. Second, TBE and Lyme disease
are two distinctive disorders, for their etiology, and pathological aspects, but their prevention may benefit
from the very same preventive habits. Unfortunately, sampled occupational physicians seemly assumed
TBE and Lyme disease as more distinctive entities, with the potential consequence of compromising
the prevention of other tick-borne viral infections, such as Crimea-Congo hemorrhagic fever, but also
bacterial (e.g., Rickettsia spp., Anaplasma phagocytophilum), and protozoan agents (e.g., Babesia microti).
Third, it should be stressed that occupational physicians are quite effective in implementing acceptance and
knowledge among other high-risk workers [18,20]. Addressing knowledge gaps of occupational physicians
may then maximize the consent for vaccination programs and the overcome of mutual misunderstanding
between public health professionals and vaccine hesitant individuals or even vaccine objectors.

The promotion of appropriate preventive measures, either behavioral or immunization, among Italian
agricultural and forestry workers, is indispensable, as some hints highlight that knowledge gaps and
reported misbeliefs on TBE/TBE vaccine issues may have actively contributed to the inappropriately low
protective rates otherwise recalled in previous international reports [16,24,25,32,38].

First, not only overall acceptance [20], but also national vaccination rates for TBE among high-risk
workers remain quite low [2,7,9,12,14], even though serological studies have pointed out that infections do
occur, also in Italian regions not usually associated with TBE [7,12,13,15,16]. Interestingly, in some previous
studies, the most commonly reported reason for not being vaccinated against TBE was the unawareness
that a vaccine exists [20], despite a quite good interaction with healthcare providers such as the general
practitioner and the occupational physician [14,31]. In other words, while our results seemingly confirm
the earlier suspect that healthcare professionals (particularly occupational physicians) are not actively
promoting TBE immunization in high–risk workers groups, since these professionals show a diffuse neglect
of such prevention strategy, vaccination rates may be significantly improved by enriching their knowledge
about TBEV and TBE vaccine [7,14,20,31].
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Second, a previous report from North-Eastern Italy pointed out that a high percentage of farmers
usually avoid behavioral protective and preventive measures [14,33,35]. Despite half of participants
recalled tick bites while performing their work tasks [14], the systematic body checks for tick bites after field
work (i.e., 2.8%) was often not performed [33,36,38,39]. Keeping in mind the increasing threat represented
by TBE in some Italian Regions, but also that Borrelia burgdorferi actively circulates among Italian isolates of
Ixodes ricinus, and reliable vaccines for Lyme disease still remain unavailable, an appropriate intervention
of occupational physicians on such specific topic has, therefore, the potential to significantly improve
health and safety of agricultural and forestry workers. Despite the fact that TBEV infection occurs in
the first minutes after a tick bite, the virus begins to multiply actively in the feeding tick, increasing the
infection dose, and, in turn, increasing the risk of disease. This means that the rapid removal of ticks
reduces the risk not only for bacterial infections, but also for TBE [40]. For this reason, understanding and
sharing appropriate methods for the removal of attached ticks may extensively reduce the overall risk for
the majority of tick borne infections [34,41].

Our study shows several limitations. Firstly, it shares the implicit limits of Internet-based
surveys [42,43]. Such studies are actually reliable, cost-effective, and mostly much faster than a
paper-based survey. However, as participants are somehow “self-selected”, the final sample may
potentially over-represent some sub-groups (e.g., subjects from younger age groups, with a greater literacy,
and more accustomed to the internet access), eventually failing to represent the original population.
Therefore, a significant selection bias cannot be ruled out. Again, as in conventional paper-based surveys,
participating voluntarily could be due to a proactive attitude or greater knowledge about vaccinations.
In the same way, the fact of not participating could be understood as a negative attitude or a lack of
knowledge about vaccinations.

Again, we cannot rule out that some of the items assessed through the knowledge test may be affected
by a significant social desirability bias, with participants reporting the “socially appropriated” rather than
their authentic behaviors, so that our results could have ultimately overstated the share of occupational
physicians having an effective understanding of TBE associated issues [14,44,45].

Moreover, our sample was of limited size, including only 229 professionals among the over
7000 occupational physicians from the national list [20]. Even though we required the participants
to report their geographic origin, such factor was assessed among the possible effectors for TBE-related
KAP, without any role in the sampling strategy. As Italy has been repetitively acknowledged for very
heterogeneous health literacy and vaccination rates, our results should be cautiously interpreted as
representative of the national level [17,18,46]. Similarly, while a certain selection is usually performed
by social media managers of specific discussion groups (e.g., by registering only subjects who receive a
specific invitation by the manager; answering to specific “selection” questions; etc.), we cannot rule out
that some of the respondents were not actively working as occupational physicians, limitedly or even not
fulfilling our initial selection criteria.

Finally, collected data were not externally validated, lacking an estimate of high-risk workers actually
followed by sampled occupational physicians. More specifically, we are neither able to ascertain how
often sampled professionals interact with agricultural and/or forestry workers, nor which share of their
practice they actually represent. Similarly, we are unable to assess how reliable are the practices reported
by respondents, that is which share of workers followed by participants actually receive vaccines and/or
specific recommendations. As a consequence, we were unable to estimate the effective extent of the social
desirability bias, being the actual vaccination rates for TBE potentially even lower than those self-reported
by study participants.
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5. Conclusions

In conclusion, our results suggest an extensive lack of knowledge of sampled occupational
physicians on TBE vaccination. Such results are consistent with previous reports on the TBE and
its preventive measures in Northern Italy, and with the limited evidence on vaccine literacy of occupational
physicians. More specifically participants were seemly unaware that an effective TBE vaccine does
exist, and underestimated the potential health risks associated with TBEV infection. Our results suggest
that a significant share of occupational physicians actually ignores or only partially applies official
recommendations on TBE vaccinology. As knowledge status appeared well correlated with risk perception,
being moreover characterized as a significant predictor of a proactive attitude towards TBE among
occupational physicians, it is reasonable that filling their information gaps might improve the rate of proper
preventive measures among agricultural and forestry workers. As TBEV infection may be effectively
countered not only by means of TBE vaccine, but also through effective behavioral practices, improving this
way the prevention of all tick-borne infections, increasing vaccination literacy of occupational physicians
and promoting their interaction with agricultural and forestry workers would be, therefore, instrumental
and cost-effective in reducing the potential spreading of all tick-borne disorders.
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Abstract: Dengue is placing huge burdens on the Malaysian healthcare system as well as the economy.
With the expansion in the number of high-rise residential buildings, particularly in the urban centers,
the flight range and behavior of Aedes mosquitoes may be altered in this habitat type. In this study,
we aimed to expand the understanding of the vertical distribution and dispersal of Aedes in nine
selected high-rise residences in Kuala Lumpur, Selangor, and Johor using ovitraps as the sampling
method. We discovered that Ae. aegypti is the predominant species in all study sites. Both Ae. aegypti
and Ae. albopictus are most abundant within the first three levels and could be found up to level 21
(approximately 61.1–63.0 m). Pearson correlation analyses exhibited negative correlations in eight out
of nine study sites between the ovitrap indexes (OIs) within each floor level, suggesting that Aedes
density decreased as the building level increased. Our findings provide information to the public
health authorities on ‘hot spot’ floors for effective suppression of dengue transmission.

Keywords: vertical dispersal; Aedes; mosquito; high-rise residences; dengue; surveillance

1. Introduction

Dengue is a vector-borne infectious disease with an estimated 100–400 million infections
annually [1]. Transmission of one of the four antigenically distinct serotypes of dengue virus (DENV-1 to
DENV-4) may cause dengue and its severe forms—hemorrhagic fever and shock syndrome [2]. To date,
efficacious and cost-effective vaccines and antiviral drugs against these four serotypes are still under
various stages of research and development [3,4]. Until dengue vaccines or antiviral drugs become
available, the only current method proven to be effective in dengue control and prevention is vector
control measures that could be sustained through community involvement [1]. The spread of dengue
globally is fueled by a combination of various factors including climate change, rapid urbanization,
increased international travel and trade, as well as changes in land-use patterns [5].
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Dengue is endemic in Malaysia and Malaysia is one of the most severely affected countries
in South-East Asia [1]. The country had 80,615 reported dengue cases and 147 deaths in the year
2018 [6]. Selangor reported the highest number of dengue cases (45,349 cases), followed by Federal
Territories of Kuala Lumpur and Putrajaya (7591 cases), Penang (6071 cases) and Johor (5885 cases) [6].
The primary mosquito vector for dengue is Aedes aegypti, while Ae. albopictus is recognized as the
secondary vector [2]. These two Aedes species are prevalent in Malaysia where they can coexist in
similar ecological niches [7].

Increased demand for housing due to urban sprawl and land scarcity in major urban regions
resulted in an increase in high-rise residential buildings ranging from flats and apartments to luxury
condominiums [8]. According to a housing statistic, 5.5 million people in Malaysia live in high-rise
residences as of June 2014 [9], suggesting that a large number of Malaysians are experiencing high-rise
living, also known as vertical living. The rise in the numbers of new non-landed, high-rise properties,
as a result, may pose greater challenges in developing preventive and control measures against dengue,
due to a change in dispersal dynamics of Aedes due to adaptation to non-landed, high-rise housing.

The vector flight range plays a key role in the dynamics of transmission. In standard approaches
by the Ministry of Health (MOH), Malaysia, reduction of the proliferation of infected vectors and
suppression of dengue outbreaks are achieved through vector control measures, e.g., insecticide fogging,
larviciding and elimination of potential larval habitats, within a buffer zone with a radius of 200 m from
the house where a dengue case is reported [10]. This is in line with standard mark-release-recapture
studies showing that the mean distance of recaptured Ae. aegypti rarely went beyond 100 m [11,12].
In a review article, Ae. aegypti is said to disperse horizontally with an average distance of 83.4 m [13].
However, the standard approaches used are generally applied to low-rise housing. Slightly different
vector control approaches may be required for high-rise housing. At present, specific guidelines for
vector control activities in high-rises are yet to be released. But according to a circular from the MOH,
fogging shall be performed within a 200 m radius from the index case house, and for buildings that
have more than five levels, fogging shall be completed at least within five levels below and above
the index case house [14]. For buildings that have five floors or less, the whole building shall be
fogged [14].

Studies on the vertical distribution of Aedes in high-rises have been carried out in several countries,
including Sri Lanka [15], Trinidad [16], Singapore [17] and Malaysia [7,18,19]. Research in Trinidad,
West Indies, suggested that Aedes eggs were found mostly in 13–24 m elevations [16]. While in Sri Lanka,
Aedes could be found from the ground floor to the highest floor of 130 ft (approximately 40 m), but
largely were discovered at the 60 ft elevation (approximately 18 m) [15]. A similar observation was seen
in Putrajaya, Malaysia in which Aedes density peaked at the height of 16.1–18 m [19]. These studies
indicated that infestations of Aedes in high-rises were extensive, ranging from the ground level to
higher elevations, and that they have the ability to survive in high-rise buildings.

This study aimed to expand the understanding of the vertical distribution of Aedes in nine selected
high-rise residences in the Federal Territory of Kuala Lumpur and the States of Selangor and Johor
using ovitraps as the sampling method. Although a few studies have been performed in Malaysia for
similar purposes [7,18–20], the ever-increasing number of high-rise residences in Malaysia makes this
study warranted. Up-to-date information gained from this study will hopefully serve as guidelines for
the public health officers to identify ‘hot spot’ floors of Aedes infestation in high-rises for quick and
more efficient dengue control efforts.

2. Materials and Methods

2.1. Study Sites

The study was conducted in nine study sites that constituted high-rise properties. Five study
sites were in Selangor State—Subang Perdana Goodyear Court 8 (GC8), Goodyear Court 10 (GC10),
Apartmen Pesona (AP), Flat Sri Kota (FSK) and PPR Taman Mulia (PTM); two study sites were in
Johor State—PPR Taman Kempas Permai (TKP) and Apartmen Sri Wangi (ASW) and two study sites
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were in the Federal Territory of Kuala Lumpur—Kuarters Jalan Sultan Abdul Aziz Block A (KJA)
and Block C (KJC) (Figure 1). The sites were chosen because they had prolonged dengue outbreaks
between the years 2014 and 2018. All study sites were in urban areas, at which their coordinates
were obtained using the Global Positioning System (GPS) (Garmin Montana®680, Olathe, KS, USA).
The physical and geographical description as well as the building design of each study site are explained
in Supplementary Table S1 and Figures S1–S6.

 

Figure 1. The geographical map of the study sites. Abbreviations: GC8—Goodyear Court 8,
GC10—Goodyear Court 10, AP—Apartmen Pesona, FSK—Flat Sri Kota, PTM—PPR Taman Mulia,
KJA—Kuarters Jalan Sultan Abdul Aziz Block A, KJC—Kuarters Jalan Sultan Abdul Aziz, TKP—PPR
Taman Kempas Permai and ASW—Apartmen Sri Wangi.

2.2. Ovitrap Surveillance

The number of Aedes larvae that represented the population densities of Aedes was assessed at
different building levels via ovitraps. Ovitrapping was performed as described in Lee [21]. Each ovitrap
consisted of a 250 mL cylindrical, black plastic container (7.0 cm diameter, 9.0 cm height) filled with
tap water to a level of 5.5 cm. Each ovitrap was equipped with a removable oviposition paddle
that was made from a thin strip of brown hardboard (10 cm × 2.5 cm × 0.3 cm). The paddle was
placed diagonally with the rough surface facing upwards where the mosquitoes laid eggs above the
water level.

Ovitrap monitoring was conducted separately for each study site between the years 2014 and
2018, with sampling at each site consisting of 10 weeks of data collection. The total number of ovitraps
placed in each study site is described in Table 1. One ovitrap was placed randomly on each level
that had minimum human, physical and environmental disturbance. We placed the ovitraps in a
semi-indoor environment, defined as the area outside of the house units but is still sheltered by the
roof, e.g., shared corridor and stairway. The ovitraps were collected after seven days and replaced
with new ovitraps consisting of fresh tap water and egg-free oviposition paddles. Any disturbances to
the exposed ovitraps, e.g., theft, vandalism or invasion by insects, were recorded.

The collected ovitraps were transported back to the Institute for Medical Research (IMR),
Kuala Lumpur, laboratory for further processing. The ovitrap contents along with the oviposition
paddle were transferred into the plastic containers and labeled according to the study site, date of
collection, and level. Beef liver powder (Difco Laboratories, MD, USA) was added into each container
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as larval food. Identification to species level of third or fourth instar was performed using established
taxonomy keys [22,23] under a compound microscope (Nikon Eclipse® E100, Japan). The ovitrap
contents were examined for species identification until no newly emerged larvae were present in
the containers.

Table 1. The total number of ovitraps placed in each study site.

Study Site Total Number of Ovitraps

GC8 300
GC10 500

AP 200
FSK 700
PTM 400
ASW 360
TKP 510
KJA 570
KJC 190

2.3. Data Analysis

Data entry and statistical analyses were conducted using Microsoft Excel and Statistical Package
for Social Sciences (SPSS) Version 25.0 [24]. Ovitrap index (OI) is expressed as the percentage of positive
ovitraps per the number of ovitraps recovered. Summation and the mean number of Aedes larvae for
each Aedes species per ovitrap were performed in every study site. Paired samples t-test analysis was
conducted to determine if there is any significant difference between the mean number of Ae. aegypti
larvae and Ae. albopictus larvae per ovitrap. Single and cohabitation of Aedes spp. were also analyzed.
Linear regression line for OIs in each floor level was constructed for each site. The Spearman’s rank
correlation coefficient test was further conducted to investigate the correlation between the mean
number of Aedes larvae and floor level. All levels of statistical significance were determined at p ≤ 0.05.

3. Results

The overall results showed that the OI varied quite considerably between the nine study sites, with
AP exhibiting the highest OI (63.00 ± 3.40%), followed by TKP (55.00 ± 2.40%) and ASW (51.00 ± 2.70%)
(Table 2). The lowest OI belonged to KJA with OI of 26.00 ± 1.90% (Table 2). Paired samples t-test
analysis indicated that the mean number of Ae. aegypti larvae per ovitrap was significantly higher than
that of Ae. albopictus in all study sites (p ≤ 0.05), demonstrating that Ae. aegypti is the predominant
species in all sites studied. Collected Ae. aegypti larval instars were highest in TKP (8847 larvae),
while Ae. albopictus instars were most abundant in AP (980 larvae) (Table 2). The relative abundance
(ratio) of Ae. aegypti to Ae. albopictus ranged from the lowest of 1.7:1 in AP to the highest of 30.6:1 in
KJA (Table 2).

Table 2. The overall analysis of Aedes larval instars collected in each study site.

Study Site Ovitrap
Collected

Ovitrap
Index (%)

Ae. aegypti Ae. albopictus
Ratio Ae. aegypti:

Ae. albopictusTotal
Larvae

Overall
Percentage (%)

Total
Larvae

Overall
Percentage (%)

GC8 297/300 48.00 ± 2.90 5216 94.02 332 5.98 15.7: 1
GC10 454/500 41.00 ± 2.30 5258 84.63 955 15.37 5.5: 1

AP 200/200 63.00 ± 3.40 1640 62.60 980 37.40 1.7: 1
FSK 658/700 37.00 ± 1.90 3111 91.10 304 8.90 10.3: 1
PTM 371/400 37.00 ± 2.50 1614 76.17 505 23.83 3.2: 1
ASW 351/360 51.00 ± 2.70 4483 90.22 486 9.78 9.3: 1
TKP 448/510 55.00 ± 2.40 8847 92.45 722 7.55 12.3: 1
KJA 564/570 26.00 ± 1.90 1898 96.79 63 3.21 30.6: 1
KJC 188/190 31.00 ± 3.40 738 94.98 39 5.02 18.7: 1
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We performed a further analysis by looking at single and cohabitation of Aedes species in the
same ovitraps. Our analyses showed that single breeding of Aedes was much more prevalent than the
cohabitation of Aedes spp. in all study sites (Table 3). The proportions of ovitraps positive for single
breeding of Ae. aegypti were noticeably high in all study sites, ranging from 64.80% in AP to 96.62% in
KJA (Table 3). It is worth noting that KJA was the only study site void of cohabitation of Aedes spp.,
contributing to its high percentage of single breeding of Ae. aegypti (Table 3). Meanwhile, percentages
of ovitraps positive for single breeding of Ae. albopictus were, in general, higher than cohabitation of
Aedes spp., with the exception of TKP (Table 3). Analysis variance of one-way ANOVA showed that
there were significant differences in the mean number of Ae. aegypti larvae (p ≤ 0.05, F = 34.652) and
Ae. albopictus larvae (p ≤ 0.05, F = 9.712) in single breeding as well as in cohabitation of Aedes spp.
among the nine study sites (p ≤ 0.05, F = 8.628). TKP displayed the highest mean number of Ae. aegypti
per ovitrap in single breeding (17.33 ± 1.50) and cohabitation of Aedes spp. (3.58 ± 0.74) (Table 3).
Interestingly, PTM was the only site that exhibited a higher ratio of Ae. albopictus to Ae. aegypti in
cohabitation containers (Table 3).

Table 3. Comparisons between single breeding and cohabitation of Aedes spp. in each study site.

Study Site

Single Breeding
Cohabitation

Ae. aegypti Ae. albopictus

Percentage of
Positive

Ovitraps (%)

Mean Larvae
per

Ovitrap ± SE

Percentage of
Positive

Ovitraps (%)

Mean Larvae
per

Ovitrap± SE

Percentage of
Positive

Ovitraps (%)

Mean Larvae
per

Ovitrap± SE

Ratio Ae.
aegypti: Ae.
albopictus

GC8 90.97 16.96 ± 1.66 5.56 0.79 ± 0.37 3.47 0.93 ± 0.45 1.86: 1.00
GC10 78.38 10.56 ± 0.99 13.51 1.40 ± 0.39 8.11 1.73 ± 0.57 1.45: 1.00

AP 64.80 7.38 ± 0.91 21.60 4.14 ± 1.18 13.60 1.59 ± 0.45 1.08: 1.00
FSK 90.24 4.55 ± 0.34 6.91 0.38 ± 0.11 2.85 0.26 ± 0.10 2.31: 1.00
PTM 78.68 4.25 ± 0.50 18.38 1.16 ± 0.31 2.94 0.30 ± 0.16 1.00: 1.90
ASW 79.33 11.32 ± 1.22 10.61 0.89 ± 0.27 10.61 1.95 ± 0.51 2.10: 1.00
TKP 82.26 17.33 ± 1.50 6.05 0.45 ± 0.16 11.69 3.58 ± 0.74 2.92: 1.00
KJA 96.62 3.37 ± 0.30 3.38 0.11 ± 0.07 0.00 0.00 ± 0.00 0.00: 0.00
KJC 94.92 3.76 ± 0.53 3.39 0.11 ± 0.09 1.69 0.27 ± 0.27 1.78: 1.00

The relationship between OI and floor level was investigated in this study. For this, the linear
regression line of each study site was constructed (Figure 2). Except for KJA, Pearson correlations
exhibited negative correlations in all sites, suggesting that as the floor level increased, the OI decreased.
Significant differences between OIs within each floor level were exhibited in GC8 (p = 0.020), GC10
(p = 0.010), FSK (p = 0.009) and PTM (p = 0.007). KJA had a positive correlation between OIs within
each floor level but was insignificant (p = 0.460).

 

(a) 

 

(b) 

Figure 2. Cont.

37



Trop. Med. Infect. Dis. 2020, 5, 114

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

(g) 

 

(h) 

 

(i) 

 

 

R² = 0.0833

50

55

60

65

70

0 1 2 3 4 5

O
vi

tr
ap

 in
de

x 
(%

)

Level

AP

R² = 0.3213

0

20

40

60

80

100

0 2 4 6 8 10 12 14 16 18

O
vi

tr
ap

 in
de

x 
(%

)

Level

FSK

R² = 0.2798

0

20

40

60

80

100

0 3 6 9 12 15 18 21

O
vi

tr
ap

 in
de

x 
(%

)

Level

PTM

R² = 0.0419

30

40

50

60

70

0 3 6 9

O
vi

tr
ap

 in
de

x 
(%

)

Level

ASW

R² = 0.0166

20

30

40

50

60

70

0 2 4 6 8 10 12 14 16 18

O
vi

tr
ap

 in
de

x 
(%

)

Level

TKP

R² = 0.0006

0

10

20

30

40

50

0 5 10 15 20

O
vi

tr
ap

 in
de

x 
(%

)

Level

KJA

R² = 0.0427

10

20

30

40

50

0 2 4 6

O
vi

tr
ap

 in
de

x 
(%

)

Level

KJC

Figure 2. Relationship between ovitrap index (%) and level in each study site. (a–i) GC8, GC10, AP,
FSK, PTM, ASW, TKP, KJA, KJC.
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To go deeper into this analysis, we found that six out of nine study sites—GC8, GC10, AP, FSK,
PTM, and TKP—displayed the highest mean number of Aedes larvae per ovitrap on floor level 1
(0.0–3.0 m height) (Table 4). In contrast, Aedes larvae per ovitrap peaked on the top floor (54.1–57.0 m
height) in KJA (Table 4). In ASW and KJC, Aedes larvae density was highest on level 7 (18.1–21.0 m
height) and level 4 (9.1–12 m height), respectively (Table 4). Intriguingly, all three sites of the five-story
building—GC8, GC10 and AP—showed the lowest mean number of Aedes larvae per ovitrap on the
highest floor (12.1–15.0 m height) (Table 4). Likewise, ASW, KJA and KJC presented the least Aedes
larvae per ovitrap within the same floor height (Table 4). It may be noted that Ae. aegypti was found
on every floor level at all study sites, up to level 21 (61.1–63.0 m height). Similar to Ae. aegypti,
Ae. albopictus was discovered on each floor level up to level 21, but in KJA and KJC, the species could
only be found up to level 3 and level 2, respectively (Supplementary Tables S2 and S3). Similar to the
OI analysis, Spearman’s rank correlation coefficient showed negative correlations in all sites except for
KJA (Table 4).

Table 4. The mean number of Aedes larvae per ovitrap on each level. Spearman’s rank correlation
coefficient between the mean number of Aedes larvae and level (height) was calculated using
SPSS statistics.

Level
Approximate
Height (m)

GC8 GC10 AP FSK PTM ASW TKP KJA KJC

1 0.0–3.0 36.16 ± 5.02 26.72 ± 3.71 14.90 ± 2.80 9.88 ± 1.40 14.10 ±
3.40 11.21 ± 3.08 36.29 ± 8.81 5.13 ± 1.73 4.10 ± 1.48

2 3.1–6.0 19.28 ± 3.91 12.99 ± 2.07 13.28 ± 2.68 6.57 ± 1.66 9.16 ± 2.62 15.83 ± 3.68 33.39 ± 8.59 1.67 ± 0.77 4.93 ± 1.53
3 6.1–9.0 14.22 ± 2.76 10.73 ± 2.25 14.18 ± 3.68 3.63 ± 1.05 6.05 ± 2.27 17.38 ± 3.82 20.21 ± 4.00 3.73 ± 1.07 3.76 ± 1.20
4 9.1–12.0 13.72 ± 3.34 10.04 ± 1.97 12.08 ± 3.99 6.23 ± 1.60 7.58 ± 3.56 9.38 ± 2.68 23.42 ± 7.21 2.59 ± 1.13 5.47 ± 1.52
5 12.1–15.0 10.53 ± 2.73 8.76 ± 2.08 11.08 ± 2.19 5.87 ± 1.42 7.83 ± 2.90 7.89 ± 2.67 17.90 ± 4.86 1.31 ± 0.91 2.23 ± 1.11
6 15.1–18.0 4.64 ± 1.59 5.44 ± 3.49 15.64 ± 4.04 14.75 ± 5.71 4.67 ± 1.12 4.31 ± 1.71
7 18.1–21.0 4.92 ± 1.81 5.45 ± 2.31 19.79 ± 5.25 25.25 ± 7.09 4.30 ± 1.75
8 21.1–24.0 8.38 ± 1.81 3.12 ± 1.79 15.64 ± 4.41 17.21 ± 5.65 2.27 ± 1.28
9 24.1–27.0 2.76 ± 1.51 5.50 ± 2.13 14.51 ± 4.21 12.86 ± 4.38 2.22 ± 0.97

10 27.1–30.0 4.08 ± 1.28 3.25 ± 1.93 16.55 ± 8.33 4.07 ± 1.59
11 30.1–33.0 1.53 ± 1.48 8.11 ± 3.44 19.61 ± 7.04 2.73 ± 1.09
12 33.1–36.0 3.72 ± 1.29 9.06 ± 2.94 5.54 ± 2.86 3.03 ± 1.01
13 36.1–39.0 3.15 ± 1.03 1.28 ± 0.80 23.00 ± 6.57 4.00 ± 1.68
14 39.1–42.0 4.00 ± 1.41 4.58 ± 1.45 33.68 ± 7.43 2.80 ± 1.01
15 42.1–45.0 5.23 ± 1.49 5.10 ± 2.69 10.86 ± 2.93 2.90 ± 1.23
16 45.1–48.0 3.08 ± 1.10 0.89 ± 0.57 32.48 ± 8.58 2.97 ± 1.09
17 48.1–51.0 5.31 ± 1.71 6.68 ± 2.46 17.73 ± 5.33 3.07 ± 1.18
18 51.1–54.0 0.05 ± 0.05 3.90 ± 1.33
19 54.1–57.0 1.17 ± 0.76 8.66 ± 2.01
20 57.1–60.0 6.00 ± 2.29
21 60.1–63.0 7.28 ± 4.52
r −0.304 −0.231 −0.070 −0.172 −0.203 −0.024 −0.059 0.024 −0.028
P 0.000 0.000 0.322 0.000 0.000 0.657 0.211 0.576 0.705

4. Discussion

With the expansion in the number of high-rise residential buildings largely in the urban areas
in Malaysia, we believe that the up-to-date information on the vertical distribution of Aedes in this
habitat type is warranted. We discovered that Ae. aegypti was the predominant species in all nine
study sites, in which the number of Ae. aegypti larval instars were up to 30-fold higher in comparison
to Ae. albopictus. The dominance of Ae. aegypti is in line with the results of several vertical dispersal
studies conducted in urban high-rise residences in Kuala Lumpur and Selangor [7,18] as well as
Putrajaya [19]. This finding is not surprising, because Ae. aegypti is adapted to reside in and around
human dwellings. Female Ae. aegypti also preferentially breed in artificial and domestic containers in
the urban areas [25], which may be commonly found in the semi-indoor environment of our study
sites. Likewise, the lower number of Ae. albopictus larval instars observed in all study sites were due to
their behavior. Ae. albopictus prefers to breed in natural habitats such as tree holes and to reside where
vegetation is plentiful [26], which may be especially uncommon in high-rise properties where space is
limited for planting or gardening. However, recent studies in Malaysia discovered that Ae. albopictus
have been acclimatizing to the domestic environment in urban areas. The species is now found both in
the indoor and outdoor environments and readily breeds in artificial or man-made containers [27,28].
Therefore, it is not surprising that Ae. albopictus was found, but in a lower number.
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The mixed infestation of Ae. aegypti and Ae. albopictus was detected in all sites, apart from KJA,
accounting for 1.39% to 13.60% of the percentage of positive ovitraps collected. The cohabitation of
Aedes spp. found in the present study suggested that their ecological niche overlapped. A study in
multi-story buildings in Selangor and Kuala Lumpur by Lau [7] discovered a higher percentage of
cohabitation of Aedes spp., ranging from 10.77% to 26.56% from the total percentage of positive ovitraps
collected. The lower percentages of co-breeding compared to single breeding may be explained through
their breeding behavior. Ae. albopictus, for instance, would avoid breeding in habitats occupied by
Ae. aegypti, and vice versa, as shown in a study in Penang [29].

