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Unlike Zika, chikungunya virus 
interferes in the viability of Aedes 
aegypti eggs, regardless of females’ 
age
Maria eduarda Barreto Resck1,5, Karine pedreira padilha1,5, Aline possati cupolillo1, 
octávio A. c. talyuli2, Anielly ferreira‑de‑Brito3, Ricardo Lourenço‑de‑oliveira3,4, 
Luana cristina farnesi1,5 & Rafaela Vieira Bruno1,4,5*

chikungunya and Zika are arboviruses transmitted by the mosquito Aedes aegypti. Mosquito fecundity 
and egg viability are important parameters of vectorial capacity. Here we aim to understand, 
comparatively, the effects of Chikungunya virus (CHIKV) and Zika virus (ZIKV) infections on the 
fecundity and fertility of young and old Aedes aegypti females. Using artificial infection blood feeding 
experiments we observed that both cHiKV and ZiKV do not alter the number of eggs laid when 
compared to uninfected females, although the egg fertility significantly decreases in both young and 
old CHIKV-infected females. There is an upward trend of null females (infertile females) from 2.1% in 
young to 6.8% in old ZIKV-infected females. Together, our data revealed that CHIKV and ZIKV affects 
differently Ae. aegypti physiology, that may be related to different viral spread in nature.

Chikungunya virus (CHIKV), a member of the Togaviridae family, Alphavirus genus, was first isolated in 1952 
in  Tanzania1. Emerging and reemerging outbreaks have occurred since its discovery in several regions in Africa, 
Asia, Indian Ocean islands and Mediterranean areas in  Europe2,3. In Brazil, the first Chikungunya autochtho-
nous cases occurred in  20144. The virus spread throughout the  country5, being in co-circulation with dengue 
(DENV) and Zika (ZIKV) viruses during this  period6. Zika, a virus belongs to Flaviviridae family, Flavivirus 
genus, was first isolated in  19477. For 60 years, only sporadic Zika cases were reported in humans, however in 
2007 an outbreak occurred in Yap Island,  Micronesia8. Subsequently, ZIKV expanded throughout the Pacific 
islands and reached the Americas in 2015, turning into an epidemic in Brazil. It is currently considered a new 
public health  threat9–11.

Both arboviruses (Zika and Chikungunya) are transmitted by the bite of mosquitoes of genus Aedes7,12,13. 
Among them, the Aedes aegypti is the main vector in the urban transmission  cycle14–16. This domestic and 
anthropophilic species is anautogenous (the females need blood supply for eggs maturation)17. After one or more 
blood feedings, egg maturation occurs in about 3 or 4 days. Each period between blood feeding and egg laying 
is called gonotrophic cycle (GC)17–19. An Ae. aegypti female is able to lay approximately 100 eggs per  GC20. The 
ingestion of more than one blood meal by mosquito females within a single gonotrophic cycle is called gono-
trophic discordance and can occur in Aedes aegypti mosquitoes. This feature is involved in vectorial capacity 
and is very important for the transmission of  viruses21–23.

Comparatively, the biology of the egg phase is less explored than other in the mosquito life cycle. The Ae. 
aegypti eggs can survive for long periods in dry conditions at the end of their embryonic  development17,19,24–26. 
This important feature is related to ecological issues such as dormancy, that enables the embryo to survive 
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drought  periods19. Furthermore, egg resistance to desiccation (ERD) facilitates passive dispersal to new locations 
being important to epidemiologic features of arboviruses that has Ae. aegypti as the main  vector27.

Distinct arbovirus may replicate in different velocities and consequently the time between taking a viremic 
blood meal and shedding virus into saliva (extrinsic incubation period, EIP) vary. CHIKV reaches the Aedes 
salivary glands faster than DENV2, which directly affects the potential of viral  spread28. During the EIP, virus 
replicate in the midgut and in several secondary mosquito tissues following disseminate in the hemocoel prior 
to be shed into saliva. Thus, arbovirus can interfere in female biology and consequently in their physiology such 
as fecundity and  fertility29–31. Hence, the analysis of number of eggs laid by an infected mosquito (fecundity) and 
their viability (fertility) are also key parameters to comprehend the vectorial capacity.

Our previous studies have shown that ZIKV infection can modulate Ae. aegypti females’ locomotor activity 
but did not change significantly the fecundity and fertility neither in the second or third GCs when the female 
egg laying is  clustered30. Here we refined our methodology focusing on understand, comparatively, the effect 
of infection by CHIKV and ZIKV in fecundity and fertility of Ae. aegypti females from different ages, analyzed 
at distinct GC.

Results
cHiKV and ZiKV infection do not change the fecundity. We analyzed whether CHIKV and ZIKV 
infection influenced in the fecundity in females of different ages following the first or second GCs. Infection rate 
of randomly chosen samples of mosquitoes orally challenged with viruses was 80% for CHIKV infection and 
89.5% for ZIKV infection. . We observed that the number of eggs did not change in any of the tested settings 
for CHIKV infected (7-days-old or 14-days-old females; p = 0.88 and p = 0.96, respectively) and non-infected 
mosquitoes (Fig. 1A,Aʹ). The same was observed when females were infected with ZIKV, where no significant 
differences were observed in fecundity, independent of the females’ age (p = 0.09 and p = 0.0542, respectively) 
(Fig. 1B,Bʹ).

