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Abstract

Background: Previously, we investigated the role of the Rift Valley fever virus (RVFV) virulence genes NSs and NSm in
mosquitoes and demonstrated that deletion of NSm significantly reduced the infection, dissemination, and transmission
rates of RVFV in Aedes aegypti mosquitoes. The specific aim of this study was to further characterize midgut infection and
escape barriers of RVFV in Ae. aegypti infected with reverse genetics-generated wild type RVFV (rRVF-wt) or RVFV lacking the
NSm virulence gene (rRVF-DNSm) by examining sagittal sections of infected mosquitoes for viral antigen at various time
points post-infection.

Methodology and Principal Findings: Ae. aegypti mosquitoes were fed an infectious blood meal containing either rRVF-wt
or rRVF-DNSm. On days 0, 1, 2, 3, 4, 6, 8, 10, 12, and 14 post-infection, mosquitoes from each experimental group were fixed
in 4% paraformaldehyde, paraffin-embedded, sectioned, and examined for RVFV antigen by immunofluorescence assay.
Remaining mosquitoes at day 14 were assayed for infection, dissemination, and transmission. Disseminated infections were
observed in mosquitoes as early as three days post infection for both virus strains. However, infection rates for rRVF-DNSm
were statistically significantly less than for rRVF-wt. Posterior midgut infections in mosquitoes infected with rRVF-wt were
extensive, whereas midgut infections of mosquitoes infected with rRVF-DNSm were confined to one or a few small foci.

Conclusions/Significance: Deletion of NSm resulted in the reduced ability of RVFV to enter, replicate, and disseminate from
the midgut epithelial cells. NSm appears to have a functional role in the vector competence of mosquitoes for RVFV at the
level of the midgut barrier.
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Introduction

Rift Valley fever virus (RVFV) (family Bunyaviridae, genus

Phlebovirus) is a zoonotic, mosquito-borne virus endemic to Africa.

Human illness is typically febrile, but 1–2% of cases develop more

severe disease including hepatitis, encephalitis, retinitis, vision loss,

jaundice, severe anemia, neurologic manifestations, renal failure,

and hemorrhagic fever [1–3]. A hallmark of RVFV outbreaks are

‘‘abortion storms’’ among sheep and cattle, with devastating

mortality rates in newborn and young animals [4–5]. Transmis-

sion of RVFV is mosquito-borne. RVFV is registered as a

Category A overlap select agent with both the U.S. Department of

Agriculture Animal and Plant Health Inspection Service and the

Centers for Disease Control and Prevention due to its biothreat

potential and ability to cause significant economic losses to the

livestock industry as well as substantial human morbidity and

mortality [6–7]. The recent spread of RVFV to the Arabian

Peninsula [8–9] serves as a precedent for the potential for this virus

to be introduced into the United States or Europe, and highlights

the need for preparedness and development of a safe and

efficacious human and veterinary vaccine.

The RVFV genome is tripartite, negative sense RNA segments.

Of the three segments, the small (S) segment codes for the

nucleoprotein and the nonstructural NSs protein, the medium (M)

segment encodes the two structural glycoproteins, Gn and Gc, as

well as two nonstructural proteins (NSm and NSm-Gn) and the

large (L) segment codes for the viral RNA-dependent RNA

polymerase. Nonstructural protein NSs is known to inhibit IFN-b,

promote degradation of PKR, and suppress host transcription

[10–12] while NSm is involved in suppression of virus-induced

apoptosis [13]. Both NSs and NSm are recognized to function as

virulence factors, however, neither NSs nor NSm are individually

required in cell culture for efficient virus replication, assembly, or

maturation [13–16].

A number of vaccines have been developed against RVFV.

However these vaccines have been plagued with many problems

including poor immunogenicity, difficulties in manufacturing, and

post-vaccination abortions and teratogenesis in livestock [4,17–18]).
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In response to these problems, Bird et al. [19–20] developed a

novel vaccine based on the deletion of NSs and NSm. Utilizing a

reverse genetics system, infectious wild type and deletion mutant

RVF viruses were reconstituted in cell culture from three

plasmids encoding antigenomic copies of the S, M, and L

segments; deletion mutant viruses lacked the NSs gene on the S

segment, and/or the NSm gene on the M fragment [19–20]. The

double deletion mutant RVFV was demonstrated to be protective

and immunogenic in rats, mice, and sheep, without producing

clinical illness in these animals [19–20]. Due to the enhanced

safety profile of this vaccine candidate it was recently excluded

from the Select Agent regulations and reclassified by the NIH

Recombinant Advisory Committee and the CDC as requiring

BSL-2 safety precautions [21]. Deletion of NSm alone retained

some ability to cause lethal hepatic and neurologic disease in

Wistar-Furth rats and has been developed as an animal model for

human delayed onset encephalitic disease [22].

