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RESEARCH ARTICLE
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Abstract

In models of mosquito—borne transmission, the mosquito biting rate is an influential parame-
ter, and understanding the heterogeneity of the process of biting is important, as biting is
usually assumed to be relatively homogeneous across individuals, with time—between—bites
described by an exponentially distributed process. However, these assumptions have not
been addressed through laboratory experimentation. We experimentally investigated the
daily biting habits of Ae. aegypti at three temperatures (24°C, 28°C, and 32°C) and deter-
mined that there was individual heterogeneity in biting habits (number of bites, timing of
bites, etc.). We further explored the consequences of biting heterogeneity using an individ-
ual-based model designed to examine whether a particular biting profile determines
whether a mosquito is more or less likely to 1) become exposed given a single index case of
dengue (DENV) and 2) transmit to a susceptible human individual. Our experimental results
indicate that there is heterogeneity among individuals and among temperature treatments.
We further show that this results in altered probabilities of transmission of DENV to and from
individual mosquitoes based on biting profiles. While current model representation of biting
may work under some conditions, it might not uniformly be the best fit for this process. Our
data also confirm that biting is a non—monotonic process with temperatures around 28°C
being optimum.

Author summary

Mosquito biting is a necessary and critical part of arbovirus transmission. The mosquito
must bite once to acquire a virus and again to transmit, and these two bites must be

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010818  October 4, 2022

1/19


https://orcid.org/0000-0003-2806-1131
https://orcid.org/0000-0002-9837-9797
https://orcid.org/0000-0001-9186-4549
https://doi.org/10.1371/journal.pntd.0010818
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0010818&domain=pdf&date_stamp=2022-10-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0010818&domain=pdf&date_stamp=2022-10-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0010818&domain=pdf&date_stamp=2022-10-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0010818&domain=pdf&date_stamp=2022-10-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0010818&domain=pdf&date_stamp=2022-10-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0010818&domain=pdf&date_stamp=2022-10-14
https://doi.org/10.1371/journal.pntd.0010818
https://doi.org/10.1371/journal.pntd.0010818
http://creativecommons.org/licenses/by/4.0/

PLOS NEGLECTED TROPICAL DISEASES How do | bite thee? let me count the ways: Aedes aegyptibiting and dengue transmission

Competing interests: The authors have declared
that no competing interests exist.

separated by sufficient time for the virus to reach the salivary glands of the mosquito.
Thus, both the number and timing of bites is important. We experimentally investigated
how these bite characteristics might be different among individuals and further explored
how temperature affected the overall heterogeneity of biting in Aedes aegypti mosquitoes,
which carry many arboviruses like dengue virus (DENV). We found that the biting pro-
files—including number and timing thereof-did vary within temperature groups among
individuals and compared outcomes associated with each individual in an individual-
based model of household DENV transmission. Our results further confirmed that tem-
peratures around 28°C are optimal for mosquito biting (and transmission), that correla-
tions between biting characteristics and transmission were not uniform across
temperature, which represents another layer of heterogeneity, and that-at least at 28°C-
the null assumption of an exponential or an exponential-like (geometric) distribution of
biting in mathematical models of transmission is not the best and offer an alternative.

Introduction

Aedes aegypti are the primary vectors for several arboviruses of public health importance and
are primarily found in tropical regions. Ae. aegypti tend to be in urban areas and often live
close to or within human dwellings with typically limited flight ranges. There are usually abun-
dant opportunities for daily blood meals from human hosts [1-4]. Bloodmeal analyses from
mosquito trapping experiments have identified that the majority of bloodmeals in female Ae.
aegypti mosquitoes are taken from humans that live in the same household where the mos-
quito was found [5]. Moreover, Ae. aegypti are known to take multiple bloodmeals-sometimes
from multiple individuals-within a single gonotrophic cycle [5-7]. These bites provide oppor-
tunity for transmission of Aedes-borne viruses such as dengue (DENV), which is primarily
moved by humans rather than mosquitoes among households [8]. The transmission system is
therefore reliant upon contact between susceptible mosquito vectors and infectious and sus-
ceptible humans.

Biting is an influential component of the transmission cycle of Ae. aegypti-borne viruses
[9-17]. Mosquitoes must bite once to acquire a virus and again to transmit that virus [18,19].
The timing of these two events is also important, as these two bites must be separated by a suf-
ficient period such that the virus can disseminate through the mosquito and establish an infec-
tion in the salivary glands [18]. After this period of time, called the extrinsic incubation period
(EIP), the virus is transmissible via the next bite from that mosquito to a susceptible human
[20]. Vector competence-the ability of a mosquito to become infected with and ultimately
transmit the virus—and EIP are both temperature dependent where higher temperatures in
general shorten the EIP and temperature affects transmission in a non-linear fashion
[11,20,21]. Similarly, mosquito life traits are temperature dependent, and in combination with
viral-vector kinetics define the transmission potential of the virus-vector pairing [11,18,22-
24].

