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Chapter 1
Introduction I: Personal Insights
in the Problem: What Remains to Be Done

Giovanni Benelli

Despite decades of extensive research efforts, mosquitoes (Diptera: Culicidae) still
play a crucial role among vectors of medical and veterinary importance (Benelli
2015). Indeed, besides the widely known malaria burden, which led to 6.8 million
deaths averted globally since 2001 (Benelli and Beier 2017), dengue virus poses at
risk 3900 million people in 128 countries (Bhatt et al. 2013). In addition, lymphatic
filariasis is still ranked among the most important neglected tropical diseases, and—
at the same time—Zika virus outbreaks in the Americas and the Pacific are attract-
ing high public health attention (Petersen et al. 2015; Benelli and Romano 2017),
due to the arboviral connection with fetal microcephaly and neurological complica-
tions, with special reference to the Guillain—Barré syndrome (Oehler et al. 2014;
Benelli and Mehlhorn 2016).
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To effectively manage mosquito populations, a rather wide number of control
routes have been attempted, including classic applications of chemically synthe-
sized pesticides, wide employ of long-lasting insecticidal nets (LLINs) and indoor
residual spraying (IRS), as well as the development of eco-friendly formulations of
novel insecticides (covering also nanostructured materials) (Benelli 2016, 2018)
and mosquito repellents and field testing of biological control agents and biotechno-
logical tools (Benelli et al. 2016; Bourtzis et al. 2016). However, only few of these
tools have been approved by the World Health Organization Vector Control Advisory
Group (WHO - VCAG), and there is an urgent need to validate several of them
through epidemiological evidences (Benelli and Beier 2017).

The present books present authoritative book chapters written by experts in the
field of mosquito vectors and mosquito-borne diseases, to provide an updated over-
view of the current mosquito research scenario. Key questions formulated—and
sometimes addressed—in the present book focus on mosquito morphology, biology,
genetics, ecology, and control.

Some of the most relevant ones about mosquito biology and ecology are: which
is the updated vector status of mosquitoes widespread in Europe? Which mosquito
species are endangering public health in India and other Asian countries? Are mos-
quitoes able to transmit HIV? What do we really know about the potential carcino-
genic action of some pathogens and parasites vectored by several mosquito
species?

Concerning mosquito control, crucial issues to deal with are: which are the main
drawbacks arising from the use of chemical pesticides? How outbreaks of mos-
quito-borne diseases can be prevented by proper vector control operations? Do
herbal and microbial products represent a challenging solution to develop novel
mosquito repellents and insecticides of commercial interest? Which strategies are
currently adopted during army field activities to protect humans from mosquito
bites? Do long-lasting insecticide-treated textiles have a promising potential in the
fight against mosquitoes?

Overall, all these questions urgently need a competent reply from public health
experts, epidemiologists, parasitologists, biologists, and entomologists. As co-Edi-
tor of the present book, I am aware that this Parasitology Research Monograph
cannot fully reflect the high diversity of the ideas and new insights rapidly growing
in the field of mosquito vector research. Furthermore, I hope that this book will
significantly contribute to boost research and applications on successful mosquito
control strategies, along with an improved knowledge about the impact of vector
biology and ecology, on the success of real-world mosquito control programs.

Conflict of Interest The author declares no competing interests.
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Chapter 2

Introduction II: Why Are Mosquitoes
and Other Bloodsuckers Dangerous?
Adaptations of Life Cycles and Behavior

Heinz Mehlhorn

The present book deals with recent aspects of bloodsucking arthropods such as
mosquitoes, biting flies, fleas, midges, ticks, etc., which exist much longer on earth
than the present generations of humans, who are targeted by these nasty contempo-
raries. Bloodsuckers are not only troublesome but also dangerous due to their ability
to transmit agents of diseases such as prions, viruses, bacteria, fungi, and/or para-
sites, which might even lead to death (Mehlhorn 2016a, b). The transmission may
occur during sucking lymph fluid or by oral uptake of blood, when injecting their
mouthparts into the blood vessels (e.g., mosquitoes) or sucking at little blood
“lakes” being produced by peculiar cutting mouthparts (e.g., tabanids, ticks)
(Figs. 2.1 and 2.2).

All known bloodsuckers run their life cycles successfully not only in their typical
endemic regions, where they are supported by the slightly but constantly increasing
phenomena of global warming, but constantly enlarge their territory due to an enor-
mously increasing globalization process including the daily transportation of goods,
persons, and animals from one end of the world to the other. The present book will
deal with some selected examples, which give an impression, how vulnerable the
world population is. However, it is comforting that epidemics may be successfully
blocked as was shown by eliminating, e.g., the bluetongue epidemics of ruminants
in the years 2006-2009 (Mehlhorn et al. 2007, 2009; Kampen and Werner 2010;
Hoffmann et al. 2009). Another example for a blocking of the spreading of an epi-
demic was successful, when the Chikungunya virus was imported to Central Italy in
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Fig. 2.1 Scanning electron micrograph of the anterior end of an Ixodes tick, which is entered
into the skin being cut by two saw-like cheliceres

Fig. 2.2 Light micrograph of a female Anopheles mosquito sucking sugar solution by help of
its two-channeled, injectable piercing mouthparts
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Fig. 2.3 Prof. Dr. Heinz Mehlhorn, Diisseldorf University

the year 2007 (Rezza et al. 2007). However, it is clear that strong efforts are always
needed to avoid the spreading of bloodsuckers and thus block transmission of agents
of diseases. The present book considers the recent situation and shows the endan-
gering situation. However, it does not consider the transmission activities of other
bloodsuckers such as leeches (Nehili et al. 1994), bats (Klimpel and Mehlhorn
2013), or fishes (Mehlhorn 2016a, b) (Fig. 2.3).
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Chapter 3 )
Mosquito Transmission of HIV:
Rare or Not Possible?
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Diehl Nora

Abstract From its outbreak till today, HIV (human immunodeficiency virus)
caused over 35 million dead. If the transmission of the virus would not be restricted
to unprotected sexual contact, needle sharing, blood transfusion, and mother to
child transmission, this number would probably be tremendously higher. Luckily,
HIV has yet not been documented to be transmitted by mosquitoes. Arboviruses
(acronym for arthropod-borne viruses)—the viruses that are transmitted by arthro-
pod vectors—are the cause of severe epidemics worldwide. But why is mosquito
transmission restricted to certain viruses? This article elucidates the characteristics
a virus needs to be spread by mosquitoes and how HIV fits into this picture.

