
1Scientific RepoRtS |         (2019) 9:17055  | https://doi.org/10.1038/s41598-019-53062-z

www.nature.com/scientificreports

impact of weather seasonality and 
sexual transmission on the spread 
of Zika fever
Attila Dénes  1*, Mahmoud A. ibrahim  1,2, Lillian oluoch1, Miklós tekeli1 & tamás tekeli1

We establish a compartmental model to study the transmission of Zika virus disease including spread 
through sexual contacts and the role of asymptomatic carriers. to incorporate the impact of the 
seasonality of weather on the spread of Zika, we apply a nonautonomous model with time-dependent 
mosquito birth rate and biting rate, which allows us to explain the differing outcome of the epidemic 
in different countries of South America: using Latin Hypercube Sampling for fitting, we were able to 
reproduce the different outcomes of the disease in various countries. Sensitivity analysis shows that, 
although the most important factors in Zika transmission are the birth rate of mosquitoes and the 
transmission rate from mosquitoes to humans, spread through sexual contacts also highly contributes 
to the transmission of Zika virus: our study suggests that the practice of safe sex among those who have 
possibly contracted the disease, can significantly reduce the number of Zika cases.

Zika virus
Zika virus (ZIKV) is a virus belonging to the family Flaviviridae, primarily transmitted to humans by the bites 
of infected female mosquitoes from the Aedes genus, such as Aedes aegypti and Aedes albopictus1, widespread in 
tropical and subtropical regions and spreading in temperate areas as well. ZIKV is related to other arboviruses like 
chikungunya and dengue. Beside the major source of transmission (mosquito bites) the virus can also be passed 
on through other means. Unlike the above-listed diseases, Zika can be transmitted through sexual contacts, 
mostly from men to women2. The disease can be passed from a person with Zika before the start of the symptoms, 
while having symptoms, and after their symptoms end. The virus may also be passed by asymptomatic carriers3. 
Studies suggest that ZIKV can remain in semen longer (possibly even six months) than in other body fluids4. 
Another important way of transmission is from expectant mother to her child during pregnancy or around the 
time of birth. This may lead to Congenital Zika Syndrome the symptoms of which include microcephaly and a 
specific pattern of brain damage. The virus can also be transmitted through blood transfusion and breastfeed-
ing5,6. Figure 1 shows the possible methods of Zika transmission.

The infection, known as Zika fever or Zika virus disease, shares clinical signs and symptoms with dengue and 
chikungunya fever, including mild fever, rash, conjunctivitis and joint pain. It has also been linked to severe neu-
rological diseases, such as Guillain–Barré syndrome (a muscle weakness caused by the immune system damaging 
the peripheral nervous system)7 and microcephaly, a medical condition in which the brain does not develop prop-
erly resulting in a head smaller than its normal size. ZIKV poses a serious threat to public health internationally 
due to the continuous geographic expansion of both the virus and its mosquito vectors8. As for today, there are no 
known vaccines or specific therapies available for treatment and prevention9.

First identified in 1947 in a rhesus monkey in the Zika forest in Uganda10, the virus was recovered in 1948 
from the mosquito Aedes africanus, caught in the Zika forest11. The first human cases were reported in Uganda 
and Tanzania in 195212. The first large outbreak in humans took place in 2007 in the Yap Island and later in French 
Polynesia, Easter Island, the Cook Islands, New Caledonia. In 2008, a scientist contracted Zika fever in Senegal 
and after returning to the US, he infected his wife. This is the first documented case of sexual transmission of a 
disease transmitted by insects13. The first cases in South America were discovered in Brazil in the spring of 2015, 
and several other countries from the region confirmed Zika cases at the end of 2015 and early 2016 (for the inci-
dence of Zika fever in Central and South American countries affected by the epidemic 2015–2017, see Fig. 2). 
The rapid spread of Zika in Brazil can be attributed to the completely susceptible population, high population 
density, tropical climate and inadequate control of Aedes mosquitoes14,15. In October 2015, Brazil reported an 
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increase in the number of microcephaly cases among newborns. In November, Zika virus genome was detected 
in the blood and tissues of a baby born with microcephaly in Brazil. In January 2016, intrauterine transmission 
of Zika virus was detected for the first time in two pregnant women in Brazil whose fetuses were diagnosed with 
microcephaly. An increased number of cases of Guillain–Barré syndrome was also reported from other countries 
of South America.

The course of the Zika epidemic was different in various countries of South America. The reason behind this 
is most probably that these countries are very heterogeneous in their climatic, geographic, demographic charac-
teristics. Basically, we can distinguish two different situations. In one part of the countries, e.g. Colombia, Puerto 
Rico, Suriname, there was a single outbreak, while in other countries, including Bolivia, Costa Rica, Ecuador, one 
can observe two major peaks in two successive years16.

Figure 1. Biology of Zika Virus (ZIKV). The figure shows modes of transmission and illustrates the critical 
pathological manifestation (microcephaly) associated with Zika infection.

Figure 2. Incidence of Zika fever in Central and South American countries affected by the epidemic 2015–201716.
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Although the number of Zika cases has declined since the virus was first introduced in the Americas, in 
February 2018, Zika fever was included in WHO’s Blueprint list of priority diseases to be prioritized for research 
and development17. Temperature is known to be a strong driver of vector-borne disease transmission18, hence, 
considering climate change, a probable extension of the distribution of carrying mosquitoes implying a possible 
introduction of Zika into so far unaffected regions, Zika virus will most probably continue to be an important 
menace in the future.

