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Mosquito blood-feeding behavior is a key determinant of the epide-
miology of dengue viruses (DENV), the most-prevalent mosquito-
borne viruses. However, despite its importance, howDENV infection
influences mosquito blood-feeding and, consequently, transmission
remains unclear. Here, we developed a high-resolution, video-based
assay to observe the blood-feeding behavior of Aedes aegypti
mosquitoes on mice. We then applied multivariate analysis on the
high-throughput, unbiased data generated from the assay to ordi-
nate behavioral parameters into complex behaviors. We showed
that DENV infection increases mosquito attraction to the host and
hinders its biting efficiency, the latter resulting in the infected
mosquitoes biting more to reach similar blood repletion as unin-
fected mosquitoes. To examine how increased biting influences
DENV transmission to the host, we established an in vivo trans-
mission model with immuno-competent mice and demonstrated
that successive short probes result in multiple transmissions.
Finally, to determine how DENV-induced alterations of host-
seeking and biting behaviors influence dengue epidemiology, we
integrated the behavioral data within a mathematical model. We
calculated that the number of infected hosts per infected mos-
quito, as determined by the reproduction rate, tripled when mos-
quito behavior was influenced by DENV infection. Taken together,
this multidisciplinary study details how DENV infection modulates
mosquito blood-feeding behavior to increase vector capacity, pro-
portionally aggravating DENV epidemiology. By elucidating the
contribution of mosquito behavioral alterations on DENV trans-
mission to the host, these results will inform epidemiological
modeling to tailor improved interventions against dengue.
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epidemiology

Dengue viruses (DENV) threaten almost half of the world’s
population due to the geographic distribution of their mos-

quito vectors, primarily Aedes aegypti (1). Dengue symptoms
range from flu-like to severe forms, including potentially lethal
hemorrhage. Currently, there are no approved therapeutics, and
the only licensed vaccine can increase the risk of severe disease in
immunologically naıve patients, thereby restraining vaccine
uptake in the population (2, 3). Furthermore, while vector control
has been the sole widely deployed intervention, current control
methods can only reduce epidemics and require sustained long-
term endeavor (4, 5). Here, we want to improve the understand-
ing of factors that influence DENV transmission by mosquitoes
to calibrate existing intervention strategies.

DENV transmission occurs during mosquito blood-feeding,
which is composed of two behavioral stages: host-seeking and bit-
ing behaviors (6) (Fig. 1A). Host-seeking is initiated at a long-
range distance (several meters) by the detection of host olfactory
cues (7). Higher concentration of CO2, as seen during exhalation
by humans, is sufficient to elicit the host-seeking behavior
sequence in mosquitoes (8–10) that begins with their upwind fly-
ing to trace back the CO2 plume. They then narrow down the
host target by sensing volatile, host-emitted odors. As the mos-
quitoes get closer to the host, they integrate visual and thermal
cues (10, 11). At short-range distance, while CO2-sensing is no
longer necessary, thermal, visual, humidity, and other olfactory
cues are integrated into a multimodal sensory detection mecha-
nism that guides mosquito-landing on their host (9, 10). Upon
contact, mosquitoes evaluate host–surface chemistry using
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mice and bite more often to get the same amount of blood
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induced behavior changes tripled transmission capacity of
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sensory appendages on their mouthparts and legs (6, 12, 13). The
host-seeking behavior is completed when a mosquito inserts its
proboscis (mouthparts) into the host skin (Fig. 1A).

The biting behavior begins with the mosquito proboscis prob-
ing through the host skin to locate a blood source (6) (Fig. 1A).
Upon proboscis insertion, a retractable outer cover called labium
bends to unravel a fascicle composed of six stylets (14). These
include a pair of sharp mandibles and a pair of serrated maxilla
that effortlessly pierce through the skin by vibration (15). The
hypopharynx, which is enclosed within a sheath-like structure
formed by the maxilla and mandibles, releases saliva along the
proboscis path to limit bite-sensing, platelet aggregation, blood-
clotting, and the immune response (16, 17). Also enclosed within
this sheath is a hollow, pointed tube called labrum. Gustatory
sensilla on the labrum guide the fascicle through the epidermis
and dermis to locate a blood vessel (18). Once located, the
labrum punctures the vessel and ingests blood upon activation of
the cibarial pump (6). In the absence of any disturbance,

mosquitoes ingest blood until abdominal stretch receptors signal
repletion, which then induces proboscis withdrawal and mosquito
escape flight (19). Alternatively, if the mosquitoes are disturbed,
they resume an earlier step or interrupt the behavior. Hereafter,
we define a successful bite as the completion of the biting behav-
ior sequence up to blood ingestion and an unsuccessful bite as a
biting sequence that does not result in blood ingestion.