Keywords HIV - Retrovirus - Arbovirus - Mosquito - Vector-based transmission
Biological transmission - Mechanical transmission

3.1 Introduction

At the beginning of the 80s, reports of patients suffering from undefined immuno-
logical dysfunctions accumulated. The unprecedented and extremely rapid spread
indicated a devastating epidemic. Three years later, a retrovirus—subsequently
known as HIV—was identified as the cause of the acquired immune deficiency syn-
drome (AIDS) (Barre-Sinoussi et al. 1983; Gallo et al. 1984). Followed by the rapid
sequencing of the viral genome (Ratner et al. 1985; Wain-Hobson et al. 1985), ongo-
ing research led to the development of a highly active anti-retroviral therapy
(HAART)—a drug cocktail which blocks the virus at different stages of its life
cycles. With this lifelong therapy, patients nowadays can survive this former deadly
illness. However, rarely one-half of worldwide infected person have access to this
therapy. More than 75 million people have been infected with the virus since its out-
break and 35 million people died of AIDS-related illness. 36.7 million people were
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Table 3.1 Characteristics of the HI and dengue virus

D. Nora

HI virus Dengue virus

Family Retroviridae Flaviviridae

Genome +ssRNA, size: 9 kb +sSRNA, size: 11 kb

Baltimore Group 6 Group 4

classification

Envelope + +

Mosquito - +

transmission

Human to human + -

transmission

Receptors CD4, co-receptors: CXCR4 or | Many candidate molecules, e.g.,
CCR5 glycosaminoglycans, lectins

Symptoms Flu-like illness, followed by an | Flu-like illness, rarely: hemorrhagic
asymptomatic phase fever

Prognosis Lifelong therapy, without Recovery within 14 days, very rarely

therapy: deadly

deadly

New infections in

1.8 million

390 million

2016

envelope
membrane
matrix

capsid

RNA genome

Fig. 3.1 Structure of the HI (left) and dengue virus (right)

living with the virus at the end of 2015 (UNAIDS 2016). Nevertheless, in compari-
son with the most common mosquito-borne viral disease, the dengue fever, the num-
ber of HIV infections seems comparatively small: A recent study estimates that
390 million dengue infections occur annually (Table 3.1) (Bhatt et al. 2013). The
dengue fever is caused by the dengue virus, a flavivirus with a positive single-
stranded RNA genome (Fig. 3.1), which is mainly vectored by mosquitoes of the
genus Aedes (principally Aedes aegypti). Though not necessarily deadly, this disease
can cause hemorrhagic fever, which leads to 22,000 deaths per year. During the last
years, the numbers of infections with arthropod-borne diseases increased globally,
which is due to increasing mobility, international trade, climatic changes, and
approaches to formerly uninhabited areas (Liang et al. 2015). The recent outbreak of
the Zika virus, which is likewise a member of the flaviviruses and also transmitted by
Aedes mosquitoes, in South America, Central America, and the Caribbean, only rep-
resents one of several severe threats for human health (Benelli and Mehlhorn 2016).
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The lower numbers of people infected with HIV compared to those of, e.g., den-
gue (Table 3.1) might in part be explained by its different mode of transmission. The
main transmission route of the HI virus is via unprotected sexual contact, but also
blood, breast milk, and drug needles are origins of infections. However, HIV-
containing fluids must directly contact a mucous membrane, damaged tissue, or the
bloodstream. Infection via an arthropod vector has not been documented yet. But
why are some viruses transmitted by arthropod vectors and other, like HIV, obvi-
ously not? This article recapitulates the requirements of a virus to be transmitted by
mosquitoes and which of these criteria are accomplished by HIV or not.

3.2 Virus Transmission

Viruses are transmitted by many different routes, while direct transmission between
two hosts is the most common way. Thereby, viruses can be embedded within aero-
sols, body fluids, fecal, or salvia. Depending on the type, they can enter a host
orally, intranasally, venereally, or through injured tissue, skin, and mucosa. Another
form of virus transmission is mediated by arthropods. This vector-based transmis-
sion can either occur mechanically or biologically. In case of mechanical transmis-
sion, a vector carries the pathogen on its contaminated mouthparts from one host to
another without being infected itself. In case of biological transmission, however,
the virus enters the vector to replicate within this host. Biological transmission
occurs by far more often than mechanical transmission (Kuno and Chang 2005). As
this article focuses on a possible transmission of HIV by mosquitoes, the following
passages concentrate on the mechanisms of vector-based and HIV transmission,
respectively.

3.2.1 Vector-Based Transmission

As a non-taxonomic clade, arboviruses represent an exceptional group of viruses.
Belonging to different taxonomic clusters, the members only share the arthropod-
borne mode of transmission. It is commonly accepted that arboviruses primarily
originate from arthropod-specific viruses and that this host switch has arisen several
independent times during evolution (Halbach et al. 2017). The vast majority of
arboviruses are RNA viruses with double-stranded or single-stranded RNA genomes
of either positive or negative polarity (Gubler 2001). Members of the taxa alphavi-
rus, flavivirus, bunyavirus, phlebovirus, orbivirus, vesiculovirus, and thogotovirus
belong to the group of arboviruses (Weaver and Reisen 2010). In fact, only one
arbovirus harboring a DNA genome is known till today: the African swine fever
virus. This is probably due to the lower mutation frequency of DNA compared to
RNA viruses. DNA viruses simply do not explore the genetic diversity and thus not
the possibility to adapt to a new host. Actually, increasing the replication fidelity
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and thus minimizing the genetic variability of RNA arboviruses reduces their infec-
tivity in mosquitoes and mice, indicating the absolute need of a certain genetic flex-
ibility (Pfeiffer and Kirkegaard 2005; Coffey et al. 2011).

Importantly, many arboviruses are zoonotic (transmittable from animals to
humans), representing a severe danger for public health (Kuno and Chang 2005;
Weaver and Reisen 2010). About 300 types of mosquitoes are able to transmit
arboviruses, which only represents less than 10% of all mosquitoes living world-
wide. Representatives of the species Aedes and Culex transmit the highest number
of different viruses. Thus, only a minority of mosquitoes can even serve as a viral
vector. Besides the horizontal transmission between two hosts (from vertebrate to
vertebrate), arboviruses can also be transmitted vertically to the arthropods’
offspring.

