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Synopsis Mos quitoes us e a wide ran g e of cues to fin d a h ost to fe e d on, eventua l ly le ading to t he transmissio n o f pathog en s. 
Am ong th em, olfac tory c ues (e .g., host-emitt ed odor s, inc luding CO 2 , and skin volat i les) play a cent ra l role in me diat ing host- 
see king be havio rs. W hile mosqui to olfactio n can be imp acte d by many fact or s, suc h as the p hysio log ica l st ate of t he insect (e.g., 
age, r epr oductive st ate), t he impact of environmental temperature on the olfactory system remains unkno wn. I n this study, we 
quant ifie d the behavioral responses of Aedes ae gypt i mosquit oes, vect or s of den gue, y ellow fev er, and Zika viruses, among other 
pathog en s, to host and pl ant-rel at ed odor s under differ ent envir onmen tal tem pera tures. 
Introduction 
Tem pera ture is one of the most im portan t physical fac- 
t or s a ffe ct in g the life of in se cts. Be cause of their poik- 
ilot her mic nature (i .e ., their inab ili ty to ma inta in a con- 
stant b o dy temp erature, indep endently of the tempera- 
ture of the environment), ex cessiv e heat or cold can have 
deleterious effects on insects’ p hysio logy and behav- 
io r. Fo r each insect sp ecies, its b ehavioral p er for mance, 
such as fe e din g or flyin g, is o p t ima l at a given tem- 
p erature and p ossible within a ran g e of tem pera tures 
(i .e ., between a critical minimum and maximum tem- 
perature). Alt hough t hes e respons es an d be haviors are 
possible within a ran g e of tem pera tures ( i.e. , tolerance 
ran g e), bey ond a crit ica l minimum and maximum point 
it is impossible for the insect to perform ( Huey and 
Stev en son 1979 ). Nev erth e less, in sects hav e dev eloped 
st rateg ies to avoid t her ma l st ress and some species can 
rely on t her moregu lat ion processes ( Heinrich 1993 ). 
F or exam ple, they can adjust their b o dy p osition to- 
ward the sun ( May 1976 ), seek shade ( Herrera 1997 ), 
us e e va pora ti ve coo ling of drop lets of nect ar ( Heinr ich 
1979 ) or urine and blo o d ( Lahondère and Lazzari 2012 ; 
Lazzari et a l. 2021 ; Rein hold et a l. 2021 ), or act i vel y pro- 

d uce o r re lease h eat v i a coun ter-curren t hea t ex chan g ers 
( Heinrich 1976 ; Lah on dère et al. 2017 ). 

In blo o d-fe e din g in sects, the p hysio logical pro- 
cesses regu lat ing host-se eking behavior have been well- 
describe d (e.g., nut rit iona l, and r epr oductive states, 
age, tim e of th e d ay, etc. rev iewed by Lazzari 2009 ). 
By co ntrast, co mp arat i vel y less is known about how 
the tem pera tur e of the envir onment could a ffect their 
s ens ory-me diate d behaviors a nd systems, a nd by ex- 
tension, th eir h ost-see king be havior an d th e trans- 
missio n o f t he pat hog en s respon sible for di sea ses. In 
m osquitoes, th e dead liest anima ls on e art h ( WHO, 
2019 ), the tem pera tur e of the envir onment h a s been 
s h own to a ffect th eir be havior ( Th omson 1938 ; Kirby 
an d Lin dsay 2004 ), m etabolism ( Clem ents 1992 ), deve l- 
opment ( Rueda et al. 1990 ; Lyimo et al. 1992 ; La ncia ni 
and Le 1995 ), and r epr oduction and blo o d-fe e ding 
( E ldr idg e 1968 ). Moreov er, by a ffe ct in g the dev elop- 
ment of the pathog en s that they might carry, tempera- 
ture can also affect t he vector i al c apacit y of mosquitoes 
( Paa ijma ns et al. 2011 ; Reinhold et al. 2018 ). 

In the context of glob a l wa rming a n d th e ab ili ty o f 
mosquit oes t o invade new are as, t here is an ur g ent ne e d 
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Effect of temperature on mosquito olfaction 357 
to identify the physical processes influencing mosquito 
be havior an d biology ( Lah on dère an d Bo nizzo ni 2022 ). 
In the present study, we focused on the mosquito ol- 
fact ory syst em—essent ia l for host a nd pla nt seeking—
an d h ow th e tem pera tur e of the envir onment a ffects 
mosqui to respo nses. Mo re spe cifica l ly, we examine d: 
(1) how tem pera ture a ffec ts flig ht dynamics of tethered 
an d free-flying m osquitoes; (2) h ow Aed es ae gypt i , a 
maj or ve ctor of p athog en s such as Zika, den gue, or y el- 
low fever viru ses, respond s to host and pl ant-rel ated 
odors under different, yet e colog ica l ly re levant, th ermal 
co ndi tio ns; and (3) the possible modu lat ion of anten- 
nal responses to odors by th e environm en tal tem pera- 
ture. Spe cifica l ly, g iven the effe ct of tem pera ture on ol- 
factory re cept ion in Drosophil a mel anogas t er ( Riveron 
et a l. 2009 ; Mart in et a l. 2011 ), we hypot hesize t ha t a t 
higher ambien t tem pera tures, Ae. ae gypt i f ema les wi l l 
be mo re sensi tive and behaviora l l y responsi ve to o lfac- 
tory cues. 
Material and methods 
Insects 
Female Aedes ae gypt i mosquitoes (w ild t ype, line F21 
MRA-726, MR4, ATCC ®, Man a ssa s, VA, USA) were 
used for all experim ents. Th e colony was kept in a cli- 
m atic ch amber m ain tained a t 25 ± 1 ◦C, 60 ± 10% 
rela tive h umidity (RH) and under a 12–12 h light–
dark cyc le . Grou ps o f 160–200 l arvae were pl aced in 
26 × 35 × 4 cm covere d p a ns conta ining Mi l li-Q ® water 
a nd were f ed da ily on fish f o o d (Hikari Tropic 382 First 
Bit es—Pet co , San Diego , CA, USA). Groups of same day 
p upae (bo th males and females) were then isolated in 
16 Oz (i .e ., 473 mL) container s (Mosquit o Bre e der Jar, 
Bio quip Pro ducts, Ran ch o Dominguez, CA, USA) un- 
t i l emer g ence. Ad ul ts were then tra nsf erred into mat- 
in g cag es (B ioQui p Prod ucts, Ran ch o Dominguez, CA, 
USA) a nd ma inta ined on 10% sucrose. To ma inta in 
our labo rato ry colo nies, a n a rt ificia l fe e der (D.E. Li l lie 
G la ssblowers, At lant a, GA, USA; 2.5 cm internal diam- 
eter) fil le d with hep arinize d b ovine blo o d (Lampire Bi- 
olog ica l Labo rato ries, Pi persvi l le, PA, USA) place d on 
the top of the cage and heated at 37 ◦C using a water- 
b ath circu lat ion was used to feed mosquitoes from the 
main colony weekly. 

