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Abstract

Mosquito-borne diseases (MBDs) are increasingly prevalent as a result of global change, with significant health

and economic impacts worldwide. Dengue virus (DENV), chikungunya virus (CHIKV), Zika virus (ZIKV), yellow fever
virus (YFV), Japanese encephalitis virus (JEV) and West Nile virus (WNV) transmitted by Aedes and Culex species

have been identified as arboviruses of public health interest. Vertical transmission (VT) which refers to a process
where infected mosquitoes transmit viruses to their offsprings have been often overlooked in MBD epidemiology. We
conducted a systematic review to evaluate the role of VT in the occurrence, prevenance and spread of MBDs, focusing
on study types, mosquito species and virus genera. 175 studies selected from 837 studies between 1950 and 2024
relating to VT in mosquito population were reviewed. Findings revealed that VT occur across multiple mosquito
species in natural and experimental settings, with significant variation in VT rates, depending on vector species, virus
genus, and study location. Ae. aegypti, Ae. albopictus, Ae. vexans, Cx.pipiens, Cx. tarsalis and Cx. quinquefasciatus were
identified as mosquito species that support VT while pathogens identified to be transmitted vertically were DENV,
ZIKV, WNV, CHIKV, YFV, Sindbis virus (SINV), Ross River virus (RRV) and Mayaro virus (MAYV). VT rates reported as mini-
mum infection rate (MIR) varied across mosquito species, study type and location. It was also reported that high

VT rate may precede mosquito-borne disease outbreak. These findings indicate that VT, though often overlooked,
contributes to the dynamics of MBD transmission and could influence disease outbreaks and endemism, especially
under changing climatic conditions. These findings also highlight the need to incorporate VT into mathematical mod-
els, experimental studies and control strategies, given its potential role in sustaining arbovirus transmission and influ-
encing outbreak dynamics.

Keywords Mosquito-borne diseases, Vector-borne diseases, One health, Vertical transmission, Global change

Background

Mosquito-borne diseases, mosquitoes, and pathogens

of interest

The occurrence, spread, and prevalence of mosquito-borne
diseases (MBDs) has been increasing across the globe. This
increase has been attributed to changes in climatic condi-
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competent mosquitoes for several arboviruses of public
health interest. About 73% of emerging and re-emerging
pathogens are arboviruses transmitted by mosquitoes,
some of which have been identified as very prevalent due
to the rate at which they break out and spread to new loca-
tions, and the difficulty encountered in attempts to control
them [3, 4]. Regardless, of over 500 arboviruses recognized,
dengue virus (DENV), chikungunya virus (CHIKV), Zika
virus (ZIKV), yellow fever virus (YFV), Japanese encepha-
litis virus (JEV), and West Nile virus (WNYV) have been
singled out as globally important, accounting for about 100
million symptomatic cases every year [3, 5].

Originally identified as a tropical and subtropical mos-
quito species, the invasive Aedes aegypti (Ae. aegypti)
mosquitoes have been reported to appear in temper-
ate locations due to the influence of rising global tem-
peratures resulting from anthropogenic-induced climate
change and rapid adaptation processes [6]. Found in
peri-urban and urban areas, they lay eggs in natural and
artificial containers, utilizing them for larvae and pupae
breeding [7-9]. Aedes albopictus (Ae. albopictus), also
known as the Asian tiger mosquito, has also been found
to be highly invasive, able to colonize new locations with
suitable environmental conditions, ecologically flexible,
and has been found in sylvatic, peri-urban, and urban
habitats, making a broad spectrum of hosts available for
them to feed on [10, 11]. Although Ae. albopictus is an
opportunistic feeder with a wide spectrum of host prefer-
ence compared with Aedes aegypti, both mosquitoes have
been found to have preference for human blood, mak-
ing them anthropophilic irrespective of other vertebrate
hosts available in a location [12, 13]. This characteristic
makes them important vectors for human-to-human and
animal-to-human transmission of endemic and emerg-
ing MBDs [13]. Both mosquito species have been iden-
tified as competent vectors for several mosquito-borne
pathogens and the most important vectors for DENV,
CHIKYV, ZIKV, YFV, and Rift Valley fever virus (RVFV)
[3, 14]. Culex pipiens (Cx. pipiens) complex, regarded
as one of the most important mosquito species notable
in the Northern hemisphere, can thrive across diverse
land-use types and are competent vectors for multiple
pathogens of public health interest [15]. They display
environmental plasticity and can breed in several loca-
tions, including temporary or semipermanent water
bodies, stagnant ponds with vegetation, water-filled tree
holes, and flooded cellars [16]. Ovipositing female Cx.
pipiens mosquitoes responsible for spread of pathogens
can overwinter in caves, underground cellars, subways,
and burrows and reactivate when environmental condi-
tions are suitable [17]. Cx. pipiens are mainly ornitho-
philic in nature but can also feed on mammals, including
humans when available, making them competent vectors
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for bridging transmission between mammals and birds
by horizontal and possibly vertical transmission (VT)
mechanisms [18-20]. Cx. pipiens are competent vectors
for WNV, Usutu virus (USUV), Rift Valley fever virus
(RVFV), and Sindbis virus (SINV) globally.

