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Developed in the 1940s, DDT spraying was greatly used to combat malaria,
typhus, and other insect-borne disease
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Developed in the 1940s, DDT spraying was greatly used to combat malaria,
typhus, and other insect-borne disease

In 1947, 2 Sanitarians from the United
States Public Health Service investigating
Anopheline behavior wrote:
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Developed in the 1940s, DDT spraying was greatly used to combat malaria,
typhus, and other insect-borne disease

In 1947, 2 Sanitarians from the United
\\QQT 18 gd me-e.e/?\ States Public Health Service investigating
S Anopheline behavior wrote:

“the habits of the mosquitoes in
question are of prime importance
in determining the likelihood of
their being exposed to DDT
deposits for a sufficient time to
produce death”
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The time mosquitoes spend resting, accounts for a large portion of
their daily time-activity budget

Anopheles gambiae Activity Pattern
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For an indoor dwelling species like Aedes aegypti, resting is a key
determinant of physiology and survival

\\

@ Resting Behaviors
o Exoskeleton Hardening e Blood Digestion/Oogenesis

e Predator Avoidance e Sleep/Neurological Recovery

e Waiting for Host
Non-Resting Behaviors

PR
Oviposition

@ Biood-reeding

3-D Representation of the Instances
When Mosquitoes are Resting Indoors

(using an experimental house as architectural model)

Created in BioRender.com

Jimenez-Vallejo et al., 2025
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Number above 1.5m

Number below 1.5m

Dzul-Manzanilla etal.,2016

Aedes aegypti demonstrate a pronounced
preference to rest at heights closer to the
ground
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Reciprocal crosses suggest this preference for lower heights may

be modulated by (epi)genetic interactions
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Reciprocal crosses suggest this preference for lower heights may
be modulated by (epi)genetic interactions

RESTING

P 0.000 0.005 0.010 0.015

0.020

LAB
FIELD
SIM

Jimenez-Vallejo etal.,in prep

A Cross 1: Lab Male x WT Female B Cross 2: Lab Female x WT Male
* *kk
.00+ ! 1 I I

'—é 0.75 T 0757
_ E
g S
= £
[=)] [=2]
‘S 0.50- @ 0.
= =
()] (=2}
£ =
@ 3

Q
& 4

0.25 0.254
0.00-
WT_Female Progeny LAB_FIemaIe WT_IMaIe Proéeny
Jimenez-Vallejo etal.,in prep
12




Selectively spraying insecticides according to the behavior of
Aedes aegypti can improve efficacy and reduce costs

Insecticide Residual Spraying has evolved to be “TARGETED”; aka TIRS

16
£
0
- 12
o
>
[*]
Kl
©
[
o 8
Q
£
=
4
4

s o @ o @ o

0 @ o o ¢
0 @ o o - - —
-4 0 4 8 12 16

Number below 1.5m

Fig. 1 Targeted indoor residual spraying (TIRS) to control Ae. aegypti. In urban environments, houses are primarily built of brick and cement, and

-4
Ae. aegypti rests preferentially below 1.5 m of height. Spraying residual insecticides in walls below 1.5m and in key resting sites such as under
Fig. 1. Distribution of paired Ae. aegypti abundances inside houses stratified by collection height. Each symbol indicates an abundance occurrence (e.g., the point i o . . N . X X K
at [x = 12, y = 0] shows a house that had 12 Ae. aegypti below 1.5 m and none above 1.5 m). The size of the spheres is proportional to the number of houses with fumlture (#1 N ﬁgUre, represented N green) W|” eVentUa”y k||| Ae aegyptl that may be emerg|ng from Immature [arval habltatS OU’[dOOfS (2) and
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o b ol o el .k i e i sl i vl o e rest indoors on treated surfaces (3). After exposure to the residual insecticide, mortality can occur immediately (4) or after several hours/days (5)

Dzul-Manzanilla et al., 2016 Manrique-Saide et al., 2020

Similar entomological impact (~70% reduction in adult abundance) using a
fraction of application time (<18%) and insecticide volume (<30%)
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A two-arm, parallel, unblinded, cluster randomized controlled trial in
Yucatan quantified the efficacy of TIRS to reduce disease burden

TIRS trial
Design
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A two-arm, parallel, unblinded, cluster randomized controlled trial in
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A two-arm, parallel, unblinded, cluster randomized controlled trial in
Yucatan quantified the efficacy of TIRS to reduce disease burden

TIRS trial
Design

Merida, Mexico
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25 random “yolks” across Merida
received annual TIRS spraying once
every THREE years

Manrique-Saide et al., 2020
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Like other mechanisms of resistance, behavioral adaptations
against insecticides can decrease efficacy of interventions

Alterod penetration
(Cuticle thickening/change)

Behavioral
Resistance -

Cumrant Opinion In Insact Scence

Hubbard and Murillo., 2024
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Behavioral Resistance:
“those actions, evolved in
response to the selective

pressure exerted by a toxicant,
that enhance the ability of a
population to avoid the lethal
effects of that toxicant”