For t he exper iments, grou ps o f 120 pu pae were iso- 
lated from the main colony and maintained in a separate 
conta iner f or 6 days af ter t h eir em er g ence. This gav e the 
m osquitoes tim e t o mat e in t he cont a iners bef ore the ex- 
perim ents (ran dom disse ct io n o f fema les revea le d that 
95% of them had o o cyt es). Mosquit oes had access to 
10% sucrose ad li bi tum but were not blo o d-fed b efore 
t he exper iments. The day t he exper iments were con- 
duct ed , females were select ed manually with forceps af- 

ter placing t he cont a iner f or a f ew minut es in a c limatic 
chamber at 10 ◦C. Depending on the type of experiment, 
they were then either p laced indi v idu a l ly or in groups of 
20 in 50 mL conica l Fa lcon TM tu bes (Th erm o Fis h er Sci- 
entific, Pittsburgh, PA, USA) and covered with a piece 
of m es h. We gave th em at least 1 h to r ecover befor e 
testing them in th e olfactom eter. All experim ents were 
co nd uc ted w hen Ae. ae gypt i mosquitoes a re th e m ost 
activ e and respon siv e to h ost re lated cues, eith er 2 h be- 
fore their subj e ct ive night or 2 h after their subj e ct ive 
d aw n ( Trpis et al. 1973 ; Vinauger et al. 2014 ). 
Tethered flight under different thermal 
conditions 
Flight arena 
The in-flight response to CO 2 of indiv idu a l fema le 
mosquitoes was quant ifie d in an LED-b ase d arena 
( s ensu R eis er and Dickins on 2008 ; Vinauger et al. 2018 , 
2019 ). Mosquitoes were cold an esth et ize d on ice and 
tet hered by t he t ho rax wi th a tungsten wire using UV- 
act ivate d glue (L o ctite 3104 Light Cure Adhesive, L o c- 
tit e , Düs seldorf , Germany), posi tio ning their main b o dy 
axis at a 30 ◦ angle from the t ether. Mosquit oes were 
then kept at room temperature in a closed container 
f or a n a pproxima te 30-min recovery p erio d . A t ethered 
mosquito was centered in a hov erin g posi tio n wi thin 
a n a rena co mposed o f 12 col umns o f two pan e ls each, 
which were a rra nged into a regular dodecagon and pro- 
duced a display resol u tio n o f 96 × 16 p ixels (Fig. 1 A; 
Reis er and Dickins on 2008 ; Vinauger et al. 2018 , 2019 ). 
Mosquitoes were placed directly under a n infra red (IR) 
dio de and ab ove an o p t ica l s ens o r cou pled to a wing- 
beat analyzer (JFI Ele ct ro nics, Universi ty o f Chicago; 
Götz 1987 ; Lehmann and Dickinson 1997 ; Reiser and 
Dickin son 2008 ). The beatin g win gs cast a shadow onto 
the s ens or, a l lowing the analyzer to track their mo- 
tion and me asure t he amplitude and frequency of each 
wing stroke ( Götz 1987 ; Lehmann and Dickinson 1997 ; 
Reis er and Dickins on 2008 ; Vinauger et al. 2018 , 2019 ). 
Measur ements wer e sam pled a t 5 kH z and acq uired 
wi th a Natio n al Instrument Acqui si tio n board (BNC- 
2090A, Nat iona l Inst ruments, Aust in, TX, USA). The 
mosquito was centered between an air inlet and a vac- 
uum line a lig ne d diagona l ly wi th o n e an oth er, 30 ◦ from 
the vert ica l axis. The air inlet was posi tio ned 12 mm in 
fro nt o f an d s lightly a bov e th e m osquito’s h e ad, t ar g et- 
ing the antennae from an angle of 15 ◦. The vacuum line 
was posi tio n ed be hin d th e m osquito 25 mm a wa y from 
the tip of th e abdom en. Two different air lin es in depen- 
den tly con t rol le d by a solenoid valve (The Lee Com- 
pany, Westbrook, CT, USA) int er sect ed this ma in a ir in- 
let, eith er de liv erin g clean air or CO 2 di lute d with nit ro- 
gen (N 2 ) to obtain the desired concen tra tion. A v isu al 
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Fig. 1 (A) Schematic of the LED arena. The odor delivery line was connected to a thermostat-controlled conductive tubing, maintaining 
the main air flow at a constant temperature set at either 20, 25, or 30 ◦C. (B) Trigger-averaged and baseline-subtracted wingbeat frequency 
(WBF), in response to a 1s long pulse of nitrogen (N 2 , gray bar, n = 11), or CO 2 diluted into N 2 at 20 ◦C (blue bar, n = 16), 25 ◦C (purple 
bar, n = 14), or 30 ◦C (red bar, n = 13). (C) Proportion of active mosquitoes (i.e., the number of mosquitoes which showed a change in 
their WBF) at differ ent temperatur es. Asterisks indicate distributions that are significantly different from random (Binomial tests; P < 0.05). 
Vertical bars r epr esent S.E.M. (i.e., standard errors of the mean). (D) Trigger-averaged and baseline-subtracted wingbeat amplitude (WBA) 
in response to the same stimuli. 
pattern of alter nating str i pes o f ei ther inactive o r fu l ly 
lit LED s, eac h 16 × 6 pixel s in size (22.5 ◦) wa s u sed in 
co njunctio n wi t h t he odor st imu lus and set in closed- 
loop with th e m osquito be havior to ma inta in th eir m o- 
t ivat io n to fly. Odo r st imu li consiste d of a 1se c pu lse fol- 
lo wed b y a 60-s inter-t ria l-interva l, after which the se- 
quence was repeated for a total of five pulses. The re- 
spo nses o f th e m osquit oes were t est ed at 20 ( n = 16), 25 
( n = 14), and 30 ◦C ( n = 13). A N 2 control ( n = 11) at 
25 ◦C was also per for med. 
Data analysis 
D at a were ana lyze d in R version 4.0.0. For each pulse 
(ei ther CO 2 o r N 2 co ntrol), t he wingbe at frequency 

