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Millions of people are infected each year by arboviruses (arthro-
pod-borne viruses) such as chikungunya, dengue, and West Nile
viruses, yet for reasons that are largely unknown, only a relatively
small number of mosquito species are able to transmit arboviruses.
Understanding the complex factors that determine vector compe-
tence could facilitate strategies for controlling arbovirus infec-
tions. Apoptosis is a potential antiviral defense response that has
been shown to be important in other virus–host systems. How-
ever, apoptosis is rarely seen in arbovirus-infected mosquito cells,
raising questions about its importance as an antiviral defense in
mosquitoes. We tested the effect of stimulating apoptosis during
arbovirus infection by infecting Aedes aegypti mosquitoes with
a Sindbis virus (SINV) clone called MRE/Rpr, in which the MRE-16
strain of SINV was engineered to express the proapoptotic gene
reaper from Drosophila. MRE/Rpr exhibited an impaired infection
phenotype that included delayed midgut infection, delayed virus
replication, and reduced virus accumulation in saliva. Nucleotide
sequencing of the reaper insert in virus populations isolated from
individual mosquitoes revealed evidence of rapid and strong se-
lection against maintenance of Reaper expression inMRE/Rpr-infected
mosquitoes. The impaired phenotype of MRE/Rpr, coupled with the
observed negative selection against Reaper expression, indicates
that apoptosis is a powerful defense against arbovirus infection in
mosquitoes and suggests that arboviruses have evolved mechanisms
to avoid stimulating apoptosis in mosquitoes that serve as vectors.
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The yellow fever mosquito, Aedes aegypti, is an important
disease vector because of its ability to transmit a number of

medically important arboviruses (arthropod-borne viruses). This
species is the major vector for yellow fever and dengue viruses,
which alone are responsible for more than 100 million infections
and 50,000 deaths worldwide per year (1, 2). A. aegypti is also an
important vector for chikungunya virus, an emerging pathogen in
South Asia, Africa, Europe, and more recently the Caribbean
region (3). The range of A. aegypti is broad, including tropic and
subtropic regions around the world, and it primarily lives in close
association with humans, making it an especially problematic
disease vector (4–6).
Once a mosquito ingests an infectious blood meal, the virus

must first infect the midgut epithelial cells and then escape the
midgut and infect other tissues in the mosquito, including the
salivary glands. To be transmitted to another host, the virus must
replicate in the salivary glands and be expelled in the saliva
during a subsequent blood meal (7, 8). In addition to overcoming
physical barriers in the mosquito vector, the virus must also
defeat innate immune defenses such as the Toll and JAK/STAT
pathways and RNA interference (9–13). Although progress has
been made in understanding antiviral immune mechanisms in
mosquitoes in recent years, our knowledge is still far from complete.
One type of antiviral response that is known to be important in

other virus–host systems is the ability of infected cells to commit
suicide by apoptosis. There are many examples where apopto-
sis has been shown to be a defense against viruses in other in-
sects and in mammals (14, 15). However, the role of apoptosis in
arbovirus–vector interactions is unclear. Arbovirus infection often

leads to apoptosis in vertebrate cells, but mosquito cells usually
undergo nonlytic, persistent arbovirus infections (16–20), even
though A. aegypti cells have a functional apoptosis pathway that
largely resembles that of Drosophila melanogaster (21–23).
Pathological effects resulting from arbovirus infection in mos-
quitoes have been reported in a few cases (24–27), but arbovirus
infections are generally thought to have a minimal effect on
mosquito vectors, although that assumption has been challenged
(28). However, there have been a small handful of reports of
apoptosis correlating with resistance of mosquitoes to infection
by arboviruses. Apoptosis observed in salivary glands of Culex
quinquefasciatus infected with West Nile virus has been proposed
to be a defense against infection (24, 29, 30). In addition, West
Nile virus infection in a refractory strain of C. quinquefasciatus
correlated with extensive cell death in midgut tissue (31). Finally,
infection of susceptible and refractory A. aegypti strains with
dengue virus resulted in a rapid increase in expression of the
proapoptotic gene michelob_x, a reaper homolog, in the re-
fractory, but not the susceptible, strain (32). Nonetheless, in all
of these studies, it is not clear whether apoptosis directly caused
virus resistance or merely accompanied it. A recent study by our
group tested the effect of inducing or inhibiting apoptosis during
Sindbis virus (SINV) infection in A. aegypti by using RNA in-
terference to silence expression of pro- and antiapoptotic factors
in the mosquito. When the initiator caspase AeDronc was knocked
down, decreased infection and dissemination were observed,
whereas increased infection and spread were seen when apo-
ptosis was increased by knockdown of AeIAP1 (33). These results
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suggested that apoptosis may actually facilitate arbovirus infection;
however, secondary effects resulting from gene knockdown in
the entire mosquito (as opposed to only affecting infected cells)
could have affected the outcome of infection.
SINV is the type member of the genus Alphavirus in the family

Togaviridae and can be transmitted by A. aegypti under laboratory
conditions. SINV and A. aegypti have been used extensively as
a model to study virus–vector interactions (34–38). SINV is well
characterized molecularly and has been developed as an alpha-
virus transducing system in which a cDNA clone of the viral
genome is engineered to allow expression of foreign genes during
virus replication (36, 39, 40). SINV expression systems using the
MRE-16 strain have high midgut infection and dissemination
rates in A. aegypti mosquitoes when administered during a blood
meal (41).
In this study, we used an MRE-16-based SINV clone that was

engineered to express the proapoptotic protein Reaper from
Drosophila to examine the effects of inducing apoptosis on the
ability of SINV to infect A. aegypti mosquitoes. Our results
demonstrate that induction of apoptosis by SINV is detrimental
to its ability to replicate and cause disseminated infection in a
mosquito vector, and we observed rapid selection against viral
induction of apoptosis in infected mosquitoes. This may explain
why apoptosis is rarely observed in successful coevolved arbovirus/
mosquito relationships and suggests that apoptosis can be a factor in
determining vector competence for arbovirus transmission.