Like other mechanisms of resistance, behavioral adaptations
against insecticides can decrease efficacy of interventions
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Behavioral Resistance:
“those actions, evolved in
response to the selective

pressure exerted by a toxicant,
that enhance the ability of a
population to avoid the lethal
effects of that toxicant”
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Figure 2 The impact of high ITN use on the behavioural
characteristics and population composition of a transmission
systems comprised of a mixed population of An. gambiae and
An. arabiensis. The relevant summmary outcomes presented reflect
the means weighted by relative population size or the relative
contributions of these two vector species: A; Sibling species
composition, B; Proportion of blood meals taken from humans, and,
C; Proportion of human exposure to mosquito bites and malaria
transmission occurring indoors.
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The targeted focus of TIRS shifts the selective force experienced
by mosquitoes in 3D space

.b’—/_-

Heightf: 1.5m

45cm

E1.5m

5cmoverlap

Distance from ‘

nozzle to wall

Figure 5. Illustration of the IRS technique for urban A. aegypti control (adapted from

WHO, 2015).

Manrique-Saide et al., 2020

* Afraction of mosquitoes are still

choosing to rest>1.5m
 Escape mortality
* Across scales component
* Selection can favor this
fraction (if resting behavioral
traits are heritable)
* Behavioral resistance
evolves

 TIRS s jeopardized
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My dissertation looks to deeply characterize the factors driving
resting and assess evolution of behavioral resistance

Aim 1: Aim 2:

Assess and quantify the Evaluate the impact of
individual and combined TIRS on factors assessed
impact of intrinsic & in Aim 1, and on
extrinsic factors driving development of
\ resting /K behavioral resistance

* Hypothesis

* After 3 years of exposure, if Aedes aegypti can develop behavioral
resistance to TIRS, then a higher number of mosquitoes would be
collected resting at heights above 1.5 meters in TIRS-treated
households vs Control households
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Stratified collections (above vs below) were done 2mo, 4mo, and

6mo after third

round of TIRS spraying in 2023

TIRS trial
Design
Merida, Mexico

50 Clusters located in gﬁ/a ==

DENV transmission
hot-spot area: 3

25TIRS
25 Control

(regularMOH vectorcontrol
actions will notbe stopped)

5x5 city-block clusters

=
HiEs
OF

Manrique-Saide et al., 2020

For each collection:

« Arandom sample of 10% of the houses (~1350) located in the “yolk” of each cluster (treatment vs control)

Vazquez-Prokopec et al., 2009

* Collections took 10 minutes using Prokopack aspirators
« Stratified by height: one tech collects above 1.5m and the other below 1.5m
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After three years of exposure to TIRS, the proportion of mosquitoes collected
below stays close to ~65% for both TIRS and Control arms

Control Treatment

100% A

N
3]
X

(7]

g 75%

S

O

o

= Resting Height
%5 50% 1 B Above
c B Below
.0

€

(@)

o

o

o

0% -

'23 I2mo '23 éllmo '23 I6mo '23 I2mo '23 4Ilmo '23 I6mo
Collection Term

24



On a cluster scale, we observe no significant difference in the number of
mosquitoes collected above 1.5m between arms across time
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On a house scale, we observe higher abundance of low
resting mosquitoes both in the TIRS arm and the Control arm
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Averaging at a house-scale, a higher number of mosquitoes is

collected below in Control houses across time

Mean Number of Mosquitoes
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2 Months 4 Months 6 Months
Collection Term (Month Post TIRS)

Resting Height
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Arm
© control
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The same is observed in TIRS-treated houses, with a sustained reduction in
the number collected at either height across time

w
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Resting Height

® Above 1 m
® Below 1 m

N
1
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€ control
A treatment

Mean Number of Mosquitoes

2 Months 4 Months 6 Months
Collection Term (Month Post TIRS)
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Across all post-intervention periods in 2023, there is no evidence that TIRS
treatment altered the number of mosquitoes resting above 1.5m compared
to Control houses

Effect of Treatment x Height Interaction Across Time
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Conclusions

Across three years of
continuous exposure, Aedes
aegypti did not shift resting
preferences
* Not enough time?
* Not enough heritability in
resting behavior traits?
e Shifting from indoor to
outdoor?
 Otherresistance
Currant Opinion In Insect Science mechanisms favored

Beginning
A € 8

o

—&g

Height: 1.5 m

5cmoverlap

Distance from
nozzle to wall




Conclusions

A

Height:

Beginning

5cmoverlap

Distance from
nozzle to wall

——5eginning

A

Currant Opinion In Insact Scence

Next Steps

Across three years of
continuous exposure, Aedes
aegypti did not shift resting
preferences
* Not enough time?
* Not enough heritability in
resting behavior traits?
e Shifting from indoor to
outdoor?
 Otherresistance
mechanisms favored



Conclusions

Height:

5cmoverlap

Distance from
nozzle to wall

Be8"ﬂning
-\!.\ 77

= BeSinning

A

Current Opinion In Insact Scence

Next Steps

*

Across three years of
continuous exposure, Aedes
aegypti did not shift resting
preferences
* Not enough time?
* Not enough heritability in
resting behavior traits?
e Shifting from indoor to
outdoor?
* Otherresistance
mechanisms favored



