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Abstract

Background: Heterogeneous mosquito biting results in different individuals in a population receiving an uneven number of
bites. This is a feature of many vector-borne disease systems that, if understood, could guide preventative control efforts
toward individuals who are expected to contribute most to pathogen transmission. We aimed to characterize factors
determining biting patterns of Aedes aegypti, the principal mosquito vector of dengue virus.

Methodology/Principal Findings: Engorged female Ae. aegypti and human cheek swabs were collected from 19 houses in
lquitos, Peru. We recorded the body size, age, and sex of 275 consenting residents. Movement in and out of the house over
a week (time in house) and mosquito abundance were recorded on eight separate occasions in each household over twelve
months. We identified the individuals bitten by 96 engorged mosquitoes over this period by amplifying specific human
microsatellite markers in mosquito blood meals and human cheek swabs. Using a multinomial model assuming a saturating
relationship (power), we found that, relative to other residents of a home, an individual’s likelihood of being bitten in the
home was directly proportional to time spent in their home and body surface area (p<<0.05). A linear function fit the
relationship equally well (AAIC<1).

Conclusions/Significance: Our results indicate that larger people and those who spend more time at home are more likely
to receive Ae. aegypti bites in their homes than other household residents. These findings are consistent with the idea that
measurable characteristics of individuals can inform predictions of the extent to which different people will be bitten. This
has implications for an improved understanding of heterogeneity in different people’s contributions to pathogen
transmission, and enhanced interventions that include the people and places that contribute most to pathogen
amplification and spread.
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because some individuals are bitten more often than others for
reasons that are poorly understood [13,14,15,16,17,18,19,20].

A better understanding of who gets bitten more often and
why would be useful for designing targeted methods of dengue

Introduction

Mosquito blood feeding behavior is epidemiologically impor-
tant because of its central role in determining which vertebrate

hosts and mosquitoes are exposed to a pathogen. Aedes aegypti, the
principal mosquito vector of dengue (DENV) and urban yellow
fever viruses [1] is highly anthropophilic, feeding predominantly
on people during daylight hours and tending to travel short
distances to obtain its blood meals [2,3,4,5]. Females often take
more than one blood meal per gonotrophic cycle [6], increasing
their probability of (1) imbibing an infected blood meal and (2)
after surviving an extrinsic incubation period, becoming infectious,
and transmitting virus to an uninfected person [7]. These beha-
viors lead to the assumption that the risk of DENV infection is
highest at the scale of individual locations; the places where female
Ae. aegypti feed and people live or visit [8,9,10,11,12]. Even at this
fine scale, however, predicting infection risk remains difficult
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prevention as well as for developing mathematical models of virus
transmission. Although models have traditionally assumed that
mosquitoes bite people randomly [21], growing empirical evidence
indicates that mosquito biting patterns are heterogeneous and
theoretical work indicates that this can have important impacts
on transmission dynamics [22,23,24]. In particular, people who
receive many more mosquito bites than others could act as
superspreaders of a pathogen, infecting a disproportionate number
of vectors and thus playing a central role in pathogen transmission
dynamics [25]. Identifying these people is, therefore, key for
effective, targeted disease control strategies [20]. A number of
factors have been identified that may make some people more
likely to be bitten than others: host body size (larger people being
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Author Summary

We studied the biting habits of Aedes aegypti, the principal
vector of dengue virus, to determine why certain people
are bitten more often by this day-active mosquito. Over
one year in dengue-endemic lquitos, Peru, we collected
blood fed mosquitoes from 19 households. Mosquito
blood meals were then matched to household residents
using genetic fingerprinting. We found that within a
household, larger individuals and those spending more
time in the home were bitten more often than other
household residents. Importantly, our results show that
one’s probability of being bitten is dependent on the
characteristics of other household residents and visitors.
These results indicate that measurable characteristics of
individuals do predict who is most exposed to mosquito-
borne pathogens, which contributes to our understanding
of pathogen transmission processes, informs development
of mathematical disease models, and can enhance the
design of targeted control programs.

bitten more often), infection with parasites, body temperature, age
(perhaps as a proxy for other biological factors), sex, semiochem-
icals, microflora on the skin, and host movement and defensive
behavior [10,12,14,16,18,19,26,27,28,29]. In the case of Ae. acgyptr,
results from a study conducted in Puerto Rico indicated that
people under 20 years of age received fewer bites than those
20 years and older, regardless of gender [15]. There are several
plausible explanations for the detected differences, including
variation in individual body size and host movement patterns [10].