The discovery of Aedes on each level suggested that Aedes could disperse up to the highest floor
level. Three main types of adult mosquito dispersal exist [30]. The first is unintentional dispersal
by riding along with humans via airplanes or ships, involving long-distance dispersal from one
continent to another. The second is mosquitoes being carried through wind-assisted dispersal, also in
a long-distance and unintentional dispersal. The third type (involved in our study) is considered as
active and intentional in a short-distance dispersal. In high-rise buildings, Aedes could be involved in
short-distance dispersal via human transportation using stairs or lifts as suggested in other studies [7,19].
Mosquitoes may disperse to look for blood sources, nectar sources, mates, oviposition sites and resting
sites [30]. The search for new oviposition sites, for example, could be represented by the ovitraps and
possibly other cryptic breeding sites that drive the dispersal of female Aedes through the availability of
stagnant water for the development of immature, aquatic stages of mosquitoes. Studies conducted in
urban habitats in Malaysia discovered that both Aedes spp. were mostly found in domestic receptacles
such as flower vases, flower pot plates, pails, bowls, refrigerator trays, plastic containers, empty paint
cans and in building structures such as roofs, drains, gutters and gully traps [27,31,32]. We hypothesized
that the Aedes mosquitoes in our study sites could have originated from these sources.

Additionally, the discovery of Aedes on each level suggested that the ground floor, as well
as the higher elevations, support the survival of Aedes. The availability of biotic and abiotic
components (ecological niche) and ecosystem in our study sites may have provided sufficient bloodmeal,
resting place, and breeding sites for Aedes [16]. Biotic components include humans, pets, and plants,
while abiotic components include temperature, humidity, wind speed, and building structure [16].
The denser people living in high-rises will most likely provide more blood meals for Aedes, and in turn
increase their vectorial capacity to transmit dengue viruses due to higher contact with human hosts [33].
This is particularly true for Ae. aegypti, which has an anthropophilic tendency for preferential feeding
on human blood and takes multiple blood-feeding in a gonotrophic cycle [34,35].

Although Aedes dispersal seemed extensive (up to level 21, 61.0–63.0 m height), the present study
demonstrated that Aedes larvae were most abundant on the ground floor. A plausible reason may
be due to the existence of communal areas in the ground level such as parking spaces, shops and
waste disposal areas that sometimes could have poor sanitation, creating favorable mosquito breeding
sites. In Singapore, for example, children residing in the ground level reportedly had higher dengue
infection rates compared to those residing in higher levels because more Aedes breeding habitats were
found in the communal areas [17]. This finding emphasized that the ground floor demands additional
efforts during vector control measures.

Intriguingly, unlike the other eight other study sites, we found Aedes larvae were most abundant
at the highest level of KJA with an elevation of approximately 54.1 to 57 m. We speculate that this
might be due to the presence of an uneven rooftop floor, where heavy rain will cause puddles and
create breeding sites for mosquitoes. Importantly, in the study, we found that the maximum height of
Ae. aegypti dispersal was identical to Ae. albopictus (61.1–63.0 m). However, we wanted to point out
that Ae. albopictus had overall a higher density closer to the ground floor. In KJA and KJC, they could
only be found up to level 2 and level 3, respectively. The results suggested that Ae. albopictus preferred
elevations closer to the ground floor, presumably with scattered vegetation around for breeding and
resting. Furthermore, from the results, it was clear that ‘hot spot’ floors of Aedes infestation were within
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the first three floors. Again, we think that floors closer to the ground may create a complete ecosystem
and ecological niche suitable for Aedes infestation.

It is noteworthy to point out that TKP exhibited comparably high Aedes populations at the upper
levels (levels 14 to 17) as well as the first two floor levels, implying a U-shaped curve instead of a
declining trend. This may have occurred owing to the existence of water tanks between levels 16
and 17. Likewise, PTM has water tanks between levels 20 and 21 that may be responsible for the
considerably large Aedes populations at the upper levels.

Our study possesses some limitations. Firstly, we did not consider environmental factors such as
temperature, relative humidity, wind speed and rainfall. Wind speed, for instance, could influence
the flight capabilities of mosquitoes [36], while relative humidity influences the mating and feeding
behavior of mosquitoes [37]. Future research incorporating these environmental factors may be
warranted. Secondly, our study sites have different building designs that may have influenced our
results. However, we could say that the low-cost houses, i.e., AP, FSK, TKP, and PTM, possess similar
building designs (Supplementary Figures S2, S3 and S5). Because our study only included low- and
medium-cost houses, future studies incorporating high-cost houses such as luxury condominiums
may provide interesting new insights into the vertical dispersal of Aedes.

In conclusion, our study revealed that the dispersal of Aedes vertically in high-rise residential
buildings could be considered extensive. We think that Aedes could disperse to the upper floors even
under little pressure to fulfill their needs, particularly finding hosts and oviposition sites. Based on our
results, we recommended that the vector control operations should be concentrated within the first
three floors and that guidelines specific for high-rises should be available. Given the extensive vertical
dispersal of Aedes, other levels (middle and upper) should also be taken into consideration during
vector control measures, depending on the location of the index case house as recommended in the
circular. Vertical vector dispersal and propagation may play key roles in dengue virus dissemination
in high-rises and may require further attention to fully investigate its importance.
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Abstract: Anthropic changes on the edges of the tropical forests may facilitate the emergence of new
viruses from the sylvatic environment and the simultaneous circulation of sylvatic and urban viruses
in the human population. In this study, we investigated the presence of arboviruses (arthropod-borne
viruses) in the sera of 354 patients, sampled from February 2014 to October 2018 in Sinop city.
We sequenced the complete genomes of one chikungunya virus (CHIKV)-positive and one out of
the 33 Mayaro virus (MAYV)-positive samples. The CHIKV genome obtained here belongs to the
East/Central/South African (ECSA) genotype and the MAYV genome belongs to the L genotype.
These genomes clustered with other viral strains from different Brazilian states, but the CHIKV strain
circulating in Sinop did not cluster with other genomes from the Mato Grosso state, suggesting that at
least two independent introductions of this virus occurred in Mato Grosso. Interestingly, the arrival of
CHIKV in Sinop seems to not have caused a surge in human cases in the following years, as observed
in the rest of the state, suggesting that cross immunity from MAYV infection might be protecting
the population from CHIKV infection. These findings reinforce the need for continued genomic
surveillance in order to evaluate how simultaneously circulating alphaviruses infecting the human
population will unfold.

Keywords: alphaviruses emergence; molecular epidemiology; human infection; arbovirus

1. Introduction

Arboviruses, arthropod-transmitted viruses, can successfully replicate in both invertebrates,
vectors and vertebrate host cells [1]. These viruses are mostly transmitted by mosquitoes in sylvatic
and urban environments, causing a large public health burden in several tropical countries around the
globe [2]. WHO estimates that the dengue virus alone infects around 100–400 million people annually,
mainly in the South American and Asian continents [3]. On the other hand, several human pathogenic
arboviruses circulate in the sylvatic environment, with eventual spillover to the human population,
such as Saint Louis encephalitis virus (SLEV) [4,5], West Nile virus (WNV) [6,7] and Mayaro virus
(MAYV) [8,9].

Most known human-infecting arboviruses belong to the families Flaviviridae, Togaviridae and
Peribunyaviridae [9,10]. Viruses from the Togaviridae family are zoonotic and epizootic pathogens that
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cause recurrent epidemics in both human and animal populations [11,12], such as the mosquito-borne
alphaviruses chikungunya virus (CHIKV), O’nyong’nyong virus (ONNV), Ross River virus (RRV)
and Mayaro virus (MAYV), and the viruses of the Western (WEEV), Eastern (EEEV) and Venezuelan
(VEEV) equine encephalitides [12,13]. The arthritogenic alphaviruses MAYV and CHIKV were first
isolated in the 1950s [14,15]. Since then, MAYV has been considered endemic and enzootic in South
America and the Caribbean [16,17], while CHIKV emerged in Africa but spread globally, showing
a much more complex evolutionary history. Phylogenomic analyses of CHIKV have revealed three
distinct genotypes: West African (WA), East/Central/South African (ECSA) and Asian/Caribbean [18].
In Africa, both the WA and ECSA genotypes were circulating mainly enzootically among non-human
primates, with occasional spillover to humans, while some ECSA lineages, such as the Indian Ocean
lineage (IOL), expanded their range and have now been causing large outbreaks in the Asian continent.
The Asian/Caribbean genotype is predominantly endemic/epidemic among human populations [19,20].

In Brazil, two CHIKV genotypes emerged in 2014: The Asian/Caribbean genotype in the Amapá
state [21] and the ECSA genotype in the Bahia state [22]. Thereafter, a surge of human cases occurred;
more than 500,000 cases have been reported by the Brazilian Ministry of Health [23]. Conversely,
the neglected tropical Mayaro fever has no reports in the Brazilian epidemiological bulletins. However,
studies have shown that 495 MAYV-infection cases have been detected in Brazil so far—more than
half of all 901 cases reported in Latin America and the Caribbean [17]. These data show that the two
viruses are constantly infecting the human population, with dramatically different dynamics but, until
now, no studies have identified their co-circulation.

Chikungunya virus and MAYV circulate between an invertebrate vector and a vertebrate host [13],
involving non-human primates and arboreal Aedes (for CHIKV) and Haemagogus janthinomys (for
MAYV) mosquitoes [24,25]. Both the Asian/Caribbean and the ECSA lineages of CHIKV can circulate
in urban cycles between humans and their main vectors Aedes aegypti and Ae. albopictus. Contrastingly,
the WA lineage has never switched to an urban cycle and is maintained in a sylvatic cycle, including
non-human primates and sylvatic Aedes mosquitoes, which are not anthropophilic but have caused
sporadic human cases by biting humans in rural areas [13]. Similarly, MAYV causes disease after
spillover transmission to nearby human populations inferred as incidental or dead-end hosts [26].
However, new evidence suggests that a sustained urban transmission is also possible since Ae. aegypti
has been shown to transmit MAYV in laboratory conditions [27,28] and the MAYV genome has been
detected in naturally infected Ae. aegypti specimens [29]. The high prevalence of Ae. aegypti in the
urban environment in Brazil and other South American countries where Mayaro fever is endemic
suggests that an urban cycle could be established [25]. Based on the vector species’ habitat suitability
and current knowledge about these viruses’ distribution, it is possible that both alphaviruses spread
and co-circulate, causing human outbreaks [30].

The whole-genome sequencing of clinical isolates during epidemics and interepidemic periods
can be used to uncover the pathogen’s natural history and spread pattern, providing background
information to guide monitoring and prevention strategies, foster vaccine development and improve
diagnostics and treatment [31]. The study of full-length arboviral genomic sequences provides access
to evolutionary markers that allows more robust evolutionary inferences than viral fragments [32,33].
Herein, we report a genomic investigation and phylogenetic study based on the complete MAYV
and CHIKV genomes sequenced from patients living on the southern border of the Brazilian
Amazon rainforest.

2. Materials and Methods

2.1. Study Site

This study was carried out in Sinop city (11◦50′53′′ S and 55◦38′57′′ W), located 503 km north of
the Mato Grosso state capital of Cuiabá, Midwest Brazil. The city was established in 1974, inside the
Amazon rainforest, and today, it has an estimated population of 139,935 inhabitants. Sinop is situated
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in a transitional zone between the Amazon rainforest and Cerrado (Savannah) biomes. The region
has a tropical climate, with a dry season of six months, and an average temperature of 26 ◦C and
precipitation levels of over 2500 mm.

2.2. Sample Collection

Serum samples were collected during arboviral surveillance from February 2014 to October 2018.
As inclusion criteria, we sought patients presenting clinical diagnoses of dengue, Zika or chikungunya
infection, who reported arbovirus-like symptoms, such as fever, myalgia, headache and arthralgia.
All of them were interviewed and signed an informed consent form.

2.3. Viral Detection—RT-PCR Assays

Viral RNA was extracted directly from the samples or cells’ supernatant using a QIamp viral
RNA mini kit (QIAGEN, Hilden, Germany), followed by a reverse transcription using 1 μL of random
hexamers (Promega, Madison, MI, USA), 1 μL of Go Script Reverse Transcriptase (Promega) and 8 μL
of RNA, for a 20 μL reaction, according to the manufacturers’ instructions. A duplex-PCR was made
using the genus-specific primers for alphaviruses (targeting nsP1 region) and flaviviruses (targeting
NS5 region), followed by multiplex-semi-nested RT-PCR assays for species-specific identification [34],
with a few modifications, as previously described [31].

2.4. Viral Detection—Isolation

The MAYV and CHIKV positive samples were inoculated into the cell culture of Ae. albopictus
C6/36 and Vero cell lines; three passages were performed and then the supernatants were tested for
viral nucleic acids by RT-PCR assays following [35].

2.5. Viral Genome Sequencing

Two PCR positive samples (one for CHIKV and one for MAYV) were assessed by real-time RT-PCR
(rRT-PCR), employing the established protocols for CHIKV [36] and adding the MAYV primers used in
the conventional PCR, in order to obtain Ct values to guide the genome sequencing strategy. Total RNA
was extracted directly from the serum of the CHIKV positive sample and from the supernatant of
the MAYV first passage in C6/36 cells, in order to perform the single-strand cDNA synthesis used for
viral genomic amplification. RT-PCR reactions were carried out in a volume of 20 μL using Random
Hexamers (Promega, Madison, WI, USA) and ProtoScript II Reverse Transcriptase (New England
Biolabs, Ipswich, MA, USA), following the manufacturers’ instructions.

Single strand cDNA from the CHIKV positive serum sample was submitted to whole genome
amplification using multiplex-PCR [37], while single-strand cDNA from the MAYV sample was
submitted to whole genome amplification by using multiplex RT-PCR, with primers designed using
Primal Scheme [38]. Primer design was performed with two complete genomes of MAYV belonging
to the L and N genotypes (GenBank accession number KY618127 and KP842812, respectively),
both detected in South America (primers can be found in Supplementary Table S1). Sequencing
libraries were prepared with the Nextera XT Library Prep Kit (Illumina, San Diego, CA, USA), using
2 ng of input cDNA derived from the CHIKV and MAYV multiplex PCRs, following the manufacturer’s
instructions. A MiSeq Reagent Kit V3 of 150 cycles (Illumina, San Diego, CA, USA) was used, employing
a paired-end strategy, resulting in 75 bp reads separated by 350 bp. Samples were sequenced on an
Illumina MiSeq platform at the Technological Platform Core at the Aggeu Magalhães Institute (IAM).

Trimmomatic v. 0.36 [39] was employed to remove low-quality reads, adapter sequences and
primers. FastQC was used to assess the quality of the Illumina raw reads. These were subsequently
mapped against the MAYV BeH473130/1988 (KY618133) and CHIKV BHI3734/H804698 (KP164568)
reference genomes, using Bowtie 2 with the default parameters [40]. Consensus sequences of viral
genomes were obtained through the Integrated Genome Viewer software [41] and the sequences were
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deposited in GenBank with the accession numbers: MH513597 and MT349960. The raw sequenced
reads may be found in the European Nucleotide Archive under the project number PRJEB38124.

Single Nucleotide Polymorphisms (SNPs) calls were performed with samtools mpileup and
vcf-annotate tools [42] with the following parameters: (vcf-annotate-filter Qual = 20/MinDP =
200/SnpGap = 20), including manual SNP checking.

2.6. Phylogenetic Analysis

Multiple sequence alignment was performed using MAFFT version 7 [43], through the MAFFT
online server (http://mafft.cbrc.jp/alignment/software/); maximum-likelihood analysis (ML) was
performed using PhyML version 3.0 [44] through the web site at http://www.atgc-montpellier.fr/phyml/.
Coding regions corresponding to the complete genomes from Sinop were aligned with all published
and available near-complete: CHIKV genomes (>8000 nucleotides), belonging to the WA, ECSA
and Asian/Caribbean genotypes, totalizing 930 genomes; and MAYV genomes (>8000 nucleotides),
belonging to the L, D and N genotypes, totalizing 66 genomes. We also performed phylogenetic
analysis using only Brazilian genomes belonging to the CHIKV ECSA genotype, totalizing 79 genomes.
All genomes and data were collected from ViPR [45] (http://www.viprbrc.org/), on 15 April 2020
(accession numbers of all genomes used in the analysis may be seen in Supplementary Table S2).
The ML phylogenies were reconstructed by using the best-fit general time-reversible (GTR) model with
invariant sites (+I) (GTR + I) for MAYV, and 4 gamma substitution rate categories (+G) (GTR + G + I)
for CHIKV, all suggested as the most likely models to represent the data by the Smart Model Selection
implemented in version 3.0 of PhyML online [46]. For the tree search operation, we used SPR, and
statistical support for the phylogenetic nodes was evaluated by an SH-like approximate likelihood
ratio test. Tree visualization and figure generation were performed with FigTree v1.4.4 [47].

2.7. Ethical Approval

This study was approved by the Research Ethics Committee of the Júlio Müller Hospital-
Universidade Federal de Mato Grosso (UFMT) (approval number 288.172/2013) and the Research
Ethics Committee of the UFMT (approval number 2.063.295/2018).

3. Results

Serum samples were collected from 354 patients exhibiting dengue-like illnesses, within 20 days
of the onset of symptoms. Thirty-four patients were positive for alphaviruses—33 tested positive for
MAYV (33/354; 9.3%) and one for CHIKV (1/354; 0.3%) (Figure 1). Seventy-eight samples were positive
for flaviviruses and are described elsewhere (Supplementary Table S3).

 

Figure 1. Timepoints of MAYV and CHIKV surveillance/detection in Sinop and nearby areas in the
Amazon rainforest and the state of Mato Grosso.
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The 33 Mayaro fever cases had a median age of 30 years; 18 (54.5%) were male and 15 (45.5%)
were female. Clinical characteristics included mainly fever (n = 27), myalgia (n = 20), headache (n = 14)
and arthralgia (n = 12). From the MAYV-positive samples, one was sequenced (BR/Sinop/H307/2015),
which belonged to a 21-year-old female patient presenting with fever and myalgia, collected on the
third day of symptoms, in March 2015. The other sample (BR/Sinop/H542/2018) was from a 20-year-old
patient presenting with fever, myalgia, headache, arthralgia, retro-orbital pain and hematemesis,
collected on the fourth day of symptoms, in February 2018 (Supplementary Table S4). Both patients
were urban residents and reported no recent history of travel or access to urban parks, sylvatic or rural
areas in temporal proximity to the emergence of the first symptoms.

The cycle thresholds (CTs) for the positive samples were 6.12 and 23.19 for the MAYV and CHIKV
samples, respectively. We obtained 2,813,153 reads for the MAYV sample, in which 84.48% mapped
to the reference genome, reaching an average coverage depth of 15,453.99; from the CHIKV positive
sample, we obtained 1,123,424 reads, in which 96.47% mapped to the reference genome, reaching an
average coverage depth of 7133.15 (Table 1).
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The maximum likelihood phylogenetic reconstruction of the obtained MAYV genome and a few
other available MAYV genomes showed that the Sinop strain clustered within the L genotype and
was closely related to the MAYV strains detected from mosquitoes in the 1960s in Pará state (PA) in
the northern region of Brazil (Figure 2a,b), showing a high aLRT SH-like support of 1.0. Meanwhile,
the CHIKV genome was placed in a polytomy within a previously described Brazilian subclade that is
an offshoot of the East/Central/South African lineage [21], which also had a high aLRT SH-like support
of 1.0 (Figure 3a). Interestingly, the CHIKV sequenced here did not cluster with other lineages from the
state of Mato Grosso (Figure 3b).

(a) 

 
(b) 

Figure 2. Full phylogenetic reconstruction of MAYV. (a) Phylogeny including all available MAYV
genomes and positioning of MAYV genome obtained in this study using maximum likelihood of
complete and draft genomes (>8 kb) available. (b) Distribution of the number of MAYV genomes
sequenced per country and Brazilian state and colored edges showing a possible route of MAYV spread
based on the most closely related MAYV genome from the phylogenetic analysis shown in panel A.
Country and Brazilian state colors follow tip colors in panel A.
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(c) 

Figure 3. Phylogenetic reconstruction and positioning of CHIKV genome obtained in this study using
maximum likelihood. (a) Full phylogeny including all available West African, East/Central/South
African (ECSA)—Indian Ocean lineages and Asian/Caribbean using complete and draft genomes >8 kb.
(b) Phylogenetic analysis focusing on Brazilian genomes of a subset of ECSA and Asian/Caribbean
CHIKV genomic sequences from the full CHIKV tree. (c) Distribution of the number of CHIKV genomes
sequenced per state. State colors follow tip colors in panel B.

We found a small number of SNPs per sample, varying from 17 in the CHIKV to 30 in the MAYV
genome (Figure 3). For CHIKV, six SNPs found were non-synonymous and 11 were synonymous.
For MAYV, seven SNPs found were non-synonymous and 22 were synonymous. Moreover, we found
several specific mutations restricted to the genomes sequenced in this study: CHIKV presented four
new amino acid mutations, two in nonstructural proteins (nsP2-T31I and nsP3-A388V) and two in an
envelope protein (E3 T20I and H57R); MAYV presented two, both in the E1 protein (I425S and V427A)
(Supplementary Table S5; Figure 4).
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Figure 4. Single nucleotide polymorphism (SNP) analysis. Proportion of sequencing reads supporting
the reference nucleotide (REF—red) and the SNPs (ALT—blue) from the CHIKV and MAYV genomes
obtained in this study. Green, yellow and gray position names below each bar plot denote
non-synonymous, non-synonymous mutations found only in our genomes and synonymous SNPs.

We detected two previously reported CHIKV amino acid mutations in structural proteins:
E2-G60D, which contributes to the increased CHIKV fitness in Ae. albopictus and Ae. aegypti [48],
and E1-T98A, which may increase the CHIKV infectivity for Ae. albopictus in the presence of E1-A226V
substitution [49]. Five amino acid mutations, that were previously described to be under positive
selection and to delineate the genotype L strains on vector infection, were revealed of MAYV. We also
found nsP1-L518A, nsP3-A298P, nsP3-V386T, nsP4-A249K and E1-L300T [50].

4. Discussion

Arboviruses are widespread and diverse in Brazil and impose a large public health burden on
the human population due to the abundance of sylvatic and urban vector species associated with
poor sanitation and living conditions. As expected in such tropical environments, the simultaneous
circulation and human co-infection of these viruses is common [51], imposing a great socioeconomic
impact. Most people recover from arbovirus infection with no major sequelae, although life-threatening
conditions can be identified such as hemorrhagic fever, Guillain–Barre syndrome and encephalitis [52].
Among a dozen arboviruses that currently circulate in Brazil and infect humans, dengue virus (DENV)
has largely predominated, causing several thousand infections every year in the country. In 2019
alone, around 1.5 million cases were reported, and at least 782 people died from DENV infection [53].
Besides DENV, several other arboviruses have been causing human infection over the years, such as
MAYV [8,9], Zika virus (ZIKV), yellow fever virus (YFV) and CHIKV, causing outbreaks with hundreds
of thousands of people infected annually [54].

Most of the arboviral diagnoses in developing countries are based on clinical and epidemiological
criteria, which leads to biased estimates of infection and produces underreports of less prevalent
arboviruses that are not investigated in the molecular diagnostic routine. Such sub-notification can
be clearly observed in Sinop from 2015 to 2019, where 7341 cases of DENV, 1324 of ZIKV and 15 of
CHIKV were confirmed by laboratory tests, whereas the majority of the negative samples, around
44% of the cases investigated, were not tested for other arboviruses [55] (Supplementary Table S6).
The confirmation of chikungunya diagnosis by Mato Grosso State Department of Health has been
based on MAC-ELISA, while MAYV infection has not been investigated routinely yet. Meanwhile,
molecular studies using human samples in Sinop have described the silent circulation of SLEV in 2011
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and 2015 [56] and a MAYV annual incidence since 2011 [9]. Adding up to this scenario of simultaneous
arbovirus circulation, here, we confirm the circulation of CHIKV and MAYV in human samples through
molecular testing and genome sequencing.

Genome-wide phylogenetic analysis of MAYV confirmed the circulation of the L genotype in Sinop
city, as previously demonstrated [9]. The obtained genome clustered with a genome from an isolate
from the state of Pará (PA). Genotype D (widely dispersed) currently covers a broad geographic area
from Trinidad and Tobago to Brazil, Peru, Bolivia, Venezuela, Haiti and French Guiana, with several
available full-genome sequences (51 genomes). On the other hand, genotype L (limited) has only
a limited number of complete genomes available, consisting of ten isolates obtained over the years
1955 to 1991 from PA and two recent isolates: one from Haiti and another from the State of São
Paulo, imported from PA [57]. Due to the limited data, it is not possible to precisely determine the
L genotype’s dispersion throughout the Amazonian region and its borders. Other studies have also
detected fragments of L and D genotypes in other municipalities in MT [58], whereas molecular studies
in other border states with MAYV circulation have not been performed yet [59].

We detected two non-synonymous amino acid substitutions I425S and V427A in the MAYV E1
protein, but whether these substitutions played any role in the cell entry capacity and viral persistence
is unknown. Alphavirus glycoproteins E1/E2 mediate host recognition and entry into the cell [60].
These proteins are useful in the development of vaccines and serodiagnostic assays as they hold
most of the immunogenic epitopes [61,62]. However, the constant humoral immune pressure creates
amino acid variations in these proteins that may lead to viral evasion, influence cross-neutralization
activity and allow host-switching [63]. Reverse genetic studies are needed to determine whether any
of these substitutions may cause major changes in viral fitness. Continued genome-based molecular
investigation of MAYV is recommended in order to understand the spread and maintenance of MAYV in
the Southern Amazon region and assess antigenic variations that might impact cross-immunity between
alphaviruses and affect the sensitivity of diagnostic tests based on protein binding (immunoassays) [64].

Our CHIKV isolate belonged to the ECSA lineage, sharing 99.8% of its nucleotide identity with
isolates from Bahia, a state in Northeast Brazil. The CHIKV genome from Sinop did not cluster with
other genomes from MT [65]. The distinct evolutionary divergence from the monophyletic MT clade
suggests that CHIKV was introduced into MT by at least two independent CHIKV ECSA variants,
which are likely co-circulating in the state [66]. With the current data, the circulation of CHIKV
genotypes other than ECSA in MT cannot be ruled out, especially in light of the circulation of the
Asian/Caribbean genotype in the Amazon region (states of Pará, Roraima and Amapá), highlighting
the need for continuous molecular surveillance in the region.