Ae. aegypti are known to stay relatively near or within domiciles, and transmission of arbo-
viruses is believed to be moved among households by people, rather than by inter-household
mosquito-based transmission [25,26]. That means that when a household outbreak occurs, it
likely began with an index case within the household rather than the introduction of an infec-
tious mosquito, and mosquitoes already within the household become exposed from that
human infectious case and then spread to other humans within the household [27]. This is
supported by evidence that the more time spent at home increased the likelihood of being
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bitten by Ae. aegypti in Iquitos, Peru [28]. Heterogeneity in the biting habits of Aedes aegypti
mosquitoes has been observed [5,6,29] but modeling frameworks do not always explicitly
account for the potential for individual-level Ae. aegypti heterogeneity in biting.

Biting is commonly represented in model structures such as compartmental or SEIR mod-
els as a constant mosquito biting rate, which describes a time-between-bites process that is
exponentially distributed. This governs the movement of mosquitoes from susceptible to
exposed as well as the movement of humans from susceptible to exposed classes [30-32]. In
two individual-based models (IBM), biting was represented as both an activity (0/1) and asso-
ciated with altered survival (due to risk of death during biting) [33,34]. Still other efforts have
addressed heterogeneity in Ae. aegypti biting of humans, highlighting the importance of such
for understanding transmission dynamics of arboviruses [15,29,35-37].

Through a combination of experimental laboratory work and a computational framework,
we investigated the hypothesis that heterogeneity in individual biting habits of Ae. aegypti was
quantifiable and had the potential to affect small-scale DENV transmission at the individual
level.

Methods
Determination of individual biting habits

Aedes aegypti (Rockefeller colony) were vacuum hatched and placed in a rearing pan with
deionized water and fish food as in [18,38]. The aquatic stages were held at a constant tempera-
ture of 28°C in environmental chambers with a photoperiod of 16:8 light:dark hours [18]. On
the day after emergence, adults were cold anesthetized, and females were placed in 4-ounce,
white disposable paper cartons with screen fastened around the top to provide containment.
Cartons were placed in 24°C, 28°C, or 32°C environmental chambers with 16 individual
females per temperature group. Females that died within the 2 days immediately following
transfer to the 4 oz carton were censored, as death was likely due to handling (n = 3). Mosqui-
toes were maintained on 10% sucrose solution and with constant access to oviposition paper
asin [38].

Beginning on day 2 post-emergence, mosquitoes were offered a 20-minute blood meal con-
sisting of bovine blood in Alsever’s anticoagulant via Hemotek feeding device, daily at sunrise
for 23 days (ending on day 25 post-emergence) [39]. Ae. aegypti were previously determined
to bite repeatedly with highest frequency at 24-hour intervals [40]. The Hemotek arms were
threaded through a port in the environmental chamber so that mosquitoes were never
removed from the chamber, and thus temperature remained consistent. Cartons were blown
on to introduce CO, cues and then the discs were placed directly on top of the screen at the
time of feeding. Blood feeding was recorded at each blood meal offering when the presence of
fresh (bright red) blood in the abdomen was observed. Deaths were documented as they
occurred. Two biological replicates at each temperature were performed (n = 10-16). We
determined that, while there were differences in some metrics between replicates per tempera-
ture, this only strengthened our hypothesis that heterogeneity is greater than we currently
account for (Figs A-D in S1 Text). Thus, for the purposes of exploring this heterogeneity, rep-
licates were collapsed into three temperature groups. Data is available in S1 Data file.

IBM model structure and parameterization

To investigate the role of mosquito biting heterogeneity on small-scale, household transmis-
sion, an individual-based model was developed that simulated household transmission pat-
terns using the heterogeneity in biting behavior observed in our experiments. A schematic of
the model is given in Fig E in S1 Text. Briefly, a household of two human individuals was
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assumed, one of whom is initially infectious (the index case), with a single susceptible mos-
quito, which is allowed to bite according to her experimentally determined bite profile. The
mosquito may bite each person with equal probability, regardless of infection status. If the
mosquito bites the index case, she is exposed until completion of the EIP, at which time she is
infectious. The additional human is initially susceptible until bitten by an infectious mosquito.
The simulation stopped once a secondary case was achieved or at the end of 25 days, whichever
came first. We also assumed that contact with an infectious human resulted in perfect trans-
mission to the mosquito and, likewise, that a bite from an infectious mosquito always resulted
in transmission to the susceptible human in the main model. However, we also explored the
sensitivity of the model to variation in the probability of transmission from the infectious
index case to the mosquito (B,) as well as the probability of transmission from the exposed
mosquito to susceptible humans (By,).