Our understanding of why some hosts are bitten more often
by Ae. aegypti is incomplete, in part, because most studies do not
account for the many potentially important differences among
human hosts that could influence the chance of receiving a
mosquito bite. Variation in biting patterns could be due to
differences in inherent attractiveness to mosquitoes, determined by
body size or smell, or some other characteristic that has yet to be
identified. Observed variation in biting could also be due to the
amount of time an individual spends in the same house as biting
mosquitoes. We suspect that the most likely explanation combines
individual characteristics and exposure time as principal determi-
nants governing which individuals mosquitoes tend to bite most
often. For instance, children may receive fewer bites than adults
because they are smaller, exposed to fewer mosquitoes during
the day or more active than adults. In Iquitos, Peru, for instance,
mosquito abundances were found to be very low in schools
compared to households [30]. During major portions of the day,
when they are at school, children in Iquitos may be physically
removed from biting mosquitoes. It is also important to consider
the other individuals available at a particular location for mos-
quitoes to bite. Although mosquitoes may find a given individual
suitable for biting, he or she may not be bitten if there are other
people in the home that spend more time there or are more
attractive to biting mosquitoes. Likewise, if mosquitoes only ever
encounter a single individual, they will likely bite that person
regardless of how attractive or unattractive they are. Making
inferences about the factors that contribute to one’s risk of being
bitten requires simultaneously accounting for the characteristics of
other potential blood meal hosts in the locations where mosquito
encounters take place.

In this study, we sought to isolate individual-level factors driving
Ae. aegypti biting patterns by identifying which people living in 19
houses in Iquitos, Peru were bitten most often over a 12-month
period. The person bitten was determined by DNA profiling of
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blood in engorged mosquitoes collected inside each house. We
then assessed how a number of factors affected each participant’s
probability of receiving a bite. Our analysis revealed that some
individuals are indeed bitten more often than others and that
human exposure time and body surface area are associated factors
with this heterogeneity.

Methods

Data

Ethics statement. All participants in this study provided oral
informed consent, which was recorded by investigators before the
first interview was conducted. For minors, informed consent
was provided by a parent or guardian. Written consent was not
taken/required for this protocol because the study was considered
minimal risk and non-invasive by reviewing bodies. The protocol
for this study was approved by the University of California, Davis
(Protocol #2007-15244) and the U.S. Naval Medical Research
Detachment (currently the U.S. Naval Medical Research Unit
No. 6, Protocol #NMRCD. 2007.0007). Both institutional review
boards were in compliance with all federal regulations governing
the protection of human subjects, and the latter was also registered
with Peruvian network of ethics committees to ensure compliance
with Peruvian regulations.

Participants. Study houses were identified from a larger
group of households under both active and passive surveillance
for DENV in Maynas (MY) and Tupac Amaru (TA); two Iquitos
neighborhoods (Figure 1) [8,31,32]. Selected homes contained
a minimum of eight permanent residents at the initiation of the
study during 2009, with more than 90% willing to provide cheek
swab samples and at least one activity interview. A description of
house construction in the study neighborhoods is provided by Getis
et al [8]; windows were not screened, and bed nets (insecticide
treated or untreated) were not used by the study population.

Interviews and mosquito collections. To obtain partici-
pant anthropomorphic measurements and time spent in house
information, interviews were conducted in each house at 4-8 week
intervals. Between October 2009 and June 2010, interviews were
conducted bimonthly. From June-October 2010 the frequency of
interviews was increased to once per month. During each inter-
view period £, for each participant 7, we recorded age (denoted 4;
and sex (denoted (), and obtained height (denoted H; ;) and
weight (denoted W) measurements, to be used as independent
variables for statistical analysis. The body surface area (m?) (S;)4) of
an individual ¢ was calculated for each interview period £ using the
Dubois equation [33], as described by Port et al. [18]:

Si="7.184 % 10> Wi H)» (1)
where ;) is weight in kilograms and /) is height in meters. To
determine the amount of time, 7; 4, that each resident 7 of house j
spent at home during the interview week £, participants were asked
what hours they intended to be home, between 05:00 and 22:00,
from Saturday through Friday of that week. Interviews were
typically conducted on Saturday, prospectively obtaining daily
activity information for each individual from that day forward.
Some individuals were interviewed later in the week, depending on
their schedules (Figure S1).

Mosquitoes were collected concurrently from each house during
interview weeks. Adult mosquitoes were removed twice daily
(morning and afternoon) Monday—Friday using Prokopack aspi-
rators [34]. Adult mosquito collections were attempted from
all rooms in each study house. The time spent collecting
varied depending on the size of the house and the number of
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Figure 1. Houses of study participants (denoted by green dots) were chosen from two neighborhoods in Iquitos, Maynas (MY) and

Tupac Amaru (TA).
doi:10.1371/journal.pntd.0002702.g001

mosquitoes encountered. On average, aspiration collections lasted
10-25 minutes.

Sample collection and processing. On the date of enroll-
ment, a cheek swab was taken from each participant to determine
that individual’s unique DNA profile. Samples were collected by
rubbing the inner surfaces of the participants’ cheeks with wooden
applicator sticks and suspending cells in 400 uL. lysis buffer (1%
SDS, 50 mM EDTA, 10 mM TRIS-HCL), which consistently
yields 2-6 ng of human DNA [35]. Vials were labeled with the
participant’s identifying number and house code, evenly aliquoted
into two labeled vials, and stored at —80°C until DNA extraction.
DNA was extracted from each cheek swab using a modified
version of the Qiagen QIAamp DNA Micro kit (Qiagen). Briefly,
200 uLi of cells suspended in lysis buffer were added to the
supplied columns and spun for 30 seconds, followed by washes
with 500 uLL of AW1 and AW2 buffers provided in the Qiagen kit.
Samples were then eluted in 25 uL. of the provided Qiagen buffer
and stored at —80°C until analysis.

