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Abstract: Makkah city, Kingdom of Saudi Arabia (KSA), contains many of the world’s mosquito
vectors of parasitic and arboviral disease and is the site of the Hajj mass gathering. As such there
is a risk of exportation and globalization of vector-borne viruses, including the re-emerging Zika
virus (ZIKV). There was international concern regarding the introduction of ZIKV to KSA and
potential international spread of the virus following the 2016 Hajj which took place few days after
the Rio summer Olympics at the height of the ZIKV pandemic. We aimed to detect flaviviruses,
including ZIKV, circulating among mosquito hosts in the city of Makkah during and post the 2016 Hajj
pilgrimage. Mosquitos (adults and larvae) were sampled from 15 sites in Makkah city during and post
the 2016 Hajj and identified to species by morphological keys. Mosquitos were pooled according to
date of collection, location, and species. A Pan-Flaviviruses RT-PCR assay that enables identification
of 51 flaviviruses species and three tentative species was used to detect flavivirus RNA directly from
mosquito homogenates. Between the 10 September and 6 October 2016, 9412 female mosquitos were
collected. Of these, 81.3% were Aedes aegypti, 18.6% were Culex species, and 0.1% were Anopheles
species. Of the total 493 mosquito pools generated, 242 (49%) were positive by the Pan-Flaviviruses
primer set. Sequence analysis revealed that none of the mosquitos carried a pathogenic flavivirus,
including ZIKV, but were infected with a novel insect-specific flavivirus. We found no pathogenic
flaviviruses circulating in Makkah city during and post the 2016 Hajj and no evidence of introduction
of ZIKV through the pilgrimage. Enhanced vector-borne diseases surveillance, prevention, and
control are crucial in KSA especially during international mass gatherings such as the annual Hajj to
prevent outbreaks and the spread of viruses with epidemic and pandemic potentials.
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1. Introduction

Flavivirus is a genus of positive-sense RNA viruses with similar genomic organiza-
tions but fundamental differences in their natural host ranges and transmission cycles [1].
Most flaviviruses are horizontally transmitted between hematophagous arthropods (i.e.,
mosquitoes and ticks) and vertebrate hosts in which infections range from asymptomatic to
severe or fatal hemorrhagic fever or neurological disease [2]. Important human pathogens
include the mosquito-borne viruses; yellow fever virus (YFV), Zika virus (ZIKV), dengue
virus (DENV), Japanese encephalitis virus (JEV), and West Nile virus (WNV)), and tick-
borne encephalitis virus (TBEV). These pathogens have plagued mankind, accounting for
millions of morbidity and mortality worldwide, and potentially could affect non-endemic
areas already colonized by the vectors [3,4]. Factors such as population movements, unin-
tentional transport of infected vectors, and travel to endemic areas have greatly contributed
to the increase in flaviviral infections worldwide and their expansion to new territories [3].

The Kingdom of Saudi Arabia (KSA) is a host of many mosquito vectors for fla-
viviruses, especially in the South and Southwest regions of the country [5,6]. DENV is the
most prevalent of the mosquito-borne viruses in KSA and numerous outbreaks of dengue
fever have been reported in the Kingdom over the years [7]. Given that Saudi Arabia is
also visited by millions of travelers each year, including up to 10 million religious pilgrims
during the Hajj and Umrah mass gatherings, the risk of outbreaks and globalization of
mosquito-borne flaviviruses, including DENV and ZIKV, is significant in KSA [8,9]. Since
first discovered in 1947, ZIKV has caused major outbreaks in Micronesia, French Polynesia,
and recently in Brazil, where it attracted global attention due to its quick spread to many
other countries [10]. The bite of infected Aedes aegypti is the primary mode of transmission
between humans, although transmission is also possible through other Aedes species and
through non-vector borne routes [10,11]. While most ZIKV infections are asymptomatic or
present mild clinical disease, ZIKV infection during pregnancy can cause congenital micro-
cephaly and other brain defects; Guillain-Barre syndrome, stillbirth, and miscarriages [10].
Guillain-Barré syndrome, meningoencephalitis, and acute myelitis in adults have also been
reported with ZIKV infection [11].