DENV transmission occurs during a mosquito bite when the
virus is expectorated with the saliva. Almost the entire viral load
is deposited extravascularly in the skin (20–22). The keratinocytes
and fibroblasts, which are the prevailing cell types in the skin, are
productively infected (23–25). The ensuing inflammatory
response attracts myeloid cells, which then become infected and
carry the viruses to lymph nodes, triggering systemic infection
(24, 26). Therefore, skin infection triggered by mosquito bites is
solely responsible for the onset of systemic infection and trans-
mission (20, 27). Topical interferon-based treatment soon after a
mosquito bite was shown to block systemic infection, strongly
supporting the requirement for replication in the skin (28). Over-
all, initial skin infection and subsequent systemic infection rely on
mosquito blood-feeding behavior (29).

Despite the importance of mosquito blood-feeding behavior in
determining DENV transmission efficiency, the impact of viral
infection on the behavior remains inconclusive and sometimes
controversial. On the one hand, it is well established that DENV
infection increases mosquito locomotor activity (30–32), poten-
tially augmenting its dispersal to facilitate encounters with a host.
Combined with an enhanced sensitivity to synthetic human odors
(31), infection is expected to increase attraction to the host.
On the other hand, some studies have shown that DENV reduces
attraction to the host (33) and slightly decreases probing initia-
tion time (17), which is a proxy for host-seeking efficiency.
During a bite, DENV infection extends probing duration at 5, 8,
and 11 d postinfection (dpi), whereas it surprisingly has no impact
on the same parameter at the interspersed 7, 9, 10, and 20 dpi
(34). Another study reported no impact on probing duration but
an extension of blood ingestion duration (35). Yet another study
found that both the probing and blood-feeding durations were
not affected in DENV-infected mosquitoes (36). We suggest that
these inconsistencies probably originate from methodological and
technical flaws, such as artificial infection route through inocula-
tion (34, 36), low number of repeats (<10) (17, 36), use of dead
mice (17), limited number of measured parameters (all cited stud-
ies quantified less than seven behavioral parameters), infection
with laboratory-adapted virus strain (17, 33, 35, 36), or lack of
high-resolution enlarged visuals (17, 30–36). These limitations
may have led to biased observations of the intertwined behavioral
sequences that take place during mosquito blood-feeding.

To determine the impact of DENV infection on A. aegypti
blood-feeding behavior and thus on their viral transmission capac-
ity to the host, we designed a high-resolution, close-up, video-
recorded assay to analyze the final sequences of the host-seeking
and the entire biting stage. We measured and timed mosquito-
walking and immobile activities, mosquito position at midrange,
short-range, and in contact with the host, proboscis insertion,
insertion length, motions within the skin, wriggling, and grooming,
and blood ingestion and the resultant abdominal swelling. After
annotating the videos, we used a computerized algorithm to calcu-
late 80 behavioral parameters and applied multivariate statistics to
reveal the complex and interconnected behavioral changes. Using
low-passage virus and anesthetized mice, we observed that DENV
infection increased attraction to the host and decreased probing
efficiency; the latter resulted in a higher number of unsuccessful
bites to obtain a similar blood meal size as those obtained by
uninfected mosquitoes. To demonstrate that the increased number
of bites augmented transmission capacity, we showed that DENV
is transmitted at each successive probes in immuno-competent
mice. Using mathematical modeling, we calculated that by

Fig. 1. Description of the behavioral assay. (A) Mosquito blood-feeding
behavioral stages. (B) Observation chamber. (C) Viral load in whole mos-
quitoes at 10 d postoral infection with DENV or postoral feeding on non-
infectious blood meal (Ctrl). Bars show geometric means ± 95% CI from
20 mosquitoes in each condition. (D and E) Behavioral assay device. An
anesthetized mouse with a shaved belly was positioned on the upper deck,
before lowering the upper deck onto the lower deck, which contained
four observation chambers. Mosquitoes were video recorded for 30 min.
(F) Examples of video-recorded pictures showing probing initiation (F’),
proboscis insertion (F’’), and blood ingestion with abdomen swelling (F’’’).
(G) Schematic of the high-resolution, high-throughput behavioral assay.
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increasing host attraction and frequency of infectious probes,
DENV-induced alterations of mosquito blood-feeding behavior
tripled transmission capacity.

Results
Blood-Feeding Behavioral Assay. To video-record mosquito blood-
feeding behavior, we built a transparent observation chamber
capped with a mesh (Fig. 1B, SI Appendix, Fig. S1A, and Methods).
A. aegypti were orally infected with a low-passage DENV sero-
type 2 (DENV2) at an inoculum dose in the moderate-to-high
range of what is quantified in patient blood (37), resulting in
100% infection rate in the mosquitoes (Fig. 1C). Control mosqui-
toes were fed uninfected blood. We started recording encaged
mosquitoes as soon as the upper platform was lowered to posi-
tion an anesthetized mouse in contact with the mesh of the
observation chambers (Fig. 1 D and E and SI Appendix, Fig.
S1B). To determine the transmission potential of a mosquito, we
observed its behavior over a meaningful period of time (30 min;
refer to example in Movie S1). During this time, the mosquitoes
were able to complete host-seeking and biting behaviors or
resume blood-feeding behavior if their previous attempts were
not successful or blood repletion was not satisfactory (Fig. 1A).
We recorded 65 control and 52 infected mosquitoes, as some of
the mosquitoes did not survive the starvation.

