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Abstract: Transovarial transmission (TOT) is a widespread and efficient process through which
pathogens can be passed between generations of arthropod vectors. Many species within the order
Bunyavirales utilize TOT as a means of persisting within the environment when classical horizontal
transmission is not possible due to ecological constraints. The purpose of this review is to summarize
previous findings regarding the ecological significance of TOT among viruses in the order Bunyavirales
and identify the gaps in knowledge regarding this important mechanism of arboviral maintenance.
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1. Introduction

The order Bunyavirales comprises the largest RNA virus taxon. This order is subdivided into
nine individual families: Feraviridae, Fimoviridae, Hantaviridae, Jonviridae, Nairoviridae, Peribunyaviridae,
Phasmaviridae, Phenuiviridae, and Tospoviridae. Viruses in the order Bunyavirales are enveloped virions
ranging from 80 to 120 nm in diameter. Their tripartite genome is negative-, or in some cases ambi-sense
RNA, and the three genome segments are termed the small (S), medium (M), and large (L).

While the families grouped in the order Bunyavirales are based on morphological and biochemical
relationships, the specific ecological niche and the transmission strategy can differ dramatically among
the various families and their subsequent genera. For example, viruses within the Orthohantavirus
genus (family: Hantaviridae) infect vertebrates and are primarily transmitted through contact with
infectious animal excreta, whereas members of the genus Tospovirus are plant viruses biologically
transmitted by thrips. Indeed, the order Bunyavirales contains viruses that are transmitted between
arthropods and vertebrates (arboviruses), arthropods and plants, vertebrates only, and arthropods
only. Viruses in the genera Orthobunyavirus, Orthonairovirus, and Phlebovirus are all transmitted to
vertebrates by an arthropod vector and negatively impact human health. Orthobunyaviruses are
primarily transmitted by mosquitoes and biting midges, orthonairoviruses by ticks, and phleboviruses
by phlebotomine sand flies, with the notable exceptions of Rift Valley fever virus which is transmitted
by mosquitoes [1], Severe Fever with Thrombocytopenia Syndrome virus (SFTSV) which is transmitted
by ticks [2], and Heartland virus (HARV) which is also transmitted by ticks [3].

Transovarial transmission (TOT), the transmission of an infectious agent from parent to offspring
via infection of the developing egg which subsequently results in infectious adult arthropods, is an
important transmission mechanism among viruses in the order Bunyavirales. While several bunyavirus
genera use TOT as an important mechanism to maintain themselves in nature, this review will focus on
TOT in genera Orthobunyavirus and Phlebovirus due to the overwhelming evidence of TOT of viruses
within these two genera and the impact these viruses have on human health. The purpose of this
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review is to summarize the key finding of research performed to-date on TOT and identify critical
research gaps important for further understanding the ecological significance of this strategy for
arbovirus maintenance and control.

Several terms circulate among literature involving vertical transmission and a proper
understanding of them is necessary to communicate ideas clearly within the field. Here we provide a
list of relevant terms and their definitions. Vertical transmission: transmission of an agent from parent
to progeny regardless of mechanism; transovarial transmission: vertical transmission, from female
to progeny, whereby the developing ovum is infected and the agent is present in the interior of
the egg; transovum transmission: vertical transmission, from parent to progeny, where the agent is
transferred to the developed egg and either the egg is infected during insemination or an immature
may be exposed while hatching; transovarial transmission rate: the percent of infected females that
are transmitting to their progeny; and filial infection rate: the proportion of infected progeny from a
single infected female transmitting virus vertically. Throughout this review we will apply these terms
as defined above even if the article uses differing terminology.

Due to the nature of this review organizing its structure based on taxonomic relationships of
viruses in the order Bunyavirales, it is important to note that the International Committee on Taxonomy
of Viruses (ICTV) has recently reclassified the family Bunyaviridae to the order Bunyavirales [4].
Accompanying this change is a restructuring of previously speciated viruses as strains of the same
virus species. This review will treat viruses that were classically recognized as species as individual
entities due to significant and important differences in their ecologies [5]; however, we will also note
where there is harmony among this new taxonomic organization. We will also employ the classical
serogroup distinctions in the review’s organization because it provides a good understanding of
relatedness that is not captured in the typical taxonomic classifications.

2. Genus Orthobunyavirus

2.1. California Serogroup

The California Serogroup is one of the most widely studied groups of viruses in the context of
TOT. Nearly all members of this serogroup undergo TOT, and is a critical mechanism for member
viruses to maintain themselves in nature. Interestingly, because of the diverse ecologies of these viruses
and, thus, the specific obstacles they must surmount to persist in nature, the uses of TOT are varied
and diverse as well.

2.1.1. La Crosse Virus

La Crosse virus (LACV) circulates in North America and can cause severe encephalitis, particularly
among individuals younger than sixteen years of age [6]. LACV is maintained primarily between
Aedes (Protomacleaya) triseriatus Say, Thomas mosquitoes, and small mammals [7-11]. The mechanisms
and efficiency of LACV transmission horizontally, vertically, and venerally by mosquitoes have been
exceptionally well characterized. Foundational studies on the transmission mechanism of LACV by
Ae. triseriatus provide a model system through which to compare TOT by other virus and vector taxa.

The first evidence for TOT as an overwintering mechanism for LACV was the discovery of
virus-positive Ae. triseriatus larvae collected in the summer of 1972 in Iowa Co., WI, USA [12].
This finding prompted a series of studies that established TOT of LACV as the primary mechanism of
overwintering during its transmission cycle. The studies conducted by Watts et al. (1973) were seminal
in answering key questions regarding the cycling of LACV between vertebrate and TOT cycles, and the
mechanism through which TOT occurs [13,14]. These studies experimentally demonstrated that (1) F;
offspring infected with LACV transovarially were capable of infecting a vertebrate host by bite, and (2)
that mosquitoes transmitting LACV horizontally were also transmitting LACV vertically through the
interior of the egg [13,14]. Additional supporting evidence confirmed that a proportion of female
Ae. triseriatus mosquitoes reared from field-collected larvae were naturally infected with LACV and
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capable of transmitting the virus to a susceptible host [15]. This finding was further corroborated by
detection of LACV antigen in the salivary glands of day 1 emerged adults via fluorescent antibody [16].
Additionally, ovaries of parental mosquitoes were positive for LACV antigen via IFA, implicating
TOT as a primary driver of vertical transmission [16]. Furthermore, LACV transovarially passaged
serially in mosquitoes for eight generations remained infective in one- to two-day-old suckling mice,
thereby establishing that LACV could persist in nature for approximately four years or longer in the
absence of horizontal transmission and remain capable of infecting vertebrates, thereby reestablishing
a horizontal transmission cycle [17]. Collectively, these studies demonstrated the importance of TOT
as an efficient mechanism for both enzootic maintenance and overwintering for LACV.

