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Text S1: 
 

Model equations for Medusa stochastic, discrete-time framework: 

In the main text we described a stochastic framework for modeling the spread of Medusa through 

a randomly mating population; however we left out several equations for brevity. These are 

included here for completeness. 

 

Equation 5 in the main text describes the number of larvae of genotype XAYB over time. 

Analogous equations for the other larval genotypes are provided here: 
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In each case, the first term accounts for survival of larvae having the given genotype from one 

day to the next, the second term accounts for newly hatching eggs of this genotype, and the third 

term accounts for transformation of larvae of the same genotype into pupae. All symbols are 

defined in Table S1 and the Methods section of the manuscript. XAXa eggs are produced by XaXa 

females that have mated with XAYB males (half of the embryos from which have genotype 

XAXa), while XaXa females that have mated with XaYb males produce eggs that are half XaXa 

and half XaYb. 

 

Equation 6 in the main text describes the number of adult males of genotype XAYB over time. 

The other adult male genotype, XaYb, is described by the following equation: 
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Here, the first term accounts for survival of XaYb adults (denoted at time t by ab
tM ) from one day 

to the next, and the second term accounts for transformation of XaYb pupae into adults, where 

these pupae result from crosses between XaXa females and XaYb males. As described in the main 

text, females are assumed to mate only once and on the same day that they emerge so can 

therefore be described by both their genotype and the genotype of the male with whom they 

mated. Equation 7 describes the number of female adults of genotype XAXa that have mated with 

XAYB males over time, and the other mated female genotypes are described by the following 

equations: 
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For each of these equations, the first term accounts for survival of adult females having the given 

mated genotype from one day to the next, and the second term accounts for transformation of 

pupae of the given female genotype into adults. The second term is then multiplied by the 

fraction of the adult male population having either genotype XAYB or XaYb, depending on the 

female mated genotype. XAXa pupae emerge from eggs produced by adult XaXa females that 

have mated with XAYB males (half of the embryos from which have genotype XAXa), and XaXa 

pupae emerge from eggs produced by crosses between XaXa females and XaYb males (half of the 

embryos from which have the genotype XaXa). 

 

Using these equations, we can derive several basic properties of the population, such as the non-

zero equilibrium densities of larvae and adults, and the basic reproductive number – i.e. the 
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average number of female offspring produced by a single female that survive to adulthood at low 

population densities – in the absence of genetic control. The basic reproductive number can be 

defined intuitively as the rate of female egg production multiplied by the life expectancy of an 

adult mosquito multiplied by the proportion of eggs that will survive through all of the juvenile 

life stages in the absence of density-dependence. This is given by, 
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The equilibrium population densities can then be calculated by setting the population densities to 

be equal across generations in Equations S2-S4 and S7. This leads to the following non-zero 

equilibria: 
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where eqL  and eqM  represent the total population equilibria (i.e. ab aa
eq eq eqL L L �  and 

,ab aa ab
eq eq eqM M M � ). These formulations guide the parameter choices, taken from Deredec et al. 

[1], as shown in Table S1: 
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Table S1: Parameter values for stochastic, discrete-time model 

Symbol: Parameter: Value: References: 

Primary parameters: 

ET  Duration of egg stage 1 day Depinay et al. [2] 

LT  Duration of larval stage 14 days Depinay et al. [2] 

PT  Duration of pupal stage 1 day Depinay et al. [2] 

E L PP P P   Mortality rate of juvenile stages 0.168 /day Molineaux & Gramiccia 

[3],  

Depinay et al. [2] 

aa ab
M MP P  Mortality rate of wild-type adult stage 0.123 /day Molineaux & Gramiccia 

[3] 

aaE  Daily egg production per female 32 /day Depinay et al. [2] 

eqM  Equilibrium adult mosquito density 10,000 This paper 

Derived parameters: 

g  Average generation time 27.2 days 1/ aa
E L P MT T T P� � �  

ET  Survival probability for egg stage 0.831 (1 ) ET
EP�  

LT  Survival probability for larval stage 0.076 (1 ) LT
LP�  

PT  Survival probability for pupal stage 0.831 (1 ) PT
PP�  

0R  Generational population grown rate 9.13 Eq. S8 

D  Strength of density-dependent 

component of larval survival 

61,300 Eq. S9-S10 
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Model equations for female-specific RIDL stochastic, discrete-time framework: 