The spatial distribution of arboviruses is absolutely connected to the habitat of
the arthropod vector, while the temporal distribution depends on the seasons—e.g.,
arthropods are most active during warm periods. The spread in human populations,
on the other hand, depends on several other factors: urbanization, growth of the
population, using new ecosystems, increased traveling, climatic changes, and resis-
tance against biocides.

As viruses do not possess genes encoding proteins necessary to execute their
own life cycle, they are classified as obligatory intracellular parasites that depend on
a host cell to replicate. This genome limitation forces them to adapt perfectly to the
host cell conditions (Diehl and Schaal 2013). Replicating in two completely differ-
ent hosts—Ilike vertebrates and arthropods—however, puts even more adaptive
pressure on a virus (Turner et al. 2010; Forrester et al. 2014). But what are the
requirements for a virus to be transmitted by arthropods?

In case of biological transmission, the lifecycle of arboviruses within the mos-
quito begins with the blood meal, whereby they are taken up and initiate the infec-
tion in the midgut. They then disseminate to secondary tissue, where further
amplification takes place. This is followed by infection of salivary glands and the
release of viruses into salivary ducts. When the infected mosquito then sucks blood
from a new vertebrate host, a fresh virus generation gets transmitted within the
saliva (Hardy et al. 1983). Within the mosquito, the escape from the midgut seems
to be a critical bottleneck for many viruses. To leave, they need to infect the epithe-
lial cells (Franz et al. 2015), of which only a few cells seem to be permissive (about
20-30% of cells get infected) even with a high virus dose (Smith et al. 2008). Thus,
very high viral titers are required for efficient arbovirus infection.

Besides these tissue barriers in mosquitoes to overcome, arboviruses are faced
with the two different immune responses of their arthropod and vertebrate host,
respectively. Though arthropods do not possess the powerful immune system and
the humoral antiviral response of vertebrates, they also react to an infection and are
capable to produce antiviral factors (Fragkoudis et al. 2009; Cheng et al. 2016).
However, our knowledge of the insect antiviral response is very poor compared to
our knowledge of the vertebrate system. But due to whole genome sequencing,
many advances have been made during the last years (Nene et al. 2007; Arensburger
et al. 2010).
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An essential and best studied antiviral mechanism in arthropods is the RNA
interference (RNAi) pathway (Wang et al. 2006; Sanchez-Vargas et al. 2009),
though signaling of evolutionary conserved innate immune response pathways like
Toll, Imd, and Jak-Stat also exists (Xi et al. 2008; Fragkoudis et al. 2009; Merkling
and van Rij 2013). The RNAi pathway senses and cleaves viral RNA to inhibit the
virus spread. Most of the studies elucidating the mechanism of RNAI in insects have
been performed in the fruit fly Drosophila (Wang et al. 2006). Even though the
existence of orthologues of core components of the pathway in genomes of mosqui-
toes indicate conserved structure (Christophides et al. 2002; Waterhouse et al.
2007), we have to keep in mind that Drosophila doesn’t serve as a viral vector and
consequently differences in the molecular biology cannot be excluded.

In principal, the RNAi pathway processes as follows: The infiltrated viral RNA
is cleaved into 21-nucleotide-long RNAs by the cellular endonuclease Dicer-2, and
the RNA molecules then associate with proteins into an RNA-induced silencing
complex (RISC) to guide cleavage of further viral target sequences and thus mini-
mize virus spread (Galiana-Arnoux et al. 2006; van Rij et al. 2006). RNAi is an
important antiviral mechanism in arthropods—when RNAi genes are silenced,
higher infection rates and severe course of disease are observed (Campbell et al.
2008; Samuel et al. 2016). Beside this well -studied RNAi pathway, recent analyses
suggest that the PIWI-interacting RNA (piRNA) pathway also plays a critical role
in antiviral strategies as piRNAs are newly synthesized in vector mosquitoes as a
response to viral sequences (Miesen et al. 2015, 2016). However, as the pathway
was primary only thought to function in genome integrity of germ cells, this illus-
trates our lack of knowledge about the immune system of arthropods. Though some
viral strategies to escape the mosquitoes’ immune responses exist (Fragkoudis et al.
2009; Bronkhorst and van Rij 2014), there seems to be a well-balanced trade-off
between the immune response and the viral spread (Kang et al. 2008). This is illus-
trated by the fact that arboviruses do not cause clinical symptoms or influence the
behavior or the life span of mosquitoes (Liang et al. 2015; Xiao et al. 2015). Thereby,
it is guaranteed that the host remains infectious through its entire life. Suppressing
the immune response in Aedes aegypti cell cultures or in living mosquitoes results
in higher infection rates of the alphavirus Sindbis virus (SINV) and increased mor-
tality (Cirimotich et al. 2009), which would be detrimental to the virus.

On the other hand, vertebrate host can suffer severe diseases, clear the arbovirus
infection or die from it. Within the human host, the virus is faced with two defense
mechanisms: the innate and the more specialized adaptive immune response. The
dengue virus, for instance, is injected from the mosquitoes’ salvia into the blood-
stream of the vertebrate host. The virus then infects nearby keratinocytes (the most
common type of skin cells) and dendritic cells, which then migrate to the lymph
nodes (Diamond 2003), where the virus is counteracted by the IFN-dependent
innate immune response and later also by neutralizing antibodies. This leads in most
cases to the recovery of the patient. The virus, however, has evolved strategies to
counteract the immune response in and prolong the infection of its vertebrate host
(Morrison et al. 2012). Probably, this is because the virus needs to remain at least as
long in the host till it generates titers in the blood high enough to infect new hosts.
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The other mode of vector-based transmission is mechanically via contaminated
mouthparts of the mosquito. In this scenario, no viral replication in the arthropod
takes place. This mode of transmission is quite rare and actually prevalently a vet-
erinary problem (Carn 1996; Chihota et al. 2001; Kuno and Chang 2005). However,
at least in laboratory experiments, mechanical transmission has been observed. One
prerequisite for mechanical transmission is a high virus titer in the blood, because
only small amounts of blood can contaminate the mosquito mouthparts (less than
20 nL) (Hoch et al. 1985). Additionally, the virus must resist the environmental
conditions outside the host body like temperature or acidity.