Mathematical models for Zika transmission
Various mathematical models have been established to study the transmission dynamics of the spread of Zika 
virus. Gao et al.19 introduced a compartmental model of Zika spread considering vector-borne and sexual trans-
mission proposing an SEIR-type model for the human population and an SEI-chain for vectors. They separated 
asymptomatically infected humans from those who had symptoms, but males and females were not differentiated. 
The authors used historical data to approximate the parameters of the system. Baca-Carrasco et al.20 proposed 
compartmental models considering vector-borne and sexual transmission (with the two sexes differentiated) 
and migration as well, showing that sexual transmission influences the magnitude of the outbreaks. Suparit et 
al.21 studied the spread of Zika fever in Bahia, Brazil considering two vector control strategies: reducing mos-
quito biting rates and mosquito population size. The model also includes the influences of seasonal change on 
the ZIKV transmission dynamics via time-varying mosquito biting rate, however, it does not take into account 
human-to-human transmission. There are also papers which consider the importance of weather and climate 
changes in the models, see e.g. Caminade et al.14 and Mordecai et al.22. Guzzetta et al.23, Rocklöv et al.24, Marini 
et al.25 studied models for the spread of Zika to new areas. Further models for Zika transmission are studied e.g. 
in26–33.

The majority of models so far did not consider the seasonality of the spread of the disease, induced by the 
seasonality of mosquito population size. In the present work, we establish a compartmental model for Zika trans-
mission, considering the important features of the disease included in earlier models such as mosquito-borne 
and sexual transmission, asymptomatically infected people contributing to the spread of the disease, a prolonged 
infectivity through sexual transmission, and we also incorporate the effect of the seasonality of weather by intro-
ducing time-dependent (periodic) parameters. The resulting model is able to reproduce the different outcomes 
of the epidemic in various countries affected by Zika, and enables us to obtain a better understanding of the role 
of different parameters.

Methods
compartmental model with time-dependent parameters. As described in the Introduction, the 
Zika epidemic had different outcome in the countries of South America. Earlier mathematical models, though 
able to provide a good fit for the one-peak case, were unable to reproduce the situation with two peaks19,20. The 
reason for this is that these models did not consider the annual change of weather conditions and the consequent 
annual fluctuation of the size of mosquito populations. This motivated us to establish a new compartmental 
model for Zika virus transmission which also considers the periodicity of weather. Furthermore, to assure that 
our model properly describes the real world situation, we also considered both symptomatic and asymptomatic 
carriers of the disease, and the two sexes were differentiated to make the model applicable for evaluation of the 
role of sexual transmission of Zika as well. As the number of sexual transmissions from women to men is reported 
to be very small compared to transmission in the other direction, in this model we only consider sexual transmis-
sion from men to women34,35.

To incorporate all of the above features in our study, our model includes 14 compartments. Male human, 
female human and vector compartments are differentiated by the subscripts m f v, , , respectively. Susceptible 
humans (Sm and Sf ) are those who can be infected by Zika virus. After contracting the disease, one moves to the 
exposed class (E E,m f ), these individuals do not have any symptoms yet. After the incubation period, one moves 
either to the symptomatically infected class (I I,m

s
f
s ) or to the asymptomatically infected class (I I,m

a
f
a), depending 

on whether that individual develops the symptoms or not. Symptomatically and asymptomatically infected 
women move to the recovered compartment Rf  after recovery, however, for men, there is an additional convales-
cent compartment (Im

r ) for those who have recovered from the disease but can still transmit it through sexual 
contact. After the convalescent phase, men move to the recovered class Rm. We emphasize that the infectious 
classes E I I I, , ,s a r are also distinguished by their differing transmission and recovery rates. For the mosquitoes, 
we have three compartments: susceptibles (Sv), exposed (Ev) and infected I( )v . The transmission diagram of the 
model is shown in Fig. 3. The governing differential equations are specified in the Supplementary Information S.1, 
while the parameters applied in our work are described in Table 1.

parameter estimation and sensitivity. To study the phenomena described above, we fitted our model to 
data from South American countries with different outcomes of the epidemic. As examples for the cases with one 
or two peaks, we chose Suriname and Costa Rica respectively. To estimate the parameters which provide the best 
fit, we applied Latin Hypercube Sampling, which is a sampling method used in statistics to measure simultaneous 
variation of several parameter values (see, e.g.36). The method consists in generating a representative sample set 
from the parameter ranges for all fitted parameters shown in Table 1: to obtain a representative sample set of size 
m, all parameter ranges are divided into m equal parts select one point in each subinterval. After obtaining the m 
lists of samples, we combine them randomly, into m-tuples. Then, for all elements of this representative sample 
set, one numerically calculates the solutions of the model with the given parameter values. Finally, the least 
squares method is applied to obtain the parameters which give the best fit. However, it is important to note that 
due to the large number of parameters and the broad intervals of possible values of these, one cannot expect to 
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find a single parameter set which perfectly fits the data of the epidemic, but rather to give a good approximation 
of the real situation and determine a region for each of the parameters so that the real values of the parameters fall 
in these intervals with a high probability. Hence, following the procedure described e.g. in37, we applied several 
rounds of LHS samplings as follows. In each round, we select the ten parameter sets which offer the best fits and 
the intervals for all parameters are narrowed down to the set between the minimal and maximal values for the 
given parameter among the ten best fitting parameter sets. Then, the next LHS sampling will take values from 
these narrower intervals. After performing this several times (eight times in our case), we obtain a reasonably 
small neighbourhood around the best fitting parameters. Apart from giving a good approximation of the param-
eter values, the fitting also allows us to estimate the burden of disease associated to sexual transmission, a novel 
phenomenon for mosquito-borne diseases, as well as to estimate the effect of the asymmetry of sexual transmis-
sion rate on the number of cases in the two sexes.