Genome analysis revealed mutations E1-T98A and E2-G60D in the glycoprotein of the CHIKV
strain from Sinop. The E2-G60D amino acid change was reported to contribute to CHIKV’s fitness
increase in both Ae. albopictus and Ae. aegypti [48] and is currently detected in all the Asian/Caribbean
and ECSA lineage genomes that are available. Meanwhile, the E1-T98A amino acid change has
been found in all available ECSA genomes and may increase CHIKV infectivity for Ae. albopictus in
the presence of E1-A226V substitution [49]. We did not detect other amino acid changes in the E1
glycoprotein previously associated with CHIKV fitness-enhancing in Ae. aegypti (E1-A226V, E1-K211E
and E2-V264A) [67] and Ae. albopictus (E1-A226V, E2-I211T) [68,69], suggesting that the CHIKV lineage
circulating in Sinop likely does not have a higher fitness compared to other CHIKV lineages circulating
in Brazil. However, the ECSA genotype is currently spreading all over South America and infecting
an abundant and diverse Ae. aegypti and Ae. albopictus population. Since the E1-T98A amino acid
substitution is fixed in all ECSA strains from Brazil, including the one sequenced in this study, if the
E1-A226V change occurs, CHIKV’s lineage would likely gain increased fitness in Ae. albopictus. In this
scenario, transmission of this virus could be exacerbated throughout Brazilian and South American
territories, as Ae. albopictus is already spread over the entire continent [70]. Finally, other sample
specific mutations were also detected in the Sinop CHIKV genome, but further genetic studies are
required to understand their importance in the virus’ fitness, if any.
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As previously discussed, MAYV is endemic in the Southern Amazon region, where many outbreaks
have been reported in the last decade [9,58,71]. Considering that alphavirus antibody cross-immunity
has already been reported [72], people living in the Southern Amazon region may have alphavirus
cross-immunity due to a previous infection by MAYV. In fact, it has been suggested that infection
by CHIKV may confer cross-protection from MAYV, following the use of sera from CHIKV-exposed
patients to cross-neutralize MAYV in vitro [73]. Such cross-immunity could be the reason why CHIKV
only emerged in Sinop in 2018 and has not caused large outbreaks since then. Likewise, the restricted
spread of CHIKV in other MAYV endemic areas of the Amazon has been pointed out [74]. However, a
comprehensive serological investigation based on neutralization assays or new diagnostic tools must
be performed in order to assess the role of alphavirus cross-immunity in such areas.

It is worth noting that, despite the underreports, the highest CHIKV incidence rate in the
central-west region of Brazil has been reported in MT (387.6 cases per 100,000 inhabitants), also in
2018 [23]. Noticeably, reports in Sinop did not follow the same trend, both using PCR diagnostic and
serological assays, as most of the cases concentrated in the southern cities of the state (Supplementary
Table S6). Continuous molecular surveillance is required in order to monitor how the spread of recently
emerged viruses will unfold [13].

5. Conclusions

Epidemiological surveillance based on genome-scale sequencing of the circulating viral strains
is valuable for the prompt detection of adaptive mutations, which is essential for understanding
transmission patterns, assessing the risk of emergence and intervening in vector control strategies [75].
In this study, we found new mutations in the strains of MAYV and CHIKV and observed that
these strains clustered with genomes from geographically distant Brazilian states, suggesting that
their spread occurred through infected patients that traveled between states. Further studies are
encouraged in order to follow the spread of these viruses within the Southern Amazon region, in order
to further understand the importance of mutations in the maintenance and spread of MAYV and
CHIKV. This need is reinforced by the large outbreaks of CHIKV in Brazil and the underreporting of
MAYV infections [76,77]. New genomic data can clarify the epidemiological characteristics, such as
adaptation to vector spread and impact on human infection, where arboviruses of the same viral family
co-circulate and may have cross antibody reactivity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2414-6366/5/2/105/s1,
Table S1. Primer sets used for whole MAYV genome amplification. Table S2a. Sixty-six complete Mayaro virus
genomes, belonging to the D and L genotypes, used to reconstruct ML phylogenetic analysis. Table S2b. 930
complete and near-complete Chikungunya virus genomes, belonging to the West African, East/Central/South
African and Asian/Caribbean genotypes, used to reconstruct ML phylogenies. Table S3. Chikungunya and Mayaro
viruses distribution throughout the years. Table S4. Clinical and epidemiological features of patients who tested
positive for MAYV and CHIKV in Sinop, MT, from 2014 to 2018. Table S5. SNPs called from each genome and
associated statistics. Table S6. DENV, ZIKV and CHIKV notified and positive cases in Sinop, confirmed by the
Mato Grosso State Department of Health, from 2014 to 2019.
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Abstract: Land cover and land use change (LCLUC) acts as a catalyst for spillover of arthropod-borne
pathogens into novel hosts by shifting host and vector diversity, abundance, and distribution,
ultimately reshaping host–vector interactions. Identification of bloodmeals from wild-caught
mosquitoes provides insight into host utilization of particular species in particular land cover
types, and hence their potential role in pathogen maintenance and spillover. Here, we collected 134
blood-engorged mosquitoes comprising 10 taxa across 9 land cover types in Sarawak, Malaysian
Borneo, a region experiencing intense LCLUC and concomitant spillover of arthropod-borne
pathogens. Host sources of blood were successfully identified for 116 (87%) mosquitoes using
cytochrome oxidase subunit I (COI) barcoding. A diverse range of hosts were identified, including
reptiles, amphibians, birds, and mammals. Sixteen engorged Aedes albopictus, a major vector of
dengue virus, were collected from seven land cover types and found to feed exclusively on humans
(73%) and boar (27%). Culex tritaeniohynchus (n = 2), Cx. gelidus (n = 3), and Cx. quiquefasciatus (n = 3),
vectors of Japanese encephalitis virus, fed on humans and pigs in the rural built-up land cover,
creating potential transmission networks between these species. Our data support the use of COI
barcoding to characterize mosquito–host networks in a biodiversity hotspot.
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1. Introduction

Mosquito-borne viruses such as dengue virus (DENV), yellow fever virus (YFV), Zika virus (ZIKV),
and chikungunya virus (CHIKV) have gained notoriety for causing explosive, global pandemics
sustained in transmission between humans and the urban-living mosquitoes Ae. aegypti and Ae.
albopictus [1–3]. However, maintenance of such human-endemic cycles are actually quite rare among
mosquito-borne viruses, the majority of which are zoonotic [4–6]. In general, mosquito-borne viruses
are maintained in one of three cycles defined by specific hosts, vectors, and land cover types: 1) enzootic
cycles involve wildlife hosts and vectors in natural environments, 2) rural epizootic cycles involve
domestic animals and vectors in agriculture or rangelands, and 3) urban cycles involve humans or
urbanized wildlife as hosts and urbanized vectors found in cities or suburbs [4]. Although distinct,
these transmission cycles can be linked by spillover, the transmission of an arbovirus from a reservoir
host via a bridge vector to a novel host [1,6,7]. For example, DENV, CHIKV, YFV, and ZIKV all arose in
ancestral, enzootic cycles and spilled over to establish human-endemic cycles. Spillover can sometimes
require amplification, which is infection of transmission-competent hosts that are fed upon by vectors
that bridge to an established cycle and to novel, dead-end hosts from which no further transmission
occurs [4,5]. Japanese encephalitis virus (JEV) is the main cause of human viral encephalitis in Asia
but is maintained in an enzootic transmission cycle between mosquitoes and wading birds. However,
the Culex mosquitoes that act as vectors are generalists and their feeding habits enable transmission to
pigs. In pigs, the virus can amplify to high titers, and subsequently transmit to other hosts, including
humans who are dead-end hosts for this virus [8].

The ability of a given vector species to mediate spillover depends on the breadth of its host
utilization and its distribution across different habitats. Mosquitoes that are host and habitat generalists
are more likely to act as bridge vectors than are highly specialized mosquitoes [9–12]. A number
of extrinsic and intrinsic factors influence the host preference of mosquitoes, including olfaction,
physiology, genetics, climate, host body heat, host defensive behavior, and host density [12]. However,
these traits are complex, and determining innate host preferences for mosquitoes experimentally via
lab or field studies can be biased by the use of colonized mosquitoes, seasonal and circadian changes
in host and vector density, and variation between mosquito populations, among other factors [9,12].
An alternative to the experimental approach is to collect blood-engorged mosquitoes from the wild
and use molecular methods to identify host use. While bloodmeal identification may not provide
a complete picture of host preference [9], it can provide an accurate representation of host utilization
patterns within a specific location and timeframe.

The current study used bloodmeal analysis to characterize mosquito–host interactions in Malaysian
Borneo, a biodiversity hotspot [13] that is experiencing extreme rates of land cover and land use
change (LCLUC) [14–17]. Since 1980, there has been steady clearance of native forests in Borneo,
including old-growth dipterocarp, peat swamp, heath, and mangrove forests, primarily for logging
and conversion to large plantations [14–17]. Meanwhile, high-density urban areas have expanded
and people in low-density rural regions continue to clear forested areas for subsistence farming [18].
LCLUC plays an important role in arbovirus transmission by reshaping vector–host interactions via
effects on vector and host distributions, abundance, and diversity [6,19–22]. In Borneo, extensive
spillover of arboviruses [23–25] and other mosquito-borne pathogens [26,27] has been documented in
the past several decades. Of particular concern are a number of cases of spillover of sylvatic DENV
into humans [28–31], as each spillover event has the potential to launch a new strain of this virus into
human-endemic transmission.
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Here, we opportunistically sampled bloodfed mosquitoes from mosquito collections in nine land
cover types, ranging from primary forest to barren land, in Sarawak Malaysian Borneo in 2016 and 2017.
From these samples we sought: 1) To identify mosquito bloodmeal sources, using cytochrome oxidase
subunit I (COI) barcoding, and 2) to represent the detected host–vector networks across these nine
land cover types, while acknowledging that, given the number of samples analyzed, this represents
only a small subset of the complete network within each land cover.

2. Materials and Methods

2.1. Study Site and Design

The study represents a concatenation of three projects focused on mosquito collections within
the Kuching, Samarahan, and Serian administrative divisions in Sarawak, Malaysian Borneo (central
coordinates: 1.5533◦ N, 110.3592◦ E), between April 2016 and June 2017 (Figure 1). Sarawak is
considered Tropical Rainforest (Köppen-Geiger classification [32]) and receives rainfall year-round.
This region of Sarawak comprises a mosaic of land covers including developed cities, peri-urban to rural
villages, expansive cash crop plantations, small subsistence farms, and primary and secondary forests.

Figure 1. Study location in Sarawak, Malaysian Borneo is shown by the red box in the left panel.
Sites where a bloodmeal was collected and the host was identified are shown in the right panel. The land
cover type of each site sampled is designated by color.

The first project, termed the KK project, was a resampling of 15 sites across three land cover types
in the village of Kampung Karu in Sarawak from April to May of 2016. Mosquito sampling was focused
around homesteads, which are designated as rural built-up sites in this study, mixed agricultural
fields, and secondary forests surrounding the village. The sampling method is thoroughly described
by Young et al. (2017) [33]. Briefly, five sites in each land cover type were selected in the field based
on observations made between 2013 and 2014 [33]. In 2016, these sites were resampled to measure
changes in the abundance and diversity of mosquitoes and to evaluate land cover change between
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2013/2014 and 2016 sampling years [33]. Thus, a total of 15 sites were sampled for this project, of which
two yielded at least one blood-engorged mosquito for a total of two mosquitoes from this project.

The second project, called the OP project, began in June 2016 and ended in January 2017. Mosquito
sampling was undertaken to assess the effects of oil palm insertion into forests on mosquito diversity,
abundance, and distributions (Young et al. (2019) in revision for Ecosphere). Sampling was conducted
in oil palm plantations, forests conterminous with those plantations, and the edge between these two
land cover types. Google Earth satellite imagery from 25 July 2015 and 2 October 2015 was used to
digitize >15 hectare oil palm plantations and adjacent forest boundaries in ArcGIS version 10.3.1 (ESRI,
Redlands, California). Thirty-four sampling sites were randomly distributed at each of 10 isodistances,
bands of equal distances measured from the edge of oil palm plantations and adjacent forests, within
the boundaries of these land cover types; interior plantations to forest edges (–10 m, –50 m, –20 m,
and –100 m), edge (0 m), and edge to the interior of contiguous forests (+10, +20, +50, +100, +500 m).
A total of 340 sites were sampled for this project, of which 36 yielded at least one blood-engorged
mosquito for a total of 43 mosquitoes from this project.

The third project, called the LC project, was undertaken from February to June 2017.
Adult mosquito sampling was used to describe patterns in mosquito diversity, abundance,
and distribution associated with different land cover types in Sarawak. Landsat 8 Operational
Land Imager (OLI) imagery covering the study area from 13 October 2016, was downloaded via USGS
EarthExplorer (Landsat 8 imagery courtesy of U.S. Geological Survey; https://earthexplorer.usgs.gov)
and atmospherically and topographically corrected using ATCOR 3 [34,35](Atmospheric Corrections
Software). Spectral and spatial features derived from the 8 multispectral OLI bands as well as
topographic features derived from the Shuttle Radar Topography Mission (SRTM) Digital Elevation
Model (DEM) [36,37] were combined in a 577-band layer stack. This layer stack was then classified
using Random Forest and 600 Google Earth-based training/testing sites into eleven major land cover
types: Urban built-up land, rural built-up land, agricultural land, primary forest, secondary forest,
swamp forest, mangrove forest, open-canopy ground vegetation, barren land, and water. The overall
classification accuracy was 80.2%. We subsequently generated 50 random points in each of eight of the
land cover types; barren land, urban built-up land, rural built-up land, open-canopy ground vegetation,
agricultural land, swamp forest, secondary forest, and primary forest. In total 132 sites were sampled
from these eight land cover types, of which 36 yielded at least one blood-engorged mosquito for a total
of 89 mosquitoes from this project.

At the completion of all projects, a total of nine land cover types were sampled; barren land,
urban built-up land, rural built-up land, open-canopy ground vegetation, non-oil palm agricultural
land, oil palm plantation, swamp forest, secondary forest, and primary forest; all are described in detail
in Table S1 and Figure S1. Criteria for land cover designation, described in Table S1, was consistent
across projects.

2.2. Mosquito Collection and Identification of Bloodfed Females

For the KK and OP projects, adult mosquitoes were collected using a backpack aspirator (Bioquip,
Rancho Dominguez, CA, USA) [33], while for the LC project mosquitoes were collected at each site
using a combination of gravid traps (Bioquip), CO2 baited light traps (Clarke, St. Charles, IL, USA),
BG sentinel traps (Bioquip), and aspiration via a Prokopac aspirator. Aspiration for the KK project
was conducted for a duration of five minutes at nine trapping locations within each site and focused
on open air, vegetation, and the body of the sampler [33]. For the OP and LC projects, aspiration
was conducted around a 5 m radius from the center of each site by moving the aspirator in sweeping
motions through the open air and directly onto or near ground vegetation and taller vegetation up to
chest height, including trees and shrubs. For traps, one of each trap type was placed 5 m apart within
the site and run until retrieval the following day. All BG sentinel traps were used with an octenol
scent-bait (Bioquip). Gravid traps were placed over dark colored bins filled with hay infused water at
a ratio of 3.8 g of hay: 1L water. Light traps were suspended at head height from either vegetation or
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existing structures and supplied with a yeast CO2 bait made from 500 mL water, 7g INS yeast, and 50 g
of coarse sugar, all acquired from a local grocery store [38].

Captured mosquitoes from all projects were transported in the collection containers used for each
trap type. The LC project transported trap containers in a cooler with ice packs back to the Universiti
of Malaysia Sarawak, where mosquitoes were killed by placing them at –20 ◦C, but the KK and OP
projects transported trap containers directly without ice packs. Mosquitoes were then morphologically
identified to the lowest taxonomic level possible using available keys [39–41] and the Walter Reed
Biosystematics Unit system [42]. Female mosquitoes with visibly engorged abdomens were identified
and their abdomens were separated and stored in individual tubes at –80◦C for bloodmeal analysis.
The LC project retained individual mosquito legs in a separate tube from all bloodfed females to be
used for molecular identification of mosquitoes if needed; however, the KK and OP projects did not
retain legs for this purpose.

2.3. Bloodmeal DNA Extraction and COI Amplification

DNA was extracted from the abdomen of blood-engorged mosquitoes according to a protocol
described by Thiemann et al. (2012) using the Qiagen DNeasy Blood and Tissue Kit (Qiagen,
Germantown, MD, USA) [43]. Twenty μl of proteinase K was added to each tube and a sterile pestle
(Fisher Scientific, Hampton, NH) was used to gently crush the abdomen against the side releasing the
bloodmeal. Next, 120μl Buffer ATL was added and samples were incubated over night at 56 ◦C. Column
extraction was then completed according to the manufacturer’s instructions (Qiagen, Germantown,
MD, USA).

Amplification of the cytochrome oxidase subunit I (COI) gene was conducted following one of
two protocols. First, a nested PCR protocol described by Thiemann et al. (2012) was used on extracted
DNA [43]. Briefly, the entire COI gene was amplified using primers that anneal to the tRNA regions
flanking the gene at the 5’ and 3’ termini [43]. Four primer pairs were included in each reaction to cover
a wide taxonomic breadth of hosts (Table S2) [43]. The PCR reaction was performed using Amplitaq
(Applied Biosystems, Foster City, CA), and the volume of other reagents used are described in Table S2
under the tRNA protocol. Next an approximately 700 base pair fragment of the COI gene was amplified
using HotStarTaq (Qiagen, Hilden, Germany) from each of the tRNA products using 6 internal primers:
3 forward and 3 reverse (Table S2) [43]. These forward and reverse primers were mixed in 1:1:2 ratios:
VFmix is a 1:1:2 ratio of VF1, VF1d, VF1i, and VRmix is a 1:1:2 ratio of VR1, VR1d, VR1i (Table S3).
All bloodmeal samples were screened using this protocol, and those that failed to generate products
were then subject to a COI protocol described by Townzen et al. (2008) [44]. In brief, a 324 base pair
region of COI was amplified from the extracted DNA using primers designed for a broad range of
vertebrates and a recombinant Taq DNA polymerase (Invitrogen, Carlsbad, CA) (Table S2, Table S3).
All PCR reactions were visualized on a 1.5% TAE agarose gel and included both negative and positive
controls; the latter included DNA extracted from the blood of one amphibian (Anaxyrus boreas) (gift of
Dr. Jamie Voyles, University of Nevada Reno IACUC 00698), one bird (Melopsittacus undulates) (gift of
Dr. Timothy Wright, New Mexico State University (NMSU) IACUC 2016-006), one mammal (Ovies
aries) (gift of Dr. Ryan Ashley, NMSU IACUC 2017-020), and one reptile (Acrantophis spp.) (gift of the
Alamagordo Zoo, Alamagordo, New Mexico) species.

2.4. Sequence Analysis and Host Identification

Sanger sequencing was performed on samples with PCR products of the expected amplicon size.
For samples amplified using the Thiemann protocol [43], the VFli primer was used for sequencing.
Samples amplified using the Townzen protocol [44] were sequenced using both forward and reverse
primers. Returned sequences were trimmed and, if amplified using the Townzen protocol, forward
and reverse reads were aligned using ClustalW in Geneious software (Newark, NJ). Alignments
were used to generate a consensus sequences for these samples. All samples were BLAST-searched
against BOLD and NCBI databases. Generally, sequences with less than 3% sequence divergence are
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considered conspecific in DNA barcoding [45,46]. However, this designation is arbitrary, and it can be
appropriate to use more broad sequence divergence criteria [47]. For host identification, sequences
with ≥95% sequence identity were considered conspecific so long as the host identified was an endemic
species of Borneo and frequently found in the land cover detected. Sequences with ≥80% identity
were considered congeneric and between 77%–80% identity confamilic. However, if sequences had
≥80% identity to a species that is not known to occur in Borneo, or the surrounding region, they were
considered confamilic.

2.5. Molecular Confirmation of Bloodfed Mosquito Species

To confirm morphological identifications of bloodfed mosquitoes, we attempted COI barcoding
using a protocol described by Young et al. (2017) [33] from the LC project leg tissues. Briefly, total DNA
and RNA was extracted using Trizol (Invitrogen, Pittsburgh, PA). Primers described by Folmer et al.
(1998) [48] were then used in a PCR reaction to amplify a 710 base pair region of the COI gene. If the
PCR reaction failed to yield a product, RNA was used in an RT-PCR reaction with the same primers to
create cDNA for this region of the COI gene. The resulting products were then sequenced using both
the forward and reverse primers, consensus sequences were generated, and resulting sequences were
BLAST-searched against the BOLD and NCBI databases (Young et al. 2017) (Supplementary file SF1).

2.6. COI Cloning and Molecular Identification of Mosquitos from Bloodmeal DNA

Using the methods described in Section 2.5 in combination with morphological identification,
three mosquitoes in which a bloodmeal had been amplified could be confidently identified to the
level of species, two mosquitoes to genus, and one to family. To attempt to achieve more species-level
identifications, we subjected a subset of 20 samples to cloning prior to sequencing. First, a PCR reaction
was performed using primers that amplify an approximately 250 bp region of mosquito COI (Table S2)
and 2x GoTaq Green PCR Master mix (Promega, Madison, WI) (Table S4). After PCR amplification,
cloning using 2 μl of each reaction product was performed with the TOPO TA cloning kit (ThermoFisher
Scientific, Waltham, MA) according to the manufacturer’s protocol. Colonies were picked and placed
into 3 mL of LB+Amp (100 ug/mL) liquid media and incubated at 37 ◦C for 16 h with shaking at
220 rpm. Miniprep liquid cultures (GeneJET, ThermoFisher Scientific, Waltham, MA) were created,
diluted to 100 ng/μl, and then sequences at the UT Austin Sequencing Facility. These sequences were
next compared to the BOLD and NCBI databases to confirm mosquito species. Because this amplicon
was shorter than the traditional, 500-bp barcodes generated above, many of these sequences provided
lower-level resolution. If a sample had been identified to species a priori using morphology and the
sequence of the cloned amplicon had ≥98% identity to that species, we considered our morphological
ID to be confirmed. If we had been unable to pinpoint a species-level ID and the sequence had equal
percent identity across multiple species within the same genus, we considered this genus the lowest
level of taxonomy achieved. If our sequence had equal percent identity across multiple genera, it was
considered unresolved and the morphological identification was used as the final identification.

2.7. Descriptions of Host and Vector Networks

Due to the small number of bloodfed mosquitoes collected, we did not attempt statistical analyses
of these data. To visualize host and vector networks, associations between vectors and hosts detected
from bloodmeal identification, alluvial plots were created for each land cover type from which >5
bloodmeals were identified. Alluvial plots show the frequency of connections between categorical
groups. The nodes of the plot, i.e., the black bars on the left and right sides, represent a category of
interest, mosquito and host taxa in this case. The size of the node is relative to the proportion that
each category represents of total samples. The flows of the plot, colored fans in the center of each plot,
represent the connections between nodes and the size of each flow is proportional to the frequency at
which those connections are made. Alluvial plots were created using RAWGraphics [49].
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3. Results

3.1. Identification of Mosquito Bloodmeal Sources

Of 7299 mosquitoes collected from all projects, 134 were blood-engorged females, representing
<2% of the total mosquitoes sampled. The relatively sparse yield of bloodfed mosquitoes is typical
of studies in natural, tropical habitats [50–55]. For example, Brown et al. collected 127 bloodfed
mosquitoes using three trap types in Sabah, Malaysian Borneo and were able to identify host species
in 30% of these [52]. The small total number of blood fed mosquitoes in this study and the variation
in sample size across land cover types, ranging from 1 mosquito in barren land to 42 mosquitoes in
secondary forests, precluded statistical analysis of arbovirus spillover risk to humans.

The 134 specimens analyzed included eight genera of mosquitoes: Aedes, Anopheles, Armigeres,
Culex, Mansonia, Topomyia, Tripteroides, Uranotaenia; one group identified to the Aedini tribe; and one
specimen only identified to the Culicidae family. Engorged mosquitoes were collected from 74 sites in
9 land cover types in Sarawak. Four of these land cover types, barren, urban, open canopy ground
vegetation and swamp forest, were sampled only in the LC project. Oil palm agriculture was sampled
only in the OP project. Rural built-up (LC = 8 sites, KK = 1 site), non-oil palm agriculture (LC = 3 sites,
KK = 1 site), secondary forest (OP = 24 sites, LC = 5 sites), and primary forests (LC = 3 sites, OP = 3
site) were sampled in two separate projects. However, since land cover classifications were consistent
across projects, this is unlikely to confound consideration of networks within a land cover. Of the
sampling methods used, 76% of the bloodfed mosquitoes were captured via aspiration, 19% via gravid
traps, 4% via BG Sentinel traps, and 1% via light traps. Of the 134 blood fed mosquitoes, hosts were
identified from 87% (n = 116).

Twenty-one unique host families were detected, including amphibians: Dicroglossidae
Megophryidae, Ranidae; birds: Columbidae, Fringillidae, Phasianidae, Pittidae, Remizidae, Strigidae,
Timaliidae; mammals: Canidae, Cervidae, Cynocephalidae, Hominidae, Muridae, Suidae, Tarsiidae,
Tragulidae, and reptiles: Agamidae, Scincidae, Varanidae. Host identity was resolved to species for
92 specimens, to genus for 15, and to family for nine. No evidence of multiple hosts was detected in
any mosquito.

With 62 specimens, Culex mosquitoes made up the majority of the collection and also encompassed
the widest range of hosts including, reptilian (15%), amphibian (1%), avian (32%), and mammalian
(52%) taxa. Similarly, a wide range of hosts were detected from 16 Uranotaenia specimens, with over
half coming from reptilian and amphibian hosts (81%), 13% from avian hosts, and 6% from mammalian
hosts. Humans were the only hosts detected from 16 mosquitoes identified only to the Aedini tribe.
All sixteen Aedes samples collected were identified as Ae. albopictus. Seventy-five percent of Ae.
albopictus bloodmeals identified were humans, and the remaining from Sus scrofa (wild boar) and Sus
barbatus (bearded pig). Only a single sample each was collected from the remaining mosquito genera
and reptiles and mammals were detected as hosts for these (Table 1, Supplementary file SF1).
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Table 1. Description of hosts detected via cytochrome oxidase subunit I (COI) bloodmeal barcoding
from specified mosquito genera or tribes in Sarawak. Whole numbers represent counts of host species
detected. Percentages represent the proportion of bloodmeals detected from specified taxonomic
groups for different mosquito genera.
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Amphibian 1% 63%

Hylarana spp. Golden-backed frog 1
Leptobrachium hendricksoni Spotted litter frog 3
Limnonectes spp. Forked-tongued frog 6
Rana spp. Brown frog 1

Avian 32% 13%

Ketupa ketupu Buffy fish owl 1
Fringillidae Finches 1
Gallus gallus Red jungle fowl 12
Macronous spp. Pin-stripedtit-babbler 1
Pitta nympha Fairy pitta 4
Remiz spp. Eurasian pendulines 2
Streptopelia chinensis Spotted dove 1

Mammal 100% 100% 100% 52% 100% 100% 5% 100%

Canis lupus familiaris Domestic dog 2
Cephalopachus bancanus Horsfields tarsier 1
Cynocephalus variegatus Malayan colugo 1 1
Homo sapiens Human 12 10 1 16
Muntiacus muntjak Barking deer 1
Rattus tiomanicus Malaysian field rat 1
Sus barbatus Bornean bearded pig 1 5 1
Sus scrofa Wild boar 3 12
Tragulus spp Mouse deer 1

Reptile 15% 100% 100% 19%

Agamidae Dragon lizard 4 1
Draco spp. Flying lizard 2 1
Scincidae Skink 3
Varanus salvator Water monitor 3

TOTALS 16 1 1 62 1 1 1 1 16 16

3.2. Identification of Mosquitoes Collected

Molecular taxonomy using COI barcoding was attempted on 104 of the bloodfed mosquito
samples from which hosts had been identified. Eighty-six of these samples were attempted using
DNA extracted from mosquito legs using the protocol described in Section 2.5, and 18 samples
were attempted using DNA extracted from the mosquito abdomen using the protocol described in
Section 2.6. The remaining samples were not subjected to COI barcoding because they were either
easily identified morphologically or were morphologically identified similarly to the other submitted
samples. Sequences were generated for 24 samples with lengths ranging from 267 to 619 bp; however,
only five mosquito specimens could be identified to species with these sequences, including Cx.
tritaeniorhynchus (N = 2), Cx. gelidus (N = 2), and Ae. albopictus (N = 1). Four samples were identified
to genus, Culex (N = 1) and Anopheles (N = 1), tribe, Aedini (N = 1), or family, Culicidae (N = 1)
(Supplementary file SF1). The remaining sequences had BLAST matches to multiple genera with ≥90%
sequence identity, indicating an unresolved molecular identification.