Model parameters are given in Table 1. But briefly, the DENV infectious period in humans
was assumed to be 8 days [41]. We varied the mosquito biting behavior in separate simulations
to match the different mosquitoes in our experiment. The model was realized for 1000 simula-
tions per single mosquito, with its biting parameterized according to its distinct profile. The
mosquito bit with a daily probability of 0 or 1 determined by the experimental data. That is, if
a particular mosquito from the data bites on days 2 and 15 from the experimental data, she will
only bite on days 2 and 15 of the simulation. The temperature-dependent EIP for DENV virus
was defined as 11.5, 7.9, and 6.4 days for 24°C, 28°C, and 32°C, respectively [24].

All individuals (humans and mosquitoes) are initialized at day 1 of the simulation, which
was run for 25 days, and the total number of transmission events to the mosquito and second-
ary transmission events to the susceptible human among all simulations was recorded. This
was done to control for variability in timing and to enable direct comparison across mosquito
individuals and their biting profiles. The probability of secondary transmission was calculated
as the number of simulations where the susceptible human was infected divided by the total
number of simulations.

The output from these models was used to determine which aspects of the bite profiles were
most correlated with transmission using the “rcorr” function in R. Specifically, correlation
matrices were produced to determine the association between the total number of bites a mos-
quito performed, time to first bite, the total number of times the mosquito became infected
out of 1000 simulations, and the total number of times out of 1000 simulations that the suscep-
tible human became infected.

Local sensitivity analysis

A sensitivity analysis was conducted for the human infectious period (+/-2 days) and the EIP
(+/-2 days), as well as B, and By, (0.25-0.75) [38,42], for each temperature, compared to the
parameter values presented in Table 1. The same metrics were calculated and observed for
changes from the base scenario.

Table 1. Parameter values for the models were either generated in the Christofferson laboratory or taken from
the literature.

Temp Parameter Value (rounded up to nearest day)

24 EIP [20] 12 days
28 8 days
32 7 days
All Infectious Period of Human [41] 8 days

https://doi.org/10.1371/journal.pntd.0010818.t001
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Analytic computation of mosquito transmission

We can analytically derive mathematical expressions for the probability that the mosquito is
successfully exposed (pyx) and the probability that transmission to the second human occurs

(puE):
P =1— [1 - 0.5/;1/}3,@ (1)

Where By, is the total number of bites that a mosquito takes during the human infectious
period, i.e. the total number of bites taken during the first 8 days. This expression can be
viewed as 1 —the probability that every bite taken during the human infectious period did not
result in an exposure.

Pup = Zin{ 0-5ﬁv(1 - O.Sﬁv)(i—l)(l _ [1 _ 0_5ﬁh]3¢i+m) (2)

The probability pyg sums over the number of bites taken during the human infectious
period. The first terms represent the probability that bite i results in a successful mosquito
exposure (0.54,) multiplied by the probability that previous bites have not yet resulted in expo-
sure, (1 — 0.5 ﬁv)(H). B, . g is the total number of bites that a mosquito takes after t;+EIP days,
where t; represents the day that bite i occurred.

Further, we can calculate the total possible number of transmissible bites by counting pairs
of bites separated by the EIP, regardless of where they occur. This gives a measure of transmis-
sion potential for each mosquito under relaxed assumptions about synchrony with the index
case and is a vectorial capacity-like metric. These computational measures were completed for
each mosquito biting profile.

Exploring common mathematical representation of biting

Commonly used compartmental models assume that the time-between-bites for a given popu-
lation is distributed exponentially with a single rate parameter, A. We tested this assumption
by fitting the empirical data to a null model of exponentially distributed time-between-bites.
We estimated the Argyp parameter of the exponential distribution from the empirical data
using the maximum likelihood estimate (sample mean time between bites) . Because the
experimental data were measured discretely (daily), we discretized the continuous ~EXP
(Aremp) to an analogous geometric distribution. The resulting probability distribution was
then tested against the time-between-bites of the experimental data using the Chi-square test
for goodness-of-fit (chisq.test function with simulated p-values) to determine whether we
could reject the null hypothesis that the experimental data could be derived from the discre-
tized ~EXP(ArgMmp) distribution. Further, we tested the proportion of mosquitoes at each simu-
lated scenario that bit at least once and at least twice using the prop.test function in R. The
empirical and theoretically-derived distributions of time-to-first-bite, time-between-first-and-
last bites, and total number of bites were compared with the Chi-square goodness-of-fit as
above.