Using Partial Rank Correlation Coefficients analysis (PRCC38), we performed sensitivity analysis, to deter-
mine which of the parameters in our model have the most important effect on the transmission dynamics. As 
a response function for these simulations, we chose the cumulative number of new symptomatically infected 
cases. The sensitivity analysis based on the PRCC ranks the effect of the parameters on the response function (or 
outcome), while varying the parameters in their given ranges (parameters with higher positive (negative) PRCC 
values are positively (negatively) correlated with the response function).

Basic reproduction number and instantaneous reproduction number. The estimation of the basic 
reproduction number (measuring the expected number of secondary infections generated by a single infected 
individual introduced into a completely susceptible population during his/her infection) is usually an utmost 
important question in the study of mathematical models of infectious diseases. The instantaneous reproduction 
number is considered when part of the population is immune. In mathematical models with periodic coefficients, 
the basic reproduction number can be obtained as the spectral radius of a linear integral operator on a space of 
periodic functions (for details, see39). In general, the actual value of the basic reproduction number cannot be 
calculated analytically, however, there exist methods to numerical approximate it (see Supplementary 
Information S.3 or e.g.40 for details). Besides determining the basic reproduction number of the periodic model, 
computing the formula for the basic reproduction number of the time-constant model obtained from the periodic 
model by setting the time-dependent parameters (mosquito birth rate and transmission rates between humans 
and mosquitoes) to constant also provides interesting results. The derivation of the formula for the basic repro-
duction number can be found in the Supplementary Information S.2. This formula gives us the basic reproduction 
number in any given time instant by substituting the parameter values into it, including the value of the 
time-dependent parameters at that given moment. This also allows us to calculate the instantaneous reproduction 
rate inst  which estimates the average number of secondary cases per infectious case in a population made up of 
both susceptible and non-susceptible individuals and which can be obtained by multiplying the basic reproduc-
tive rate by the size of the susceptible fraction of the host population.

Results
Parameter estimation for countries with different outcome of the epidemic. Using the method 
described in Subsection 2.2, we fitted our model to data in countries where the epidemic outbreak had different 
outcome: Suriname, where there was a single peak of the epidemic and Costa Rica, where there were two peaks 
in two subsequent years.

Figure 4 shows our model fitted to data from Suriname, in which country there was only one peak of the 
Zika epidemic, as well as to data from Costa Rica16,41. The best fitting solutions obtained with parameters given 
in Table 1 are depicted together with the 99% confidence range, which was obtained by letting for all parameters 
a 1% relative error w.r.t. the best fitting parameters. Our model gives a reasonably good fit, reproducing the two 

Figure 3. Dynamics of Zika virus spread considering two sexes and involving vectorial and sexual 
transmission. Male and female human and vector populations are differentiated by the subscripts m, f , v, 
respectively. Red nodes are infectious and brown nodes are non-infectious. Black solid arrows show the 
progression of infection. Blue dashed arrows show male-to-female human transmission. Red dash-dotted lines 
show human-to-mosquito transmission and red dotted lines show mosquito-to-human transmission. Green 
arrows show natural birth.
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larger outbreaks of 2016 and 2017 and a modest number of cases in 2018. We note that the two-peak case could 
not have been reproduced using a time-constant model.

The results show that our model is able to reproduce both typical types of scenarios of the Zika epidemic. 
Depending on the parameter values characteristic of the given country, the simulations show that after one or 
more years, the number of susceptibles drops to a level where no further outbreak is possible, regardless of the 
annual periodicity of the number of mosquitoes caused by periodically changing weather conditions. The amount 
of newborns is not sufficient to provide a level of susceptibles which is enough to start a new outbreak.

The reasonably good fits obtained demonstrates that our model is able to reproduce both typical outcomes 
of the Zika epidemic, showing that the periodic change of weather, resulting in a setback in the number of new 
infections in autumn/winter, may also cause a recurrence of the epidemic, depending on the parameters char-
acteristic for the given region, while under different circumstances, even the return of the warm, rainy season is 
insufficient to induce a new outbreak.

Basic reproduction number and instantaneous reproduction number. We calculated numerically 
the basic reproduction number as the spectral radius of a linear integral operator (for details of the method, see 
e.g.40). This quantity serves as a threshold parameter for the eventual persistence of extinction of the epidemic. In 
the case of Costa Rica, we obtained the value  0 9240 ≈ . , while in the case of Suriname ≈ .0 7370 . Both values 
are less than 1, in accordance with the fact that eventually, in both countries, the epidemic died out. It is also 
important to note that, as both values are rather close to 1, a sufficient increase of the appropriate parameters 
might lead to 0  becoming larger than 1, which corresponds to the disease becoming endemic with an annual 
reappearance. Climate change or emergence of the disease in previously unaffected regions might lead to such 
alteration of the parameters, however, the details of predicting such a phenomenon is beyond the scope of the 
present study.

We also determined the formula for the basic reproduction number of the time-constant model obtained by 
setting the periodic parameters to constant (see details in Supplementary Information S.2).

In Fig. 5, we plot the basic reproduction number of the constant model as a function of mosquito birth rate, 
and human–mosquito transmission rates and human-to-human transmission rate (with the rest of the param-
eters set as obtained in the fitting to data from Suriname). The figure suggests that mosquito control and sexual 
protection are both important factors in the spread of Zika fever and that vector control might be insufficient to 
control the disease if sexual transmission rate is high.