3.3. Mosquito–Host Networks by Land Cover Type

Alluvial plots were created from those land covers with >5 mosquito–host interactions detected
to visualize the relative frequency of connections between the sampled mosquitoes and hosts in
the land cover types sampled. Barren, urban built-up, and rural built-up comprised three of the
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six human-modified land cover types in the study. Only one engorged mosquito, Ae. albopictus,
was collected in barren land, and this mosquito had fed on a human. Four engorged Culex
quinquefasciatus were collected in urban built-up land, three of which had fed on red jungle fowl and one
on spotted dove. Within the rural built-up land cover type, seven host taxa were detected from 12 Cx.
quinquefasciatus, six Cx. gelidus, two Cx. tritaeniorhynchus, 12 unidentified Culex and three Ae. albopictus.
Culex species fed on mammals (70%; wild boar, humans, bearded pigs, dogs, and a Malaysian field rat),
birds (27%, all red jungle fowl), and amphibians (3%, a golden-backed frog). Three Ae. albopictus in
this land cover type fed on wild boar (Figure 2A).

Open-canopy ground vegetation, non-oil palm agriculture, and oil palm agriculture comprised
the remaining three human-modified land cover types in the study. Three mammals were detected as
hosts from six mosquitoes in the open-canopy ground vegetation land cover type. Bearded pig was
identified as a host for one Ae. albopictus and one Uranotaenia sp., wild boar was identified as a host for
two Culex sp., and humans were detected as a host from two Ae. albopictus (Figure 2B). Land under
several agricultural crops, including cocoa (n = 1), durian (n = 1), fish (n = 1), and lime (n = 1) farms,
made up the non-oil palm agriculture land cover type. In these agricultural lands, humans were
identified from four Culex specimens and one Ae. albopictus (Figure 2C). Additionally, a buffy fish
owl was identified as the host for one Culex sp. (Figure 2C). In oil palm plantations, humans were
detected as hosts from five Ae. albopictus specimens and a forked-tongued frog from one Uranotaenia
sp. (Figure 2D).

Three categories of forest were sampled in this study. In swamp forests, the most common
mosquito collected was morphologically identified as Verrallina, but as molecular analyses to date have
been inconclusive, these are here listed simply as Aedini. Humans were the only hosts detected from
these 16 specimens (Figure 2E). Three Culex sp. from swamp forests fed on humans (33%) and water
monitor lizards (67%) (Figure 2E). Amphibians were the only hosts detected from the Uranotaenia
mosquitoes in this land cover type, including one spotted-litter frog and one brown frog (Figure 2E).

The majority of engorged mosquitoes were collected in secondary forests, while only 5 bloodmeals
were identified from primary forest, thus these land cover types were combined into a single alluvial
plot (Figure 2F). Uranotaenia was the most common genus from secondary forests; hosts for this genus
of mosquitoes included reptiles (27%, skink), amphibians (64%, spotted litter frog and forked-tongued
frog), and birds (9%, Eurasian penduline tit) (Figure 2F). Culex in secondary forests fed on birds
(42%, pin-striped tit-babbler and fairy pitta), reptiles (50%, agamid lizard, flying lizard, and a water
monitor), and mammals (8%, Malaysian colugo) (Figure 2F). Humans were detected as hosts for two Ae.
albopictus specimens in secondary forests (Figure 2F). The remaining mosquito genera were collected
as singleton samples and hosts encompassed a broad array of taxa (Figure 2F).

Primary forests yielded the only non-human primate bloodmeal, from a Horsfield’s tarsier, detected
in this study. This bloodmeal was isolated from a single Culex specimen (Figure 2F). Unfortunately,
COI barcoding results have not enabled a species-level identification of this specimen. Culex sp. also
fed upon a finch and an agamid lizard in this land cover type (Figure 2F). A single Ae. albopictus
collected in primary forests fed on human, and a single Uranotaenia mosquito fed upon a Eurasian
penduline tit (Figure 2F).
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Figure 2. Alluvial plot showing mosquito and host networks at the land cover level for all land covers in
which >5 bloodfed mosquitoes were collected (A) rural built-up (n = 36 mosquitoes), (B) open-canopy
ground vegetation (n = 6), (C) non-oil palm agriculture (n = 6), (D) oil palm agriculture (n = 6),
(E) swamp forests (n = 21), (F) secondary and primary forests (n = 36). Left nodes represent mosquito
and right nodes represent host taxonomic groups. Colors of alluvial fans are consistent across figures
and indicate mosquito genus.
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3.4. Site Level Networks Between Mosquitoes and Hosts

For spillover of arboviruses to occur, vectors and hosts must be in close proximity. This may
translate to a fine spatial scale, such as the site level, given the limited dispersal distances of most
mosquitoes [56]. Therefore, sites were identified where either 1) a single mosquito taxonomic group
was feeding on multiple host taxa or 2) two mosquito taxonomic groups were feeding on a single
host taxon.

The first scenario, in which a single mosquito group fed on multiple taxa, played out at sites within
the urban built-up (N = 1), rural built-up (N = 2), non-oil palm agriculture (N = 1), and secondary
forest (N = 2) land cover types (Table 2). At site U_009, Culex quinquefasciatus fed on two avian species,
red jungle fowl and spotted dove. Rural site R_015 had a network between four different Culex taxa
and multiple hosts (Figure 3). One Cx. gelidus fed on humans, two on bearded pigs, and three on wild
boar. Two Cx. tritaeniorhynchus, shared a similar feeding pattern as Cx. gelidus, feeding on humans and
bearded pig. One Cx. quinquefasciatus fed on wild boar. At this site, three Culex spp. fed on humans,
two on bearded pigs, four on wild boar, two on red jungle fowl, one on a Hylarana frog, and one on
a Malaysian field rat. At site R_001, Cx. quinquefasciatus fed on both humans and wild boar. At site
AG_017, a durian farm, two unidentified Culex sp. fed on a buffy fish owl and a human. At secondary
forest site SF_017 two Culex sp. fed on fairy pitta birds and one on a flying lizard. Last, at secondary
forest site F_123 two Uranotaenia mosquitoes fed on an amphibian, a spotted-litter frog, and a reptile,
a skink.

The second scenario, in which multiple mosquito taxa feed on a single host species, only played
out at one site within the rural-built up land cover type site R_013, where wild boar was host for one
Cx. quinquefasciatus and two Ae. albopictus (Table 2).

Figure 3. Connections between humans and pig species mediated by designated Culex species within
the rural built-up site R_015. Samples sizes are found in Table 2. Host species images from left to
right are Bornean bearded pig (Sus barbatus) [57]†, human (photograph taken by Katherine I. Young),
and Eurasian wild boar (Sus scrofa) [58]†. † Licensee of the Licensed Material: Ecology, Conservation
and Management of Wild Pigs and Peccaries, Bearded pig Sus barbatus (Müller, 1838), Eurasian wild
boar Sus scrofa (Linnaeus, 1758), License Date: 03/26/2020, PLSclear Ref No.: 35570. Reproduced with
permission of The Licensor through PLSclear
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Table 2. Mosquito and host networks at the site level in sites where either a single mosquito taxon fed
on multiple host taxa or multiple mosquito taxa fed on a single host taxon.

Site ID Mosquito Taxa Host Taxa Number Bloodmeals Identified

Urban Built-Up

U_009 Culex quinquefasciatus Gallus gallus 1
Culex quinquefasciatus Streptopelia chinensis 1

Rural Built-Up

R_015 Culex gelidus Homo sapiens 1
Culex gelidus Sus barbatus 2
Culex gelidus Sus scrofa 3

Culex tritaeniorhynchus Homo sapiens 1
Culex tritaeniorhynchus Sus barbatus 1
Culex quinquefasciatus Sus scrofa 1

Culex species Gallus gallus 2
Culex species Homo sapiens 3
Culex species Hylarana species 1
Culex species Rattus tiomanicus 1
Culex species Sus barbatus 2
Culex species Sus scrofa 4

R_001 Culex quinquefasciatus Gallus gallus 5
Culex quinquefasciatus Sus scrofa 1

R_013 Aedes albopictus Sus scrofa 2
Culex quinquefasciatus Sus scrofa 1

Durian Farm

Ag_017 Culex species Ketupa ketupu 1
Culex species Homo sapiens 1

Secondary Forest

SF_017 Culex species Draco species 1
Culex species Pitta nympha 2

F_123 Uranotaenia species Leptobrachium hendricksoni 1
Uranotaenia species Scincidae family 1

4. Discussion

Our data on mosquito bloodmeal sources from a range of land cover types in Sarawak, Malaysian
Borneo demonstrate that bloodmeal analysis from mosquitoes can be used to identify a broad range
of hosts in a biodiversity hot spot. In our sample of 134 engorged female mosquitoes, 87% of the
bloodmeal sources were identified, similar to other studies of mosquito host feeding patterns [59–62].
Eighty-three percent of the 18 samples that failed to produce host identifications were collected in the
KK and OP projects. Mosquitoes from these projects were not held on ice packs during transportation
back to the laboratory, while samples from the LC project were held on ice, which may account for
the greater success in amplifying samples from the LC project. Storage method and temperature has
been shown to impact the success of DNA amplification from mosquito bloodmeals [63,64]. Further,
we did not attempt to characterize the digestion status of the bloodmeals collected in any of the projects.
DNA degradation of the bloodmeal occurs over time and negatively impacts the success of DNA
extraction and bloodmeal identification [63,65,66]. It is also possible that certain host species were
not detected due to the specificity of the primers used. A recent study on the Ryukyu Archipelago of
Japan reported specialized feeding patterns of Ae. baisasi on 15 different fish species determined using
universal COI primers and fish specific mitochondrial 12S rRNA primers [51].

Several mosquitoes known to act as key arbovirus vectors were analyzed in this study. Across
seven land cover types, humans and boars were the only hosts detected from 16 Ae. albopictus,
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an important vector of human-endemic DENV within this region and a potential bridge vector for
sylvatic DENV as well as other arboviruses. Despite its spread into urban areas [67], Ae. albopictus
is thought to be sylvatic in nature and generalist in feeding behavior [68]. Ae. albopictus has been
shown to feed on birds, amphibians, and reptiles across its global range, though the majority of
bloodmeals characterized come from mammals [60,69]. Within its native range, Ae. albopictus seems
to preferentially feed on humans, although the majority of studies supporting this conclusion have
been conducted in urban and rural land cover types where humans are highly abundant [60,69,70].
However, Sivan et al. reported a reduction in human feeding by Ae. albopictus from urban to forested
landscapes in India [71]. Our data revealed humans as hosts for Ae. albopictus in both secondary and
primary forests where this species may play a role as a bridge vector in sylvatic DENV spillover to
humans [7,33]. We detected no non-human primates as hosts for Ae. albopictus, although Khaklang
and Kittayapong reported seven cases in which monkeys and humans were detected from a single
bloodmeal from Ae. albopictus samples in sites near national parks in Thailand [72]. Further studies on
the feeding behavior of Ae. albopictus in forests, would be valuable for better determining its role as
an arbovirus bridge vector.

Several Culex species known to act as vectors of JEV were collected in this study, including Cx.
tritaeniorhynchus, Cx. gelidus, and Cx. quinquefasciatus [73]. Cx. tritaeniorhynchus has been described
as the main vector of JEV transmission in Southeast Asia, where it is highly zoophilic and facilitates
amplification of the virus in pigs [6,73,74]. Humans and bearded pigs were the only hosts identified
from Cx. tritaeniorhynchus from a single site in the rural built-up land cover type. The last study of JEV
transmission and feeding habits of Cx. tritaeniorhynchus in this region of Sarawak was conducted in the
early 1970s, and this species was also found to feed on pigs and humans in rural villages [75]. Based on
the bloodmeals taken by other mosquito species, our data show a diversity of hosts available within the
rural built-up land cover type; nonetheless, the 2 Cx. tritaeniorhynchus sampled selected only humans
and pigs. The other JEV vectors mentioned above were also found to feed on Suidae, humans, and in
the case of Cx. quinquefasciatus, birds, in urban and rural built-up land cover types. The majority of host
feeding behavior studies for Cx. quinquefasciatus have been conducted in North America and Europe
due to its high competence for West Nile virus (WNV) transmission. In this region, this species is
an opportunistic feeder and bridge vector [76,77]. Hosts identified from Cx. quinquefasciatus across all
land cover types were primarily birds, though none of the species documented are known hosts of JEV.
Cx. gelidus, which previous studies have shown to be an opportunistic feeder [59,78], was only collected
in the rural built-up land cover type where it fed on humans and Suidae. Importantly, all engorged Cx.
gelidus and Cx. tritaeniorhynchus were collected from the same site, R_015, where their intertwined host
utilization reveals potential risk for JEV transmission. The remaining Culex specimens were mostly
identified only to genus but showed a wide land cover distribution and breadth of hosts, including the
only non-human primate detected in this study, the Horsfield’s tarsier. This group of Culex also created
within-site host networks, the most important of these with Cx. tritaeniorhynchus and Cx. gelidus,
which created connections among six taxa. Identifying these individual species will provide valuable
information about their potential vector status, and work to this end is ongoing. We focus on these
site-level interactions not to draw general inferences, which is not possible due to the small samples
sizes, but rather to offer a model for how this type of data should be parsed to gain maximum insight.

Two other groups of mosquitoes, Uranotaenia and a group of 16 individuals identified to the
Aedini tribe, made up a significant portion of the bloodmeals identified in this study. Uranotaenia
species are not considered relevant vectors of human disease, although WNV has been isolated from Ur.
unguiculata in Eastern Europe [79]. Little is known about this genus of mosquitoes, but some species
have been shown to preferentially feed on birds, herptiles, and invertebrate, annelid hosts [61,79].
Some of these feeding preferences were corroborated in our data, extending existing knowledge
of the feeding habits of this genus. Humans were the only hosts detected from the Aedini group
across multiple swamp forest sites, making this group of individuals the only complete specialists
identified in this study. These samples were originally morphologically identified as belonging to
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Verrallina, a genus within the Aedini tribe forming a monophyletic group most closely related to
Aedes [80]. The 95 known species of Verrallina primarily occur across the Indomalayan and Australasian
biogeographic realms and prefer habitats with flushed pools of brackish water [81–83], similar to the
swamp forest sites in which these Aedini specimens were collected. Though Verrallina is not considered
a medically-important genus of mosquito vectors, they are considered pest species that frequently bite
humans [82]. Further, some species have been shown to be experimentally competent for Barmah
Forest and Ross River viruses in Australia [84,85]. Though these viruses are not known to occur in
Borneo, solid identification of these mosquitoes is necessary to better understand their potential as
vectors within this region.

The remaining mosquito taxa collected in this study represent single specimens from secondary
forests. Of the five mosquitoes identified to genus, three genera, Anopheles, Armigeres, and Mansonia,
include known vectors of human pathogens in this region [86]. Based on sample size, no clear
host network information can be visualized for these species. However, the hosts detected from
these specimens are diverse, two of which, Bornean bearded pig and fairy pitta, are considered
vulnerable species by the International Union for Conservation of Nature (IUCN) [87]. Further,
the only non-human primate detected in this study, Horsfield’s Tarsier, is also considered vulnerable
by IUCN [87] and was a host for an unidentified Culex species. Bloodmeals from leeches have been
used in Southeast Asia to detect mammalian hosts for conservation efforts [88], and Kocher et al. (2017)
took a similar approach in French Guiana with dipteran vectors of disease [89]. This latter study
sampled bloodfed Phlebotominae flies and mosquitoes across a gradient of anthropogenic pressure
on the local native rainforest forest and compared the diversity of hosts identified. Similar to our
data, they found that the diversity of hosts detected was reduced with the increase of anthropogenic
disturbance of the surrounding forest [89]. Further, mosquito bloodmeals can be used to give insight
into the prevalence of pathogens circulating in wildlife that can pose a significant disease risk and
impact conservation efforts [90]. Given the impact of LCLUC on the biodiversity of terrestrial animals
in Borneo [91–93] and diversity of hosts detected in our study, a targeted surveillance of mosquitoes
and other hematophagous insects is warranted for use in species detections and conservation efforts.

Humans were detected as bloodmeal sources for mosquitoes, many of known vector status, in all
land cover types investigated except, ironically, urban built-up. From these data we can conclude that
humans are encountered and desired as hosts, despite a relatively high diversity of hosts available
across all land cover types, and that there is potential for zoonotic arboviral spillover between land
cover types. Future research should focus on arbovirus surveillance in mosquitoes in Sarawak using
virus isolation and/or next generation sequencing from which host, vector, and pathogen can be
detected. Such surveillance would be most profitable at the interior and border of agricultural, rural,
and forested land cover types in Borneo where reservoir hosts occur and humans live in close proximity
to reservoir species habitats [1,11,94].

Given that we identified 21 host taxa from a relatively small sample of mosquitoes, it is almost
a certainty that more extensive sampling efforts would increase the richness of host species and vector
species detected and the complexity of host–vector networks. However, the interactions identified
in this study would still hold. Moreover, few studies have performed bloodmeal analyses from
mosquitoes in Borneo; to date, only Brown et al. have reported the identification of 38 bloodmeals
from mosquitoes in Sabah, Malaysian Borneo [52]. Thus, our data give valuable insight into the vector
and host networks related to arbovirus transmission, especially JEV and DENV, which can be used for
targeted surveillance of zoonotic arboviruses within this region of Borneo.

Supplementary Materials: The following are available online at http://www.mdpi.com/2414-6366/5/2/51/s1, File S1:
mosquito_bloodmeal_identifications.xlsx, File S2: failed_mosquito_amplicons.xlsx, Figure S1: Photographs of land
cover types, Table S1: Land cover and site descriptions, Table S2: Bloodmeal PCR primers, Table S3: Bloodmeal
PCR reaction information, Table S4: PCR reaction and conditions for cloning.
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Abstract: Crimean–Congo hemorrhagic fever virus (CCHFV) infection is identified in the 2018 World
Health Organization Research and Development Blueprint and the National Institute of Allergy and
Infectious Diseases (NIH/NIAID) priority A list due to its high risk to public health and national
security. Tick-borne CCHFV is widespread, found in Europe, Asia, Africa, the Middle East, and the
Indian subcontinent. It circulates between ticks and several vertebrate hosts without causing overt
disease, and thus can be present in areas without being noticed by the public. As a result, the potential
for zoonotic spillover from ticks and animals to humans is high. In contrast to other emerging viruses,
human-to-human transmission of CCHFV is typically limited; therefore, prevention of spillover
events should be prioritized when considering countermeasures. Several factors in the transmission
dynamics of CCHFV, including a complex transmission cycle that involves both ticks and vertebrate
hosts, lend themselves to a One Health approach for the prevention and control of the disease that
are often overlooked by current strategies. Here, we examine critical focus areas to help mitigate
CCHFV spillover, including surveillance, risk assessment, and risk reduction strategies concentrated
on humans, animals, and ticks; highlight gaps in knowledge; and discuss considerations for a more
sustainable One Health approach to disease control.

Keywords: One Health; spillover; animal-human interface; Crimean–Congo hemorrhagic fever;
tick-borne virus; outbreak response; surveillance; tick; livestock; risk reduction

1. Introduction

Tick-borne Crimean–Congo hemorrhagic fever virus (CCHFV; family Nairoviridae; genus
Orthonairovirus) causes a severe, often fatal zoonotic hemorrhagic fever in humans, and is listed
as a World Health Organization (WHO) and National Institute of Allergy and Infectious Diseases
(NIH/NIAID) priority disease based on its capacity for person-to-person transmission, high mortality
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rate of the disease, and a lack of effective therapeutics or vaccines for human or animal use. Viral
isolation and/or disease have been reported from more than 30 countries in Africa, Asia, Southeast
Europe, and the Middle East. Hyalomma species ticks serve as both reservoir and vector of CCHFV;
transmission to humans occurs through tick bite, crushing of engorged ticks, or, to a lesser degree,
via contact with body fluids of domestic animals or patients with Crimean–Congo hemorrhagic fever
(CCHF). Infection can result in a spectrum of disease; case fatality rates in outbreak settings range
between 3% and 80%. Severe disease is characterized by a sudden onset of symptoms, such as
high fever, headache, myalgia, and petechial rash, frequently followed by a hemorrhagic state and,
occasionally, multiorgan failure [1].

Recently, new foci of CCHF have been identified in several parts of the world, including the
Balkan countries, southwest Russia, the Middle East, India, and Spain. Potential reasons for the
emergence or re-emergence of CCHF include anthropogenic factors, such as changes in agricultural
activities, habitat fragmentation, and importation of infected animals and ticks [2,3]. The potential
influence of climate change on the spread of the disease has also been suggested [4–6]. Outbreaks
have historically been seasonal and sporadic with clusters of few cases. However, recent increases
in the number of cases, especially in Turkey and southwest Asia, have demonstrated the imminent
public health impact of this re-emerging disease [7,8]. The potential for zoonotic spillover to humans
is high due to its wide geographic spread and persistent circulation in nature. In contrast to other
emerging viruses, human-to-human transmission of CCHFV after spillover from the animal host or
tick is limited, typically resulting in only small clusters of human disease. The importance of spillover
for human disease supports prioritizing measures to mitigate these events.

The CCHFV life cycle involves silent transmission between multiple vertebrate hosts (wild
and domestic) feeding immature or adult stages of the tick [9], with the absence of overt clinical
disease in both hosts and ticks. This complex cycle, in which the hosts and vectors are by themselves
highly influenced by environmental parameters, lends itself well to a One Health approach to disease
prevention and control (Figure 1). The concept of One Health recognizes the interconnectedness of
human, animal, and environmental health; it is an approach to disease prevention that endeavors to
address human health in a broader context, making change and intervening in an interdisciplinary
manner [10].

In 2019, a One Health-based framework entitled “A Tripartite Guide to Addressing Zoonotic
Diseases in Countries” was published by The Food and Agriculture Organization of the United Nations
(fao), the World Organization for Animal Health (oie), and WHO [11]. An important section of the
guide focuses on taking a multisectoral One Health approach to disease control, including: (i) strategic
planning and emergency preparedness; (ii) surveillance for zoonotic diseases and information sharing;
(iii) coordinated investigation and response; (iv) joint risk assessment for zoonotic disease threats;
(v) risk reduction, risk communication, and community engagement; and (vi) workforce development.
Here, we examine critical topics for CCHF prevention, including surveillance, risk assessment, and risk
reduction strategies for humans, animals, and ticks that could lead to a more sustainable One Health
approach to disease control and outbreak response. In addition, by discussing several of the parameters
and conditions that mitigate or exacerbate virus transmission, we highlight gaps in knowledge that,
when addressed, would further support effective One Health control practices.
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Figure 1. Crimean-Congo hemorrhagic fever virus (CCHFV) routes of transmission and associated
intervention measures within the three realms of One Health. Environmental health (outer circle),
including climate change and land use, influences several aspects of CCHFV transmission, including
tick and animal host distribution and density; tick–animal host interactions affect the overall animal
health status and livestock production levels (brown circle). The virus transmission pressure between
ticks and animals increases progressively with the life cycle of the tick (reflected by the color gradient
of the arrows from light orange to dark orange to red). Human health (purple circle) overlaps with the
animal health realm through virus transmission routes, most commonly through tick bites or crushing
of ticks, and secondarily through contact with viremic animal blood during the slaughtering process.
Human-to-human transmission can also occur in a household or nosocomial setting when no proper
personal protective equipment is worn.

2. Surveillance

An effective surveillance system provides data on disease incidence and prevalence, establishes
high-risk behaviors or practices at vector/host/human interfaces, and guides the development and
implementation of preventive measures. Given the expansive geographic range of Hyalomma ticks,
their multi-staged life cycle, and corresponding variability in host preferences, surveillance efforts must
be coordinated across multiple sectors to inform on CCHFV in humans, animals, and ticks [2,12,13].
International surveillance for CCHF in humans comprises national surveillance programs in coordination
with WHO regional offices, collaborating centers, and laboratories. Supplementing WHO-based
surveillance networks are other organizations working in both the human and animal health sectors,
including the FAO and OIE; non-governmental agencies, such as Médecins Sans Frontières and the
Wildlife Conservation Society; and academic partners [14].

Since 2002, an increase in CCHF cases in Turkey resulted in greater awareness of the virus, leading
to an influx of serology- and genome-based surveillance studies; over 35% of the CCHF publications
in the last 15 years have focused on antibody and genome detection in humans, animals, and ticks
(unpublished literature review by the authors). Despite substantial increases in data, many challenges
in surveillance efforts remain, including the lack of a framework for extrapolating these data to
formulate risk assessments in human populations. Below, we review international and country-specific
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approaches to surveillance in human, animal, and tick populations. We discuss current strategies
and highlight remaining gaps in surveillance systems and methodologies. Detailed information on
characteristics of specific diagnostic assays for CCHFV can be found in the WHO Roadmaps meeting
report [15].

2.1. Human Surveillance

Five levels were recently proposed to reflect country-specific CCHFV surveillance systems [16].
Levels are based on the incidence of cases, potential for disease transmission to humans, and presence
of surveillance systems. Level 1 countries are those in which human CCHF cases are reported annually
and the virus is endemic; Level 2 countries have sporadic autochthonous human cases; Level 3 and
4 countries have no documented human cases but ecologic data, including the presence of Hyalomma
ticks, suggests that cases may occur without detection; and Level 5 countries are ones for which no
information is available. Human CCHFV surveillance strategies inherently vary between different
country-specific levels. For example, Level 1 and 2 countries require a robust strategy, as human
cases can be sporadic and thus public awareness may be lacking. In addition, these countries could
have a relatively higher incidence of mild or asymptomatic human infections, which may occur more
frequently than previously believed [17–19]. In contrast, Level 5 countries should focus surveillance
specifically on the presence of the tick vector and not initially on detecting human seropositives [16].

While surveillance strategies will understandably vary based on the “level” of CCHFV in a country,
wide gaps in the strength of human surveillance systems between countries with similar levels of
endemicity remain [20]. Even across regions, surveillance approaches tend to lack standardization; their
focus may be on acute outbreak-specific response, targeting at-risk populations, or examining larger
groups of the population. Nasirian et al. (2019) recently performed a meta-analysis of 45 published
human serosurveys, determining that animal contact, husbandry, and farming, as well as tick bites,
hunting, and slaughtering were the most evident risk factors for CCHF seropositivity [20]. This report
serves as an example of the power of collective analysis of national and international reports; however,
the utility of this approach would be greatly enhanced with improved standardization of data collection
and reporting.

Although human serosurveillance can be used to generate these types of high-level risk assessments,
data should be interpreted with caution. Important gaps in CCHF knowledge are the discrepancy
between seroprevalence and symptomatic disease incidence and an understanding of CCHFV
strain-specific virulence. More specifically, we find that seropositivity in human populations cannot be
assumed to definitively correlate with a risk for human CCHF disease. For example, within Greece,
CCHFV was first isolated from a Rhipicephalus bursa tick in 1975 (strain AP92/P7) [21]. Subsequent
human surveillance data have indicated widely varying rates of seropositivity in different regions
within Greece, some as high as 27.5%, yet only one recorded human case of CCHF has been documented
within the country since 1975 [22]. It has been hypothesized that the Greek AP92 strain is an outlier,
confined only to Greece and avirulent or less virulent than other strains circulating worldwide, though
laboratory studies have never been conducted to confirm these hypotheses. However, in recent years,
AP92-like strains have been discovered outside of Greece, and interestingly, these genetically similar
viruses have been implicated in causing severe human disease [23,24].