DENYV, which consists of four major strains from the
Flavivirus genus, is regarded as the most wide-spread
arbovirus of public health importance, with about 12 mil-
lion cases and over 8000 DENV-related deaths reported
from 86 countries in 2024 [21-23]. All four strains of
DENV are currently circulating in highly populated
urban settlements between human hosts and Aedes mos-
quitoes, primarily Ae. aegypti species. Humans infected
with any strains of DENV may have acute febrile illness,
sudden skin rash, headache, and vomiting [3, 22]. Nota-
bly, some cases of DENV infection may be asymptomatic
and usually not reported, which can contribute to the
spread of the virus by effectively infecting mosquito vec-
tors, and alter transmission dynamics [24]

First isolated between 1952 and 1953 in Southern Tan-
zania, CHIKYV is an alphavirus transmitted to humans by
bites from infected Aedes mosquitoes, with autochtho-
nous transmission of the virus already reported in 114
countries spread across subtropical and tropical parts of
Africa, America, Asia, Europe, and Oceania, infecting
millions of people globally till date [25]. Acute, atypical
acute, severe acute, and chronic symptomatic CHIKV
types have been clinically classified by the World Health
Organizatio (WHO) [26]. A review by Rama et al. [27]
reported that 75% of people infected with CHIKV will
develop symptoms, 90% of them will have arthralgia,
88% will develop fever, and 0.3% are likely to die from the
infection.

ZIKV is a single-strand RNA arbovirus from the Flavi-
virus genus and is also of interest to public health partly
due to the environmental plasticity and invasive nature
of the primary vector (Ae. aegypti), multiple transmis-
sion modes, and viral persistence in the body fluid of the
infected host [22, 28]. Since its isolation in a Ugandan
forest in 1947 during mosquito surveillance, the virus
has been believed to become prevalent geographically in
Southeast Asia by the 1960s, the Island of Yap by 2007,
French Polynesia between 2013 and 2014, South America
in 2015, and in 34 South and Central American countries
since 2016 [29]. After 3—7 days, infected humans develop
low-grade fever, rash, conjunctivitis, and muscle pains,
which usually last for about 1 week [30]. Studies have
also reported a strong relationship between the ZIKV-
infected parent and risk of microcephaly in the first tri-
mester [31]

YFV, a mosquito-borne arbovirus from the Flavivi-
rus genus, originated from the tropical and subtropical
areas of Africa and subsequently was introduced into
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Fig. 1 Vertical transmission illustrated for mosquito-borne arboviruses (WNV illustrated). The virus sticks to the egg surface during oviposition
for a trans-ovum transmission process, while the virus enters the oocyte at its developmental stage for a trans-ovarian transmission process

South America in the advent of European colonization
[32]. The virus causes YFV infection, a disease with
200,000 cases and 30,000 deaths yearly, of which 90%
are recorded in Africa [33]. Despite being endemic to
Africa, Central America, and South America, the virus
urban cycle has been successfully controlled in Brazil
since 1942 [34]. However, the risk of YFV outbreak in
large urban endemic areas is ever increasing, with fac-
tors such as urbanization, population structure, defor-
estation, and climate change playing critical roles [35].
Although most people infected with YFV do not have
symptoms, some persons may have mild flu-like symp-
toms or high fever with jaundice and hemorrhaging
from the mouth, nose, eyes, or stomach [36].

JEV is a mosquito-borne Flavivirus endemic in sev-
eral parts of Asia and the Western Pacific, with over
3 billion people living in high-risk areas, resulting in
68,000 symptomatic cases and 13,000-20,000 deaths
annually [37]. Symptoms common after being bitten by
an infected Culex mosquito include fever, confusion,
and seizures, with fatality rates as high as 30% [38].

WNV is single-strand RNA Flavivirus that was first
isolated in the West Nile district of Uganda in 1937,
with sporadic cases occurring in Africa, Eurasia,

Australia, and the Middle East in the early 1900s [39].
From 1996, outbreak in humans and horses became
frequent in Europe and the Middle East, afterwards
spreading across North, Central, and South America
after 1999 [40]. WNV can trigger WNYV fever in birds,
horses, humans, and other vertebrates [41]. Symptoms
associated with the infection include fever, rashes,
nausea, and vomiting, and in a more severe cases, neu-
roinvasive disease or death can occur [42]. Other arbo-
viruses of public health interest include RVFYV, St. Louis
encephalitis virus (SLEV), Usutu virus, La Crosse virus
(LACV), and SINV [3].