Filial infection rates were found to differ dramatically in Ae. triseriatus based on ovarian cycle
when mosquitoes were infected via bloodmeal. Upon the first ovarian cycle 0% of larvae were positive
for LACV; however, upon the second and third ovarian cycles 43% and 58% of larvae, respectively,
were found infected with LACV [18]. The finding that filial infection rates increase suggests that the
ecology of LACV relies on TOT. Additionally, the observation of increased rates of infected progeny
with successive ovarian cycles was corroborated by demonstrating increased infection rates in ovarian
and oviduct tissue following second and third noninfectious bloodmeals after an initial infectious
bloodmeal [19]. Moreover, infection of LACV did not have any adverse effects on reproductive capacity
in Ae. triseriatus as indicated by no significant differences in body size, sex-ratio, hatching success, time
to ovarian maturation, or fecundity among transovarially infected and uninfected Ae. triseriatus [20].
Understanding the intricacies of virus-vector interactions during these sequential blood feeding cycles,
and how mosquito infection with LACV carries no fitness cost while TOT efficiency increases remains
an important area of research that does not appear to have been pursued recently.

In terms of developmental associations between Ae. triseriatus and LACV in developing mosquito
larvae and pupae, no definite organ or germ layer is the sole source of infection [16]. Larvae contained
the highest viral loads in the alimentary tract (including salivary glands), followed by ganglia,
Malpighian tubules, and muscles. Notably, the salivary glands of larvae were found to be infected as
early as the second instar. Pupae showed a similar tissue tropism with virus primarily being found in
the foregut; notably virus was also found in gonadal and associated tissues and, as with the larvae,
in the developing salivary glands [16]. The presence of virus in the salivary glands during larval
and pupal development is critically important, as it supports the findings that mosquitoes are, upon
eclosion, immediately capable of transmitting LACV by bite [17]. Furthermore, because virus is already
established in germline tissue pre-eclosion very little development would have to occur to facilitate
TOT. Mechanisms of establishing an infection that proceeds to TOT within the ovaries and other
reproductive tissues during the first ovarian cycle of an infected female warrants further investigation.

Another non-classical means of arbovirus transmission via the venereal route, where an infected
male passes the virus to a naive female. LACV does undergo venereal transmission because males can
be infected with LACYV as a result of TOT [16]. As such, venereal transmission also plays a role in the
maintenance of LACV. Interestingly, rates of venereal infection and resulting oral and TOT transmission
rates by female mosquitoes mated to an infected male mosquito were found to be significantly greater
if females were infected post-bloodmeal [21]. These data support the idea that establishment of LACV
infection and transmission efficiency is associated with the physiological changes taking place during
a gonotrophic cycle.

Attempts to determine if transovarial transmission of LACV occurs in other species of mosquitoes
have generally been unsuccessful with few exceptions. Aedes (Och) atropalpus (Coquillett) is a
rockhole-breeding mosquito normally found in eastern Canada and the eastern United States along
the Appalachian range with limited populations in Minnesota, Wisconsin, and Michigan [22],
which underwent a significant geographic expansion in the late 1970s and early 1980s into Indiana and
Ohio [23], Kentucky [24], and New York [25] via the colonization of discarded tires. This geographic
expansion into LACV-endemic regions prompted investigations assessing the vector competence
of Ae. atropalpus for transmission of LACV. These studies showed similar rates of infection and
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transmission of LACV by Ae. atropalpus after oral exposure when compared to Ae. triseriatus [26].
Furthermore, similar rates of TOT were shown between Ae. triseriatus and Ae. atropalpus after infection
via the oral and intrathoracic routes [26]. While Ae. atropalpus exhibits attributes in the laboratory
that are favorable for being an efficient vector for LACV, no detection of LACV has been made from
field-collected Ae. atropalpus to date, thus leaving its role as a vector for LACV unknown. Recently,
Ae. (Stegomyia) albopictus Skuse was found infected with LACV in Dallas County, Texas indicating
a potential expansion in geographic range of LACV via Ae. albopictus [27]. A Hawaiian strain of
Ae. albopictus was also shown to be able to transovarially transmit LACYV, albeit only 2.7% of the progeny
were positive for LACV [28]. Another study showed TOT rates of Ae. albopictus, and Ae. (Stegomyia)
aegypti (L.) at 52% and 44%, respectively [29]. The differences in rates of TOT among Ae. albopictus
between these studies [28,29] is likely explained by variation among the strain of Ae. albopictus
evaluated. Future studies should map quantitative trait loci and followed by sequencing to determine
the genetic pattern of TOT in Ae. triseriatus.

The geographic range of LACV extends from the mid-west down the eastern seaboard and into
the southern states. While LACV is transmitted primarily by Ae. triseriatus throughout its geographic
range, the specific ecologies and behaviors of Ae. triseriatus can differ in important ways. For example,
in Florida Ae. triseriatus remains active throughout the year and does not enter diapause, thus having
an overwintering strategy is not as critical as it may be in the mid-west. From this difference in
geographies the question naturally arises: are Ae. triseriatus and LACV from the mid-west particularly
adapted to facilitate TOT of LACV, and conversely, is TOT of LACV by Ae. triseriatus from the south
less efficient? A study attempting to determine potential differences in TOT among Ae. triseriatus
from Wisconsin and Florida found no significant differences in the rate of TOT between the two
mosquito strains [30]. However, comparing TOT rates among Ae. triseriatus populations may not be
the best means to determine the contribution of mosquito genetic background to the efficiency of TOT
of LACV. When TOT in Ae. triseriatus is selected against, filial infection decreased from 18% to 3%
in only three generations; however, when the reciprocal experiments were conducted (selecting for
permissive TOT) no significant change in the average filial infection rate occurred [31]. Additionally,
in a follow up study, three quantitative trait loci were found to play a role in the permissiveness of
TOT in Ae. triseriatus [32]. These studies clearly establish a link between genetic factors within the
mosquito and its permissiveness to TOT. Due to the predisposition Ae. triseriatus has toward the TOT
of LACYV, it may be a decent model to study TOT in arboviruses where the enzootic vector is difficult
to maintain in a laboratory setting. Additional work designed to determine the role of environmental
and viral genetic factors that play a role in TOT should be conducted.