The videos were manually annotated with the help of an
in-house software that registered the time of occurrence of
each activity and the lengths of the abdomen and inserted pro-
boscis (SI Appendix, Table S1; refer to an example of annotation
in Movie S2). Since the high-resolution camera could only
record the top 7.5-mm region of the chamber, we arbitrarily
chose to define this area as short-range distance and the region
below (outside the video frame) as midrange distance (Fig. 1B).

To thoroughly describe blood-feeding behavior without pre-
selecting parameters that will make presumptions based on the
observations, we computed 80 behavioral parameters from the
video annotations. The parameters included total duration of
the activity, average duration per activity, count, time from start
to the activity, and size of certain features for the activities
observed at midrange, short-range, and contact distances and
during probing, blood ingestion, body maintenance, and loco-
motor activities (SI Appendix, Tables S1 and S2). Within each
stage, we interpreted the biological significance of the behav-
ioral parameters as being significant for sensing, attraction to
the host, or efficiency of the activity (SI Appendix, Table S1).
We also categorized the parameters as belonging to the host-
seeking or biting behavior stages (SI Appendix, Table S1). The
behavioral assay allowed us to observe mosquito blood-feeding
with unprecedented accuracy and to generate a large set of
unbiased, statistically analyzable data (Fig. 1G).

Multivariate Statistical Analysis Uncovered Complex Behavioral
Patterns. We analyzed host-seeking and biting behavior stages
separately. First, we analyzed host-seeking parameters for all
mosquitoes, considering that their physiological status was
homogenized by the behavioral assay design (e.g., same age, star-
vation condition, temperature, and humidity). Second, we ana-
lyzed biting parameters only for mosquitoes that probed and thus
had completed the host-seeking stage. Positing that each of the
behavioral parameters alone (SI Appendix, Table S1) did not rep-
resent the complex behaviors in mosquito blood-feeding, we used
factor analysis based on correlation matrix to ordinate parame-
ters into factors, thereby revealing patterns among the behavioral
parameters (38). We then biologically interpreted the factors and
statistically determined the impact of infection on the factor
scores (Fig. 1G). Factor analysis for similar purposes is routinely
used in social sciences (39) and psychology (40) studies, and we
have also previously deployed it in an agricultural entomology

study (41). There are three advantages to the multivariate
approach: 1) it limits multiple-comparison error through statisti-
cal ordination of the parameters into fewer factors, 2) it reveals
complex mosquito behaviors associated with multiple parameters,
and 3) it combines the multicollinearity among single behavioral
parameters to increase contrast and diminish variance between
the conditions (control versus infected), thereby enhancing statis-
tical resolution of the composite factors (42). Eventually, as a
confirmatory approach, we also tested the impact of infection on
the single behavioral parameters using univariate statistics.

Interpretation of Host-Seeking Behavior Factors. We applied mul-
tivariate analysis to 44 behavioral parameters that are associ-
ated with the host-seeking stage (SI Appendix, Table S3) for 65
control and 52 infected mosquitoes. In total, 11 factors were
generated, but only nine of them that explained more than 5%
of the total variance were analyzed (SI Appendix, Table S3).
Each factor had two to seven parameters with high loadings (SI
Appendix, Tables S4 and S5), which were used for biological
interpretation as detailed in Methods.

Factor 1, which clustered seven parameters related to loco-
motor activity and explained 14.8% of the total variance, was
interpreted as “restlessness” (SI Appendix, Table S4 and Fig. 2
A and B). Factor 2, which clustered six parameters related to
mosquito position, locomotor activity, and body maintenance
and explained 10.6% of the total variance, was interpreted as
“lack of host attraction.” Factor 3, which clustered six parame-
ters related to mosquito position and explained 8.9% of the
total variance, was interpreted as “attraction to host.” Factor 4,
which clustered all the four parameters related to proboscis
grooming and explained 8% of the total variance, was inter-
preted as “proboscis grooming.” Factor 5, which clustered all
the four parameters related to wing grooming and explained 7.
9% of the total variance, was interpreted as “wing grooming.”
Factor 6, which clustered four parameters related to mosquito
position and locomotor activity and explained 7.6% of the total
variance, was interpreted as “attraction to host from short-
range distance.” Factor 7, which clustered three parameters
related to locomotor activity and explained 7.5% of the total
variance, was interpreted as “search for skin cues.” Factor 8,
which clustered all the three parameters related to proboscis
wriggling before probing and explained 7.4% of the total vari-
ance, was interpreted as “proboscis wriggling before probing.”
Factor 9, which clustered the two parameters related to probos-
cis wriggling and explained 6.6% of the total variance, was
interpreted as “proboscis wriggling.”