a nd a mpli tude were no rma lize d by averag ing the sig na l 
across a 1-s time window pre ce ding the st imu lus deliv- 
ery and then subt ract ing this b ase lin e value from the 
sig na l va lues fol lowing the pu lse. Tria ls wer e discar ded 
in which mosquitoes had frequency fluctuatio ns greater 
than 5 Hz in this 1-s window or frequency chan g es 
gre ater t han 30 Hz t hat did not begin wit hin t he 4-s fol- 
lowing st imu lat ion (as they presumab l y were not in re- 
sponse to the st imu lus). Th e m ea n response f or each in- 
div idu al was c alcul ated from the saved trials and used as 
a replicat e t o ca lcu late th e m ea n response f or e ach tre at- 
ment group. This latter was ca lcu late d using the differ- 
en ce between th e m ean frequen cy—an d amplitude—
before (200 ms before st imu lat ion) an d th e m axim a 
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of the sig na l after st imu lus delivery (within a window 
starting at 1 s and ending 3 s after th e pulse). On e-tai le d 
Student’s t -tests for p aire d samples were used to test for 
differ ences fr om baseline and Student’s t -tests for inde- 
penden t sam ples were used t o t est f or differences be- 
twe en g roups. P -va lues were adjusted for mu lt iple com- 
pari sons u sing the Bo nferro ni co rre ct ion ( Ja fa ri et al. 
2019 ). 
F r ee flight orientation to the olfactory 
cue under different thermal conditions 
Olfactometer 
To test if the ambient tem pera ture im pacts mosquito’s 
olfact ion, we measure d and comp are d the mosquito 
b ehavioral resp onses to different odors under various 
t her mal co ndi tio n s usin g a Y-m aze Plexigla s ® olfac- 
t omet er. Thr ee differ en t tem pera ture co ndi tio n s w ere 
t est ed: 20, 25, and 30 ◦C, which are in the ran g e of activ- 
i ty o f Ae. aegyp ti [i .e ., 17 t o 34 ◦C, Christ opher s (1960) ]. 
Th e olfactom eter was composed of a relea sing ch amber 
conne cte d to a tube of 30 cm long and 10 cm of diame- 
t er attac hed t o a cent ra l box wh ere two ch oice arms (39 
cm long, 10 cm diameter) were placed. W hi te ca rdboa rd 
was placed under and on the sides of the olfactome- 
t er t o prevent th e m osqui toes fro m being dist racte d by 
surroundin gs. Fan s (Ros e wi l l, Los An g eles, CA, USA) 
were placed at th e en d of th e tw o arm s of the olfactome- 
t er t o generat e a consta nt a irflow (a ir spe e d approxi- 
mately 40 cm.s –1 ). To create a la mina r flow, the a ir first 
ent ered a c harco a l filt er [t o remove odo r co nta mina nts 
(C16 × 48, Complete Fi lt rat ion Services, Gre envi l le, 
NC, USA)] and a series of mesh screens and ho neyco mb 
m etal s h eet (10 cm thick). The odor delivery system to 
the two choice arms was made using a charco a l-filtere d 
a ir strea m ad justed wi th flow met er s e quippe d with ne e- 
d le va lves. Teflo n ® tub ing (3 mm int ernal diamet er) con- 
ducted the air flow through each of the two 20 mL 
scint i l lat ion v i als (Th erm o Fis h er Scient ific, Wa ltham, 
MA, USA) containing 12 mL of eit her t he t est ed odor 
o r the co ntro l so l u tio n (i .e ., MilliQ wat er or ethanol 
100%). Each tubing was conne cte d to the co rrespo nd- 
ing choice arm of the olfact omet er and placed at about 4 
cm from the fans and its end located in the center of the 
ar m. All t h e olfactom eter experim ents were con ducted 
in a w ell-v en tila t ed c limatic c hamber (Environmental 
S tructures, Colorado S prings, CO, USA), 50% RH. Af- 
t er eac h experiment, th e olfactom eter, tu bing, an d vials 
were cleaned with water an d th en ethan ol 100% to avoid 
a ny odora n t con tamina t ion betwe en experiments. Fi- 
na l ly, to avoid any side biases in t he ar ms of the olfac- 
t omet er, both st imu lus and cont rol v i a ls were random ly 
t est ed on both sides for a l l g roups. 