2.1.2. California Encephalitis Virus

California encephalitis virus (CEV) was first discovered in Kern County, California in 1943 and
has been isolated or detected in several mosquito species in the genera Aedes, Culiseta, and Culex [33].
CEV cycles among a variety of vector species (discussed below) and vertebrate hosts; vertebrate
hosts likely include California ground squirrels (Spermophilus beecheyi (Richardson)), but may also
include various species of lagomorphs (Sylvilagus spp. and Lepus spp.) [34]. Evidence of vertical
transmission was first found during studies in Butte Lake, Utah where virus isolations were made
from Aedes (Ochlerotatus) dorsalis (Meigen) larvae [35]. Furthermore, Ae. (Ochlerotatus) melanimon
Dyar and Culiseta inornata Felt (host-seeking females, males, and adults reared from field-collected
immatures during the summer) tested positive for CEV, providing additional evidence for vertical
transmission in nature [36]. Finding evidence of vertical transmission and persistence of CEV through
the various life-stages (transstadial transmission) of two disparate mosquito genera (Aedes and Culiseta)
indicates that the virus genetic background is likely a critical factor in determining a virus’ ability
to transmit vertically. Moreover, because Cs. inornata overwinters during immature life-stages, it is
possible CEV could use TOT as a potential overwintering mechanism. However, the authors collected
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immatures during all months except November, December, January, February, and March and only
found immatures infected with CEV during the summer months [35].

The first laboratory experiments conducted to confirm TOT as a potential overwintering
mechanism for CEV utilized intrathoracic inoculation as a route of infection for Ae. dorsalis and
Ae. melanimon and subsequent testing of progeny for virus; these experiments showed 16.5% and 18.0%
of F; female Ae. doralis and Ae. melanimon, respectively, were positive for virus [37]. Furthermore,
additional experiments specifically attributed the mechanism of vertical transmission of CEV to TOT
by treating the eggs from infected females with 1% bleach and 70% ethanol, followed by 10 min rinsing
under water, rearing the eggs to adults, and testing the adults for virus [37]. Experiments also showed
that the proportion of infected progeny was not affected by fluctuations in ambient temperature during
egg storage prior to hatching, nor did virus infection acquired through TOT affect survival rates
of embryos, larvae or adults; however, transovarially-infected larvae took longer to develop than
uninfected larvae [37]. The gonotrophic cycle of parental female mosquitoes is an important factor
when considering the efficiency of TOT, as filial infection rates of CEV in Ae. melanimon and Ae. dorsalis
were highest among the progeny of the first gonotrophic cycle (21.2%) with declining infection rates
after each additional gonotrophic cycle (14.2% and 13.2% for the second and third gonotrophic cycles,
respectively) [38]. However, it is critical to note that IT inoculation bypasses the midgut infection and
escape barriers and provides a disseminated infection immediately after injection. Thus, drawing firm
conclusions of declining infection rates in relation to gonotrophic cycle is difficult. Additional studies
that infect mosquitoes orally and provide additional noninfectious after oral exposure would give
researchers a better understanding of the relationship between gonotrophic cycle and infection rates.

In a study that tested Californian mosquitoes from different ecological zones within California, all
mosquitoes showed susceptibility to TOT when inoculated with CEV intrathoracically (as conducted in
previous studies); oral infection experiments were also performed on Ae. (Och.) squamiger (Coquillett)
and Cs. inornata. Comparing minimal filial infection rates (MFIR, calculated from pooled progeny
adult mosquitoes) between IT inoculated and blood-fed mosquitoes indicated a significant drop in the
proportion of progeny infected in group that received the infectious blood meal as compared to those
infected by IT inoculation. Specifically, the MFIR was 1:26 in inoculated Ae. squamiger mosquitoes and
dropped to 1:245 in those which were blood fed, and from 1:144 in IT inoculated Cs. inornata to <1:193
in blood fed Cs. inornata [39]. Furthermore, the dissemination rate for blood-fed Ae. squamiger and Cs.
inornata were 13% and 18% [39], respectively, showing that while developing a disseminated infection
is obviously crucial, it is not the only factor in determining a mosquito’s ability to transovarially
transmit the virus. While these studies indicate that IT inoculation artificially increases the rate of TOT
via bypass of the midgut infection and escape barriers, the data obtained in mosquitoes exposed to
CEV through an IT inoculation remain ecologically significant as infection and escape of the midgut is
not the only factor in determining the ability or efficiency of TOT.

To better understand the genetic determinants of TOT in CEV, eleven CEV strains isolated from
Ae. melanimon in various localities in California showed different efficiencies of TOT [38]. This study
also tested one strain of CEV in several different strains of Ae. melanimon and showed differing
efficiencies of TOT dependent on the mosquito population. These results demonstrated that by
changing the genetic composition of the mosquito or virus, the efficiency of TOT was altered, indicating
that both the mosquito and virus engage in a critical genetic synergy for TOT to occur.

For field populations of Ae. dorsalis, TOT of CEV seems to be dependent on a subset of the
population of infected females to develop stabilized infections where filial infection rates reach 100%
and infected progeny also have 100% filial infection rates [40]. When females that produce filial
infection rates at 100% were mated with males from a “low transmitting colony” the filial infection
rate remained greater than 90% [40]. This could be explained by the hypothesis that TOT of CEV
is independent of genetic factors variable within the mosquito population, thus, this transmission
mechanism is perpetuated by the stochastic development of a stabilized infection in the germline
tissue of the mosquito. However, this study was limited in two ways: (1) the genetic factors controlling
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development of stabilized infections could be sex-linked, researchers would need to backcross the
heterozygote F; females to the homozygous recessive males from the “low transmitting colony” and
determine infection persistence to address this issue; and (2) the underlying genetic factors controlling
possible stochastic mechanisms that lead to stabilized infection were not truly tested as only the
progeny of female mosquitoes that were already stably infected were mated with males from the
“low transmitting colony” were tested. It could be the case that once the germline tissue is infected
persistence of the infection is independent of the factors determining the formation of a stabilized
infection in the context of a disseminated virus infection in the mosquito. Importantly, a similar
phenomenon was observed with LACV discussed below [41].

These studies on vertical transmission of CEV are valuable in that field evidence for this
phenomenon in both Aedes and Culiseta mosquitoes is supported by laboratory studies that evaluated
the mechanisms and efficiency by which TOT occurs in each of these mosquito genera. However, while
field evidence supports species in both genera being involved in maintenance of CEV through TOT,
laboratory evidence suggests the relative importance of these mosquito species likely varies between
species, as well as the specific ecosystem.

2.1.3. Jamestown Canyon Virus

Jamestown Canyon virus (JCV) occurs throughout temperate North America [42]. The first
evidence of vertical transmission is attributed to a study on the epidemiology of LACV in Gambier,
Ohio, during which JCV was isolated from adult Ae. triseriatus which had been raised from
field-collected eggs [43]. Furthermore, JCV has been isolated from adult male Ae. (Och.) stimulans
Walker in Northern Indiana [44], immature Ae. (Och) cataphylla Dyar in the Sierra Nevada Mountains,
and from Ae. (Rusticoidus) provocans (Walker) and Ae. (Och.) abserratus (Felt and Young) [45], all of
which provides strong field evidence that vertical transmission plays an important role in the enzootic
maintenance of the virus.