Figure 1.  Effect of Chikungunya (CHIKV) and Zika (ZIKV) viruses infections on first gonotrophic cycle (GC) 
(A,B) and second GC (Aʹ,Bʹ) fecundity of Aedes aegypti females. The significance is represented by p < 0.05 
obtained by using the non-parametric Mann–Whitney test. Bars represent mean and ± se of independent 
experiments.
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CHIKV infection affects females’ fertility, dissimilar from ZIKV infection. As opposed to the 
fecundity, the fertility (the quantity of egg hatching) was affected by CHIKV infection. When females were 
younger (infectious blood meal taken in the  1st GC), the average of fertility in non-infected l was 55.77 (± 3.43) 
compared to 32.73 (± 2.27) in CHIKV infected females. In addition, when females were older (infectious feeding 
was performed in the  2nd GC), the average of the control group was 47.88 (± 4.31) and decreased to 35.22 (± 3.37) 
in the treated group (Fig. 2A,Aʹ) (p < 0.05 in both cases).

We evaluated the influence of ZIKV infection in Ae. aegypti’s fertility, in the same conditions of CHIKV 
(females were blood fed in different ages/GCs). We did not observe any significant difference for ZIKV infected 
and non-infected Ae. aegypti females’ fertility (Fig. 2B,Bʹ; p = 0.09 and p = 0.35, respectively).

fecundity and fertility lose correlation when females are infected with cHiKV. We analyzed 
the correlation between fecundity and fertility in the first and second GCs of females infected with CHIKV or 
ZIKV. In the former, we can observe that the 7-days-old and 14-days-old females from the control group showed 
a positive correlation (Fig. 3A,Aʹ boxes; r = 0.45 and r = 0.33, respectively; p < 0.0001, p = 0.02, respectively). On 
the other hand, correlation data from females infected with CHIKV are different when feeding occurred in 
the first (young females) or second GC (old females). In the first cycle, the positive correlation observed in the 
control is maintained (r = 0.30; p < 0.0001), however, in the second GC this correlation is lost (r = 0.11, p = 0.35) 
(Fig. 3A,Aʹ).

Analyzing the correlation between fecundity and fertility in ZIKV young and old females, we observed a 
positive linear relationship in the control group (Fig. 3B,Bʹ boxes; r =  0.42; r = 0.27, respectively and p = 0.004, 
p = 0.0065, respectively). When analyzing infected Ae. aegypti females’ eggs throughout the ages, this positive 
correlation is still maintained (Fig. 3: B,Bʹ; r = 0.38; r = 0.40, respectively and p = 0.0002, p = 0.0002, respectively).

Figure 2.  Effect of Chikungunya (CHIKV) and Zika (ZIKV) viruses infections on first GC (A,B) and second 
GC (Aʹ,Bʹ) fertility of Aedes aegypti females. The significance is represented by p < 0.05 obtained by using the 
non-parametric Mann–Whitney test. Bars represent mean and ± se of independent experiments.
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Oviposition efficiency for CHIKV and ZIKV. We considered as oviposition efficiency the percentage of 
infected females (with CHIKV or ZIKV) that presented an oviposition value equal to or greater than the median 
value of control females. In the CHIKV infection, we obtained 49.5% of efficient females when feeding was per-
formed in the first GC and 52.8% when it occurred in the second one. For ZIKV infection, oviposition efficiency 
was of 64.9% and 35.2% for first and second GCs, respectively. Regarding the number of nulls, that is, females 
that did not lay eggs, we obtained for CHIKV infection 3.8% and 2.7% when virus challenge was performed in 
the first or second GC, respectively. When analyzing the number of null females for ZIKV infection, the percent-
age increased from 2.1% in the first to 6.8% in the second GC (Table 1). In the case of ZIKV null females, we 
observed an increase of infertility in ZIKV infected females in second GC.

Figure 3.  Correlation between fecundity and fertility of Aedes aegypti females uninfected and infected with 
Chikungunya or Zika virus. (A): CHIKV—1º gonotrophic cycle (GC); (Aʹ): CHIKV—2º gonotrophic cycle 
(GC); (B): ZIKV—1º gonotrophic cycle (GC); (Bʹ): ZIKV—2º gonotrophic cycle (GC). All boxes shows controls 
of each conditions. Analysis was made for Correlation of Spearman, the R number of each correlation is 
described in the text.

Table 1.  Oviposition efficiency of Ae. aegypti females infected with CHIKV or ZIKV. N number of females. 
a Efficiency was measured according to the control median. b Females that did not lay eggs were considered null.