The non-essential nature of NSm for growth in vertebrate cell

culture or to mammalian pathogenesis prompted investigations

into the role of this protein in RVFV infection and replication in

the mosquito vector [23]. Indeed, deletion of NSm greatly reduced

the infection, dissemination, and transmission rates of RVFV in

Aedes aegypti mosquitoes and infection rates in Culex quinquefasciatus

mosquitoes [23]. The specific aim of this study was to further

characterize midgut infection and escape barriers of RVFV in Ae.

aegypti infected with reverse genetics-generated wild type RVFV

(rRVF-wt) or RVFV lacking the NSm virulence gene (rRVF-

DNSm) by examining sagittal sections of infected mosquitoes for

viral antigen by immunofluorescence at various time points post-

infection.

Materials and Methods

Mosquitoes and viruses
The Ae. aegypti Rexville D mosquito strain used was an isofemale

line derived from a population of Ae. aegypti collected as larvae in

San Juan, Puerto Rico (Rexville) in 1991 [24]. Mosquitoes were

double-caged in screened paperboard pint containers inside

environmental chambers at 28uC and approximately 95% relative

humidity. Reverse genetics-generated viruses, rRVF-wt and

rRVF-ÄNSm, were used in this study [19,22].

Mosquito infections
To maximize infectivity to mosquitoes, freshly-harvested rRVF-

wt and rRVF-ÄNSm virus strains were used in the infectious blood

meal. Three days prior to the infectious blood-feed, one T-75 flask

each of Vero cells was inoculated with either rRVF-wt or rRVF-

ÄNSm at a multiplicity of infection (MOI) of 0.1. On Day 3 post-

infection, cell-culture supernatant was harvested and clarified for

use in the infectious blood meal. Because differences in virus

concentration may affect mosquito vector competence [23], we

attempted to equalize the virus titers of rRVF-wt and rRVF-

DNSm in the mosquito blood meals. RNA was extracted from

clarified supernatant from flasks containing freshly-grown virus

and quantified by qRT-PCR using novel primers and a probe

targeting the polymerase gene: 4108F (59-TTT AGA GAC CGT

TTG AAC ATA CC-39), 4217R (59-GCA ATG CGC AAC AAT

ATT TCT-39) and probe, 4161P (59FAM-TC CAG AGG TGC

TCT ATC GGG CTC C-39). The observed difference in RNA

copies/mL between rRVF-wt and rRVF-DNSm were corrected by

diluting the rRVF-wt virus supernatant in Dulbecco’s modified

Eagle’s media by a factor of 2.8 prior to preparing the infectious

blood meals.

The infectious blood meals were prepared by mixing two parts

washed defibrinated calf blood with two parts virus and one part

FBS+10% sucrose. A virus-negative blood meal contained cell

culture media in place of virus-positive cell supernatant. Blood was

warmed to 37uC in a water bath. Adult 8- to 10-day-old Ae. aegypti

mosquitoes starved for 27-hours were administered an infectious

RVFV blood meal containing either rRVF-wt or rRVF-DNSm on

blood-soaked cotton balls. Screened pint cups containing 100–150

female Ae. aegypti were placed inside plastic bins inside a 28uC
environmental chamber. One blood-soaked cotton ball was placed

on each carton for 25 minutes. Five hundred microliters of each

blood meal and 500 ml of virus seed brought to 20% FBS were

frozen at 280uC for later quantification. Following the blood

meal, mosquitoes were anesthetized by freezing at 220uC for

1 min, and fully engorged mosquitoes were sorted over ice inside

of a glove box; only fully-engorged mosquitoes were used for the

experiment. Engorged mosquitoes were placed into screened 3.8L

paperboard cartons and supplied with 5% sugar solution.