For the time-between-bites data where the Chi-square test for goodness-of-fit rejected
the null hypothesis, we assessed whether a negative binomial distribution described the data
better. To do this we fit both geometric and negative binomial distributions by maximum like-
lihood estimation and calculated Akaike Information Criterion (AIC) values for model
comparison.

A list of R packages used for analyses is available in Supplemental Information (S1 Text).
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Results

Experimentally measured heterogeneity in biting among individual
mosquitoes

The experimental data showed that biting is heterogenous among mosquitoes at the individual
level at each temperature condition. At 32°C, mosquitoes were less likely to bite overall within
the timeline of the study (25 days post-emergence) with only 46.2% biting at least once (12/
26), and 34.6% biting twice or more (9/26). At 28°C, all (26/26) mosquitoes bit at least once
while 84.6% (22/26) bit twice or more. At 24°C, 77.8% (21/27) of the mosquitoes bit at least
once and 59.3% (16/27) bit at least twice. The average time between bites was shortest, the
average total number of bites higher, and the average daily number of bites highest at 28°C.
This provides further evidence that temperatures like 28°C are optimum for transmission [11].
Summary metrics for each temperature are given in Table 2. Further, the distributions of total
number of bites, time to first bite, time between first and second bites, and the time between
first and last bites are displayed in Fig 1. We explore the time between bites in detail below.

We measured the contribution of individual bite profiles to the likelihood that 1) a mos-
quito becomes exposed and infectious and 2) a secondary (human) infection occurs given the
introduction of a single infectious index case. Not all mosquitoes that bit became exposed and/
or transmitted (Fig 2). That is, they either did not bite soon enough to become exposed by the
viremic index case and/or there were no bites after the EIP resulting in subsequent transmis-
sion to susceptible household members. At 28°C, nine mosquitoes that bit at least once never
became exposed; at 24°C, 7 mosquitoes that bit did not become exposed; and 3 mosquitoes
that bit at least once at 32°C did not become exposed (Fig 2A.1-C.1). On the other hand, all
the exposed mosquitoes who bit at least twice (6/6) subsequently transmitted with non-zero
probability at 32°C. At 24°C, 80% of exposed mosquitoes that bit at least twice (8/10) transmit-
ted to susceptible individuals; and at 28°C 93.75% (15/16) exposed mosquitoes that bite twice
transmitted to susceptible household members with a non-zero probability as one mosquito’s
only subsequent bite was not outside the EIP (Fig 2A.2-C.2).

To determine whether these differences in patterns were related to the static parameters of
EIP and human infectious period, we assessed the sensitivity of the model to these quantities.
We found that the system was relatively insensitive to small changes in either parameter. The
system was not overly sensitive to changes in EIP, which may be an artifact of initializing the
model in sync with the index case. Overall, changes in probability were modest (Fig F in S1
Text). At 24°C there was no change in the overall outcome of transmission for any individual
mosquito. At 28°C, only two mosquitoes (#23 and #24) had any change in the overall binary
outcomes of supporting any transmission or not. With an increase in EIP, #23 did not subse-
quently transmit after exposure while a decrease in EIP allowed #24 to transmit to the suscepti-
ble human. At 32°C, a lengthening of the EIP by 2 days resulted in #3 and #7 having a zero
probability of transmitting to the susceptible household member (Fig F in S1 Text).

The length of infectious period had more of an impact, likely due to the synchrony of ini-
tialization of the model. Nevertheless, at 24°C, a 2-day shorter infectious period changed the

Table 2. Summary metrics of biting profiles at each temperature.

Temperature | Total # that bit 1 | Total # that bit 2 | Empirical average of total bites Empirical average Time between | Empirical average daily # bites
+ + (range) Bites (range)

24 21/27 (77.78%) 16/27 (59.3%) 2 (0-5) 5.99 0.083 (0-0.185)

28 26/26 (100%) 22/26 (84.6%) 3.92 (0-12) 3.41 0.163 (0.038-0.346)

32 12/26 (46.15%) 9/26 (34.6%) 0.96 (0-3) 5.62 0.040 (0-0.154)

https://doi.org/10.1371/journal.pntd.0010818.t002
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overall yes/no outcomes of mosquitoes #10 and 23 to a zero probability of mosquito exposure
and subsequent transmission to a susceptible human. (Fig G in S1 Text). On the other hand,
increasing the infectious period by 1 or 2 days resulted in 4 additional mosquitoes (#8, #3, #22,
and #25) having successful mosquito exposure. Only two (#13 and #25) also had subsequent
transmission to a susceptible human with a 2-day increase in the infectious period. At 28°C,
three mosquitoes (#11, #12, and #26) went from no transmission to successful mosquito expo-
sure with +2 days on the infectious period and two (#11 and #12) also resulted in subsequent
transmission to a susceptible human. A shortening of the infectious period resulted in #8, #17
and #25 having no simulations successfully expose the mosquito. Finally, at 32°C, a shorter
infectious period resulted in #9 not successfully becoming exposed or subsequently transmit-
ting, while a 2-day longer infectious period resulted in #26 having a non-zero (and relatively
high) probability of exposure (~90%), though this did not result in subsequent mosquito-to-
human transmission (Fig G in S1 Text). Finally, we varied both the probability of transmission
from the index case to the mosquito (Bv) and the probability of transmission from exposed
mosquitoes to susceptible humans (Bh) to determine how this parameter altered the overall
outcomes. The change in probabilities was largely proportional and did not result in a change
in overall yes/no outcomes for any individuals across all three temperatures (Figs H-I in