Adding to disparate surveillance networks and methodologies are unknowns regarding the
accuracy and cross-reactivity of serologic testing. No standard serologic assay has been approved for
human clinical use, and the assays used for research purposes have shown variation in performance
based on genetic heterogeneity of the virus [25–27]. Thus, human surveillance data alone cannot be
used to understand risk in a given geographic area. Rather, a more comprehensive One Health-based
approach to CCHF surveillance should be used to provide a more refined understanding of virus
spillover risk.
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2.2. Animal Surveillance

An extensive number of serosurveys have been performed in domestic and wildlife species
informing on both the geographic range and relative levels of CCHFV circulation [28,29]. Animals are
fundamental to virus maintenance by serving as hosts for the ticks; they develop a subclinical infection
with a relatively low-level viremia typically lasting a week and up to 14 days [30]. The duration of
viral replication in other tissues over time has not been characterized in livestock and wild-life species.
However, in mouse models of disease, RNA levels in survivors indicate that virus may be detected
in certain tissues longer than in blood [31,32], indicating a need for both tissue tropism and viral
persistence studies in livestock and other animals.

Serological data are the mainstay in animal surveillance for CCHFV [28]. PCR is of limited value;
infectious virus is found only briefly in animals as they have a short period of viremia, and while virus
may persist longer in tissues, this period is not thought to be extensive. This brief persistence is reflected
in the small number of reported virus isolates obtained directly from animals and the large sample
size required to obtain virus isolates [29,33–35]. As such, PCR has limited sensitivity for identifying
animals involved in outbreaks or maintenance cycles, even if an exposure event was relatively recent.
In contrast, while serology cannot indicate active infection, it can identify past exposure and is not
affected by the sensitivity limitations inherent in PCR analyses for CCHFV in animals.

Serological data can be very useful for revealing the geographic range of CCHFV but have
limitations. Critical details (e.g., species, breed, age, proportion of herd sampled, sampling dates, etc.)
are often lacking, necessitating more standardized methodology and reporting. As with human data,
serology in animals must also be interpreted with caution. First, without repeated sampling, these
data do not indicate the timing of exposure, emphasizing the importance of longitudinal sampling in a
region. While human data support long-lived antibody and CD8+ T-cell-mediated responses [36–38],
the antibody responses to virus in livestock (and many other species) have not yet been characterized
over time. In experimentally infected mice, anti-CCHFV antibodies generally developed around one
week post inoculation (p.i.); IgM appeared, beginning at 8 days p.i. and declined thereafter, whereas
IgG levels increased and were sustained at least 9 weeks p.i. Only marginally neutralizing antibody
responses were detected by day 28 p.i., and did not substantially increase by 9.5 weeks p.i. [31].
Adding to the complexity, wildlife and livestock are most likely exposed to infected ticks multiple
times throughout a tick season and their lifespan. It is unknown how this influences isotype-specific
antibody levels over time. Longitudinal sampling in individual animals may be prohibitive from a
surveillance standpoint, but experimental data on antibody persistence can inform the frequency of
sampling decisions based on the level of animal turnover in the area.

The movement of animals can also complicate serological data interpretation, as the location in
which the sample was collected may differ from the location of exposure. Furthermore, maternal
transfer of anti-CCHFV antibodies has been demonstrated in sheep [39], suggesting that even if
offspring have not moved, the geographic history of the dam may also have to be examined. Finally,
cross-reactivity to other nairoviruses should also be considered, as sequence homology has been
described between members of different serogroups, including the Nairobi sheep disease serogroup,
known to circulate and cause disease in domestic animals [40,41]. Cross-reactivity between nairoviruses
has also been reported in protein expression assays [42]. To date, the degree of cross-reactivity between
nairoviruses has not been systematically evaluated; evidence suggests that it may occur, but the
frequency and level of cross-reactivity are unknown.

2.3. Tick Surveillance

Ticks are the vector and reservoir of CCHFV, maintaining the virus in nature through transstadial
and transovarial transmission [29,43–46]. Ticks within the genus Hyalomma (family Ixodidae) are
considered to be the primary vectors and exhibit a two-host lifecycle, in which ticks in larval and
nymphal stages feed on small mammalian hosts and later switch to a different larger mammalian host
as adults to complete their life cycle [1]. Evidence has demonstrated that the geographic distribution

85



Trop. Med. Infect. Dis. 2020, 5, 113

of Hyalomma ticks specifically overlaps with human CCHF cases, which is not the case for other tick
species, suggesting that the presence of Hyalomma ticks may be necessary to support natural circulation
of the virus [29,47–49]. While the role of other tick species in CCHFV maintenance and transmission is
not well defined, the virus has been detected in several other tick genera (Amblyomma, Rhipicephalus,
Dermacentor, and Ixodes); however, data on the vector competence of these species is largely missing [47].
Assessing vector competence is crucial to understanding the potential for CCHFV establishment
in new geographic regions, particularly those where non-Hyalomma species might supplement the
transmission cycle or play a role in cryptic transmission [50].

Hyalomma ticks are broadly distributed across Asia, Europe, and Africa, making the potential
for CCHFV circulation and spillover a widespread global concern. Additionally, changing climatic
conditions and the frequent importation of Hyalomma ticks into novel regions via migratory birds
or animal trade (e.g., livestock) is of particular concern for the expansion of endemic areas [51–54].
The detection of viral antigen or genomic fragments in tick vectors has historically been an important
precedent and/or predictor of human cases. For example, in 2010, prior to any reports of human
cases in Spain, CCHFV RNA was detected in that country in Hyalomma lusitanicum and Hyalomma
marginatum ticks at a rate of 2.78% (44/1579), which was similar to the CCHFV tick infection rate of
other endemic countries in Europe, including Kosovo, Bulgaria, and Albania [3,55,56]. These data
were important in confirming the established spread of CCHFV into western Europe 7 years before the
first human case was documented in Spain in 2017 [55,56]. Additionally, viral antigen was detected in
ticks in Iran over 20 years before autochthonous human cases were described [57]. Studies that focus
on tick collection from cattle can be a particularly sensitive indicator of the presence of viral circulation
in a given geographic area because cattle can be infested by a greater density of Hyalomma spp. ticks
than small ruminants [58].

Although baseline detection of virus in ticks is important, many other factors that we do not
fully understand determine the long-term maintenance and persistence of the virus in ticks over time,
including rates of transstadial and transovarial transmission, co-feeding behaviors [59], and relative
densities of both ticks and animal hosts. In order to better understand the frequency and contribution of
transstadial/transovarial transmission in the maintenance of CCHFV in tick populations, surveillance
efforts should focus on collecting questing ticks, though this can be significantly more difficult than
collecting ticks from animal hosts. Recently, a growing number of publications have reported the
detection of CCHFV in non-Hyalomma tick species collected from animal hosts, suggesting that these
species may play a role in transmission to humans [47]. It must be emphasized that the detection
of virus in non-questing ticks, particularly those collected from animal hosts, cannot be correlated
with vector competence or risk for transmission to humans. Vector competence ultimately needs to be
evaluated and confirmed in a laboratory setting.

3. Risk Assessment

Although many of the individual determinants leading to spillover, such as virus prevalence
in ticks or animals, have been studied extensively, each is typically addressed in isolation within
its own discipline. As a result, prevention is often focused on interventions targeting specific
aspects of transmission without accounting for other interconnected parameters. This can lead to
unproductive intervention efforts (as described in Section 6.3), such as with the release of helmeted
guineafowl [60]. A comprehensive understanding of virus maintenance in nature and spillover into
human populations, and how these processes are hierarchically, functionally, and quantitatively linked
remains a fundamental deficit in CCHF research. Plowright et al. (2017) proposed a mechanistic
structure of determinants of disease spillover and their interactions [61]. We propose that this
comprehensive framework be adopted to guide research efforts in support of a One Health-based
approach for CCHF (Figure 2). In addition to considerations regarding epidemiology, ecology, virology,
and vector biology (covered in other sections of this manuscript), mathematical modeling will play
an important role in adopting the framework to develop comprehensive risk assessments. Modeling
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within the context of the framework will serve to highlight key gaps in knowledge, which will facilitate
prioritization of epidemiology and laboratory-based experiments and of mitigation policies.

Figure 2. Spillover percolation model of different barriers to CCHFV spillover and opportunities
to intervene (based on Plowright et al., 2017) [61]. The risk of CCHFV spillover is determined
by the ecological dynamics of infection in the tick and animal host (blue barriers), human
epidemiology/behavior (green barriers), and within-host biological factors (orange barriers) that
influence exposure outcome in humans. CCHFV must overcome all of the barriers before spillover can
occur; thus, each barrier offers intervention opportunities to prevent human disease. The distribution
and intensity of infection (virus levels) in tick vectors and animal hosts, virus release from ticks and
animal hosts, and CCHFV and tick survival determine the pathogen pressure (the amount of virus
that is available to humans at a given point in time and space). Pathogen pressure then interacts with
human behavior and the tick vector to determine the likelihood, dose, and route of human exposure.
The thickness of the arrows represents the likelihood of spillover to humans (tick > livestock-associated
exposure). The probability of human infection is determined by the within-host factors. Once spillover
has occurred, human-to-human transmission in a household or nosocomial setting can occur as well
(not depicted). In this case, barrier parameters, such as virus dose, route, and human behavior,
still apply.
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3.1. Modeling Tick-Borne Viruses

Modeling of tick-borne viruses has historically been lacking, primarily due to the complexity of the
vector-host-virus system. Mathematical models can be used to integrate virus, vector, and host biology
in order to identify key features that increase the risk of infection. These models are little more than a
formal description of our biological understanding, but they reveal the non-linearities (a lack of a direct
relationship between an independent variable and a dependent variable) associated with transmission
and identify major shifts in transmission dynamics that can result in unexpected outbreaks. Working
from the tick life cycle and adding key features of CCHFV biology, we can start to identify critical data
needed to estimate outbreak risk; we also determine whether an understanding of the system in one
location helps to explain the findings in another, and what aspects of the system shape transmission.
Ultimately, we seek to obtain insights into the dynamics of the virus in relation to the vector and
hosts, which will lead us to identify the type of surveillance that can provide critical information for
developing targeted intervention strategies to reduce infection risk in humans and livestock.

Tick models are fundamentally different from mosquito models because ticks bite once per
developmental stage, live over multiple seasons, and frequently feed on multiple host species, some
of which are capable of transmitting the virus on to other ticks (amplifying hosts) while others are
not. There are multiple non-linearities in the system for which the output does not change in direct
proportion to a change in the input: The rate of transmission rises as a consequence of host–tick
combinations and the resulting heterogeneity of how CCHFV is amplified in this system, leading
to transmission and outbreaks driven by certain vector-host combinations. In this respect, models
of tick-borne infections are probably best used to determine if our understanding of the biology
explains the changes in seroprevalence from year to year in different host species and variation between
locations. Additionally, models can be useful in differentiating competing hypotheses and validating
models by making predictions that can be tested with critical experiments (Figure 2). Indeed, such
experiments frequently provide important data to improve parameter estimation (i.e., finding the
unknown parameters of the model that give the best fit to a set of experimental data), and model
precision and accuracy.

In some types of analysis, multiple spillover determinants are aggregated, obscuring the
interactions between them. Although aggregation might be appropriate at times, sometimes
discrete mechanisms can only be identified using simpler models. Non-linear interaction between
the spillover determinants and barriers can create bottlenecks that provide opportunities for One
Health interventions.

3.2. What Key Data Are Needed?

In endemic areas, seroprevalence in hosts is most likely in an equilibrium and is roughly constant
from year to year since livestock hosts are repeatedly exposed to the virus through ticks in various
life stages persistently infected with CCHFV. Young CCHFV-naïve animals join the population as old
animals die. Therefore, examining seroprevalence across the age curve over years can be some of the
most helpful data. This curve quite simply plots the proportion of hosts within each age category
that have been exposed to infection and tracks the changes in this proportion with host age. With
directly transmitted freely mixed populations, these data can be used to obtain an estimate of the basic
reproduction number, R0, which would be 1 + (L/A), where L is the life expectancy of the host and A is
the average age of infection [62]. R0 is useful when there is no previous exposure in the population and
when comparing different studies, and is defined as the number of secondary cases in a population
of susceptible hosts that arises following the introduction of an infectious individual. R0 for many
vector-borne systems is not simple to estimate but provides a rough approximation that can be very
useful for comparing populations and then validating with a more precise metric.

Cooper (2007) applied a basic tick-protozoan model of Theileria parva developed by Medley et al.
(1993) to CCHF disease dynamics between ticks and their domestic animal hosts [63,64], and clearly
showed how seroprevalence data can be used to estimate the rate at which animals become infected.
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In this situation, the most useful study would be long-term longitudinal sampling of livestock of a
known age so that the time of seroconversion can be cleanly estimated. In the absence of longitudinal
studies, detailed sampling across the age structure at one time point can provide interesting data for
comparison between sites, assuming the seroprevalence has reached equilibrium.

Ak et al. (2018) developed a computational framework based on Gaussian processes to
spatiotemporally predict human cases in Turkey. The predictive value of the framework was tested
against CCHF cases in the years 2004 and 2015 [65]. This Gaussian process framework obtained better
results than two frequently used standard machine learning algorithms (i.e., random forests and boosted
regression trees) under temporal, spatial, and spatiotemporal prediction scenarios. This shows that
such frameworks have the potential to make an important contribution to public health policy makers.

3.3. Important Features of CCHF Modeling

Several features of the CCHF-tick-host system could generate non-linear responses in transmission
and result in disease outbreaks. Here, we mention a few, although there is a pressing need to understand
how some of these processes could produce rapid changes in exposure risk. In several instances
in which data regarding Hyalomma spp. were unavailable, we consider what is known about other
ixodid ticks and tick-borne diseases. We acknowledge that translating information from other tick
or tick-borne diseases may not be an accurate approach, since the tick and pathogen life cycle are
significantly different from those involved in maintaining CCHFV, but it may be a first step in helping
frame ideas for the control of CCHF.

3.3.1. Multiple Host Species and the Dilution Effect

Modeled by Norman et al. (1999) [66], the dilution effect occurs when the transmission cycle,
maintained by one competent vertebrate host species is reduced by the presence of a second host
species that is less competent. The dilution effect has been demonstrated for Lyme disease but is
still a controversial hypothesis for other tick-borne diseases. Adding a second host species to the
community of ticks effectively increases the number of vertebrate hosts available to feeding ticks so
the tick population expands. If this second vertebrate host is less competent for the virus, the virus
is lost from the system: The presence of the second host dilutes the virus. This is because ticks feed
a limited number of times during their life cycle, and feeding on the less competent host effectively
means reduced virus transmission. This results in fewer infectious vertebrates within the population
and a lower R0 value for the virus in that host community, even though the R0 for the ticks is effectively
increased. Field studies on louping ill virus have shown that removing the amplifying host (in this
instance, a non-viremic host) results in declining viral abundance in line with the theoretical models [67].
Excellent studies have also been undertaken on the dilution effect of Lyme disease [68].

3.3.2. Non-Viremic Transmission through Co-Feeding

In the case of most vector-borne viruses, transmission occurs when the arthropod vector bites a
viremic host and becomes infected. However, some hosts permit direct passage of CCHFV between
co-feeding ticks without the requirement of a viremic response from the host. During feeding,
ticks produce pheromones that attract other ticks to the same feeding pool, facilitating tick-to-tick
transmission, a process accelerated by the presence of tick saliva [69]. The likelihood of co-feeding
increases with the intensity of tick infestation, and hosts infested with high numbers of tick larvae and
nymphs are more likely to have co-feeding groups. The relative importance of co-feeding transmission
in wildlife hosts preferred by Hyalomma, like Leporidae, is not yet known [70]. Thus, more field studies
looking at the densities of Hyalomma species ticks on wildlife hosts need to be conducted (Figure 2).
The co-feeding transmission phenomenon has been well characterized for tick-borne encephalitis
virus (family Flaviviridae; genus Flavivirus) and Ixodes spp. ticks, yet only one publication addresses
this question for CCHFV. A small proportion of ticks (0.1–1.9%) were shown in a laboratory study to
acquire CCHFV when co-feeding on non-viremic guinea pigs [70]. However, guinea pigs are not the
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natural host for Hyalomma ticks, nor do they play a role in the natural transmission of the virus. Thus,
co-feeding transmission between ticks must be much better characterized in studies with natural hosts
in a controlled laboratory setting (Figure 2).

3.3.3. Transovarial Transmission

Passing the virus from the ovaries of female ticks to the egg and eventually the larva is the
mechanism for maintaining viral persistence from one generation to the next. Indeed, infecting a
high proportion of larval ticks can also result in increased R0. This has been recorded for CCHFV in
Hyalomma truncatum, although at a fairly low level [71]. The role of transovarial transmission in different
Hyalomma species is unclear and needs to be investigated in a controlled laboratory environment
(Figure 2).

3.3.4. Sexual Transmission of the Virus in Ticks

Gonzales et al. (1992) showed sexual transmission of CCHFV between copulating Hyalomma
truncatum ticks, although the sample size was insufficient to reliably estimate the rate of transmission.
Since virus-induced mortality is unlikely in ticks, the prevalence of infection is expected to rise from
one tick life stage to the next, so sexual transmission is a route by which host infection and transmission
of CCHFV to the eggs can increase [71].

3.3.5. Role of Other Tick Species: Vector Competence and Vectorial Capacity

Current knowledge indicates that Hyalomma ticks are the primary vector of CCHFV transmission,
but in many locations, other tick species are present and may contribute to transmission. Vector
competence (the ability to become infected with and transmit a virus) of ticks needs to be tested
further to improve our understanding of which species and life stages are important in CCHFV
ecology [47]. Besides vector competence, we must also understand vectorial capacity, which is the
amount of transmission that occurs. For example, a highly competent vector that rarely feeds on
infected hosts or has an extrinsic incubation period (time from virus ingestion to transmission) longer
than the time between feedings is unlikely to cause much onward transmission. In contrast, a poorly
competent tick vector can initiate an outbreak if it prefers to feed on competent mammalian hosts and
has an extrinsic incubation period shorter than the time between feedings. Furthermore, the extrinsic
incubation period depends on molecular interactions within the tick, such as the microbiome of the tick
gut, cross-immunity with other viruses, and the tick immune response [72], as well as external factors
like co-feeding responses and interactions with host susceptibility. Understanding vector competence
and vectorial capacity is vital in predicting CCHFV expansion to new geographic areas and must be
investigated further (Figure 2).

4. Risk Reduction: Human-Targeted Approaches

4.1. Physical and Chemical

Occupations at high risk for CCHF include veterinarians, abattoir workers, and farmers.
For veterinarians and abattoir workers, the use of standard infection control practices when handling
potentially infectious blood or ticks aids in risk reduction [73]. Farmers accounted for almost 90% of
CCHF cases during a recent outbreak in Turkey [73], emphasizing environmental exposure to ticks as a
major source of virus transmission. Basic methods to reduce tick bites, such as wearing appropriate
clothing (e.g., long sleeves, pants, etc.), chemical approaches (e.g., repellent), and visual inspection of
skin and clothing will contribute to decreased transmission risk. It is noteworthy that few tick repellents
have been definitively evaluated for use against Hyalomma ticks, and that Hyalomma adults have been
shown to have a greater affinity for human hosts than other species [29,74–77], potentially reducing the
relative efficacy of these approaches for CCHF disease control compared to other tick-borne pathogens.
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When attached ticks are found, proper tick removal techniques should be used; improperly
removing attached ticks can crush them, spilling infected blood and facilitating virus transmission [78].
Thus, effective risk communication and community education promoting proper tick inspection and
removal techniques are vital. The most effective methods for safely removing the whole tick including
the mouthparts, while also minimizing the risk of tick-borne disease transmission, are mechanical and
can be performed with tools readily available in most regions [78,79]. Specifically, mechanical removal
with tweezers (82.5% success rate) was found to be superior to both lassoing (47.5% success rate) and
card detachment (7.5% success rate) [79].

Other considerations for tick transmission of CCHFV are: (i) the amount of virus transmitted;
(ii) time to transmission post attachment; and (iii) potential enhancement of infection by tick saliva.
Unlike other pathogens (e.g., Borrelia spp. [80]), the kinetics of CCHFV transmission by Hyalomma ticks
are not known. Ebel and Kramer (2004) demonstrated that Powassan virus (family Flaviviridae; genus
Flavivirus) could infect mice within 15 min of tick attachment [81]; this has shaped the dogma that all
tick-borne viruses are transmitted immediately after tick attachment. However, a study in mice with
Dugbe virus (genus Orthonairovirus) demonstrated the absence of viral antigen in the salivary glands
of newly attached Amblyomma ticks [82]. This indicates that virus transmission in ticks may not always
occur as rapidly as suggested in earlier Powassan virus studies. Studies are needed to characterize
CCHFV-specific transmission kinetics. However, regardless of the exact timing of virus transmission,
prompt tick removal must be emphasized to minimize the risk of transmission.

4.2. Behavior

Human–animal interactions differ across cultures depending on the species of animals present,
views towards domestic animals and ticks, and cultural perceptions as a whole. The nature of these
interactions may result in activities that increase the risk of CCHFV exposure. Social and cultural
practices, particularly those that include the movement of potentially infected animals, have been
epidemiologically linked to CCHF outbreaks [83–85]. For example, the practice of livestock (cattle,
sheep, goat, or camel) sacrifice central to festivals like the Hajj and Eid-al-Adha results in the contact of
large numbers of people with potentially infectious animal blood and body fluids. During Eid-al-Adha,
nearly 8 million animals are sacrificed each year in Pakistan alone [84]; 2 million small animals
and 750,000 cattle are slaughtered in Turkey, accounting for 25% of all annual slaughtering in that
country [84].

The risk of exposure to pathogens like CCHFV during slaughtering is known, and practices have
been implemented to reduce exposure during these festivals. In general, individuals performing the
sacrificial rite during the Hajj or Eid-al-Adha should adhere to careful techniques, including slaughter at
designated sites and sanitary collection and disposal of blood and tissues [9]. In Iran, viral hemorrhagic
fever surveillance protocols are in place and report various slaughtering statistics, including the
location of slaughtering (i.e., by industrialized, smaller slaughterhouses or by individuals). During
Eid, cities coordinate with the Iran Veterinary Organization and create special temporary slaughtering
centers. The Saudi Ministry of Health actively discourages amateur slaughtering by encouraging the
use of “ritual coupons”, allowing the Hajjees to fulfill their sacrificial obligation by proxy without
performing the act themselves. Instead, the Saudi Project for Utilization of Hajj Meat performs the
ritual with the supervision of government and veterinary workers and then distributes the meat to
the poor according to the Muslim tradition. This process could be extended to further mitigate virus
transmission to the public. Furthermore, if Hajj authorities banned importation of sacrificial animals
from CCHF-endemic countries and instead mandated ritual coupons for travelers, there would be
added protection against virus transmission to those making the Hajj. With this plan in place, Muslims
from CCHF-endemic countries could still faithfully fulfill their Hajj obligation while minimizing the
risk of spreading the virus to non-endemic regions and reducing the chances of an outbreak in Saudi
Arabia. Acaricides and quarantine (14 days) are another option for reducing CCHFV transmission
during these festivals [83,86]. If acaricides are unavailable or if rates of resistance are high, a mandatory
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4-week quarantine for all animals imported for slaughter from CCHF-endemic countries can help
mitigate exposure risk. The first 2 weeks would allow any attached ticks to drop off the animal, and
the second 2 weeks would allow any active viremia to subside [83].

4.3. Vaccination

A WHO Research and Development Blueprint for Action to Prevent Epidemics working group
established a draft roadmap analysis for the CCHF field and outlined a timeline for both benchmarks and
deployment goals for a human vaccine [15]. They supported refining the top contending experimental
vaccines with a target product profile and promoted clinical safety and early immunogenicity trial
testing of selected vaccines by 2019, with phase II trials encouraged for 2023. The draft roadmap
analysis prioritizes further animal model development to establish correlates of protection, which can
satisfy regulatory authorities for use in pre-clinical evaluations and regulatory approval for human
CCHFV vaccines [15].

To date, several CCHFV vaccine candidates have been developed [87,88] with a variety of antigenic
variations (strain and/or gene combinations). Vaccine evaluation has been performed using different
dosing schemes that involve diverse adjuvants, inoculation routes, challenge strains, and prime/boosts
strategies [88,89]. In animal models, vaccination has been shown to generate humoral immunity and
can generate up to 100% protective efficacy depending on the platform and approach to vaccination.
For the last decade, disease models of CCHFV have been limited to immunocompromised mouse
strains [89,90]. The most effective antigen component(s) and correlates of protection for CCHFV
vaccines are not yet clear. When used in experimental vaccines, the nucleoprotein generates a more
T-cell based response, while other viral antigens, such as whole or portions of the glycoprotein
precursor, can generate potent immunoglobulin responses [88–90]. Passive transfer of sera and T-cells
generated to either the nucleoprotein or glycoprotein molecules also did not protect but delayed
time to death [91–93]. Other studies have implicated that antibodies targeting certain portions of the
glycoprotein neutralized CCHFV but also failed to provide protection in vivo [94,95]. Conversely,
antibodies targeting non-structural elements of the glycoprotein precursor can produce non-neutralizing
protection in animal models [94–96].

To our knowledge, only one study has examined human humoral protective responses to CCHFV
vaccination, demonstrating antibody induction with low neutralizing capacity and a T-cell-induced
immunity after multiple booster doses [97]. Taken together, the data indicate that experimental vaccines
eliciting both robust T-cell-driven responses to nucleoproteins and glycoproteins, in combination with
targeted serological responses to non-structural elements of the glycoprotein precursor, are the ideal
candidates to move forward in clinical trials. However, without a much clearer understanding of
correlates of protection in humans, relying on correlates of protection from immunocompromised mice
can confound the knowledge needed to develop a successful human vaccine. A recent non-human
primate model has demonstrated a spectrum of disease, from asymptomatic to severe, mirroring
that observed in humans [98]. However, the severe stages of disease from this model have not been
wholly reproducible, as other groups have demonstrated [99] and clinical measures of protection must
be established for the model to aid in developing countermeasures, such as vaccines. Additional
challenges to vaccine development include strain variance (designing a vaccine that is efficacious
across the diverse array of geographic CCHFV clades) [1] and assessing safety profiles for experimental
vaccines. Furthermore, the sporadic incidence of human cases, often in rural areas lacking reliable
infrastructure for cold chain transport, will impede the return on investment for vaccine manufacturers.

5. Risk Reduction: Animal-Targeted Approaches

5.1. Wild Animals

Controlling human diseases shared with wildlife is complex but can be achieved by different means,
including: (i) preventive actions; (ii) arthropod vector control; (iii) host population control through
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random or selective culling, habitat management, or reproductive control; and (iv) vaccination [100].
Preventive actions (translocation control, barriers, husbandry, etc.) are fundamental approaches for
disease control in domestic animals and wildlife but are challenging for CCHFV due to the wide
array of host species involved in virus ecology. Notably, the composition of vertebrate hosts on which
Hyalomma spp. feed is different than for other tick genera. Specifically, immatures feed preferentially
on species of the orders Lagomorpha and Rodentia and the class Aves, while adults concentrate mainly
on members of the family Bovidae [9]. Thus, efforts to control virus transmission in wildlife will
predominantly disrupt transmission by immatures but do not necessarily disrupt virus maintenance
by adult Hyalomma ticks.

Vector control methods (e.g. acaricides and vaccines) provide viable options for CCHF prevention
as discussed later (see Section 6). Population control (random culling, selective culling, habitat
modification) may also be considered in endemic areas, as the population density of recognized hosts
has been directly associated with the incidence of human disease. For example, Leporidae spp. are
central in the sylvatic cycle of Hyalomma ticks and act as amplifying hosts for immature ticks and
CCHFV [9]. Importantly, their population densities have been directly correlated with CCHF incidence.
However, population control often consists of an intervention in natural ecosystems and, as such,
is often controversial [101]. More socially acceptable alternatives can be expensive and prohibitive
based on access to animals; availability of convenient, sensitive, and specific tests; prevalence of
infection; and spatial distribution of the target population [100].