Experimental verification of vertical transmission was demonstrated by intrathoracically
inoculating mosquitoes that inhabited alpine, costal, and Central Valley localities in California and
measuring the proportion of infected F; adults and/or larvae [46]. Of the alpine mosquitoes tested,
Ae. (Och) tahoensis Dyar demonstrated the highest filial infection rate with mean filial infection rates
(MeFIR) of 1:4, whereas adult Ae. cataphylla demonstrated MeFIR of <1:17. For the costal mosquitoes,
Ae. squamiger adults showed the highest rates MeFIR of 1:4. However, the infection rate was dependent
on larval incubation temperature; when Ae. squamiger larvae were reared at 10 °C (normal rearing
temperature was 20 °C) the MeFIR dropped to 1:11. Lastly, Cs. inornata collected from the Central
Valley, demonstrated a MeFIR of 1:4 [46]. A similar effect was observed with Ae. dorsalis and CEV,
when larval rearing temperatures were decreased a reduction in MeFIR was observed [37]. Although,
these experiments, nor any others, tested specifically for TOT by treating the eggs with a disinfectant
to eliminate the possibility of transovum transmission, it is extremely likely that TOT is the mechanism
of vertical transmission given the nature of the viruses within the California encephalitis serogroup.

2.1.4. Trivittatus Virus

Trivittatus virus (TVTV) was first isolated in Bismarck, North Dakota in 1948 and has since shown
to be widely distributed throughout North America particularly in the Mid-West via repeated isolations
from Ae. trivittatus [47]. While humans are exposed to the virus, as evidenced by serological studies,
little is known about the consequences of infection [48]. Evidence of TOT of TVTV in Ae. trivittatus
was first reported when virus was successfully isolated from 1st brood larvae, supporting TOT as
an overwintering mechanism for TVTV [49]. In the laboratory, filial infection rates of orally infected
Ae. trivittatus females were 19%, 23%, and 10% in larvae, female, and male mosquitoes, respectively [50].

While TVTV falls into the California encephalitis serogroup, it serves as an intermediate between
the California encephalitis serogroup and the Bwamba/Pongola serogroup. To date, there is no
evidence of TOT occurring among viruses recognized as members of the Bwamba/Pongola serogroup;
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however, this could be due to a lack of collected data. If indeed members of the Bwamba/Pongola
serocomplex are not transovarially transmitted, then comparative genetic studies between TVTV
and members of the Bwamba/Pongola serogroup could be useful for elucidating the viral genetic
determinants of TOT among the Orthobunyaviruses.

2.1.5. Snowshoe Hare Virus

Evidence of TOT in Snowshoe hare virus (SSHV) was first found in the Yukon Territory of Canada
in May of 1974, where an isolate of SSHV was made from an Aedes spp. larvae [51].

While this evidence suggests TOT may be an available mechanism of overwintering for the virus,
overwintering may be accomplished through other mechanisms or a combination thereof.

For example, the same study conducted an experiment showing that adult female Cs. inornata
were susceptible to virus infection and demonstrated antigen in their salivary glands out to 138 days
while held at 0 °C [51], indicating another possible overwintering mechanism. Additional evidence for
TOT of SSHV came in 1976 with the isolation of SSHV from Ae. (Och) implicatus Vockeroth larvae in
Saskatchewan [52]. Field isolations of SSHV from multiple species of mosquitoes that inhabit northern
latitudes, including from larval stages, is highly suggestive that the enzootic maintenance strategies
utilized by SSHV also incorporate vertical transmission by mosquito vectors. It is worth noting that
neither of these articles pursued studies where eggs from infected females were surface disinfected
and hatched to rule out transovum transmission but given the pattern of TOT among the California
serogroup, assumption of TOT is not unreasonable.

In order to assess viral genetic determinants of TOT, Ae. triseriatus and Cs. inornata were
compared in their ability to transmit LACV and SSHYV vertically [53]. As expected, LACV was
efficiently transmitted vertically with 53% of Ae. triseriatus females transmitting the virus transovarially.
SSHYV was also transmitted vertically by adult Cs. inornata females (the presumed primary vector for
SSHV) at a rate of 89% (though sample sizes were low with only nine mosquitoes tested). After these
baselines were established, LACV /SSHYV reassortant viruses were used to determine which virus
genome segment(s) governed TOT. Significantly, the results from this experiment showed that viruses
containing the M segment of LACV were most efficiently transmitted by Ae. triseriatus, indicating
that viral genetic determinants critical for TOT are most likely encoded on the M segment [53].
The significance of the role of the M segment is consistent among findings that indicate that the NSm
gene of Rift Valley fever virus is critical in allowing for virus replication and dissemination from the
midgut of Aedes aegypti mosquitoes [54]. Notably, the mosquitoes infected with reassortant viruses were
inoculated via the intrathoracic route indicating that genetic determinants on the M segments, likely
NSm, play a critical role beyond facilitating midgut infection and dissemination, including infection
of ovarian tissue and, subsequently, developing eggs. This hypothesis was further supported by a
study that reared field collected Ae. triseriatus eggs and classified subsets of the collected mosquitoes
as super-infected (containing infectious virus and large accumulations of viral antigen and RNA),
infected (no detectable infectious virus and lesser amounts of viral antigen and RNA), and non-infected
(no detectable infectious virus, antigen, or RNA) [41]. The study found that the NSm gene differed by
four amino acid changes from the super-infected subset as compared to the other subsets. The results
from these studies show that virus evolution plays a significant role in the development of efficient
TOT and is likely specific based upon the enzootic vector(s) the virus co-evolved with.