The dynamics of female-specific RIDL and autosomal X-shredders are described in the Results 

section of the main text; however the model formulation was left out for brevity. They are both 

included here for completeness. For female-specific RIDL, we represent the RIDL construct as a 

single autosomal allele, R, with a corresponding wild-type allele, r. We consider the case in 

which the “lethality” trait is female-specific flightlessness, which allows larval development (and 

hence larval density-dependent competition) to continue unhindered, while suppressing the adult 

female population and allowing the transgene to persist for a few generations through the male 

line. In this case, the larval population can be described by a single variable, Lt, representing the 

total larval population at time t: 
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The first term of this equation accounts for survival of larvae from one day to the next, the 

second term accounts for newly hatching eggs, and the third term accounts for transformation of 

larvae into pupae. Here, f
tM  represents the total adult female population size at time t and is 

given by , , ,f rr RR rr Rr rr rr
t t t tM M M M � � , where ,rr RR

tM , ,rr Rr
tM  and ,rr rr

tM  represent the total 

number of wild-type adult females that have mated with males having genotypes RR, Rr and rr, 

respectively. 

 

Adult males having genotypes RR, Rr and rr are denoted by the variables RR
tM , Rr

tM  and rr
tM , 

respectively, and are described by the following equations: 
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The first term of each of these equations accounts for survival of adult males having the given 

genotype from one day to the next, and the second term of equations S13 and S14 accounts for 

transformation of pupae of the given genotype into adults. RR males cannot be generated through 

mating since only wild-type females are viable and hence at least one wild-type allele is always 

inherited among the next generation. Male Rr pupae emerge from eggs produced by wild-type 

adult females that have mated with RR males (half of the embryos from which have the male Rr 

genotype) and from eggs produced by wild-type adult females that have mated with Rr males (a 

quarter of the embryos from which have the male Rr genotype). Wild-type male pupae emerge 

from eggs produced by wild-type adult females that have mated with wild-type males (half of the 

embryos from which have the wild-type male genotype) and from eggs produced by wild-type 

adult females that have mated with Rr males (a quarter of the embryos from which have the 

wild-type male genotype). 

 

As described earlier, females are assumed to mate only once and on the same day that they 

emerge so can therefore be described by both their genotype and the genotype of the male with 

whom they mated. Since only wild-type females are viable, there are three resulting equations 

representing females that have mated with males having the genotypes RR, Rr or rr. These are 

described by the following equations: 
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For each of these equations, the first term accounts for survival of adult females having the given 

mated genotype from one day to the next, and the second term accounts for transformation of 

wild-type female pupae into adults. The second term is then multiplied by the fraction of the 

adult male population having either genotype RR, Rr or rr, depending on the female mated 

genotype. As for males, Rr pupae emerge from eggs produced by wild-type adult females that 

have mated with RR males (half of the embryos from which have the female Rr genotype) and 

from eggs produced by wild-type adult females that have mated with Rr males (a quarter of the 

embryos from which have the female Rr genotype). Wild-type female pupae emerge from eggs 

produced by wild-type adult females that have mated with wild-type males (half of the embryos 

from which have the wild-type female genotype) and from eggs produced by wild-type adult 

females that have mated with Rr males (a quarter of the embryos from which have the wild-type 

female genotype). Stochastic and migratory considerations are identical to those for the Medusa 

system. 

 

Model equations for autosomal X-shredder stochastic, discrete-time framework: 

For autosomal X-shredders, we represent the X-shredding homing endonuclease gene (HEG) as 

a single autosomal allele, H, with a corresponding wild-type allele, h. The HEG creates a bias 

among male gametes towards Y-bearing spermatozoa (we denote the proportion of Y-berating 

spermatozoa among male gametes by the symbol c). This leads to an excess of male offspring, 

hence decreasing the females population size and the total population size since there are less 

females to produce eggs. Since this gender distortion is irrelevant at the larval stage, we can use 
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equation S8 again to describe the total larval population size at time t; however, this time, the 

total adult female population size is given by, 
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where the first genotype in the superscript represents the female genotype, and the second 

genotype represents the genotype of the male with whom they mated. 