On 1 February 2016, the World Health Organization’s (WHO) International Health
Regulations Emergency Committee declared the ZIKV outbreak a Public Health Emergency
of International Concern [12]. There were calls by leading public health experts to postpone,
cancel, or move the Rio summer’s Olympic Games in Brazil, scheduled for August 2016,
for fear of accelerating a global spread of ZIKV [13]. The WHO backed the travel but
advised athletes and visitors to take steps to manage health risks [13]. The WHO stating
that canceling or relocating the Olympics would not significantly alter the international
spread of ZIKV was supported by a growing body of literature indicating low personal
effect of ZIKA on travelers [14]. However, there were still concerns regarding scheduled
international mass gatherings in 2016 and their potential role in exacerbating the spread
of ZIKV, especially given that ZIKV was thought to have been introduced to Brazil via an
international sporting event in 2014 [15]. In particular, there was apprehension in relation
to the Hajj mass gathering in KSA which took place few days after the Rio Olympics in
September 2016 [9,16]. Hajj is attended by over 2 million pilgrims from up to 180 countries
with around 7000 originating from Latin America [9]. Moreover, previous reports showed
that larva of Ae. aegypti is present all year round near indoor habitats in cities like Makkah,
Madinah, and Jeddah where pilgrims stay during Hajj and that the local environmental
factors support all year risk for mosquitoes-borne diseases [5].

In this study, we aimed to collect mosquitoes throughout Makkah city during and
after the 2016 Hajj and screen them for flaviviruses. The objectives were to determine the
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mosquito species and flaviviruses circulating in the city during the study period and inves-
tigate the possibility of the introduction of ZIKV to KSA via the 2016 Hajj mass gathering.

2. Methods
2.1. Study Area

The Holy city of Makkah (21◦25′21′ ′ N and 39◦49′24′ ′ E) is located in the Makkah
Province in the Western part of KSA (Figure 1). Makkah city lies at an elevation of 277 m
above sea level, and approximately 80 Km inland from the Red Sea. The city is situated
between mountains, which have defined the contemporary expansion of the city with a
local population of over 1,800,000 in 2016. The city of Makkah centers on the Holy Mosque
(Al-Haram), which is lower than most of the city. The area around the Holy Mosque
comprises the old city, while other areas such as Mina and Arafat (Figure 1) are holy sites
and part of the Hajj pilgrimage journey.
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2.2. Mosquito Samples Collection

Mosquito sampling (adults and larvae) was conducted during and post the 2016 Hajj,
between 10 September and 6 October 2016 corresponding to the 9 DulHijah-5 Muharram
1438H in the Islamic calendar. Adult mosquitoes were collected using CDC light traps,
Black hole traps, and BioGents sentinel traps. Samples were collected from 15 sites within
Makkah city (Figure 1). At each sampling site, 5–10 mosquito traps were set up at suitable
intervals depending on the sites’ area and mosquito breeding locations. Mosquito traps
were placed strategically close to animal markets and slaughterhouses, farms and human
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dwellings as conditions suitable for mosquito proliferation might be present. In addition,
mosquito traps were also placed around the Holy Mosque.

Mosquito larvae were also collected from the same sampling sites. Due to a wide vari-
ety in type, size, and shapes of the water-holding containers, various equipment were used
for sampling the immature stages of the container-breeding mosquitoes. If the container
was large enough, a dipper or net was used. In the case of smaller containers, the entire
contents were emptied onto trays and the immature stages picked out using a dropper.

Trapped mosquitoes and collected larvae were transported to the vector-borne diseases
laboratory of the Saudi Ministry of Health in Makkah, where adult mosquitoes were
exposed to freezing temperatures for 1 h to kill them. The immature stages were reared out
to adults. Afterward, mosquitoes were sorted on chilled plates and identified to species by
morphological keys. Mosquitoes of the same species, collection site, and collection date
were pooled in groups of 15–20 mosquitoes, stored in dry ice, and then transported to the
Special Infectious Agents Unit at King Fahad Research Center, King Abdulaziz University,
Jeddah, for processing.