Transmission pathways

MBDs are ideally transmitted to and from a host when a
mosquito pierces through the skin of a host for a blood
meal. This process of transmission is known as horizontal
transmission (HT) and is assumed to be the conventional
means of transmission for mosquito-borne pathogens.
Another transmission process is vertical transmission
(VT), which involves transmission of pathogens from
adult mosquitoes to their offspring [17, 43]. VT, which
is either in the form of trans-ovarian or trans-ovum
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transmission (Fig. 1) has been documented for several
mosquito species [44, 45].

Although much emphasis has been on HT of arbovi-
ruses in the avian—mosquito cycle, as in WNV, and the
human-mosquito cycle, as in DENV, less attention has
been given to the occurrence and impact of VT. Under
seasonal climatic conditions suitable for vector popula-
tion and pathogen transmission, VI may supplement
virus amplification during summer and provide a mecha-
nism to infect overwintering female mosquitoes during
the fall, as seen in Cx. pipiens mosquitoes [44].

Although arboviruses are originally maintained in a
transmission cycle between the mosquito vector and
vertebrate hosts naturally in an enzootic sylvatic cycle,
certain factors such as climate change, deforestation,
and urbanization can alter this natural cycle, creating an
epizootic or rural circle, where amplification of viruses
occur in domestic animals, and subsequently an urban
epidemic cycle, where rapid transmission occurs between
vectors and diverse kinds of hosts, including humans [46,
47].

The probability of these arboviral pathogens being suc-
cessfully transmitted between vector and host is depend-
ent on multiple drivers that are either climatic, ecological,
or socioeconomic [48, 49]. These drivers determine vec-
tor availability, vector competence, vector—host inter-
action, probability of pathogen transmission, epidemic
outbreak, and the endemism of MBDs.

Given the evolutionary nature of interactions and
processes involved in the occurrence and transmis-
sion of arboviruses, it is expected that these drivers will
alter functional traits and transmission rates, including
VT, that determine outbreak dynamics. Some of these
changes have been seen previously in the spatiotemporal
distribution of emerging and re-emerging arborviruses
of public health interest due to their intrinsic ability to
thrive in multiple hosts and vectors, triggering sporadic
changes in their transmission cycle [23]. In an attempt
to control and eliminate MBDs, mosquito population
control programs are initiated to limit and subsequently
eliminate outbreaks of MBDs. However, certain factors
such as VT, which have a latent but potentially strong
effects, are neglected when analyzing failed control
efforts.

Lequime et al. [50] had previously analyzed the his-
torical trend of scientific investigations on experimental
and vertical transmission in mosquitoes and revealed
that although the extent and significance of VT are still
debated, arboviral emergence stimulated an increase in
VT research, while recent laboratory essays enhanced
VT detection. Ferreira-de-Lima et al. [51] reported a cor-
relation between vertical transmission and endemism
of DENV, especially in South American countries, and
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cited lack of studies as a possible reason for the gap in
reporting VT from other Dengue-endemic areas, such
as Africa. Janjoter et al. [52] reviewed transovarial trans-
mission of mosquito-borne arboviruses and identified
factors affecting transovarian transmission, the potential
implications, mosquito antiviral defense mechanisms,
and strategies to control mosquito-borne arboviruses.

Here, we designed a systematic review to evaluate
studies that were conducted to identify the presence or
impact of VT of arboviruses in mosquito populations
with an emphasis on the study type, mosquito species,
and arbovirus genus.

In this systematic review, we evaluated studies aimed at
identifying the presence or impact of VT of arboviruses
in the mosquito population, with a focus on study type,
mosquito species, and arbovirus genus. The objective of
the review was to build on previous reviews, identify sim-
ilarities, research gaps, present the current state of the art
in investigating VT of arboviruses in mosquito popula-
tions, and explore their incorporation into mathematical
models for various mosquito-transmitted arboviruses.

Methods

Literature search and data collection

We adopted the Preferred Reporting Items for System-
atic Reviews and Meta-analyses (PRISMA) approach for
our systematic review article search to aid article selec-
tion process (Fig. 2). The Web of Science database was
used to conduct an extensive search for relevant docu-
ments. Terms considered relevant were used to construct
a string that was used for the search and had 794 hits:
(“vertical transmi*” OR “transovaria*” OR “transovu*” OR
“transegg”) AND (“mosquito-borne disease*” OR “mos-
quito borne disease*” OR “ vector borne disease*” OR “
vector-borne disease®” OR “Dengue*” OR “DENV*” OR
“Chikungunya*” OR “CHIKV*” OR “Zika*” OR “ZIKV*”
OR “West Nile virus*” OR “WNV*” OR “Sindbis virus*”
OR “SINV*” OR “yellow fever virus*” OR “YFV*”). Stud-
ies from 1950 to 2024 identified from the search were
screened for inclusion and exclusion. An additional 43
studies identified from screening references were also
added. Proceeding papers, editorial materials, letters,
descriptive studies, and review articles were excluded.
Full articles that were not related to mosquito-borne
diseases, not focused on arbovirus, not related to trans-
oval or trans-ovarian transmission, and duplicated stud-
ies were also removed. In all, 175 documents were finally
selected and used for the systematic review.