N Median % of efficient  femalesa % of null  femalesb

1st gonotrophic cycle

CHIKV 186 91 49.5 3.8

ZIKV 97 92 64.9 2.1

2nd gonotrophic cycle

CHIKV 72 87 52.8 2.7

ZIKV 88 91 35.2 6.8
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Discussion
Vectorial capacity (VC), critical for arboviruses transmission, is the predictable value through a mathematical 
formula that considers beyond environmental conditions, intraspecific physiological and behavioral parameters, 
those that will be important to arboviruses transmission in  nature32,33. The VC contemplates mainly biting behav-
ior (frequency of host contact for blood feeding), mosquito-vector survivorship and population  density32–36. 
Population density is very dependent on mosquito fecundity and fertility. Aedes aegypti behavior and physiology 
as well as arbovirus-mosquito interactions are thoroughly studied topics, but additional studies are needed in 
order to endorse the development of new tools to mosquito control actions.

There are different methods described in the literature to study the fertility of Ae. aegypti  females24,37,38. Here, 
we used the methodology called synchronized posture that is successful in forcing females Ae. aegypti to lay their 
eggs in short time  intervals24,39. The calculation of the oviposition time of 90 min was based on a comparison of 
the average number of eggs per female from previous studies in our group with longer time  intervals37. In that 
paper, we showed a female laid an average number of 82 eggs in synchronized postures that lasted 6 h, while we 
present in this study an average number of 86 eggs per female in postures lasting 90 min. Therefore, we optimized 
the bioassay and achieved success in a shorter time.

In 2018, Padilha and  collaborators30 tested the effects of ZIKV in fecundity and fertility in clusters of infected 
and non-infected Ae. aegypti. Here we aimed for a more accurate evaluation, where eggs laid by individual females 
were analyzed for additional parameters such as oviposition efficiency and number of null females, and tested 
correlation between fecundity and fertility.

We examined whether CHIKV or ZIKV infection could affect the number of eggs laid per females and 
hatching. We noted that, regardless of female age, CHIKV infection does not alter fecundity, but had significant 
influence on fertility. It is important to report that our results are different from those observed by Sirisena et al.31, 
when using a different methodology from ours. They performed their experiments with different mosquito and 
virus strains. The oviposition was carried out with females in group and during three GCs, where infective blood 
feeding occurred only in the first GC. Sirisena et al.31 found that CHIKV infection caused the group of females 
to lay fewer eggs than the control in the first and third GCs but not in the second one; the authors did not test 
for fertility of individual females.

In relation to ZIKV, despite using different methodologies, our data corroborate those of Padilha et al.30, where 
ZIKV infection does not cause damage to the overall fertility and viability of Ae. aegypti, but with a decreasing 
tendency (p = 0.0542) of egg numbers laid by older females. On the other hand, Petersen et al.38 considered the 
first three clutches of eggs individually laid by young (7 days), mature (14 days) and old (21 days) Ae. aegypti 
females, analyzing two aspects of fecundity: the oviposition success and clutch size. These authors observed that 
ZIKV infected mosquitoes laid fewer eggs than the uninfected ones and the egg production was affected by the 
age of feeding, once younger females laid more eggs than the older ones; egg viability was not tested. When we 
analyzed the oviposition success, we considered the percentage of females that presented an oviposition value 
equal to or greater than the control median, while Petersen et al.38 considered individual females that laid at least 
one egg, in a qualitative analysis.

Our results regarding the success of oviposition indicated that CHIKV-infected females showed a small 
increase of about three percent in the oviposition efficiency when feeding was performed in the second GC. 
ZIKV-infected females, on the other hand, showed to be less efficient in this GC, showing a greater decrease in 
almost half of their efficiency percentage. Moreover, in relation to the percentage of null females, those infected 
with CHIKV presented infertility of 3.8% and 2.7%, when feeding was performed in the first or second gono-
trophic cycles, respectively. However, interestingly, the females infected with ZIKV presented a percentage of 
2.1% and 6.8%, respectively, indicated that infertility increases when they get older as expected.

Unlike what was reported by previous  studies30,31, in which they used in the second GC the same females that 
had already had the first oviposition, we aimed to isolate the age factor from the possible drop in viral load over 
 time31,40. That is why we performed infective blood feeding only in the first or in the second GC.

The temporal tropism of the virus was taken into consideration when we decided to perform the infective 
blood feeding, since the females lay eggs about 4 days after feeding. According to Sirisena et al.31 and Ryckebusch 
et al.40, after 4 days of infection, CHIKV and ZIKV have already disseminated over the mosquito’s body, although 
CHIKV does it more quickly. Vega-Rúa et al.16 showed that CHIKV of distinct genotypes disseminated in 
80–100% of Ae. albopictus in only 3 days after oral challenge. Le Coupanec et al.28 described the quick distribu-
tion of CHIKV particles in Ae. aegypti body, more specifically in the midgut (MG) and salivary glands (SG). The 
virus was detected in the SG at 4-day post viral exposure, peaking by day 8. The replication kinetics of CHIKV 
is different from other viruses, such as ZIKV, which seems to disseminate to secondary tissues of the mosquito 
body in a slower manner, with the peaking at 10–14 days after oral  challenge41,42.

Finally, we observed a positive correlation between the number of laid eggs and the tendency of hatching 
viable larvae in younger females. Interestingly, CHIKV and ZIKV infection does not change this pattern in Ae. 
aegypti. On the other hand, when females are older, this correlation is lost in CHIKV infected females.