2.3. Nucleic Acid Extraction from Mosquito Samples

Total nucleic acid was extracted from the pools of mosquitoes using QIAamp Viral
Nucleic Acid Purification Kits (Qiagen, Düsseldorf, Germany). Briefly, in each tube, the
pool of mosquitoes to be tested was mixed together with 0.6 mL of sterilized RPMI cul-
ture medium, and homogenized using 1 bead of tungsten of 3-mm diameter (Qiagen,
Düsseldorf, Germany) with TissueLyser (Qiagen, Düsseldorf, Germany). The tubes were
then centrifuged at 1000 rpm to separate mosquitoes’ remains from the liquid supernatant.
Virus Mini Kit (Qiagen, Düsseldorf, Germany) was used to extract the total nucleic acid
(RNA and DNA). Necessary precautions were made to perform all the possible extrac-
tion steps at 4 ◦C. The extracted nucleic acid from each pool was stored at −80 ◦C until
further processing.

2.4. Virus Detection and Identification in Mosquito Pools Homogenates

Extraction of RNA from the mosquito pools was confirmed by RT-PCR using actin-1
specific primers. The actin-1 gene was successfully amplified from the tested mosquitoes’
pools using primer set Act-2F (5′-ATGGTCGGYATGGGNCAGAAGGACTC-3′) and Act-
8R (5′-GATTCCATACCCAGGAAG-GADGG-3′) following the protocol described previ-
ously [17]. The improved RT-PCR protocol developed by Moureau et al. [17] was used
to detect Pan-Flaviviruses in the extracted nucleic acids from the collected mosquitoes’
pools. Briefly, one-step real-time RT-PCR was performed with SYBR Green using forward
primer PF1S: 5-TGY-RTB-TA Y -AA C- ATG-ATG-GG and improved degenerate reverse
primer PF2R-bis (5-GTG-TCC-CA I-CCNGCN-GTR- TC). Amplified PCR products were
purified using Qiagen PCR purification and subjected to capillary sequencing (ABI PRISM
3700 DNA Analyzer, Applied Biosystems, Waltham, MA, USA) using the same amplifica-
tion primers used for PCR. Sequence similarities of tested samples were performed using
BLASTN algorithm with the NCBI GenBank database.

2.5. Confirmation That Mosquitoes Were Infected by Mosquito Flavivirus

To confirm that the mosquitoes in our pools were infected by a mosquito flavivirus,
a TaqMan assay was designed to amplify specifically mosquito virus from the extracted
nucleic acid pools. The primers (MqFlf-TGGAATATGAGGCCTTGGGCT), (MqFlr-AAA
TTTCCCGGGTGGCGTGG) and probe (CTCAACGAAGACCATTGGGTAGCC) were de-
signed from the sequences that aligned with mosquito flavivirus in the blast analysis.
The amplified product was then sequenced and compared to the products from the Pan-
Flaviviruses assay. As the TaqMan assay product was small (72 bp) and could not be
sequenced directly, it was first cloned into a PGMET Essay Vector (Promega, WI, USA). The
ligated products were transformed into E. coli DH5α chemical competent strain using heat
shock method following the manufacture guidelines (Promega, WI, USA). Transformation
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was confirmed in the E. coli strains by PCR using TaqMan assay primer set. Plasmid was
extracted from the positive colonies and sequenced with T7 primer of PGMET vector using
capillary sequencing (ABI PRISM 3700 DNA Analyzer, Applied Biosystems).

2.6. Institutional Review Board Statement

The study was approved by the King Fahad Medical City Ethics Committee and the
Institutional Review Board (IRB log: 16-401E, approved on 6 September 2016).