2.1.6. San Angelo Virus

San Angelo virus (SAV) was originally isolated in Texas from a pool of Anopheles pseudopunctipennis
Vargas mosquitoes in 1958 [55]. To date, no field evidence of TOT has been presented for SAV; however,
experimental TOT of SAV among Ae. albopictus has become a crucial model system for elucidating
the traits and mechanisms of TOT among bunyaviruses. Initial studies sought to determine which
mosquito species were capable of transovarially transmitting SAV. Aedes (Adm) vexans Meigen (Kahua
strain), Culex (Cx.) quinquefasciatus Say (Kilihau strain), and Toxorhynchites amboinensis Doleschall (Oahu
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strain) were all refractory to TOT, only Ae. albopictus was able to vertically transmit the virus [56].
To characterize intraspecies variation in TOT efficiency, populations of Ae. albopictus collected from
Taipei, Pontianak, Hong Kong, Oahu, Chon Buri, Korea, and Tokyo were assessed for their capacity
to transmit SAV vertically. All populations yielded a percentage of infected progeny between 22.7%
and 8.0%, except for the Tokyo population which had a 2.7% progeny infection rate [56]. Overall,
all populations of Ae. albopictus tested showed a certain degree of permissiveness to TOT. Furthermore,
serial passage of SAV via TOT did not significantly affect the rate of TOT, nor did drying the eggs and
holding them for three months at 28 °C or altering the larval rearing temperature (held at various
gradations between 20 and 32 °C). Additionally, no difference in development rate was found between
the progeny of infected and uninfected parents [56].

Further studies were conducted in order to determine the general mechanism of TOT of SAV by
Ae. albopictus. To determine inheritance patterns of TOT, a colony of Ae. albopictus was selected such
that the TOT rate and FIR both approached 100% [57]. Maternal inheritance was determined to be the
mechanism of TOT, as the infection status of the parent male was of no consequence. One important
insight resulting from these studies was that the transmission pattern of SAV in Ae. albopictus was
similar to that of sigma virus in Drosophila melanogaster, and the authors hypothesized that some
Ae. albopictus females that were selected for their ability to transmit SAV transovarially developed
a chronic infection in their germinal cells [57], not unlike the similar observation with CEV [40].
To follow up on this hypothesis, ovaries from chronically-infected Ae. albopictus were examined by
immunofluorescence assay (IFA) in order to determine the tissue tropism of SAV during various stages
of development in the mosquito [58]. Viral antigen was not seen in the germarium at any stage of
ovarian development. Though, antigen was found in the follicular epithelium, nurse cells, and oocytes
(which all arise from the germarium) during the second and third stages of ovarian development.
Antigen was found in the oviduct and ovariole sheath immediately after emergence, indicating that
infection does not initiate in the germ cells, although it is possible that SAV is present in the germ cells
at undetectable levels. Notably, after female mosquitoes imbibed a blood meal, a rapid accumulation
of viral antigen was observed in developing oocytes. The best supported hypothesis for the sequence
of infection that allows for TOT of SAV by Ae. albopictus is that the virus enters the oocyte through the
follicular epithelium from surrounding non-ovarian structures, which is a common mechanism used
for other transovarially transmitted endosymbionts of insects [59,60].

2.1.7. Tahyna Virus

Much like the case for other orthobunyaviruses, evidence for TOT of Tahyna virus (TAHV) came
from the isolation of virus from field collected Culiseta annulata (Schrank) larvae in south Moravia in
1974 [61]. One study that assessed the ability of Aedes (Och) caspius (Pallas) to transovarially-transmit
TAHV failed to demonstrate infection of any F; generation mosquitoes [62]. However, laboratory
demonstration of TOT was shown with Aedes vexans Meigen [63]. Additionally, Ae. aegypti was shown
to be permissive to TOT of TAHV [64].

2.1.8. Keystone Virus

Keystone virus was shown to transmit vertically in Ae. (Och) atlanticus Dyar and Knab mosquitoes
through field collections during 1972 and 1973 on the Delmarva Peninsula, located on the eastern
seaboard of the United States [65]. Ae. atlanticus females lay their eggs in depressions that are
periodically flooded during high rainfall events. Field efforts were organized around rainfall events
to maximize collection of larvae post-rainfall. Larvae were either tested or reared to adults and then
tested. Results yielded an infection rate of 1:518 in field collected larvae and infection rates ranging
from 0:660 to 1:345 in field collected larvae raised to adult females (the disparity in infection rates is
due to a difference in sampling sites) [65].
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2.2. Bunyamuwera Serogroup

Only two viruses within the Bunyamwera serogroup have been assessed for their ability to
undergo TOT: Cache Valley virus (CVV) and Northway virus (NORV), both in Cs. inornata (a laboratory
colony for the CVV study and field caught immatures for the NORV study). These studies showed
very low rates of TOT, CVV had a TOT rate of 0.15% to 0.40% and NORYV showed a FIR of 1:248 [66,67].
Field evidence for TOT among members of the Bunyamwera serogroup is lacking and should be
further studied to better understand their ecology.

2.3. Simbu Serogroup

Much investigation remains to be completed for viruses in the Simbu serogroup. However,
noteworthy field evidence for TOT exists for a couple of viruses within this group.

2.3.1. Akabane Virus

Akabane virus (AKAV) was first isolated from Ae. vexans and Cx. (Cux) tritaeniorhynchus Giles
mosquitoes in 1959 in the village of Akabane (and other villages) of the Gunma Prefecture, Japan [68].
While adult animals do not usually develop symptoms upon infection, AKAV can cause abortions,
stillbirth, and congenital deformities in sheep, cattle, and goats [69]. Although these first isolations
were from mosquitoes, the primary vector of AKAV appears to be biting midges in the genus Culicoides
(consistent with other members of the Simbu serogroup), and experiments that implicate mosquitoes
as a vector for AKAV simply have not been conducted. However, several subsequent studies have
implicated several Culicoides species as vectors for AKAV [70]. While it is possible that mosquitoes act
as a biological vector for AKAYV, it is also possible that researchers only collected engorged mosquitoes
that recently fed on a viremic host. More studies are needed to implicate mosquitoes in the transmission
of AKAV. Attempts have been made to investigate TOT as part of the natural transmission cycle of
AKAV by collecting and testing immature C. brevitarsis in Australia, but no successful isolations have
been made to date [71]. Akabane virus was also once considered a select agent with USDA-APHIS,
but was removed from the list in 2012 along with several other animal pathogens. Select agent status
creates additional biosafety challenges and considerations for working with pathogens under this
classification and could be one reason why a significant amount of work has not been conducted with
this virus. Future research should revisit the role of mosquitoes as vectors of this virus, particularly
those that utilize livestock as blood hosts, and experimentally test the efficiency of TOT by key
vector groups.

2.3.2. Schmallenberg Virus

Schmallenberg virus (SBV) was recently discovered in 2011 during outbreak in Europe [72].
As with most members of the Simbu serogroup, the primary vectors are Culicoides midges [73].
Evidence of TOT for SBV came from field collections of midges that were separated into pools based
on species and parity status [74]. The study used a duplex qRT-PCR for the detection of SBV S segment
and 18S gene fragments. Among nulliparous (not having developed eggs yet) midges, the infection
rate was 10.8% [74]. While, this relatively high rate of infection among newly-emerged midges is
highly suggestive that some vertical transmission mechanism may play a role in the maintenance of
SBV, qRT-PCR does not confirm the presence of virus, it only confirms the presence of viral RNA and
should be confirmed via plaque assay.