3.3 HIV Transmission

HIV-1 is an enveloped virus with two copies of a positive-sensed single-stranded
RNA genome. It belongs to the family of retroviruses (subfamily, Orthoretrovirinae;
genus, Lentivirus), which replicate by using a DNA intermediate (Fig. 3.1). HIV
infects cells of the immune system expressing the CD4 receptor on their cell sur-
face. This includes T-cells, macrophages, and dendritic cells (Clapham and
McKnight 2001). The attachment to the CD4 receptor leads to conformational
changes and exposing of the obligate co-receptor. If the co-receptor is the chemo-
kine receptor CXCR4 or CCRS is determined by the envelope of the particular HIV
strain (Berger et al. 1999). The virus then fuses completely to the host cell mem-
brane to unload the viral genome, which is then translated into double-stranded
DNA by the viral transcriptase, which had been incorporated in the viral capsid. The
DNA is then imported into the nucleus where it gets integrated in to the host cell
genome. This stable integration in to the host genome is the reason, why the infec-
tion with HIV persist a lifelong. To produce 18 protein isoforms form only a 9 kb
genome, the virus highly relies on pre-mRNA splicing, a process during which
intronic sequences are removed and exonic sequences are ligated to build the mature
mRNA. Through alternative splicing, which enables differential usage of splice
sites, various transcript isoforms originating from one genetic template and thus
potentially different proteins are generated (Nilsen and Graveley 2010), enriching
the proteomic diversity. To produce the different proteins, HIV completely relies on
the cellular spicing machinery (Purcell and Martin 1993). After the translations of
these mRNAs into proteins, they get along with two copies of the viral genome
enclosed into nascent capsids. Finally the mature virions are released and able to
infect further cells.

After initial infection, patients may not suffer from severe symptoms expect flu-
like illness. This phase is followed by an asymptomatic stage with an average length
of 8 years. Meanwhile, the patients stay infectious. Over time, more and more CD4+
immune cells get irritated by the virus and the constitution of patients’ declines. The
weakened immune system makes them susceptible for opportunistic infections,
which eventually cause their death.
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In principal, the transmission of HIV-1 by mosquitoes could take place via the
two already descripted ways: biologically or mechanically. These possibilities are
discussed below.

3.3.1 Biological Transmission of HIV by Mosquitoes:
Possible?

For biological transmission by mosquitoes, the respective virus has to successfully
replicate within the arthropod host. Having a closer look at the first step during HIV
replication, the possibility of a transmission by mosquitoes already becomes highly
questionable. As already mentioned, to enter a host cell, the CD4 and either the
CXCR4 or CCRS5 receptors have to be expressed on the cell surface, which is only
true for certain cells of the immune system in higher eukaryotes. Mosquitoes lack
cells harboring any of these receptors. As a consequence, absorbed HI viruses can-
not enter any cells within the arthropod and thus disappear about 1-2 days after the
uptake, which is exactly the amount of time mosquitoes need to digest their blood
meal (Bockarie and Paru 1996). In comparison with HIV, arboviruses have a rela-
tively broad cell tropism. Dengue virus, for example, seems able to use many differ-
ent molecules for the cell entry such as sulfated glycosaminoglycans, lectins,
laminin-binding proteins, and glycosphingolipids, both in the vertebrate and arthro-
pod host (Table 3.1) (Hidari and Suzuki 2011).

Imagining that the virus somehow overcomes this hurdle and enters epithelia
cells within the arthropods gut, another bunch of barriers is waiting. Several studies
showed that hundreds host cell proteins, referred to as dependency factors, are nec-
essary for an efficient HIV replication (Brass et al. 2008; Konig et al. 2008; Zhou
et al. 2008; Murali et al. 2011). These proteins are involved in RNA metabolism,
protein translation, intracellular transport, or DNA replication. To gain control over
the regulation of these cellular processes, virally encoded proteins tackle a spectrum
of host cell signaling pathways, which control these activities (Diehl and Schaal
2013). Many of these human proteins involved in HIV replication only have an
orthologous gene product with rare similarities in mosquitoes. Considering the
genetic differences between humans and Aedes species, for instance (Aedes, 12,000
genes; humans, 23,000 genes), it becomes obvious that these organisms differ a lot
in their molecular biology.

Having a closer look at one essential cellular mechanism for the virus, splicing is
only one example of the fine-tuned adaption of the virus to its mammalian host: as
already mentioned HIV encodes for 18 protein isoforms, which are all generated
from its relatively small 9 kb genome (Jager et al. 2011). To produce several different
transcripts ordered and balanced from a single primary transcript, the virus uses
extensive alternative splicing (Karn and Stoltzfus 2012). Thereby, not only the
specific amount of each mRNA but also its timely expression is critical to the success
of the viral life cycle (Klotman et al. 1991; Purcell and Martin 1993). To perform and
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coordinate alternative splicing, HIV uses the cellular splicing machinery. This does
not only include the host spliceosome, the multi-protein complex that performs the
splicing reaction, but also a network of different splicing regulatory proteins. Already
minor changes in the amount or the activation status of these proteins are detrimental
for the viral replication. Hence, this precisely adjusted system is quite sensitive and
unresisting to modifications and perfectly adapted to the human host.

Aside from these molecular requirements of HIV, there are other factors within a
mosquito making the life cycle or even the survivor of the virus nearly impossible.
As an enveloped virus with a quite instable envelope composed of viral glycopro-
teins and lipid bilayers taken from the host cell membrane, HIV isn’t able to exist
for a long time outside a cell (Tjotta et al. 1991; Abdala et al. 1999, 2000). The virus
is very sensitive to changes in pH values: below a pH of 5.7, the virus gets destroyed
within hours, and also values above 8 are deadly for the virus (Ongradi et al. 1990;
Tjotta et al. 1991). Within the mosquito gut pH values between 8.5 and 9.5. were
measured (del Pilar Corena et al. 2005), representing a destructive viral environ-
ment. Taking together, HIV is not able to enter mosquitoes’ cells because of the lack
of the respective receptor. Despite that, factors that would be necessary for the viral
replication within in the host cell are partially missing in insects. As a consequence,
HIV is destroyed in the mosquitoes gut, and thus the biological transmission can
technically be excluded.

3.3.2 Mechanical Transmission of HIV by Mosquitoes:
Possible?

Having now agreed that biological transmission of HIV by mosquitoes is virtually
impossible, what is about mechanical transmission?