After each mosquito collection, adult mosquitoes were sedated
at —20°C and identified to species. de. aegypti males and females
were stored individually in 0.65 ml microcentrifuge tubes and
labeled with the date, time, and collection house number and
transferred to —80°C for storage. From female mosquitoes we

PLOS Neglected Tropical Diseases | www.plosntds.org

removed and stored (in —80°C) legs, head/throax, and abdomens
in separate vials. Abdomens were classified based upon the
amount of blood they contained by external examination:
engorged, partially engorged, or not engorged [13].

Engorged and partially engorged abdomens were suspended
and ground in 175 ul. of RPMI medium. DNA was extracted
from blood in mosquito midguts collected between October 2009
and October 2010 using the Qiagen AllPrep DNA/RNA Mini
Kit following manufacturer protocols. Extracted DNA was re-
suspended in 25 ulL of the supplied elution buffer and stored at
—80°C.

Primers for ten human microsatellite loci (fluorescently labeled
forward and unlabeled reverse; Amelogenin, TPOX, D3S1358,
FGA, CSF1P0, D7S820, D8S1179, THO1, D13S317, D16S539;
Table 1) [36] were used to amplify fragments of the extracted
DNA. A multiplex PCR consisting of 12.5 ul. Qiagen Multiplex
PCR master mix (containing HotStarlTaq DNA polymerase,
Multiplex PCR Buffer with 6 mM MgCl; and dANTP mix), 2.5 ulL
of an equal mixture of the aforementioned primers, 0—4 pL water,
and 1-5 pL extracted DNA sample was created for each extracted
cheek swab sample and engorged mosquito abdomen. The opti-
mized cycling conditions were as follows: initial 95°C hold for
15 minutes; 35 cycles of 94°C for 30 seconds (denaturation), 60°C
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Sequence

ACTGGCACAGAACAGGCACTTAGG
GGAGGAACTGGGAACCACACAGGTTA
ATGAAATCAACAGAGGCTTGC
ACTGCAGTCCAATCTGGGT
GGCTGCAGGGCATAACATTA
ATTCTATGACTTTGCGCTTCAGGA
ATTTCCTGTGTCAGACCCTGTT
CCGGAGGTAAAGGTGTCTTAAAGT
ATGTTGGTCAGGCTGACTATG
GATTCCACATTTATCCTCATTGAC
GATTCCACATTTATCCTCATTGAC
ATGTTGGTCAGGCTGACTATG
ATTCAAAGGGTATCTGGGCTCTGG
GTGGGCTGAAAAGCTCCCGATTAT
GCCCTAGTGGATGATAAGAATAATCAGTATGTG
GGACAGATGATAAATACATAGGATGGATGG
GATTACAGAAGTCTGGGATGTGGAGGA
GGCAGCCCAAAAAGACAGA
GGGGGTCTAAGAGCTTGTAAAAAG
GTTTGTGTGTGCATCTGTAAGCATGTATC
ACCTCATCCTGGGCACCCTGG
AGGCTTGAGGCCAACCATCAG

for 90 seconds (annealing), and 72°C for 60 seconds (extension);
60°C: hold for 30 minutes; final hold at 4°C. PCR products were
diluted 1:10 and 1:5-1:15 for human cheek swabs and mosquito
abdomens, respectively, and 0.5 ulL of product was added to
0.5 ull LIZ-600 standard (Applied Biosystems) and 9 ul. Hi-Di
Formamide (Applied Biosystems) on 96 well plates for fragment
analysis using the Hitachi 3130 XL genetic analyzer. Genotypes
were interpreted using PeakScanner software (Applied Biosystems).
Allelic profiles of blood meals
were matched to those from cheek swabs using Mosquito Matcher
3.0 (blood meal identification software is available from the
authors upon request). This program lists the identification codes
of all individuals whose blood might have been in the abdomen,
with percent match of cheek swab to blood meal and blood meal
to cheek swab. Only those that matched >95% in both directions
were considered complete matches. Due to the high percent
match, abdomens that contained more than one blood meal from
different individuals were not included in the analysis.

Blood meal identification.

Analysis

Statistical model.
each interview £, at each home j, every individual 7 that visits that
home has a “biting suitability score,” Bj;;, that depends in some
way on their personal attributes: here, time spent at house j, T;|z
and body surface area, S although any other measurable
attribute could also be considered. We define this score as the
product of two functions, ¢ and a, of the variables on which it
depends; i.e.,

PLOS Neglected Tropical Diseases | www.plosntds.org

Under our model, during the week of

Table 1. Sequences for the 10 primers (forward and reverse) used in the microsatellite analysis.