DENV Infection Increases Mosquito Attraction to the Host. Analysis
of the behavioral parameters revealed the impact of DENV
infection on the host-seeking behavior. First, we observed that
infection did not alter the probing rate: 70% versus 63% in
control and infected mosquitoes, respectively (χ2 P value of
0.71; Table 1). As body size can influence feeding behavior
(43), we measured the abdominal diameter before blood-
feeding in infected and control mosquitoes. The abdomen was
of the same size in both conditions (DENV = 0.77 ± 0.005;
Control = 0.78 mm ± 0.006; t test, P value = 0.74; Dataset S1).
The lack of effect on the probing rate suggests that DENV
infection did not disturb the completion of host-seeking behav-
ior within the time period. However, it is important to note that
our experimental set-up allowed us to observe host-seeking
behavior only at a short-range distance and did not account for
long-range detection of the host. Other studies carried out
using a larger cage that allows mosquito flight had shown that
landing on a host mimic was accomplished in less than 120 s
under uninfected condition (12). We posit that our longer
observation time of 30 min may have provided multiple oppor-
tunities to the mosquitoes to initiate host-seeking, potentially
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minimizing the differences in the completion of host-seeking
behavior, which is measured by probing rate, between infected
and control mosquitoes.

Second, we compared the factor scores between the infected
and control mosquitoes. Factor 3 and Factor 6, which were
interpreted as “attraction to host” and as “attraction to host
from short-range distance,” respectively, were increased by
DENV infection (Fig. 2B). DENV infection did not affect the
other factors that were indicative of “restlessness,” “lack of
host attraction,” “proboscis grooming,” “search for skin cues,”
and “proboscis wriggling.”

Third, we performed a “classical” univariate analysis on the 44
host-seeking parameters. “Time from start to first time at short-
range” (parameter 2 [P2]), “duration at midrange before first time
at short-range” (P5), and “duration at midrange before first time in
contact” (P19) were significantly reduced upon infection (Fig. 2C
and Dataset S2), confirming the multivariate analysis results.

Fourth, as the high-resolution behavioral assay only allowed
analysis of mosquito behavior at a short-range distance in a small
observation chamber that restricted mosquito flight, we

monitored mosquito attraction to a mouse in a larger cage (30 ×
30 × 30 cm), which allowed ample space for mosquito flight.
Over the 30-min observation period, DENV-infected mosquitoes
were more attracted to the mouse than the control mosquitoes
(Fig. 2D; P value = 0.098 as determined by Mantel–Cox test).
Altogether, the results show that DENV infection increases
mosquito attraction to the host.

Interpretation of Biting Behavioral Factors. Next, we applied mul-
tivariate analysis to the 36 behavioral parameters that are asso-
ciated with the biting stage (Dataset S3) for 46 control and 33
infected mosquitoes that probed at least once. Eight factors
were generated, but only five that explained more than 5% of
the total variance were analyzed (SI Appendix, Table S6). Each
factor included two to 10 parameters with high loadings (SI
Appendix, Tables S7 and S8), which were used for biological
interpretation as detailed in the methods section.

Factor 1, which clustered 10 parameters related to probing and
explained 25.3% of the total variance (SI Appendix, Table S7 and
Fig. 3 A and B), was interpreted as “probing efficiency.”

Fig. 2. DENV infection increases mosquito attraction to the host. (A) Schematic of the ordination of host-seeking behavioral parameters into biologically
interpretable factors and example of Factor 1. (B) Factor analysis of host-seeking behavior. Bars show factor score means ± SEM. Variance explained by
each factor is detailed. *P value < 0.055 as determined by unpaired t test. (C) Univariate analysis of host-seeking behavior. Bars indicate median ± 95% CI
for three behavior parameters that were significantly (P value < 0.05 as determined by Mann–Whitney U test) different between infection (DENV) and
control (Ctrl) conditions. (B and C) N infected = 52 and N control = 65. (D) Mosquito attraction to the mouse in large cages; N = 30 for each condition.

Table 1. Impact of DENV infection on rates of biting and blood ingestion

Control mosquitoes DENV-infected mosquitoes P value*

N observed 65 52
N biting 46 33
N blood ingesting 40 27
Biting rate, percentage 70.77 63.46 0.71
Blood ingestion rate, percentage 86.96 81.81 0.85

*As determined by χ2 test.
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Interestingly, parameters measuring average durations of probes
(i.e., “average duration per probe” [P37], “average duration of
probing before first blood ingestion” [P42], and “average duration
of proboscis motions during unsuccessful bites” [P45]) were not
correlated with factor 1 (SI Appendix, Table S8), suggesting that
the duration of a single probe is not constrained by probing effi-
ciency. In other words, when a bite is unsuccessful (i.e., does not
lead to blood feeding), mosquitoes resume the biting-behavior
sequence instead of extending the probing duration. Factor 2,
which clustered nine parameters mostly related to blood ingestion

but also to probing and mosquito position and explained 19.2%
of the total variance, was interpreted as “appetite for blood.” Fac-
tor 3, which clustered seven parameters related to probing and
explained 16.4% of the total variance, was interpreted as
“proboscis activity during successful bites.” Factor 4, which clus-
tered three parameters related to probing and explained 10.8% of
the total variance, was interpreted as “proboscis activity during
unsuccessful bites.” Factor 5, which clustered two parameters
associated with blood ingestion and explained 6.5% of the total
variance, was interpreted as “blood ingestion capacity.”