Figure 6 shows the change of the instantaneous reproduction number together with the number of sympto-
matically infected people in Costa Rica, 2016–18. One can see that in each outbreak, the number of infected 
people starts to decrease, once the instantaneous reproduction number drops below 1. The maximal value of the 
instantaneous reproduction number is estimated to be around ≈ . 1 47inst , while in Suriname it is estimated to 
be around ≈ .1 45inst . These values can be compared with earlier calculations of the basic reproduction number. 

Parameter Description Range Value (CRC) Value (SUR) Source

Bh Natural birth rate of humans (days−1) – 171.073 21.619 49

d Natural death rate of humans (days−1) – 0.000034 0.000038 49

β Transmission rate from infected humans to susceptible humans (days−1) 0.01–0.1 0.041 (0.041–0.057) 0.053 (0.047–0.057) 19

hα Baseline value of transmission rate from mosquitoes to humans (days−1) 0.03–0.75 0.141 (0.127–0.174) 0.142 (0.126–0.156) 50,51

αv Baseline value of transmission rate from humans to mosquitoes (days−1) 0.09–0.75 0.517 (0.468–0.577) 0.3 (0.235–0.319) 50,51

θ Proportion of asymptomatic infections 0.75–0.9 0.841 (0.841–0.853) 0.857 (0.824–0.86) 19,52

eκ Relative human-to-human transmissibility of exposed to symptomatic humans 0.2–0.9 0.75 (0.737–0.762) 0.848 (0.842–0.855) 19

κa Relative human-to-human transmissibility of asymptomatic to symptomatic humans 0.2–0.8 0.491 (0.468–0.491) 0.306 (0.306–0.371) 19

κr Relative human-to-human transmissibility of convalescent to symptomatic humans 0.2–0.8 0.451 (0.414–0.475) 0.363 (0.338–0.382) 19

ηe
Relative human-to-mosquito transmissibility of exposed to symptomatic humans 0.2–0.7 0.429 (0.281–0.429) 0.465 (0.421–0.494) 19

ηa
Relative human-to-mosquito transmissibility of asymptomatic to symptomatic humans 0.2–0.7 0.516 (0.42–0.537) 0.586 (0.471–0.592) 19

γa Recovery rate of asymptomatically infected humans (days 1− ) 0.05–0.4 0.265 (0.256–0.279) 0.279 (0.276–0.293) 19

γs Recovery rate of symptomatically infected humans (days−1) 0.2–0.5 0.395 (0.365–0.429) 0.414 (0.405–0.427) 53

rγ Recovery rate of convalescent humans (days 1− ) 0.01–0.07 0.041 (0.039–0.042) 0.062 (0.058–0.063) 54,55

hν Human incubation rate (days 1− ) 0.1–0.5 0.191 (0.176–0.318) 0.391 (0.391–0.458) 53

Bv Baseline value of mosquito birth rate (days−1) 500–10000 9910 6699 Fitted

νv Incubation rate in mosquitoes (days−1) 0.08–0.125 0.099 (0.096–0.105) 0.105 (0.102–0.106) 51,56

µ1 Mosquito life span (days) 7–21 7.9 (7.69–8.07) 7.66 (7.66–7.81) 51

a Seasonality parameter – 2.296 1.435 –

b Seasonality parameter – 269.221 194.743 –

Table 1. Description of parameters and fitted values in the case of Costa Rica and Suriname with ranges applied 
in the LHS sampling. Parameters where no range is given, are directly available (B d,h ) or determined by the 
time and size of peaks (a b, ).
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Gao et al.19, using a compartmental model for data from Brazil, Colombia, and El Salvador estimated = . 2 0550 , 
Saad-Roy et al.42 estimated = .1 40  for Brazil, which are close to our results. We note however, that some other 
studies estimated a higher value for the basic reproduction number: Towers et al.43, through an analysis of the 
exponential rise in clinically identified ZIKV cases gave an estimate of  = .3 80  for Barranquilla, Colombia, 
while Shutt et al.44 estimated the value of 0 to be between 4 and 6 in El Salvador and Suriname using a simple 
compartmental model.

Difference in prevalence among women and men due to asymmetric sexual transmission. As 
the main concern about the spread of Zika virus disease is mother-to-child transmission resulting in brain mal-
formations, it is of primary importance to study the effect of the virus on women and estimate the number of 
cases among them. Moreover, several studies and news articles reported a higher number of Zika virus infections 
in women compared to cases in men45–47. It is probable that the higher male-to-female sexual transmission rate is 
a contributing factor to this skewing of the burden of disease toward women. Using our model, we compare the 
number of symptomatic cases in women and men (see Fig. 7). Based on our model, we estimate a 39% surplus 
in the cumulative number of symptomatically infected women in comparison with the cumulative number of 
symptomatically infected men in Suriname, while the same surplus is estimated 65% in Costa Rica. Lozier et al.45 
reported a 62.5% surplus in Puerto Rico and 75% in Brazil and El Salvador, Cruz et al.33 estimated a 60% surplus 
in Rio de Janeiro, while Coelho et al.46 reported a 90% surplus, also in Rio de Janeiro. In comparison with these 
studies, our simulation shows similar or somewhat smaller surplus of Zika cases in women, though, the high 
number given in these studies might also be attributed to the fact that women (and especially pregnant women) 
suspected to have Zika are more likely to visit their doctors because of the potential risk of birth defects and 
potentially because women visit doctors more often than men, as hypothesized in46.