Articles were classified into categories using a template
designed to extract the relevant information. A study
summary table was built to assess and present informa-
tion extracted from each article. Relevant information
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Fig. 2 Preferred Reporting Item for Systematic Reviews and Meta-analysis (PRISMA) styled flow diagram of literature search process. Articles
identified from the Web of Science database and references of relevant journal articles were screened

related to study type, mosquito species, arbovirus genus,
location, and reported VT efficiency were presented in a
table (Summary Table in Supplementary Material). Arti-
cles included publications focused on MBDs where either
modeling or field or laboratory analysis was conducted.
Spatial distribution of the locations where studies on ver-
tical transmission have been conducted are shown in Fig.
S1 in the Supplementary Material.

Findings from literature search

Diversity of mosquito species and pathogen species

A summary table was generated from the 175 full articles
used containing details extracted from each study (Sum-
mary Table in Supplementary Material). With regards
to the study approach, 24 studies applied modeling
approaches, 62 conducted only laboratory analyses, 86
carried out only field investigations, and 3 studies con-
ducted both laboratory analyses and field investigation.
Details on mosquito species, arbovirus genera, and study
types have been summarized (Fig. 3).

VT has been widely studied and identified in several
mosquito species. Ae. aegypti and Ae. albopictus mos-
quitoes which are regarded as invasive and urban mos-
quitoes were the most widely studied, with 146 studies in
total (Summary Table in Supplementary Material; Fig. 3).

This was expected, as Aedes mosquitoes have been
reported on every continent and are vectors of numer-
ous pathogens of public health interest. Other Aedes
mosquitoes that were found in our study are Ae. vexans,
Ae. vigilaz, Ae. camptorhynchus, Ae. japonicus, Ae. trise-
riatus, and Ae. ochraceous. To highlight the importance
of invasive Aedes species in mosquito-borne disease epi-
demiology and VT, 81 studies were either related to the
identification or implication of VT of DENV in Aedes
mosquitoes, 32 studies were related to ZIKV, and 20
of them investigated the potentials of VT of CHIKV in
Aedes mosquito population. Also, six studies investigated
the potential VT of YFV in Aedes mosquitoes. Others
appeared in modeling studies.

Although Culex mosquitoes were widely studied
according to the review, Cx. pipiens complex was the
most prominent, appearing in 13 studies; 12 studies
were all related to identifying VT of WNYV, while 1 was
on SINV (Summary Table in Supplementary Material).
Other Culex mosquitoes that were identified were Cx.
poicilpes in a modeling study by Favier et al. [53] related
to RVFV. Cx. annulirostris, and Cx. globocoxitus were
also in another modeling study by Koolhf et al. [54] for
RRV. Cx. quinquefasciatus appeared in five studies for
WNV, one study for SLEV, and one study for ZIKV. Ckx.
tarsalis was investigated for VT of WNV in three studies,
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while Culex stigmatosoma and Culiseta annulata both
appeared in studies related to VT of WNV. Cx. tritaen-
iorhynchus also appeared in two studies for VT of WNV
[55, 56]. Other Culex mosquitoes appeared a few times in
the studies (Summary Table in Supplementary Material).

Occurrence, rate, and impact of vertical transmission

Investigating the occurrence of VT of arboviruses within
different mosquito species and the impact of VT on the
dynamics of mosquito-borne arboviruses were the two
foci of our review. Important mosquito species identified
to support VT were Ae. aegypti, Ae. albopictus, Ae. vex-
ans, Cx. pipiens, Cx. tarsalis, Cx. quinquefasciatus, and
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Cx. tritaeniorhynchus, while pathogens identified to be
transmitted vertically were DENV, ZIKV, WNYV, CHIKY,
YFV, SINV, RRV, and MAYV. VT was found to occur in
both natural and laboratory settings (Summary Table in
Supplementary Material). In studies where reports of VT
rates were available, VT was found to occur naturally in
47 field studies, while 33 laboratory studies reported VT
experimentally (Summary Table in Supplementary Mate-
rial). VT was also found to occur sparingly naturally and
in laboratory conditions in other mosquito species and
for several arboviruses (Summary Table in Supplemen-
tary Material). For VT detection, the reverse transcrip-
tion polymerase chain reaction (RT-PCR) method was
commonly used across studies evaluated.