3. Genus Phlebovirus

3.1. Rift Valley Fever Virus

Rift Valley fever virus (RVFV) is a human and veterinary pathogen transmitted by mosquitoes.
RVFV is endemic to Africa and has been associated with large outbreaks of severe disease in parts of
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Africa and the Arabian Peninsula [75]. A main characteristic of RVFV outbreaks is extensive mortality
and abortion among infected livestock animals [76]. Human cases arise from either the bite of an
infected mosquito or contact with contaminated livestock tissues. While the majority of human cases
are self-limited, a small portion can progress to more severe disease manifestations including hepatitis,
retinitis, or delayed onset encephalitis. Additionally, severe symptoms can progress to hemorrhagic
manifestations which result in a high case fatality [76]. RVFV is a particularly important pathogen due
to its proven ability to expand its geographic range and cause epizootic events in geographically naive
areas. For this reason, understanding the transmission cycle of RVFV in areas where it is endemic
and potential transmission cycles in areas where it hasn’t yet reached is of critical importance for the
control and prevention of this arbovirus.

The transmission cycle of RVFV is closely tied to its environment, with TOT supposedly playing a
critical role in maintenance of the virus between inter-epizootic periods (IEPs). Periods of high virus
activity are closely correlated with periods of heavy rainfall, with El Nino Southern Oscillation being a
likely indicator (about every six years), likewise IEPs are correlated with periods of low-to-normal
rainfall [77,78]. This correlation of virus outbreaks with rainfall is due to mass emergences of floodwater
Aedes spp. mosquitoes occurring in low-lying areas, dambos, where eggs had been laid, awaiting a flood
event to trigger hatching. Evidence that TOT plays a crucial role in the enzootic maintenance of RVFV
was obtained when RVFV was isolated from adult male and female Ae. (Neomelaniconion) mcintoshi
Huang (formerly recognized as Aedes lineatopennis) mosquitoes that were reared from field-collected
larvae and pupae in Kenya during an IEP [79]. During periods of heavy rainfall, the dambos are flooded
into their vegetated periphery where the floodwater Aedes spp. mosquitoes lay their eggs. The infected
eggs hatch and develop resulting in a bloom of infectious floodwater Aedes spp. mosquitoes.
This bloom of infectious mosquitoes then precipitates an epizootic which involves wild vertebrate
hosts, ruminants, humans, and Culex spp. and other mosquitoes acting as spillover vectors [80].
The infectious floodwater Aedes spp. mosquitoes then oviposit their infected eggs in the same dambos
which, when flooded, will result in another epizootic event, thus perpetuating the transmission cycle.

Apart from the evidence provided by the field collections in the 1980s, little more has been done to
understand TOT of RVFV. This lack of research is mostly due to the inability to generate a stable colony
of floodwater Aedes spp. mosquitoes from Africa with which to conduct the research [81]. Many studies
have been conducted to assess the vector competence of mosquitoes from non-endemic areas for RVFV,
which was recently reviewed [82]. Several North American mosquito species were emphasized as
having a high potential for efficient RVFV transmission: Ae. (Och) canadensis Theobald, Ae. (Fin)
japonicus japonicus (Theobald) Ae. (Och) taeniorhynchus (Weidemann) Coquillettidia (Cq) perturbans
(Walker) Cx. (Cux) pipiens L., Cx (Cux) tarsalis Coquillett, and Psorophora (Jan) ferox (Von Humboldt).
However, none of the studies that assessed the vector competence of these mosquito species determined
if TOT was a potential aspect of their transmission of RVFV [83-86]. Turell and colleagues (1990) did
assess transstadial transmission of RVFV by exposing Cx. pipiens, Ae. circumluteolus, and Ae. mcintoshi
to RVFV as larvae via the oral route, the Cx. pipiens were derived from a colony and the Aedes spp.
mosquitoes were collected as eggs from dambos in a RVFV endemic area [87]. Following exposure to
RVEFV the larvae yielded infection rates of 9% for Cx. pipiens and 8% for the Aedes spp. mosquitoes
(they were only identified to the subgeneric level). Greater than 1000 adults, reared from the same
Aedes spp. eggs, were not positive for RVFV indicating the likelihood that the eggs tested were not
infected prior to the RVFV treatment as larvae. Larvae were also subjected to differing incubation
temperatures and found higher rates to infection in 22 °C water than 30 °C water.

Determining the efficiency by which RVFV can be maintained vertically by African as well as
North American mosquito species is critically important to understanding how this virus is maintained
in areas of endemicity, as well as how it might establish in more temperate vector populations
in the event of an introduction. Furthermore, a similar undertaking should be taken for potential
introductions of RVFV in South America with a focus on Sabethes in addition to Aedes and Culex
mosquitoes [88].
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3.2. Sand Fly-Borne Phleboviruses

Compared to other arboviruses transmitted by ticks and mosquitoes, the sand fly-borne viruses
in the genus Phlebovirus are relatively understudied and much of the specific information regarding
TOT come from the same publications. For this reason, we have summarized pertinent research
findings under one heading rather than dividing the group into its individual viruses. The majority of
phleboviruses are transmitted by phlebotomine sand flies and cause a disease collectively referred to
as Phlebotomus fever. Presumptive evidence of vertical transmission of phlebotomus fever by sand
flies, or “sandfly fever virus” was first reported by Whittingham and again by two Russian groups in
1924, 1937, and 1938, respectively [89-91].

One study fed Phlebotomus papatasi Scopoli on patients with sandfly fever, no later than 20 h
after onset of disease symptoms, and collected the resulting eggs and reared them to adults [89].
The resulting F; generation was allowed to feed on human volunteers in an attempt to reproduce
the disease; as a control, a group of volunteers were inoculated with the blood of the patients the
parental sandflies were allowed to feed upon. As would be expected, the control volunteers all
produced infection, defined by febrile symptoms, and volunteers receiving bites from the F; sand
flies experienced disease symptoms, though development of infection appears to be dependent on
the amount of time between egg laying and infective blood feeding of the parental generation [89].
The specific viruses tested in these experiments are unknown because serological techniques to identify
the virus were not yet developed.