S1 Text).
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Fig 2. The proportion of mosquito-specific simulations (y-axes) that resulted in successful mosquito exposure from
the index case (A-C.1) and subsequent transmission to the susceptible human (A-C.2) at each temperature: 24°C (A),
28°C (B), and 32°C (C). Color gradients indicate total number of bites per individual that transmitted.

https://doi.org/10.1371/journal.pntd.0010818.g002

Correlation of biting profile with simulated transmission potential

The correlation between mosquito exposure and subsequent transmission was uniformly posi-
tive, and moderate to high (0.6 at 24°C, 0.90 at 28°C, and 0.73 at 32°C). The total number of
bites was highly and significantly correlated with mosquito exposure and subsequent transmis-
sion across all temperatures (Table 3). Time-to-first bite (TTFB) was also significantly corre-
lated with mosquito exposure across all temperatures but was not significantly correlated at
32°C for transmission to a susceptible human (Table 3, Fig J in S1 Text). These relationships
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Table 3. The significantly correlated variables associated with successful exposure/ transmission demonstrate
that factors associated with successful transmission are not uniform across all temperatures.

Event Temp Variable Rho
Mosquito exposure 24°C Time to 1% bite -0.86
(IC->Ms) Total # Bites 0.38
28°C Time to 1* bite -0.84
Total # Bites 0.66
Time b/t 1" and last bites 0.72
32°C Time to 1* bite -0.94
Total # Bites 0.66
Time b/t 1°*" and last bites 0.83
Time b/t 1 and 2" bites 0.70
Mosquito to Susceptible Human Transmission 24°C Time to 1 bite -0.61
(Me->Hs) Total # Bites 0.59
Time b/t 1" and last bites 0.72
28°C Time to 1* bite -0.75
Total # Bites 0.84
Time b/t 1" and last bites 0.86
32°C Total # Bites 0.74
Time b/t 1" and last bites 0.86

https://doi.org/10.1371/journal.pntd.0010818.t003

were inverse, indicating that a shorter time-to-first bite correlates with higher probability of
transmission. While this is likely at least partially due to the model structure, previous work
has also suggested that biting sooner is an important component of transmission [18].

The time between first and second bites was not significantly correlated with either trans-
mission event at either 24°C or 28°C but was positively correlated with mosquito exposure at
32°C (p = 0.60). However, the time between first and last bites was significantly, positively cor-
related with transmission to susceptible household members from exposed mosquitoes across
all temperatures. However, only at 28°C and 32°C was this significantly correlated with the ini-
tial mosquito exposure itself (Table 3, Fig J in S1 Text).

We determined which bites most contributed to transmission out of all successful transmis-
sion simulations for both IC->Ms and Me->Hs. To show the hypothetical role of each bite
within an individual biting profile, we calculated the proportion of transmission events attrib-
utable to a particular bite out of all simulations that resulted in a transmission event (not all
bites) (Fig 3). In most cases, the first bite did account for the majority of that mosquito’s trans-
mission when exposure was limited to a single index case as in our model, especially at 32°C
where 100% of mosquito exposure occurred upon the first bite. At 28°C and 24°C, there was
more variability in the bite at which a mosquito was exposed, though the first bite still
accounted for more than other bites.

Analytic computation of mosquito transmission

The probability that the mosquito is successfully exposed (pyg) and the probability that trans-
mission to the second human occurs (pyg) can be analytically derived as above (Eqs 1 and 2).
With perfect transmission (8, = 1), the pyg is entirely determined by the number of bites that
an individual takes during the human infectious period. And once the number of bites taken
during the human infectious period is accounted for, pyg is largely determined by how many
bites occur EIP days after a successful mosquito exposure. The outcomes of the simulations
(Fig 2) are in agreement with these calculations (Fig K in S1 Text). In parallel, we counted the

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010818  October 4, 2022 9/19


https://doi.org/10.1371/journal.pntd.0010818.t003
https://doi.org/10.1371/journal.pntd.0010818

PLOS NEGLECTED TROPICAL DISEASES How do | bite thee? let me count the ways: Aedes aegyptibiting and dengue transmission