While it has been argued that the effect of VT on infec-
tion persistence is negligible due to its low infection rate
ranging from 1-4%, VT could become a significant driv-
ing factor when regular pathogen amplification occurs
in suitable reservoir host populations, which has been
reported in DENV cases and could potentially apply to

Ae. albopictus
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other arboviruses such as WNV [57]. Vertical transmis-
sion rates reported have been extracted and documented
(Summary Table in Supplementary Material). Statisti-
cally, we presented only the minimum infection rate
(MIR) (Figs. 4, 5), which is widely used to report virus
infection rate and represents the ratio of number of posi-
tive pools to the total number of specimens tested [58].

Certain environmental factors affect the rate of VT.
Studies by Taghikhani et al. [59] and Chitnis et al. [60]
identified the effect of seasonal fluctuations in tem-
perature and rainfall on VT and disease outbreak rates.
Infection transmission from onset and pathogen spread,
establishment of endemism, and disease prevalence were
all linked to VT [51, 59-61].

Most of the studies that applied mathematical models
investigated the impact of VT on pathogen transmis-
sion dynamics, which differs across studies and loca-
tion. Yuan et al. [61], Abidemi et al. [62], Abdullah et al.
[63], Alves et al. [64], Murillo et al. [65], Blayneh et al.
[66], Aliyu et al. [67], and Fan et al. [68] all investigated
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and established relationships between VT and infection
transmission rate, disease prevalence, and control meas-
ures using mathematical modeling approaches. Similarly,
the impact of VT on the rate of pathogen spread was
demonstrated in a mathematical model by Wang et al.
[69]. Also, Wang et al. [70] reported that, even when
the basic reproductive number is less than or close to
1, an increase in VT will lead to a disease outbreak for
CHIKV. In contrast, Cheng et al. [71] investigated prob-
able causes of DENV outbreak in Guangzhou city, China,
and reported that the time of imported cases, precipita-
tion, and temperature changes were more important fac-
tors than VT. A study by Cavalerie et al. [72] also could
not establish a relationship between VT and RVFV per-
sistence over several years in Mayotte Island.

Drivers of vertical transmission

MBDs have continued to spread to new areas where they
were previously absent or had been eliminated. Some
of these diseases break out sporadically and slow down,
while some have become endemic, causing substan-
tial economic loss and have become a burden to public
health locally, regionally, and globally. The rate of emer-
gence and spread of MBDs have been linked to several
factors, most of which have been broadly studied, span-
ning across several mosquito species, pathogen genera,
and geolocation. However, limited studies have been
conducted to understand the driver MBDs in the con-
text of VT, as most of these studies have been focused on
HT. Generally, factors that affect HT and VT are either
intrinsic or extrinsic. Janjoter et al. [52] listed virus strain,
mosquito species, gonotrophic cycle, blood meal, and

climate, notably temperature, as determinants of the
number of female mosquitoes that transmit viruses ver-
tically. We explored these drivers and their attributes to
understand their status regarding the state of the art and
how they are related to studies in our review. Viral trait is
a key determinant of VT. Attributes that relate to this fac-
tor include the types of virus strain, infection rate, viru-
lence, survival and replication of viruses in mosquitoes,
and persistence of viruses in an egg after infection [52,
73, 74]. Vectoral trait, which relates to the nature of vec-
tor, is another important factor. This includes the nature
of vector species and strain, sensitivity of functional trait
to the environment, progeny fitness and its effect on
development rate, vector behaviors such as hibernation
and overwintering activities that tend to support virus
survival, and persistence through VT in the absence of
HT [75-81]. The impact of climatic factors such as tem-
perature, humidity, and precipitation on habitat availabil-
ity, breeding success, and subsequent population increase
directly would possibly impact the rate of vertical trans-
mission [60, 82]. Ecological factors, which include eco-
system modification anthropogenically and naturally
through disturbances, can introduce fragmented habi-
tats, creating an enabling environment for vector popu-
lation to thrive, increasing vector—host interaction HT
[83] and possibly VT. Other anthropogenic activities
such as vector population control, infection control,
and vaccination can alter the rate of pathogen outbreak
and either decrease or increase the rate of transmis-
sion in a location. The impact of viral traits on VT was
the most studied, with 107 studies related to them in
total. This was closely followed by vectoral traits, with
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and animals

59 studies. Interestingly, factors relating to climate have
been neglected, with only nine studies. The impact of
ecological and anthropogenic factors are the least stud-
ied factors, with three studies and one study, respectively.
This represents a clear research gap in the state of the art
with regards to the drivers of VT (Fig. 6).