Results
Using Recombinant SINV to Induce Apoptosis During Mosquito
Infection. To examine the effects of inducing apoptosis on arbo-
virus–vector interactions, we used an infectious clone based on
the SINV strain 5′dsMRE16ic (41) that was engineered to ex-
press the proapoptotic Drosophila gene reaper via a duplicated
subgenomic promoter (42) (Fig. 1A). This recombinant SINV,
called MRE/Rpr, has been previously shown to induce apoptosis
in cultured mosquito cells (42). Two control constructs, MRE/
Rpr-as and MRE/Mx-as, containing the sequence of the A. aegypti
michelob_x gene, were used that contained noncoding (antisense
orientation) sequences of similar size as reaper to control for the
effects of genome size on virus replication.
We first tested whether infection with MRE/Rpr induced ap-

optosis in vivo. Adult female A. aegypti mosquitoes were given
a blood meal containing either MRE/Rpr or control virus, and
TUNEL assay was used to label apoptotic cells in midguts, the
primary site of infection in the mosquito, at 7 d postinfection
(dpi). SINV infection was simultaneously examined in midguts,
using an antibody that recognizes the E1 structural protein of
SINV. For unknown reasons, all midguts, regardless of infection
status or whether the mosquitoes had been given a blood meal,
displayed background staining of specific cells that were associ-
ated with trachea (Fig. 1B; blue arrows), which were ignored for
the purposes of this experiment. In midguts that were infected
with MRE/Rpr, regions that were positive for virus antigen
contained significantly more TUNEL-positive cells (indicated by
long white arrows) on the epithelial surface of the midgut than
uninfected regions of the same midguts (short white arrows)
(Fig. 1 B and C). Midguts from mosquitoes infected with control
viruses exhibited low numbers of TUNEL-positive epithelial cells
in both infected and uninfected regions (Fig. 1 B and C).
As an additional indicator of apoptosis, midgut lysate was ana-

lyzed for caspase activity at 7 dpi, using the fluorogenic caspase
substrate N-Acetyl-Asp-Glu-Val-Asp-7-amido-4-trifluoromethyl-
coumarin (Ac-DEVD-AFC), a substrate of effector caspases.
Lysate from midguts infected with MRE/Rpr displayed higher
caspase activity than MRE/Mx-as-infected, MRE/Rpr-as-infec-
ted, or control blood-fed midgut lysate samples (Fig. 1D and Fig.
S1). Together, these results indicate that expression of Reaper via

the recombinant SINV clone MRE/Rpr induced effector caspase
activation and apoptosis in infected A. aegypti midgut cells.

Effects of Apoptosis on Midgut Infection by SINV. To assess whether
increasing or decreasing apoptosis during virus replication af-
fected the ability of SINV to infect the midgut, mosquitoes that
had been given a blood meal containing MRE/Rpr or control
virus were dissected and midguts were examined for levels of
infection at 3, 5, and 7 dpi by immunofluorescence, using anti-E1
antibody. Each midgut was assigned an infection score based on
the surface area that was infected and the intensity of the anti-
body staining, as previously described (42, 43). Prevalence of
infection (the proportion of mosquitoes that were positive for
SINV antigen in midgut) was significantly lower among mos-
quitoes infected with MRE/Rpr than control virus MRE/Mx-as
at 3 dpi (Fig. 2A), although this difference was no longer sig-
nificant at 5 and 7 dpi. Similarly, infection scores indicative of
the extent of midgut infection were also significantly lower in
mosquitoes infected with MRE/Rpr than in control-infected
midguts at 3 and 5 dpi (Fig. 2B), but by 7 dpi, there was no longer
a significant difference. These results suggest that stimulating
apoptosis during virus replication in the midgut resulted in less
infection in the midgut at earlier stages of infection, but that
midgut infection by MRE/Rpr caught up to that of control virus
by 7 dpi.

Effects of Apoptosis on SINV Replication and Dissemination. To more
directly examine the levels of virus replication and dissemination,
the amount of infectious virus per individual mosquito was de-
termined by median tissue culture infectious dose (TCID50) as-
say. The parental 5′dsMRE16ic clone with no foreign insert was
included as an additional control. Similar to what was observed
by immunostaining of viral antigen, mosquitoes that were infected
with MRE/Rpr had a significantly lower prevalence of infection
at early times compared with infection with MRE/Mx-as, with
the biggest difference being at 3 dpi (Fig. 3A). Among infected
mosquitoes, virus titers were also lower in mosquitoes infected with
MRE/Rpr than MRE/Mx-as- or 5′dsMRE16ic-infected mosqui-
toes, with the difference being significant at 5 dpi (Fig. 3B). No
significant difference was observed between the titers of MRE/
Mx-as and 5′dsMRE16-ic, and a single experiment performed with
the control virus MRE/Rpr-as indicated similar trends (Fig. S2).
This indicates that the presence of a ∼300-nt or smaller noncoding
insertion did not significantly affect virus replication in the time
frame examined. In addition, this also indicates that potential
RNA interference-mediated knockdown of endogenous Mx ex-
pression, resulting from the presence of antisense Mx in the MRE/
Mx-as genome, did not affect the outcome of infection. The de-
creased titers of MRE/Rpr further indicate a delay in the ability
of SINV to establish infection in A. aegypti when Reaper is ex-
pressed during virus replication.
A distinct group of mosquitoes infected with MRE/Rpr had

lower titers ranging from 102 to 104 TCID50/mL; this group was
most pronounced at 5 dpi (Fig. 3B). To determine whether these
lower titers represented mosquitoes in which the virus had not
escaped the midgut, we dissected the midgut from the rest of the
mosquito and titered the individual midguts and bodies lacking
midguts (referred to hereafter as carcasses) separately (Fig. 3C).
At 3 dpi, 50% (17/34) of the mosquitoes fed MRE/Rpr did not
contain detectable virus in the carcass versus 24.5% (12/49) of
the mosquitoes fed MRE/Mx-as control virus. This indicated
a significant difference in virus dissemination at 3 dpi (P = 0.01
by Fisher’s exact test). In addition, titer values of MRE/Rpr-
infected midguts and carcasses were significantly lower than
those that were control-infected at 3 dpi (Fig. 3C), correlating
with lower midgut infection scores at this point. Carcass titers
were not significantly different at 3 dpi if uninfected carcasses
were omitted from the analysis, suggesting that if infection