Primer Name

TPOX Forward (labeled)
Reverse

D3s1358 Forward (labeled)
Reverse

FGA Forward (labeled)
Reverse

CSF1PO Forward (labeled)
Reverse

D75820 Forward (labeled)
Reverse

D8S1179 Forward (labeled)
Reverse

THO1 Forward (labeled)
Reverse

VWA Forward (labeled)
Reverse

D13S317 Forward (labeled)
Reverse

D16S539 Forward (labeled)
Reverse

AMELOGENIN Forward (labeled)
Reverse

doi:10.1371/journal.pntd.0002702.t001

B’Vv" = t(T,V,k)a(Si,k). (2)

While an individual’s risk of being bitten at a particular house j will
depend on his or her B;;, it will also depend on the By of each
other person / that frequents house j during the week of interview
k. Thus, we define the probability ;| that a bite taken in house j
during the week of interview £ is taken on individual 7 as

Piix=Bix/ D 1Pk 3)

Ultimately, these probabilities provide a link between data on
which people received bites and various hypotheses about how
individual characteristics contribute to who is bitten.
Hypotheses. We considered several individual level factors
expected to influence the probability of a person being bitten by a
female Ae. aegypti: body surface area (S;;4), age (4;);4), number of
times entering the house (£;};,), weekly time in house (7;);),
and gender (G)). Each of these factors was tested individually and
in every pairwise combination. Because we suspected that the
relationship between biting and these factors could be saturating
(e.g., after some time threshold, spending more time in the house
does not increase the risk of a bite [9]), we considered a power
functional relationship in addition to a linear function (Table 2).
Likelihood evaluation and maximization. We assumed
the recipients of bites were independent and the biting probabil-
ities described by Eq. 3 were effectively constant. Thus, if n;; of the
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Table 2. Models of biting suitability scores for (A) linear and
(B) power based models, incorporating time in house (T),
surface area (S) and the interaction of the two.

A) Linear Models Null: 7)=1, a(S)=1
T «T)=ar+br =T, a(S)=1
S uT)=1, a(S)=as+bs xS

xS: (T)=ar+br * T,
a(S)=as+bs xS

Null: (T)=1, a(S)=1
T (T)=T"", a(S)=1
S: (T)=1, a(S) =S’
TxS: {(T)=T"", a(S)=Sbs

B) Power Models

doi:10.1371/journal.pntd.0002702.t002

bites that occurred in house j during study period £ were received
by the residents of house j, they would be distributed according to a
multinomial distribution with the individual probabilities of being
bitten given by Eq 3 with the denominator summing over only the
residents of the home. If 7 is the set of all homes where at least one
blood meal was matched to a member of the home, and A'is the set
of interview times (with the number of bites each individual ¢ of
each house j receives over interview time £ denoted x;j;4), the
likelihood of the data given the P;;s is:

n-k! Cops
LO)= T (=111 Py, ik 4
( ) JjeJ keK (Hiej x,'W(! iej ik ) ( )

The best-fit parameter values 0 for each hypothesis were obtained
by maximizing the likelihood of the data across all possible values
of the parameters of each hypothesis. To facilitate interpretation
of best-fit parameter values across the different hypotheses,
we standardized them such that both the maximum ¢/ and the
maximum « were 1. Doing so had no effect on their estimation.

Model comparison. The relative fit of nested models was
assessed with likelihood ratio tests (LRT) and Akaike’s Information
Ciriterion (AIC).

Results

Data

Participants. A total of 280 people from 19 households (8-29
per house, 53% male) participated in the study. Overall, 92% of
all household residents participated, although there was varia-
tion among houses (58%—100%) due to changes in household
composition over the 12-month study. The ages of participants
ranged from 1 month to 75 years. Participant body surface area
varied from 0.2 to 2.2 m? (Figure 2), and increased predictably
with age (data not shown).

Interviews and mosquito collections. 1,647 activity inter-
views were conducted. More than one interview was obtained
for 94% of the participants (N =263; Figure S2). The majority of
interviews (N =1,178) were conducted on Saturday. Others were
conducted throughout the week as participants’ schedules permit-
ted. Only 46 surveys were purely retrospective (conducted on
Friday). Generally, younger (smaller) individuals reported spend-
ing more time in the house each week than adults (Figure 2).
Between October 2009 and October 2010, 1,289 female Ae. aegypti
were collected from the 19 households enrolled in the study.
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DNA extraction and microsatellite analysis. Check swab
samples from 275 of the 280 participants yielded complete DNA
profiles. For the five participants for whom DNA did not amplify,
new samples could not be obtained, because they were no longer
residing in the city. Unique profiles were identified for all but four
of the 275 participants, because two sets of identical twins were
enrolled in this study. This presented no issues with identification,
because no identified mosquito blood meals came from either set
of twins. In total, 805 engorged and partially engorged blood
meals from participating households were extracted. DNA
amplification produced complete profiles for 110 samples. It is
possible that some of the unamplified blood meals came from
non-human hosts. Previous studies have shown, however, that
Ae. aegypti feed predominantly on humans and, therefore, we did
not run all samples against species-level primers [4,5]. Prior to
extracting DNA, we experienced storage and freezer malfunctions,
which resulted in sample degradation. After repeated attempts we
were unable to amplify DNA in most of the mosquitoes, which
likely contributed to our ability to profile only 110 of the mosquito
blood meals.

Blood meal identification. Unidentified human hosts were
detected in 13% (N = 14) of the mosquito abdomens that yielded
full DNA profiles. The blood in these samples could have come
from a neighbor, visitor, field worker or possibly one of the five
participants for whom DNA profiles were not obtained. The
remaining 96 samples were matched to 68 study participants. Due
to the degradation of DNA, we were not confident in using
samples indicating multiple blood meals in our analyses.