 

Adult males having genotypes HH, Hh and hh are denoted by the variables HH
tM , Hh

tM  and 

hh
tM , respectively, and are described by the following equations: 
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The first term of each of these equations accounts for survival of adult males having the given 

genotype from one day to the next, and the second term accounts for transformation of pupae of 

the given genotype into adults. Since all crosses are viable – only the ratio of male to female 

offspring is altered by the HEG – there are up to seven crosses that can generate a given 

genotype and so we denote the number of male and female eggs of genotype x produced by adult 

females of genotype y that have mated with a male of genotype z by ,
,

x m
y zE  and ,

,
x f
y zE , respectively. 

These quantities are time-dependent and the product of the fecundity of the female genotype, 
yE , the number of females having the given mated genotype, ,y zM , and the proportion of 

offspring of this mated genotype having the male or female genotype z. If the paternal genotype 
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is transgenic, then the proportion of male offspring is c; however if the father is wild-type, both 

genders are produced in equal numbers. The numbers of eggs from each cross are given by the 

following equations: 
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Adult females are described according to their mated genotype by the following equations: 
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For each of these equations, the first term accounts for survival of adult females having the given 

mated genotype from one day to the next, and the second term accounts for transformation of 

pupae of the given female genotype into adults. The second term is then multiplied by the 

fraction of the adult male population having either genotype HH, Hh or hh, depending on the 

female mated genotype. Stochastic and migratory considerations are again identical to those for 

the Medusa system. 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% MEDUSA POPULATION DYNAMICS:            %% 
%% John Marshall, 5/26/2014               %% 
%% john.marshall@imperial.ac.uk           %% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% 1. DETERMINISTIC MODEL:                %% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
clear all; 
 
% Set default parameters: 
 
sAB = 0;            % fitness cost of XAYB individuals 
sAa = 0;            % fitness cost of XAXa individuals 
releasePr = 0.5;    % release proportion (XAYB individuals) 
numGensRelease = 2; % number of generations over which release occurs 
numGens = 20;       % number of generations simulated 
 
% Initial conditions (first geneneration): 
 
pAB(1) = releasePr;         % initial proportion of released XAYB males 
pab(1) = 0.5*(1-releasePr); % initial proportion of XaYb (wild-type) males 
pAa(1) = 0;                 % initial proportion of XAXa females 
paa(1) = 0.5*(1-releasePr); % initial proportion of XaXa (wild-type) females 
 
% Difference equations (second generation onwards): 
% For more details, see: Marshall JM, Hay BA (2014) Medusa: A novel gene  
% drive system for confined suppression of insect populations. PLoS ONE 
 
for k = 1:numGens 
    % Un-normalized genotype frequencies: 
    pABTemp(k+1) = 0.25*pAB(k)*pAa(k); 
    pabTemp(k+1) = 0.5 *pab(k)*paa(k); 
    pAaTemp(k+1) = 0.5 *pAB(k)*paa(k); 
    paaTemp(k+1) = 0.5 *pab(k)*paa(k); 
     
    % Normalizing constant (takes into account fitness costs): 
    sigma(k+1) = pABTemp(k+1)*(1-sAB) + pabTemp(k+1) + pAaTemp(k+1)*(1-sAa) + 
paaTemp(k+1); 
     
