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Synopsis Aedes ae gypt i , the yellow f e ver mos qui to, p resen ts a ma jor t hre a t to h uman he alt h across t he g lobe as a vec to r o f 
di sea se-cau sin g pathog en s. Fem ales of thi s spe cies genera l ly mate on ly o nce. Fro m thi s single m atin g ev ent, the female stores 
s ufficient s perm to fert i lize the mu lt iple c lut c hes of eggs produced during her lifet ime. Mat ing causes dra matic cha n g es in 

the female’s behavior and p hysio logy, including a lifetime su pp ressio n o f her mat ing re cept iv it y. Fema le rej e ct io n behavio rs 
incl ude male avo idance, abdo minal t w isting , w ing-flicking , k ick ing, an d n o t o pening vag ina l plates or ext ruding the ovi posi to r. 
Many of these events occur on a scale that is too miniscule or fast to see by eye, so high-resol u tio n videography h a s been 

used to observe these behaviors in stead. How ev er, vide og raphy can be la bor inten siv e, r equir e specialized equi p m ent, an d 

often r equir es r est raine d anima ls. We use d an efficient, low-cost m eth od to r ecor d physical contact between males and females 
during a ttem pted and s ucces sf ul mating, deter mined by r ecor ding sper mat hecal filling after dis section. A hydropho bic oil- 
b ase d fluo rescent dye can be applied to the abdominal tip of one animal and can be subsequently tra nsf er red to t he genit alia of 
anim al s of the o p posite sex when genit al cont ac t occ urs. Our d ata indic ate th at m ale mosquitoes m ake high levels of cont act wit h 

bo th recep tive and unrecep tive f emales a nd th at m ales a ttem pt to ma te wi th mo re fem ales th an they s ucces sfu l ly inseminat e . 
Female mosquitoes with disrupted remating su pp ressio n mate wi th and p rod uce o ffsp ring fro m mul ti ple males, tra nsf er r ing 
dye t o eac h. These dat a sug gest t hat physical co p ula tory in terac tions occ ur in depen dent ly of t he fema le’s re cept iv it y t o mat e 
and that many of these interactions r epr esent uns ucces sfu l mat ing a ttem pts tha t do not result in insemina tion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Introduction 

Aedes ae gypt i , the yellow fever mosquito, is a glob a l
pu blic h e alt h concer n as a vecto r o f di sea se-cau sing
pathog en s, includin g y ellow fev er, den gue fev er,
chi kungunya, and Zi ka ( Rogers et a l . 2006 ; B hatt et
a l. 2013 ; Guerbois et a l. 2016 ; Weaver et al. 2016 ).
Fem ales of thi s s pecies are o b ligate b lo o d fe e ders;
to s ucces sfu l ly r epr oduce, th ey n e e d t o mat e and
consume blo o d to o btain neces sary protein for egg
deve lopm ent ( Dim on d et al. 1956 ; Attardo et al.
2005 ). 

Al though limi te d remat ing h a s b een rep orted across
Ae. ae gypt i po p u lat ions, this spe cies is genera l ly

A dvance A ccess publication May 27, 2023 
C © Th e Auth or(s) 2023. Pu blis h ed by Oxford University Press on behalf of the
Access article dist ribute d under the terms of the Creative Co mmo ns Attribu t
per mits unrestr ict ed reuse , dist ribut ion, and r epr oduction in any medium, pr
m onan drous—females mate only once ( Craig 1967 ;
Gwadz et al. 1971 ; Jones and Pilitt 1973; Rich ard son
2015 ; He lins ki et al. 2012 ). From this single mating
event, a female s tores s ufficient s perm to fert i lize a l l of
t he eg gs p rod uce d across mu lt iple c lut c h es for th e rest
of her life ( Craig 1967 ; Spielman et a l. 1967 ; Carva l ho et
al. 2018 ). Specialized or gan s, called sper mat hecae , st ore
a nd ma inta in sperm a fter tra nsf er to the f emale , whic h
can then be released when eggs are ready to be fert i lize d
( Roth 1948 ). Mating cau ses dram atic ch an g es in female
be havior, in cluding th e lifetim e su pp ressio n o f recep-
tiv it y, in ducing h er to rej e ct a l l subse quen t ma ting a t-
tempts ( Hiss and Fuchs 1972 ; Clifton et al. 2014 ). Meth-
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ds to as ses s ma le–fema le interact io ns, incl uding at-
 empt e d mat ing, s ucces sfu l mat ing, and rej e ct io n, are o f
rea t in t erest t o researc her s studying Ae. ae gypt i behav-
or. A bett er under standing of the mech ani sms by which
e. ae gypt i mate wi l l faci lit ate t heir exploit ation for new
o p u lat io n co nt rol st rateg ies by prev entin g matin g and
 epr oduction. 

Ea rly exa minatio ns o f Ae. aegyp ti m ating beh avior
 haract erize d fema les as high ly p ro mi scuou s, ba sed on
h e frequen cy with whic h mat e d fema les ap pear to co p-
l ate w ith subse quent ma les ( MacG reg or 1915 ; Roth
948 ). How ev er, later studies usin g g en etic mar kers of
 ffsp r ing pater nity s h owed that Ae. ae gypt i f emales be-
o me refracto ry to f urt her mating af ter s ucces sful in-
eminatio n ( Craig 1967 ; Sp ielman et al. 1967 ), and re-
 e ct future prospe ct ive mates by male avoidance , kic k-
n g, prev entin g a male from as s uming t he cor rect posi-
io n, abdo minal t w istin g to prev ent co p u lat io n, and/o r
ailing to extrude her ovi posi to r ( Roth 1948 ; Gwadz et
l. 1971 ; Jon es an d Pili tt 1973 ; Cato r a nd Ha r r ington
011 ). Thus, so me fo rms o f fema le rej e ct ion may be
n discerni ble from s ucces sfu l mat ing to the na ke d eye
 E ber hard 1991 ). 