Besides the sexual and mother to child transmission, needle sharing among drug
users is an increasingly important cause of HIV transmission worldwide. Thereby,
contaminated blood in needles, syringes, and paraphernalia are the main sources.
During every injection, blood from the user gets inserted into the needle and syringe.
If this user is HIV positive and another uninfected drug users utilizes the same para-
phernalia without cleaning, the potential virus contaminated blood directly gets
injected into the bloodstream, where the virus immediately can infect its target cells
without having the hurdle of tissue barriers. Nowadays, people who inject drugs
account for 30% of new HIV infections outside the sub-Saharan Africa. Yet, a single
incident of shared needle or syringe will not necessarily lead to an HIV infection.
The estimation of the infection risk from one injection ranges from 0.6 to 2.4%
(Baggaley et al. 2006). The high numbers of newly infected persons who inject
drugs can probably be explained with the frequency of contaminated needle usage.

The question is: is there a difference between a needle and a mosquito?

The process of blood sucking by mosquitoes and the injection of drugs with
needles highly differ in the mechanism: during blood sucking, mosquitoes send
salvia via one tube into the host and suck the host’s blood via another tube. The
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salvia is composed of substances that prevent blood clotting and platelet aggrega-
tion along with vasodilatory substances (Ribeiro and Francischetti 2003). In addi-
tion, the salvia contains ant-inflammatory and immunosuppressing proteins, which
seem to facilitate viral infections (Edwards et al. 1998; Schneider et al. 2010;
Surasombatpattana et al. 2012). Consequently, no blood of the previous host gets
injected into the new host. Hence, infection could only appear from blood that glues
on the mosquitoes mouthparts. However, this could only be possible for very little
amount of blood and thus viral particles. Calculations estimated that more than ten
million bites of a mosquito with HIV contaminated mouthparts would be necessary
for a HIV-free person to receive a single unit of the virus (Bockarie and Paru 1996).

In sum, mechanical transmission of viruses by arthropod vectors depends on the
amount of blood (and the respective virus load) and the way an HIV-free person gets
“injected.” While shared needles contain considerably higher amounts of blood that
directly get injected into the blood stream, potential amounts of HIV-containing
blood on mosquito mouthparts can be neglected. Moreover, no blood gets injected
into the host during blood sucking.

3.4 Summary

Taken together, we can answer the question asked within the title with a clear “not
possible.” For biological transmission the virus would need to replicate within the
arthropods host, which we have seen can be excluded for the highly specialized HI
virus. For mechanical transmission, however, the amount of blood with which the
mosquito mouthpart could be contaminated with is by far too low for an infection.
In addition, HIV is a quite sensitive virus and thus gets destroyed quite soon outside
a host cell. The fact that arthropod-specific viruses are ancestral to arbovirus and
that no host change in the other direction has been reported yet makes a mosquito
transmission of HIV even more unlikely. Yet, a scenario, in which an arthropod-
specific virus, we only don’t know, undertakes a host-switch in the future and causes
symptoms comparable to HIV, may not be excluded.

References

Abdala N, Stephens PC, Griffith BP, Heimer R (1999) Survival of HIV-1 in syringes. J Acquir
Immune Defic Syndr Hum Retrovirol 20(1):73—-80

Abdala N, Reyes R, Carney JM, Heimer R (2000) Survival of HIV-1 in syringes: effects of tem-
perature during storage. Subst Use Misuse 35(10):1369-1383

Arensburger P, Megy K, Waterhouse RM, Abrudan J, Amedeo P, Antelo B, Bartholomay L, Bidwell
S, Caler E, Camara F, Campbell CL, Campbell KS, Casola C, Castro MT, Chandramouliswaran
I, Chapman SB, Christley S, Costas J, Eisenstadt E, Feschotte C, Fraser-Liggett C, Guigo R,
Haas B, Hammond M, Hansson BS, Hemingway J, Hill SR, Howarth C, Ignell R, Kennedy
RC, Kodira CD, Lobo NF, Mao C, Mayhew G, Michel K, Mori A, Liu N, Naveira H, Nene



18 D. Nora

V, Nguyen N, Pearson MD, Pritham EJ, Puiu D, Qi Y, Ranson H, Ribeiro JM, Roberston
HM, Severson DW, Shumway M, Stanke M, Strausberg RL, Sun C, Sutton G, Tu ZJ, Tubio
IJM, Unger MF, Vanlandingham DL, Vilella AJ, White O, White JR, Wondji CS, Wortman J,
Zdobnov EM, Birren B, Christensen BM, Collins FH, Cornel A, Dimopoulos G, Hannick
LI, Higgs S, Lanzaro GC, Lawson D, Lee NH, Muskavitch MA, Raikhel AS, Atkinson PW
(2010) Sequencing of Culex quinquefasciatus establishes a platform for mosquito comparative
genomics. Science 330(6000):86-88

Baggaley RF, Boily MC, White RG, Alary M (2006) Risk of HIV-1 transmission for parenteral
exposure and blood transfusion: a systematic review and meta-analysis. AIDS 20(6):805-812

Barre-Sinoussi F, Chermann JC, Rey F, Nugeyre MT, Chamaret S, Gruest J, Dauguet C, Axler-
Blin C, Vezinet-Brun F, Rouzioux C, Rozenbaum W, Montagnier L. (1983) Isolation of a
T-lymphotropic retrovirus from a patient at risk for acquired immune deficiency syndrome
(AIDS). Science 220(4599):868-871

Benelli G, Mehlhorn H (2016) Declining malaria, rising of dengue and Zika virus: insights for
mosquito vector control. Parasitol Res 115(5):1747-1754

Berger EA, Murphy PM, Farber JM (1999) Chemokine receptors as HIV-1 coreceptors: roles in
viral entry, tropism and disease. Annu Rev Immunol 17:657-700

Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW, Moyes CL, Drake JM, Brownstein JS, Hoen
AG, Sankoh O, Myers MF, George DB, Jaenisch T, Wint GR, Simmons CP, Scott TW, Farrar
JJ, Hay SI (2013) The global distribution and burden of dengue. Nature 496(7446):504-507

Bockarie MJ, Paru R (1996) Can mosquitoes transmit AIDS? P N G Med J 39(3):205-207

Brass AL, Dykxhoorn DM, Benita Y, Yan N, Engelman A, Xavier RJ, Lieberman J, Elledge SJ
(2008) Identification of host proteins required for HIV infection through a functional genomic
screen. Science 319(5865):921-926