% events from bites % events from bites
involved transmission involved transmission
IC->Ms Ms->Hs
24°C 24°C
27 T T 1
%SEEI = 2 =
== ==
%gl = 21
a 184
o1 ' rRls
2 = S
Rk CREE
31 o 151
= 1§— =191 -—-,
i 3
{ : = |=15;
4 1
2 h } } £] : : ! : : : 1 1
- N ® v« b © ~ © o 2 £ § 2 3 L2 e - 2 2 g I 8 & 8 4
28°C 28°C
| ] 1 1 1 | — 1
% e
H==_
53] 8
1§ i
o 17- Q 1¢7
218 2 18]
£ 1 s
81%-:d 1 g 14
R == 21
8 8]
g H
1] 41
- N ® T v © N~ © o @ ¥ ¢ 2 T 2 ¢ £ 2 2 8 8 § 8 T 8§
32°C 32°C
1 T ¥
= i =
3% —1 23
22+ 1 1 22
214 5 )
201
E== 1
o ! Q171
== g1
2 - 1
@ 121 g 2
£ = g1 =
8 | b
‘] = ] =
1 T ]
4 1
3 :!
B e ﬁ 1l T

16
17
18]
19
20

T T T T
O = & ® T v

21
22
237
24
25

- N ® T v © N~ © *

Days Post Emergence

Proportion of Transmission _
Events from each bite 0.00 0.25 0.50 0.75 1.00
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https://doi.org/10.1371/journal.pntd.0010818.g003

pairs of bites that occurred at least one EIP apart, which relaxes the assumption of synchrony
with the index case. This is because it quantifies, for a given profile, how many pairs out of the
total bite-pair combinations could theoretically support transmission. This measure is an
approximation of the vectorial capacity equation, which is an extension of the Ross-Macdon-
ald framework [15,43]. Fig 4 demonstrates that at 28°C more mosquitoes have a greater likeli-
hood of transmission due to the timing of pairs of bites based on the temperature-dependent
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https://doi.org/10.1371/journal.pntd.0010818.g004

EIP. At 24°C and 32°C, especially, there are fewer overall opportunities to transmit given the
timing of pairs of bites, while at 28°C there is much more variability and overall opportunity
(Fig 4). This demonstrates that even when the assumption of synchrony between the introduc-
tion of the infectious index case and mosquito bite timeline is relaxed, the potential for conse-
quences on transmission directly related to bite heterogeneity still exists.

Null model assumptions about biting do not represent the observed process

We investigated whether the distribution of time-between-bites is consistent with the com-
monly assumed distribution: ~EXP(Aremp) after calculating Aremy, as the reciprocal of the sam-
ple mean of time between bites (0.167 for 24°C, 0.293 for 28°C, and 0.178 for 32°C). We
compared the experimental and theoretical times-between-bites and found that there was a
significant difference at 28°C, but not at 24°C or 32°C (Fig 5, row 1). We then simulated 1000
hypothetical bite profiles at each temperature using Aremp and compared the proportion of
mosquitoes that bit at least once and the proportion that bit at least twice between the experi-
mental and simulated mosquito populations. There was no difference between the empirical
data and theoretical population at 28°C in the proportion that bit at least once while both the
24°C and 32°C empirical data had significantly lower proportions (Table A in S1 Text).
When we compared the proportion that bit at least twice, the empirical data had significantly
lower proportions compared to the simulated population at all temperatures (Table B in
S1 Text).

We then compared the distributions of several key metrics found to be correlated with
transmission (Table 3). At all temperatures, the distribution of the total number of bites was
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https://doi.org/10.1371/journal.pntd.0010818.g005

different between the empirical and simulated populations (Fig 5, row 2). The time to first bite
was not significantly different for 32°C, due to overall lack of biting. This metric was signifi-
cantly different for 24°C and 28°C (Fig 5, row 3). Finally, at only 28°C was the time between
first and last bites significantly different, though the distributions at 24°C and 32°C are visually
different and this is again likely due to an overall relative dearth of biting at these temperatures.
For 28°C degrees, we also assessed whether an alternative discrete distribution with additional
parameter, the negative binomial, fit the time-between-bites data better. The negative binomial
distribution has a much lower AIC score (difference of -16.79) than the geometric distribution
(analogous to a discretized exponential distribution), which provides strong support that this
2-parameter distribution describes the data better than the single parameter geometric distri-
bution (Table 4).
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Table 4. Comparison of distributions shows that negative binomial is a better fit to the 28°C bite data (time between bites) compared to the geometric.