3. Results
3.1. Mosquito Samples Collected

The study originally collected 8878 mosquitoes and 602 larvae. After rearing the larvae
and mosquitoes’ identification and sorting, a final sample size of 9412 female mosquitoes
was included in the study. Of these, 7650 (81.3%) were Ae. aegypti, 1749 (18.6%) were
Culex species, and 13 (0.1%) were Anopheles species. These samples were used to generate
493 mosquito pools that underwent molecular processing.

3.2. Flaviviruses Detection in the Mosquito Pools Homogenates

Of the total 493 nucleic acid extractions, 242 (49%) were positive by Pan-Flaviviruses
primer set. These comprised 221 (91.3%) pools of Ae. aegypti and 21 (8.7%) pools of
Culex species.

3.3. Identification of Flaviviruses

The RT-PCR protocol used is based on the amplification of a 269–272 region of the
N terminal of the RNA-dependent RNA polymerase domain (NS5 gene) and enables the
identification of 51 flavivirus species and 3 tentative species. However, the blast analysis of
the amplified region revealed that the latter aligned with mosquito flavivirus strains and
mosquito genome (Figure 2).
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There were two possible explanations for this observation. Either the RNA-dependent
RNA polymerase genome segment of flavivirus was integrated into the mosquito genome
or the mosquitoes were infected with other mosquito viruses. In order to address these
two issues, a PCR with Pan-Flaviviruses primer set was performed on the extracted
nucleic acids (DNA) without cDNA synthesis. No amplification was observed, confirming
that flavivirus genome was not integrated into the mosquitoes’ genome. These results
also supported the hypothesis that mosquitoes in our study were infected with a novel
mosquito-specific flavivirus.

3.4. Confirmation That Mosquitoes Were Infected by a Mosquito Flavivirus

To confirm that the mosquitoes in our pools were infected by a mosquito flavivirus,
a TaqMan assay was designed to amplify specifically mosquito virus from the extracted
nucleic acid pools. All the 242 Pan-Flavivirus-positive pool were positive by mosquito
virus-specific TaqMan assay and had similar sequence. These results suggest that the
collected pools of mosquitoes in our study were probably carrying a candidate novel
mosquito-specific flavivirus.

4. Discussion

We conducted a screening of mosquito-borne flaviviruses among the vector in Makkah
city, during and after the 2016 Hajj. Most of the collected mosquito vectors were Ae.
aegypti with evidence of the presence of Culex and Anopheles species. Using our screening
methodology, no known flaviviruses were detected including ZIKV. There was evidence
that the mosquito vector was infected with a probably novel insect flavivirus. These results
suggest that ZIKV was not circulating in Makkah during the study period and that there is
no evidence that ZIKV was introduced to KSA through the 2016 Hajj mass gathering.

Mosquito-borne diseases are a significant health issue in KSA and several of these
diseases have been documented in the country, including dengue fever, malaria, Rift Valley
fever, and chikungunya [7,18–20]. In addition, WNV and Sindbis virus were isolated
from mosquitoes in the country, demonstrating the potential for transmission [21,22].
The Saudi Ministry of Health reports (https://www.moh.gov.sa/en/Ministry/Statistics/
book, accessed on 3 June 2021) indicate that with the exception of dengue fever, arboviral
infections are uncommon in the country. For the last 10 years (2011–2020), there were no
cases of yellow fever or Rift Valley fever in the Kingdom. In the same period, 406 cases
of Khumra fever were reported in KSA with no clear seasonality and none of the cases
occurred in Makkah. The flavivirus, DENV, is the most prevalent of the mosquito-borne
viruses in KSA and has been documented in the country since the early 1990s [7,23]. Three
serotypes of DENV (1, 2, and 3) are known to be endemic and circulating in KSA with
DENV-2 being the predominant serotype [23]. A recent seroprevalence study using samples
from Makkah in 2015–2016 also identified DENV-4 in the country [24]. Numerous dengue
fever outbreaks have been reported in KSA over the years, and recent serological studies
found seroprevalence rates of 37–47% [23]. According to the Saudi Ministry of Health
(https://www.moh.gov.sa/en/Ministry/Statistics/book, accessed on 3 June 2021), few
thousand cases of dengue fever are reported each year in the Kingdom with an incidence
rate in the last 10 years ranging between 5.99 and 17.10 per 100,000 population. Most cases
are reported in Jeddah, Makkah, and Jazan regions and occur between March and July.