Fig. 3. DENV-infection hinders probing efficiency. (A) Schematic of the ordination of biting behavioral parameters into biologically interpretable factors
and example of Factor 1. (B) Factor analysis of the biting behavior. Bars show factor score means ± SEM. Variance explained by each factor is detailed.
*P value < 0.055 as determined by unpaired t test. (C) Univariate analysis of the biting behavior. Bars indicate median ± 95% CI for eight behavior param-
eters that were significantly (P value < 0.05 as determined by Mann–Whitney U test) different between infection (DENV) and control (Ctrl) conditions.
1Parameters were calculated only with individuals that blood-fed. (B and C) N infected = 33 and N control = 46.
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DENV Infection Increases the Number of Probes before Blood
Ingestion. Analysis of the behavioral parameters revealed the
effects of DENV infection on the biting behavior. First, we
observed that infection did not alter blood-feeding rate among
biting mosquitoes �86% versus 81% for control and infected
mosquitoes, respectively, with a χ2 P value of 0.85 (Table 1).
This suggests that DENV-infected mosquitoes remain capable
of completing biting by inserting proboscis, sensing a blood
source, and imbibing blood.

Second, by comparing the factor scores between infected and
control mosquitoes, we revealed that DENV infection reduced
factor 1, which was interpreted as “probing efficiency” (Fig. 3B).
In other words, DENV infection hampered the ability of mosqui-
toes to locate and/or perforate blood vessels. Inversely, “appetite
for blood,” “proboscis activity during successful bites,” “proboscis
activity during unsuccessful bites,” and “blood ingestion capacity”
were not altered.

Third, we conducted a univariate analysis on the 36 biting
parameters. To limit bias due to parameter approximations to
accomodate a multivariate analysis (SI Appendix, Table S2),
parameters related to blood ingestion were calculated only
from mosquitoes that fed on blood (Dataset S3). We found that
DENV infection increased several parameters related to prob-
ing duration, including “time from first probing to first blood
ingestion” (P33), “total duration of probing before first blood
ingestion” (P41), and “average duration of probing before first
blood ingestion” (P42) (Fig. 3C), leading to an extended, over-
all probing duration to locate blood. Interestingly, “number of
unsuccessful bites” (P39) was significantly increased by infec-
tion. As “average duration per probe” (P37) was only margin-
ally impacted by infection (median [(95% CI], for Control =
73.24 [62 to 97.3] and for DENV = 89.4 [73.2 to 108.5]; P value =
0.098), we speculate that the extended, total probing duration
before blood ingestion was due to the higher number of unsuc-
cessful bites (Fig. 3B and Dataset S3). Similarly, the higher
number of unsuccessful bites possibly explains the increase in
“total duration of probing” (P36) caused by infection. Of note,
“number of successful bites” (P38, P value = 0.32) and “number
of blood ingestion events” (P57, P value = 0.12) were not
altered upon infection (Dataset S3). Together, this indicates
that infected mosquitoes have similar blood appetites compared
to control mosquitoes and succeed in ingesting blood over the
30-min observation period. However, infected mosquitoes have
to conduct more probing attempts before reaching the blood
vessels than uninfected mosquitoes. In line with the multivariate
analysis, the univariate analysis provided further insights into
how DENV infection altered probing efficiency.

During mosquito probing, we observed upward and downward
motions of the proboscis (Movie S1), which indicates directional
changes while searching for blood (18). Upon DENV infection,
“total number of proboscis motions” and “duration of proboscis
motions” increased (Fig. 3C). However, as the “number of pro-
boscis motions per probe” (P43) was not altered (P value = 0.
265; Dataset S3), the increase in proboscis motion number and
duration can be attributed to the extended probing duration
(P36). As noted above about the probing duration, which is inde-
pendent of bite output, these results point to mosquitoes follow-
ing a behavior pattern with regards to their proboscis motions
that does not depend on behavior output.

Intriguingly, when calculated from blood-fed mosquitoes only,
“total abdomen swelling after blood ingestion” (P61) was reduced
by infection (Fig. 3C). This may result from a combination of
moderate reductions in “number of blood ingestion events”
(P57) and “average abdomen swelling per blood ingestion
event” (P62) (Dataset S3). The unfulfilled blood repletion that
we observed over the 30-min period would likely stimulate fur-
ther biting. Altogether, we observed that DENV infection in

mosquitoes increased the number of probes necessary to achieve
their blood satiety.