This ph en om en on, by which ma le-derive d mat ing
ig na ls prevent a female from f urt her m ating, i s re-
erred to as paternity enforcem ent. Sh ort-t erm pat er-
i ty enfo rcement wi thin hours o f m ating i s regu late d

n part by a pep tide fo und in male seminal fluid, Head
eptide (HP-I), which activates a cognat e recept or in

emales, Neuro pep tide Y-Like Receptor 1 (NPYLR1)
 Naccarati et al. 2012 ; Duvall et al. 2017 ). Females mu-
a nt f or np yl r1 ar e r e cept ive to subse quen t ma tes, bear-
n g mix e d-p aterni ty o ffsp ring when exposed to succes-
ive males within hours. Hp-I m utan t males fail to en-
orce s h ort-t erm pat erni ty, fathering o nly a po rtio n o f
i s m ate’s o ffsp ring if s h e remates with a su bsequently
ncountere d ma le within hours, a lthoug h slower-ac ting
aterni ty-enfo rcing sign al s are still present in hp-I mu-
ant males ( Duvall et al. 2017 ). The sign al s th at in-
uce lifet ime p a ternity enforcemen t and the mecha-
i sms th at m a inta in thi s beh avioral ch an g e in females
emain unknown ( Craig 1967 ; Fuchs et al. 1968 ; Hiss
nd Fuchs 1972 ). 

As ses sing the ma ting sta tus of Ae. ae gypt i f emales
 ypic a l ly re quires disse ct ing the fema le r epr oductive
ract to as ses s th e presen ce of sperm in two of t he t hree
per mat he cae, a l though i t i s al so possible to score in-
emination in a live, immobi lize d fema le ( Carrasqui l la
n d Louni bos 2015 ). How ev er, scorin g spermathecae
o r inseminatio n does no t cap t ure at t empts made , or the
dent it ies of anim al s invo l ved in a ttem pted or s ucces s-
u l mat ing. Be cau se m any rej e ct io n behavio rs occur o n
 scale too small and fast to see by eye, high-spe e d, high-
esol u tio n videography h a s been used to observe males
ating wit h tet h ered females wh os e s cu tell um h a s been

lued to a pin to restrict their movement ( Aldersley
nd Cato r 2019 ). W hi le vide og raphy ca n offer high-
esol u tio n, detailed observatio n o f mating behavio r, i t
an also be costly, low thro ughp ut, and requires re-
t raine d anima ls. 

In this study, we ut i lize d an efficient, low-cost m eth od
o assay physical contact between males and females
uring a ttem pted and s ucces sful matin g. A hy dropho-
 ic o i l-b ase d fluo rescent dye applied to the abdominal
i p o f o ne anim al i s subse quently t ra nsf er red to t he gen-
 talia o f anim al s of the o p posi te sex d uring co p u lat ion.
emales can be sco red fo r inseminatio n to di stingui sh
etween a ttem pted and s ucces sful mating . Bec au se m at-

ng a ttem pts ar e fr equent an d do n ot a lways resu lt in
 ucces sfu l inseminat ion, a nd fa i le d mat ing a ttem pts can
nvo l ve contact between the anim al s’ abdomin al tips
h at i s indi stingui sh able to the na ke d eye from s ucces s-
u l mat in g, dy e tran sfer p aire d wit h sper mat he ca l dis-
e ct ions can identify females invo l ved in s ucces sful and
ns ucces sfu l mat ing a ttem pts a s well a s m ales who at-
 empt ed t o mat e an d were n ot rej e cte d before ma king
bdo minal co ntact. Our findin gs rev eal males’ propen-
i ty to ini tia te ma ting r egar d less of fema le re cept iv it y,
nd s ugges t th at m ales come sufficiently c lose t o mating
o make geni tal co ntact bu t are una ble to in seminate the
emale. 

Dye applied to either males or females is tra nsf erred
o the abdominal tip of anim al s of the o p posite sex dur-
ng s ucces sfu l mat ing that resu lts in inseminat ion, and
lso during uns ucces sfu l mat ing a ttem pts in which the
bdomina l t ips come into contact. Since s ucces sful in-
eminat ion re quires contact between the mating pair,
e did not expect to see any instance of insemination
i thou t dye tra nsf er a n d did n ot o bserve any s uch oc-

urr ences. Pr evious w ork sugg ests that many mating at-
empts are uns ucces sful ( Alders ley an d Cator 2019 ) and
h at m ales a ttem pt to ma te with unre cept ive fema les.
ecause dye tra nsf er reports both s ucces sful and unsuc-
essful a ttem pts in which geni tal co ntact is ac hieved , we
xpe cte d rates of dye tra nsf er to exce e d rates of insemi-
ation. 

Our exper iment al met hods for dye a pplica tion and
coring are provided in the “Methods” se ct ion. In the
Resu lts” se ct ion, we present our experiments s h owing
hat dye applied to either males or females is tra nsf erred
o the abdominal tip of anim al s of the o p posite sex dur-
ng s ucces sfu l mat ing that resu lts in inseminat ion, and
lso during uns ucces sfu l mat ing a ttem pts in which the
bdomina l t ips come into contact. In the “Di scu ssion”
e ct ion, we di scu s s our res ults a nd avenues f o r fu ture
 esear ch. 
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Methods 

Rearing 

Aedes ae gypt i w ild-t ype l abo rato ry stra in (Orla ndo) a nd
m utan t strain ( np yl r1 -/-, Liesc h et al . 2013 ) wer e r ear ed
in environmental rooms at 70–80% relative humidity,
25–28 

◦C, with a pho to p erio d of 14 h light and 10 h
dar k, as descri be d in DeGennaro et a l. (2013 ). Eggs
were hat c hed in hat c h b roth (o n e crus h e d Tet raMin
fish fo o d tablet in 1L deionize d, de oxygenate d water).
Larvae were fed crus h ed TetraMin fis h fo o d tablets.
The np yl r1 m utan t st rain was sele cte d for experiments
in which females encounter s ucces sive males because
th ese m osquit oes lac k funct iona l NPYLR1, an d th e fe-
males ar e r eceptive to remating, but males of this strain
do not show any mating deficits ( Duvall et al. 2017 ). 