Analyses

There was a high correlation between body surface area and
age (until adulthood), and between the number of entrances and
total weekly time in house. Additionally, the fitted relationship
between biting score and either age, entrances, or both was weaker
than those with surface area and time in house (age and gender
were not significant predictors). Our primary analysis thus only
includes time in house and surface area. The aggregated data on
time in house and surface area (Figure 2) indicate that the majority
of smaller individuals (children) spent more than half of their time
in the home. There was no indication that smaller individuals
(less than 1 m? body surface area) that spent less than 50 hours in
a week in their home were bitten by an engorged mosquito.
Ultimately, however, whether an individual received a bite
depended not only on their attributes, but also on the attributes
of other residents in their house. In many of the houses in which
blood meals were positively identified, larger people and those who
spent more time at home tended to be the ones who were bitten
(Figure 3).

When weekly time-in-house alone was included in the model as
a linear predictor of biting score, the fit was poor (Table 3; LRT:
p=0.247; Fig. 4A). The shallow slope of the fitted curve indicates
that individuals who spent little time in a house did not have
significantly lower biting scores than those who spent more time in
the same house. Surface area, by contrast, was highly significant
by itself (LRT: p<<0.001; Figure 4B). Combining time in house and
surface area improved the model’s fit (Figure 4C; lower AIC), but
this was not significantly better than the model with surface area
by itself (LRT: p=0.066; Table 3).

Models using power functions gave similar qualitative results to
the linear models (Table 4), but somewhat different quantitative
results (Figure 5). Weekly time-in-house was still a poor predictor
by itself, and with the power functional form there was a sub-linear
response (fitted power term 0.322). In other words, as time in
house doubles, the biting score less than doubles. As with the linear
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Figure 2. Joint distributions of reported total weekly time in a house and body surface area across all study participants measured
on eight separate occasions. Red dots indicate individuals whose blood was identified in mosquitoes.

doi:10.1371/journal.pntd.0002702.g002

models, a power function of surface area by itself also did a
good job of explaining heterogeneous biting patterns in the data
(Table 4; Figure 5B; p<<0.001). In contrast to time in house,
surface area had a super-linear relationship (fitted power term 1.4),
indicating that incremental increases in surface area result in
more than equivalent increases in biting score. Combining surface
area with time in house again had the best AIC of all power
models, and significantly improved model fit (p =0.038; Table 4;
Figure 5C). Biting probabilities predicted by the power model with
time in house and surface area are shown in Figure 3 for each
house in which a human source of a blood meal was positively
identified.

Neither linear nor power functions provided better fits to
the data, both having similar optimal AIC scores (321.84 vs
321.286).
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Discussion

Understanding how female Ae. aegypti distribute their bites
among human hosts is necessary to develop accurate models that
ultimately assist in the design and implementation of more
efficacious surveillance and disease control strategies. Our results
indicate that, within a given household in Iquitos, 4e. aegypti more
often bit larger people and those spending more time in the house,
highlighting the importance of human movement behavior in
determining individual risk of exposure to the viruses Ae. aegypti
transmit. These factors predispose some individuals to receive
more bites than others, with potentially important epidemiological
effects. For instance, we expect the role of children in transmission
to be less during the invasion of a new serotype, when immuno-
logically naive adults can become infected with, amplify, and
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transmit the virus. Under endemic transmission, however, infective Previous studies identified human body size as a potentially
bites are likely to fall on previously infected and thus immune adults, important predictor of who receives the most bites from anopheline
dampening transmission potential. Although future studies may mosquitoes [18]. Explanations include more surface area for biting,
elaborate on the determinants of heterogeneous biting, our results easier detectability due to increased COy production, a larger heat
present a methodological advance in the analysis of DNA profiling signature, reduced defensive behavior, and differences in host
data and empirical insight into the causal factors of Ae. aggypti biting activity level [7,26,27,28,29]. Although our study design does not
and, by extension, DENV transmission. allow us to determine which of these or other mechanisms might

Table 3. Results of the linear models and model comparisons.

Model Comparison

as=—0.05, bg=0.15

Model mle LL d.f. AIC Null T S
Null - —168.54 0 337.08 - - -
T ar=0.91, b7 =0.01 —167.87 1 337.74 NS = NS
s as=—0.02, bs=0.06 —~160.61 1 323.22 xx T -
TxS ar=0.83, b7 =0.01 —158.92 2 321.84 Frx Hxx +

Model comparison columns show significance of LRT or AIC tests comparing the model (in the far left column) with alternatives.
NS, non-significant;

+, p<0.10;

*** n<0.001;

11, AAIC>10.

doi:10.1371/journal.pntd.0002702.t003
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Figure 4. Fitted relationships between time in house, surface area and biting suitability using linear models. For each of the three
linear model hypotheses described in Table 2 (A), the expected biting suitability score (B)) for an individual i with various combinations of time in
house (T;) and surface area (S)) is plotted. In (A), an individual’s biting score is independent of their surface area. In (B), an individual’s biting score is
independent of the amount of time they spend in the house. In (C), both factors influence biting score.