O’Neill et al. PNAS | Published online February 23, 2015 | E1153

M
IC
RO

BI
O
LO

G
Y

PN
A
S
PL

U
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424469112/-/DCSupplemental/pnas.201424469SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424469112/-/DCSupplemental/pnas.201424469SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424469112/-/DCSupplemental/pnas.201424469SI.pdf?targetid=nameddest=SF2


escaped the midgut, it reached normal levels. At 5 dpi, virus
could be detected in most of the carcasses (37/40 MRE/Rpr and
44/46 MRE/Mx-as), and MRE/Rpr midgut and carcass titers had
no significant difference compared with control titers (Fig. 3C).
However, at 7 dpi, 9/45 mosquitoes that had been fed MRE/Rpr
had no detectable carcass titer compared with only 2/47 mos-
quitoes fed with control virus, which was again a significant
difference in viral dissemination, as determined by Fisher’s exact
test (P = 0.02). Carcass titers were also significantly different at
this time because of these uninfected samples. However, at 7 dpi,
MRE/Rpr midgut titers were not significantly different from
control (Fig. 3C), which is also consistent with the midgut in-
fection scores at this point. The group of lower titer values seen
in whole-body titer samples in Fig. 3B was consistent with the
range of titers seen in midgut samples (Fig. 3C); however, some
of the carcasses also had titers in this range. Thus, although the
majority of MRE/Rpr-infected mosquitoes had high carcass
titers by 5 dpi, indicating that the virus was able to escape the
midgut in most cases, there was a significant difference in the
rates of disseminated infection between MRE/Rpr and control
virus at 3 and 7 dpi. It therefore appears that the lower group of
whole-body titers seen in Fig. 3B was a result of lower initial
infection in the midgut and either decreased or delayed midgut
escape. This further reinforces the notion that Reaper expression
decreases infection and dissemination of SINV.

Apoptosis Also Delays SINV Replication When the Midgut Is Bypassed.
These experiments involved oral infection, which is the natural
route of arbovirus infection. To determine whether Reaper ex-
pression would also have an effect when the midgut barrier was
bypassed, mosquitoes were infected by intrathoracic injection.
Doses of 10, 100, or 1,000 plaque-forming units (PFU) were
injected per mosquito, and samples were collected for TCID50
assays at 1, 3, and 5 dpi. Mosquitoes injected with MRE/Rpr had
significantly lower titers than control virus at 1 dpi with each of
the injected doses (Fig. S3). However, by 3 dpi, replication of
MRE/Rpr had caught up with the control virus, and there was no
significant difference in titer between MRE/Rpr and control at
3 or 5 dpi. These results indicate that even when the midgut barrier
was bypassed, expression of Reaper during virus replication
delayed SINV replication within the mosquito during the initial
stages of infection.

Effect of Apoptosis on Accumulation of SINV in the Saliva of Infected
Mosquitoes. An important question was whether apoptosis af-
fected the amount of virus in the saliva of infected mosquitoes, as
this is what ultimately determines whether a mosquito will be
able to transmit the virus. We were not able to find any published
data that quantified SINV in A. aegypti saliva, and only a few
transmission studies have been reported, which vary on how
successfully SINV is transmitted by A. aegypti (43, 44). However,
the presence of SINV in A. aegypti saliva has been reported by
9 d after oral infection (45). We collected saliva from orally
infected mosquitoes at 10 and 14 dpi and determined virus titers.
There was no significant difference in the proportion of mos-
quitoes having virus-positive saliva for MRE/Rpr versus control

MRE/Rpr

MRE/Rpr-as

MRE/Mx-as

5’dsMRE16ic 

nonstructural 
genes

structural 
genes

T7 promoter subgenomic
promoter

A

C

Mock
 in

fec
ted

MRE/Rpr

MRE/M
x-a

s
0

20
40
60
80

100

C
as

pa
se

 a
ct

iv
ity

(D
EV

D
-a

fc
)

p<0.01 p<0.01D

MRE/R
pr in

f 

MRE/R
pr u

ninf 

MRE/M
x-a

s i
nf 

MRE/M
x-a

s u
ninf 

0

10

20

30

40

TU
N

EL
-p

os
iti

ve
ce

lls
/0

.0
5 

m
m

2

p<0.001
p<0.001

p<0.001

Rpr Mx

Anti-Sindbis TUNEL

M
R

E/
R

pr
-a

s
M

R
E/

R
pr

M
R

E/
M

x-
as

B

M
oc

k 
in

fe
ct

ed

Merge

Fig. 1. A recombinant SINV clone expressing Drosophila Reaper induces
apoptosis in A. aegypti midgut. (A) Recombinant SINV clones based on the
infectious cDNA clone 5′dsMRE16ic. The clone MRE/Rpr produces infectious
virus that expresses Reaper under control of the duplicated subgenomic
promoter, whereas the control virus clones MRE/Rpr-as and MRE/Mx-as
contain reaper or Mx sequences inserted in antisense orientation, and thus
do not express any foreign protein. The T7 promoter is used to in vitro
transcribe infectious RNA. (B) Midguts from A. aegypti given a virus-free
blood meal (mock-infected) or a blood meal containing MRE/Rpr, MRE/Rpr-
as, or MRE/Mx-as were harvested at 7 d after the blood meal. SINV infection
was visualized using anti-SINV E1 antibody, and TUNEL staining was per-
formed on the same midguts to label apoptotic cells. Panels in the third
column from the left are higher-magnification views of the midgut surface
outlined by white boxes in the first two columns. Merged images of the red
and green channels are shown in the right-hand column. Tracheae overlying
the midgut are visible as dark lines. Examples of TUNEL-positive, infected
midgut epithelial cells are indicted by long white arrows, whereas TUNEL-
positive, uninfected cells are indicated by short white arrows and examples
of background staining of trachea-associated cells are indicted by blue
arrows. (Scale bars, 200 μ in the left two panels and 50 μ in the right two