    % Normalized genotype frequencies: 
    if k < numGensRelease 
        % Taking into account new releases: 
        pAB(k+1) = releasePr + (1-releasePr)*pABTemp(k+1)*(1-sAB)/sigma(k+1); 
        pab(k+1) = (1-releasePr)*pabTemp(k+1)/sigma(k+1); 
        pAa(k+1) = (1-releasePr)*pAaTemp(k+1)*(1-sAa)/sigma(k+1); 
        paa(k+1) = (1-releasePr)*paaTemp(k+1)/sigma(k+1); 
    else 
        % In the absence of new releases: 
        pAB(k+1) = pABTemp(k+1)*(1-sAB)/sigma(k+1);         
        pab(k+1) = pabTemp(k+1)/sigma(k+1); 
        pAa(k+1) = pAaTemp(k+1)*(1-sAa)/sigma(k+1); 
        paa(k+1) = paaTemp(k+1)/sigma(k+1); 
    end 
end 



 
% Derived quantities (for plotting): 
 
gen = linspace(1,numGens+1,numGens+1); % Generations of simulation 
PrTransgenic = 100*(pAa+pAB);          % Percentage of population that are 
transgenic over time 
PrFemale = 100*(paa+pAa);              % Percentage of population that are 
female over time 
 
% Plot of Medusa spread over time: 
 
figure(1) 
plot(gen,PrTransgenic,'g',gen,PrFemale,'b') 
xlabel('Generation') 
ylabel('Population frequency (%)') 
title('Medusa spread, deterministic model, s=0, two 50% releases') 
legend('Transgenic','Female') 
axis([1 20 0 100]) 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% 2. SINGLE POPULATION STOCHASTIC MODEL: %% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
clear all; 
 
% Mosquito life cycle parameters: 
 
beta    = 32;        % eggs laid per day by female mosquito 
beta_Aa = beta;      % eggs laid per day by XAXa mosquito 
beta_aa = beta;      % eggs laid per day by XaXa mosquito 
mu_m    = 0.123;     % daily mortality of adult mosquito 
mu_m_AB = mu_m;      % daily mortality of adult XAYB mosquito 
mu_m_Aa = mu_m;      % daily mortality of adult XAXa mosquito 
mu_m_aa = mu_m;      % daily mortality of adult XaXa mosquito 
mu_m_ab = mu_m;      % daily mortality of adult XaYb mosquito 
rm      = 1.096;     % daily mosquito population growth rate 
T0      = 1;         % duration of egg life stage (days) 
TL      = 14;        % duration of larval life stage (days) 
TP      = 1;         % duration of pupal life stage (days) 
M_eq    = 10000;     % equilibrium adult population size 
 
% Derived mosquito life cycle parameters: 
 
g       = T0 + TL + TP + 1/mu_m;  % average generation time (days) 
Rm      = rm^g;                   % mosquito population growth rate (per 
generation) 
mu_l    = 1 - (Rm*mu_m/((beta/2)*(1-mu_m)))^(1/(T0+TL+TP));         
                                  % daily mortality of larvae 
theta0  = (1 - mu_l)^T0;          % probability of surviving egg stage 
thetaL  = (1 - mu_l)^TL;          % probability of surviving larval stage 
thetaP  = (1 - mu_l)^TP;          % probability of surviving pupal stage 
alpha   = (beta*theta0*(M_eq/2)/(Rm-1))*((1-thetaL/Rm)/(1 - 
(thetaL/Rm)^(1/TL))); 
                                  % parameter influencing the strenth of 
larval density-dependence 
L_eq    = round(alpha*(Rm-1));    % equilibrium larval population size 
 



% Initial conditions: 
 
LAB(1:50)    = 0;       % initial number of XAYB male larvae  
LAa(1:50)    = 0;       % initial number of XAXa female larvae 
Lab(1:50)    = L_eq/2;  % initial number of XaYb (wild-type) male larvae 
Laa(1:50)    = L_eq/2;  % initial number of XaXa (wild-type) female larvae 
L(1:50)      = L_eq;    % initial number of larvae 
 
MAB(1:50)    = 0;       % initial number of XAYB male adults 
Mab(1:50)    = M_eq/2;  % initial number of XaYb (wild-type) male adults 
 