doi:10.1371/journal.pntd.0002702.g004

explain the pattern we observed in Iquitos, the significance of
our result across multiple models for body surface area in a house
is consistent with the idea that mosquitoes are following cues
(olfactory and/or visual) when selecting a host to feed upon. This
effect of body surface area does appear, however, to be modulated
somewhat by the amount of time that individuals spend at
home. The significant increase of fit in the power model when
incorporating both body surface area and time-in-house, and
the marginally significant increase in the linear model
(p-value = 0.066), are consistent with the hypothesis that people
accumulate more bites at a location if they spend more time there.
Our results indicate that this effect of total time-in-house is
saturating and relatively weak, and other work is suggestive of
an even weaker effect whereby frequency of visitation, but not

Table 4. Results of the power models and model comparisons.

duration, drives exposure to Ae. aggypti bites and infection risk [12].
To clarify what appears to be a nuanced effect of time-in-house
on biting risk, we also considered models with more complex
representations of time-in-house, but found them to be inconclusive
given the available data. In combination, our results suggest that
one’s risk of being bitten is driven primarily by sensory cues that Ae.
aegypti use to detect people. Future work with larger sample sizes
and more detailed accounting of time-in-house and movement in
and out of the house would help to further resolve the determinants
of relative biting risk within a person’s home.

As we and others have shown [13,14,15,16,17,18,19,20], not all
hosts have an equal probability of being bitten by mosquito
vectors. The assumption of homogeneous biting has historically
been used in calculations to determine how difficult an infectious

Model comparison

doi:10.1371/journal.pntd.0002702.t004
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Model mle LL d.f. AIC Null T S

Null - —168.54 0 337.08 - - -

T br=0.322 —167.434 1 336.87 NS - NS

S bs=1.400 —160.796 1 323.59 o iiA -

TxS br=0.479 —158.643 2 321.286 il il *
bs=1.541

NS, non-significant;

¥, p<0.10;

*p<0.05;

**% 5.<0.001;

11, AAIC>10.
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Figure 5. Fitted relationships between time in house, surface area and biting suitability using power models. For each of the three
power model hypotheses described in Table 2 (B), the expected biting suitability score (B;) for an individual i with various combinations of time in
house (T;) and surface area (S)) is plotted. In (A), an individual’s biting score is independent of their surface area. In (B), an individual’s biting score is
independent of the amount of time they spend in the house. In (C), both factors influence biting score.

doi:10.1371/journal.pntd.0002702.g005

disease is to control [21]. The most common measure of this, the
basic reproductive number [37], is predicted to be higher in
calculations based on models that allow for heterogeneous biting
than in calculations based on models that assume homogeneous
biting [22,23,24]. This indicates that controlling transmission
could be more difficult than predicted by models that assume that
all hosts have the same probability of being bitten. If, however,
individuals who receive the most bites are identifiable, it may be
possible to target interventions and more efficaciously control
disease [20].

There were several limitations in our study regarding collection
of adequate data for fitting our models. Due to technical issues
assoclated with not being able to fingerprint all of the engorged
mosquitoes we collected, we were limited in our ability to
test alternative models defining biting risk. This included more
complicated relationships between biting and the specific times at
which participants were home. Although we had detailed time in
house information for human household residents, we did not keep
track of non-residents visiting the house or the risk of a resident
being bitten at other places they visited during their daily activities
[38]. Visitors might have influenced mosquito-biting decisions.
The design of our study also precluded us from defining some
individual attributes that might independently influence host
attractiveness to mosquitoes, such as skin microflora [26].

We were, however, able to isolate important effects that influence
how Ae. aegypts bites are distributed among its natural human hosts.
Doing so required introducing a new statistical framework for
assessing the contributions of different personal factors to one’s
relative risk of being bitten. Follow-up studies on Ae. aegypti or other
household-biting mosquitoes should similarly account for the time
people spend in a house and weight each individual’s risk relative to
other household residents. In particular, our results validate previous
studies pointing to adults and/or larger people as the primary

PLOS Neglected Tropical Diseases | www.plosntds.org

recipients of mosquito bites and underscore the importance of the
time people spend at a location where mosquitoes bite. Moreover,
our analyses reveal that the relationships between such factors can
have nonlinear effects on an individual’s risk, with time in house
having a sub-linear effect and body surface area having a super-
linear effect. More detailed understanding of these and other factors
that contribute to an improved understanding of biting risk will be
an important component of efforts to target interventions, such as
vaccines for dengue virus that are currently under development.

Supporting Information

Figure S1 Number of interviews conducted by day of the week.
(TTEF)
Figure 82 Number of total interviews conducted on individuals.

(TTEF)

Acknowledgments

We thank all the families for participating in this study, and the Proyecto
Dengue and NAMRU-6 personnel who helped to make this study possible,
especially Gabriela Vasquez La Torre, Diana Bazan, Rebeca Carrion,
Jimmy Espinoza Benavides, Alan Lozano Freitas, Wieslawa Alva Flores
and the NAMRU-6 Virology Lab, Marcelina Flores, Edith Juarez and
Gerson Guedez. The molecular analyses for this project would not be
possible without collaboration with the Universidad Nacional de la
Amazonia Peru, Gober Paredes, Jorge Marapara, Lastenia Ruiz Mesia
and Juan Carlos Castro. We also thank Dr. Yoosook Lee for her laboratory
instruction, and Drs. Brett Forshey, Kanya Long, William Reisen, David
Smith, Valerie Paz Soldan, Gonzalo Vazquez-Prokopec, Uriel Kitron and
John Elder for their insights.