Successive Probing Results in Multiple Transmissions. To determine
the impact of the biting behavioral alterations on virus transmis-
sion, we artificially reproduced repeated probing (i.e., unsuccessful
bites) by using short probes as a proxy for unsuccessful bites. To
induce short probes, we let one infected mosquito bite one mouse
and disturbed the probing 20 s after proboscis insertion. We chose
this short time frame because in the behavioral analysis described
above, only 6% (2 out of 33) of the infected mosquitoes achieved
blood-feeding within 20 s of probing (P33 in Dataset S3). Accord-
ingly, none of the short probes resulted in blood ingestion. Of
note, as median for “time from first probing to first blood
ingestion” (P33) was 53 and 172 s in uninfected and infected mos-
quitoes, respectively, the 20-s duration that we used represented a
conservative measure of the transmission ability, which may vary
with probing time. Following a 10-min rest period between bites,
we then let the same mosquito conduct two successive short
probes in two other mice (Fig. 4A). We chose to determine viral
transmission over three short probes, as the median of unsuccess-
ful bites for infected mosquitoes was two within 30 min (P39 in
Dataset S3). Consistent with the behavioral assay, all eight tested
mosquitoes achieved the three bites in less than 26 min (SI
Appendix, Table S9). To evaluate virus multiplication and transmis-
sion, we quantified DENV in the skin and draining lymph nodes
24 h postprobing. Importantly, we used immuno-competent mice
(wild-type C57BL/6) that we previously used to evaluate immune
response to DENV inoculation (44, 45) but not as a model for
virus transmission by mosquitoes. As DENV is susceptible to the
murine immune response, its infectivity is usually evaluated in an
immuno-compromised mouse model (46). However, immune defi-
ciency can lead to overestimation of infectivity. For this reason, we

Fig. 4. Mosquitoes transmit DENV at each successive probe. (A) Schematic of
the transmission assay. (B and C) DENV infection in skin (B) and the corre-
sponding draining lymph nodes (C) from three mice successively bitten by the
same infected mosquito. Infection rate indicates the number of infected tis-
sues over the number of tissues bitten by different mosquitoes. Violin plots
indicate median (thick line) and quartiles (dotted lines). Eight mosquitoes
were analyzed, and each had bitten three different mice, totaling 24 different
mice. Dots with the same color represent bites by the same mosquito.
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used a wild-type animal model of mosquito transmission to quan-
tify short-term DENV infectivity in an immune-relevant context
and, thus, to accurately determine saliva infectivity.

Strikingly, all the eight mosquitoes transmitted DENV into the
skin up to the second short probe and seven mosquitoes up to
the third short probe (Fig. 4B). Among the infected skin samples,
DENV genome copies were similar between the three successive
short probes (P value = 0.24; Fig. 4B). To confirm active infec-
tion, we quantified DENV in the draining lymph nodes of these
same mice, as the onset of infection here requires virus replica-
tion in the skin (28, 47). We detected DENV in lymph nodes
(Fig. 4C), validating the immuno-competent mouse model to
quantify bite-initiated transmission and demonstrating that the
model replicates the expected natural route of infection. In con-
trast to what we observed in the skin, all three successive bites
from the eight mosquitoes resulted in infection in the lymph
nodes (Fig. 4C), including the third mosquito bite, which did not
yield skin infection (red point, Fig. 4B). This might be explained
by the viruses being carried by infected myeloid cells to the lymph
nodes within 4 h postbiting (48). Similar to skin infection, there
was no strong difference in viral load between the three short
probes (P value = 0.06; Fig. 4C), confirming that each probe was
equally infectious. It was previously shown that the saliva from
DENV-infected mosquitoes remain infectious even after 20 suc-
cessive probes on guinea pigs (49). However, the study was con-
ducted using saliva that was artificially collected in capillaries—a
method that biases the volume of saliva collected (20)—and
infectivity was evaluated in qualitative terms in mosquitoes (i.e.,
detection of infection after injection in mosquitoes). In contrast,
our assay quantified saliva infectivity in live mammals. Alto-
gether, our results show that mosquitoes transmit DENV multi-
ple times within a short period of time through short probes,
thereby establishing a positive correlation between the number of
bites and transmission events.

DENV-Altered Mosquito Blood-Feeding Behavior Increases Transmis-
sion Capacity. Based on our observations of multiple DENV
transmissions during successive short probes by infected mosqui-
toes, we assumed that DENV infection influences vector capacity
by altering the host-seeking and biting behaviors of the mosqui-
toes. We also posited that each unsuccessful bite is conducted on
a different host as mosquitoes fly away to escape being noticed
after each probe (50, 51). To model the impact of behavioral
alterations on dengue epidemiology, we calculated the basic
reproduction rate (R0) for infected mosquitoes by incorporating
“duration at midrange distance before first time in contact”
(P19) and “number of unsuccessful bites” (P39) as proxies for
host-seeking and biting behaviors, respectively, in a compartmen-
tal mathematical model. Both of these parameters were signifi-
cantly altered by infection (Figs. 2C and 3C), and we ran the
model using values proportional to the differences in means
between control and infected mosquitoes (SI Appendix and
Dataset S3). While we used classical parameter values to obtain a
baseline R0 of 2.5 (R0 may vary between epidemiological set-
tings) (52) with blood-feeding behavior of uninfected mosquitoes,
infection-induced alterations of host-seeking and biting behav-
iors, separately, increased R0 to 3.15 and 4.19, respectively (Fig.
5). Importantly, when changes in host-seeking and biting behav-
iors were combined, the R0 was multiplied more than three times
to 7.65. Altogether, these results suggest that DENV-induced
changes in mosquito blood-feeding behavior dramatically aggra-
vate DENVepidemiology.