TOT among sand fly-borne phleboviruses is critical to the maintenance of these viruses in nature.
Phlebotomine sand flies ingest a minute quantity of blood when they feed (0.3-0.5 uL), which means
that in order to ingest one virus particle, the viremia in the vertebrate host must be at least 4 log1g
PFU (plaque forming units)/mL [92,93], though one infectious particle doesn’t necessarily correlate
to one PFU. These physical constraints present a selective advantage to the virus for an alternative
mechanism of transfer between flies. In an experiment where volunteers were infected with a virus
isolate of the Sicilian serotype of sandfly fever virus, the viremia lasted less than 48 h and never
exceeded 3.4 logjp PFU/mL, making the probability of infection by sand flies feeding on a viremic
humans extremely low [93,94]. Furthermore, under laboratory conditions, Toscana virus was able to be
maintained vertically for 15 generations of Phlebotomus perniciosus Newstead without any significant
reductions in filial infection rate [95]. Field collections have also indicated TOT to be an important
mechanism among these viruses. Isolations from adult male sand flies have been made for Punta Toro,
Aguacate, Cacao, Sicilian, Karimabad, Pacui, Ariba, and Toscana viruses [96-99]. Systematic studies to
understand each individual virus’ efficiency at TOT were conducted; the results are summarized in
Table 1.

Table 1. Filial infection rates of sand fly-borne Phleboviruses.

Virus Vector Species Percent of F; Progeny Infected Reference

Arbia virus Phlebotomus perniciosus 20.7 [100]
Karimabad virus Phlebotomus papatasi 60.0 [100]
Pacui virus Lutzomyia longipalpis 32.9 [100]
Saint Floris virus Phlebotomus papatasi 6.3 [100]
Sicilian Phlebotomus papatasi 15 [100]
Toscana Phlebotomus perniciosus 30.1 [100]
Arboledas virus Lutzomyia gomezi 80.0 [101]
Rio Grande virus Lutzomyia anthophora 54.8 [102]

3.3. Severe Fever with Thrombocytopenia Syndrome Virus

Severe fever with thrombocytopenia syndrome virus is a newly discovered Phlebovirus that causes
a febrile illness with thrombocytopenia and leukocytopenia and has a case fatality rate between
10% and 30% [103,104]. The virus was initially found in China [103], but has now been found in
South Korea [105] and Japan [106]. Studies characterizing the ecology of SFTSV have detected the
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virus in Haemaphysalis longicornis, Neumann the longhorned tick, thus incriminating it as a potential
vector [103,107]. Importantly, H. longicornis has been introduced to the US and is now in several
states [108-110].

A recent report sought to determine if H. longicornis ticks were capable of transmitting SFTSV
through both vertical and transstadial routes [111]. Female H. lonicornis ticks were injected with
SFTSV or PBS and, following 12 days post-infection, ticks were allowed to feed on Balb/C mice
and maintained for egg laying. Eggs from infected females were separated so that each group of
eggs belonged to one infected female; subsequently, a proportion of eggs, larvae, engorged larvae,
nymph, engorged nymph, male adult, female adult, female hemolymph, male hemolymph, and male
saliva were all tested in pools of varying sizes. All parental ticks were positive for SFTSV indicating
successful inoculation and infection. Importantly at least a portion of every egg lay was positive for
virus, indicating that the rate of TOT approaches 100%. However, a decrease in infected females and
males is observed as the ticks progressed through their various life stages (44.0% and 36.0% of adult
female and male pools positive for virus), indicating that transstadial transmission barriers are present.
This study assessed infection status of ticks via qRT-PCR. Although the researchers did not test for
infectious virus in the ticks, seroconversions of Balb/C mice after being fed upon by the ticks supports
that these results represent actual transmission events.

3.4. Heartland Virus

Heartland virus (HRTV) was initially isolated from two adult male patients that were hospitalized
due to severe febrile illness in northwestern Missouri [112]. Due to the discovery, additional cases have
been reported, both fatal and non-fatal [113,114]. The two adult males, from whom the virus was initially
isolated, reported being bitten by ticks the week prior to symptom onset, thus prompting field studies to
identify potential vector species of the virus. These studies showed that only Amblyomma americanum (L.)
were positive for HRTV, all other ticks and mosquitoes tested were negative [3].

With A. americanum incriminated as a vector for HRTV, a series of laboratory experiments were
conducted to assess the virus’ ability to undergo vertical and transstadial transmission [115]. To assess
transstadial transmission, A. americanum tick larvae were immersed in a HRTV suspension and then
fed on a rabbit. Engorged larvae were allowed to molt to nymphs; 39% of nymphs were positive for
the virus. Remaining nymphs were fed on a rabbit and progressed to adults, adults were fed on a
rabbit again and eggs were collected. Remaining parental adults were tested for virus yielding an
infection rate of 54% and 33% in female and male ticks. Larvae from the parental females were then
tested for HRTV, of the 11 virus-positive females that laid eggs only five had larvae test positive for the
virus, indicating a TOT rate of 45% (5/11). Larvae were tested in pools, which makes FIR difficult to
determine; however, a majority of the pools tested from virus-positive females were positive for virus,
indicating that FIR may be high.

4. Conclusions

Through this literature review we have collectively shown that TOT among viruses in multiple
genera of the order Bunyavirales is common, and appears to be an extremely important aspect of
their maintenance in nature. We have described many representative viruses within the genera
Orthobunyavirus and Phlebovirus which undergo vertical transmission in a variety of arthropod vectors
including mosquitoes, sandflies, and ticks. Additional examples of TOT also exist for the nairoviruses
and tospoviruses which are not covered in this review. However, despite the ecological significance of
TOT, research into this mechanism has declined after the phenomenon was established in the 1970s
and 1980s. Few studies have sought to understand the underlying genetic determinants (on the part of
the vector and the virus), biological mechanisms, and evolutionary implications of TOT, apart from
some excellent work with SAV and LACV [31,32,56-58]. Important questions remain regarding TOT
among bunyaviruses as a group and for specific viruses within the order. With the ability to conduct
experiments utilizing modern molecular and computational techniques it is now possible to have
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a much more detailed and mechanistic understanding of this important transmission mechanism.
A useful means of synthesizing this data is presented in Table 2, where viruses are categorized against
experimentally elucidated determinants of TOT.

Table 2. Summary of known drivers of TOT efficiency with exemplary virus/vector pairs.