Vertical transmission rate variation

Vertical transmission rate or progeny infection rate were
reported either as minimum infection rate (MIR), filial
infection rate (FIR) or percentage of infected progenies.
These have been summarized and reported statistically
showing the range and median for each mosquito spe-
cies and arbovirus genus (Figs. 4, 5). For Ae. albopictus
mosquitoes, vertical transmission rate estimated from
MIR for DENV were between 2.2 and 47.6 in the field.
For CHIKV, MIR values ranged between 0.76 for field

studies. For ZIKV, MIR values reported were between
1.3 and 6.7 in the lab. For Ae. aegypti mosquitoes, MIR
values reported for DENV ranged between 0.18 and
48.2 for field studies, while values between 2.13 and 8.33
were reported for lab studies. For ZIKV, the range of val-
ues reported were between 0.45 and 6.9 in the field. For
CHIKY, values reported were between 0.45 and 33.3 for
field studies while values reported for lab studies were
between 10 and 20.2. For Cx. pipiens mosquitoes, field
values for WNV ranged between 2.0 and 3.5 while labo-
ratory experiments reported values between 0.52 and 2.1.
For Cx. tarsalis, values reported for laboratory studies
were between 6.9 and 8.1. For Cx. quinquefasciatus mos-
quitoes, laboratory experiments reported values between
3.0 and 3.7. Clearly, DENV had more MIR reported in
field studies than any other arbovirus, with relatively
high values for Aedes mosquitoes. This was expected as
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Aedes mosquitoes have long been designated as the com-
petent vectors of DENV. Relatively high MIR were also
reported for CHIKYV in the field and laboratory studies
in Aedes mosquitoes. MIR reported in Culex mosquitoes
were not as high as those reported for Aedes mosquitoes.
Regardless, the occurrence of VT within their popula-
tion is concerning. Cx. tarsalis had the highest range in
the lab closely followed by Cx. pipiens in the field which
is interesting because Cx. pipiens has been long estab-
lished as the common house mosquito in the northern
hemisphere.

Although MIR reported seem to vary within studies,
spatially between locations and across vector and virus
strain, we could not ignore this result due to the sensitiv-
ity of VT to the seasonality of temperature which could
support pathogen replication in mosquitoes [59]. Edillo
et al. [84] reported variation in VT rate across different
seasons with MIR rates ranging between 0 for wet sea-
son and as high as 48.8 in mid-dry season in Cebu City,
Philippines, signaling the impact of climatic conditions.
Changes in mosquito behavior like diapause and over-
wintering in response to climate dynamics are inevitable.
Zhang et al. [85] reported that infected Ae. albopictus
eggs were still able to hatch and transmit WNV to their
progenies after termination of diapause. Interestingly,
in a study by Guo et al. [86] survival and replication of
DENV in Ae. albopictus eggs were more active in non-
diapausing eggs, reducing VT success rate. The effect of
virus strain is also an important responsible for VT rate
variation. In a study by Freier et al. [87] to test the ability
of 17 strains of Aedes mosquitoes to vertically transmit
DENYV using all 4 DENV strains, DENV-1 was transmit-
ted vertically by 11 of the mosquito strains representing
8 different species. Similarly, Rosen et al. [88] recorded
high transovarial transmission of DENV-1 strain and
low transmission rates for DENV-3 in a study where all
4 DENV strains were used. Velandia-Romero et al.[89]
evaluated transovarial transmission of DENV in lar-
vae and pupae of Ae. aegypti and found more juvenile
infected with DENV-1 than other DENV strains. Addi-
tionally, Mitchell [90] investigated the ability of three
strains of Ae. albopictus to vertically transmit DENV-1
and DENV-4 strains. It was observed that 7 pools out
of 60 were positive for DENV-1 while only 1 pool out
among 121 were positive for DENV-4. Findings from
the review supported the view that important functional
traits of mosquitoes such as extrinsic incubation period
and gonotrophic cycle can determine VT rates. Manuel
et al. [91] observed that longer extrinsic incubation time
and fewer gonotrophic cycle supports VT success of
ZIKV in Ae. aegypti mosquitoes, indicating the influ-
ence of longer egg development time in gestating female
mosquitoes. Additionally, relatively high VT rates were
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observed in the second gonotrophic cycle. This was simi-
lar to results from a study by Zhu et al. [92] where VT
rates were significantly higher from the second gono-
trophic cycle. Progeny fitness was also reported to affect
VT success rate. In a study by Joshi et al. [81] to evalu-
ate the persistence of DENV-3 virus through transovarial
transmission in Ae. aegypti mosquitoes, it was observed
that larval duration of vertically infected juvenile mos-
quitoes increased significantly compared with uninfected
control juveniles, signaling an effect of vertically trans-
mitted infection on progeny development rate. Similarly,
Turell et al.[79] reported that pupae infected with RVFV
failed to emerge as adult, a phenomenon which may be
responsible absence of VT from the study. Regardless of
the variations, these findings are important given that the
probable minimum rate of VT that could alter transmis-
sion dynamics of mosquito-borne arbovirus like DENV
ranges between 4—20 [93]. The reported VT rates are very
useful to quantify mosquito species and strain suscepti-
bility to certain arboviruses, which can also be incorpo-
rated into design and parametrization of mathematical
models that account for VT in mosquito population.