For assays invo l ving unmated f emales, a nimals were
sep arate d by sex as pupae to ensure the unmated sta-
tus of the fema les. Unmate d ma les a nd f emales were
hous ed s epara tely un til beh avioral a ssays were per-
fo rmed. Fo r assays invo l ving m ated fem ales, m ales
a nd f ema les were a l lowe d to cohab i t as ad ul ts fo r at
least 5 days to ensure that females were mat ed . Ad ul t
mosquitoes were housed in custom cages (216 mm di-
a meter a nd 181 mm height) and provided access to 10%
sucr ose ad l i bi tum . For a l l a ssays, m ales and unm ated fe-
males were 5–14 days post-ec losion, and mat ed females
were 7–21 days post-eclosion at the beginning of the
assay. 

Dye application and scoring 

Mosquitoes were cold an esth et ize d at 4 

◦C for 10 min
p rio r to dye a pplica t ion, then place d in plastic cups on
ice. Using fo rceps, mosqui toes were tra nsf err ed fr om
the plastic cups to a chi l le d glass pet ri dis h, wh ere fluo-
rescent oi l-b ase d dye (ACDelco 1,148,963 GM Orig ina l
Equi p ment 10–5045 Mul ti-Purpose Fl uo rescent Leak
Dete ct ion Dye) was applied to t he ter minal two seg-
m ents of th e abdom en. Dye a pplica tio n was perfo rmed
under a Leica MZ10 F fluo r escence ster eomicr oscope
in the Cy3 ch annel ( Fig. 1 A) u sing a modified fine-tip
paintbru sh (A m azon Catalog #B073YDKWWP). Prior
to d ye app licat ion, a l l but 20 br ist les wer e r emoved fr om
a fine-tip paintbrush to minimize the amount of dye
applied . Aft er dye a pplica t ion, anima ls were place d on
ice in a plastic cup lined with a Kim-wipe to absorb
any ex cess dy e and a l lowe d to re cover for ∼5 min. To
confir m t hat dy e tran sfer r eported dir ect physical in-
teraction s betw een anim al s, we per for med control as-
says in which 10 p ainte d fema les were house d in a cus-
tom cage (216 mm diameter and 181 mm height) for
10 h, then removed. A new set of 10 un pain ted fe-
m ale mosquitoes wa s th en h oused in th e sam e cage for
12 h, then scored for the presence of dye to confirm
that no dye was tra nsf er red incident ally v i a c a ge s ur-
faces (Supplementary Table S1). To confir m t hat dye
was not tra nsf erred between f emale mosquitoes dur-
in g non-matin g interaction s, dy e was applied to 10 un-
m ated fem ale mosquit oes, whic h were cohoused with
10 unmat ed , unpaint e d fema le mosqui toes fo r 20 h, af-
t er whic h a l l anima ls were cold-an esth et ize d and scored
fo r dye p resen ce. No instan ces of dy e tran sfer betw een
p ainte d and unp ainte d fema les wer e r ecor ded (Supple-
mentary Table S3). 

To sco re fo r dy e tran sfer in a l l assays, unp ainte d an-
im al s were cold an esth etized at 4 

◦C, and dye tra nsf er
wa s scored u sing a Leica MZ10 F fluo r escence ster eomi-
croscope. A nim al s were scored as positive if a fluo res-
cent sig na l was dete cte d on the genitals or abdomen.
Represen ta tiv e imag es for dy e tran sfer w ere taken on
a Nikon T i2-E I nverted Fl uo r escent Ster eomicr oscope
in the Cy3 channel ( Fig. 1 A). The exci tatio n and emis-
sion spe ct rum o f this fluo res cent dye is wide, s o the Cy3
chann e l was se le cte d for scoring dye tra nsf er because
au to fluo rescence o f the cu ticle i s minim a l whi le sig na l
from the dye is strong in th at ch ann e l; h ow ev er, fluo-
r escence fr om the dye can also be v isu a lize d in the CFP
and GFP chann e ls. 

Insemina tion sta tus of females was determined by
sper mat he ca l disse ct ion. A p air of fine-t ippe d forceps
(Dum ont #5 Biology/In ox Forceps, Fin e Scien ce Tools
11,252-20) were used to separate the last two abdom-
ina l seg m ents from th e rest of th e abdom en, expos-
ing t he sper mat hecae. The sper mat hecae were t hen ex-
a mined f o r the p resence o f sperm, a nd f emales were
scored as inseminated if sperm was det ect ed in the sper-
mathe cae. In a l l inseminate d fema les, two of three sper-
ma thecae con taine d sperm, a lways the lar g er me dia l
sper mat h eca an d on e sma l ler latera l sper mat heca, in
line wi th p reviousl y estab lis h e d p atter ns of sper m dis-
t ribut ion in the spermathecae of mated Ae. ae gypt i 
( Roth 1948 ). 