MAa_AB(1:50) = 0;       % initial number of XAXa female adults mated to XAYB 
males 
MAa_ab(1:50) = 0;       % initial number of XAXa female adults mated to XaYb 
males 
Maa_AB(1:50) = 0;       % initial number of XaXa female adults mated to XAYB 
males 
Maa_ab(1:50) = M_eq/2;  % initial number of XaXa female adults mated to XaYb 
males 
 
max_t = 600;            % Days of simulation 
 
% Difference equations (second day onwards): 
% For more details, see: Marshall JM, Hay BA (2014) Medusa: A novel gene  
% drive system for confined suppression of insect populations. PLoS ONE 
 
for t = 51:max_t 
 
    % Number of larvae having each genotype the next day: 
    thetaLA = thetaL; 
    for i=1:TL 
        thetaLA = thetaLA*((alpha/(alpha+L(t-i)))^(1/TL)); 
    end 
     
    Y1 = poissrnd(beta_aa*Maa_ab(t-T0)); 
    X1 = binornd(Y1,(1/2)); 
 
    LAB(t) = max(0,binornd(LAB(t-1),(1-mu_l)*((alpha/(alpha+L(t-1)))^(1/TL))) 
+ binornd(binornd(poissrnd(beta_Aa*MAa_AB(t-T0)),(1/4)),theta0) - 
binornd(binornd(poissrnd(beta_Aa*MAa_AB(t-T0-TL)),(1/4)),theta0*thetaLA)); 
    LAa(t) = max(0,binornd(LAa(t-1),(1-mu_l)*((alpha/(alpha+L(t-1)))^(1/TL))) 
+ binornd(binornd(poissrnd(beta_aa*Maa_AB(t-T0)),(1/2)),theta0) - 
binornd(binornd(poissrnd(beta_aa*Maa_AB(t-T0-TL)),(1/2)),theta0*thetaLA)); 
    Lab(t) = max(0,binornd(Lab(t-1),(1-mu_l)*((alpha/(alpha+L(t-1)))^(1/TL))) 
+ binornd(X1,theta0) - binornd(binornd(poissrnd(beta_aa*Maa_ab(t-T0-
TL)),(1/2)),theta0*thetaLA)); 
    Laa(t) = max(0,binornd(Laa(t-1),(1-mu_l)*((alpha/(alpha+L(t-1)))^(1/TL))) 
+ binornd(Y1-X1,theta0) - binornd(binornd(poissrnd(beta_aa*Maa_ab(t-T0-
TL)),(1/2)),theta0*thetaLA)); 
    L(t) = LAB(t-1) + LAa(t-1) + Lab(t-1) + Laa(t-1); 
     
    % Number of adults having each genotype the next day: 
    thetaLA = thetaL; 
    for i=1:TL 
        thetaLA = thetaLA*((alpha/(alpha+L(t-i-TP)))^(1/TL)); 
    end 
 



    Y2 = poissrnd(beta_aa*Maa_ab(t-T0-TL-TP)); 
    X2 = binornd(Y2,(1/2)); 
     
    MAB(t) = max(0,binornd(MAB(t-1),(1-mu_m_AB)) + 
binornd(binornd(poissrnd(beta_Aa*MAa_AB(t-T0-TL-
TP)),(1/4)),theta0*thetaLA*thetaP*(1-mu_m_AB))); 
    Mab(t) = max(0,binornd(Mab(t-1),(1-mu_m_ab)) + 
binornd(X2,theta0*thetaLA*thetaP*(1-mu_m_ab))); 
 
    Z1 = binornd(binornd(poissrnd(beta_aa*Maa_AB(t-T0-TL-
TP)),(1/2)),theta0*thetaLA*thetaP*(1-mu_m_Aa)); 
    Z2 = binornd(Y2-X2,theta0*thetaLA*thetaP*(1-mu_m_aa)); 
     
    MAa_AB(t) = max(0,binornd(MAa_AB(t-1),(1-mu_m_Aa)) + 
binornd(Z1,max(0,MAB(t-1)/(MAB(t-1)+Mab(t-1))))); 
    MAa_ab(t) = max(0,binornd(MAa_ab(t-1),(1-mu_m_Aa)) + 
binornd(Z1,max(0,Mab(t-1)/(MAB(t-1)+Mab(t-1))))); 
    Maa_AB(t) = max(0,binornd(Maa_AB(t-1),(1-mu_m_aa)) + 
binornd(Z2,max(0,MAB(t-1)/(MAB(t-1)+Mab(t-1))))); 
    Maa_ab(t) = max(0,binornd(Maa_ab(t-1),(1-mu_m_aa)) + 
binornd(Z2,max(0,Mab(t-1)/(MAB(t-1)+Mab(t-1))))); 
     