Global change, vertical transmission and MBDs
epidemiology

The emergence and spread of MBDs have been consist-
ently linked to global change driven by a combination of
environmental and socioeconomic processes. Although
recent research has often focused on the impact of cli-
mate change on vector population dynamics, vector com-
petence, vectoral capacity, pathogenesis and pathogen
transmission, other processes linked to global change
have been identified to have an interactive effect on
MBDs [94]. Environmental and socioeconomic processes
have been factored into risk determination models that
have been successfully used to explain the distribution of
zoonotic diseases [95]. These processes eventually drive
HT and VT of MBDs. Some of the drivers identified to
support VT and subsequently impact mosquito-borne
disease epidemiology were linked to processes and activi-
ties attributed to global change.

Changes in local or global climate patterns, which are
one of the most important indicators of global change,
have direct and indirect impacts on VT [59]. Generally,
temperature has been identified as a determinant of inci-
dence and severity of MBDs outbreak by altering the pro-
cesses of pathogen evolution, selection and transmission
[96]. Functional traits of mosquitoes are sensitive to tem-
perature [97]. Favorable temperature can alter mosquito
development rate, shortening breeding time and increase
population density within a short time [98]. Also, an
increase in temperature could lead to an increased bit-
ing rate, shortening the gonotrophic cycle and enhancing
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contact rate which increases possibilities of infection and
cross infection between vector and host [96]. Changes
in climate pattern may give rise to extended breed-
ing season allowing mosquito population to thrive and
pathogen transmission persist beyond favorable which
increases the likelihood of VT to support pathogen sur-
vival in the absence of competent amplifying hosts [99].
Changes in precipitation pattern could support avail-
ability of mosquito breeding sites, enhance population
density and support VT. Result of interaction between
vectors and pathogens are influenced by convergent evo-
lution and ecological factors which can induce pressure
and trigger arboviruses to develop mechanisms of VT
[75]. Genetic signatures of pathogens that trigger MBDs
may exhibit distinct responses to variability of climate
variables like temperature, triggering geographic vari-
ation in terms of outbreak [100] and will have an over-
all in affect rate of HT and VT. Ecosystem modification
by humans triggered by deforestation, urbanization and
intensive agriculture can shift geographical distribution
of vectors, reservoir host of pathogens, create suitable
environmental conditions for better vector-host interac-
tion and increase availability of vector breeding sites The
combined result from these would increase vector-host
interaction. Vector- host interaction has been reported
to affect VT success in a study by Edillo et al. [84] where
juvenile mosquitoes collected from households had
higher VT rates than those collected in the field, possi-
bly due to increased interaction between mosquitoes and
infected humans. Diouf et al. [101] reported variation in
VT rate across breeding sites and habitat landcover type.
Additionally, Rohani et al. [102] identified the impact of
breeding site on VT rate where Ae.albopictus mosquitoes
which preferred shaded areas had more infected larvae
than Ae.aegypti larvae which preferred clear water.

The effect of global change has triggered the intro-
duction of invasive mosquito vector species and vector
strains in certain regions. Invasive mosquito species such
as Ae. aegypti, Ae. albopictus and the common house
mosquito in Europe Cx. pipiens which have been identi-
fied as competent vectors of several arboviruses of public
interest possess high susceptibility of pathogen infection
and replication. They have also been found to possess the
ability to naturally transmit these viruses horizontally
to competent hosts and vertically to their progenies [17,
103]. The co-existence of vectors and competent ampli-
fying host increases the likelihood of cross-infection
and subsequently VT from vector to their progeny [84].
Migration of competent hosts of several arboviruses
driven by global change is a determinant of host popu-
lation distribution. As a result of these migrations or
prior population availability, settlements with high con-
centration of human population density have recorded

Page 11 of 15

sustained outbreak of arboviral infections such as DENV,
CHIKYV and ZIKV, some of which have been attributed to
the presence of VT [84, 103]. Avian-mosquito circulated
arboviruses such as WNV have also been documented to
be introduced to new locations during seasonal migra-
tion of birds over long distances, which are subsequently
maintained and amplified by competent residential birds
[104]. Outbreaks have also persisted in locations where
competent amplifying host birds and vector mosquito
persist in favorable environmental conditions, with the
presence of VT not ruled out.

Although often neglected, our study has been able to
reveal the potential importance of VT in emergence, per-
sistence and spread of MBDs. VT has been presumed
to be an important factor in the long-term persistence
of several mosquito-borne arboviruses in a vector-host
cycle without the necessity of virus re-introduction, a
process which sabotages control efforts and causing out-
breaks which may be expensive and impossible to con-
trol and could increase infection prevalence [65, 77]. It
has also been reported that although VT alone may not
establish endemism of a disease, it can increase preva-
lence and endemic level of disease on vector and host
population which can result to a pathogen transmis-
sion regime [66, 69]. Studies have also reported that an
increase in VT rate could lead to a disease outbreak even
when basic reproduction number is below or close to 1
[70]. Also, VT could support endemism where certain
conditions like the availability of a permanent pathogen
reservoir, sufficient inter-site rainfall variability and host
movement to locations with favorable environmental
conditions [53]. In a study by Thongrungkiat et al. [105],
the beginning of a Dengue season was preceded by a high
VT isolation in field collected Ae. aegypti larvae, denot-
ing the impact of VT on rates of DENV outbreak and the
significance of VT as an epidemiological tool for poten-
tial application of mosquito control intervention.