Paperboard cartons were placed inside a 30.5 cm3 metal cage

inside the environmental chamber for double containment. On

days 0, 1, 2, 3, 4, 6, 8, 10, 12, and 14 post-infection, between 10

and 16 mosquitoes from each experimental group were harvested

for pathology and frozen at 280uC. Remaining mosquitoes at day

14 were processed for vector competence and analyzed statistically

as described by Crabtree et al. [23]. Plaque titrations were

performed on Vero cells as described by Miller et al. [25], with the

second overlay on day three. All work involving manipulations

with infectious virus or infected mosquitoes was performed in

BSL3+ containment.

Paraformaldehyde fixation and staining of paraffin-
embedded mosquitoes

The complete protocol used for fixing and antibody staining of

paraffin-embedded sections of mosquitoes is described in detail by

Kading et al. [26]. Spot slides of rRVF-wt-infected and uninfected

Vero cells, as well as sections of rRVF-wt- and rRVF-DNSm-

infected and uninfected Ae. aegypti from various time points were

tested simultaneously served as positive and negative controls [26].

Embedding and sectioning was performed by Colorado HistoPrep.

Mosquitoes were arranged vertically, four per section, with two

sections per slide and 10 slides per block. The methodology for the

staining of control spot slides and head squashes was described

previously [27]. Mouse anti-RVFV strain ZH501 hyperimmune

Author Summary

Rift Valley fever virus (RVFV) is a mosquito-borne virus
endemic to Africa. Outbreaks of RVFV have resulted in
devastating morbidity and mortality in livestock and
humans. A novel RVFV vaccine strain has been developed
in which two virulence genes, NSs and NSm, have been
deleted from the RVFV genome. Previously, we demon-
strated that deletion of NSm also significantly reduced the
ability of Aedes aegypti mosquitoes to transmit RVFV. The
objective of this study was to track the spread (dissem-
ination) of wild type RVFV (rRVF-wt) and RVFV lacking the
NSm virulence gene (rRVF-DNSm) through different tissues
in the mosquito body over time by staining lengthwise
slices of infected mosquitoes with fluorescent antibody
specific to RVFV. We found that midgut infections in
mosquitoes exposed to rRVF-wt were extensive, whereas
midgut infections in mosquitoes infected with rRVF-DNSm
were confined to only one or a few small foci. Our data
provide supporting evidence that the NSm virulence gene
has a functional role in mosquitoes by helping RVFV
establish an infection in, and escape from, the midgut.

Pathology of RVFV in Mosquitoes
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ascetic fluid diluted 1:2500 was used as a primary antibody for

immunofluorescence assays on control spot slides and head

squashes; a dilution of 1:1600 was used on paraffin-embedded

sections. Goat anti-mouse IgG-Alexa 488 (Invitrogen, Baltimore,

MD) diluted 1:2000 served as the secondary antibody conjugate.

Dissemination index
To quantify and compare virus dissemination to different

mosquito tissues over time, the dissemination index was employed

[28–29]. The dissemination index is based on the infection status

of particular tissues that are nearly always infected in specimens

with a disseminated infection. The presence or absence of viral

antigen was scored in the following six tissues and the number of

antigen-positive tissues was divided by six to give the dissemination

index: ommatidia; fat body in the head, thorax and abdomen;

salivary glands; and thoracic ganglia. A dissemination index of 1.0

indicated that all examined tissues were positive, whereas an index

of zero indicated that dissemination had not yet occurred.

Scatterplots of dissemination indices were generated in Prism.

Overlapping points were nudged horizontally for visibility.

Results

Mosquito infections
Aedes aegypti mosquitoes received an artificial blood meal

containing either 7.6 log10 pfu/mL rRVF-wt or 7.9 log10 pfu/

mL rRVF-DNSm. Mosquitoes were harvested for pathology daily

for the first five days and subsequently every other day until 14

days following the infectious blood meal (Table 1). Up to 12

mosquitoes per time point for each virus were submitted for

paraffin-embedding and sectioning. On day 14, infection, dissem-

ination and transmission rates were assayed for the remaining 25

mosquitoes infected with rRVF-wt and 30 mosquitoes infected

with rRVF-DNSm (Table 2). Of the 21/25 mosquitoes remaining

infected with rRVF-wt 14 days post-infection, the average titer was

5.560.30 log10 pfu. In contrast, 7/30 mosquitoes exposed to

rRVF-DNSm were infected 14 days after the infectious blood

meal; these mosquitoes had a titer of 2.87 log10 60.58 pfu.