    % 6 consecutive releases of 10,000 adult XAYB mosquitoes every half 
generation: 
    if 
((t==51)|(t==51+14*1)|(t==51+14*2)|(t==51+14*3)|(t==51+14*4)|(t==51+14*5)) 
        MAB(t) = MAB(t) + M_eq; 
    end     
end 
 
% Derived quantities (for plotting): 
 
t             = linspace(1,max_t,max_t);           % Days of simulation 
Mm            = Mab + MAB;                         % Number of male adult 
mosquitoes over time 
Mf            = MAa_AB + MAa_ab + Maa_AB + Maa_ab; % Number of female adult 
mosquitoes over time 
M             = Mm + Mf;                           % Total number of adult 
mosquitoes over time 
Mtransgenic   = MAa_AB + MAa_ab + MAB;             % Number of transgenic 
adult mosquitoes over time 
Mf_transgenic = MAa_AB + MAa_ab;                   % Number of female 
transgenic adult mosquitoes over time 
 
% Plot of Medusa spread over time: 
 
figure(2) 
plot(t(51:551)-51,M(51:551),'r', t(51:551)-51,Mtransgenic(51:551),'g', 
t(51:551)-51,Mf(51:551),'b'); 
xlim([0 500]) 
ylim([0 22500]) 
xlabel('Day') 
ylabel('Population size') 
title('Medusa spread, stochastic model, 6 releases of Medusa males') 
legend('Total pop','Transgenic','Female') 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 



%% 3. TWO-POPULATION STOCHASTIC MODEL:    %% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
clear all; 
 
% Mosquito life cycle parameters: 
 
beta    = 32;        % eggs laid per day by female mosquito 
beta_Aa = beta;      % eggs laid per day by XAXa mosquito 
beta_aa = beta;      % eggs laid per day by XaXa mosquito 
mu_m    = 0.123;     % daily mortality of adult mosquito 
mu_m_AB = mu_m;      % daily mortality of adult XAYB mosquito 
mu_m_Aa = mu_m;      % daily mortality of adult XAXa mosquito 
mu_m_aa = mu_m;      % daily mortality of adult XaXa mosquito 
mu_m_ab = mu_m;      % daily mortality of adult XaYb mosquito 
rm      = 1.096;     % daily mosquito population growth rate 
T0      = 1;         % duration of egg life stage (days) 
TL      = 14;        % duration of larval life stage (days) 
TP      = 1;         % duration of pupal life stage (days) 
M_eq    = 10000;     % equilibrium adult population size 
 
% Derived mosquito life cycle parameters: 
 
g       = T0 + TL + TP + 1/mu_m;  % average generation time (days) 
Rm      = rm^g;                   % mosquito population growth rate (per 
generation) 
mu_l    = 1 - (Rm*mu_m/((beta/2)*(1-mu_m)))^(1/(T0+TL+TP));         
                                  % daily mortality of larvae 
theta0  = (1 - mu_l)^T0;          % probability of surviving egg stage 
thetaL  = (1 - mu_l)^TL;          % probability of surviving larval stage 
thetaP  = (1 - mu_l)^TP;          % probability of surviving pupal stage 
alpha   = (beta*theta0*(M_eq/2)/(Rm-1))*((1-thetaL/Rm)/(1 - 
(thetaL/Rm)^(1/TL))); 
                                  % parameter influencing the strenth of 
larval density-dependence 
L_eq    = round(alpha*(Rm-1));    % equilibrium larval population size 
migrate = 0.01/g;                 % migration rate between populations 
 
% Initial conditions (population 1): 
 