Dy e-transfer beha vioral assays 

A ll behav ioral assays were performed in environmen-
tal rooms at 70–80% relative humidit y, 25–28 

◦C, w ith a
pho to p erio d of 14 h light and 10 h da rk. Dye-tra nsf er
assays began in mid-t o-lat e aft ernoo n fo r a d uratio n o f
20 h, ending the following mornin g, ex cept where oth-
erwise noted in remating encounter experiments. Ani-
m al s were housed in custom cages (216 mm diameter
and 181 mm height) and provided with 10% sucrose ad
li bi tum during the assay to reduce mortalit y. R eplic ates
with < 70% survival in either sex were exc luded . 
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Fig. 1. Dye transfer from females to males. (A) Images of a female (left) and male (right) mosquito. Top rows from left to right: a 
photograph of an unpainted mosquito, a photograph of the most posterior abdominal segments, and images of unpainted and painted 
mosquitoes. Bottom row: examples of dye transfer to unpainted females (left) and males (right) from painted partners (scale bar = 100 m). 
White ar ro wheads indicate specific areas of transf er to the genital r egion. (B) Dy e transfer and insemination betw een painted, unmated 
females and unpainted males. Dye was applied to unmated females who w er e co-housed with unpainted males for 20 h. Males w er e then 
scored to determine the rate of dye transfer (98.3 ± 3.89%) and female spermathecae w er e scor ed to determine the rate of insemination 
(73.3 ± 16.7%) ( n = 12 replicate cages; 10 males and 10 females/replicate). ∗∗∗P < 0.01 in the Mann–Whitney test (U = 15, P = 0.0002). 
(C) Insemination rates during 20 h of co-housing (99.0 ± 2.1%, n = 20 females). Unmated females w er e co-housed with males for 20 h. 
Female spermathecae w er e dissected and scored for insemination (10 replicate cages; 20 females/replicate). (D) Dye transfer rates 
between painted, mated females and unpainted males (99.2 ± 2.8%). Dye was applied to mated females who w er e co-housed with 
unpainted males for 20 h. Males w er e then scored for dye transfer ( n = 11 replicate cages; 10 males/replicate). Females are shown in gray 
to indicate that they w er e co-housed with males prior to the assay. Cartoons w er e cr eated with BioRender.com . 

https://BioRender.com


386 M. M. Cramer et al .

Fig. 2. Dye transfer from males to females. (A) Dye transfer and insemination between a single painted male and unpainted, unmated 
females. An individual painted male was co-housed with unpainted, unmated females for 20 h. Females w er e then scored to determine the 
rate of dye transfer (79 ± 29.6%) and insemination (38.0 ± 21.8%) (10 replicate cages; 10 females/replicate). ∗∗∗P < 0.01, Mann–Whitney 
test (U = 15.5, P = 0.0075). (B) Dye transfer between a single painted male and unpainted, mated females. An individual painted male was 
co-housed with unpainted, mated females for 20 h. Females w er e then scored to determine rates of dye transfer (86.0 ± 12.3%) ( n = 11 
replicate cages; 10 females/replicate). Cartoons were created with BioRender.com . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Single encounter—transfer from females to 

males 

To score dye tra nsf er from f em ales to m ales, dye wa s
applied to 10 females as described a bov e . Aft er recov-
ery, 10 p ainte d fema les were co-house d with 10 un-
p ainte d ma les for 20 h, after which males were scored
for dye transfer and females were disse cte d and scored
fo r inseminatio n ( Fig. 1 B a nd D). We perf ormed 13
replic ate c ages w ith p ainte d, unmate d fema les, o ne o f
whic h was exc l uded d ue to mo rtali ty > 70% amo ng
the p ainte d fema les. We per for med 13 replicate cages
with p ainte d, mate d fema les, n on e of which were 
exc luded . 

Single encounter—transfer from males to 

females 

To score dye tra nsf er from males to females, dye was ap-
plied to one m ale a s described a bov e . Aft er recovery, the
single p ainte d ma le wa s co-hou se d with 10 unp ainte d
f emales f or 20 h, a ft er whic h females wer e scor ed for
dy e tran sfer an d th en disse cte d and score d for insem-
ination ( Fig. 2 ). We per for med 14 replic ate c ages w ith
un pain t ed , unmat ed f emales, f our of which were ex-
cl uded d ue to t he de at h of t he single p ainte d ma le. We
per for med 14 replicate cages with un pain t ed , mat ed fe-
males, four of which w ere ex cl uded d ue to the death of
the single p ainte d ma le. Fema le morta lity was below our
thres h old for exclusion in a l l p ainte d ma le replicates. 

Remating encounter 

To investigate how att empt e d mat ing interact ions may
differ betwe en init ia l mat ing encount er s and subse-
quen t encoun t er s, unmat e d fema les were given the op-
po rtuni ty t o mat e with s ucces sive males of different
genot ypes. To evalu ate dye tra nsf er during instances
of rematin g, w e ut i lize d fema les m utan t for np yl r1 ,
which have been previously shown to mate with mu lt i-
ple males if they are encountered within hours ( D uva l l

https://BioRender.com
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t al. 2017 ). In t hese ass ays, p ainte d unmate d fema les
ere se quent ia l ly expose d to two grou ps o f un pain ted
ales whose o ffsp ring can be genet ica l ly dist inguis h ed.
roup 1 males were co-housed with females for 90
in; this d uratio n was chosen because it fa l ls within

h e win dow o f HP-I/NPYLR1 paterni ty enfo rcement.
roup 1 males were removed from the cage and re-
l aced w i th grou p 2 males, which were co-housed with
 emales f or 20 h. Males wer e scor ed for dye tra nsf er a f-
 er eac h encount er, and o ffsp r ing pater nity wa s a ssig ne d
 or each f emale by indiv idu a l ly g enotypin g offsprin g
 Fig. 3 A). 