panels.) Modified with permission from ref. 60. (C) TUNEL-positive cells were
counted in infected (inf) and uninfected (uninf) areas of 10 midguts for
each virus. Significance was determined by one-way ANOVA followed by
Bonferroni’s posttest. Modified with permission from ref. 60. (D) Lysates from
7 dpi midguts fed a blood meal alone (mock infected) or a blood meal con-
taining MRE/Rpr or control virus were assayed for ability to cleave the fluo-
rogenic caspase substrate Ac-DEVD-AFC. MRE/Rpr values were set at 100.
Three independent biological replicates were performed, and error bars in-
dicate the SEM. Significance was determined by one-way ANOVA followed by
Bonferroni’s posttest. Modified with permission from ref. 60.
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virus (Fig. 4A), with only 10–20% of saliva samples containing
detectable virus at 10 dpi and less than 10% being virus-positive
at 14 dpi. However, consistent with the delay seen in virus rep-
lication in midgut and whole body, MRE/Rpr saliva titers were
significantly lower than control virus at 10 dpi (Fig. 4B). No
significant difference was observed at 14 dpi; however, sample
sizes at this time were small. These results again indicate that
Reaper expression slowed the replication and dissemination of
SINV during A. aegypti infection.

Effects of Infection and Apoptosis on Mosquito Life Span. Once
a mosquito is infected with SINV, the virus will continue to
replicate in its tissues for the remainder of the mosquito’s life
(46). Therefore, we were interested to know whether infecting
a mosquito with a virus expressing a proapoptotic factor would
affect the life span of the mosquito. We monitored survival after
giving mosquitoes a single, virus-containing blood meal. In-
fection with control viruses MRE/Mx-as or 5′dsMRE16ic had
a small, but statistically significant negative effect on life span
compared with mock-infected (blood-fed) mosquitoes, with in-
creased mortality beginning at about 35 dpi (Fig. S4). However,
mosquitoes infected with MRE/Rpr had an even lower survival
rate than the other viruses tested, with increased mortality begin-
ning at around 20 dpi; this difference was statistically significant
compared with control viruses (Fig. S4). These results indicate that
infection with a SINV that induces apoptosis reduced the life span
of the mosquito more than just SINV infection alone.

Strong Negative Selection Against Maintenance of Reaper Expression
Within Infected Mosquitoes. Given that the MRE/Rpr virus repli-
cated less than control virus in the early stages of infection, but
then caught up later, we asked whether the inserted reaper gene
was remaining intact as SINV replicated in the mosquito during
the experiments. To examine virus sequences in individual
mosquitoes, we isolated plaques from titered whole-body sam-
ples. For each virus and time point, 8–10 plaques were isolated
from each of 10–12 individual mosquitoes and amplified in
BHK21 cells. Viral RNA was then isolated and the region of the
genome containing the insert sequences amplified, followed by
Sanger sequencing. A summary of the sequencing strategy and
the results of the virus sequencing are shown in Fig. 5A and
Table S1.

When individual plaque isolates were sequenced from the
original MRE/Rpr stock virus used to infect mosquitoes, 92%
(23/25) of the plaque isolates contained the complete reaper se-
quence, with no mutations or deletions. However, after only 3 d
of replication in mosquitoes, the majority of sampled viruses
isolated lacked the intact reaper cassette (Fig. 5B and Table S1).
The most common type of mutations observed were deletions
that removed all or a portion of the reaper ORF and/or the
subgenomic promoter upstream of reaper; point mutations in the
reaper ORF were rarely observed. At 5 dpi, 5 of 10 MRE/Rpr-
infected mosquitoes had deletions in the reaper cassette in all
sequenced plaque isolates, whereas four of the remaining five
mosquitoes analyzed had mixtures of viruses with intact or de-
leted reaper inserts, and one mosquito had 10 of 10 plaque isolates
with the intact reaper cassette (Fig. 5B and Table S1). At 7 dpi,
the sampled plaque sequences in individual mosquitoes were
homogenous; that is, either all of the sequenced isolates from
a mosquito contained the intact insert (5 of 12 mosquitoes), or
all of the sequenced isolates had deletions eliminating Reaper
expression (7 of 12 mosquitoes) (Fig. 5B and Table S1). Linear
regression analysis by ordinary least squares indicated there was
no significant correlation between mosquito titer (Table S1) and
presence or absence of the reaper insert (R2 = 0.01, 0.04, and
0.15 at 3, 5, and 7 dpi, respectively).
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Fig. 3. Reaper expression decreases SINV replication and dissemination in
A. aegypti. (A) Prevalence of infection in mosquitoes, as determined by
detection of infectious virus. Fisher’s exact test was used to determine one-
tailed P values. (B) TCID50 assays were performed to measure the amount of
infectious virus in individual mosquitoes. Only infected mosquitoes were
included in the analysis, and Mann–Whitney U tests were used to determine
P values. Red lines indicate the median. (C) Individual midguts were titered
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permission from ref. 60.
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To further examine the MRE/Rpr viruses from the five mos-
quitoes that appeared to have 100% intact inserts at 7 dpi
(mosquitoes 1, 3, 4, 6, and 7 in Table S1), one representative
plaque isolate from each mosquito was used to infect C6/36 cells.
Four of the five isolates did not induce apoptosis in C6/36 cells,
suggesting Reaper was no longer being expressed from the ma-
jority of these viruses. When one of these plaque isolates was
sequenced, a point mutation in the subgenomic promoter driving
reaper was identified, which could possibly affect Reaper ex-
pression. Thus, it appears that in most cases, the viruses that had
intact reaper inserts at 7 dpi had lost Reaper expression, either
through point mutations in the subgenomic promoter or some
other mechanism.
In contrast, when plaque isolates obtained at 7 dpi from mos-

quitoes infected with the control virus MRE/Mx-as were sequenced,
all of them (88/88) contained the intact control insert and sub-
genomic promoter (Fig. 5B and Table S1). Similar results were
obtained with MRE/Rpr-as (20 of 20 plaque isolates obtained from
two mosquitoes contained the intact insert at 7 dpi). Thus, the ac-
cumulation of viruses with deletions in the insert strongly correlated
with Reaper expression. These sequencing results indicate a strong
negative selection against Reaper expression during replication of
MRE/Rpr in mosquitoes.
To obtain a more comprehensive picture of these virus pop-