Bronkhorst AW, van Rij RP (2014) The long and short of antiviral defense: small RNA-based
immunity in insects. Curr Opin Virol 7:19-28

Campbell CL, Keene KM, Brackney DE, Olson KE, Blair CD, Wilusz J, Foy BD (2008) Aedes
aegypti uses RNA interference in defense against Sindbis virus infection. BMC Microbiol 8:47

Carn VM (1996) The role of dipterous insects in the mechanical transmission of animal viruses.
Br Vet J 152(4):377-393

Cheng G, Liu Y, Wang P, Xiao X (2016) Mosquito defense strategies against viral infection. Trends
Parasitol 32(3):177-186

Chihota CM, Rennie LF, Kitching RP, Mellor PS (2001) Mechanical transmission of lumpy skin
disease virus by Aedes aegypti (Diptera: Culicidae). Epidemiol Infect 126(2):317-321

Christophides GK, Zdobnov E, Barillas-Mury C, Birney E, Blandin S, Blass C, Brey PT, Collins
FH, Danielli A, Dimopoulos G, Hetru C, Hoa NT, Hoffmann JA, Kanzok SM, Letunic I,
Levashina EA, Loukeris TG, Lycett G, Meister S, Michel K, Moita LF, Muller HM, Osta MA,
Paskewitz SM, Reichhart JM, Rzhetsky A, Troxler L, Vernick KD, Vlachou D, Volz J, von
Mering C, Xu J, Zheng L, Bork P, Kafatos FC (2002) Immunity-related genes and gene fami-
lies in Anopheles gambiae. Science 298(5591):159-165

Cirimotich CM, Scott JC, Phillips AT, Geiss BJ, Olson KE (2009) Suppression of RNA interfer-
ence increases alphavirus replication and virus-associated mortality in Aedes aegypti mosqui-
toes. BMC Microbiol 9:49

Clapham PR, McKnight A (2001) HIV-1 receptors and cell tropism. Br Med Bull 58:43-59

Coffey LL, Beeharry Y, Borderia AV, Blanc H, Vignuzzi M (2011) Arbovirus high fidelity variant
loses fitness in mosquitoes and mice. Proc Natl Acad Sci U S A 108(38):16038-16043

del Pilar Corena M, VanEkeris L, Salazar MI, Bowers D, Fiedler MM, Silverman D, Tu C, Linser
PJ (2005) Carbonic anhydrase in the adult mosquito midgut. J Exp Biol 208(Pt 17):3263-3273

Diamond MS (2003) Evasion of innate and adaptive immunity by flaviviruses. Immunol Cell Biol
81(3):196-206

Diehl N, Schaal H (2013) Make yourself at home: viral hijacking of the PI3K/Akt signaling path-
way. Viruses 5(12):3192-3212



3 Mosquito Transmission of HIV: Rare or Not Possible? 19

Edwards JF, Higgs S, Beaty BJ (1998) Mosquito feeding-induced enhancement of Cache Valley
virus (Bunyaviridae) infection in mice. ] Med Entomol 35(3):261-265

Forrester NL, Coffey LL, Weaver SC (2014) Arboviral bottlenecks and challenges to maintaining
diversity and fitness during mosquito transmission. Viruses 6(10):3991-4004

Fragkoudis R, Attarzadeh-Yazdi G, Nash AA, Fazakerley JK, Kohl A (2009) Advances in dissect-
ing mosquito innate immune responses to arbovirus infection. J Gen Virol 90(Pt 9):2061-2072

Franz AW, Kantor AM, Passarelli AL, Clem RJ (2015) Tissue barriers to arbovirus infection in
mosquitoes. Viruses 7(7):3741-3767

Galiana-Arnoux D, Dostert C, Schneemann A, Hoffmann JA, Imler JL (2006) Essential func-
tion in vivo for Dicer-2 in host defense against RNA viruses in drosophila. Nat Immunol
7(6):590-597

Gallo RC, Salahuddin SZ, Popovic M, Shearer GM, Kaplan M, Haynes BF, Palker TJ, Redfield
R, Oleske J, Safai B et al (1984) Frequent detection and isolation of cytopathic retroviruses
(HTLV-II) from patients with AIDS and at risk for AIDS. Science 224(4648):500-503

Gubler DJ (2001) Human arbovirus infections worldwide. Ann NY Acad Sci 951:13-24

Halbach R, Junglen S, van Rij RP (2017) Mosquito-specific and mosquito-borne viruses: evolu-
tion, infection, and host defense. Curr Opin Insect Sci 22:16-27

Hardy JL, Houk EJ, Kramer LD, Reeves WC (1983) Intrinsic factors affecting vector competence
of mosquitoes for arboviruses. Annu Rev Entomol 28:229-262

Hidari KI, Suzuki T (2011) Dengue virus receptor. Trop Med Health 39(4 Suppl):37-43

Hoch AL, Gargan TP 2nd, Bailey CL (1985) Mechanical transmission of Rift Valley fever virus by
hematophagous Diptera. Am J Trop Med Hyg 34(1):188-193

Jager S, Cimermancic P, Gulbahce N, Johnson JR, McGovern KE, Clarke SC, Shales M, Mercenne
G, Pache L, Li K, Hernandez H, Jang GM, Roth SL, Akiva E, Marlett J, Stephens M, D'Orso I,
Fernandes J, Fahey M, Mahon C, O'Donoghue AJ, Todorovic A, Morris JH, Maltby DA, Alber
T, Cagney G, Bushman FD, Young JA, Chanda SK, Sundquist WI, Kortemme T, Hernandez
RD, Craik CS, Burlingame A, Sali A, Frankel AD, Krogan NJ (2011) Global landscape of HIV-
human protein complexes. Nature 481(7381):365-370

Kang S, Sim C, Byrd BD, Collins FH, Hong YS (2008) Ex vivo promoter analysis of antiviral heat
shock cognate 70B gene in Anopheles gambiae. Virol J 5:136

Karn J, Stoltzfus CM (2012) Transcriptional and posttranscriptional regulation of HIV-1 gene
expression. Cold Spring Harb Perspect Med 2(2):a006916

Klotman ME, Kim S, Buchbinder A, DeRossi A, Baltimore D, Wong-Staal F (1991) Kinetics of
expression of multiply spliced RNA in early human immunodeficiency virus type 1 infection
of lymphocytes and monocytes. Proc Natl Acad Sci U S A 88(11):5011-5015