Despite presenting its own challenges, wildlife vaccination is another viable option and is proposed
by Monath as a Framework III vaccine [102]. A vaccination program targeting vast populations of
highly reproductive species over large geographic regions is ambitious. However, tick-borne diseases,
including CCHF, are almost always found in geographically circumscribed foci. Therefore, geospatially
focused control efforts guided by preceding serosurveillance are a viable option. Some of the barriers
to implementing wild animal vaccination include: (i) involvement of multiple species in natural
transmission cycles; (ii) safety concerns for non-target species; (iii) high reproductive rates and
population turnover; (iv) fastidious feeding behaviors and difficulty in designing effective baits;
(v) delivery difficulties due to very high or, conversely, very low population densities of the target
species; (vi) environmental concerns and concerns about release of genetically modified organisms;
(vii) difficulty in designing an effective formulation for oral immunization; (viii) instability of a vaccine
or vector under prevailing environmental conditions; and (ix) requirement for low unit cost and
government funding for vaccine purchase and delivery [102]. However, vaccines preventing wildlife
diseases have been successfully developed to reduce public health impacts in human populations
(e.g., vaccination against rabies of raccoon, coyote, fox, skunk, and bat; against bovine tuberculosis
in Eurasian badger), reduce economic effects on the livestock industry (e.g., vaccination against
brucellosis in bison and elk; against classical swine fever in wild boar), and address concerns for
wildlife conservation (e.g., vaccination against sylvatic plague in black-footed ferret and prairie dog;
against white-nose syndrome in hibernating bats) [103]. Oral vaccination is the most common method
of wildlife vaccination because it does not require capture and has been proven successful for protecting
raccoons, foxes, and coyotes against rabies [104], thereby reducing the risk of rabies exposure in other
wild and domestic animals and humans.

The most sustainable approach to eradicating a zoonotic disease from an environment is a
reservoir-targeted vaccine (RTV). RTVs have the potential to be effective at breaking the transmission
cycle of many tick-borne pathogens including, but not limited to, Borrelia burgdorferi, Borrelia miyamotoi,
Borrelia mayonii, Babesia microti, and Anaplasma phagocytophilum [105]. Multiple studies have shown
that free-ranging white-footed mice, the reservoir hosts of Lyme disease, can be effectively vaccinated
via RTV bait boxes and that the vaccination both decreases B. burgdorferi uptake by larval ticks and
decreases transmission from infected ticks to their natural mouse reservoir [105–107]. A similar
approach can be envisioned for CCHF, though Hyalomma ticks are the long-term reservoir. Decades of
effort have shown that targeting non-feeding ticks in the environment either with chemical or physical
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means does not efficiently reduce tick population density. Therefore, a reservoir-targeted approach
focusing on the amplifying hosts of the immature stages of Hyalomma ticks, Leporidae, would be most
successful. A two-pronged approach to RTV that could both interrupt CCHFV transmission and
reduce tick populations would likely be most effective.

Non-transmissible vaccines are limited by the quantity and scale of product delivery, whereas
transmissible vaccines that can spread from one individual to the next allow much broader coverage
with equivalent dosing. A transmissible vaccine must have two crucial properties: A live vectored
vaccine must be able to establish and propagate in a given host population, and it must remain
attenuated during transmission between vertebrates. A transmissible vaccine with these properties
would have numerous benefits that could overcome the challenges of strategies relying on direct
vaccination. Ideally, once introduced into a given population, transmissible vaccines would increase
herd immunity more efficiently then direct vaccination [108]. However, while transmissible vaccines
offer many advantages, serious drawbacks must be addressed in vaccine design or vaccination schemes.
These include the potential for reversion to virulence or to inducing clinical signs of disease, short-lived
immunity for some pathogens, instability during storage, and contraindications in some subpopulations
(e.g., in pregnant animals) [109].

5.2. Domestic Animals

As noted above, livestock, mainly of the family Bovidae, are preferred hosts for adult Hyalomma
ticks. The livestock–tick and livestock–human interface provide additional opportunities to reduce
virus transmission. Operational decisions and livestock preventative health programs are affected
by the awareness of risks associated with emergent and endemic diseases of both animals and
humans [82]. Although CCHFV infection control may not have perceived animal health benefits,
several approaches can reduce virus exposure in animals (and, in turn, humans) and have positive
outcomes beyond CCHFV risk reduction. Decreasing the tick burden on animals by physically
removing ticks (see Section 4.1) and using acaricides (see Section 6.2) can improve the overall health
status of an animal or herd and increase production levels [110,111]. These are significant concerns to
herd health, so efforts are made to target breeding programs for tick resistance [112].

Due to limitations in the advancements of a human vaccine against CCHF, the WHO draft
roadmap provides alternative vaccination strategies that may be more cost-effective and sustainable at
controlling disease, including the development of animal vaccines. Veterinary vaccine development is
far less costly; overall, the price of veterinary vaccines, from bench to market, is only ~10% of that
of human vaccines. Additional benefits compared to human vaccines include a far less stringent
regulatory framework and the ability to directly evaluate candidates in target species. Animal vaccines,
however, have their own unique limitations. For example, livestock may require a much larger vaccine
dose compared to humans, making certain vaccine platforms (e.g., DNA, RNA, or virus-like particles)
extremely cost-prohibitive, and others (e.g., replication-competent platforms or subunit vaccines) are
more appropriate for use.

Monath’s Framework II vaccines are defined as those that protect humans either indirectly by
interrupting transmission of viruses amplified by domesticated animals or directly by preventing virus
spread from infected animals to humans, for example, during the slaughter process for CCHFV [102].
The advancement and success of Framework II vaccines for bacterial (Brucella abortis, E. coli O157) and
viral (rabies, influenza, West Nile, Rift Valley fever, and Hendra viruses) pathogens [102] could be
capitalized on to develop a multi-valent platform that addresses one or more of these pathogens in
conjunction with CCHFV, thus increasing demand.

An important consideration in vaccine design for use in animals is the ability to differentiate
previously infected animals from vaccinated animals (DIVA). To accomplish this, the vaccine would
need some type of identifiable marker (either a marker fused to the antigen or a deleted portion of the
antigen itself) to limit confounding in seroprevalence studies by vaccinated animals. One example of
the DIVA principle is in foot-and-mouth disease (FMD) vaccine preparations [113]. These preparations
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lack non-structural FMD viral proteins. Serological assays detecting nonstructural protein reactivity
can therefore be used to indicate previous infection with wild-type virus as opposed to vaccination.
CCHFV also encodes non-structural viral glycoproteins, suggesting that a similar approach could be
used. However, it is important to note that despite the ideal goal of implementing DIVA practices
for transboundary animal diseases, such as CCHFV, designing and evaluating a DIVA vaccine, with
the goal of maintaining a high degree of sensitivity, can ultimately increase the total time, cost, and
efforts of development. These facets may curtail the benefits offered by a DIVA animal vaccine and are
important factors when considering prevention options.

Similar to wildlife (see Section 5.1), RTVs would be a desirable vaccine approach in domestic
animals. A two-pronged design conferring anti-tick and anti-CCHFV immunity would be most
effective due to simultaneous control of both the virus and the virus reservoir. It is also conceivable that
CCHFV vaccines could be added on to conventional common animal vaccines, such as those to prevent
bovine herpes virus or lumpy skin disease [114]. In the end, a vaccine will need to be developed that
is safe, effective, easy to use, and cost effective. A conceivable approach to a cost-effective strategy
could be delivering the immunogen through the feed as shown by using a transgenic tobacco plant
expressing CCHFV glycoprotein [115]. As we move to develop safe and effective candidates, we must
keep in mind the importance of strategies that aim to increase both vaccine access and demand, all of
which are largely dependent on the involvement of donors and international organizations to stimulate
and facilitate sustainable adoption [116].

6. Risk Reduction: Tick-Targeted Approaches

6.1. Physical

Manual habitat modification for tick control can affect both immature and adult ticks. For example,
the removal of vegetation that shelters immature ticks can reduce their population levels [117].
In addition, physical modification of tick habitats can be used to control adult ticks at the livestock
interface. Tick densities decline rapidly in areas where grazing lands are rotated with crops, removing
large animal hosts from the accessible range [118] and thus disrupting CCHFV transmission and
maintenance by adult ticks. Studies investigating overall tick burden have found that a single
spelling/rotation period annually is thought to be promising if combined with acaricide treatments
in an integrated pest management approach [119]. However, rotational grazing strategies (frequent
movement of cattle between different pens) in the presence [117] and absence [119] of acaricide
treatment have also been shown to be effective. Pasture management, including rotational grazing of
cattle in Australia and in Zambia, as a tick control strategy is believed to be responsible for an overall
decrease in tick burdens on livestock animals [120,121]. Investigating these approaches in areas with
a high density of Hyalomma ticks would be helpful in determining whether or not they should be
promoted in the prevention and control of CCHF.

6.2. Chemical

The use of synthetic acaricides on livestock animals has long been a favored methodology for
ectoparasite and tick control throughout the world [122]. Organophosphates are the major chemical
acaricides used for ectoparasite control and include compounds, such as pyrethroids, macrocyclic
lactones, and amidines, among others [123]. Acaricides are a comparatively inexpensive method for
tick control and can be easily administered in multiple ways [124], including dipping, footbaths, or
manual sprayers. They vary in efficacy, cost effectiveness, sustainability, and risk to the workers [125].
The ongoing and indiscriminate use of acaricides, however, has led to the development of resistant
tick populations, and in recent years, several countries have reported almost complete resistance
to most acaricides, presenting a worldwide challenge for ongoing successful tick control [126–130].
Although concerning, resistance in Hyalomma ticks has not yet been tested; thus, it is unclear to
what extent resistance may contribute to decreased control of Hyalomma populations. Additionally,
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acaricidal compounds can have off-target effects, including toxicity to other organisms, and long-term
environmental persistence [131]. For these reasons, the discovery and development of new synthetic
acaricidal compounds has not been an actively pursued area of research in recent years [132].

More recently, the focus has been on developing alternative environmentally safe tick control
strategies that can circumvent the development of resistance. Historically, many rural farming
communities have used plants or plant extracts to control ticks on livestock. The efficacy of some of
these ethnobiological methods has been explored in the literature and a recent review. Using in vitro
assays, Adenubi et al. (2016, 2018) found that over 200 plant species from several countries around the
world demonstrated tick-repellent or acaricidal activity, and some of these also showed marked in vitro
acaricidal activity comparable to the efficacy of many synthetic acaricides currently used [133,134].
However, there are several limitations to these studies: (i) a lack of standardized testing methods
makes comparisons between studies difficult to interpret and extrapolate for use in controlling ticks on
animals; (ii) in vitro data predominate in the literature, and may not adequately recapitulate the efficacy
of plants or their extracts in field trials; and (iii) compounds may not persist in the environment due to
degradation caused by photo-oxidation, temperature, pH levels, and microbial action [135]. Moreover,
differences in cultivating and collecting plant materials (including variations in soil, climate, and other
factors) for plant or extract production may affect downstream results [136]. Despite the limitations
of current data, based on their historic use by rural livestock farmers, plant-based compounds may
be a good future source of effective acaricidal preparations either as an extract or as a source of new
synthetic acaricidal compounds [132,134].

6.3. Biological

Due to the limitations of synthetic (and naturally derived) acaricides for tick control, alternative
biological methods have been explored, including the use of natural tick predators and pathogenic
bacteria, viruses, and fungi. Ants, beetles, and spiders are the major arthropod predators of ticks [137].
Overall, the use of arthropods to reduce tick populations is impractical due to the difficulty in large-scale
reproduction and use across broad geographic areas. Birds have been anecdotally documented as
capable of preying on ticks, and early evidence from a 1992 study suggested that birds could control
ticks carrying Lyme disease in the United States [138]. However, studies have since shown that
birds are more likely to play a role in disseminating ticks and their pathogens than in controlling
them [51,53,54,139,140]. The systematic breeding and release of birds to control Hyalomma tick
populations was in fact implemented in Turkey in 2011 and clearly demonstrated the inherent flaws
of this strategy. Thousands of helmeted guineafowls (Numida meleagris) were introduced to decrease
the circulation of CCHFV and its tick vector, but the birds consumed negligible numbers of ticks and
instead served as intermediate hosts facilitating the expansion of the Hyalomma tick population [60].

Pathogenic bacteria, viruses, and fungi have also been evaluated for their ability to control
arthropod populations [141–143]. Fungi showed the most potential and have been effectively used to
control medically and agriculturally important arthropods, including German cockroaches and cotton
stainer bugs [144–146]. Fungi have been developed industrially with well-established application and
dosing methods for commercial use against arthropods [144–146]. Metarhizium anisopliae is the most
well-studied fungal pathogen of arthropods and is considered to particularly promising due to posing
minimal risk to non-target organisms. M. anisopliae has been shown to effectively control nymphal
Ixodes tick [147], cattle tick [148–150], and Hyalomma tick populations by inducing high mortality in
immature stages and decreasing reproductive fitness in females [151].

Currently, the OIE and the International Research Consortium for Animal Health (STAR-IDAZ)
has significant interest in developing anti-tick vaccines to combat a range of tick-borne pathogens.
Unlike other tick control measures, the immunological control of ticks is exempt from environmental
problems and may provide a broader prevention measure by reducing targeted tick populations in
general. Anti-tick vaccines are developed against one of two different types of antigenic targets:
“Exposed” antigens that in nature are presented to the animal’s immune system (e.g., proteins or
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peptides secreted in the tick’s saliva during attachment and feeding on the host), or “concealed”
antigens not normally visible to the host immune mechanisms but associated with a vital function for
the tick (e.g., structural components of the tick gut).

To date, efforts to develop anti-tick vaccines have focused on controlling the cattle tick Rhipicephalus
microplus due to its economic importance. Currently, no anti-tick vaccines based on exposed antigens
are commercially available, although some research has been done in this area. Two commercial
cattle tick vaccines are available (TickGARD and Gavac), both based on the concealed antigen Bm86,
the midgut membrane-bound protein of R. microplus [152]. Immunization induces antibodies in the
vertebrate host; once ingested, the antibodies interfere with the biological function of Bm86, leading to a
reduction in the number, weight, and reproductive capacity of engorged female ticks. Cross-protective
efficacy of TickGARD and Gavac has been demonstrated in cattle against Hyalomma dromedarii and
Hyalomma anatolicum ticks (but not Rhipicephalus appendiculatus or Amblyomma variegatum). The tick
antigen subolesin (4D8) was found to be conserved between representatives of six different genera of
ticks, including Hyalomma [153], offering the prospect for broader cross-species tick vaccines.

Another option for CCHFV control would be vaccinating animals to target the virus in the tick
and at the point of entry into the host. Bm86-based vaccines have been shown to induce host antibodies
that are ingested when ticks feed on the vaccinated animals and enter the tick gut, thereby causing
damage. Thus, it is tempting to speculate that the tick could take up antibodies against CCHFV from
appropriately vaccinated animals, potentially resulting in virus neutralization that would prevent
virus dissemination to the tick salivary glands or eggs. Such a vaccine may have the potential to reduce
infection in difficult to vaccinate hosts (e.g., wild animals), as feeding ticks may be prevented from
transmitting the virus.

Experience to date suggests the need to design vaccines tailored to specific local tick populations
or to seek universal tick antigens to use as immunogens. Anti-tick vaccines capable of reducing virus
transmission will need to be effective against Hyalomma marginatum, other Hyalomma species, and
other competent tick vectors. Existing vaccines and vaccine candidates may also offer some promise.
As CCHFV transmission has been demonstrated during co-feeding of infected and naïve ticks on
naïve animals [70], decreasing the overall amount of ticks that can acquire virus could play a role
in decreasing the spillover events for this disease. However, further research is required to identify
potential protective Hyalomma antigens together with proof-of-concept studies to demonstrate their
efficacy in experimental animals and in the field.

7. Conclusions

The global incidence of CCHF has been rising as changing climatic conditions have led to increased
vector survival and expanded disease ranges into previously unaffected geographic regions [4,5].
Additionally, land and habitat fragmentation has been a key factor in exposing animal hosts and
humans to tick populations [2]. Although acaricide resistance had not been definitively evaluated in
Hyalomma ticks, the growing resistance of many tick species to acaricides in endemic countries is also
hypothesized to have contributed to higher densities of CCHFV vectors. These factors, compounded
by intensified contact between people and livestock, all greatly increase the risk of virus spillover into
human populations. The current distribution of the virus across much of Asia, Europe, and Africa is
likely to continue to spread over time and poses a significant health risk wherever it may be found.
Therapeutic options for treating disease are limited and, in the absence of a human vaccine, alternative
approaches to preventing spillover to human populations are essential.

CCHFV spillover events are the summation of environmental, ecological, anthropogenic, and
viral genetic factors that must align to result in human disease. The large number of contributors
makes predicting future spillover events challenging; however, they also provide opportunities for
intervention. We believe that a tiered approach outlining these factors will help to develop a more
effective understanding of spillover risk (Figure 2). Factors that include the distribution, density,
and infection prevalence in ticks and their animal hosts are the baseline data forming the foundation
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for targeted risk assessments. Beyond these basic data are human behaviors that predispose certain
populations to tick or livestock-associated exposure. Even after virus has breached the physical and
intrinsic barriers of the body, disease does not always occur. The virus must be able to replicate
effectively (a function of both host and virus genetics) and sufficiently antagonize and evade the immune
response. There are numerous gaps in our knowledge of CCHFV in regard to these parameters,
necessitating investigations to develop a clear picture of disease risk within defined geographic
populations (Table 1).

Given the complexities of CCHFV ecology and endemic circulation as outlined here, we believe
that a multisectoral One Health approach that integrates human and animal health, vector biology,
and environmental health will be essential in addressing and mitigating the threat of CCHFV in the
future. First, building a strong surveillance network of veterinarians, physicians, and epidemiologists
can provide important knowledge regarding baseline prevalence of virus in humans, animals, or tick
vectors in a given geographic region. Second, as discussed, these data become more powerful when
analyzed by modelers and ecologists who can build it into quantitative data-driven risk assessments.
Lastly, the data from these risk assessments can be utilized by national One Health networks to target
specific tick, animal, or human populations for preemptive interventions that make the most sense for
the given population at the given time.

Although not addressed here, the importance of cultivating a national One Health workforce in
individual countries cannot be underestimated. In order to adequately integrate data across sectors
and implement many of the measures discussed in this paper, a workforce must be developed to carry
out and sustain these activities on a national, regional, and individual level. The Tripartite Guide to
Addressing Zoonotic Diseases in Countries includes step-by-step recommendations for building the
multisectorial One Health network and infrastructure necessary to collect and integrate data, expertise,
and personnel from all sectors (environmental, veterinary, medical, etc.) [11]. This process involves
activities, such as identifying and convening stakeholders, reviewing current in-country surveillance
information, uncovering workforce gaps, developing educational and training programs to address
these gaps, and developing a national cohesive strategy for addressing disease.

Ultimately, the way in which data on CCHFV surveillance, risk assessment, and reduction
strategies are shared, interpreted, and acted upon must be regionally specific and defined by an
interpretation of available data across sectors and the availability of financial resources. While financial
resources may be a significant limitation in some countries or sectors, in the long term, many One Health
interventions tend to be cost effective and result in improved public health outcomes, decreasing the
economic impact that may occur when certain populations are affected by a disease, (e.g., agricultural
workers in the case of CCHF). Additionally, coordination across the human, animal, and environmental
health sectors can help to reduce costs by avoiding duplication of activities. The economic benefits
of improved public health can be used to justify further investment in disease mitigation and aid in
supporting a sustained One Health approach to CCHF prevention.
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Table 1. Gaps in knowledge of CCHFV and factors contributing to disease. Key considerations and
questions regarding parameters of viral maintenance and transmission, including both host and tick
factors, that contribute to spillover events (as depicted in Figure 2). These questions aim to highlight
areas warranting additional investigation. Reports addressing a subset of these questions currently
exist; however, the questions are listed to indicate that more data are required to adequately inform
prevention and control efforts.

Parameter Key Considerations and Questions to Address Gaps in Knowledge of CCHFV

Tick distribution

• Which tick species are competent vectors and what is their vectorial capacity?
• What are the molecular determinants of vectorial competency?
• Where are these species found and how is their distribution changing?
• How do migratory birds, climate change, animal movement, and land fragmentation influence tick range

expansion or appearance in new areas?
• What is the risk of CCHFV introduction into new geographic areas?
• Are there additional cryptic transmission cycles of which we are not yet aware?

Host distribution

• Which hosts are more prominent in virus maintenance? Which are competent at transmitting CCHFV to ticks,
and how well do they transmit virus?

• Which hosts are amplifiers of key tick species?
• What host density is needed to support virus maintenance?

Tick density

• What factors affect immature and adult tick population density?
• Can we develop methods to quantitatively assess Hyalomma in the field?
• How can we predict increases in tick density?
• What tick density is needed to support virus maintenance?
• What is the relationship between tick density and spillover/outbreak events?

Host density • What is the relationship between host density and spillover/outbreak events?
• Does host diversity and dilution effect play a role for virus maintenance?

Virus prevalence in
nature

• How has the virus adapted to support the maintenance cycle in ticks and non-human mammals?
• What is the relative prevalence of virus in tick populations?
• What is the relative incidence of infection in host species/populations?
• What are the best measures of pathogen prevalence?
• What are the sensitivity and specificity of serological assays?

Infection intensity *

• Is viremia in host animals necessary to maintain virus in nature or is co-feeding transmission sufficient to
maintain the virus in nature?

• What is the duration and level of viremia in different host species?
• What are transstadial and transovarial transmission rates?
• What is viral load and tropism within the tick?

Virus prevalence at
slaughter

• What is the prevalence of virus infection in slaughtered animals?
• What is the virus load in tissues of infected animals?
• How do levels change over time? How stable is the virus in blood and animal tissues?

Biting rate (immatures) • How relevant is co-feeding transmission?
• How efficient is co-feeding transmission and how often does it occur?

Virus survival in blood
and tissues of livestock

• How long does infectious virus persist in blood and tissues?
• What are the relative levels of infectious virus in tissues? (I.e., handling of which tissues pose the highest risk?)

Tick survival in nature • How does climate change influence tick life stage survival?

Human behavior
• What are high risk activities/groups?
• What is the level of disease awareness in high risk groups?
• How widely do individuals in high risk groups accept (or adhere to) preventative measures?

Biting rate (adults) • What is the affinity of the tick species for biting humans?

Dose and route of
exposure

• What is the infectious dose?
• What is the rate of subclinical infection?
• Does exposure route alter clinical course or outcome?
• Are human-to-human transmitted virus strains more virulent than tick-transmitted strains?

Physical and intrinsic
barriers (e.g., skin)

• What are the contributions of mucosal and dermal immunity in viral pathogenesis?
• What is the stability of virus on skin and mucous membranes?
• How does tick saliva influence pathogenesis and virulence?
• How quickly is virus transmitted from ticks?

Host tissue
susceptibility and

permissiveness

• What are underlying risk factors in humans? Genetic factors (e.g., HLAs, polymorphisms in immune response)?
• How do pre-existing conditions affect susceptibility to infection/disease?
• What is virus tropism in the host and what factors influence it?
• What is the relative virulence between virus strains?
• What are the viral determinants of virulence?
• How does CCHFV suppress the immune response?

Immune response
• What is the contribution of the innate immune response to disease?
• Does mitigating the immune response aid or exacerbate disease progression?
• What role do innate and adaptive responses play in protection? I.e., what are the correlates of protection?

* Infection intensity refers to the average quantity of virus present in an infected host or tick.
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Abstract: Rift Valley fever virus (RVFV) is a zoonotic phlebovirus of the Phenuiviridae family with great
opportunity for emergence in previously unaffected regions, despite its current geographical limits.
Outbreaks of RVFV often infect humans or domesticated animals, such as livestock, concurrently
and occur sporadically, ranging from localized outbreaks in villages to multi-country events that
spread rapidly. The true burden of Rift Valley fever (RVF) is not well defined due to underreporting,
misdiagnosis caused by the broad spectrum of disease presentation, and minimal access for rapid
and accurate laboratory confirmation. Severe symptoms may include hemorrhagic fever, loss of
vision, psychological impairment or disturbances, and organ failure. Those living in endemic areas
and travelers should be aware of the potential for exposure to ongoing outbreaks or interepidemic
transmission, and engage in behaviors to minimize exposure risks, as vaccinations in humans are
currently unavailable and animal vaccinations are not used routinely or ubiquitously. The lack of
vaccines approved for use in humans is concerning, as RVFV has proven to be highly pathogenic in
naïve populations, causing severe disease in a large percent of confirmed cases, which could have
considerable impact on human health.

Keywords: Rift Valley fever (RVF); arboviruses; mosquito-borne viruses; zoonoses; One Health;
travel medicine; livestock; viral emergence

1. Introduction

Rift Valley fever virus (RVFV) was first isolated in Kenya as a virus with the capacity to infect
livestock herds of sheep and cattle, as well as humans [1]. Since its initial discovery, RVFV has been
primarily contained within the African continent, with the exception of movement off of the eastern
coast of African to the island of Madagascar in 1990 [2,3]. Significant emergence into neighboring
regions occurred in the early 2000s when outbreaks were reported in Saudi Arabia and Yemen [4–6].
To this day, much of sub-Saharan Africa and Egypt is endemic for RVFV or has been affected by
sporadic outbreaks [7–15].

Transmission of RVFV utilizes mechanisms described by the “One Health” framework, wherein
the health and conditions of the environment, animals, and humans intersect and influence each other.
Animal transmission is driven by mosquito vectors, primarily Culex spp. and floodwater-breeding
Aedes spp. [9,16–19]. Wild animals have been suspected to contribute to maintenance of RVFV,
yet evidence driving such speculation is limited to the presence of antibodies in certain wildlife
species [20–22]. Amplification of the virus in mosquitoes [23,24], is linked to mosquito abundance and
breeding behaviors that are expanded by periods of heavy rainfall following extreme drought [9,25–31].
Of the many competent vector species [17], infected females of some mosquito species may transmit
the virus to their offspring during oviposition, or transovarial transmission (TOT) [32], readily allowing
future generations of mosquitoes to transmit RVFV [33]. Transmission in livestock is initiated by
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mosquito bite and amplified within herds by direct contact with infected bodily fluids, yet there
has been little evidence of transmission between animals by way of respiratory droplets and nasal
discharge that are characteristic of common respiratory infections [25,34]. There is significant evidence
to suggest that vertical transmission may be possible in pregnant animals that are not viremic [35],
although findings are limited to laboratory studies and cannot confirm viable offspring following in
utero exposure, as infection of pregnant animals typically results in abortion storms that eliminate any
viable offspring [36].

Humans can be exposed by mosquito bite or through contact with infected fluids and tissues.
Many studies suggest vector-borne transmission is less likely for humans [34]. Zoonotic exposures
are driven by many of the occupational and homestead behaviors that are performed with regularity,
such as herding, milking, slaughtering animals, and tending to animal health needs in both veterinary
and animal health worker capacities [37–40]. Occupational exposures have been shown to elicit a
higher incidence than individuals having close contact with or caring for animals at the homestead,
and is likely related to contact with a higher volume of animals and their fluids [41]. Aerosolization
is also a possible, although unlikely route of transmission, and has been correlated with a higher
likelihood of severe disease in laboratory experiments [42].

Despite the presence of RVFV in Africa and the Middle East, emergence of the virus has the
potential to cause catastrophic damage to naïve populations of animals and humans. Competent
vector species have been identified in many regions that are currently unaffected by RVFV [43–45],
providing the ecological support for amplification by mosquito breeding and transovarial transmission
(TOT) [32,33]. Rift Valley fever (RVF) causes mild to severe disease in many animal species, with an
inverse relationship between the age of the animal and morbidity and mortality, where the younger
the animal, the higher the likelihood that the infection will be fatal. Infection in older animals usually
produces mild, self-limiting febrile and respiratory symptoms, with a mortality rate ranging from 10%
to 30% [46]. Disease severity is also dependent on the species of the animal, and may be specifically
virulent in sheep, followed by other commonly domesticated animals such as goats, cattle, buffalo,
and camels [45]. While initial symptoms in animals tend to be non-specific, such as diarrhea, vomiting,
and respiratory disease, more notable signs of RVFV infection in animals include epistaxis, wasting,
spontaneous abortion by pregnant animals, and animal fatalities [25,45].