We also applied our model to estimate the effect of the presence of sexual transmission on the number of 
infected people. Figure 8 shows the actual number of symptomatically infected as well as the estimated number of 
symptomatically infected in the complete absence of sexual transmission. The estimation suggests that sexual 
transmission, a phenomenon earlier unknown in mosquito-borne diseases, significantly contributed to the 

Figure 4. The best fitting solution with parameter values in Table 1 plotted with 99% confidence interval for (a) 
Costa Rica and (b) Suriname.

Figure 5. The contour plot of the basic reproduction number as a function of the mosquito birth rate (Bv) and 
in (a) mosquito-to-human transmission rate (αh), (b) human-to-mosquito transmission rate (αv) and (c) 
human-to-human transmission rate (β).
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number of Zika cases. More precisely, based on our model, we estimate that 32% of the total number of cases in 
Suriname and 54% in Costa Rica could be attributed to sexual transmission. Similar estimations were given in 
other studies as well, but a high level of uncertainty can be noticed48. Cruz et al.33 estimated that sexual transmis-
sion is responsible for 23% to 46% of the increment in the basic reproduction number. Towers et al.43 found that 
the fraction of cases due to sexual transmission was 0.23 [0 01, 0 47]. .  with 95% confidence. Gao et al.19 gave a 95% 
confidence interval for the percentage of contribution of sexual spread in the basic reproduction number of 

. .[0 123, 45 73].

Sensitivity analysis. As currently no vaccine against Zika is available, the most important control measures 
to decrease the transmission of Zika include decreasing mosquito bites in areas affected by the disease using 
insect repellents, clothes covering much of the body, mosquito nets, decreasing mosquito birth rate by getting 
rid of standing water where mosquitoes reproduce, mosquito killing, as well as use of condoms to prevent sexual 
transmission.

Figure 9 shows the comparison of the resulting PRCC values obtained for the parameters. The results suggest 
that the most important factors in Zika transmission are the birth rate of mosquitoes and the transmission rate 
from mosquitoes to humans. Although spread through sexual contacts has a smaller effect on the number of Zika 
cases, it is shown to be an important factor in the transmission of Zika virus. Considering this and the results pre-
sented in the previous subsections, our study suggests that the practice of safe sex among those who have possibly 
contracted the disease, can significantly reduce the number of Zika cases. However, the most important ways to 
reduce transmission are mosquito control and protection against mosquito bites.

Discussion
The Zika fever outbreak in South America, started in 2015, has been one of the most alarming epidemics in recent 
years due to its connection with microcephaly. Apart from vectorial transmission, the disease has been proved to 
be spread sexually, which is a previously unexperienced phenomenon among mosquito-borne diseases. Several 
mathematical models have been created to include the novel features of the disease, though, the majority of these 
did not consider the changes of mosquito populations due to periodicity of weather circumstances. In this paper, 
we have established a compartmental model to study the transmission of Zika virus disease including spread 
through sexual contacts, asymptomatic carriers and the periodicity of weather. Up to our knowledge, our model is 
the first compartmental model for Zika fever transmission which, besides considering both mosquito-borne and 
sexual transmission, the role of asymptomatic carriers and the prolonged period of sexual transmissibility, also 
takes into account the seasonality of weather. We fitted the model to the number of Zika cases in two countries 
where the Zika epidemic had a different outcome: Suriname, where there was only one peak of the epidemic and 
Costa Rica where two major peaks occurred in two subsequent years to show that the annual change of weather 
can be responsible for a recurrence of the epidemic after the autumn/winter season, though, depending on the 
circumstances characteristic for the given country, it is also possible that, even with the return of the rainy season, 
the depletion of the susceptible class might prevent a second outbreak.

Using the fittings obtained, we studied the effects of sexual transmission, a novel phenomenon not experi-
enced before in mosquito-borne diseases. We gave an estimate for the difference in the number of cases in men 
and women, possibly due to the asymmetric sexual transmission rates supporting earlier statements give e.g. 
in45–47. This is especially important because of the severe side-effects in newborns of women infected during 
their pregnancy. Our results suggests that a 39–65% surplus in Zika cases in women in comparison with men, 
which can be attributed to the asymmetric transmission rates. These values are smaller than the ones given in45–47, 
however, as also suggested in those studies, this might also be attributed to the fact that women suspected to have 
Zika are more likely to visit their doctors. Further, we estimated the increase in the number of cases due to sexual 
transmission. We found that sexual transmission could be responsible for about 32–54% of the Zika infections. 
Our findings are in accordance with similar earlier estimates given in19,43. These results of us suggest that the prac-
tice of safe sex among those who have possibly been infected can significantly reduce the number of Zika cases.

Figure 6. The instantaneous reproduction number (blue dashed line) and the number of symptomatically 
infected (red solid line) in Costa Rica, 2016–18.
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Both the basic reproduction number of the time-periodic model (serving as a threshold parameter for the per-
sistence of the epidemic) and the instantaneous reproduction number were calculated. The results are in accord-
ance with the extinction of the epidemics in the countries of South America after one or possibly more peaks, and 
also with earlier results given in19,42.

We carried out sensitivity analysis to compare the effect of different model parameters on the number of 
cases. We found that mosquito birth and death rates are the most important factors in the spread of Zika, but 

Figure 7. Number of symptomatically infected men and women in (a) Costa Rica and (b) Suriname.