Disclaimer: The views expressed in this article are those of the author
and do not necessarily reflect the official policy or position of the
Department of the Navy, Department of Defense, nor the U.S.
Government.

February 2014 | Volume 8 | Issue 2 | 2702



Copyright Statement: Authors Eric S. Halsey and Tadeusz J. Kochel are

military service members and Helvio Astete is an employee of the U.S.
Government. This work was prepared as part of their official duties. Title
17 U.S.C. § 105 provides that ‘Copyright protection under this title is not
available for any work of the United States Government.” Title 17 U.S.C. §
101 defines a U.S. Government work as a work prepared by a military
service members or employees of the U.S. Government as part of those
persons’ official duties.

References

1.

o

Christophers S (1960) Aedes aegypti (L.) the Yellow Fever Mosquito: its Life
History, Bionomics and Structure. Aedes aegypti. New York, N.Y.: Cambridge

University Press.

. Harrington LC, Scott TW, Lerdthusnee K, Coleman RC, Costero A, et al.

(2005) Dispersal of the dengue vector Aedes aegypti within and between rural
communities. Am J Trop Med Hyg 72: 209-220.

Scott TW, Naksathit A, Day JF, Kittayapong P, Edman JD (1997) A Fitness
Advantage for Aedes aegypti and the Viruses It Transmits When Females Feed
Only on Human Blood. American Journal of Tropical Medicine and Hygiene
57: 235-239.

Scott TW, Chow E, Strickman D, Kittayapong P, Wirtz RA, et al. (1993) Blood-
Feeding Patterns of Aedes-Aegypti (Diptera, Culicidae) Collected in a Rural
Thai Village. ] Med Entomol 30: 922-927.

. Barrera R, Bingham AM, Hassan HK, Amador M, Mackay AJ, et al. (2012)

Vertebrate hosts of Aedes aegypti and Aedes mediovittatus (Diptera: Culicidae)
in rural Puerto Rico. J Med Entomol 49: 917-921.

Scott TW, Clark GG, Lorenz LH, Amerasinghe PH, Reiter P, et al. (1993)
Detection of Multiple Blood Feeding in Aedes-Aegypti (Diptera, Culicidae)
during a Single Gonotrophic Cycle Using a Histologic Technique. Journal of
Medical Entomology 30: 94-99.

Scott TW, Takken W (2012) Feeding strategies of anthropophilic mosquitoes
result in increased risk of pathogen transmission. Trends in parasitology 28: 114—
121.

Getis A, Morrison AC, Gray K, Scott TW (2003) Characteristics of the spatial
pattern of the dengue vector, Aedes aegypti, in Iquitos, Peru. Am J Trop Med
Hyg 69: 494-505.

Scott TW, Morrison AC (2008) Longitudinal field studies will guide a paradigm
shift in dengue prevention. Vector-Borne Disease Detection and Control.
Institute of Medicine. Washington, DC: The National Academies Press. pp.
132-149.

Stoddard ST, Morrison AC, Vazquez-Prokopec GM, Paz Soldan V, Kochel T],
et al. (2009) The role of human movement in the transmission of vector-borne
pathogens. PLoS Negl Trop Dis 3: e481.

. Morrison AC, Getis A, Santiago M, Rigau-Perez JG, Reiter P (1998)

Exploratory space-time analysis of reported dengue cases during an outbreak
in Florida, Puerto Rico, 1991-1992. Am J Trop Med Hyg 58: 287-298.
Stoddard ST, Forshey BM, Morrison AC, Paz-Soldan VA, Vazquez-Prokopec
GM, et al. (2013) House-to-house human movement drives dengue virus
transmission. Proc Natl Acad Sci U S A 110: 994-999.

. Boreham PF, Chandler JA, Jolly J (1978) The incidence of mosquitoes feeding

on mothers and babies at Kisumu, Kenya. ] Trop Med Hyg 81: 63-67.

. Burkot TR (1988) Non-Random Host Selection by Anopheline Mosquitos.

Parasitology Today 4: 156-162.

. De Benedictis J, Chow-Shaffer E, Costero A, Clark GG, Edman JD, et al. (2003)

Identification of the people from whom engorged Aedes aegypti took blood
meals in Florida, Puerto Rico, using polymerase chain reaction-based DNA

profiling. Am J Trop Med Hyg 68: 437-446.

. Lacroix R, Mukabana WR, Gouagna LC, Koella JC (2005) Malaria Infection

Increases Attractiveness of Humans to Mosquitoes. Plos Biology 3: €298.

. Muirhead-Thomson RC (1951) The distribution of anopheline mosquito bites

among different age groups; a new factor in malaria epidemiology. Br Med J 1:
1114-1117.