Accounting for virus uptake on day 0, these rates of sustained

infection differed significantly (OR = 15.2, 95% CI 4.0–57.7). The

difference in these log10 titers was 2.7 (95% CI 2.1–3.2),

statistically significantly different from 0. Notably, the average

titer in a mosquito exposed to rRVF-wt increased from 5.0 log10

pfu in the blood meal to 5.5 log10 pfu on day 14, whereas the

average virus titer in a mosquito exposed to rRVF-DNSm dropped

from 5.8 log10 pfu in the blood meal to 2.87 log10 pfu on day 14.

Pathology
The dynamics of infection between rRVF-wt and rRVF-DNSm

was distinctly different between the two virus strains. Posterior

midgut infections in mosquitoes infected with rRVF-wt were

extensive (Fig. 1 A and B) whereas infection of the posterior

midgut in mosquitoes infected with rRVF-DNSm was confined to

one or a few small foci (Fig. 1C and D). Disseminated infections

were observed in mosquitoes by three days post infection for both

viruses (Table 1). However, accounting for number of days post

infection, infection rates for rRVF-DNSm were statistically

significantly less than that of rRVF-wt (odds ratio (OR) = 0.20,

95% CI = 0.10–0.41) (Table 1). When modeling the dissemination

rates, a statistically significant interaction was found between days

post infection and virus type (OR = 0.53, 95% CI = 0.37–0.76).

Since the dissemination rate of rRVF-wt increased with time but

only three dissemination events were documented among mos-

quitoes infected with rRVF-DNSm, the difference between the two

viruses also increased as days post infection increased. Similar

results were found for the dissemination rates of only those

mosquitoes that became infected (OR = 0.48, 95% CI = 0.32–

0.72) (Table 1).

Dissemination
Other than the midgut, RVFV antigen was visible in a variety of

tissues including the thoracic and abdominal fat body

(Fig. 1A,C,D), thoracic ganglia (Fig. 2A), salivary glands (not

shown), intussuscepted foregut (not shown), the ommatidia, fat

body and nervous tissue of the head (Fig. 2B), tracheal cells of the

ovaries (Fig. 2C), ovariole sheath and follicular epithelium

Table 1. Infection and dissemination rates of rRVF-wt and rRVF-DNSm in Aedes aegypti determined by immunofluorescence assay
on sagittal sections of mosquitoes.

rRVF-wt rRVF-DNSm

Day Infection Rate Dissemination Rates Infection Rate Dissemination Rates

# pos/# exposed # pos/# infected # pos / # exposed # pos/# infected

(n) # pos % pos (n) # pos % pos (n) # pos % pos (n) # pos % pos (n) # pos % pos (n) # pos % pos

0 2 0 0 2 0 0 0 0 0 3 0 0 3 0 0 0 0 0

1 11 7 64 11 0 0 7 0 0 12 0 0 12 0 0 0 0 0

2 11 7 64 11 0 0 7 0 0 10 8 80 10 0 0 8 0 0

3 12 12 100 12 1 8 12 1 8 8 3 38 8 1 13 3 1 33

4 12 10 83 12 0 0 10 0 0 11 3 27 11 1 9 3 1 33

6 12 8 67 12 4 33 8 4 50 8 4 50 8 0 0 4 0 0

8 12 9 75 12 5 42 9 5 56 8 5 63 8 0 0 5 0 0

10 7 7 100 7 7 100 7 7 100 8 6 75 8 0 0 6 0 0

12 7 7 100 7 7 100 7 7 100 4 2 50 4 1 25 2 1 50

14 10 10 100 10 10 100 10 10 100 9 7 78 9 0 0 7 0 0

Mosquitoes on day 0 were harvested immediately after receiving an infectious blood meal and were not considered infected at the time of observation since no viral
antigen was visible in the midgut epithelial cells.
doi:10.1371/journal.pntd.0002670.t001
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(Fig. 2D), and in five specimens, the hindgut (not shown). RVFV

antigen was not observed in the Malpighian tubules (Fig. 1A) or

flight muscles. The time of dissemination varied from mosquito-to-

mosquito but ranged between three to eight days post infection in

mosquitoes exposed to rRVF-wt (Table 1, Fig. 3). Dissemination to

other tissues was rapid for both rRVF-wt and rRVF-DNSm once

the virus escaped from the midgut, as evidenced by the majority of

specimens having a dissemination index of close to either zero,

indicating no dissemination, or one, indicating all counted tissues

were infected (Fig. 3).