ulations, deep sequencing was performed on virus populations
obtained from individual mosquitoes. Mosquitoes infected with
MRE/Rpr or MRE/Rpr-as (12 mosquitoes per virus) were in-
dividually homogenized at 7 dpi, and RNA was isolated from the
supernatant and converted to cDNA. The insert region was then
PCR amplified and the products were separated by agarose gel
electrophoresis (Fig. S5). PCR products ranging from 200 to
600 bp in length were excised from the gel and subjected to Illumina
sequencing. For each mosquito, ∼30,000–70,000 reads were
mapped to the reaper region, and their distribution was analyzed
by counting the number of base pairs aligned at each position
(Fig. 6). Because the reaper region was sequenced with paired-
end Illumina sequencing for 250 cycles, the middle of the reaper
insert was not sequenced.
Because both sequencing strategies suggested that most viruses

obtained from mosquitoes infected with MRE/Rpr would contain
large deletions, we first quantified the number and type of large
deletions present, using the paired information for each read pair.
All 12 of the virus populations derived from mosquitoes infected
with MRE/Rpr had significant major deletions of the reaper gene
and portions of the subgenomic promoters, whereas only 2 of the

12 mosquitoes infected with MRE/Rpr-as had virus populations
with predominant deletions (Table S2). In all cases where de-
letion viruses predominated, one to three dominant deletion
variants were present, suggesting that an early selective sweep
resulted in these deletions becoming predominant during viral
replication (Table S2). Deletions that removed the 5′ portion of
the downstream promoter driving expression of the viral struc-
tural genes, the reaper insert, and the 3′ portion of the upstream
promoter driving Reaper expression (e.g., the deletion 142–416)
presumably resulted in a fused promoter still capable of driving
structural gene expression; otherwise, these viruses would not be
capable of replication.
Analyzing the Illumina reads for apparent small insertions and

deletions (indels), as well as single nucleotide polymorphisms
(SNPs), was complicated by the fact that the duplicated sub-
genomic promoters driving expression of Reaper and the down-
stream viral structural genes are identical 142-bp sequences, so
not all apparent indels could be reliably called. Thus, this anal-
ysis likely underestimates the population of indels, especially
close to the border of the 250 cycles of MiSeq sequence. How-
ever, the analysis revealed numerous SNPs and small deletions
(6 bp or less), in addition to the major deletions listed in Table S2.
Eight of the 12 mosquitoes infected with MRE/Rpr had pop-
ulations of viruses with various small deletions in the promoter
region (shown by red bars in Fig. 6). Although these small
deletions are in the promoter driving structural gene expression,
large deletions in these sequences removed the reaper insert;
thus, the upstream promoter is presumably driving structural
gene expression in these mutants. Two virus populations had
large numbers of SNPs in the promoter region upstream of
reaper (shown by blue bars in Fig. 6). In contrast, only two of the
12 virus populations resulting from infection with MRE/Rpr-as
(the same two populations that had large deletions in Table S2)
had virus populations with small deletions in the promoter re-
gion. In the regions well covered by sequence reads, SNPs were
not observed in mosquitoes infected with MRE-Rpr-as (Fig. 6).
In combination, these data indicate that expression of the reaper
gene was under strong selective pressure to be eliminated from
the viral genome during replication in mosquitoes.

Discussion
Evidence for Apoptosis Being a Defense Against Arbovirus Infection in
Mosquitoes. Most studies on the potential role of apoptosis in
arbovirus–vector interactions have examined pathology in infected
mosquitoes, in some cases correlating apoptosis with resistance
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to infection (22, 24–27, 30, 31, 37). A recent study from our
group looked at the effects of silencing antiapoptotic or pro-
apoptotic genes on SINV infection in A. aegypti mosquitoes and
found that widespread induction of apoptosis actually exacer-
bated infection (33). However, there are significant differences
in the approaches used in these two studies. In our previous
experiments, apoptosis was stimulated by knockdown of Aeiap1
at 3 d before infection, and roughly 60% of the mosquitoes died
within the first 2 d after gene knockdown (33). In addition, the
midguts of the surviving mosquitoes showed obvious pathology at
the time of infection, as a result of extensive cell death. Thus,
induction of apoptosis in large numbers of cells, both infected
and uninfected, likely weakened the physical midgut barrier.
Immune defenses of the mosquitoes may have also been dis-
rupted; for example, one of the main immune responses against
arbovirus infection, RNA interference, was previously shown to
be inhibited by apoptosis in Drosophila (47). This combination of
factors likely was responsible for the increase in SINV infection
observed when widespread apoptosis was stimulated by Aeiap1
knockdown before infection (33). In this study, we examined the
effects of inducing apoptosis only in infected cells compared with
widespread silencing of apoptotic factors. Our data indicate that
inducing apoptosis during replication reduces or slows the ability

of SINV to establish infection in the midgut, disseminate from
the midgut, and infect salivary glands. In addition, we found
evidence of strong selection against induction of apoptosis by
viruses in infected mosquitoes.
We observed significantly less midgut infection by MRE/Rpr

than control viruses at early times after infection, and a delay in
virus dissemination from the midgut. Interestingly, however, by
5–7 dpi, MRE/Rpr had caught up to control viruses. This could
be a result of at least two factors: first, Reaper expression from
the viral subgenomic promoter occurs relatively late in the virus
replication cycle, and thus may only cause a delay in cell-to-cell
spread of virus. Some virus would likely be produced before
MRE/Rpr-infected cells died by apoptosis, as was seen when
cultured cells were infected (42). However, after the infected
cells die, they would no longer be able to serve as virus factories,
as they would in a normal persistent infection.
The second factor that likely allows MRE/Rpr to catch up over