Figure 8. Number of symptomatically infected and estimated number of symptomatically infected in the 
absence of sexual transmission in (a) Costa Rica and (b) Suriname.

Figure 9. Partial rank correlation coefficients of the four parameters which can be subject to control measures. 
Parameters with positive PRCC are positively correlated with the total number of cases. Parameters with 
negative PRCC are negatively correlated with the number of infections.
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sexual transmission rate has also a significant effect on the prevalence of the disease, supporting the earlier state-
ments about the possibility of reduction of the number of Zika cases by decreasing the probability of sexual 
transmission.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.

Received: 2 May 2019; Accepted: 26 October 2019;
Published: xx xx xxxx

References
 1. Petersen, L. R., Jamieson, D. J., Powers, A. M. & Honein, M. A. Zika virus. N. Engl. J. Med. 375, 294–295 (2016).
 2. Magalhaes, T., Foy, B. D., Marques, E. T. A., Ebel, G. D. & Weger-Lucarelli, J. Mosquito-borne and sexual transmission of Zika virus: 

recent developments and future directions. Virus Research 254, 1–9 (2018).
 3. Centers for Disease Control and Prevention, Clinical guidance for healthcare providers for prevention of sexual transmission of Zika 

virus, https://www.cdc.gov/zika/hc-providers/clinical-guidance/sexualtransmission.html (accessed 27 June 2019).
 4. Mead, P. S. et al. Zika virus shedding in semen of symptomatic infected men. N. Engl. J. Med. 378, 1377–1385 (2018).
 5. Blohm, G. M. et al. Evidence for mother-to-child transmission of Zika virus through breast milk. Clin. Infect. Dis. 66, 1120–1121 

(2018).
 6. Gregory, C. J. et al. Modes of transmission of Zika virus. J. Infect. Dis. 216, S875–S883 (2017).
 7. World Health Organization, Zika virus, microcephaly and Guillain–Barré syndrome. Situation report. 7 April 2016, http://apps.who.

int/iris/bitstream/handle/10665/204961/zikasitrep_7Apr2016_eng.pdf (accessed 30 November 2018).
 8. Carlson, C. J., Dougherty, E. R. & Getz, W. An ecological assessment of the pandemic threat of Zika Virus. PLOS Negl. Trop. Dis. 

10.8, e0004968 (2016).
 9. Song, B. H. et al. Zika virus: history, epidemiology, transmission, and clinical presentation. J. Neuroimmunol. 308, 50–64 (2017).
 10. Dick, G. W. A., Kitchen, S. F. & Haddow, A. J. Zika virus (I). Isolations and serological specificity. Trans. R. Soc. Trop. Med. Hyg. 46, 

509–520 (1952).
 11. Dick, G. W. A. Zika virus (II). Pathogenicity and physical properties. Trans. R. Soc. Trop. Med. Hyg. 46, 521–534 (1952).
 12. Smithburn, K. C. Neutralizing antibodies against certain recently isolated viruses in the sera of human beings residing in East Africa. 

J. Immunol. 69, 223–234 (1952).
 13. Foy, B. D. et al. Probable non-vector-borne transmission of Zika Virus, Colorado, USA. Emerg. Infect. Dis. 17, 880–882 (2011).
 14. Caminade, C. et al. Global risk model for vector-borne transmission of Zika virus reveals the role of El Niño 2015. Proc. Natl. Acad. 

Sci. USA 114, 119–124 (2017).
 15. Ai, J.-W., Zhang, Y. & Zhang, W. Zika virus outbreak: ’a perfect storm’. Emerg. Microbes Infect. 5, e21 (2016).
 16. Pan American Health Organization, Countries and territories with autochthonous transmission of Zika virus in the Americas reported 

in 2015–2017, https://www.paho.org/hq/index.php?option=com_content&view=article&id=11603:countries-and-territories-
with-autochthonous-transmission-of-zika-virus-in-the-americas-reported-in-2015-2017&Itemid=41696&lang=en.

 17. World Health Organization, WHO list of blueprint priority diseases, https://www.who.int/blueprint/priority-diseases/en/ (February 
2018).

 18. Tesla, B. et al. Temperature drives Zika virus transmission: evidence from empirical and mathematical models. Proc. R. Soc. B 285, 
20180795 (2018).

 19. Gao, D. et al. Prevention and control of Zika as a mosquito-borne and sexually transmitted disease: a mathematical modeling 
analysis. Sci. Rep. 6, 28070 (2016).

 20. Baca-Carrasco, D. & Velasco-Hernández, J. X. Sex, mosquitoes and epidemics: an evaluation of Zika disease dynamics. Bull. Math. 
Biol. 78, 2228–2242 (2016).

 21. Suparit, P., Wiratsudakul, A. & Modchang, C. A mathematical model for Zika virus transmission dynamics with a time-dependent 
mosquito biting rate. Theor. Biol. Med. Model. 15, 11 (2018).

 22. Mordecai, A. et al. Detecting the impact of temperature on transmission of Zika, dengue, and chikungunya using mechanistic 
models. PLoS Negl. Trop. Dis. 11, e0005568 (2017).

 23. Guzzetta, G. et al. Assessing the potential risk of Zika virus epidemics in temperate areas with established Aedes albopictus 
populations. Euro Surveill. 21, 15 (2016).

 24. Rocklöv, J. et al. Assessing seasonal risks for the introduction and mosquito-borne spread of Zika virus in Europe. EBioMedicine 9, 
250–256 (2016).