Experimental procedure 
Response to carbon dioxide in groups 
Th e first experim ent consisted in m e asur ing t he re- 
spo nse o f grou ps o f mosqui t oes t o carbon dioxide 
(C O 2 ), w hich is a strong activator and attractant (i .e ., 
h ost-see king cue). C arb on dioxide was chemica l ly gen- 
erate d using su lf ur ic acid (1 M) a nd sodium ca rbon- 
ate (0.3 M) via the reac tion: Na 2 C O 3 + H 2 SO 4 → 
CO 2 + H 2 O + Na 2 SO 4 . Briefly, a sol u tio n o f Na2CO3 
was inj e cte d at a constant rate (10 mL.h –1 ) in a jar 
containing 100 mL of H2SO4 using a drip-fe e d device 
( Ba rrozo a nd Lazza ri 2004 ). The p rod uctio n o f CO 2 was 
mo ni to re d a long t he exper iment wit h a carbon dioxide 
det ect or an d cali brated so th e leve l of CO 2 in the olfac- 
t omet er was of 2000 ppm. The ja r conta ining sulfuric 
acid was placed on a stir plat e t o h e lp mixing th e two 
ch emicals an d en sure a con stant CO 2 p rod uctio n. To 
sen d th e odor to th e olfactom eter, a n a ir pum p gen tly 
inj e cte d air to the jar through tubing from the jar to the 
arm of the olfact omet er. As a control, 100 mL of sulf ur ic 
acid was placed in a jar and the sa me a ir delivery sys- 
tem was used to connect to the olfact omet er. Twenty fe- 
male mosquitoes were released in th e olfactom eter an d 
w ere giv en 30 min t otal t o c ho ose b et ween the t w o arm s 
c arry ing eith er th e t est ed odo r o r the co ntrol . The t otal 
number of females in each arm (i .e ., females who made 
a choice) was then counted as well as the total number 
of fem ales th at st ayed in t he cent ra l box a nd ma in a rm 
of the olfact omet er, whic h w ere con sidered a s in active. 
Individual response to ecologically relevant odors 
Th e in div idu al r esponse to differ ent odors was then 
t est ed using the olfact omet er. This a l lowe d us to 
observe the behavior of each mosquito and r ecor d 
th eir flight be havior an d analyze th eir fligh t tra jec- 
t ories. We t est ed s e ven different biolog ica l ly relevant 
o dors, b oth h ost- an d plant-re late d: lact ic acid [L-( + )- 
lact ic, Sig ma Aldrich, ≥98% puri ty—co ncen tra tion: 
50 mM in mi l liQ wat er]; Oct enol [1-oct en-3-ol , 
S igma Aldric h, ≥98% puri ty; enantio meric ratio: 
≥99:1 (GC)—concen tra tion: 140 mM in milliQ wa ter]; 
Nonan ol [1-n onan ol , S igma Aldric h, purum, ≥98.0% 
(GC)—concen tra tion: 1.58 mM in milliQ water], Hex- 
an ol [1-h exan ol; S igma Aldric h, > 98% puri ty; 92% o f 
th e Z isom er—con cen tra tion: 85 mM in milliQ water], 
Benza ldehyde (Sig ma Aldr ich, pur ifie d by re dist i l la- 
tio n, ≥99.5%—co ncen tra tion: 0.98 M in milliQ water), 
DEE T (N, N-diethyl-m eta-t oluamide , Supelco, ≥95% 
puri ty—co ncen tra tio n: 40% dil u ted in 100% ethanol 
t o mat c h commercial ver sio n o f th e repe llent), an d 
CO 2 (chemica l ly p rod uced as p re viously des cribed—
concen tra tio n: 2000 pp m a bov e a mbient a ir levels). 
Hexa nol a nd D EET a re known olfactory repellents and 
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360 C. Lahondère et al. 
fe e ding deterrents of Ae. aegypti , while octenol and lac- 
t ic acid [here, use d a t a concen tra tion similar to human 
skin emi ssions ( Eira s and Jepso n 1991 ; Co r k an d Par k 
1996 ; Geier et al. 1996 )] evoke a sligh t a tt ract io n p refer- 
en ce, an d n onan ol is neut ra l. C arb on dioxide was used 
as a positive control and we also ran experiments with 
two clea n a ir curren ts as a nega tive con trol and to as ses s 
that no bias (i .e ., innat e pr efer ence fo r o ne side o f the ol- 
fact omet er) could be evinced. We also per for med e ach 
set of experiments in duplicat e , swit c hing the odor side 
to co ntrol fo r any possible side p r efer en ce. Th e results 
from the two sets of experiments were then g roupe d 
an d summ ed . Aft er rele asing t h e m osquito in th e ol- 
fact omet er, eac h female was given 5 min to choose be- 
t ween the t wo arms. We considered that th e m osquito 
made a ch oice wh en it crossed the entry o f o ne o f the 
two decision arms. If after 5 min the mosquito did not 
mak e a ny choice a nd stayed either in the cent ra l box 
or the main ar m, t hen t his indiv idu al was considered 
a s in acti ve. A camera p laced a bov e th e olfactom eter al- 
lowed us to r ecor d the flight of each of the t est e d inse cts. 
Then, fligh t tra jectories wer e r ecr e ated wit h vide o t rack- 
in g usin g MATL AB (to olb ox: DLT dig it izing tools) and 
a mean flight veloci ty o f the mosquitoes was ca lcu late d 
(as in Vinauger et al. 2018 ). 
Data analyses 
Comparisons of mosquito choices in the olfactometer 
Binary data col le cte d in the olfact omet er were ana lyze d 
(i .e ., the number of mosquitoes in each choice arm) and 
a l l stat ist ica l tests were co mpu ted using R software ( R 
Deve lopm ent Core Team 2022 ). Comparison s w ere per- 
form ed by m eans of th e Exact Binomial test ( α = 0.05). 
For each t reat m ent, th e distri bu tio n o f mosqui toes in 
th e olfactom eter was eith er comp are d to a random dis- 
t ribut ion of 50% on each arm of the maze or to the dis- 
t ribut ion of the corresponding control when ap pro pri- 
at e . Fo r b inary dat a, t he st a nda r d err o rs (S E) were cal- 
cu late d as in Le (2003 ): 

SEM = ( p(1 − p) 
n 

) 1 
2 
. 

A pr efer en ce in dex (PI) was ca lcu late d as fol lows: 
PI = [(number of females in the o dor arm—numb er 
of females in the control ar m)/(tot al number of active 
mosqui toes)]. A PI wi th a posi t ive va lue indica tes tha t 
th e m osq uitoes were at t racte d to the odor while a PI 
with a negative value indicates that mosquitoes were 
repel le d. A PI of 0 indicates that 50% of insects chose 
the odor a rm a nd 50% the control arm (adapted from 
Schwaerzel et al. 2003 ). 