Our data revealed that ZIKV infection may increase infertility as the females get old but did not affect the 
viability of the eggs, while CHIKV infection affects viability and shows a loss of correlation of viability versus 
number of eggs. It indicates that a high oviposition efficiency (high number of eggs) does not correspond to a 
high number of viable larvae. CHIKV and ZIKV affects differently Ae. aegypti physiology, which can have rela-
tion with the different viral spread in nature. Understanding these parameters of vectorial capacity is crucial to 
elucidate the arboviruses transmission as well as the infected Ae. aegypti biology.
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Methods
Mosquito rearing. Aedes aegypti mosquito eggs (PAEA strain from Tahiti, French  Polynesia43, maintained 
in laboratory since 2003) were hatched in plastic trays containing 1.5 L of Milli-RO water and approximately 
1 g of yeast (Vitalab, Brazil). First instar larvae were counted and redistributed to new plastic trays (300 larvae 
per tray) and fed with the same quantity of yeast, every 2 days, until pupae development (according to Farnesi 
et al.39. Pupae were counted and separated in cages (with approximately 400 each) for adult emergence; males 
and female mosquitoes were kept together (with 10% sucrose solution ad libitum) to allow copulation. For all 
experiments, mosquitoes were maintained in an incubator (Forlab Scientific Incubator, USA) at 25 ± 1 ºC, with 
a photoperiod of 12 h of light and dark (LD 12:12) and 60–80% relative humidity (RH).

Virus and mosquito oral infection. The ZIKV strain ZIKV/H.sapiens/Brazil/PE243/201 (GenBank 
accession number KX197192.1) and CHIKV strain BHI3745/H8047094 were used for oral experimental infec-
tion of Ae. aegypti females.

These strains were harvested in C6/36 monolayer cells flask for 7 days, in Leibovitz-15 media supplemented 
with 5% fetal bovine serum, triptose 2.9 g/L, 0.075% sodium bicarbonate, 0.02% l-glutamine, 1% of non-essential 
amino acids and 1% penicillin/streptomycin at 28 °C according to Oliveira et al.44. Cell culture supernatant was 
collected and centrifuged at 1500g for 5 min. The aliquots were kept frozen − 70ºC until use.

Both viral titles were determined by plaque assay in Vero cells following 10 × serial viral stock dilution and 
covered by a layer of DMEM media supplemented with 2% fetal bovine serum, 1% penicillin/streptomycin and 
0.8% methylcellulose, incubated for 3 days at 37 ºC and 5%  CO2.

The mosquitoes were orally infected with seven (‘young females’) or fourteen (‘old females’) days old by blood 
meal containing  107 PFU/ml of CHIKV or ZIKV. The infectious blood meal was prepared by mixing 1:1 of rab-
bit red blood cells and virus stock and 10% of heat—inactivated rabbit plasma. The mosquitoes were artificially 
fed using glass artificial feeders, sealed with Parafilm-M membrane stretched, connected to a bath at 37 °C for 
approximately 40 min, inside a Biosafety level—2 (BSL-2) insectary. Control mosquitoes fed on a similar blood 
meal, but with a non-infected L15 culture  medium44. Prior to blood meals, female mosquitoes were deprived of 
sucrose for approximately 6 h. After blood meal, mosquitoes were cold anesthetized and only the fully engorged 
females were used.

Viral confirmation. Total RNA from the whole mosquitoes was extracted individually, 4 days after virus 
infection, using TRIzol (Life Technologies) according to manufacturer’s protocol. Viral RNA detection and 
quantification of Zika and Chikungunya were carried out through RT-qPCR with TaqMan Fast Virus 1-Step 
Master Mix Kit (Invitrogen, Carlsbad, CA, USA) in QuantStudio 6 Flex Real-Time PCR System (Applied Bio-
systems, Foster City, CA, USA). For ZIKV detection, reaction was conducted using 0.6 µM forward primer—5′-
CTT GGA GTG CTT GTG ATT -3′, genome position 3451–3468; 0.6 µM reverse primer—5′-CTC CTC CAG TGT 
TCA TTT -3′, genome position 3637–3620 and 0.8 µM probe—5′FAM-AGA AGA GAA TGA CCA CAA AGA TCA 
-3′TAMRA, genome position 3494–3517. For CHIKV detection, reaction was conducted using 1.1 µM forward 
primer 5′-TCA CTC CCT GTT GGA CTT GAT AGA -3, genome position 6856–6879; 1.1 µM reverse primer—5′-
TTG ACG AAC AGA GTT AGG AAC ATA CC-3, genome position 6981–6956), and 0.2  µM probe 5´FAM-AGG 
TAC GCG CTT CAA GTT CGGCG-3´, genome position 919–694145,46. Cycling conditions for reactions were the 
same, as follows: 50 °C for 5 min, 95 ºC for 20 s, followed by 40 amplification cycles of 95 °C for 15 s and 60 °C 
for 60 s.