Vector competence
Infection, dissemination and transmission rates of Ae. aegypti

exposed to rRVF-wt were all significantly higher than those of Ae.

aegypti exposed to rRVF-DNSm (Table 2). None of the day 14

mosquitoes infected with rRVF-DNSm developed a disseminated

infection or transmitted virus that was detectable by plaque

titration.

Discussion

Through transmission experiments and histological examina-

tion of infected mosquitoes, we have demonstrated that Ae. aegypti

mosquitoes infected with RVFV lacking the NSm nonstructural

protein gene have significantly lower infection, dissemination,

and transmission rates than mosquitoes infected with wild-type

RVFV [23, and this study] The barriers to infection in

mosquitoes infected with rRVF-DNSm appear to be in the

ability of the virus to replicate in and escape from epithelial cells

of the posterior midgut. Small foci of RVFV antigen were visible

in the midgut epithelial cells two days post infection for

mosquitoes infected with the rRVF-DNSm deletion mutant virus.

By day 14 post infection, rRVF-DNSm infection rates were not

over 80%, and virus had disseminated from the midgut in only

three mosquitoes (n = 81, 3.7%) (Table 1). We are confident that

these three disseminations are not artifacts, as evidenced by the

specific cell-associated staining depicted in Figure 1 and the

clarity of our positive and negative controls (data not shown). In

contrast, midgut infections in mosquitoes exposed to rRVF-wt

were easily observable one day post-infection, and by histological

examination of specimens, 100% infection and dissemination

rates were observed on days 10, 12, and 14 post-infection

(Table 1). An infection rate of 21/25 (84%) was also determined

at day 14 by plaque assay for rRVF-wt-exposed mosquitoes in the

transmission experiment (Table 2), for a combined day 14

infection rate of 31/35, or 88.6%. Replication of rRVF-DNSm

was reduced to small foci in the midgut, compared to the

extensive infections present in the midguts of mosquitoes infected

with rRVF-wt (Fig. 1). Therefore, the absence of NSm resulted in

a reduction in the ability of RVFV to establish an infection, and

escape from the midgut.. These results are consistent with the

findings of Crabtree et al. [23], who found that while infection

and dissemination were severely inhibited by deletion of NSm, it

was not blocked completely. In that study, a single mosquito

(n = 129) exposed to rRVF-DNSm developed a disseminated

infection and transmitted virus [23].

On a cellular level, it is not yet known how NSm promotes the

ability of RVFV to establish an infection in and disseminate from

the mosquito midgut. The biological function of NSm has

remained largely obscure, as this protein is not necessary for viral

growth in cell culture [14,30], nor for pathogenesis in a

mammalian host [22]. Won et al. [13] demonstrated that NSm

suppressed virus-induced apoptosis through inhibiting STP-

induced caspase 8 and caspase 9 activities. This antiapoptotic
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activity occurred in the absence of other viral proteins. More

recently, Engdahl et al. [31] identified several murine proteins

that interacted with the NSm protein of RVFV, providing

additional clues regarding the role of NSm in RVFV infection.

The strongest protein-protein interactions were found with the

cleavage and polyadenylation specificity factor subunit 2 (Cpsf2)

which functions in pre-mRNA 39 end processing and formation,

the peptidyl-prolyl cis-trans isomerase (cyclophilin)-like 2 protein

(Ppil2) which has multiple functions spanning intracellular

protein trafficking and regulation of chemotactic responses such

as cell-mediated immunity and inflammation, and the 25 kDa

synaptosome-associated protein (SNAP-25) which is involved in

vesicle docking, membrane fusion and exocytosis, and Ca2+-

dependent neurotransmission in neuronal cells of the brain [31].

It is unclear how these results translate to the role of NSm in the

midgut of a mosquito vector. RNAi and autophagy have been

recognized as anti-arboviral innate immune responses in insects

[32–33]. The involvement of NSm in counteracting one or both

of these processes seems reasonable, and warrants further

investigation.