To establish a base lin e ma ting ra te of pain t ed , un-
 ated fem ales exposed to males for 90 min, dye was

pplied to 10 unmated w ild-t ype (Orl ando) or np yl r1 -
- females ( Liesch et al. 2013 ) as described a bov e . Aft er
e covery, 20 ma les were int roduce d to the females’ cage.
f ter 90 min, t hese males wer e r em oved an d sco red fo r
y e tran sfer. The females w ere cold-an esth et ize d at 4 

◦C
or 10 min, then placed on ice and scored for insemina-
ion. 

To score dye tra nsf er from f emales to s ucces sive
 ales, dye wa s applied to 10 unm ated fem ales a s

escrib ed ab ove . Aft er recovery, 20 un pain ted males
gr oup 1) wer e intr oduced to the females’ cage for 90

in. At th e en d of 90 min, a l l ma les wer e r em oved, an d
0 new un pain ted males (group 2) were int roduce d into
he cage for 20 h. In these assays, group 1 males were
p yl r1-/- , which do not show mating deficits and were
se d be cause their o ffsp ring can be un ambiguou sly dif-

eren tia ted from w ild-t ype (Orl ando), which were used
s group 2 males. A sex ratio of two males to one female
as chosen to account for the re duce d t ime t hat t he fe-
 ales h ad wi th grou p 1 males (90 min) comp are d with

t her ass ays (20 h). 
We per for med four replic ates w ith p ainte d, unmate d

p yl r1-/- females, n on e of which w ere ex cluded, and
hr ee r eplic ates w ith p ainte d, unmate d wi ld type (Or-
a ndo) f emales, n on e of which w ere ex c luded . 

ffspring paternity assessment 

 or pa ternity as ses sment, females were fed a blo o d
 eal of defibrinated s h eep blo o d (Hardy Dia gnos tics
S B100) su pplemented wi th aden osin e 5’-triph osphate

ATP, 200 mM in aqueous NaHC O 3 ), w hich serves
 s a ph a gos t imu lant. Th e m eal was de liv ered usin g
 Hem ote k art ificia l m embran e fe e der (Hem ote k Lt d .
P6W1-3), a nd f ema les were a l lowe d to fe e d to reple-
 ion. After fe e ding, eac h replet e fem ale wa s indiv idu a l ly
oused in a wide fly vial with 5 mL of deionized water
nd a 55 mm-diameter Wh atm an filter paper cone egg-
 ay ing s ubs trat e , as in D uva l l et a l. (2017) . Fema les were
 e  
 l lowe d 7 days a fter f e e ding to ovi posi t. After ovi posi t-
ng, each fem ale wa s rem oved, an d th e egg paper was
u l le d ou t o f the water to prevent pr ematur e hat c hing.
f ter 7 days, e ach eg g paper was placed in a separate
lastic cup and hat c hed in 10 mL of hat c h broth (see
e ar in g a bov e). Offsprin g w ere col le cte d fo r genotyp ing
t the pup a l s ta ge, or L4 in the ca se of a sm a l l number of
nim al s th at w ere dev elopin g slowly, to g en otype th em
longside their siblings. 

Fem ales th at did not fe e d to repletio n o r that pro-
uced f ewer tha n 10 v i able o ffsp rin g w ere ex cluded
rom an alysi s. In the fir st replicat e w ith w ild-t ype fe-

a les, one unfe d fema le and thre e fema les that laid
 ewer tha n 10 eggs w ere ex c luded . In th e secon d repli-
 ate w ith w ild-t ype f emales, one unf ed f emale a nd two
em ales th at laid fewer than 10 eggs were exc luded . In
 he t hir d r eplic ate w ith w ild-t ype females, t wo unfed
 emales a nd three f em ales th at la id f ewer tha n 10 eggs
 ere ex c luded . In the fir st replicat e with np yl r1-/- fe-
a les, one unfe d fema le and thre e fema les that laid

 ewer tha n 10 eggs w ere ex c luded . In th e secon d repli-
 ate w ith np yl r1-/- f emales, one f em ale th at la id f ewer
han 10 eggs was exc luded . In the third replicate with
p yl r1-/- females, one unfed f emale a n d on e fem ale th at

a id f ewer tha n 10 eggs were exc luded . In t he fourt h
eplic ate w ith np yl r1-/- f emales, f our f emales that laid
 ewer tha n 10 eggs w ere ex c luded . 

The o ffsp ring o f e ach female were t h en in divid-
a l ly genotype d using PCR and gel ele ct r ophor e-
is to deter mine t heir pater ni ty. DNA extractio n
as per for m ed from wh ole L4 larvae o r pu pae
sing Phire Tis s ue Direct (Th erm oFis h er Scien-
ific F170), and paternity was determined by PCR-
m plifica tio n o f the np yl r1 locu s th a t differen tia tes
 roup 1 ma les ( np yl r1-/- ) fr om gr oup 2 males. Pr es-
n ce of th e w ild-t ype np yl r1 a l lele was dete cte d with
p yl r1 f orwa rd a nd re vers e primers ( np yl r1 f orwa rd
rimer: 5’-TAAT CGT GT GGA CTA GAA GA GGG-
’, np yl r1 r e vers e primer: 5’-
GCT CTT CGCAGTAGAAT GTACG-3’) . Presence of

 he mut ant np yl r1-/- a l lele was dete cte d wit h t he np yl r1
e vers e prim er an d a f orwa rd primer embe dde d in the
ar g e po l yub iqui tin insert in the mu tant (po l yub iqui tin
 orwa rd primer: 5’- CGA CTAA CA GA CA CAA GCA C-
’; re vers e primer as ab ove). PCR pro ducts of the
xpe cte d size in the agarose gel were Sanger se quence d
G ene wiz) to confirm th e presen ce of the w ild-t ype or
 utan t a l lele. 