Gonotrophic cycle assays for fecundity and fertility. For young females assays we used eggs of the 
first GC. Seven days-old Ae. aegypti females were provided with infected or uninfected blood meal as previously 
described. Oviposition was stimulated 4 days after blood meal as described in Farnesi et al.39. About 30 females 
per condition, in each experiment, were individually isolated in an inverted plastic Petri dish (90 mm in diam-
eter) with wet filter paper (Whatman No. 1) lining the lid. All females were allowed to oviposit for 90 min inside 
incubators (25 °C), in dark and 60–80% relative humidity conditions. After oviposition, females were released in 
cages, and randomly separated for posterior viral detection (at least five females per condition). Eggs were stored 
inside the incubators in a regimen of 12 h of light followed by 12 h of dark (L/D) until the end of embryogenesis.

For old females’ assays, the eggs of the first GC of 7-days-old females were discarded as described by Padilha 
et al.30. After that, females returned to the cages provided with sucrose 10% ad libitum until they were 14 days-
old when they were fed with infected or uninfected blood meal. Then, they were individualized and stimulated 
to lay eggs of the second GC as described above. Eggs from second GC were used to the analyses. The eggs dried 
for 7 days inside incubators (LD12:12; 25 °C and 60–80% RH) and then were counted and tested for viability.

fertility assays. All the eggs obtained from individual females were tested for viability. Briefly, to stimulate 
hatching 50 mL of industrial yeast extract solution 0.15% (weight/volume) were added in each Petri dish placed 
in incubators for 24 h (25 °C, 60–80% RH and photoperiod LD 12:12), according to Farnesi et al.39. In general, 
the assays were made three times independently.

Oviposition efficiency. To evaluate if infection with CHIKV or ZIKV interferes in the efficiency of females 
to lay eggs, we assumed they were efficient when they could lay a number of eggs equal or higher than the control 
median, considering the control group of each age and each infection condition. The median of all controls is 
near to the average of egg laid described to Ae. aegypti  species19,20.
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Statistical analysis. At first, all physiological data were tested for normality by Shapiro–Wilk test. We 
applied Mann–Whitney test for fecundity and fertility, as described in each graphic legends. For correlation 
analysis between fecundity and fertility, was used the Spearman coefficient. All statistical assays were executed 
using GraphPad Prism 5 (GraphPad Software, San Diego, California, EUA) and p value < 0.05 was considered 
for significant differences.

ethical statement. All experiments carried out on this study were approved by the institutional Research 
Ethics Committees IOC/FIOCRUZ #LW34/14 and CEUA-UFRJ 149/19 (for use of rabbit blood). All experi-
ments were performed in accordance with relevant guidelines and regulations.

Data availability
The data generated and analyzed during the current study are available upon reasonable request to the cor-
responding author.

Received: 11 March 2020; Accepted: 27 July 2020

References
 1. Ross, R. W. The Newala epidemic. III. The virus: isolation, pathogenic properties and relationship to the epidemic. J. Hyg. 54, 

177–191. https ://doi.org/10.1017/s0022 17240 00444 42 (1956).
 2. Laras, K. et al. Tracking the re-emergence of epidemic chikungunya virus in Indonesia. Trans. R. Soc. Trop. Med. Hyg. 99, 128–141. 

https ://doi.org/10.1016/j.trstm h.2004.03.013 (2005).
 3. Staples, J. E., Breiman, R. F. & Powers, A. M. Chikungunya fever: An epidemiological review of a re-emerging infectious disease. 

Clin. Infect. Dis. 49, 942–948. https ://doi.org/10.1086/60549 6 (2009).
 4. Nunes, M. R. et al. Emergence and potential for spread of Chikungunya virus in Brazil. BMC Med. 13, 102. https ://doi.org/10.1186/

s1291 6-015-0348-x (2015).
 5. Honório, N. A., Câmara, D. C., Calvet, G. A. & Brasil, P. Chikungunya: An arbovirus infection in the process of establishment and 

expansion in Brazil. Cad Saude Publica. 31, 906–908. https ://doi.org/10.1590/0102-311XP E0205 15 (2015).
 6. Freitas, L. P., Cruz, O. G., Lowe, R. & Sá Carvalho, M. Space-time dynamics of a triple epidemic: Dengue, chikungunya and Zika 

clusters in the city of Rio de Janeiro. Proc. Biol. Sci. 286, 20191867. https ://doi.org/10.1098/rspb.2019.1867 (2019).
 7. Dick, G. W., Kitchen, S. F. & Haddow, A. J. Zika virus. I. Isolations and serological specificity. Trans. R. Soc. Trop. Med. Hyg. 46, 

509–520 (1952).
 8. Duffy, M. et al. Zika virus outbreak on Yap Island, Federated States of Micronesia. N. Engl. J. Med. 360, 2536–2543. https ://doi.

org/10.1056/NEJMo a0805 715 (2009).
 9. Musso, D., Nilles, E. J. & Cao-Lormeau, V. M. Rapid spread of emerging Zika virus in the Pacific area. Clin. Microbiol. Infect. 20, 

O595-596. https ://doi.org/10.1111/1469-0691.12707  (2014).
 10. Zanluca, C. et al. First report of autochthonous transmission of Zika virus in Brazil. Mem. Inst. Oswaldo. Cruz. 110, 569–572. https 