In humans, RVF disease presentation varies widely, and factors contributing to disease severity
are widely unknown. Many experience mild, non-specific, and self-limiting febrile illness that
may occasionally present as a biphasic fever with an intermittent remission period of 1–2 days
between febrile events [47]. More severe symptoms, typically occurring in up to 8–10% of cases [48],
include ocular scarring, central nervous system (CNS) involvement, hemorrhagic fever, organ failure,
and death [47,49,50]. RVF can also cause human abortions, still births, and congenital infections [51–53].

Approximately 1–2% of cases experience hemorrhagic fever symptoms, wherein up to 50% of
hemorrhagic cases are fatal [10]. The increased risk of fatality with hemorrhagic presentation may
be due to a loss of fluids and multisystem shock, organ failure related to loss of blood volume and
fluids, or lack of or mismanagement of symptomatic treatment. In vitro studies have suggested that
hemorrhage resulting from RVFV infection may be linked to transcription factor IIH (TFIIH) expression
levels [54], yet there have yet to be effective treatments for viral hemorrhagic fevers (VHF) beyond
basic symptomatic treatment and monitoring [48]. It has been suggested that hemorrhagic cases of
RVFV infection may increase the risk of nosocomial transmission for healthcare workers and other
individuals providing care [55], yet human-to-human transmission by nosocomial routes of exposure
have yet to be documented.

Despite RVF commonly being presented as a mild, self-resolving febrile illness, disease severity has
varied by region in epidemiological reports. Publications from Yemen from January 2014 to August 2016
reported hemorrhagic fever in 9% of their anti-RVFV IgM positive hospitalized patients [56], whereas
estimates for hemorrhagic symptoms are often limited to 1–2% of cases [57,58]. Early outbreaks in Saudi
Arabia experienced approximately double the amount of fatal cases than neighboring Yemen [4], which is
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likely due to insufficient immunity in the previously naïve community, or increased pathogenicity and
disease severity as a result of genomic mutations and reassortments [59]. Variability in disease severity
is also seen in neighboring regions, such as countries in East Africa, or intercontinental differences seen
in Egypt versus in countries in sub-Saharan Africa and the horn of Africa that are affected by RVFV [7].

Ocular scarring is often reported in 10% of patients [50], while some outbreaks have been
associated with more than 40% of patients experiencing loss of vision [60]. Patients experiencing
ocular symptoms typically report blurred or loss of vision and posterior eye pain, possibly caused by
the development of lesions, edema at the optic disc, or retinal vasculitis or hemorrhaging [49,59,60].
Loss of vision as a result of RVFV infection may be temporary or permanent, depending on the location
and severity of the lesions within the ocular tunics. Reports have not distinguished a unilateral or
bilateral effect specifically associated with RVFV infection, as confirmed RVFV-positive patients have
been documented to suffer retinal scars both unilaterally and bilaterally [49,59].

Multisystem effects of acute RVF are illustrated by involvement of the liver and kidneys,
occasionally leading to the onset of hepatitis and nephropathy [34,48,60]. Jaundice and splenomegaly
are commonly found in patients during physical exams for diagnosis, and should be monitored
carefully to avoid progression to multiple organ failure [48].

Many studies have attempted to identify mechanisms of neurological complications from RVF,
yet clear pathways, even those suggesting immune-mediation, have yet to be identified [61–63].
CNS involvement may superficially appear as dizziness or vertigo, confusion and disorientation,
and intense headaches, yet may suggest severe underlying manifestations. Meningoencephalopathy
can occur in 1–2% of cases and may lead to convulsions, coma, or death [34,60–62,64]. Psychological
evaluations of such symptoms suggest CNS involvement may elicit the onset of mental health
syndromes, with diagnoses similar to schizophrenia [65–67], and should be taken into consideration
when considering immediate treatment and care options. Patients with progression of such syndromes
should be evaluated for long term sequelae, as the persistence of psychological syndromes related to
RVFV infection has yet to be fully described.

Inconsistent prevalence and incidence of RVFV infection reported is possibly linked to untimely
reporting or underreporting of cases or lack of laboratory confirmation in cases of suspected diagnosis [7].
Acute cases are best confirmed by reverse transcriptase polymerase chain reaction (RT-PCR) [68–70],
but facilities equipped with the resources, such as skills and instrumentation, required for thorough
diagnosis using PCR may be sparse in many endemic regions. Epidemiological studies for assessing
RVF burden are often limited to community surveys based on serological analysis of retrospective
infection, represented by the presence of immunoglobulin G (IgG) antibodies [68,71]. Detection of
immunoglobulin M (IgM) antibodies may be possible [70,71], yet assays designed for IgM detection
are notoriously problematic, with potential cross-reactivity and interfering factors (such as rheumatoid
factor) leading to inconsistent results, and are therefore not as reliable as PCR diagnostics for acute
cases. These analyses may not describe the true burden of RVF in a given population, as acute infections
are rarely detected and clinical factors cannot be monitored in real time.

Underreporting may also be due to stigma associated with reporting cases of RVF in animals and
humans, which is a phenomenon that is not limited to RVF, but described broadly with infectious
diseases throughout history [72,73]. Stigma against RVF survivors has not been reported [38], yet both
internal and societal stigmas borne from restrictions with livestock trade and sales may influence
downstream behaviors. Trade restrictions for three years are implemented when animal cases are
reported and confirmed [74], which may have a major impact on local economies and personal
incomes [75]. Additionally, animal infections can trigger a loss of revenue from a reduction in herd size
from livestock deaths, and delayed production of sellable animal products due to illness and costly
quarantine procedures [75,76]. Spontaneous abortion in pregnant animals also reduces future product
generation capacity with the loss of offspring, influencing further financial burden. Community beliefs
about processing animal carcasses and use of specific animal parts after death drive personal behaviors
that are negligent of the estimated risk of disease exposure, leading individuals to continue engaging in
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behaviors to avoid bad luck or cultural stigma despite increased risk of personal exposure or continued
exposure of other animals, such as skinning animal carcasses before disposal, or harvesting and/or
consuming specific organs [77]. Appropriate risk-mitigating behaviors may not be engaged if the
perceived risk of exposure is low, or not well understood.

Travel and tourism catalyzes new opportunities for infections in international populations, with the
ease of air travel allowing for acutely infected individuals to rapidly reach new destinations [78].
In 2010, Germany had a suspected case of RVF after a tourist visited South Africa, initiating travel
warnings for FIFA World Cup events [79,80]. Other regions are suspected to be sources of potential
imported cases to Europe, such as Dakar and neighboring regions in Senegal, as they are popular tourist
destinations for European residents [81,82]. More recently, an acutely ill individual with persistent
symptoms traveled to China after working in Angola in 2016 [83–85]. Traveler-acquired cases of RVF
continue to occur, and the public health implications of such cases continue to stress the importance of
accurate incidence and prevalence reporting, rapid diagnostic availability and affordability, and the
need for a vaccine for human use.

2. Vaccines

RVFV is comprised of a negative-sense, single stranded RNA genome cleaved into three segments
varying in size. The functional strength of the genome is driven by the encoding of four structural
proteins and two nonstructural proteins. While much is understood about the RVFV genome and
viral replication, the genome also contains a sequence for a 78-kDa protein, called Large glycoprotein
(LGp) [68,86], which may contribute to viral dissemination in vectors [87,88].

All of the current vaccines licensed for use in animals are generated using viral strains from early
outbreaks and isolates, ranging from 1948 to 1977 [68]. Serial passaging has proven some vaccine
strains to maintain genomic stability [89], showing minimal risk of reversion to original strain virulence
with continual generation and use of the vaccines, but there may be an increased risk of incomplete
protection or coverage from newly evolving wildtype strains in circulation. Vaccines designed from
early strains do not accommodate the lineage diversity, and may not effectively continue to protect as
mutations and reassortments are introduced [58].

Vaccines approved and licensed for use in non-endemic countries are nonexistent, with the
exception of MP-12, that has conditional licensure in the US. MP-12 is a live attenuated strain produced
by repeat passaging of Egyptian wild type (WT) strain ZH548 in the presence of 5-Fluorouracil,
a mutagen that inhibits RNA processing and DNA synthesis [89–91]. Initial viral challenge studies in
livestock showed few side effects, with the exception of mild liver necrosis in calves resulting from high
dosage administration [92], but many farmers and herders that have used the vaccine have reported low
levels of spontaneous abortion when MP-12 is administered to pregnant animals [46,92,93]. Variations
on the original MP-12 attenuated vaccination, such as deleting nonstructural genes from the attenuated
strain, have also been successful at preventing disease and minimizing lethality, but have yet to be
thoroughly tested in the field [94–99]. MP-12 was derived using a human WT strain, and has been
proven to be safe for use in humans [100,101], but the duration of neutralizing antibodies has yet to
be established, therefore a vaccination schedule has not been proposed. Novel vaccines designed
with recombinant proteins, virus-like particles and replicons, and live virus vector-based vaccines
which carry DNA-encoding antigens for RVFV in viral vectors such as poxviruses and adenoviruses,
have been evaluated for their performance in animal models, such as mice, sheep, and cattle, but have
yet to be evaluated for human performance [86,102,103]. Thorough reviews of each of these advanced
vaccine designs have been recently summarized [68,86].

At the start of 2019, The Coalition for Epidemic Preparedness Innovations (CEPI) released a call
for the development of a human vaccine against RVFV [104], due to RVFV’s inclusion on the priority
pathogens list released by the World Health Organization [105,106]. CEPI’s decision to invest in RVFV
was based on the “feasibility of vaccine development and the potential public health impact,” [104],
which is undoubtedly influenced by the groundwork laid by prior vaccine development for animal

112



Trop. Med. Infect. Dis. 2020, 5, 89

use, the increasing frequency of RVFV outbreaks in the last decade, and growing concerns about
potential emergence into new territories, such as the United States and the European Union [43,44,68].
Many may question the prioritization of the development of a human vaccine against RVFV, as the
mortality rate is reportedly low compared to other, more pressing infections, yet recent viral emergence
and extensive outbreaks for which effective vaccines and therapeutics were unavailable, seen with
Zika virus (ZIKV) in the Americas and Ebola virus (EBOV) outbreaks in Africa, have shown the
need for vaccine development and approval prior to emergent events. The sudden emergence into
the Middle East illustrated RVFV’s capability to migrate to previously unaffected areas facilitated
by human and economic mobility, and the differences in disease severity when previously naïve
populations are exposed [4–6,37,56,59,107]. There are currently two RVFV vaccines for humans in
Phase II clinical trials [106], with nearly two dozen other vaccine candidates in the preclinical phase of
development [106]. If approved, vaccines in humans could be produced for emergency use, to minimize
the spread of future human outbreaks within sub-Saharan Africa and the Middle East, or selectively
used in individuals with an increased risk of exposure, as the rabies vaccine is given to those with
occupational exposure or travel risks. A human RVFV vaccine should also be used to mitigate
interepidemic incidence in currently impacted regions. If a safe and effective RVFV vaccine for human
use is administered in conjunction with animal vaccines and thorough public health education efforts
regarding disease awareness and risk mitigation behaviors, RVFV may be less likely to be considered
a priority pathogen in the future.

As novel vaccines are designed and evaluated, it is important to consider the goal of each of
the vaccine candidates. Given the complexity of the RVFV transmission cycle, will a vaccine ever
effectively prevent RVFV outbreaks in animals and humans, or will the aim of vaccine programs be to
minimize disease and fatalities? Further, is it likely that one vaccine will be able to establish immunity
in animals and humans, whether in impacted countries or in currently unaffected geographical regions?
Future iterations of animal vaccines should be designed for prioritized administration in younger
animals, and further vaccines should be evaluated in pregnant animals. RVF-linked abortion has
also been reported in humans [51–53], yet currently available vaccines have not been evaluated for
their performance in conferring neutralizing antibodies while also avoiding harmful effects on fetal
development and viability.

Designs of future vaccine candidates should also consider the economic impact on individuals
who will require the vaccine. Vaccines should aim to be economical with minimal burden for cyclical
vaccination schedules and boosters. Vaccine workshops in 2011 established that novel vaccines should
confer long-duration immunity after a single dosage [102], which has yet to be established with current
vaccine iterations that require repeated and seasonal vaccines to induce neutralizing antibodies [94].
Vaccine programs would benefit from vaccines that are designed with the ability to differentiate
infected animals from vaccinated animals (DIVA), as many of the current vaccine candidates fail to meet
DIVA standards [86]. The ability to effectively differentiate animals that have been naturally infected
from those who have been preventatively vaccinated is vital in mounting public health responses to
impending and active outbreaks, especially in non-endemic populations. DIVA is also essential to
promoting the World Organisation for Animal Health prevention requirements, which precludes any
vulnerable animal importation from countries considered to have been infected by RVFV within the
last 3 years. Vaccines should also consider the severity and duration of side effects that may impact
an animal’s ability to produce milks and other products. Farmers, herders, and individuals that
maintain livestock herds will be potentially less likely to use a vaccine that produces side effects or
physiologically impacts their animals in a way that would impact their production and income.

Vaccination programs aiming to minimize disease severity will require further investigation
into the immunopathophysiology of RVFV and identify host immune mechanisms that may increase
the likelihood of severe disease symptoms. Severe disease appears to be more often experienced
in populations without prior exposure to RVFV, as seen with the emergence into the Arabian
Peninsula [4,5,56,59,107], and without further knowledge of causative agents of severe disease,
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currently naïve populations should be assumed to be at a higher risk for severe morbidity and increased
rates of mortality. As witnessed with recent emergence of ZIKV in the Americas [108,109], the impact
of unanticipated viral emergence in a novel geographical region or human population can have
catastrophic effects.

3. Public Health

Outbreaks continue to occur sporadically, yet their frequency has increased in the last decade, and
larger populations are commonly affected. Most recently, an outbreak originating in South Sudan [110]
was unable to effectively be contained and may have grown to affect multiple countries across southern
and eastern Africa, including Kenya, Rwanda, Uganda, and South Africa [111–114], although some
suggest that the outbreaks in each country were not related. Public health measures regarding RVF
often focus towards avoiding outbreaks or minimizing the perpetuation of outbreaks rather than
minimizing individual exposures and prophylactic measures. Many reports stress the importance of
vaccination as the leading way to control outbreaks, yet usage of available vaccines is not standardized
or enforced across all endemic regions [7,34,57,74,86]. Additionally, livestock trade between villages
and bordering countries may make it difficult to monitor vaccine administration and to achieve effective
herd immunity rates to control widespread infection. In addition to aggressive vaccination campaigns,
public education is imperative to mitigating continual zoonotic exposures [77].

In naïve regions, concerns regarding use of RVFV as a bioterrorism agent are heightened by the
spectrum of disease in animals and humans, and for the potential to devastate large-scale agricultural
economies. RVFV is considered a Category A pathogen in the Center for Disease Control and Prevention
(CDC)’s Bioterrorism Agent/Disease classifications [115], and as an overlap select agent by the Health
and Human Services (HHS) and United States Department of Agriculture (USDA) Federal Select
Agents Program [116]. The United States, the Netherlands, the United Kingdom, and many locations
in the European Union have been established as potential points for emergence of RVFV in the future
due to the availability of mosquito species that are capable of transmitting RVFV, extensive livestock
economies and trade, and potential wildlife hosts for interepidemic maintenance [43,44,117,118].
Changes in climate and seasonal extremes may expand the potential for introduction of RVFV to
these areas, supporting expansion of vector abundance and conditions for livestock [31]. Air travel
contributes to the rapid transport of imported cases, which has been a leading catalyst of the emergence
of many arboviral diseases, such as Zika virus and chikungunya virus, that are now established and
autochthonously transmitted in previously unaffected areas [57,78,108,109]. While human-to-mosquito
transmission is currently speculative for RVFV, many other supportive factors are in place to enhance
the likelihood of an emergent outbreak of RVFV.

4. Current Risks and Considerations for Travelers

Travelers should take a specific interest in the risks and exposure opportunities in much of Africa
and the Arabian Peninsula. A multifaceted approach to risk mitigation will dramatically reduce the
risk of infection, and should include mosquito avoidance, safe practices with animals and animal
products, and avoiding contact with infected fluids, tissues, and potential avenues for aerosolization.

Mosquito repellent should be used thoroughly and clothing should be treated to minimize vector
biting [119]. Culex spp. and Aedes spp. that can transmit RVFV are day-biting species, with peaks of
feeding near dusk and dawn. Bed nets are an important tool to avoid malaria infection, but mosquito
avoidance behaviors should also be practiced during the day for thorough disease avoidance. Mosquito
populations in and around the homestead and areas frequently visited can be reduced by dumping out
containers that collect standing water, such as tires and buckets, and using air conditioners and screens
on windows and doors can dramatically reduce the instance of mosquito exposure. Travelers should
also be aware that spraying to control mosquito populations may occur inconsistently, and is often
performed in response to an ongoing outbreak, therefore immediate precautions such as the use of
personal repellents should be prioritized.
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If a traveler anticipates to have contact with animals, specifically domesticated livestock, safe and
sanitary measures should be observed in order to reduce contact with potentially infected materials,
such as animal bodily fluids and tissues [120,121]. Contact with animals that appear ill or are currently
quarantined should be avoided. Consumption of animal products should be limited to items that
have been thoroughly cooked to kill any pathogens, including RVFV, as the consumption of meats
and milks have been linked to an increased risk of RVFV infection [40,122]. RVFV has the potential to
be transmitted by aerosolization [42,49]. Aerosolization is generally a risk observed in occupational
settings, such as slaughterhouses, where animal bodily fluids may be aerosolized during processing
and handling [41]. Precautions during animal exams, handling animals for milking or other care and
maintenance behaviors, and slaughtering or breaking down carcasses should be observed to avoid
contact with fluids and blood.

5. Conclusions

RVFV is a complex virus with many possible transmission routes connecting animals and humans,
and a wide spectrum of disease without targeted treatment options outside of symptomatic support.
RVFV is geographically limited, but many countries contain competent vector species and susceptible
hosts that could lead to emergent outbreaks, making RVFV a candidate for an extensive public health
burden. Current vaccines are unavailable for humans, which means those living in endemic regions
and travelers should practice risk-mitigating behaviors rigorously, and maintain an awareness of the
possibility of outbreaks and interepidemic exposure in much of Africa, Saudi Arabia, and Yemen. It is
highly encouraged that vaccine development takes into consideration the specific goals of disease
prevention, whether future vaccines are utilized to minimize disease or reduce overall incidence.
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Abstract: The 2018 West Nile Virus (WNV) season in Europe was characterized by an extremely high
infection rate and an exceptionally higher burden when compared to previous seasons. Overall, there
was a 10.9-fold increase in incidence in Italy, with 577 human cases, 230 WNV neuroinvasive diseases
(WNNV) and 42 WNV-attributed deaths. Methods: in this paper we retrospectively reported the
neurological presentation of 7 patients admitted to University Hospital of Udine with a diagnosis
of WNNV, especially focusing on two patients who presented with atypical severe brain stem
involvement. Conclusions: the atypical features of some of these forms highlight the necessity to
stay vigilant and suspect the diagnosis when confronted with neurological symptoms. We strongly
encourage clinicians to consider WNNV in patients presenting with unexplained neurological
symptoms in mild climate-areas at risk.

Keywords: West Nile Virus; mosquitos; vector; Flavivirus; artropodes; neuroinvasiveness

1. Background

West Nile Virus (WNV) is a positive stranded RNA Flavivirus. It has an enzoonotic cycle among birds
and mosquitos, and can be rapidly spread to several hosts, including humans. WNV infection in humans
might have a wide variety of presentations. In the majority of the cases, it is completely asymptomatic.
A minority of the infected subjects develop symptoms, which range from fever, headache,
gastrointestinal discomfort, skin rash, to serious neurological disorders.

The 2018 West Nile Virus (WNV) season in Europe was characterized by an earlier start and an
exceptionally higher burden when compared to previous seasons [1,2]. Overall, in 2018, 1605 cases of
WNV infections were reported in Europe. Italy was the most-affected country, accounting for 39% of
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the locally acquired infections. Overall, there was a 10.9-fold increase in incidence when compared
to 2014–2017 seasons, and a 12-fold increase in comparison to 2017. Infection rates per 100,000
population increased from 0.1 (in 2017) to 1.0 in 2018. Overall, t577 human cases were reported in Italy;
WNV neuroinvasive diseases (WNNV) were reported in 230 cases, WNV-attributed deaths were 42.
The majority of the infections were from the Veneto, Emilia-Romagna, Lombardia, Piemonte, Sardegna
and Friuli Venezia Giulia (FVG) regions [3]. In the FVG region, located in the Northeastern corner of the
country, more than 60 WNV infections were reported, including 35 probable and 25 confirmed cases.
Among these, nine cases presented as WNNV, and four had a lethal outcome.

The aim of this report is to describe the neurological presentation of seven patients admitted to
University Hospital of Udine with a diagnosis of WNNV. We focus on two patients who presented
with an atypical manifestation. Table 1 summarizes our clinical experience.

Table 1. West Nile neuroinvasive disease: A single center experience.

Sex, Age
(Years)

Previous Clinical
History

Date of
Infection

Clinical Form Diagnosis * Therapy
Outcome and/or

Sequelae

Male, 33 Epilepsy July 2018 VII cranial nerve
palsy

Serology (IgM) in
serum and LCR Steroid Healed

Female, 15 Previously healthy July 2018

Fever, cephalea,
Parkinsonism, left

arm strength deficit,
tongue fasciculation

Serology (IgM and
IgG) in CSF None Healed

Male, 87 Ischemic cardiomyopathy August 2018

Fever, meningismus
and neuropathic pain,
limbs waxy flexibility
and catatonic states.

rt-PCR in both urine
and CSF; serology

(IgM and IgG) in both
CSF and serum

IVIG
and

steroids

Residual disability,
depression

Male, 56
Renal transplant,

previous CMV and VZV
reactivation

August 2018 Fever, confusion,
meningismus

Serology (IgM) in
serum; rt-PCR in

urine

IVIG
and

steroids
Healed

Male, 57

Autoimmune
glomerulonephritis in
immunosuppressive

treatment

September 2018
Rhombencephalitis,
coma, intracranial

hemorrhage

Serology (IgM) in
serum; rt-PCR in CSF,

urine and blood

IVIG
and

steroids
Death

Female, 78 Diabetes, hypertension,
non-Hodgkin lymphoma October 2018 Confusion, stupor,

coma
rt-PCR in CSF, urine

and blood Death

Female, 77

B chronic lymphocytic
leukemia,

hypogammaglobulinaemia,
hypertension, diabetes,

previous CMV
reactivation

November 2018

Fever, confusion, 4
limbs hyposthenia,
acute kidney injury,

coma

rt-PCR in CSF and
urine

IVIG
and

steroids

Partial
improvement,

residual disability

Abbreviations—rt-PCR: reverse-transcription polymerase chain reaction, IgM: immunoglobulin M, IgG;
immunoglobulin G; IVIG: intravenous immunoglobulin; CSF: cerebrospinal fluid; CMV: cytomegalovirus; VZV:
varicella zoster virus. * Only positive results are reported.

2. Case 1

An 87-year-old man was admitted to Cardiology Intensive Care Unit on August 2018 for
non-ST-segment-elevation myocardial infarction. His prior history was remarkable for ischemic
cardiomyopathy and arterial hypertension. No invasive procedure was performed during the
hospitalization. On day 3, the patient presented abrupt onset of fever, meningeal syndrome, generalized
stiffness and diffuse neuropathic pain. He was alert and oriented and showed no focal deficit. His blood
exams showed leucopenia (3580/mmc white blood cells (WBC)), thrombocytopenia (47,000 platelets/μL)
and elevation of liver enzymes (aspartate aminotransferase (AST) 95 UI/L, alanine aminotransferase
(ALT) 80 UI/L). The cerebrospinal fluid (CSF) was clear and showed hypoglycorrhachia (25%),
hyperproteinorrachia (637 g/L) and hypercellularity (85 cells/μL, 48% polymorphonuclear). Gram stain,
culture and serologic tests for common neurotropic viruses were negative. Brain magnetic resonance
imaging (MRI) showed no abnormalities. Laboratory diagnosis of WNV infection was accomplished
through biologic fluids testing for WNV- specific IgG and IgM antibodies, and reverse-transcription
polymerase chain reaction (rt-PCR). Patient n.1 was tested positive for WNV rt-PCR on serum and
blood, and specific IgM and IgG were found in both CSF and serum. A 5-day course of intravenous
immunoglobulin (IVIG) at 0.4 g/kg/day and high-dose steroid therapy (500 mg/day for 2 days followed
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by 1 mg/kg/day with progressive de-escalation) were administered. The patient’s general status
slowly improved. On day 10, the patient experienced an abrupt neurologic deterioration; he was
found unconscious, with a Glasgow Coma Scale (GCS) of 3. Any organic cause of encephalopathy
was excluded; his blood tests, head computed tomography (CT) scan, electrocardiogram (ECG) and
electroencephalography (EEG) were inconclusive. CSF was checked again and showed residual
cellularity (24 cells/mmc, 60% lymphocytes, 30% polymorphs). The patient was intubated and admitted
to the intensive care unit (ICU). A few hours later, he spontaneously recovered and was extubated.
During the next 2 weeks of hospitalization, the patient manifested three other similar episodes of
“intermittent coma”. A conservative management was performed. He experienced a partial recovery
and was discharged.

3. Case 2

A 57-year-old man with an autoimmune glomerulonephritis (being treated with steroids and
mycophenolate) presented to the emergency department, with a history of three days of fever, confusion,
diplopia, opsoclonus, multifocal myoclonus and generalized tremor. Blood exams and CT scan were
unremarkable. Lumbar puncture revealed normal opening pressure, and the CSF analysis identified
12 cells/μL (30% polymorphonuclear, 60% lymphocytes), protein count of 200 g/L and glucose count
of 70 mg/dL. The EEG showed slow bilateral diffuse slow waves. A presumptive diagnosis of
rhombencephalitis with opsoclonus-myoclonus syndrome was made, and an empirical therapy with
ampicillin, ceftriaxone, acyclovir and dexamethasone was started. Contrast enhanced brain magnetic
resonance imaging (MRI) revealed no acute process or abnormality. During the hospitalizations,
the patient’s condition worsened. He progressively became comatose (GCS of 4) and required ICU
admission and mechanical ventilation. The laboratory documented the presence of WNV-RNA in CSF,
urine and blood samples, and WNV-specific immunoglobulin M (IgM) in blood. Therefore, high doses
of IVIGs and steroids were administered. On day 4, fixed bilateral mydriasis appeared. A CT scan
showed massive intraparenchymal hemorrhage associated with fourth ventricle compression and
tonsillar herniation. The following day, the patient expired. Post-mortem macroscopic examination of
the brain showed diffuse malacia.

4. Discussion

WNV transmission season 2018 has been characterized by an extremely high infection rate.
Overall, 2083 autochthonous infections were reported in 2018 in Europe, with an increase of 7.2-fold
when compared to 2017 [1,2].

WNV diagnosis is mainly formulated by detecting specific IgM and IgG antibodies directed
towards WNV, or by testing for viral nucleic acid in CSF, tissue, blood, or other body fluid. Evidence
of IgM in CSF is the cornerstone of the WNV diagnosis because IgM does not cross the blood
brain barrier. Nevertheless, serology has some pitfalls: IgM remains detectable for 2 to 12 months.
Furthermore, the usual serological enzyme-linked immunosorbent assay (ELISA) may cross-react with
other flavivirus infections or vaccination. There is a great variety of serological methods, but none of
these provide a definitive diagnosis.

Nevertheless, any positive result requires a confirmation with more specific tests. Thus, when IgM
are found positive, seroconversion (by subsequent convalescent sample testing, hemagglutination
inhibition, IgG ELISA, or plaque reduction neutralization assay) should be demonstrated [4].