Our results regarding the timing of dissemination and

distribution of RVFV antigen to various mosquito tissues are also

consistent with those of previous studies of RVFV infections in

mosquitoes. We observed virus dissemination from the posterior

midgut by three days post infection for both rRVF-wt and rRVF-

DNSm. Early dissemination has previously been reported for

RVFV. Faran et al. [34] found that 6% of Culex pipiens L. infected

with RVFV ZH-501 had a disseminated infection as early as

12 hours post infection, 9% had disseminated by 24 h and 22%

had disseminated by 48 h. These results were confirmed by

Romoser et al. [29] who observed RVFV dissemination in Cx.

pipiens one day post infection. Detailed data for RVFV infections in

Aedes species are less complete, but Romoser [28] recorded that

87.5% of Ae. mcintoshi Huang mosquitoes infected with RVFV

(Kenyan strain C6/36—6/12/86) had a disseminated infection by

three days post infection. The mechanism for such rapid

dissemination into the hemocoel was not clear, although it

reportedly occurred prior to replication in the midgut epithelium

[34].

Tissue tropisms of RVFV in Ae. aegypti with disseminated

infections were also consistent with those reported for other

mosquito species. Every tissue in which we detected RVFV

antigen has been reported as commonly infected in Cx. pipiens [29]

and Ae. mcintoshi [28]. Further, the sporadic timing of dissemina-

tion and the rapidity with which RVFV infected other tissues is

also congruent with what has been reported previously [28–29].

Figure 1. Replication of RVFV and dissemination of RVFV from in the posterior midgut is impaired in mosquitoes infected with
rRVF-DNSm. A and B) Sagittal sections of two midguts of Ae. aegypti infected with rRVF-wt. C and D) Sagittal sections of two midguts of Ae. aegypti
infected with rRVF-DNSm. Abbreviations: fb = fat body; mg = midgut; mt = Malpighian tubule; ov = ovary.
doi:10.1371/journal.pntd.0002670.g001
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We observed virus dissemination between days three and eight

post-infection for rRVF-wt, with all specimens having a dissem-

inated infection by day 10 post infection. For Cx. pipiens and Ae.

mcintoshi, the earliest dissemination was observed one and three

days post-infection, respectively, and occurred throughout the

observation periods, with some specimens of each species not

having disseminated infections until as late as 21 days after the

infectious blood meal [28–29]. However in this study and in those

previous, dissemination indices tended to cluster either at zero or

close to one, indicating that dissemination to the various mosquito

tissues was rapid once the virus entered the hemocoel. Tissue

tropisms between rRVF-wt and rRVF-DNSm were not observably

different.

We frequently also observed RVFV antigen associated with

tracheal cells in the ovaries (Fig. 2C). The observation of RVFV in

the tracheal system is not new. Romoser et al. [35] reported that

RVFV could infect the trachea and tracheoles, and provided

supporting evidence that the trachea could serve as a conduit for

virus dissemination between the midgut epithelium and the

hemocoel. This observation has also been reported for Ae. mcintoshi

in Kenya [36]. Tracheal conduits have also been hypothesized to

facilitate virus dissemination from the midgut in dengue 2 virus

(DENV-2) infections in Ae. aegypti [37]. In that study, DENV-2

antigen was detected in portions of the tracheal system in

approximately 35% of mosquitoes between days two and seven

post-infection. Presence of viral antigen in the tracheal system was

primarily in the abdominal cavity, and was strongly correlated

with virus dissemination from the midgut between days two and

five post-infection [37]. While this phenomenon was commonly

observed for the Chetumal strain of Ae. aegypti, DENV-2 viral

antigen was only rarely associated with the trachea of infected

Rexville D Ae. aegypti, the strain used in this study. Infection of the

ovarian tissues and the potential for vertical transmission through

the tracheal cells in the ovaries is not known.

In conclusion, we have provided histological and virological

evidence for the reduction in infection, dissemination, and

transmission rates of RVFV lacking the NSm gene. Deletion of

NSm results in the reduced ability of RVFV to replicate in and

disseminate from the midgut epithelial cells. This report together

with the report by Crabtree et al. [23] comprise the first

description of a functional role for NSm in the vector competence

of mosquitoes for RVFV.

Figure 2. Infection of various Aedes aegypti tissues with rRVF-wt. A) ventral nerve cord, showing infection of the ganglia B) head, showing
infection of the ommatidia and fat body, C) ovary, showing infection of the tracheal cells D) ovarioles, showing infection of the follicular epithelium
and ovariole sheath. Abbreviations: fb = fat body; fe = follicular epithelium; ga = thoracic ganglia; np = neuropile; om = ommatidia; ov = ovary;
os = ovariole sheath; ppm = pharyngeal pump musculature; tr = tracheoles.
doi:10.1371/journal.pntd.0002670.g002
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