://doi.org/10.1590/0074-02760 15019 2 (2015).
 11. Musso, D. & Gubler, D. J. Zika virus. Clin. Microbiol. Rev. 29, 487–524. https ://doi.org/10.1128/CMR.00072 -15 (2016).
 12. Haddow, A. J., Williams, M. C., Woodall, J. P., Simpson, D. I. H. & Goma, L. K. H. Twelve isolations of Zika virus from Aedes 

(Stegomyia) africanus (Theobald) taken in and above a Uganda forest. Bull. World Health Organ. 31, 57 (1964).
 13. Jupp, P. G., McIntosh, B. M., Dos Santos, I. & DeMoor, P. Laboratory vector studies on six mosquito and one tick species with 

chikungunya virus. Trans. R. Soc. Trop. Med. Hyg. 75, 15–19. https ://doi.org/10.1016/0035-9203(81)90005 -5 (1981).
 14. Boorman, J. P. T. & Porterfield, J. S. A simple technique for infection of mosquitoes with viruses. Transmission of zika virus. Trans. 

R. Soc. Trop. Med. Hyg. 50, 238–242. https ://doi.org/10.1016/0035-9203(56)90029 -3 (1956).
 15. Mangiafico, J. A. Chikungunya virus infection and transmission in five species of mosquito. Am. J. Trop. Med. Hyg. 20, 642–645. 

https ://doi.org/10.4269/ajtmh .1971.20.642 (1971).
 16. Vega-Rúa, A., Zouache, K., Girod, R., Failloux, A. B. & Lourenço-de-Oliveira, R. High level of vector competence of Aedes aegypti 

and Aedes albopictus from ten American countries as a crucial factor in the spread of Chikungunya virus. J. Virol. 88, 6294–6306. 
https ://doi.org/10.1128/JVI.00370 -14 (2014).

 17. Clements, A. N. The Biology of Mosquitoes: Volume 1: Development, Nutrition and Reproduction (Chapman & Hall, London, 1992).
 18. Pant, C. P. & Yasuno, M. Field studies on the gonotrophic cycle of Aedes aegypti in Bangkok, Thailand. J. Med. Entomol. 10, 219–223. 

https ://doi.org/10.1093/jmede nt/10.2.219 (1973).
 19. Christophers, S. R. Aedes aegypti: The Yellow Fever Mosquito: Its Life History, Bionomics And Structure (Cambridge University Press, 

London, 1960).
 20. Valle, D., Pimenta, D. N. & da Cunha, R. V. Dengue: teorias e práticas (FIOCRUZ, Rio de Janeiro, 2015).
 21. Macdonald, W. W. Aedes Aegypti in Malaya: II.—larval and adult biology. Ann. Trop. Med. PH. 50, 399–414. https ://doi.

org/10.1080/00034 983.1956.11685 782 (1956).
 22. Barata, E. A. M. et al. População de Aedes aegypti (l.) em área endêmica de dengue, Sudeste do Brasil. Rev de Saúde Pública 35, 

237–242. https ://doi.org/10.1590/S0034 -89102 00100 03000 04 (2001).
 23. dos Santos Andrade, P. et al. Parity and gonotrophic discordance of females of Aedes aegypti and Aedes albopictus (Diptera: Culi-

cidae) in the city of São Paulo, SP, Brazil. J. Vector Ecol 44, 233–240. https ://doi.org/10.1111/jvec.12354  (2019).
 24. Rezende, G. et al. Embryonic desiccation resistance in Aedes aegypti: Presumptive role of the chitinized serosal cuticle. BMC Dev. 

Biol. 8, 82 (2008).
 25. Farnesi, L. C., Menna-Barreto, R. F., Martins, A. J., Valle, D. & Rezende, G. L. Physical features and chitin content of eggs from the 

mosquito vectors Aedes aegypti, Anopheles aquasalis and Culex quinquefasciatus: Connection with distinct levels of resistance to 
desiccation. J. Insect. Physiol. 83, 43–52. https ://doi.org/10.1016/j.jinsp hys.2015.10.006 (2015).

 26. Farnesi, L. C., Vargas, H. C. M., Valle, D. & Rezende, G. L. Darker eggs of mosquitoes resist more to dry conditions: Melanin 
enhances serosal cuticle contribution in egg resistance to desiccation in Aedes, Anopheles and Culex vectors. PLoS Negl. Trop. Dis. 
11, e0006063. https ://doi.org/10.1371/journ al.pntd.00060 63 (2017).

 27. Brown, J. E. et al. Worldwide patterns of genetic differentiation imply multiple “domestications” of Aedes aegypti, a major vector 
of human diseases. Proc. Biol. Sci. 278, 2446–2454. https ://doi.org/10.1098/rspb.2010.2469 (2011).