However, IgM and IgG testing might be insufficient in some cases. Antibodies might not be
present during the window period, as to cause a delay in the diagnosis. Furthermore, special categories,
such as immunocompromised patients, might not be able to mount an adequate serological response.
In this setting, molecular testing for WNV could be useful; however it is known that viremia is
generally rapidly vanishing, and lasts between 3 and 14 days. Prolonged viremia has been reported in
immuno-compromised patients [5].
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Several studies demonstrated that WNV RNA determination in whole blood shows higher
reliability compared to other samples [6,7]. Detection of WNV in urine is not included in the current
case definition of WNV disease postulated by the European Centers for Disease Control. Although
WNV viral load in CSF and blood is usually transient, shedding in the urine can continue for longer
periods after the acute phase [8]. Indeed, the US Centers for Disease Control guidelines have included
the detection of RNA in body fluids other than blood and LCR, including viruria, in the diagnostic
criteria for WNV diagnosis confirmation [9].

Furthermore, pathology may reveal peculiar histological pictures. Autopsy reports have shown
perivascular lymphoplasmacytic infiltrates, both in leptomeninges and parenchyma, microglial nodules
or acute neuronal necrosis. Inflammation generally involves deep nuclei, the cerebellum and brainstem,
with neuronal loss and neuronophagia. In our cases, WNV was present in brain matter, a finding that
suggests a strong correlation between its neurotropism with the distribution of the cerebral lesions [10].

Most WNV infections are usually asymptomatic; 30% of cases present with a febrile illness
characterized by mild symptoms that typically last up to a week. Less than 1% of infections present
with central nervous system involvement [11]. We reported two WNV cases consistent with severe
brain stem involvement. Although there was no electrophysiological or neuroradiology evidence,
both patients presented symptoms due to brainstem and basal ganglia damage. Case 1 showed
neuropsychiatric disorder and loss of consciousness with no apparent organic explanation. Case 2
presented unique findings consistent with opsoclonus-myoclonus syndrome (OPS) complicated with a
massive hemorrhagic stroke. To our knowledge, 14 cases of WNNV-related OPS have been reported to
date [12,13]. The majority of the cases were reported among patients affected by neoplasm or immune
system deficit, as well as our case. Confusion and delirium, which were the main presenting symptoms
in patient n.2, were reported in 30% of the cases, usually after hospital admission. Overall, no specific
MRI findings were described in WNV associated-OPS. However, brainstem infectious involvement
has been speculated to cause secondary cortical hypoperfusion and subsequent dysfunction [14].

Overall, WNV-associated CNS vascular events are rare [12,15,16]. The main hypothesis regarding
the pathophysiology of these events is an inflammatory vasculopathy secondary to WNV CNS invasion.
It has been suggested that WNV reaches CNS through two different routes: spreading within the axons
of peripheral nerves to CNS, and via the blood system. A number of in vitro analyses demonstrated that,
similarly to other flaviviruses, WNV can directly infect the endothelial cells. Once penetrated in
the CNS, WNV elicit complex immunitary responses, which involve both intrinsic CNS immune cells
(microglia and astrocytes) and extrinsic defenses (T cells, B cells, and monocytes/macrophages), thereby,
leading to cytokines release, perivascular inflammation, and neuronal proliferation [17–19]. This could
provide an explanation of the WNV-related vasculitis.

Treatment for WNV infection is mainly supportive. No therapy has been proven useful in a randomized
controlled trial. Few reports and preclinical studies suggest the utility of immunomodulation through IVIG,
plasmapheresis, WNV-specific neutralizing antibodies, corticosteroids, ribavirin, interferon or other RNA
inhibitors [14].

5. Conclusions

The 2018 West Nile outbreak in FVG has been characterized by extraordinary high rates of WNV
infections. The atypicality of the presentation of some of the WNNV forms highlights the necessity to
stay vigilant and suspect the diagnosis when confronted with neurological symptoms. Given that no
treatment has shown real efficacy, there is no consensus about the appropriate treatment. With regards
to all the mosquito-borne infections, prevention measures, including personal protection and mosquito
control programs, are necessary.
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Abstract: The epidemic strain of Venezuelan equine encephalitis virus (VEE) 1B invaded south Texas
in 1971. The success of the eventual containment and control of the virus invasion was the early
recognition and immediate detection, cooperation, coordination, and participation among multiple
federal agencies. There were 4739 wild vertebrate animals trapped on a ranch in the area with only
1 VEE virus isolation from a Virgina opossum (Didelphis virginiana). A large number of mosquitoes
were also collected on the ranch and tested, resulting in 240 VEE virus isolations. Virus isolations
were obtained from 58% of the 33 equines tested. Wild vertebrates did not play a significant role in
the outbreak.

Keywords: Venezuelan equine encephalitis virus; outbreak; arbovirus; interagency; response;
coordination; mosquito; vaccine; emerging virus

1. Editor’s Preface

In the letter below, Dr. McLean provides a first-hand account of the invasion of Venezuelan
equine encephalitis virus 1B into South Texas. This invasion was met with a massive, coordinated,
inter-agency response, which ultimately ended the outbreak. We believe this event represents the
sole example to date in which invasion of an exotic zoonotic arbovirus into the United States has
been eradicated, and exemplifies the interagency cooperation necessary to achieve such a successful
outcome. During a time where we can expect the continued emergence of viruses that threaten human
and animal health, such lessons from the field can be both informative and encouraging. Dr. McLean
has led a very distinguished career, serving in leadership positions in both the Center for Disease
Control (CDC) and the United States Department Agriculture (USDA), and we value his insight and
perspective on this historic outbreak.

Dear Editor

The epidemic strain of Venezuelan equine encephalitis (VEE) 1B was responsible for epidemics
in humans and equines in Ecuador in January 1969, and was subsequently introduced into coastal
Guatemala and El Salvador (possibly in infected equines) in the summer of 1969. From there, the virus
spread south to Honduras and Nicaragua, and north to Southern Mexico by November 1969. In 1970,
the virus spread throughout those countries and north along the Gulf coast of Mexico toward Tampico,
where it resulted in an epidemic there in March–April 1971. Descriptions of this outbreak have been
published [1–4].

This continued northward progression alerted USDA Animal Plant Health Inspection Service
(APHIS) and CDC to the likelihood of an invasion into the U.S. This impending hazard to the U.S.
initiated the two agencies to start working together to develop contingency plans to address the
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hazard. A number of meetings were held among their staff and invited experts from other federal
and state agencies and universities to develop strategies for prevention and control as well as to
determine what investigations were needed. The U.S. Medical Research Institute of Infectious Diseases
already had a VEE vaccine in their stock but it was not FDA/APHIS approved. However, it was made
available to the team of investigators if they signed a voluntary release to protect them in Texas from
VEE-1B virus infections that are quite debilitating in humans and kills equines. We were all willing to
receive this unapproved (by FDA) vaccine so we could perform our duties in Texas. APHIS mobilized
a number of teams of veterinarians, technicians, and administrators; CDC mobilized physicians,
epidemiologists, entomologists (Dr. Vern Newhouse as leader), virologists (Dr. Charles Calisher as
leader), wildlife biologists (Dr. Robert McLean as leader), and technicians for each. Counterpart staff
from public health and other state agencies in Texas joined in the effort.

APHIS and CDC administrators and senior staff met in south Texas to develop local plans
and establish administrative facilities and local and state connections and coordination. They were
waiting for the first confirmed identification of VEE-1B virus in Texas (USA), whether equine, humans,
or possibly mosquitoes or vertebrate animals. They could not enter Mexico to sample or test animals
or humans to confirm the virus presence in nearby Northeast Mexico (across the Rio Grande river),
and had to wait for it to spread into Texas. Arrangements were made to secure enough hotel and
working space for the team members. All of the space at a motel in south Texas that was convenient for
the potential affected area was reserved, and all of us later stayed there. We also used rooms to contain
refrigerators and freezers, store equipment and supplies, setup a laboratory, and have meetings. It was
the local epidemic investigation headquarters. APHIS had a large number of veterinarians there to
deal with the investigation and control of VEE-1B virus in the equine population.

The team leaders selected staff to help conduct investigations, collected equipment and supplies
and arranged for shipment to Southeast Texas, reserved vehicles and hotel reservations, and waited for
the orders to proceed after the first VEE-1B virus detection in south Texas near the U.S.-Mexico border
was confirmed. The first detection was a sick equine near the border. All of the teams were quickly
mobilized to South Texas.

APHIS brought multiple teams of veterinarians for field investigations of affected equines and to
establish quarantine and equine movement restrictions. CDC quickly setup a laboratory in the hotel
to process and test blood samples for rapid detection of virus and antibody for infected equines and
later humans after CDC epidemiologists began investigating human cases. All field supplies for all
investigations of equine, human, mosquitoes, and wildlife were stored and distributed from that hotel,
which was the headquarters for all of the entire U.S. government effort in South Texas. Coordination
with state and local officials involved in the outbreak investigations was conducted, as well as with the
press, from there.

Mosquito control efforts were developed, organized, and conducted locally, then broadened as
the epidemic zone expanded. Finally, the U.S. Air Force fleet of large insecticide spray aircraft were
deployed as the epidemic spread widely threatening larger areas of Texas to the north [5].

Because equines were the primary host for amplification, a big achievement for the control of the
epidemic and the protection of equines was the very rapid emergency approval of the VEE vaccine
by USDA and the production of the military VEE vaccine for use in equines by a private vaccine
company. The vaccine was made available for use by private veterinarians throughout the state of Texas.
One industrious veterinarian acquired state approval and distributed the vaccine by a rented private
plane to veterinarians throughout the state. Control of the epidemic and advancement northward
was achieved, but there were about 1800 equine cases in the southern half of the state by the time the
epidemic was stopped more than two months later.

2. Wildlife Investigations

At this time, I was the only wildlife biologist/epidemiologist at CDC and was in the Rabies branch
of the epidemiology program. I was requested and agreed to head the wildlife investigations and
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selected some team members to assist. Luckily, I had just hired a biologist from south Texas who had
worked for CDC at the public health unit at the border there that was closing and who grew up in that
area. He had many contacts there and helped arrange in selecting a sampling location near the border
on a large cattle ranch with great habitats for wildlife. The rancher allowed us free access to all of the
ranch and provided help and guidance from his ranch manager.

We set a large number of traps for rodents; smaller numbers of traps for larger mammals such as
raccoons, opossums, and rabbits; and leg-hold traps for carnivores and captured tortoises by hand
throughout the ranch. At the same time, we set up mist nets for birds throughout the area and operated
some mist nets at night for bats. Canon nets were set up on the beach on South Padre Island to capture
sea gulls. Mosquito light traps were placed within the lines of mist nets and mammal traps to obtain a
comprehensive sampling of vector and vertebrate populations for a more thorough effort to detect the
presence of VEE 1B virus. Entomologist Dr. Newhouse from CDC was the leader of the mosquito
sampling effort, although we all worked together to conduct prolonged and intense field investigations
during a multi-week period in August—September 1971.

Follow-up investigations were conducted multiple times at these sampling sites by the vertebrate
and vector teams during the next year to ensure that VEE 1B virus did not become established in
South Texas.

3. Laboratory Testing

Some of the testing of blood specimens from vertebrate animals, humans and processed mosquitoes
were conducted locally to obtain rapid results for the epidemiologists and mosquito control teams who
were trying to stop the epidemic expansion.

The majority of the testing was conducted at CDC in Atlanta. Virus isolation was performed
by inoculating 0.02 mL of each sample by the intracerebral route into Swiss albino suckling mice.
Virus isolates were identified by microtiter complement fixation tests. Virus neutralizing antibody
in the vertebrate and human sera were tested in duck embryo cell culture by the plaque reduction
neutralization test using VEE-TC-83 vaccine virus.

4. Conclusion

This was a massive, coordinated effort to prepare for the impending invasion of the epidemic 1B
strain of VEE virus into the USA at the Texas border. The success of the eventual containment and control
of the virus invasion was the early recognition and immediate detection, cooperation, coordination,
and participation among multiple federal agencies of USDA, CDC, U.S. Military, National Park Service,
Department of Interior), multiple Texas state departments, and local agencies and their staff with
valuable input from individual scientific experts. The leaders of these agencies were on the ground
in South Texas to initiate this massive, coordinated federal/state response. A well-planned response
was developed, and multiple teams were formed to investigate specific health aspects in the human
and equine populations, and the mosquito vector and wild vertebrate host involvement. The effective
control of virus transmission was initiated quickly through broad equine vaccination and quarantine
and intensive mosquito control that prevented the epidemic spread to Northern Texas and surrounding
states. The close cooperation and joint leadership among the federal, state, and local officials and the
dedicated and exhaustive efforts by the scientists and public health officials and their staff was key
for the success of this dramatic disease control effort. It was a good example for dealing with foreign
disease invasion and control. A big advantage for the control of this invasion and impending epidemic
in Texas was the prior knowledge about the virus strain, history of its origin, and movement from
South America to Central America and northward along the Gulf coast of Mexico, and the information
on the potential domestic and wild vertebrate hosts and vectors that would be affected.
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Abstract: Mosquito-borne viruses will continue to emerge and generate a significant public health
burden around the globe. Here, we provide a longitudinal perspective on how the emergence of
mosquito-borne viruses in the Americas has triggered reactionary funding by sponsored agencies,
stimulating a number of publications, innovative development of traps, and augmented capacity. We
discuss the return on investment (ROI) from the oscillation in federal funding that influences demand
for surveillance and control traps and leads to innovation and research productivity.
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1. Introduction

While outbreaks of infectious diseases are devastating to human and animal populations, surges in
private and public funding for outbreak pathogens have positively influenced research and innovation.
Contemporary outbreak response efforts now incorporate digital media; electronic surveillance
tools; mathematical modelling; sequencing; and teams of experts that include anthropologists, social
scientists, and other diverse disciplinarians [1]. Outbreak stimulus funding leads to increased scientific
productivity on outbreak pathogens, and incites innovation [2]. For example, an innovation workshop
convened after an anthrax bioterrorism attack in 2001, to discuss new surveillance and pathogen
detection approaches [3]. The Ebola Grand Challenge program, funded by the US Centers for
Disease Control and Prevention (CDC), United States Agency for International Development (USAID),
the United States Executive Office, and the Department of Defense, provided financial backing to 14
innovative projects to improve the response to Ebola outbreaks. These projects included protective
suits, health care and technology solutions, and decontaminants [4]. The USAID Zika Grand Challenge
program in 2016 received over 900 applications and provided 30 million dollars to innovative ideas
to address Zika virus transmission [5]. Currently, during the COVID-19 pandemic, innovations
are emerging such as new ventilators, drones delivering medical supplies, and the use of artificial
intelligence in medicine [6–9]. Ideally, these scientific advances will aid in combatting the current
epidemic as well as fuel innovation in preparedness for future emerging disease events, leading to
return on investment (ROI).

The introduction and spread of numerous mosquito-borne viruses around the globe has also
shepherded a wave of innovation to improve upon industry-standard sampling techniques that more
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efficiently capture the target vector species, physiological cohort, or virus-infected population of
vectors [10]. Ramirez et al. [10] recently reviewed traditional surveillance approaches in the context
of novel innovations that have advanced surveillance capacity, including pathogen surveillance
from sugar feeding vectors, next-generation sequencing (eDNA (environmental DNA) for presence
or absence of vectors in habitats), and xenosurveillance for vectors and pathogens. Additionally,
modernized sampling strategies have also been expanded to incorporate technical advancements in
such areas as infrared scanning, citizen science, and drones [11–14]. Driving the introduction and
incorporation of novel trapping approaches to surveillance programs is the persistent emergence of
mosquito-borne pathogens.

2. Arbovirus Emergence in the U.S.

Many arboviruses cause a significant disease burden to the public each year. West Nile virus
(WNV) (introduced in 1999), St. Louis encephalitis virus (SLEV), Jamestown Canyon virus (JCV),
La Crosse encephalitis virus (LACV), Eastern equine encephalitis virus (EEEV), and Powassan (POWV,
tick-borne) are tracked through the CDC database, ArboNET [15]. In the last several years, incidence
of JCV and POWV has been increasing [15–18]. Additionally, a multistate outbreak of EEEV occurred
in the northeastern US in 2019, in which the 34 reported cases far exceeded the historical average of
around eight cases/year [19]. Through the first half of the 20th century, Western equine encephalitis
virus (WEEV) was also widespread and caused significant morbidity and mortality in humans and
horses; however, this virus has largely disappeared from most areas over the past several decades for
unconfirmed reasons, with the last human case in the United States reported in 1999 [20,21].

In 2013, chikungunya (CHIKV) was first reported in the Americas, followed by Zika virus
(ZIKV) two years later [22,23]. These virus invasions came during a time of increasing dengue virus
(DENV) incidence, range expansion, and replacement of dominant serotypes in different geographic
areas [24–26]. The Pan American Health Organization (PAHO) reported a 30% increase in the number
of dengue cases, from 7,641,334 between 2001 and 2010 to 10,851,043 between 2011 and 2017 [26,27].
Intensive transmission of Aedes-borne viruses in the Americas coupled with the expanding range of
Ae. aegypti mosquitoes presents a continual threat of these viruses gaining a foothold in the United States
as well [28–30]. To date, cases of DENV, ZIKV, and CHIKV in the United States have predominately
been traveler-associated, with the exception of local transmission of ZIKV in Florida and Texas during
2017 [31,32].

3. Federal Funding and Publications in Response to Arboviral Emergence

When a mosquito-borne virus rapidly spreads around the world and becomes a public health
emergency of international concern, federal agencies allocate substantial funds to fight the virus. In the
U.S., Congress approves these funding packages, such as the $1.1 billion for Zika virus in September,
2016 [33]. This stimulus funding provides agencies such as the National Institutes of Health (NIH), the
Centers for Disease Control and Prevention (CDC), and the National Science Foundation the resources
to allocate funds to public health agencies and researchers to enhance outbreak surveillance and
response efforts. As a proxy for this federal spending allocated to different emerging arboviruses, we
used the NIH RePORTER search query to estimate the funding of projects related to the emergence
of WNV, CHIKV, and ZIKV. We used the key words of ‘’West Nile virus”, ‘’chikungunya virus”, and
‘’Zika virus” in the search feature which queries all project titles, abstracts, and scientific terms. To
compare these invasive mosquito-borne viruses to those endemic to the United States, we also included
three endemic mosquito-borne viruses that have resulted in continual transmission, including human
disease, in the last several decades. These additional virus searches were performed for ‘’Eastern
equine encephalitis virus”, ‘’St Louis encephalitis virus”, and ‘’La Crosse encephalitis virus”. The
search for St. Louis encephalitis virus returned more projects with ‘’St” than with ‘’Saint”. The search
was performed on 16 May 2020, and we included all years from 1985–2020 in each search. NIH-funded
projects have a record for each fiscal year of a project (e.g., a 5-year NIH R01 has five records). The
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projects include international and national investigators and project locations. The search for WNV
resulted in 2803 records for a total of $1,493,811,562 in funding; CHIKV matched 960 records for
$477,117,414 in funding; and ZIKV matched 1332 records for $1,164,293,217 in funding (Figure 1). The
search for EEEV matched 310 records for a total of $165,906,376 in funding; SLEV matched 143 records
for $59,372,038 in funding; and LACV matched 126 records for $41,122,419 in funding (Figure 2). The
rise in NIH-funded projects for the invasive arboviruses rose quickly following their introduction into
the U.S., especially for ZIKV. The NIH-funding for endemic arboviruses was steadier over the 35 time
year period, especially for LACV.

 

Figure 1. Total funding by the National Institutes of Health based on the National Institutes of Health
(NIH) Reporter search query of projects matching West Nile virus (WNV), chikungunya virus (CHIKV),
and Zika virus (ZIKV), from 1985 to 2020. Expenditures in 2020 are incomplete as search was conducted
on 16 May 2020. Graphed values were corrected for inflation by the Consumer Price Index referenced
to 2019 provided by the U.S. Bureau of Labor Statistics.

In response to WNV and ZIKV, the CDC supports detection and response capacity to local agencies
by providing states Epidemiology and Laboratory Capacity (ELC) cooperative agreements with all 50
states and US territories. For the first five years following the introduction of WNV into the U.S., the
CDC issued ELC funds which were reduced in 2004. A survey by the Council of State and Territorial
Epidemiologists in 2005 showed several enhancements to surveillance, laboratory, and control capacity
that were made possible as the result of ELC funding [34]. However, after yearly reductions in ELC
funds, a survey in 2013 revealed many of these programs had reduced or lost surveillance and response
measures [35]. Despite this lack of sustained funding and reduced infrastructure, WNV continues to
have periodic large epidemics [36]. The advent of CHIKV and ZIKV to the Americas caught many
U.S local, state, and federal agencies off guard with a lack of knowledge of, lack of surveillance of, or
inability to control Aedes (Stegomyia) mosquitoes. Once again, along with the NIH who spent over
$400 million in 2016 on ZIKV-related projects, the CDC administered $97 million in supplementary
Zika ELC stimulus funds to states to help programs re-bound and shift from a Culex-centric focus to
Aedes [37]. This pulse in funding helped improve the surveillance and control of Aedes mosquitoes,
although the fading of Zika virus in the national news and the reduction of these ELC funds [38] has
resulted in many programs again reducing their capacity.
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Figure 2. Total funding by the National Institutes of Health based on the NIH Reporter search query of
projects matching Eastern equine encephalitis virus (EEEV), St Louis encephalitis virus (SLEV), and La
Crosse encephalitis virus (LACV) from 1985 to 2020. Expenditures in 2020 are incomplete as search was
conducted on 16 May 2020. Graphed values were corrected for inflation by the Consumer Price Index
referenced to 2019 provided by the US Bureau of Labor Statistics.

Along with the pulse in funding and attention by media and the public, surges in peer-reviewed
publications occur following the emergences of arboviruses. To quantify these publications, we
performed a “Basic Search” of the Web of Science Core Collection for the key words of “West Nile
virus”, “chikungunya virus”, and “Zika virus”. As with the NIH RePORTER search, we included
“Eastern equine encephalitis virus”, “St Louis encephalitis virus”, and “La Crosse encephalitis virus”.
The search for St. Louis encephalitis virus returned more publications with “St” than with “Saint”. The
year range for the search was 1985 to 2020, and the search was conducted on 16 May 2020. The results
yielded 11,868 records for WNV; 5088 for CHIKV; 8074 for ZIKV; 634 for EEEV; 604 for SLEV; and 238 for
LACV (Figures 3 and 4). The yearly pattern in publications for these three arboviruses closely matches
the total funding by NIH, although publications reported on Web of Science include publications by
international authors funded by different international sponsors. Publications including the endemic
arboviruses as keyword searches have slowly increased over the last 35 years, but the scale of the
increase in publications for invasive arboviruses is much greater.
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Figure 3. Results of a Basic Search of the Web of Science Core Collection for West Nile virus (WNV),
chikungunya virus (CHIKV), and Zika virus (ZIKV), from 1985 to 2020. Publications in 2020 are
incomplete as search was conducted on 16 May 2020.

Figure 4. Results of a Basic Search of the Web of Science Core Collection for eastern equine encephalitis
virus (EEEV), St. Louis encephalitis virus (SLEV), and La Crosse encephalitis virus (LACV) from 1985
to 2020. Publications in 2020 are incomplete as search was conducted on 16 May 2020.

4. Innovation of Mosquito Surveillance Tools

The evolution of mosquito trapping tools targeting Culex and Aedes mosquitoes has followed suit,
being driven by the emergence of these viruses, the resulting resources generated by federal agencies,
and consumer demand. To visualize trends in trap usage over time, we evaluated BioQuip Products
sales data in each main trap category between 2003 and 2019 (Figure 5). As the United States has
experienced emergences and threats of first Culex and now also Aedes-borne viruses, innovations to
traditional mosquito trapping tools targeting these vector groups have arisen, with the proportion
of sales in different categories fluctuating over time in response to arbovirus outbreak and funding
availability (Figure 1). The diversity of traps sold by BioQuip Products also increased substantially
from two categories in 2003 to nine categories by 2014 (Figure 3) as new innovations came to market.
Undoubtedly, the surge of Aedes-borne viruses in particular during this time period has influenced the
development and sales of novel traps targeting Ae. aegypti mosquitoes.
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Figure 5. Proportion of traps sold per year by BioQuip Products. Product numbers represented
included: Gravid traps (2800, 2800S), BG traps (2880, 2883), NJ light trap (2856), EVS traps (2801A,
2780, 2780NS1, 2780NS2), Centers for Disease Control and Prevention (CDC) traps (2848, 2770, 2836BQ,
2836BQX), resting traps (2799), Gravid Aedes Traps (2797), passive traps (2887, 2887P), large aspirators
(2888A, 2846). Inset: Proportion of trap types sold per year by BioQuip Products. Product numbers
represented included: Gravid traps (2800, 2800S), BG traps (2880, 2883), NJ light trap (2856, 2857, 2858),
EVS traps (2801A, 2780, 2780NS1, 2780NS2), CDC traps (2848, 2770, 2836BQ, 2836BQX), resting traps
(2799), Gravid Aedes Traps (2797), passive traps (2887, 2887P), and large aspirators (2888A, 2846).

4.1. Culex-Borne Virus Surveillance

The CDC light trap has become an industry standard for collection of mosquitoes for the purposes
of arbovirus surveillance. The similar EVS (Encephalitis Vector Survey) trap [39] is also routinely used
for arbovirus surveillance and operates on a similar principle as the CDC light trap using light and
carbon dioxide (CO2) as attractants. Between 2003 and 2010, trap sales were dominated by suction
traps using light and CO2 as attractants, and gravid traps, largely for Culex vectors of WNV and SLEV.
Due to the sustained threat of WNV year after year [36], traps targeting Culex vectors are expected to
remain a mainstay in the industry.

Several specific innovations have either improved the functionality of the standard light trap or
targeted different physiological cohorts of mosquitoes. In 2006, BioQuip released the first commercially
available light-emitting-diode (LED) CDC-style light trap with customizable colors (Figure 3). Bayonet
mounted LED chips were also available to replace the white incandescent lights in existing CDC style
light traps. The passive box trap offered an alternative to CDC light traps, by providing a CO2-baited
trap that was not reliant on a power source and could be used to sample arbovirus vectors in more
remote areas [40]. A collapsible passive trap was also developed to address portability issues [41]. A
photo switch option also added to light traps, allowing researchers the flexibility to set traps when
convenient and conserve battery power. Finally, the CDC resting trap was introduced in 2011 for
the purpose of collecting blood-engorged mosquitoes to determine vertebrate host utilization [42].
Passive and resting traps represent a smaller proportion of sales over the last several years, suggesting
their utility may be serving the research community as opposed to being integrated into large-scale
operational surveillance activities.
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4.2. Aedes-Borne Virus Surveillance

Surveillance for viruses transmitted by Ae. aegypti mosquitoes requires very different tools and
strategies than for those used for Culex-borne viruses. These urbanized, day-biting, container-breeding
mosquitoes are generally not attracted to the suction and gravid traps that are so efficient at catching
Culex mosquitoes [43]. The growing need for traps that effectively collected Aedes mosquitoes led to
the innovation of the BG Sentinel Mosquito Trap in 2006 (Biogents AG, Regensburg, Germany) [44],
among others. BG sentinel traps began selling at BioQuip in 2011, and sales comprised approximately
50% of the total traps sold by BioQuip in 2016 following the introduction of CHIKV and ZIKV to the
Americas (Figure 3). Similarly, gravid Aedes traps (GAT) [45,46] were introduced between 2013 and 2014.
Conceptually based on traditional gravid traps [47], these traps do not require electricity to function.
GAT sales quickly grew to approximately 30% of the traps sold by BioQuip in 2016 (Figure 5). The
InsectaZooka© and the Prokopak aspirator [48] are lightweight, portable field aspirators developed
as an alternative to backpack models. These devices facilitate the collection of resting and engorged
mosquitoes from indoor and outdoor resting sites.

5. Conclusions

The emergence of mosquito-borne viruses has occurred repeatedly in recent decades, and studies
predict that these emergences will continue. Much of our response to these events is reactionary,
triggered by the increase in attention, funding, publication, innovation, and preventive measures
for public health. The long-term impact or return on investment of outbreak spending is evidenced
by scientific advancements (publications) and innovation, but we advocate for a more sustainable,
economical, and effective approach by minimizing the oscillations of boom and bust in funding
and capacity for mosquito-borne viruses. Our goal should be to optimize the cost-effectiveness of
budgetary spending by adopting resource allocation for biosecurity threats that maximize benefits
while minimizing the total cost given anticipated expenditures incurred in the event of mosquito-borne
viral outbreaks [49,50].
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