nalysis 

raphPad Pri sm wa s u sed to per for m st at ist ica l ana lysis
o as ses s th e significan ce of o bserved res ults and gen-
ra te associa te d g raphs. The a l pha level fo r a l l stat ist i-
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Fig. 3. Dye transfer and paternity outcomes during remating. (A) Dye was applied to unmated female mosquitoes, which w er e co-housed 
with group 1 males ( npylr1-/- , blue) for 90 min. Group 1 males w er e r emov ed and replaced with group 2 males (Orlando, black) and 
co-housed for 20 h. Males w er e scor ed for dye transfer immediately after removal. Offspring w er e collected individually, and each female is 
categorized as bearing group 1 male’s offspring, group 2 male’s offspring, or mixed paternity (some offspring from each) based on genotypic 
differentiation of the npylr1 locus. (B) Rates of dye transfer from wild-type (Orlando) females (18.3 ± 7.6%, three replicate cages; 20 of 
each male/replicate) and npylr1-/- females (23.8 ± 7.5%, n = 4 replicate cages; 20 males/replicate) to group 1 male ( npylr1-/- ) (84.5 ± 7.3%), 
and group 2 male (89.0 ± 5.0%) (Orlando). (C) Percent of wild-type (Orlando) females ( n = 3 replicate cages; 5–7 females/replicate; n = 

10–55 offspring/female) bearing offspring exclusively fr om gr oup 1 male (45.3 ± 13.7%, n = 3) and group 2 male (54.7 ± 13.7%, n = 3) and 
percent of npylr1-/- females ( n = 4 replicate cages; 5–8 females/replicate; n = 11–71 offspring/female) bearing offspring from group 1 male 
(8.3 ± 16.5%, n = 4), group 2 male (32.0 ± 13.1%, n = 4), or mixed paternity offspring (59.8 ± 21.6%, n = 4). No wild-type (Orlando) 
females bore offspring of mixed paternity. Bars in (B) and (C) are stacked vertically, representing dye transfer to males and paternity 
outcomes for the same cage of animals. (D) shows summary data. ∗∗∗P < 0.001, two-way ANOVAs analyzing the impact of genotype on 
both rates of dye transfer to group 1 males and group 2 males [ F (1,10) = 0.01451, P = 0.9065], and rate of mixed paternity offspring [ F 
(2,15) = 20.16, P < 0.0001]. Cartoons w er e cr eated with BioRender.com . 

https://BioRender.com
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a l ana lys es was s et at 0.05. A Mann–W hi tney test was
t i lize d to compare overall rates of dye tra nsf er a nd in-
emination in single encounter assays invo l ving p ainte d
 ales, a s well as rates of insemination in w ild-t ype (Or-

a ndo) a nd np yl r1 -/- fem ales in 90-min cohou sing con-
rol assa ys. Two-wa y ANOVA analyses were co nd ucted
o examine the effects of female genotype on both the
ates of dye tra nsf er from different grou ps o f males in re-
a ting experimen ts, and the p ropo rtio n o f females wi th
ixe d p aterni ty o ffsp ring. 

esults 

ye transfer from females to males 

ales w ere a ble t o mat e s ucces sfu l ly with re cept ive fe-
ales when dye was applied to the f emales, a n d n ear ly

 l l ma les a ttem pted to mate with females r egar dless of
e cept iv it y. In single encounter assays invo l ving p ainte d,
nm ated fem ales and un pain ted males ( n = 12 replicate
ages), the rate of insemin ation wa s 73.3 ± 16.7%, while
8.3 ± 3.9% of males had dy e tran sfer from females ( Fig.
 B), indicating that ma les wi l l attempt to mate with, and
an s ucces sfu l ly insemin ate fem ales r egar dless of dye
 pplica tio n. Mann–W hi tney an alysi s s h owed that the
 ropo rtio n o f males wi th dy e tran sfer was significantly
igher t han t he p ropo rtio n o f fem ales th at w ere in semi-
ated (U = 15, P = 0.0002). In control experiments, we
onfir med t hat neit her incident a l t ra nsf er from pa inted
osquit oes t o the wa l ls of the cage an d th en to un-
 ainte d m osquitoes, n or f emale-to-f ema le t ra nsf er was
bser ved (Supplementar y Tables S1 and S3). 

Female Ae. ae gypt i a r e non-r e cept ive to ma les after
hey have s ucces sfu l ly mate d ( Gwadz et a l. 1971 ). We
nd tha t ra tes of insemina tion in con tr ol assays ar e max-

mal after 20 h of cohousing with males; 99.0 ± 2.0%
f f emales a re insemina ted a t this timepoin t in con trol
xperiments ( Fig. 1 C), confirming that 5 days of co-
ousing provides ample time to ensure that females are
ated before the assay. In single encounter assays with
 ainte d, previou sly m ated fem ales and un pain ted males
 n = 12 replicate cages), mated females tra nsf er dye to
9.2 ± 2.8% o f males, desp i t e mat e d fema les being un-
e cept ive and refractory to subsequent matin g ( G wadz
t al. 1971 ) ( Fig. 1 D). 