 25. Marini, G. et al. First outbreak of Zika virus in the continental United States: a modelling analysis. Euro Surveill. 22, 37 (2017).
 26. Nah, K. et al. Estimating risks of importation and local transmission of Zika virus infection. PeerJ 4, e1904 (2016).
 27. Agusto, F. B., Bewick, S. & Fagan, W. F. Mathematical model of Zika virus with vertical transmission. Infect. Dis. Model. 2, 244–267 

(2017).
 28. Okuneye, K. O., Velasco-Hernández, J. X. & Gumel, A. B. The “unholy” chikungunya–dengue–Zika trinity: a theoretical analysis. J. 

Biol. Syst. 25, 545–585 (2017).
 29. Padmanabhan, P., Seshaiyer, P. & Castillo-Chavez, C. Mathematical modeling, analysis and simulation of the spread of Zika with 

influence of sexual transmission and preventive measures. Lett. Biomath. 4, 148–166 (2017).
 30. Chen, J. et al. Modeling the importation and local transmission of vector-borne diseases in Florida: the case of Zika outbreak in 

2016. J. Theor. Biol. 455, 342–356 (2018).
 31. Saad-Roy, C. M., Ma, J. & van den Driessche, P. The effect of sexual transmission on Zika virus dynamics. J. Math. Biol. 77, 

1917–1941 (2018).
 32. Sasmal, S. K., Ghosh, I., Huppert, A. & Chattopadhyay, J. Modeling the spread of Zika virus in a stage-structured population: effect 

of sexual transmission. Bull. Math. Biol. 80, 3038–3067 (2018).
 33. Cruz-Pacheco, G., Esteva, L. & Pio Ferreira, C. A mathematical analysis of Zika virus epidemic in Rio de Janeiro as a vector-borne 

and sexually transmitted disease. J. Biol. Systems 27, 83–105 (2019).
 34. Centers for Disease Control and Prevention, First female-to-male sexual transmission of Zika virus infection reported in New York 

City, http://www.cdc.gov/media/releases/2016/s0715-zika-female-to-male.html (Accessed on December 2016).
 35. Davidson, A., Slavinski, S., Komoto, K., Rakeman, J. & Weiss, D. Suspected female-to-male sexual transmission of Zika virus – New 

York City, 2016. MMWR Morb. Mortal. Wkly Rep. 65, 716–717 (2016).
 36. McKay, M. D., Beckman, R. J. & Conover, W. J. Comparison of three methods for selecting values of input variables in the analysis 

of output from a computer code. Technometrics 21, 239–245 (1979).
 37. Guzzetta, G. et al. Effectiveness of contact investigations for tuberculosis control in Arkansas. J. Theor. Biol. 380, 238–246 (2015).

https://doi.org/10.1038/s41598-019-53062-z
https://www.cdc.gov/zika/hc-providers/clinical-guidance/sexualtransmission.html
http://apps.who.int/iris/bitstream/handle/10665/204961/zikasitrep_7Apr2016_eng.pdf
http://apps.who.int/iris/bitstream/handle/10665/204961/zikasitrep_7Apr2016_eng.pdf
https://www.paho.org/hq/index.php?option=com_content&view=article&id=11603:countries-and-territories-with-autochthonous-transmission-of-zika-virus-in-the-americas-reported-in-2015-2017&Itemid=41696&lang=en
https://www.paho.org/hq/index.php?option=com_content&view=article&id=11603:countries-and-territories-with-autochthonous-transmission-of-zika-virus-in-the-americas-reported-in-2015-2017&Itemid=41696&lang=en
https://www.who.int/blueprint/priority-diseases/en/
http://www.cdc.gov/media/releases/2016/s0715-zika-female-to-male.html


1 0Scientific RepoRtS |         (2019) 9:17055  | https://doi.org/10.1038/s41598-019-53062-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

 38. Blower, S. M. & Dowlatabadi, H. Sensitivity and uncertainty analysis of complex models of disease transmission: an HIV model, as 
an example. Int. Stat. Rev. 62, 229–243 (1994).

 39. Wang, W. & Zhao, X.-Q. Threshold dynamics for compartmental epidemic models in periodic environments. J. Dyn. Diff. Equat. 20, 
699–717 (2008).

 40. Mitchell, C. & Kribs, C. A comparison of methods for calculating the basic reproductive number for periodic epidemic systems. Bull. 
Math. Biol. 79, 1846–1869 (2017).

 41. Ministerio de Salud, Costa Rica, Boletín epidemiológico No. 23–2018, Enfermedades transmitidas por vectores (23. Nov. 2018).
 42. Saad-Roy, C. M., van den Driessche, P. & Ma, J. Estimation of Zika virus prevalence by appearance of microcephaly. BMC Infect Dis. 

16.1, 754 (2016).
 43. Towers, S. et al. Estimate of the reproduction number of the 2015 Zika virus outbreak in Barranquilla, Colombia, and estimation of 

the relative role of sexual transmission. Epidemics 17, 50–55 (2016).
 44. Shutt, D. P., Manore, C. A., Pankavich, S., Porter, A. T. & Del Valle, S. Y. Estimating the reproductive number, total outbreak size, and 

reporting rates for Zika epidemics in South and Central America. Epidemics 21, 63–79 (2017).
 45. Lozier, M. et al. Incidence of Zika virus disease by age and sex – Puerto Rico, November 1, 2015–October 20, 2016. MMWR Morb. 