Konig R, Zhou'Y, Elleder D, Diamond TL, Bonamy GM, Irelan JT, Chiang CY, Tu BP, De Jesus PD,
Lilley CE, Seidel S, Opaluch AM, Caldwell JS, Weitzman MD, Kuhen KL, Bandyopadhyay
S, Ideker T, Orth AP, Miraglia LJ, Bushman FD, Young JA, Chanda SK (2008) Global analysis
of host-pathogen interactions that regulate early-stage HIV-1 replication. Cell 135(1):49-60

Kuno G, Chang GJ (2005) Biological transmission of arboviruses: reexamination of and new
insights into components, mechanisms, and unique traits as well as their evolutionary trends.
Clin Microbiol Rev 18(4):608-637

Liang G, Gao X, Gould EA (2015) Factors responsible for the emergence of arboviruses; strate-
gies, challenges and limitations for their control. Emerg Microbes Infect 4(3):e18

Merkling SH, van Rij RP (2013) Beyond RNAI: antiviral defense strategies in Drosophila and
mosquito. J Insect Physiol 59(2):159-170

Miesen P, Girardi E, van Rij RP (2015) Distinct sets of PIWI proteins produce arbovi-
rus and transposon-derived piRNAs in Aedes aegypti mosquito cells. Nucleic Acids Res
43(13):6545-6556

Miesen P, Joosten J, van Rij RP (2016) PIWIs go viral: arbovirus-derived piRNAs in vector mos-
quitoes. PLoS Pathog 12(12):e1006017

Morrison J, Aguirre S, Fernandez-Sesma A (2012) Innate immunity evasion by dengue virus.
Viruses 4(3):397-413



	Contents
	Chapter 1: Introduction I: Personal Insights in the Problem: What Remains to Be Done
	References

	Chapter 2: Introduction II: Why Are Mosquitoes and Other Bloodsuckers Dangerous? Adaptations of Life Cycles and Behavior
	References

	Chapter 3: Mosquito Transmission of HIV: Rare or Not Possible?
	3.1 Introduction
	3.2 Virus Transmission
	3.2.1 Vector-Based Transmission

	3.3 HIV Transmission
	3.3.1 Biological Transmission of HIV by Mosquitoes: Possible?
	3.3.2 Mechanical Transmission of HIV by Mosquitoes: Possible?

	3.4 Summary
	References

	Chapter 4: Dengue: A Silent Killer, a Worldwide Threat
	4.1 Introduction
	4.2 Dengue Virus
	4.2.1 Structure
	4.2.2 Replication Cycle and Immune Responses

	4.3 Epidemiology
	4.4 Dengue Virus Infection in Humans
	4.4.1 Clinical Manifestation
	4.4.2 Type of Organs Affected
	4.4.2.1 Dengue Virus Infecting Platelet and Bone Marrow
	4.4.2.2 Dengue Virus Infection on Endothelial Cells
	4.4.2.3 Dengue Virus Infection on Liver


	4.5 Current Measures to Manage Dengue Infection and Vector Populations
	4.6 Which Future for Dengue?
	References

	Chapter 5: Vector Potential of Mosquito Species (Diptera: Culicidae) Occurring in Central Europe
	5.1 Introduction
	5.2 Mosquito-Borne Diseases in Europe Now and Then
	5.3 Mosquito Species in Central Europe
	5.4 Invasive Mosquito Species in Central Europe
	5.5 Potential Vectors Belonging to Species Complexes
	5.6 General Considerations of ‘Vector Potential’
	5.7 Table
	5.8 Conclusions
	References

	Chapter 6: Essential Oils from Aromatic and Medicinal Plants as Effective Weapons Against Mosquito Vectors of Public Health Importance
	6.1 Introduction
	6.2 Chemical Profile of Essential Oils (EOs)
	6.3 Mosquito-Borne Diseases
	6.4 Insecticidal Activity of EOs
	6.4.1 Larvicidal Activity
	6.4.2 Growth and Reproduction Inhibition
	6.4.3 Repellency
	6.4.4 Antifeedant
	6.4.5 Neutralization of Insect Defence
	6.4.6 Neurotoxicity

	6.5 Essential Oil-Based Marketed Products
	6.6 Toxicity of EOs
	6.7 Botanical Families Serving as Sources of Mosquitocidal EOs
	6.7.1 Apiaceae
	6.7.1.1 Pimpinella anisum L.
	6.7.1.2 Trachyspermum ammi (L.) Sprague
	6.7.1.3 Smyrnium olusatrum L.

	6.7.2 Asteraceae
	6.7.2.1 Artemisia absinthium L.
	6.7.2.2 Tagetes minuta L.

	6.7.3 Geraniaceae
	6.7.3.1 Pelargonium roseum Willd

	6.7.4 Lamiaceae
	6.7.4.1 Mentha x piperita L.
	6.7.4.2 Ocimum basilicum L.

	6.7.5 Lauraceae
	6.7.5.1 Cinnamomum verum J. Presl
	6.7.5.2 Laurus nobilis L.

	6.7.6 Myrtaceae
	6.7.6.1 Syzygium aromaticum (L.) Merr. & L.M. Perry
	6.7.6.2 Eucalyptus spp.

	6.7.7 Poaceae
	6.7.7.1 Cymbopogon citratus (DC.) Stapf

	6.7.8 Rutaceae
	6.7.8.1 Citrus x aurantium L.

	6.7.9 Verbenaceae
	6.7.9.1 Lippia spp.

	6.7.10 Zingiberaceae
	6.7.10.1 Zingiber officinale Roscoe


	6.8 Strengths and Weakness
	6.9 Concluding Remarks
	References

	Chapter 7: Mouthparts of Bloodsuckers and Their Ability to Transmit Agents of Diseases
	7.1 Introduction
	7.2 Mechanical Transmission
	7.3 Cyclic Transmission of Agents of Disease
	7.3.1 Ticks and Mites
	7.3.2 Insects
	7.3.2.1 Lice
	7.3.2.2 Fleas (Siphonaptera)
	7.3.2.3 Black Flies: Simuliids
	7.3.2.4 Sand Flies: Phlebotomidae
	7.3.2.5 Mosquitoes: Culicidae
	7.3.2.6 Tsetse Flies: Glossinidae
	7.3.2.7 Tabanids
	7.3.2.8 Ceratopogonidae: Midges