ye transfer from males to females 

ainte d ma les w ere a ble t o mat e with and inseminat e
e cept ive fema les, and ma les a ttem pted to ma te with fe-

ales r egar dless of r eceptiv it y. In single encounter as-
ays invo l ving p ainte d ma les and unmate d, unp ainte d
emales ( n = 10 replicate cages), 79.0 ± 29.6% of
em ales h ad dy e tran sfer, and 38.0 ± 21.8% of fe-

ales were inseminated ( Fig. 2 A). In each cage, a l l
nsemin ated fem ales h ad dy e tran sfer, and in each
ag e, dy e tran sfer ex ce e de d inseminat ion. A Mann–
 hi tne y test re ve aled t hat t he overa l l level of dye trans-

 er to f em ales wa s significantly higher th an insemin a-
ion (38.0 ± 21.8%) (U = 15.5, P = 0.0075) ( Fig. 2 A), in-
ica ting tha t a single ma le wi l l ma ke co ntact wi th mo re

em ales th an he wi l l s ucces sfu l ly inseminat e . 
S ingle-encount er assays with a single p ainte d ma le

oused with un pain t ed , previou sly m ated fem ales
 n = 11 replicate cages) resu lte d in dye tra nsf er to
6.0 ± 12.3% of females. In one case, the male did not
ra nsf er dye to any females ( Fig. 2 B), indicating either
 hat t h e male did n ot a ttem pt to ma te or that the females
ej e cte d this male before he was able to make contact. 

Th ese data s h ow th at m a les fre quently ma ke dye-
ra nsf er r ing cont act wit h bot h unm ated and previou sly

at ed , unreceptive fem ales. Thi s indicates a male will
 ttem pt to mate, r egar dless of the female’s receptiv it y,
o nsistent wi th p revious studies ( Gwadz et al. 1971 ;
on es an d Pilitt 1973 ). 

ye transfer during remating 

n order to determin e wh eth er rates of dy e tran sfer dif-
er bet ween w ild-t ype (Orl a ndo) f emales a n d th ose with
i srupted m a ting pa thways, we scored interactions be-
 ween w ild-t ype (Orl a ndo) a nd np yl r1 m utan t females
ho se quent ia l ly encountere d two grou ps o f males.
ates of dye tra nsf er to group 1 males dur ing t he 90-
in exposure window were 18.3 ± 7.6% ( n = 3 replicate

ages) in wild-type (Or lan do) an d 23.8 ± 7.5% ( n = 4
eplic ate c ages) in np yl r1-/- females. Rates of dy e tran s-
er to group 2 males were 89.0 ± 5.0% ( n = 3 replicate
 ages) from w ild-t ype f emales a nd 84.5 ± 7.3% ( n = 4
eplic ate c ages) fr om np yl r1-/- females ( Fig . 3 B). A t wo-
ay ANOVA s h owed t hat in bot h w ild-t ype (Orl ando)

nd np yl r1-/- fema les, the rates of dye t ra nsf er to group
 males were significantly lower than rates to group 2
ales [ F (1,10) = 298.2, P < 0.0001], but th at fem ale

enotype did not impact rates of tra nsf er [ F (1,10) =
.01451, P = 0.9065] ( Fig. 3 D). Mann–W hi t ney ana l-
sis s h owed t hat wit hin a 90-min window, insemina-
io n rates o f p ainte d np yl r1 m utan ts (21.3 ± 20.8%,
 = 3 replic ate c ages) and w ild-t ype ( Orl and o ) females
32.5 ± 19.1%) were not significantly different (U = 3.0,
 = 0.7) (Supplementary Table S2). These data indicate

hat w ild-t ype (Orl a ndo) a nd np yl r1-/- fema les ma ke
omparab le d ye-tra nsf er r ing cont acts wit h bot h groups
f males. 

To score offspring genotype, females were blo o d fed
n d h oused in in div idu al v i als for ov i posi tio n so that
 ffsp ring could be attributed to a single female. Wild-
 ype (Orl a ndo) f emales p rod uced o ffsp r ing fat hered
x clusiv ely by group 1 (45.3 ± 13.7%) o r grou p 2
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(54.7 ± 13.7%) but never p rod uce d any mixe d-p aternity
o ffsp ring, desp i te dy e-tran sfer r in g interaction s with
both males ( n = 3 replic ate c ages) ( Fig . 3 C and D). A l-
th ough som e np yl r1 m utan t females p rod uced o ffsp ring
fathered ex clusiv ely by group 1 (8.3 ± 16.5%) or group
2 (32.0 ± 13.1%), this group also included indiv idu al
females who bore offspring of mixed paternity within
a single cl u tch (59.8 ± 21.6%) ( n = 4 replicate cages),
a ph en om en on that was ne ver obs erved in the wild-
type females ( Fig. 3 C and D). Two-way AN OVA anal y-
sis s h o wed that n p yl r1 m utan ts have significan tly more
mixe d p aterni ty o ffsp r ing t han w ild-t ype (Orl a ndo) f e-
males [ F (2,15) = 20.16, P < 0.0001]. These data indi-
ca te tha t altho ugh bo th w ild-t ype (Orl a ndo) a nd np yl r1
m utan t fem ales m ak e simila r co p ulato ry co ntacts wi th
bo th gro u ps o f males, o nly np yl r1 m utan t females are
ever s ucces sfu l ly inseminate d by and p rod uce o ffsp ring
fathered by both group 1 and group 2 males. 

Discussion 

In this study, we ut i lize a hydrophob ic o i l-b ase d fluo-
rescent dye to score physical interactions between males
a nd f em ales to a s ses s a ttem pted and s ucces sful mating
in Ae. ae gypt i . We s h ow t hat bot h p ainte d ma les a nd f e-
ma les t ra nsf er dye to the p osterior ab domina l seg ments
a nd a re as immediately sur rounding t he genit als of un-
p ainte d anima ls of the o p posite sex, wh eth er th e female
is re cept ive or n ot. Th e absen ce o f inseminatio n wi thou t
dy e tran sfer validates th e m eth od as faithfu l ly report ing
a ttem pted ma ting . Prev iou s observations h ave s h own
that a single male mosquito can inseminate five to s e ven
f emales bef ore exhausting his sperm, which is in line
with our observations ( Gwadz et al. 1971 ; Jones 1973 ).
O ur observat ion that a single p ainte d ma le a lways t rans-
fer s dye t o mor e r e cept ive fema les than he wi l l suc-
cessfu l ly inseminate also s ugges ts that male mosquitoes
con tin ue to a ttem pt to mate when given the o p portu-
nity, even if they have depleted their sperm stores. 