Discussion
Mosquito blood-feeding behavior is a key determinant of vector
capacity and thus transmission efficiency. Here, we deploy a

reductionist multidisciplinary approach to detail how DENV
infection alters blood-feeding behavior and how these behav-
ioral alterations influence DENV epidemiology. To monitor
mosquito blood-feeding behavior with unprecedented accuracy,
we designed a close-up, video-based assay with mice. Using
semiautomated methods to process the videos, we then gener-
ated a large amount of standardized and unbiased behavioral
data, which we analyzed using multivariate statistics. The assay
allowed behavioral observations close to the mouse skin, pro-
viding a high-resolution model of proximal host-seeking and
biting. To expand our observations of the host-seeking behavior,
we also monitored mosquito attraction to the host in larger
cages. The behavioral analysis revealed that DENV infection
augments mosquito attraction to the host and hinders its biting
efficiency, the latter resulting in an increased number of unsuc-
cessful bites to reach a similar level of blood repletion as seen
in uninfected mosquitoes. Enhanced sensitivity to synthetic
human odors (31) and increased mobility (30) upon DENV2
infection may have induced the increased attraction to the host.
Altered probing efficiency was previously reported upon
DENV3 infection (34), although not in as much detail as in the
present study. While the impact of increased attraction to the
host on vector capacity is trivial, we used an immuno-compe-
tent mouse model to show that successive short probes (as
short as 20 s and representing a proxy for unsuccessful bites)
result in repeated transmissions, thereby demonstrating that
DENV-induced alteration of the biting behavior also increases
vector capacity. Finally, our mathematical models indicate that
the DENV-induced alterations of mosquito blood-feeding
behavior triple transmission efficiency, which we expect would
proportionally aggravate DENVepidemics.

This high-resolution analysis of mosquito blood-feeding
behavior on mice supports the existence of a biting behavioral
pattern independent of the behavior outcome (i.e., whether
biting leads to blood ingestion or not). We observed that
despite infected mosquitoes conducting significantly more
“unsuccessful bites” (P39), “average duration per probe” (P37)
was similar for infected and control mosquitoes (Dataset S3).
Similarly, “average duration of proboscis in motion per probe”
(P46) was not affected by infection, whereas “total number of
proboscis in motion” (P44) and “duration of proboscis in
motion” (P45) were increased by infection (Dataset S3). A bit-
ing pattern independent of the outcome was also revealed by
the multivariate analysis, in which “average duration per probe”
(P37) was not correlated with the factor describing biting effi-
ciency.” Such a behavioral pattern was previously observed
using an artificial skin mimic (12). In the skin mimic study,
probing duration did not vary between mosquitoes that were
stimulated to imbibe a watery solution by the addition of a
phagostimulant and those that did not feed in the absence of
the phagostimulant. It is likely that the probing duration is

Fig. 5. R0 is increased by infection-induced changes on mosquito blood-
feeding behavior. The impact of infection on host-seeking and biting
behaviors separately and together was mathematically modeled.
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constrained by the associated risk of being noticed and killed
by the host. However, the corollary of this behavioral constraint
is that mosquitoes failing to imbibe a liquid have to resume bit-
ing and conduct multiple bites. This was observed in both the
prior study using artificial skin (12) and the present study using
mice. Because we showed that mosquitoes transmit DENV dur-
ing successive probes, the current study suggests that the virus
subverts a mosquito behavioral association between biting suc-
cess and probing repetition to increase transmission efficiency.

Infection can alter biting success in three possible ways: 1)
interfering with ingestion, 2) obscuring sensory cues, and/or 3)
hindering proboscis progress (53). First, DENV did not seem to
reduce ingestion capacity, as “average abdominal swelling per
blood ingestion event” (P62) was unaffected (Dataset S3). Sec-
ond, the phagoreceptors responsible for locating blood vessels
are present in the brain and maxillary palps, both of which are
infected by DENV (17, 54). In these chemosensory organs,
DENV infection regulates gene expressions (31), including the
regulation in opposite directions of two odorant-binding proteins
(OBP) required for efficient blood-feeding behavior (17). The
biting deficiency that we observed may be related to DENV-
mediated inhibition of certain OBPs. Third, proboscis progres-
sion is facilitated by the secretion of saliva with functions in
hemostasis, inflammation, and immunity (16). We and others
have reported that DENV infection regulates the protein con-
tent in saliva (55) and the expression of genes involved in blood-
feeding in the salivary glands (17, 56). Infection-induced biting
hindrance may thus be caused by disruption of the sensory appa-
ratus and saliva-mediated proboscis progression. Sensory distur-
bance can also result in increased mosquito attraction to the
host upon infection (31). Alternatively, the metabolic cost associ-
ated with infection (57) may increase the need for the energy-
rich blood, promoting attraction to the host. Regardless of the
mechanism, the altered behavior is remarkably specific, as it did
not impact body maintenance, locomotor activity, and blood
ingestion capacity, all of which were also evaluated in our multi-
variate behavioral assay. Given the crucial role of blood-feeding
in influencing DENV epidemiology, evolution is expected to
strongly select for virus-induced manipulation of mosquito
behavior that favors transmission (58).