In addi tio n, t he tot al number of mosquitoes making 
a decision (i .e ., ent ering o ne o f the two decisio n arms) 

as well as the number of mosquitoes that remained in 
the first se ct io ns o f the olfacto meter were used to calcu- 
late the p ropo rtio n o f “active” mosqui t oes at eac h t em- 
pera ture. These n umbers were comp are d by means of 
a Chi-square test for experiments conducted in groups 
and by means of Binomial Exact tests for experiments 
co nd ucted individ ua l ly. 
Comparisons of mosquito velocity 
Fligh t pa ttern s w er e r ecr e ated wit h video tracking using 
MATL AB (to olb ox: DLT dig it izing tools) an d th e m ean 
flight velocity of the mosquitoes was ca lcu late d. A two- 
way ANOVA was per for me d to eva lua te the im pact of 
b oth temp erature and o do r o n th e m osquitoes’ flight ve- 
locity. 
Electroantennography (EAG) 
Mosquito head preparation 
Ele ct ro antennog ram s w ere per for me d fol lowing the 
p roced ure by Lah on dère (2021) . Br iefly, t h e h ead of 
th e m osquitoes wa s exci sed an d on e segm ent of th e tip 
of eac h ant enn a wa s cu t o ff wi th fine s ciss ors under 
a bino cular microscop e (C arl Zeiss, Ob erko chen, Ger- 
many). Th e h e ad was t h en m ounted on an e le ct rode 
made of a silver wire 0.01 (A-M Systems, C arlsb ord, 
WA, USA) and a borosilicate pulled c apill ary (0.78 mm 
I.D. Sutter Instrumen t Com pany, Nova to, CA, USA) 
fil le d with a 1:3 mix of saline solution ( Beyenbach and 
Masia 2002 ) and ele ct rode gel (Pa rk er Labo rato ries, 
Fairfield , NJ, USA) t o limi t desiccatio n d ur ing t he ex- 
perim ent. Th e h ead was m ounted by th e n eck on th e 
r efer en ce e le ct r ode. The pr ep arat ion was then moved 
to the EAG setup and using a micro mani pulato r (Nar- 
is hige, Japan) th e ti ps o f the antennae w ere in sert ed , un- 
der the microsco pe (Op tipho t-2, Nikon, Tokyo, Japan) 
into a r ecor ding ele ct rode, ident ica l to the r efer ence 
ele ct rode . The mount ed head was oriented at 90º from 
the main air lin e , whic h was c arry ing clean air (Prax- 
a ir, Da nbury, CT, USA) at either 20, 25, or 30 ◦C and 
volat i les from the syrin g e to the prep arat ion for the 
whole d uratio n o f t he exper iment. Two pulses o f a d u- 
ratio n o f 2.5 s a nd sepa rated by 10 s w ere deliv ered to 
th e m osquito h ead prep arat ion by swit c hing a solenoid 
va lve cont rol le d by a custom MATLAB script. All the 
c hemicals t est ed in the olfact omet er (except for CO 2 , 
whic h is det ect ed by th e m osqui to pal ps) were used for 
t hese exper iments. Pulses of clean air were used as a 
control as well as 100% ethanol (solvent of DEET). 
Data acquisition and analyses 
Ele ct rop hysio log ica l sig na ls were amplifie d 100 × and 
filtere d (0.1–500 Hz) (A-M Systems Model 1800, 
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Se quim, WA, USA), re corde d and dig it ize d at 20 Hz 
using WinED R softwa re (Strat hclyde E le ct rop hysio logy 
Soft ware, Gl asgow, UK) an d a B NC-2090A analog-to- 
dig ita l bo ard (Nat iona l Inst ruments, Aust in, TX, USA) 
on a personal comp uter. A Humb ug noise eliminator 
(Q uest Scient ific, Vancouver, Can ada) wa s u sed to elim- 
inate ele ct rica l n oise. Th e v oltag e pulse deliv ered to the 
so lenoid val ve was r ecor ded simultan eous ly, on a sep- 
arat e c hann e l, an d a custo m-wri tten R scri pt wa s u sed 
t o det ect the onset of the odor pulses to tr ig g er av erag- 
in g respon ses t o eac h st imu lus. Th e e le ct rop hysio log ica l 
sig na l col le cte d was f urt her filtere d (Bu tterwo rth digi tal 
filter set as a low pass with a Nyquist frequency of 0.99; 
R package s i gn al ). Amp li tude o f the EAG respo nse was 
deter mined as t he difference between t he me an base- 
line sig na l in a 2-s window imme diately pre ce ding the 
o nset o f the odo r pulse, a nd la r g est v oltag e defle ct ion 
in a 5-s window following the o nset o f the odor pulse. A 
genera lize d linear model (glm) was fitted to t he dat a, as: 
EAG Response ∼ Temper atur e ∗odor type . As a p ost-ho c 
an alysi s, gen eral lin e ar hypot h eses an d mu lt iple com- 
parison s w ere t est ed wit h t he glht of t he mult co mp pack- 
age in R. 
Results 
Flight arena 
To examin e h ow tem pera ture modula tes fligh t kinema t- 
ics, mosquit oes were t et hered by t he t horax a nd ma in- 
tained in an air flow at different temperatures in an LED 
arena (Fig. 1 A). First, we found that the av erag e baseline 
wingbeat frequency was lower at 20 ◦C (408.8 ± 11.2 Hz; 
mean ± SEM) than at 25 ◦C (449.3 ± 11 Hz) and 30 ◦C 
(501.2 ± 11.5 Hz) (Student’s t -tests, P < 0.01) (Fig. 1 B). 
Regarding the amplitude, we found that the baseline was 
higher at 25 ◦C (4.39 ± 0.45 a.u.) than 20 ◦C (3.91 ± 0.38 
a.u.) and 30 ◦C (3.14 ± 0.50 a.u .) (Student’s t -t ests, a l l 
P < 0.01) (Fig. 1 B). We also found t hat wit h incre as- 
ing tem pera ture, higher the numbers of mosquitoes re- 
sponded (20 ◦C: 43%; 25 ◦C: 64%, and 30 ◦C: 84%; Bi- 
nomia l E xact tests: 20–25: P = 0.08; 25–30: P = 0.05; 
20–30: p = 0.0002) (Fig. 1 C). As a control for a poten- 
t ia l me chanica l perturb at io n ind uced by the o nset o f the 
odor deliv ery, w e st imu late d mosquitoes with a pulse of 
t he car r ier gas (N 2 ) at t he s ame flow rat e . Mosquit oes 
did not chan g e their win gbeat frequency (Student’s t - 
test, t = −1.1013, df = 10, P = 0.2966) or wingbeat am- 
plitude ( t = 0.18055, df = 10, P = 0.8603) in response 
to the N 2 pulse (Fig. 1 D). 