Although fema le rej e ct ion h a s been ch aracterized a s
flying a wa y fro m the male, abdo minal t w isting , flick-
ing of wings, k ick ing males, and/or failure to open vagi-
nal plates and extrude the ovi posi to r, we lack a mecha-
nis tic unders tanding of how and when these behaviors
are deployed ( Roth 1948 ; Gwadz et al. 1971 ; Jones and
Pili tt 1973 ; Cato r a nd Ha r r ingto n 2011 ). The p resence
of dye tra nsf er to the genitalia of the o p posite sex, es-
pe cia l ly in the case of unre cept ive fema les, su ppo rts the
observatio n o f “pseudoco p u lat io n” repo rted in Gwadz
(1971 ), wh ere th ere was genital contact, but no trans-
fer of sem en. Th ese observed high rates of a ttem pted
mat ing cu lminat ing in co ntact o f the external genitalia
s ugges t th e importan ce of mech ani sms of rej e ct ion once
anim al s reach the po int o f geni tal co ntact and imp l y
addi tio nal m eth od s of m ate rej e ct io n o n the part o f un-
re cept ive fema les. Such m eth ods in c lude ext erna l b ar r i-
er s suc h as c losing of the vag ina l sc lerit e t o prevent in-
seminatio n, o r sperm rejectio n after co p ulatio n befo re
t he sper m re ach t he sper mat hecae. 

Ther e ar e limi tatio ns to t his met hod , whic h must be
considered when designing assays. Our assays were not
desig ne d to identify pair-wise mating interact ions, a l-
th ough in div idu al housing or combin atorial u se of mul-
tip le d yes cou ld be use d t o ac hieve t his. Alt hough dye
tra nsf er reports mating a ttem pts in which genital con-
tact was ac hieved , it does not report a l l mat ing a ttem pts;
p revious wo r k in dica tes tha t ma ny f ema le rej e ct ion be-
havio rs p recl ude physical co ntact an d would n ot result
in dye tra nsf er ( Aldersley and Cator 2019 ). 

Although p ainte d ma les ca n inseminate f emales a nd
p ainte d fema les can be inseminat ed , rat es of mating in
c ages w ith p ainte d anima ls w ere low er th an in a ssays in
which both p art ners were un pain ted, r egar dless of the
genotype (compare Fig. 1 B and C). It is possible that
p ainte d anima ls re quire lon g er t o reac h m axim al m at-
ing rates. This may b e b ecause dye a pplica tio n o r cold
s tres s leads to re luctan ce to mate, re duces p ainte d fe-
ma les’ att ract iveness t o pot ent ia l mates, or re duces ani-
m al s’ ab ili ty to maneuver. 

There was no discernible difference in sp at ia l p at-
tern s of dy e tran sfer betw e en wi ld-type a nd muta nt a ni-
m al s or receptive an d n on-receptiv e females. Dy e tran s-
fer indica tes a ttem pts a t ma ting and m ust be considered
alo ng wi th fem ale m a ting sta tus a t t he beginning of t he
a ssay and insemin a tion sta tus af ter t he ass ay t o det er-
min e wh eth er ma ting a ttem pts were s ucces sful. 

Although w e dev eloped thi s a ssay for u se in Ae. ae-
gyp ti , i t is likely to succe e d across many insect species.
It may offer f urt her insight and greater resol u tio n to re-
searc her s int erest ed in a ssessing m ales’ a ttem pted in ter-
spe cific mat ing, as in the case o f Ae. aegyp ti and Ae. al-
b opi c tu s . Ae. alb opi c tu s males are known to a ttem pt to
mate with females of closely related species, including
Ae. ae gypt i ( Leahy and Craig 1967 ; Tripet et al. 2011 ;
Bargie lows ki et al. 2015 ; L ounib os et al. 2016 ). Disrupt-
in g matin g system s to ex og en ous ly su pp r ess r e cept iv it y
a nd effe ct i vel y steri lize fema le mosquitoes is a lso of po-
tent ia l int erest t o mosquit o co ntrol p rogram s. A w ell-
establis h ed m eth od of cont rol lin g invasiv e and pest in-
sect po p ulations in the wild invo l ves the m a ss introduc-
tio n o f steri lize d or genet ica l ly modifie d ma les. The suc-
cess of this appr oach r elies on th e fitn ess of th e re leased
males and their ab ili ty to s ucces sfully compete with wild
m ales to m ate w ith w i ld fema les ( Alphey et a l. 2010 ;
Ben e l li 2015 ; Le es et a l. 2015 ). The effe ct iven ess an d sus-
tainab ili ty o f these co nt rol st rateg ies in the long run wi l l
be impro ved b y relea sing m ales wi th a high p robab il-
i ty o f mating s ucces s, which wi l l faci lit ate t he s ucces s of
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 he program. Rese arc her s could t es t lab s t rains’ abi lity
 o compet e w ith w ild po p ulations to interact with fe-
 ales. It i s o ur ho pe t hat t h e accessi b ili ty o f our m eth od
i l l be of use to r esear c her s w orkin g in a variety of in-

e ct mat in g system s, from crypt ic mat ing behavior s t o
iolog ica l cont rol. 
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