. Port GR, Borcham PFL, Bryan JH (1980) The Relationship of Host Size to

Feeding by Mosquitos of the Anopheles-Gambiae Giles Complex (Diptera,
Culicidae). Bulletin of Entomological Research 70: 133-144.
Scott TW, Githeko AK, Fleisher A, Harrington LC, Yan GY (2006) DNA

profiling of human blood in anophelines from lowland and highland sites in

PLOS Neglected Tropical Diseases | www.plosntds.org

10

Heterogeneous Blood Feeding by Aedes aegypti

Author Contributions

Conceived and designed the experiments: KAL STS HA MS ESH TJK
ACM TWS. Performed the experiments: KAL STS HA ACM. Analyzed
the data: KAL STS RCR TAP. Contributed reagents/materials/analysis
tools: ESH TJK ACM TWS. Wrote the paper: KAL STS RCR TAP
ACM TWS.

20.

21.

22.

26.

27.

29.

30.

31.

32.

36.

37.

38.

western Kenya. American Journal of Tropical Medicine and Hygiene 75: 231
237.

Woolhouse MEJ, Dye C, Etard JF, Smith T, Charlwood JD, et al. (1997)
Heterogeneities in the transmission of infectious agents: implications for the
design of control programs. Proc Natl Acad Sci U S A 94: 338-342.

Reiner RC, Jr., Perkins TA, Barker CM, Niu T, Chaves LF, et al. (2013)
A systematic review of mathematical models of mosquito-borne pathogen
transmission: 1970-2010. J R Soc Interface 10: 20120921.

Dye C, Hasibeder G (1986) Population-dynamics of mosquito-borne disease:
effects of flies which bite some people more frequently than others. Transactions
of the Royal Society of Tropical Medicine and Hygiene 80: 69-77.

. Hasibeder G, Dye C (1988) Population dynamics of mosquito-borne disease:

persistence in a completely heterogeneous environment. Theor Popul Biol 33:
31-53.

. Perkins TA, Scott AL, Le Menach A, Smith DL (2013) Heterogeneity, mixing,

and the spatial scales of mosquito-borne pathogen transmission. PLoS Comp Bio
9:¢1003327.

. Lloyd-Smith JO, Schreiber SJ, Kopp PE, Getz WM (2005) Superspreading and

the effect of individual variation on disease emergence. Nature 438: 355-359.
Braks MA, Anderson RA, Knols BG (1999) Infochemicals in mosquito host
selection: human skin microflora and Plasmodium parasites. Parasitology Today
15: 409-413.

Smallegange RC, Verhulst NO, Takken W (2011) Sweaty skin: an invitation to
bite? Trends in parasitology 27: 143-148.

. Takken W (1999) Chemical signals affecting mosquito behavior. Invertebrate

Reproduction and Development 36: 67-71.

Takken W, Knols BG (1999) Odor-mediated behavior of Afrotropical malaria
mosquitoes. Annual Review of Entomology 44: 113-147.

Morrison AC, Sihuincha M, Stancil JD, Zamora E, Astete H, et al. (2006) Aedes
aegypti (Diptera : Culicidae) production from nonresidential sites in the
Amazonian city of Iquitos, Peru. Annals of Tropical Medicine and Parasitology
100: S73-S86.

Paz-Soldan VA, Plasai V, Morrison AC, Rios-Lopez EJ, Guedez-Gonzales S,
et al. (2011) Initial assessment of the acceptability of a Push-Pull Aedes aegypti
control strategy in Iquitos, Peru and Kanchanaburi, Thailand. Am J Trop Med
Hyg 84: 208-217.

Schneider JR, Morrison AC, Astete H, Scott TW, Wilson ML (2004) Adult size
and distribution of Aedes aegypti (Diptera : Culicidae) associated with larval
habitats in Iquitos, Peru. Journal of Medical Entomology 41: 634-642.

. Diem K (1962) Documenta Geigy Scientific Tables. Manchester: Geigy

Pharmaceutical Co. p. 778.

. Vazquez-Prokopec GM, Galvin WA, Kelly R, Kitron U (2009) A new, cost-

effective, battery-powered aspirator for adult mosquito collections. Journal of
Medical Entomology 46: 1256-1259.

. Chow-Shaffer E, Sina B, Hawley WA, De Benedictis J, Scott TW (2000)

Laboratory and field evaluation of polymerase chain reaction-based forensic
DNA profiling for use in identification of human blood meal sources of Aedes
aegypti (Diptera : Culicidae). Journal of Medical Entomology 37: 492-502.
Butler JM (2009) Short tandem repeats DNA Internet DataBase. http://www.
cstl.nist.gov/div831/strbase.

Fraser C, Riley S, Anderson RM, Ferguson NM (2004) Factors that make an
infectious disease outbreak controllable. Proc Natl Acad Sci U S A 101: 6146—
6151.

Vazquez-Prokopec GM, Bisanzio D, Stoddard ST, Paz-Soldan V, Morrison AC,
et al. (2013) Using GPS technology to quantify human mobility, dynamic
contacts and infectious disease dynamics in a resource-poor urban environment.

PLo0S One 4: ¢58802.

February 2014 | Volume 8 | Issue 2 | 2702