time is the potential replicative advantage of viruses containing
mutations that eliminate the expression of Reaper. It is clear that
there was strong selective pressure favoring viruses that no lon-
ger expressed Reaper, as the insert was found to be frequently
deleted in mosquitoes infected with MRE/Rpr, but not with the
control viruses. We can only speculate about what would have
happened if the reaper insert was not able to be easily deleted
from the MRE/Rpr genome, but we suspect that the effects on
replication would have been even more drastic than what we
observed. Reaper likely induces apoptosis by multiple mecha-
nisms, including inhibition of IAP proteins, regulating mito-
chondrial fusion, and inhibiting cap-dependent protein translation
(48–50). Because Reaper expression is up-regulated normally dur-
ing Drosophila apoptosis (48), and many arbovirus mRNAs are
capped, including SINV, inhibition of cap-dependent translation
by Reaper homologs may play a role in decreasing arbovirus
replication in apoptotic mosquito cells, regardless of how apo-
ptosis is stimulated.
Two mosquitoes infected with MRE/Rpr-as had virus pop-

ulations with the antisense insert deleted from the viral genome,
suggesting that deletion events in the viral genome are quite
common. These deletions most likely occur as a result of a
mechanism of RNA recombination that is common among RNA
viruses, called template switching, in which the viral RNA-
dependent RNA polymerase detaches from one negative strand
template and reattaches to another template (51, 52). If the
polymerase reattaches at a different position, an insertion or
deletion occurs. Most insertions and deletions would be delete-
rious to the virus, but if a deletion confers a selective advantage,
it would be expected to rapidly become overrepresented in the
viral population. In the case of the reaper gene, the strong se-
lection to remove a gene that is cytotoxic could lead to rapid
selection for virus clones lacking the gene or deficient in
expressing the gene. In contrast, deletions removing the anti-
sense reaper insert do not appear to confer a strong selective
advantage, as the insert region is fairly small. During longer in-
fection periods, deletion of the antisense insert may confer a
replicative advantage because they remove a region without a
fitness benefit that has some cost to be replicated.
Deep sequencing revealed that virus populations from in-

dividual mosquitoes tended to be composed of a small number of
predominant virus clones (Table S2). This result may reflect the
previous observation, made with Venezuelan equine encephalitis
virus and Culex taeniopus, that only a small number of viruses
escape the midgut and are responsible for establishing dis-
seminated infection (53). Moreover, we found that three
specific deletion genotypes were found more than once in
virus populations from independent MRE/Rpr-infected mos-
quitoes. It is possible that these deletion genotypes were al-
ready present in the inoculum that was fed to the mosquitoes
and emerged through natural selection. Alternatively, these
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sites may represent hot spots for copy choice recombination in
this region.
Other studies have also suggested that early induction of ap-

optosis in mosquito midgut may result in nonpermissive virus
infection. A laboratory strain of Culex mosquitoes that were re-
fractory to West Nile virus exhibited increased apoptosis in
midgut tissues at 3 dpi infection compared with uninfected

individuals (31). In addition, early proapoptotic gene expression
was observed in the midguts of A. aegypti adult mosquitoes that
were refractory to dengue virus infection, but not in susceptible
mosquitoes (32). Although these previous studies did not directly
demonstrate that apoptosis was responsible for decreased in-
fection, when taken together with this study, the evidence indi-
cates that apoptosis can be an effective antiviral defense in
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mosquitoes that may be exploitable in controlling the trans-
mission of arboviruses. Although most arboviruses do not appear
to induce significant levels of apoptosis in their vector mosqui-
toes, we hypothesize that this is likely a result of natural selection
favoring the evolution of arboviruses that do not induce apo-
ptosis. A prediction arising from this hypothesis is that induc-
tion of apoptosis is more likely to be observed in noncompatible
virus–vector combinations, which are not typically studied.

Can Apoptosis Be Exploited to Interrupt Arbovirus Transmission?
There are several factors to consider when looking at ways to
decrease or block virus transmission by mosquitoes, including
virus prevalence in the mosquito population, the amount and
timing of virus salivated, and mosquito life span. Although SINV
is naturally vectored by Culex mosquitoes, it can be transmitted
by A. aegypti in the laboratory setting (34, 54). We found that
prevalence of SINV in saliva was similar between MRE/Rpr and
control viruses, but MRE/Rpr-infected mosquitoes did have
significantly lower amounts of virus in saliva than control virus at
10 dpi, suggesting either it took longer for MRE/Rpr to suc-
cessfully invade and replicate in salivary glands, or replication
levels were decreased in this organ. Lowering the amount of
virus in saliva may decrease virus transmission, although the
magnitude of the decrease probably depends on the virus and its
ability to infect the host. A recent report found increased apo-
ptosis in SINV-infected salivary glands in A. aegypti compared
with uninfected glands (37). This and other studies reporting
apoptosis in arbovirus-infected salivary glands (29, 30) lend to
the notion that apoptosis in salivary glands may naturally occur
in some arbovirus–mosquito combinations and could explain why
we observed decreased infection prevalence in saliva at 14 dpi
compared with 10 dpi with all of the viruses tested. Thus, pur-
posely stimulating apoptosis in salivary glands of infected mos-
quitoes, for example, by using transgenic approaches, may be
a means of blocking virus transmission with fewer effects on
mosquito health and survival than inducing apoptosis in midgut.
The effectiveness of such an approach would require further
testing with other more medically important arboviruses, as
responses may vary in different virus–vector combinations.
In addition, we observed a significant reduction in the average

life span of mosquitoes infected with MRE/Rpr compared with
control viruses. If mosquitoes die before being able to transmit
whatever pathogen they have acquired, transmission is blocked.
In this case, the extrinsic incubation period of SINV in A. aegypti
is around 9 d (45). However, MRE/Rpr-infected mosquitoes
died well after 9 dpi, and approximately half of them lived past
40 dpi, although it is not known whether infection with an apo-
ptosis-inducing virus would affect mosquito feeding behavior.
Also, the length of time required for MRE/Rpr infection to
cause lethality may have been affected by the loss of reaper ex-
pression over time in many of the virus genotypes. In contrast,
more than 40% of mosquitoes in which AeIAP1 expression had
been silenced died within 24–48 h after injection or topical ap-
plication of dsRNA (33, 55). A balance between these two
approaches may be able to achieve reduced life span, and
thereby reduce the number of blood meals taken by a female
mosquito without causing a severe evolutionary disadvantage,
which would rapidly lead to loss of a genetic resistance trait in
a transgenic mosquito. Such a system would also have to protect
the overall health of the infected mosquitoes, as disruption of
innate defenses or the midgut barrier could lead to increased
virus infection and transmission if the mosquito survived past the
extrinsic incubation period.
Together, these results provide the first direct evidence to our

knowledge that apoptosis, if it is stimulated by an arbovirus, has
detrimental effects on the ability of the virus to replicate in its
vector. This probably explains why apoptosis is rarely observed in
naturally coevolved arbovirus–vector relationships and suggests

that apoptosis may be one of the defense responses that together
decide the outcome of infection when a mosquito is exposed to
an arbovirus.