 28. Le Coupanec, A. et al. Co-infection of mosquitoes with chikungunya and dengue viruses reveals modulation of the replication 
of both viruses in midguts and salivary glands of Aedes aegypti mosquitoes. Int. J. Mol. Sci. https ://doi.org/10.3390/ijms1 80817 08 
(2017).

https://doi.org/10.1017/s0022172400044442
https://doi.org/10.1016/j.trstmh.2004.03.013
https://doi.org/10.1086/605496
https://doi.org/10.1186/s12916-015-0348-x
https://doi.org/10.1186/s12916-015-0348-x
https://doi.org/10.1590/0102-311XPE020515
https://doi.org/10.1098/rspb.2019.1867
https://doi.org/10.1056/NEJMoa0805715
https://doi.org/10.1056/NEJMoa0805715
https://doi.org/10.1111/1469-0691.12707
https://doi.org/10.1590/0074-02760150192
https://doi.org/10.1590/0074-02760150192
https://doi.org/10.1128/CMR.00072-15
https://doi.org/10.1016/0035-9203(81)90005-5
https://doi.org/10.1016/0035-9203(56)90029-3
https://doi.org/10.4269/ajtmh.1971.20.642
https://doi.org/10.1128/JVI.00370-14
https://doi.org/10.1093/jmedent/10.2.219
https://doi.org/10.1080/00034983.1956.11685782
https://doi.org/10.1080/00034983.1956.11685782
https://doi.org/10.1590/S0034-89102001000300004
https://doi.org/10.1111/jvec.12354
https://doi.org/10.1016/j.jinsphys.2015.10.006
https://doi.org/10.1371/journal.pntd.0006063
https://doi.org/10.1098/rspb.2010.2469
https://doi.org/10.3390/ijms18081708


8

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:13642  | https://doi.org/10.1038/s41598-020-70367-6

www.nature.com/scientificreports/

 29. Maciel-de-Freitas, R., Koella, J. C. & Lourenço-de-Oliveira, R. Lower survival rate, longevity and fecundity of Aedes aegypti (Dip-
tera: Culicidae) females orally challenged with dengue virus serotype 2. Trans. R. Soc. Trop. Med. Hyg. 105, 452–458. https ://doi.
org/10.1016/j.trstm h.2011.05.006 (2011).

 30. Padilha, K. P. et al. Zika infection decreases Aedes aegypti locomotor activity but does not influence egg production or viability. 
Mem. Inst. Oswaldo Cruz. 113, e180290. https ://doi.org/10.1590/0074-02760 18029 0 (2018).

 31. Sirisena, P. D. N. N., Kumar, A. & Sunil, S. Evaluation of Aedes aegypti (Diptera: Culicidae) Life Table Attributes Upon Chikungunya 
Virus Replication Reveals Impact on Egg-Laying Pathways. J Med Entomol. 55, 1580–1587. https ://doi.org/10.1093/jme/tjy09 7 
(2018).

 32. Garrett-Jones, C. The human blood index of malaria vectors in relation to epidemiological assessment. Bull. World Health Organ. 
30, 241–261 (1964).

 33. Bruno, R. V., Farnesi, L. C. & Araripe, L. O. The Effects of Infection on Mosquito Rhythmic Behavior. Current Topics in the Epidemiol-
ogy of Vector-Borne Diseases (IntechOpen) https ://www.intec hopen .com/onlin e-first /the-effec ts-of-infec tion-on-mosqu ito-rhyth 
mic-behav ior(2019).

 34. Clements, A. N. The biology of mosquitoes. Volume 2: Sensory reception and behavior (CABI Publishing, Wallingford, 1999).
 35. Smith, D., Dushoff, J. & McKenzie, F. The risk of a mosquito-borne infection in a heterogeneous environment. PLoS Biol. 2, e368. 

https ://doi.org/10.1371/journ al.pbio.00203 68 (2004).
 36. Kramer, L. D. & Ciota, A. T. Dissecting vectorial capacity for mosquito-borne viruses. Curr. Opin. Virol. 15, 112–118. https ://doi.

org/10.1016/j.covir o.2015.10.003 (2015).
 37. Farnesi, L. C., Barbosa, C. S., Araripe, L. O. & Bruno, R. V. The influence of a light and dark cycle on the egg laying activity of Aedes 

aegypti (Linnaeus, 1762) (Diptera: Culicidae). Mem Inst Oswaldo Cruz https ://doi.org/10.1590/0074-02760 17036 2 (2018).
 38. Petersen, M. T. et al. The impact of the age of first blood meal and Zika virus infection on Aedes aegypti egg production and lon-

gevity. PLoS ONE 13, e0200766. https ://doi.org/10.1371/journ al.pone.02007 66 (2018).
 39. Farnesi, L. C., Martins, A. J., Valle, D. & Rezende, G. L. Embryonic development of Aedes aegypti (Diptera: Culicidae): Influence 

of different constant temperatures. Mem. Inst. Oswaldo Cruz. 104, 124–126. https ://doi.org/10.1590/s0074 -02762 00900 01000 20 
(2009).

 40. Ryckebusch, F., Berthet, M., Missé, D. & Choumet, V. Infection of a French Population of Aedes albopictus and of Aedes aegypti 
(Paea Strain) with Zika Virus Reveals Low Transmission Rates to These Vectors’ Saliva. Int. J. Mol. Sci. https ://doi.org/10.3390/
ijms1 81123 84 (2017).