Next, chan g es in win gbeat frequen cy an d amplitude 
in response to pulses of CO 2 were measured. We found 
t hat t he temperature a ffe cte d mosquito es’ resp onse to 
CO 2 and t hat t he av erag e increase in win gbeat fre- 

quency was lower at 20 ◦C (4.62 ± 1.28 Hz) than at 25 ◦C 
(12.2 ± 4.22 Hz) and 30 ◦C (22.22 ± 5.06 Hz) (20–25: t 
= −1.7178, df = 15.396, P = 0.05; 25–30: t = −1.5206, 
df = 23.841, P = 0.07; 20–30: t = −3.3693, df = 13.543, 
P = 0.002) (Fig. 1 D). Moreover, the average changes in 
amplitude in response to a pulse o f CO 2 grad ually in- 
cre ased wit h incre asing tem pera tures (20 ◦C: 0.28 ± 0.11 
a.u., 25 ◦C: 0.73 ± 0.19 a.u., and 30 ◦C: 0.98 ± 0.29 a.u; 
20–25: t = −2.0295, df = 20.799, P = 0.03; 25–30: t = 
−0.7196, df = 21.229, P = 0.24; 20–30: t = −2.2695, 
df = 15.431, P = 0.02) (Fig. 1 D). The intensi ty o f the 
responses to the CO 2 pulse was higher at 30 ◦C than at 
20 ◦C (Student’s t -tests, P < 0.01). 
Olfactometer 
Response to carbon dioxide in groups 
To test wh eth er th e tem pera tur e of the envir onment 
could a ffect th e m osquit o’s olfact o ry behavio r s, we fir st 
me asured t heir response to ca rbon dioxide, a n impor- 
tant cue used by the insects for host-seeking, in the 
olfact omet er under different t her mal co ndi tio ns. We 
found that mosquito groups were more att racte d by 
C O 2 w hen t est ed a t 30 ◦C com p are d to 20 and 25 ◦C (Bi- 
nomial tests, P < 0.05) (Fig. 2 A). Moreover, the pro- 
po rtio n o f mosqui toes that made a choice in the olfac- 
t omet er was also higher at higher tem pera tures (5.4% at 
20 ◦C, 45.3% at 25 ◦C, and 64.8% at 30 ◦C; Chi2, P < 0.05) 
(Fig. 2 B). 
Individual response to ecologically relevant odors 
To determin e wh eth er re leasing th e m osquitoes in 
groups had any effect, and to easily track the behav- 
io r o f th e m osqui toes, we co nd ucted t he s ame ex- 
per iment wit h indiv idu a l fema le mosqui toes. We co n- 
fir med t he results we obta ined f o r the respo nse to 
CO 2 in groups and found that higher tem pera tures 
elicite d a st ron g er lev el of att ract ion for the odor (Bi- 
nomial tests, P < 0.05) (Fig. 3 A). We also found that 
h exen-1-ol, benzalde hyde, an d DEE T significantly re- 
pel le d mo re mosqui toes at higher tem pera tures (Bino- 
mial tests, P < 0.05) (Fig. 3 A). Interestingly, for some 
other odors such as L-( + )-lactic acid, 1-octen-3-ol, and 
n onan ol, n o effect of the tem pera ture was evinced on 
th e m osquit o c hoice (Fig. 3 A, t op pan e l). How ev er, the 
overa l l level of activ it y was genera l ly higher at higher 
tem pera ture, in depen dently of the odor t est ed (Bino- 
mial tests, P < 0.05) (Fig. 3 B). 
Comparisons of mosquito velocity 
We then comp are d the flight velocity of the mosquitoes 
a nd f ound tha t tem pera ture a ffe cte d i t fo r so me odo rs 
[e .g., benzaldehyde , hexen-1-ol), i .e ., mosquit oes 
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Fig. 2 (A) Responses of groups of female mosquitoes to carbon dioxide tested in the y-maze olfactometer at different ambient 
temperatures (20, 25, and 30 ◦C). Mosquitoes w er e r eleased in groups and giv en a choice betw een CO 2 (2000 ppm) (gray bars) and clean 
air (white bars). Number of groups of mosquitoes tested at 20 ◦C ( N = 12, n = 240), 25 ◦C ( N = 14, n = 267), and 30 ◦C ( N = 9, n = 179). 
(B) Proportion of active mosquitoes (i.e., the number of mosquitoes that entered one of the two decision arms over the total number of 
individuals tested) at different temperatures. Asterisks indicate distributions that are significantly different from random (Binomial tests; 
P < 0.05). Vertical bars r epr esent S.E.M. 
Table 1 Results of the analysis of variance (two-way ANOVA with 
interaction) on the mean flight velocity of female mosquitoes 
under different thermal conditions and tested for their responses 
to different odors. 
Source of 
variation Df Sum sq Mean sq F -value Pr( > F ) 
Temperature 2 185 92.50 6.423 0.001772 ∗∗
Odor 6 1524 254.05 17.641 < 2e-16 ∗∗∗
Temperature:Odor 12 573 47.75 3.316 

0.000124 ∗∗∗
Residuals 461 6639 14.40 
Df:degree of freedom.Sum sq:sum square,Mean sq:mean square,F -value: 
Mean squar e/r esidual, Pr( > F ): P -value. Statisticall y significant diff erences: 
P < 0 “∗∗∗,” P < 0.001 “∗∗.”

flew faster at higher tem pera tures (Benzaldehyde: 
20 ◦C = 13 ± 1.07 cm.s −1 ; 25 ◦C = 19. 1 ± 0.72 
cm.s −1 ; 30 ◦C = 18.7 ± 1.22 cm.s −1 ; Hexen-1-ol: 
20 ◦C = 14.5 ± 1.21 cm.s −1 ; 25 ◦C = 14.5 ± 0.57 cm.s −1 ; 
30 ◦C = 21.9 ± 4.20 cm.s −1 ], but not for others (e.g., 
DEE T, n onan ol) (DEE T: 20 ◦C = 19.3 ± 2.30 cm.s −1 ; 
25 ◦C = 16.1 ± 0.94 cm.s −1 ; 30 ◦C = 18.7 ± 0.79 
cm.s −1 ; Nonanol: 20 ◦C = 15.4 ± 1.29 cm.s −1 ; 
25 ◦C = 18.1 ± 1.55 cm.s −1 ; 30 ◦C = 16.1 ± 0.92 
cm.s −1 ) (mean ± S.E.M., see ANOVA results, Table 1 ) 
(Fig. 4 A and B). 