Methods
Insect Rearing. A. aegypti mosquitoes, Orlando strain, (obtained from James
Becnel at the Agricultural Research Service US Department of Agriculture,
Gainesville, FL) were reared at 27 °C, 80% humidity on a 12 h light/12 h dark
cycle. They were allowed to feed on raisins and water before blood feeding,
and sucrose, raisins, and water after blood meal. All experiments with SINV-
infected mosquitoes were performed in an arthropod containment level 2
insectary at Kansas State University.

Propagation of Recombinant SINV Virus and Determination of Viral Titers.
Recombinant 5′dsMRE16ic-based SINV clones containing sense and anti-
sense sequences for Drosophila reaper (MRE/Rpr) and an additional anti-
sense control containing the antisense sequence of A. aegypti michelob_x
(MRE/Rpr-as or MRE/Mx-as) were previously described (42). These viruses
have insert sizes of 198 nt for MRE/Rpr and MRE/Rpr-as and 339 nt for MRE/
Mx-as. Capped viral RNA was produced from linearized plasmids using
AmpliScribe SP6 HighYield Transcription Kit (Epicentre Biotechnologies) and
m7G(5′)ppp(5′)G Cap Analog (Ambion). Aliquots of each transcription re-
action (10 μL) were used to transfect BHK21 cells in 1 mL Opti-MEM Reduced
Serum Medium (Invitrogen) with 6 μL Lipofectamine 2000 (Invitrogen), as
previously described (42). At 2–3 d posttransfection, medium was collected,
aliquoted, and stored at −80 °C. Virus stocks were amplified once by using
100 μL virus to infect a T75 flask containing 90% confluent C6/36 cells, cul-
tured in L-15 (Leibovitz) medium (Invitrogen) supplemented with 10%
(vol/vol) FBS. At 2–4 dpi, virus was harvested, aliquoted, and stored at −80 °C.
Viral titers were determined using TCID50 assays in BHK21 cells, as described
here. Viruses used in this study were only passaged once and thawed once
before use.

Oral Infection with SINV. Two- to 3-d posteclosion mosquitoes were sorted for
feeding while under cold-induced coma. Cages contained a 1:20 male-to-
female ratio. Mosquitoes were given only water for 24 h before feeding.
Defibrinated sheep blood (Colorado Serum Company) was mixed 1:1 with cell
culture supernatant containing SINV for a final virus concentration of 1 × 107

TCID50/mL. Three- to 4-d-old mosquitoes were then administered an in-
fectious blood meal using a Hemotek 5W1 feeding system (Discovery
Workshops). Mosquitoes were allowed to probe and feed through parafilm
for 30–60 min. Mosquitoes were chilled at 4 °C and sorted for fully engorged
females. Blood-fed females were sorted into cages and given sucrose, raisins,
and water until experiments were completed.

Intrathoracic Infection of SINV. A Nanoinject II injector (Drummond Scientific)
was used to inject 3–4 d posteclosion female mosquitoes with 69 nL DMEM
containing 10–1,000 PFU of the indicated virus. PFU values were calculated
by multiplying TCID50 values by 0.69, as previously described (56). Virus was
injected intrathoracically while mosquitoes were knocked down with cold.
After injection, mosquitoes were placed in cages and given sugar, raisins,
and water until experiments were completed. Three independent biological
replicates were performed.

Midgut Antibody and TUNEL Staining. Dissected midguts were fixed in 4%
(vol/vol) paraformaldehyde in PBS (137 mMNaCl, 7 mMKCl, 10 mMNa2HPO4,
1.8 mM KH2PO4). Fixed midguts were washed in PBS + 0.1% Triton X-100
and blocked with PBS + 10% (vol/vol) FBS + 1% BSA. Anti-E1 SINV mono-
clonal antibody 30.11a (57) (obtained from Carol Blair, Colorado State Uni-
versity) diluted 1:200 was used as a primary antibody, and goat anti-mouse
Alexa Fluor 488 (Molecular Probes) diluted 1:500 was used as secondary
antibody. Washed midguts were mounted on slides using Fluormount-G
(Electron Microscopy Sciences). Each midgut was given an infection score as
previously described (42, 43), determined by multiplying the estimated
percentage of the midgut surface area that was infected by the brightness
of the staining (scale 1–3, 1 = dull, 2 = moderate, 3 = bright). TUNEL was
performed using the In Situ Cell Death Detection Kit, TMR red (Roche Ap-
plied Science) either after antibody staining was complete or with no anti-
body staining. TUNEL-stained and antibody-stained midguts were imaged
using a laser scanning confocal microscope (Zeiss LSM 5 Pascal, Kansas State
University Microscopy Facility). TUNEL-positive cells on the epithelial surface
of the midgut were counted in one uninfected and two infected regions
(230 μm × 230 μm), of ten midguts (7 dpi), per virus.
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TCID50 Assay with Mosquito Samples. Individual mosquitoes were placed in
500 μL DMEM (Invitrogen) supplemented with 15 μg/mL penicillin/strepto-
mycin (Invitrogen) and 1 ng/mL gentamycin (Cellgro). Mosquitoes were
triturated in 1.5-mL tubes with a disposable pestle, and then debris was spun
down. Supernatant from each sample was used to perform a serial dilution.
BHK21 cells in supplemented DMEM were used to seed 96-well plates. Each
mosquito sample dilution (10 μL) was added to 8 wells of BHK21 cells (1 × 104

cells/well). Plates were scored for infection at 6 dpi by observing cytopathic
effects. The number of infected wells per dilution was used to determine the
TCID50 per mosquito (56).