 41. Fernandes, R. S. et al. Culex quinquefasciatus from Rio de Janeiro is not competent to transmit the local zika virus. PLoS Negl. Trop. 
Dis. 10, e0004993 (2016).

 42. Angleró-Rodríguez, Y. I. et al. Aedes aegypti molecular responses to zika virus: Modulation of infection by the toll and Jak/Stat 
immune pathways and virus host factors. Front. Microbiol. 8, 2050. https ://doi.org/10.3389/fmicb .2017.02050  (2017).

 43. Vazeille-Falcoz, M., Mousson, L., Rodhain, F., Chungue, E. & Failloux, A.-B. Variation in oral susceptibility to dengue type 2 virus 
of populations of Aedes aegypti from the islands of Tahiti and Moorea, French Polynesia. Am. J. Trop. Med. Hyg. 60, 292–299. https 
://doi.org/10.4269/ajtmh .1999.60.292 (1999).

 44. Oliveira, J. H. M. et al. Catalase protects Aedes aegypti from oxidative stress and increases midgut infection prevalence of Dengue 
but not Zika. PLoS Negl. Trop. Dis. https ://doi.org/10.1371/journ al.pntd.00055 25 (2017).

 45. Ferreira-de-Brito, A. et al. First detection of natural infection of Aedes aegypti with Zika virus in Brazil and throughout South 
America. Mem. Inst. Oswaldo Cruz. 111, 655–658. https ://doi.org/10.1590/0074-02760 16033 2 (2016).

 46. Lanciotti, R. S. et al. Chikungunya virus in US travelers returning from India, 2006. Emerg. Infect. Dis. 13, 764–767. https ://doi.
org/10.3201/eid13 05.07001 5 (2007).

Acknowledgements
To Robson Costa da Silva and Maria Ignez Lima Bersot for their technical support. We would like to dedicate 
this paper to Dr. Alexandre Afranio Peixoto, a great scientist and friend. This study was financed in part by: 
Coordenação de Aperfeiçoamento de Pessoal de Nível Superior–Brazil (CAPES)–Finance Code 001; Fundação 
Carlos Chagas de Amparo à Pesquisa do Estado do Rio de Janeiro–FAPERJ; Conselho Nacional de Desenvolvi-
mento Científico e Tecnológico–CNPq and Financiadora de Estudos e Projetos—Finep.

Author contributions
L.C.F. and R.V.B. designed experiments and conceived the project. L.C.F., R.V.B., M.E.B.R. and K.P.P. discussed 
the data and wrote the original draft. L.C.F., R.V.B. and R.L.O. reviewed the manuscript. M.E.B.R., K.P.P. and 
A.P.C. carried out infected and uninfected mosquito experiments. O.A.C.T. and A.F.B. performed molecular 
experiments and confirmed the infections collection. R.V.B. supervised the project. All authors read and approved 
of the final manuscript.

competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to R.V.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1016/j.trstmh.2011.05.006
https://doi.org/10.1016/j.trstmh.2011.05.006
https://doi.org/10.1590/0074-02760180290
https://doi.org/10.1093/jme/tjy097
https://www.intechopen.com/online-first/the-effects-of-infection-on-mosquito-rhythmic-behavior(2019
https://www.intechopen.com/online-first/the-effects-of-infection-on-mosquito-rhythmic-behavior(2019
https://doi.org/10.1371/journal.pbio.0020368
https://doi.org/10.1016/j.coviro.2015.10.003
https://doi.org/10.1016/j.coviro.2015.10.003
https://doi.org/10.1590/0074-02760170362
https://doi.org/10.1371/journal.pone.0200766
https://doi.org/10.1590/s0074-02762009000100020
https://doi.org/10.3390/ijms18112384
https://doi.org/10.3390/ijms18112384
https://doi.org/10.3389/fmicb.2017.02050
https://doi.org/10.4269/ajtmh.1999.60.292
https://doi.org/10.4269/ajtmh.1999.60.292
https://doi.org/10.1371/journal.pntd.0005525
https://doi.org/10.1590/0074-02760160332
https://doi.org/10.3201/eid1305.070015
https://doi.org/10.3201/eid1305.070015
www.nature.com/reprints


9

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:13642  | https://doi.org/10.1038/s41598-020-70367-6

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

http://creativecommons.org/licenses/by/4.0/

	Unlike Zika, Chikungunya virus interferes in the viability of Aedes aegypti eggs, regardless of females’ age
	Anchor 2
	Anchor 3
	Results
	CHIKV and ZIKV infection do not change the fecundity. 
	CHIKV infection affects females’ fertility, dissimilar from ZIKV infection. 
	Fecundity and fertility lose correlation when females are infected with CHIKV. 
	Oviposition efficiency for CHIKV and ZIKV. 

	Discussion
	Methods
	Mosquito rearing. 
	Virus and mosquito oral infection. 
	Viral confirmation. 
	Gonotrophic cycle assays for fecundity and fertility. 
	Fertility assays. 
	Oviposition efficiency. 
	Statistical analysis. 
	Ethical statement. 

	References
	Acknowledgements