Studies that investigated the mosquito fauna in KSA found a wide variety of mosquito
species and great diversity in their breeding sites as well as a significant variation in the
mosquito species composition by region [5,25,26]. Saudi Arabia contains many of the
world’s mosquito vectors of parasitic and arboviral diseases [5,6], and the abundance of
several mosquito species from the Afrotropical and Oriental regions increases the potential
for mosquito-borne diseases present in those regions to spread into KSA. In the current
study, we identified mosquito species belonging to three genera: Culex, Aedes, and Anopheles,
in Makkah city. These mosquitoes can be vectors for a number of diseases, including malaria
and arboviral diseases. Ae. aegypti was by far the most common species encountered.

https://www.moh.gov.sa/en/Ministry/Statistics/book
https://www.moh.gov.sa/en/Ministry/Statistics/book
https://www.moh.gov.sa/en/Ministry/Statistics/book
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Previous studies from the Makkah region found similar results, albeit with different species
composition to ours. For example, a survey conducted in Makkah between March 2004
and February 2006 caught 19 mosquito species belonging to Culex, Aedes, Anopheles, and
Culiseta genera [27]. The abundance of these mosquito species was influenced by rainfall
patterns and Aedes mosquitoes were most commonly found indoors. During a one-year
(between April 2008 and March 2009) survey of households in Makkah city, Aziz et al. [28]
collected 32,109 larvae from indoors and outdoors containers. These belonged to three
genera: Culex and Aedes (most commonly encountered) and Anopheles. Ae. aegypti larval
abundance exhibited marked temporal variations, overall, being usually more abundant
during the wet season (May to October).

Despite most of the 9412 mosquitoes collected in this study being of the primary
vector for ZIKV, the virus was not detected in any of the samples. Since first identified
in the late 1940s, ZIKV has been documented in many regions of the world and caused
numerous outbreaks worldwide [10,11]. Outbreaks of ZIKV infection peaked in 2016 and
declined substantially through 2017 and 2018 in the America region. However, the spread
of ZIKV and its potential re-emergence in countries with prior reports of virus transmission
is a concern, given the ZIKV infection is associated with high frequency of neurologic
complications and the current lack of available vaccine or therapeutic options [10]. By
July 2019, 87 countries and territories across four of the six WHO regions have recorded
autochthonous mosquito-borne transmission of ZIKV and it is likely that ZIKV will spread
to more countries [10,29]. Saudi Arabia is among the countries with established ZIKV
mosquito vectors but as of yet no known cases of ZIKV transmission in the Kingdom
have been reported to the WHO [29]. Nevertheless, given the presence of the vector and
documented imported cases of ZIKV around the globe [10], introduction and spread of
ZIKV to KSA is a significant risk. This is particularly relevant given the yearly influx of
travelers to the country, especially during the Hajj and Umrah mass gatherings, including
pilgrims from ZIKA-endemic areas [8,9]. Our results support the notion that ZIKV was not
introduced to KSA via the 2016 Hajj mass gathering and that the virus was not circulating
among pilgrims and the local Makkah population during the study period.

Although half of our mosquito pools were positive by Pan-Flavivirus primers, none
matched to any of the 51 flavivirus species and 3 tentative species in the assay [17]. These
include the mosquito-borne viruses; DENV serotypes 1–4, YFV, WNV, and JEV. These
results suggest mosquitoes were infected with a candidate novel insect-specific flavivirus.
These results are not unique. A study from Spain collected 72,895 female mosquitoes
between 2001 and 2005 and screened the resulting 4723 pools for arboviral RNA [30].
Similar to our results, no arboviral RNA from known pathogenic arboviruses was found.
However, 111 pools tested positive for unknown mosquito flavivirus. New flaviviruses are
constantly being described, and a number of novel insect-specific flaviviruses have been
described in the recent years [31–33].