There are several limitations to our experimental design that
constrain the breadth of the conclusions. We used mice to mon-
itor mosquito behavior. Although A. aegypti feeds on rodents in
the field, humans are its preferred host (59), and mosquito
attraction cues certainly differ between the two species. Simi-
larly, we used a mouse model to quantify transmission.
Although we used wild-type mice to obtain a stringent quantifi-
cation of infectivity, saliva infectivity may differ in humans. As
safety reasons preclude the use of humans with infected mos-
quitoes, it would be of interest to test our findings in nonhuman
primates, which is the most-relevant animal model. Further-
more, we used a low-passage (<7) DENV2 strain throughout
the study to obtain field-relevant results. However, mosquito
behavior may be altered differently by the various DENV sero-
types or even genotypes. In addition, other factors that may
influence how DENV infection alters mosquito behavior
include virulence level, inoculum dose, extrinsic incubation
period, mosquito age, size, genetics and physiological status,
number of previous blood feed, origin of the blood, tempera-
ture, humidity, light, and microbiota. Altogether, the reduction-
ist approach that we undertook provided a supported answer to
the long-standing question about the effect of DENV infection
on mosquito transmission rate. Although the conclusions are
relevant mainly within the boundaries of the model system,
they have broader significance as they shed important light on
the contribution of DENV-altered mosquito behavior in
influencing dengue epidemiology.

The blood-feeding habits of A. aegypti make it a devastating
vector (29). The mosquito takes multiple blood meals during
one gonotrophic cycle (60–62), preferentially feeds on humans
(59), and is a persistent biter that will seek hosts until it
achieves blood repletion (63). The alterations in mosquito
blood-feeding behavior that we observed upon DENV infection
amplify vector capacity and shape its epidemiology. The
enhanced transmission rate may explain why epidemics occur
even with very low mosquito house index (5). Similarly,
repeated infectious bites within a short period of time provide a
rationale for the highly focal dengue clusters (defined as two or
more cases within 150 m of each other in a period of 14 d) that
are regularly observed (64–66). More strikingly, repeated infec-
tious bites offer an explanation for the simultaneous occurrence
of dengue symptoms in multiple people within the same house-
hold (67, 68). Altogether, this study demonstrates the contribu-
tion of DENV infection–induced modifications of mosquito
behavior on disease epidemiology and supports the integration
of infection-induced behavior alterations in epidemiological
models to better inform public health authorities.

Methods
Material: Mosquito, Mouse, and Viruses. Details are provided in SI Appendix,
SI Methods.

Mosquito Oral Infection. Female mosquitoes 3 to 5 d-old were orally infected
by feeding on DENV-infectious blood. More information is provided in SI
Appendix, SI Methods.

Absolute Quantification of DENV Load. Viral genomic RNA was absolutely
quantified by one-step qRT-PCR. More information is provided in SI Appendix,
SI Methods.

The Behavior Video Recording. A custom-made device allowed high-resolution
video-recording ofmosquito blood-feeding onmice for 30min.More information
is provided in SI Appendix, SIMethods.

Multivariate Statistical Analysis. Based on the videos, mosquito behavior was
semiautomatically annotated and used to calculate 80 behavioral parameters,
which were then analyzed through factor analysis and univariate tests. More
information is provided in SI Appendix, SI Methods.

Biological Interpretation of the Factors. Factors related to host-seeking and
biting behaviors were biologically interpreted based on their behavioral
parameter loadings. More information is provided in SI Appendix, SI Methods.

Large-Cage Host-Seeking Behavioral Assay. Mosquito host-seeking behavior
in large cage was video-recorded, and the time from the start to the first con-
tact with the mouse was calculated. More information is provided in SI
Appendix, SI Methods.

Successive Bite Assay. Single mosquitoes were let to bite three different mice
sequentially. Virus was quantified in skin and lymph nodes of each mouse by
one-step qRT-PCR.More information is provided in SI Appendix, SI Methods.

Mathematical Modeling of DENV Epidemiology. The effect of DENV infection-
induced behavioral changes on DENV transmission rate was calculated using a
mathematical model. More information is provided in SI Appendix, SI Methods.

Data Availability. All study data are included in the article and/or supporting
information.
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