Saliva Collection. Saliva was collected from 10 or 14 dpi mosquitoes. Mos-
quitoes were starved of a sugar source for 24 h before saliva collection, then
anesthetized by cold treatment, and their wings and legs were removed. The
proboscis was placed in a pipette tip containing ∼20 μL FBS + 1 mM ATP.
Mosquitoes were allowed to salivate for 60–90 min. After salivation the FBS
was added to 100 μL DMEM containing penicillin/streptomycin and genta-
micin. Samples were vortexed, spun down, and then used for TCID50 assays.
Four independent biological replicates were performed per sample.

Longevity Assay. Mosquitoes at 3–4 d posteclosion were allowed to feed on
a noninfectious blood meal or a blood meal containing 1 × 107 PFU/mL of
the indicated virus. Blood-fed mosquitoes were then placed in pint-sized
containers and fed raisins and water throughout the experiment. Mortality
was monitored daily for 42 d. Four independent biological replicates
were performed.

Caspase Activity Assay. Pools of 10 midguts were lysed in caspase buffer
(20mMHepes-KOH, pH7.5, 50mMKCl, 1.5mMMgCl2, 1mMEDTA, 1mMEGTA,
1 mM DTT), using sonication. Debris was spun down, and supernatant was
used for caspase activity assay. The concentration of protein in each lysate
sample was quantified using BCA Protein Assay Kit (Pierce), and samples were
diluted to equal protein concentrations. Fifty microliters of each sample were
added to a 96-well white plate (Costar). After incubation at 37 °C for
10–15 min, Ac-DEVD-AFC substrate (MP Biomedicals) was added to each well
at a concentration of 20 μM. Cleavage of fluorogenic substrate was then
measured at 15-min intervals by fluorescence produced at excitation 405 nm
and emission 535 nm, using a Victor3 1420 Multilabel Counter (Perkin-
Elmer). The rate of substrate cleavage in the first 30 min was used to com-
pare the amount of activity in each sample. Three independent biological
replicates were performed for each experiment.

Plaque Isolation and Sequencing. Plaques were isolated by diluting superna-
tant from titered individual mosquitoes in DMEM + 0.5% agarose, 10% FBS,
15 μg/mL penicillin/streptomycin, and 1 ng/mL gentamicin. BHK21 cells were
overlaid with a mixture of DMEM, virus, and 0.5% agarose. At 3 dpi, 10
plaques from each mosquito or stock virus were collected and amplified
once in BHK21 cells cultured in supplemented DMEM.

Plaque sizes varied but did not correlate with retention of the inserts. At
2–3 dpi, amplified virus was harvested from BHK21 cells. Viral RNA was iso-
lated from each individual amplified plaque isolate using TRIzol LS reagent
(Invitrogen). Reverse transcription was performed using ImProm-II Reverse
Transcription Kit System (Promega) and the virus-specific primer 5′TACT-
GCGGAGGTCAATTGTT 3′. The region containing the insert was amplified
by PCR with sense primer 5′CTGAGACACTGGCTACTGCG 3′, antisense primer
5′CGGCCGAGCATATTAAAGAA 3′, and GoTaq polymerase (Promega). Puri-

fied PCR products were sequenced by Genewiz, Inc. Sequences were ana-
lyzed using EMBOSS Kalign (www.ebi.ac.uk/Tools/msa/kalign/).

Deep Sequencing. Purified PCR products from individual mosquitoes infected
with the MRE or MRE antisense virus were individually barcoded during PCR
amplification. Each PCR product from individual mosquitoes was gel
extracted, followed by library preparation for Illumina sequencing with
a NEBNext DNA Library Preparation kit for paired end samples. The libraries
were quantified with an Agilent BioAnalyzer and equally loaded on a single
lane of Illumina MiSeq, where they were sequenced for 250 cycles on each
end. Because the samples from individual were barcoded during PCR, they
were de-multiplexed into individual barcode libraries with a custom PERL
script. To map the reads back to the MRE or MRE antisense insert region, we
found that standard read mappers such as bwa REF and bowtie REF did not
produce optimal alignments because of a tandem promoter repeat present in
the sequenced region. Instead, a custom alignment pipeline was developed
on the basis of the MUSCLE pairwise aligner REF (58). To align the reads, each
read of a paired end set was analyzed to identify those which had the 5′ bar
code inserted by PCR. The barcode sequence was then removed and the read
aligned. Next, its mate pair corresponding to the 3′ end read was reverse
complemented and aligned to the MRE or MRE antisense region, followed
by combining both alignments into a single alignment. This process was then
repeated for each of the read pairs from Illumina sequencing, and the entire
result was combined into a single alignment file. To quantify the number of
reads that mapped to each position in the MRE or MRE antisense region, the
number of matching base pairs at each position was counted to produce
a matrix of counts at each position. This matrix was used to produce a graph
of the sequence count, using DataGraph 3.2 (Visual Data Tools, Inc.). SNPs
and insertions and deletions (INDELS) were called with samtools 0.1.17 REF
(59), allowing for a depth of up to 100,000 because of the read depth we
obtained on each MRE PCR product. SNPs and INDELS were then filtered
manually by z-score and depth and were filtered out of regions of low se-
quence quality. To quantify the presence of significant deletions that
resulted in overlapping paired sequence reads, the alignments from above
were scored with a custom PERL script that identifies the location where
both mate-paired reads overlap and the corresponding location in the
subgenomic promoter and reaper sequence. After initial identification and
manual inspection, reads with less than 5 bp of overlap were filtered out
because certain classes were a result of base call quality trimming near the
end of the pair reads, not an actual deletion. Low-frequency deletions (less
than 3%) had an ∼50% false discovery rate, and were filtered from the final
analysis. Finalized sequences were submitted to the National Center for
Biotechnology Information Sequence Read Archive (www.ncbi.nlm.nih.gov/
sra) and were assigned accession no. PRJNA272945.
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