	References and Further Recommended Reading

	Chapter 8: Zika Virus Epidemics: Only a Sudden Outbreak?
	8.1 History
	8.2 Symptoms of Disease
	8.3 Zika Virus Genome
	8.4 Vectors
	8.5 Therapy
	8.6 Occurrence and Protection
	References

	Chapter 9: Mosquitoes as Arbovirus Vectors: From Species Identification to Vector Competence
	9.1 Who Could Contribute to an Arbovirus Outbreak
	9.1.1 Taxonomy and Mosquito Surveillance in Europe
	9.1.2 Virus Surveillance in Europe

	9.2 Where Would Competent Mosquito Species Meet Favorable Conditions for Transmission?
	9.2.1 Factors for Arbovirus Transmission
	9.2.2 Barriers to the Infection and Transmission of Arboviruses by Mosquito Vectors
	9.2.3 Vectorial Capacity
	9.2.4 Outcome of Experimental Vector Competence Studies by Virus Species
	9.2.4.1 CHIKV
	9.2.4.2 DENV
	9.2.4.3 JEV
	9.2.4.4 RVFV
	9.2.4.5 Usutu Virus
	9.2.4.6 West Nile Virus
	9.2.4.7 Zika Virus

	9.2.5 Lessons Learned by Experimental Vector Competence Studies

	9.3 How Do Viruses and Vectors Interact to Facilitate Transmission?
	9.3.1 Immune Response in Insects Against Arboviruses
	9.3.1.1 RNAi Responses
	9.3.1.2 Inducible Antiviral Responses

	9.3.2 Virus Adaptation to the Mosquito: Immune Evasion and Immune Suppression by Arboviruses
	9.3.3 Impact of Wolbachia on Vector Competence and Virus Replication

	9.4 Conclusions
	References

	Chapter 10: Mosquitoes and the Risk of Pathogen Transmission in Europe
	10.1 Introduction
	10.2 Mosquitoes as Disease Vectors in Europe
	10.3 Pathogens Transmitted by European Mosquitoes
	10.4 Recent Outbreaks of Mosquito-Borne Diseases in Europe
	10.5 Modelling of Potential Current and Future Distributions of Aedes albopictus
	10.6 Risk Assessment and Conclusion
	References

	Chapter 11: Mosquito-Borne Diseases: Prevention Is the Cure for Dengue, Chikungunya and Zika Viruses
	11.1 Introduction
	11.2 Mosquito Viruses and Vector Competency
	11.3 Arbovirus Diseases and Their Treatments
	11.4 Future of Vaccine Development: Probability of Success vs Failure
	11.5 Vector Control to Minimize the Risk of Disease Transmission
	11.5.1 Conventional Methods
	11.5.2 Advanced Methods
	11.5.3 Eggs Biology, Surveillance and Control
	11.5.3.1 Surveillance
	11.5.3.2 Controls

	11.5.4 Larval-Pupal Biology, Surveillance and Control
	11.5.4.1 Surveillance
	11.5.4.2 Larval Control
	11.5.4.3 Environmental Management of Immature Stages
	11.5.4.4 Biological Control of Larvae
	11.5.4.5 Insecticidal Control of Larvae

	11.5.5 Adult Mosquito Biology, Surveillance and Management
	11.5.5.1 Surveillance
	11.5.5.2 Control Strategies for Adult Aedes
	11.5.5.3 Thermal Foggers and Ultra-low Volume Sprayers
	11.5.5.4 Residual Spray
	11.5.5.5 Barrier Residual Treatments
	11.5.5.6 Lethal or Autocidal Ovitraps
	11.5.5.7 Attractive Toxic Sugar Baits (ATSB)


	11.6 Novel Technologies for Multi-life Stage of Aedes Vector Control
	11.6.1 Autodissemination Technology
	11.6.2 Genetic Control
	11.6.2.1 Wolbachia: Cytoplasmic Incompatibility

	11.6.3 Sterile Insect Technique (SIT)
	11.6.4 Release of Insects Carrying a Dominant Lethal Gene (RIDL)

	11.7 Human Behaviour Alteration to Avoid Biting and Personal Protection
	11.7.1 Housing Structures
	11.7.2 Clothing
	11.7.3 Repellents

	11.8 Conclusions
	References

	Chapter 12: Long-Lasting Insecticide-Treated Textiles Preventing from Mosquito Bite and Mosquito-Borne Diseases
	12.1 Introduction
	12.2 Insecticide-Impregnated Clothing
	12.3 Mode of Action of Insecticides and Repellents Used for Textile Impregnation
	12.4 Entomological, Behavioural and Epidemiological Aspects of Insecticide-Treated Textiles
	12.5 Standardized Efficacy Testing and User Safety
	12.6 Conclusions
	References

	Chapter 13: Molecular Aspects of Species of the Genus Aedes with Epidemiological Importance
	13.1 Introduction
	13.2 Genome of the Species of the Genus Aedes
	13.2.1 Genetic Mapping

	13.3 Vector Competence of Aedes aegypti and Its Relationship with Genetics
	13.4 Genetic Variability of Species of the Genus Aedes
	13.4.1 Isoenzymes
	13.4.2 Randomly Amplified Polymorphism DNA (RAPD)
	13.4.3 Microsatellites
	13.4.4 Mitochondrial DNA (mtDNA)

	13.5 Genetic Control of Mosquitoes of the Genus Aedes
	13.5.1 Sterile Insect Technique (SIT)
	13.5.2 Release of Insects Carrying a Dominant Lethal Gene (RIDL)

	References

	Chapter 14: Mosquitoes, Plasmodium Parasites, and Cancer: Where from, Where to?
	14.1 A Brief History of Plasmodium and Mosquitoes
	14.2 A Focus on Lyme Disease and Mosquitoes
	14.3 Mosquito’s Saliva and Carcinogenic Agents
	14.4 Other Infectious Agents Linked to Cancer and Mosquitoes
	14.5 Current Beliefs with Respect to Cancer Causation
	14.6 Can the Human Immune System Cope with Infectious Agents Transmitted by Mosquitoes?
	14.7 How Has the Mosquito Escaped Identification as a Suspect in Cancer Development?
	14.8 Apart from Plasmodium, What About Our Detection Rate of Other Known Carcinogens in Cancer Patients?
	14.9 Casting a Critical Eye on Cancer Detection and Mosquito Control
	14.10 Conclusions and Future Challenges
	References

	Index