Electroantennography 
Recor ding fr om the antennae of mosquitoes a l lowe d 
us to quantify t he per ip heral o lfactory sensiti v it y un- 
der differen t tem pera t ures. Fit tin g a g en eralized lin ear 
m ode l on t he EAG dat a showed a significant effect of 
tem pera ture (A n alysi s of dev i a nce: P < 0.001) a nd of 
the odor identity ( P < 0.0001) on the ele ct rophysio- 
log ica l respon ses. Ov era l l, responses at 25 ◦C were sig- 
nifica ntly differ ent fr om r esponses at 20 and 30 ◦C (Si- 
mu ltane ous tests for gen eral lin e ar hypot heses; Mu lt i- 
ple co mpariso ns o f mea ns: Tuk ey Contrasts; 20 vs 25 ◦C: 
P < 0.001; 25 vs 30 ◦C: P = 0.003). How ev er, respon ses 
at 20 and 30 ◦C were overa l l not sig nifica ntly different 
from e ach ot her (Simult a neous tests f or gen eral lin ear 
hypotheses; 20 vs 30 ◦C: P = 0.73) (Fig. 5 ). 

No significa nt effect of the interact ion betwe en tem- 
perature and the odor identity was found (Analysis of 
dev i ance: P = 0.078), although w e observ e d a t rend for 
so me odo r s (e .g., oct enol , nonanol , hexanol , benzalde- 
hyde, ethan ol), but n ot oth er s (e .g ., l actic acid, DEET), 
to display an o p timum in EAG response at 25 ◦C (Fig. 5 ). 
Discussion 
The present study provides clear evidence that temper- 
a ture modula t es mosquit o olfact o ry behavio r in both 
tether ed pr epa rations a nd free flight. In addi tio n, our 
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Fig. 3 (A) Responses of individual female mosquitoes to different odors, at different environmental temperatures (20, 25, and 30 ◦C). 
Mosquitoes w er e tested individually and giv en a choice betw een the test odor and a control (i.e., the solv ent of the odor). Mosquito 
choices are represented as the preference index calculated from the distribution of insects in the olfactometer. Each bar represents an 
experimental group tested at either 20 (blue bars), 25 (purple bars), or 30 ◦C (red bars). Odor tested: L-( + ) lactic acid (20 ◦C: n = 19, 25 ◦C: 
n = 23, and 30 ◦C: n = 29), octenol (20 ◦C: n = 12, 25 ◦C: n = 24, and 30 ◦C: n = 29), nonanol (20 ◦C: n = 16, 25 ◦C: n = 34, and 30 ◦C: 
n = 31), hexanol (20 ◦C: n = 19, 25 ◦C: n = 29, and 30 ◦C: n = 29), DEET (20 ◦C: n = 21, 25 ◦C: n = 40, and 30 ◦C: n = 32), and CO 2 (20 ◦C: 
n = 11, 25 ◦C: n = 18, and 30 ◦C: n = 13). As a control, mosquitoes w er e also exposed to two clean air currents (20 ◦C: n = 5, 25 ◦C: n = 30, 
and 30 ◦C: n = 22). (B) Proportion of active mosquitoes (i.e., the number of mosquitoes that entered one of the two decision arms over 
the total number of individuals tested) at different temperatures. Odor tested: L-( + ) lactic acid (20 ◦C: N = 40, 25 ◦C: N = 38, and 30 ◦C: 
N = 33), octenol (20 ◦C: N = 40, 25 ◦C: N = 32, and 30 ◦C: N = 34), nonanol (20 ◦C: N = 39, 25 ◦C: N = 44, and 30 ◦C: N = 33), hexanol 
(20 ◦C: N = 36, 25 ◦C: N = 44, and 30 ◦C: N = 34), DEET (20 ◦C: N = 40, 25 ◦C: N = 46, and 30 ◦C: N = 38), and CO 2 (20 ◦C: N = 19, 25 ◦C: 
N = 20, and 30 ◦C: N = 13). A clean air control where mosquitoes are exposed to two clean air currents was also performed (20 ◦C: 
N = 27, 25 ◦C: N = 38, and 30 ◦C: N = 31). Asterisks indicate distributions that are significantly different from random (Binomial tests; 
P < 0.05). Vertical bars r epr esent S.E.M. 
ele ct rop hysio log ica l resu lts s h ow t hat t he effect of am- 
bien t tem pera t ure on mosq uito beh avior i s me diate d 
by a modu lat ion of the antennal sensitiv it y to odors. 
The a pproach em plo yed here allo wed us to discriminate 
betwe en effe cts on the overa l l act iv it y of mosquitoes 
a nd effects o n the o riented respo nse to odo rants. In- 
de e d, the p ropo rtio n o f respo n siv e mosquit oes t ended 
to be higher when the tem pera tur e incr e ased in bot h 
the flight arena and the olfact omet er, bu t the respo nse 
of th e m osquitoes was m odu late d in an odor-dependent 
manner. While a lar g er p ropo rtio n o f mosqui toes made 
a choice at higher tem pera ture in free flight, this re- 
sponse remained neut ra l for s e vera l chemica ls at the 
three t est ed t em pera tures. In teres tingly, a s tron g er lev el 
of att ract ion (i .e ., CO 2 ) or aver sion (i .e ., benzaldehyde , 
D EET, a nd hexen-1-ol) were noted for s e veral chem- 