Driver Virus Vector Reference

Vector influences on TOT

SAV Ae. albopictus [56]
Gonotrophic cycle i
p y CEV Ae. melanlmon [38]
Ae. dorsalis
Venereal transmission LACV Ae. triseriatus [16,21]
' . CEV Ae. melammon [37]
Survival and development time Ae. dorsalis
SAV Ae. albopictus [56]
CEV Ae. dorsalis [40]
LACV Ae. triseriatus [41]
Cx. pipiens
RVFV Ae. circumluteolus [87]
Transmission barriers; vector competence Ae. mcintoshi
SFTSV H. longicornis (tick) [111]
HRTV A. americanum (tick) [115]
SAV Ae. albopictus [58]
LACV Ae triseriatus [16]
CEV Ae. melanimon [38]
Quantitative trait loci LACV Ae. triseriatus [31,32]
Maternal inheritance SAV Ae. albopictus [57]
Viral influences on TOT
M segment critical for TOT LACV Ae. triseriatus [53]
NSm deletion RVFV Ae. aegypti [54]
Amino acid residues in NSm LACV Ae. triseriatus [41]
Environmental influences on TOT
Persistence through interepidemic periods RVFV Ae. mcintoshi [79]
JCV Ae. squamiger [46]
Water temperature SAV Ae. albopictus [56]
Climate patterns/El Nino RVFV Ae. mcintoshi [78]

One important aspect toward a more comprehensive knowledge of TOT is understanding its
evolutionary origins. TOT appears to be quite ubiquitous among the bunyaviruses and understanding
whether TOT arose once or convergently during its evolutionary history would be informative.
This information would be useful in understanding the specific ecological constraints that must be in
place to allow for TOT to be selected. Many studies have shown that the relationship between virus and
vector is critical for efficient TOT, this seems to be suggestive that TOT is a result of convergent evolution
and the surrounding ecology puts significant pressure on the virus to develop a means of TOT. Figure 1
provides maximum likelihood phylogenies based on the amino acid sequences of the RNA-dependent
RNA polymerase (RDRP) for orthobunyaviruses and phleboviruses. These phylogenies seem to
provide further support to the convergent evolution hypothesis due to TOT appearing to arise from
disparate; however, more robust analyses need to be conducted. Many examples of TOT involve viruses
operating in temperate geographic areas where continual horizontal maintenance is not possible due
to winter months, thus the virus must develop a means of overwintering. While TOT is not the only
overwintering mechanism available, it seems to be one that is readily used among the bunyaviruses.
Furthermore, there may be some useful insights gained from studying ancestral reconstructions from
groups of viruses that have evidence of TOT, such as the California serogroup.
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by translating to amino acid, aligning using MUSCLE [116], and back translating to nucleotide. Columns in the alignment were removed where gaps contributed to
80% of the column composition using Trimal [117]. Substitution models were chosen with jModelTest2 (GTR I + I for both phylogenies) [118]. Trees were generated in
Mr. Bayes [119] with 5,000,000 steps, sampling every 1000 and discarding the first 10% as burn-in. Convergence was assessed by examining the stationary In-likelihood

and effective sample size (ESS, >200) parameters in Tracer v1.7.1 (BEAST, Auckland, New Zeland). Posterior probabilities reported on the trees are >0.9.
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An important gap that exists in our understanding of TOT is understanding the viral genetics
that underlie the process. Kading et al. (2014) found that when the NSm gene was deleted from the M
segment of RVFV vector competence was significantly reduced. Virus was prevented from entering,
replicating in, and escaping from midgut epithelial cells [54]. While wholesale deletion of the NSm
gene obviously cripples the virus’ ability to infect and disseminate within the mosquito, there may be
genetic determinants within the NSm gene that are specific to infection of the ovaries. Furthermore,
this correlates nicely with an earlier study observing recombinant LACV/SSHV and their ability to
undergo TOT, this study showed that the M segment was a critical determinant in the virus’ ability to
undergo TOT [53]. These two studies clearly show that experiments assessing genetic determinants
of TOT should be focused, at least in part, on the M segment. Additionally, having a comprehensive
understanding of the evolutionary origins and genetic determinants of TOT would provide important
insights regarding other groups of arboviruses that do not utilize TOT as a transmission mechanism.

Another critical gap involves elucidating the mechanism of TOT. Understanding the means by
which virus enters the ovaries may provide useful avenues of developing either transgenic mosquitoes
refractory to TOT or other countermeasures. Tesh et al. (1981) observed some key features of ovarian
infection in bunyaviruses. It appears that virus enters the ovaries via the oviduct and ovariole sheath
and subsequently tissues derived from the germarium become infected, including the follicular
epithelium, oocytes, and nurse cells of primary follicles. Importantly a drastic increase in virus antigen
and progression from the ovariole sheath and oviduct to the germarium-derived tissues of primary
follicles was observed upon ingestion of a bloodmeal [58]. Bloodmeals precipitate several metabolic
processes that culminates in oviposition, one of which is vitellogenesis. Vitellogenesis is a cornerstone
of the reproductive cycle and is the process that generates and deposits massive quantities of yolk
protein precursors in developing oocytes [120]. Tesh et al. (1980) observed a significant amount of viral
antigen in the fat body, where yolk protein precursors are synthesized, and deposited throughout the
yolk of infected oocytes. This correlation suggests that vitellogenesis may play an important role in
facilitating the infection of germarium derived tissues, possibly facilitating entry of viral antigen.

It should be noted TOT rates and FIR can drastically differ from one virus to another throughout
the bunyaviruses. Additionally, the pairing between virus and mosquito species is critical for efficient
TOT. These trends support the idea that while mechanisms may generally be consistent throughout
the bunyaviruses, there may be important differences for specific virus-vector interactions that exist
because of the ecology of the virus and vector and their evolutionary relationships. However, this is
not to dismiss the use of model systems. Important baseline information can be collected from model
systems, such as the well-established SAV and Ae. albopictus or LACV and Ae. triseriatus models.
Further studies looking at the mechanism of TOT in the context of a specific virus-vector interaction can
utilize these baseline model systems as a starting place in terms of generating a variety of hypotheses
geared at determining the mechanism of TOT for the virus and vector being tested and the associated
costs of TOT for said virus and vector.

Research on the TOT of RVFV is one area that is lacking significantly when compared to the relative
importance of the pathogen. Apart from linking the periodicity of RVFV outbreaks to the flooding of
dambos and the subsequent bloom of transovarially-infected floodwater Aedes spp. no experiments
have been conducted with either African or local vector mosquitoes to better understand the efficiency
or mechanisms for the potential vertical transmission of this important emerging arbovirus. Granted,
a large contributing factor to this dearth of understanding lies in the difficulty of starting and
maintaining a colony of ecologically-relevant floodwater Aedes spp. mosquitoes, and available facilities
in which to conduct these experiments with a select agent virus. However, more research focus on
potential maintenance mechanisms of RVFV and other emerging viruses is needed to pave the way for
pursuing molecular and ecological strategies that target mosquito-virus and mosquito-host interactions
and prevent transmission to humans.

TOT remains a critical component of many bunyavirus natural transmission cycles. Having a
comprehensive understanding of TOT could lead towards more effective control strategies, a better
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understanding of the evolutionary pressures that determine an arbovirus’ transmission cycle, and a
better understanding of the risk of potential introduction events to naive geographic areas.
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