Temperature Theoretical Distribution Log likelihood AIC
28 Geometric -179.3795 360.76
Negative Binomial -169.9867 343.97

https://doi.org/10.1371/journal.pntd.0010818.1004

Discussion

The impact of using individual-level data rather than population averages (such as for com-
partmental models) remains to be elucidated, but it is important to note that the simple act of
biting twice does not translate to a mosquito becoming part of a transmission cycle because
the timing of bites is important [18]. Ae. aegypti biting in the field was estimated as 0.63-0.76
bloodmeals per day (a population estimate) within a single gonotrophic period, while our data
suggests this may be lower for some temperatures (Table 2) [7]. Further, different descriptors
of the timing of bites were significantly correlated with transmission for each temperature,
indicating that a more macro-level heterogeneity across temperature exists as well. However,
at this level, it is important to note that biting in the wild, and ultimately DENV transmission,
is affected by a multitude of environmental factors [15,35,44].

While compelling, these data are based on feeding (partial or full) behavior only. Addition-
ally, these data show that heterogeneity exists across these temperatures, but it remains to be
determined how this interacts with temperature-dependence of vector competence and EIP
[22,45-48]. This is critically important as, in general, higher temperatures result in higher rates
of dissemination through the mosquito; although this advantage of within-mosquito viral fit-
ness may be confounded by increased mosquito mortality and decreased biting such that
extreme temperatures may negatively impact transmission [11,22,49,50]. Further, human
social networks have been shown to play an influential role in arboviral transmission and
would no doubt contribute to the contact between mosquito and humans [26].

Individual-Based Models (IBMs) are an important tool for assessing the contributions of
individuality in transmission dynamics [35,51]. Arbovirus transmission is often represented
through the lens of widely-used compartmental modeling frameworks (e.g. [7,52-56]). On the
mosquito-side, the movements between these compartments (Susceptible = Exposed = Infec-
tious) are informed by experimental and (less often) field data that describe measures of these
processes such as vector competence and the extrinsic incubation period (EIP) [7,46,48,52—
61]. These measures are determined through cohort experiments that describe central tenden-
cies (often of proportions) [22,48,62-64]. However, our data demonstrate that there is a high
degree of individual heterogeneity in biting that is important but may not be easily captured
using the current parameterization of compartmental models.

When we perturbed the model by varying several parameters, the most sensitive parameter
was the infectious period of the index case, which is likely attributable to the synchrony of ini-
tialization. With exploration and quantification of the relative timing of bites (Fig 5), an esti-
mate of an individual vectorial capacity-like quantity can be determined to quantify
transmission potential of individuals [15,43]. Further, this supports previous findings that ear-
lier bites are more likely to contribute to transmission [18]. The general lack of sensitivity of
the system to changes in EIP is also due to the timing of pairs of bites in the empirical data rela-
tive to the length of the EIP, while varying reductions in both Bv and Bh translated to expected
reductions in the probability of transmission. But again, we observed biting in isolation while
there is certainly an interplay between mortality, biting, and other factors [15,37,43]. In addi-
tion, the IBM herein provides a framework with which to test the interaction of biting with
these other parameters.
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While assessing the goodness of fit of the ~EXP(Argpp), we determined that at the optimum
temperature of 28°C, this distribution did not adequately describe the time between bites. Nor
did the temporal measures of mosquito bite profiles simulated from ~EXP(A,g:¢c) represent the
observed empirical distribution of total bites, the distribution of time to first bites, or time
between the first and last bites (all of which were significantly correlated with successful trans-
mission outcomes). We show that a negative binomial distribution better fits the time between
bites at 28°C, suggesting that models describing optimum conditions should consider this
alternative fit, or a similar continuous distribution such as a gamma distribution. At 24°C and
32°C, while the ~EXP(ArgMmp) could not be ruled out as an appropriate distribution, we
observed clear quantifiable differences with the empirical distribution. The lack of statistical
significance is likely due to the low number of overall bites compared to 28°C.

We recognize caveats of the study. First, laboratory settings represent controlled conditions
for mosquitoes, and partial and full bloodmeals are probably a conservative estimate of mos-
quito-human contact, as probing can lead to transmission [38]. However, recently published
data demonstrate that while there are likely differences in biting habits across geographic and
laboratory populations, a degree of heterogeneity was observed in a field-derived colony, indi-
cating that heterogeneity among individuals is not limited to laboratory colonies [38]. Con-
stant temperatures may not capture the nuances of temperature effects, though have been
successfully used for important modeling studies and are important to isolate thermal effects
[11,24]. In addition, mortality is differential among temperatures, as demonstrated in several
previous studies with obvious implications for transmission and biting [11,22,24]. While our
study was not designed to explicitly measure mortality, we did find that the mortality of our
three temperatures did follow the same pattern as previously published, with 28°C having
greater average survival (>25 days) than either 24° or 32° days (24 and 23.5 days, respectively)
[11,24]. Finally, it is important to emphasize that our data are not intended to represent the
entire range of potential biting heterogeneity among individuals (which can be affected by fac-
tors such as the availability of water, preferred vertebrate hosts, etc.), but to explore the impli-
cations of possible heterogenous biting profiles on theoretical transmission scenarios.