Conclusions ;é

45cm

——eBinning

Height: 1. il Rl

5cmoverlap

Distance from
nozzle to wall

Across three years of
continuous exposure, Aedes
(setoutcanion sequestaton) | @€ gypti did not shift resting
preferences
* Not enough time?
* Not enough heritability in
resting behavior traits?
e Shifting from indoor to
outdoor?
 Otherresistance
Currant Opinion In Insect Science mechanisms favored

/ Aim 2: \

Evaluate the impact of
TIRS on factors assessed
in Aim 1, and on
development of

k behavioral resistance /

Next Steps

After 4th exposure, evaluate impact
of TIRS on field progeny from both
arms: AERIAL DYANIMCS



% Conclusions ;é

- @ Across three years of
Alterad penetration o
(Cuticle thickening/change) continuous exposure, Aedes
Biochemical resistance o g o o
(detouification sequestation) | @e gy pti did not shift resting
preferences
} * Not enough time?

/ . Not enough heritability in
| ) resting behavior traits?
Insecticide target modification e Shifting from indoor to

(Target-Site mutations)
outdoor?

e Otherresistance
Current Opinion In Insect Science mechanisms favored

4 Beginning

A

Height: 1.

5cmoverlap

Distance from
nozzle to wall

Next Steps

After 4th exposure, evaluate impact
of TIRS on field progeny from both
arms: AERIAL DYANIMCS

Sticky sheet
% treatments

/ Aim 2: \

Evaluate the impact of
TIRS on factors assessed
in Aim 1, and on
development of
\ behavioral resistance /




Acknowledgements

Prokopec Lab @ Emory University

* Dr. Gonzalo Vazquez-Prokopec, Dr. James Earnest, Dr. Oscar
Kirstein, Dr. Sebastian Duran, Dr. Stephanie Bellman, Kieran Aguirre,
Seana Cleary, Bella Roeske, Jessica Cheng

UCBE @ Autonomous University of Yucatan

* Dr. Pablo Manrique-Saide, Dr. Gabriela Gonzalez, Dr. Azael
Mendoza, Dr. Norma Pavia-Ruz, Dr. Juan Carballo, Dr. Henry Puerta,
Anuar Medina-Barreiro, Guillermo Guillermo-May, Wilbert Bibiano-
Marin, Guillermo Chan, Yessica Gurubel, Felipe del Castillo
Centeno, Insectary Crew, Field Collection Crew!

ENVS Department @ Emory Universi

* Jerry Byrd and Melissa Ivey

Di rtation mmitt

* Dr. Levi Morran, Dr. Dave Civitello, Dr. Lance Waller, Dr. Pablo

Manrique-Saide, Dr. Gonzalo Vazquez-Prokopec

GDBBS, IDASTP, GMCA




	Slide 1: Assessing Behavioral Resistance to Targeted Insecticide Spraying in Field Populations of Aedes aegypti across Yucatan, Mexico
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6: The time mosquitoes spend resting, accounts for a large portion of  their daily time-activity budget
	Slide 7: For an indoor dwelling species like Aedes aegypti, resting is a key determinant of physiology and survival
	Slide 8
	Slide 9
	Slide 10
	Slide 11: Reciprocal crosses suggest this preference for lower heights may be modulated by (epi)genetic interactions 
	Slide 12: Reciprocal crosses suggest this preference for lower heights may be modulated by (epi)genetic interactions 
	Slide 13: Selectively spraying insecticides according to the behavior of Aedes aegypti can improve efficacy and reduce costs
	Slide 14: A two-arm, parallel, unblinded, cluster randomized controlled trial in Yucatan quantified the efficacy of TIRS to reduce disease burden
	Slide 15: A two-arm, parallel, unblinded, cluster randomized controlled trial in Yucatan quantified the efficacy of TIRS to reduce disease burden
	Slide 16: A two-arm, parallel, unblinded, cluster randomized controlled trial in Yucatan quantified the efficacy of TIRS to reduce disease burden
	Slide 17: Like other mechanisms of resistance, behavioral adaptations against insecticides can decrease efficacy of interventions 
	Slide 18: Like other mechanisms of resistance, behavioral adaptations against insecticides can decrease efficacy of interventions 
	Slide 19: Like other mechanisms of resistance, behavioral adaptations against insecticides can decrease efficacy of interventions 
	Slide 20: Like other mechanisms of resistance, behavioral adaptations against insecticides can decrease efficacy of interventions 
	Slide 21: The targeted focus of TIRS shifts the selective force experienced by mosquitoes in 3D space
	Slide 22
	Slide 23: Stratified collections (above vs below) were done 2mo, 4mo, and 6mo after third round of TIRS spraying in 2023 
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30: Conclusions
	Slide 31: Conclusions
	Slide 32: Conclusions
	Slide 33: Conclusions
	Slide 34: Conclusions
	Slide 35: Conclusions
	Slide 36: Conclusions
	Slide 37: Acknowledgements