Mortal. Wkly. Rep. 65, 1219–1223 (2016).
 46. Coelho, F. C. et al. Higher incidence of Zika in adult women than adult men in Rio de Janeiro suggests a significant contribution of 

sexual transmission from men to women. Int. J. Infect. Dis. 51, 128–132 (2016).
 47.  1.106 casos de Zika se registran en Ecuador; 73 infectadas son embarazadas, El Universo, https://www.eluniverso.com/

noticias/2016/07/14/nota/5689806/1106-casos-zika-se-registran-pais-73-infectadas-son-embarazadas (14 July, 2016).
 48. Althaus, C. L. & Low, N. How relevant is sexual transmission of Zika virus? PLOS Med. 13(10), e1002157 (2016).
 49. World Health Organization, WHO Global Health Observatory data repository. Crude birth and death rate. Data by country, http://

apps.who.int/gho/data/node.main.CBDR107?lang=en (accessed 8 April 2018).
 50. Chikaki, E. & Ishikawa, H. A dengue transmission model in Thailand considering sequential infections with all four serotypes. J. 

Infect. Dev. Countr. 3, 711–722 (2009).
 51. Andraud, M., Hens, N., Marais, C. & Beutels, P. Dynamic epidemiological models for dengue transmission: a systematic review of 

structural approaches. PloS One 7, e49085 (2012).
 52. Duffy, M. R. et al. Zika virus outbreak on Yap Island, Federated States of Micronesia. N. Engl. J. Med. 360, 2536–2543 (2009).
 53. Bearcroft, W. G. Zika virus infection experimentally induced in a human volunteer. Trans. R. Soc. Trop. Med. Hyg. 50, 442–448 

(1956).
 54. Gourinat, A.-C., O’Connor, O., Calvez, E., Goarant, C. & Dupont-Rouzeyrol, M. Detection of Zika virus in urine. Emerg. Infect. Dis 

21, 84–86 (2015).
 55. Musso, D. et al. Potential sexual transmission of Zika virus. Emerg. Infect. Dis. 21, 359–361 (2015).
 56. Boorman, J. P. & 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 (1956).

Acknowledgements
A. Dénes was supported by the János Bolyai Research Scholarship of the Hungarian Academy of Sciences, by 
the project no. 128363, implemented with the support provided from the National Research, Development and 
Innovation Fund of Hungary, financed under the PD_18 funding scheme. M. A. Ibrahim was supported by a 
fellowship from the Egyptian government in the long-term mission system. T. Tekeli was supported by the project 
no. 124016, implemented with the support provided from the National Research, Development and Innovation 
Fund of Hungary, financed under the FK_17 funding scheme. The authors are grateful to the anonymous 
reviewers for their insightful and constructive comments and suggestions which helped to improve the paper.

Author contributions
Wrote the paper: A.D., M.A.I., L.O., M.T. and T.T. Collected data: A.D., M.A.I., L.O., M.T. and T.T. Collected 
literature, state of the art: A.D., M.A.I., L.O., M.T. and T.T. Conceived the study: A.D. Developed the model: A.D., 
M.A.I., L.O., M.T. and T.T. Performed model analysis: M.A.I. Simulations and parameter fitting: A.D., M.A.I. and 
M.T.

competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-53062-z.
Correspondence and requests for materials should be addressed to A.D.
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.

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 Cre-
ative 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 per-
mitted 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://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-53062-z
https://www.eluniverso.com/noticias/2016/07/14/nota/5689806/1106-casos-zika-se-registran-pais-73-infectadas-son-embarazadas
https://www.eluniverso.com/noticias/2016/07/14/nota/5689806/1106-casos-zika-se-registran-pais-73-infectadas-son-embarazadas
http://apps.who.int/gho/data/node.main.CBDR107?lang=en
http://apps.who.int/gho/data/node.main.CBDR107?lang=en
https://doi.org/10.1038/s41598-019-53062-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Impact of weather seasonality and sexual transmission on the spread of Zika fever
	Zika virus
	Mathematical models for Zika transmission
	Methods
	Compartmental model with time-dependent parameters. 
	Parameter estimation and sensitivity. 
	Basic reproduction number and instantaneous reproduction number. 

	Results
	Parameter estimation for countries with different outcome of the epidemic. 
	Basic reproduction number and instantaneous reproduction number. 
	Difference in prevalence among women and men due to asymmetric sexual transmission. 
	Sensitivity analysis. 

	Discussion
	Acknowledgements
	Figure 1 Biology of Zika Virus (ZIKV).
	Figure 2 Incidence of Zika fever in Central and South American countries affected by the epidemic 2015–201716.
	Figure 3 Dynamics of Zika virus spread considering two sexes and involving vectorial and sexual transmission.
	Figure 4 The best fitting solution with parameter values in Table 1 plotted with 99% confidence interval for (a) Costa Rica and (b) Suriname.
	Figure 5 The contour plot of the basic reproduction number as a function of the mosquito birth rate () and in (a) mosquito-to-human transmission rate (), (b) human-to-mosquito transmission rate () and (c) human-to-human transmission rate ().
	Figure 6 The instantaneous reproduction number (blue dashed line) and the number of symptomatically infected (red solid line) in Costa Rica, 2016–18.
	Figure 7 Number of symptomatically infected men and women in (a) Costa Rica and (b) Suriname.
	Figure 8 Number of symptomatically infected and estimated number of symptomatically infected in the absence of sexual transmission in (a) Costa Rica and (b) Suriname.
	Figure 9 Partial rank correlation coefficients of the four parameters which can be subject to control measures.
	Table 1 Description of parameters and fitted values in the case of Costa Rica and Suriname with ranges applied in the LHS sampling.