Cases of co-infection by VT were reported in several
studies, signaling the possibilities for the VT of mul-
tiple arbovirus genera and strains. Teixeira et al. [106]
reported co-infection of DENV and CHIKV in mos-
quito larvae reared from Ae. aegypti eggs collected from
a city of Vitéria da Conquista, Bahia, Brazil. Similarly,
Granger Neto et al. [107] detected co-infection of verti-
cally transmitted DENV and CHIKV of Ae. aegypti lar-
vae in Brumado, Bahia, Brazil. Interestingly, both cases
of co-infection were reported in the state of Bahia, one
of the most affected with the highest number of reported
DENYV in Northeastern Brazil [108]. Cecilio et al. [109]
detected co-infection of vertically transmitted DENV-1
and DENV-2 in larvae reared from eggs collected from
Pampulha, Belo Horizonte, Brazil, which is a city with
the second highest number of DENV cases in Belo
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Horizonte. Pessanha et al. [110] isolated DENV-2 and
DENV-3 in Ae. aegypti larvae also collected in Belo Hori-
zonte, Minas Gerais, Brazil. DENV-1 was also reported
to co-infect juvenile mosquitoes collected from house-
holds in a study by Edillo et al. [84] in Philippines. Simi-
larly, Velandia-Romero et al. [89] reported that DENV-1
was found to co-infect juvenile with DENV-2, DENV-3
and DENV-4 more than any other strain in Colombia. All
cases of co-infection reported were from South Amer-
ica where DENV, CHIKV and ZIKV are endemic. Co-
infection of DENV-1 with other DENV strains was also
reported in 3 studies above signaling the epidemic signifi-
cance of DENV-1 strain.

From the graphical representation for global distri-
bution of studies of VT in arboviruses, South America
where several arboviruses such as DENV, CHIKV and
ZIKV are endemic have the highest number of studies
(Fig. S1 in Supplementary Material). This finding aligned
with the submission of Ferreira-de-Lima et al. [51] about
a relationship between VT and endemism of several
arboviruses of public health interest in South American
countries. Interestingly, WNV which has been endemic
in Europe and North America had a total of 5 studies
conducted in the United States but only 1 study each in
Austria and Italy which is interesting because WNV VT
was reported in Cx. pipiens mosquito population in field
studies by Rudolf et al. [77] and Kolodziejek et al. [20]
in Austria. This clearly shows a research gap existing in
Europe.

Conclusions
The effect of global change has been evident in the emer-
gence, prevalence and spread of MBDs. About 73% of
emerging and remerging MBDs are caused by arbovi-
ruses including DENV, CHIKV, ZIKV, YFV, JEV, and
WNV. These arboviruses can be transmitted horizontally
between mosquitoes and competent host during blood-
feeding or vertically between female mosquitoes and
their progenies. Although studies have focused on the
horizontal transmission pathway, vertical transmission
of arboviruses of interest have been reported in several
studies. We conducted a systematic review to evaluate
the state-of-the-art and relevance of vertical transmission
of arboviruses in mosquito-borne disease epidemiology.
In our study, VT was confirmed for DENV, CHIKYV,
ZIKV, WNV, SINV, YFV and MAYV more often. We
also identified studies that established relationships
between VT and infection rates, disease prevalence and
efficacy of outbreak control efficacy. Viral traits, vectoral
traits, climatic factors, ecological factors and anthropo-
genic factors were identified as potential drivers of ver-
tical transmission in a mosquito population, highlighting
the status and relationship of these factors in terms of
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number of studies relating to each of them. The impact
of ecological and anthropogenic factors on VT of MBDs
are still poorly explored. Also, we were able to establish
the state-of the art on studies related to VT in mos-
quito population and the relevance of VT of arboviruses
in mosquito-borne disease epidemiology, highlighting
arboviruses of public health interest transmitted verti-
cally and their occurrence naturally and experimentally.
We also highlighted mosquito species that support VT of
arboviruses in their population, potential drivers of VT
and the impact of global change in driving VT in mos-
quito population.

With the presence of VT established in multiple mos-
quito species population for several arboviruses of public
health interest, it is recommended that similar consid-
eration and attention be accorded to vertical and hori-
zontal transmission mechanisms in studies relating to
mosquito-borne diseases dynamics. This would enable
researchers and policy makers to develop robust tools
and policies that can efficiently help in the control and
elimination of MBDs.
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