These data indicate that there is considerable heterogeneity in not only the total number of
bites, but the timing of bites as well. Further, these metrics were differentially affected by tem-
perature. Several studies have demonstrated the non-monotonic nature of mosquito life traits
and/or that the optimal temperature for biting is approximately 28°C [11,17,24]. Our data fur-
ther confirms a thermal optimum for Ae. aegypti-driven arbovirus transmission, as well as sug-
gests that the commonly used representation of biting at this optimal temperature may not
best represent the heterogeneity and associated arbovirus transmission potential.

Supporting information

S1 Text. Supplemental Tables & Figures. Fig A: Kolmogorov-Smirnov test to determine
whether there was a difference in distributions of the total number of bites at any of the tested
temperatures between biological replicates. Significant difference at 24°C only (p = 0.04266).
No significant difference was found at 28°C (p = .06322) or 32°C (p = 0.6325). Fig B: We also
saw no significant difference in the distribution of time to first bite (Kolmogorov-Smirnov
test) at either 24°C (p = 0.3323), 28°C (p = 0.8038), or 32°C (p = 0.2897). Fig C: Similarly,
there was no significant difference between biological replicates in the time between first and
second bites (Kolmogorov-Smirnov test) at either 24°C (p = 0.0523), 28°C (p = 0.1619), or
32°C (p = 0.8562). Fig D: There was a significant difference between biological replicates in
the time between first and last bites (Kolmogorov-Smirnov test) at 24°C (p = 0.04951) and for
28°C (p = 0.03067), but not 32°C (p = 0.6152). Fig E: A schematic of a hypothetical mosquito
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with an individual bite profile where a bite occurs when M{bite} = 1. Infectious contact from
the index case (Pyp) at Time = 2 results in the mosquito becoming exposed (M{status} = 1). A
bite from the M{status} = 1 mosquito at Time = 5 did not result in transmission to a susceptible
individual (Sg) as the EIP had not concluded. However, after the EIP, the mosquito status
changes to infectious (M{status} = 2) and bites from the mosquito, such as Time = 12 to Sy
results in a transmission event and changes the status to Sy as “unavailable for infection”. Fig
F: Local sensitivity analysis for the extrinsic incubation period of DENV in the mosquito
vector: The proportion of simulations (y-axis) where a particular mosquito (x-axis) becomes
exposed (P(IC—Ms)) or transmits (P(M->H)) per a range of extrinsic incubation periods.
Only mosquitoes with at least one scenario resulting in a non-zero probability of transmission
are shown. Fig G: Local sensitivity analysis for infectious period of the index case: The pro-
portion of simulations (y-axis) where a particular mosquito (x-axis) becomes exposed (P(IC—
Ms)) or transmits (P(M->H)) per a range of infectious periods. Only mosquitoes with at least
one scenario resulting in a non-zero probability of transmission are shown. Fig H: Local sensi-
tivity analysis for the probability of transmission given contact between a susceptible mos-
quito and the infectious index case (B,): The proportion of simulations (y-axis) where a
particular mosquito (x-axis) becomes exposed (P(IC—Ms)) or transmits (P(M->H)) per a
range of B,. Only mosquitoes with at least one scenario resulting in a non-zero probability of
transmission are shown. Fig I: Local sensitivity analysis for the probability of transmission
given contact between an infectious mosquito and susceptible human (f;,): The proportion
of simulations (y-axis) where a particular mosquito (x-axis) transmits (P(M->H)) per a range
of B,. Only mosquitoes with at least one scenario resulting in a non-zero probability of trans-
mission are shown. Fig J. Complete correlation matrices for all three temperatures. X indicate
p is not significantly different from 0. Fig K: The outcomes of mosquito exposure and subse-
quent transmission to the susceptible household member derived directly from Eqs 1 & 2 (see
Methods). Table A: Comparison of the proportion of mosquitoes that bit at least once between
the experimental data and simulated population. There was a significant difference at 24°C
and 32°C, using prop.test function in R. Table B: Comparison of the proportion of mosquitoes
that bit at least twice between the experimental data and simulated population. There was a sig-
nificant difference at all temperatures, using prop.test in R.

(DOCX)

S1 Data. Excel file with experimental biting data. “Bites” worksheet contains the daily bite 0/
1 for each mosquito. “Summary” worksheet contains the summary metrics of each mosquito
(such as time to first bite, total number of bites, etc.)

(XLSX)
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