ic als, indic a ting tha t tem pera ture a ffects mosquito ol- 
fact ory c hoices as well as their flight kinematics. In 
the arena, we noted that base lin e wing beat frequency 
p ropo rtio n ally increa sed with tem pera ture, while the 
ampli tude o f wing motio n wa s m axim al at 25 ◦C. It i s 
we ll kn own tha t ambien t tem pera ture ( T a ) a ffe cts inse ct 
flight (e .g., Heinric h 1993 ; Reinhold et al. 2018 ) and that 
the flight force generated by insect wings is a ffected by 
chan g es in stroke amplitude an d frequen cy ( Le hmann 
and Dickinson 1997 ). Using a mosquito flight mi l l, 
Rowley and Graham ( 1968 ) found that 21 ◦C is the op- 
t ima l flight temperature in terms of flight distance and 
d uratio n bu t indica ted tha t the maxim um fligh t spe e d 
o ccurred b etween 27 and 32 ◦C. Christ opher s (1960) 
a lso high lighte d that flight frequency increases with T a , 
rep orting 367 b ea t s −1 a t 18 ◦C vs 427 bea t s −1 a t 25 ◦C in 
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Fig. 4 (A) Examples of reconstructed flight trajectories obtained via video-tracking of mosquitoes in the olfactometer at 25 ◦C. Multiple 
individual tracks w er e ov erlapped to obtain the present figures for mosquitoes tested for their response to CO 2 (left; N = 18), or two 
control clean air currents (right; N = 30). Tracks are color coded as a function of the instantaneous flight velocity of the insect. The dark 
gray circle r epr esents the arm delivering CO 2 , while the white circle r epr esents the control side. (B) Mean flight velocities (cm s −1 ) of 
female mosquitoes in the olfactometer. Each boxplot r epr esents an experimental group tested with the different odors at either 20 ◦C 
(blue box plots), 25 ◦C (purple box plots), or 30 ◦C (red boxplots). Dots r epr esent the mean flight velocity of individual mosquitoes; the 
central bar r epr esents the median and the upper and lower bars of the plot represent the first and third quartiles, respectively. A two-way 
ANOVA was performed to compare the flight velocities under different temperature regimes according to the tested odor. Statistical 
r esults ar e depicted in Table 1 . Vertical bars r epr esent S.E.M. 
Ae. ae gypt i . Gopf ert et al. (1999) and Arthur et al. (2014) 
r ecor ded higher av erag e frequencies, ran gin g from 445 
to 510 Hz at medium tem pera tur e (23 ◦C). Mor e r e- 
cently, Vi l larrea l et a l. (2017) s h owed an increase of 8–
13 Hz in wing beat frequency for every 1 ◦C gain in Ae. 
ae gypt i . Tem pera ture also a ffect ed mosquit o flight ve- 
locity in the olfact omet er, whic h increased in response 
to some odors b ut no t o thers. In o ur olfact omet er exper- 

iments, in both group an d in div idu al assays, we found 
that m ore m osquitoes made a choice toward the arm 
deliv erin g the CO 2 at 30 than 20 ◦C. It is worth men- 
tioning that more mosquitoes were active at higher tem- 
peratures but the nature of their choice (i .e ., the pref- 
eren ce for th e test odor a rm a m ong th e m osquitoes 
that ch ose on e of th e tw o arm s) al so ch an g ed at higher 
tem pera tures. 
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Fig. 5 Violin plots of the EAG responses ( −mV) to the different chemicals tested under different thermal conditions (20, 25, and 30 ◦C). 
The central black dot indicates the mean, and the vertical bar represents S.E.M. Above each violin plot is a representative EAG response. 
The gray bar indicates the odor pulse. Note the typical “V” shape of the EAG responses as well as the absence of antennal response to the 
solvent (no odor) control, mineral oil. 

Tem pera ture is known to a ffe ct neurona l act iv it y in 
both vert ebrat es and invert ebrat es ( Martin et al. 2011 ). 
In the present s tudy, we as ses sed wh eth er th e periph- 
era l dete ct io n o f ch emicals by th e antenn ae wa s a ffe cte d 
by T a . We found that responses of the antennae var- 
ied with T a but were also o dor-dep enden t. Our da ta 
indicate an o p timum at 25 ◦C for antennal sensi tivi ty. 
Martin et al. (2011) found that exposure to a higher 
T a led to an increase in the EAG response amplitude 
in Drosophila . Moreov er, usin g sin gle sen si l lum re cord- 
ings (SSRs), th ey n oted t hat t he ORNs wer e dir ectly im- 
p acte d by T a . It is worth men tioning tha t although sen- 
si tivi ty peaks at 25 ◦C in the EAG, some odors st i l l show 
high er be haviora l att ract ion levels at 30 ◦C, which could 
be due to an effect of the tem pera ture a t the cen t ra l level, 
e.g., at th e leve l of th e antenna l lobes. More over, a higher 
antenna l sensit iv it y did n ot n ecess ar ily cor rel ate w ith a 

high er be havio ral respo nse , as expect ed fo r odo rs p re- 
sente d a lone. This f urt her su ppo rts the hypothesis of an 
addi tio nal layer of modu lat ion of T a , at the level of cen- 
t ra l olfacto ry p rocessing. Fu ture experim ents in cluding 
antennal lobe r ecor dings will reveal wh eth er T a h a s an 
impact on signal processing in the brain. Moreover, test- 
ing the impact on temperature on ORs sensitiv it y in 
mosquitoes cou ld a lso h e lp determin e why T a a ffects 
b ehavioral resp onses to certain odors but not others. 

Aedes ae gypt i is a major dis eas e vector and an in- 
vasive species, which glob a l dist ribut ion is expe cte d 
to shift because of global warming ( Reinhold et al. 
2018 ). Increased av erag e daily tem pera tures wi l l im- 
pact th e m osquito’s gen era l act iv it y, including flight, as 
we ll h ost-see king an d b i ting behavio r, which could have 
majo r co nsequences fo r pu blic h e alt h due to incre ased 
p athogen t ransmi ssions. It i s thu s crit ica l t o under stand 
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how T a a ffects m osquito be havior an d in p art icu lar ol- 
facto ry behavio rs, which are cent ra l to host seeking. Fi- 
na l ly, as we are facing cha l lenges in mosquito control 
due, in part, to inse ct icide resistance, a better under- 
standing of how environmental fact or s a ffect mosquito 
behav iors c an prov ide im portan t knowle dge to t rap and 
b ait desig n. The presen t da t a provide cr it ica l insights on 
how T a a ffects bot h t h e m osquit o olfact ory syst em and 
its fligh t kinema tics, which can be in tegra te d in t raps re- 
l ying on o lfactory baits as well as acoust ic t raps ( Andrés 
et al. 2020 ). 
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