A number of factors could explain the results of the current study. The 2016 Hajj and
the study period coincided with the dry season in Makkah, and this may have affected the
number and type of mosquitoes collected and mosquito-borne viruses transmission. In the
case of some viruses, including ZIKV and JEV, lack of detection may reflect the absence of
the virus in the study location, as these have not yet been documented in the Kingdom.
For viruses known to be endemic in the South and Southwest of KSA, such as DENV, the
lack of detection among the mosquito samples may also be due to the comprehensive
vector-borne diseases prevention programs implemented in the Kingdom and especially
for the Hajj season. These include vector and disease surveillance, community-based
educational and awareness campaigns, as well as vector control programme that includes
routine widespread insecticides spraying. During Hajj, vector management and control
is intensified in liaison with the Ministry of Health, Ministry of Agriculture, and Makkah
municipality. This includes assessing pest control, identifying the zones and density of
mosquitoes in the area, and undertaking insecticide spraying campaigns, including the
aerial spraying of the holy sites of Mina and Arafat with long-lasting pesticide as well as
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many other locations in Makkah where pilgrims live or congregate [34]. In addition, the
Saudi authorities require that pilgrims arriving from other countries or areas at risk of
yellow fever transmission must present a valid yellow fever vaccination certificate [35].
Furthermore, The Saudi Ministry of Health recommends pilgrims take necessary measures
to avoid mosquito bites during the day and evening, including wearing protective clothing,
using physical barriers such as window screens and closed doors, and applying appropriate
insect repellent to skin or clothing [35]. Furthermore, in accordance with the international
health regulations, all aircraft and ship carriers are required to provide an official valid
carrier sanitation certificate to verify that insecticide spraying was done before arrival at
the port [34,35].

Our study has some limitations. We did not include positive controls for impor-
tant known flaviviruses in our study. In addition, due to the expansion of unknown
mosquito flaviviruses, the primers used in this study may have amplification uncertainty.
As stated above, the study was conducted during the dry season, this may have affected
the number, and type of mosquitoes collected given the adverse effect of high temperature
and decreased rainfall on availability of oviposition sites, larval abundance, and lifespan.
Aziz et al. [28] reported that the number of mosquito larvae in the wet season in Makkah
was eight-fold that of the dry season, with a peak in March. Other factors could have
impacted the number and species of mosquitoes collected in this study, including the
routine governmental surveillance and insecticide spraying schemes in the region as well
as the efficiency and positioning of the mosquito traps and species attractiveness to them.

5. Conclusions

In summary, we screened for flaviviruses among mosquitoes collected in Makkah
during and after the 2016 Hajj at the height of the ZIKV epidemic. No known flaviviruses
were detected, including ZIKV; however, mosquitoes were infected with a probably novel
insect flavivirus. Given the international concern over the spread of ZIKV after the 2016
Brazil Olympics, our results do not show evidence that ZIKV was introduced to KSA via
the Hajj, which took place a few days after the Olympics. International mass gatherings
such as the Hajj and Umrah can facilitate the transmission of vector-borne diseases and
the introduction and worldwide dissemination of the causative agents. With a significant
expected increase in the number of travelers and religious visitors to KSA according to its
2030 vision, strategic planning and collaboration at multiple levels for vector-borne diseases
prevention and control are required in the Kingdom. This includes expanded continuous
surveillance and intensified vector management and control, increased reference laboratory
diagnostic testing, and research and development for new diagnostics, therapeutics, and
vaccines [8,36]. Further studies should investigate the mosquito virus identified in the
current study, including isolation of the virus and whole-genome sequence analysis, which
may reveal a new virus that is circulating in the local mosquitoes of Saudi Arabia.
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