LAB1(1:50)    = 0;       % initial number of XAYB male larvae  
LAa1(1:50)    = 0;       % initial number of XAXa female larvae 
Lab1(1:50)    = L_eq/2;  % initial number of XaYb (wild-type) male larvae 
Laa1(1:50)    = L_eq/2;  % initial number of XaXa (wild-type) female larvae 
L1(1:50)      = L_eq;    % initial number of larvae 
 
MAB1(1:50)    = 0;       % initial number of XAYB male adults 
Mab1(1:50)    = M_eq/2;  % initial number of XaYb (wild-type) male adults 
 
MAa_AB1(1:50) = 0;       % initial number of XAXa female adults mated to XAYB 
males 
MAa_ab1(1:50) = 0;       % initial number of XAXa female adults mated to XaYb 
males 
Maa_AB1(1:50) = 0;       % initial number of XaXa female adults mated to XAYB 
males 
Maa_ab1(1:50) = M_eq/2;  % initial number of XaXa female adults mated to XaYb 
males 



 
% Initial conditions (population 2): 
 
LAB2(1:50)    = 0;       % initial number of XAYB male larvae  
LAa2(1:50)    = 0;       % initial number of XAXa female larvae 
Lab2(1:50)    = L_eq/2;  % initial number of XaYb (wild-type) male larvae 
Laa2(1:50)    = L_eq/2;  % initial number of XaXa (wild-type) female larvae 
L2(1:50)      = L_eq;    % initial number of larvae 
 
MAB2(1:50)    = 0;       % initial number of XAYB male adults 
Mab2(1:50)    = M_eq/2;  % initial number of XaYb (wild-type) male adults 
 
MAa_AB2(1:50) = 0;       % initial number of XAXa female adults mated to XAYB 
males 
MAa_ab2(1:50) = 0;       % initial number of XAXa female adults mated to XaYb 
males 
Maa_AB2(1:50) = 0;       % initial number of XaXa female adults mated to XAYB 
males 
Maa_ab2(1:50) = M_eq/2;  % initial number of XaXa female adults mated to XaYb 
males 
 
max_t = 2100;           % Days of simulation 
 
% Difference equations (second day onwards): 
% For more details, see: Marshall JM, Hay BA (2014) Medusa: A novel gene  
% drive system for confined suppression of insect populations. PLoS ONE 
 
for t = 51:max_t 
 
    % Population 1: 
 
    % Number of larvae having each genotype the next day: 
    thetaLA = thetaL; 
    for i=1:TL 
        thetaLA = thetaLA*((alpha/(alpha+L1(t-i)))^(1/TL)); 
    end 
     
    Y1 = poissrnd(beta_aa*Maa_ab1(t-T0)); 
    X1 = binornd(Y1,(1/2)); 
 
    LAB1(t) = max(0,binornd(LAB1(t-1),(1-mu_l)*((alpha/(alpha+L1(t-
1)))^(1/TL))) + binornd(binornd(poissrnd(beta_Aa*MAa_AB1(t-
T0)),(1/4)),theta0) - binornd(binornd(poissrnd(beta_Aa*MAa_AB1(t-T0-
TL)),(1/4)),theta0*thetaLA)); 
    LAa1(t) = max(0,binornd(LAa1(t-1),(1-mu_l)*((alpha/(alpha+L1(t-
1)))^(1/TL))) + binornd(binornd(poissrnd(beta_aa*Maa_AB1(t-
T0)),(1/2)),theta0) - binornd(binornd(poissrnd(beta_aa*Maa_AB1(t-T0-
TL)),(1/2)),theta0*thetaLA)); 
    Lab1(t) = max(0,binornd(Lab1(t-1),(1-mu_l)*((alpha/(alpha+L1(t-
1)))^(1/TL))) + binornd(X1,theta0) - 
binornd(binornd(poissrnd(beta_aa*Maa_ab1(t-T0-TL)),(1/2)),theta0*thetaLA)); 
    Laa1(t) = max(0,binornd(Laa1(t-1),(1-mu_l)*((alpha/(alpha+L1(t-
1)))^(1/TL))) + binornd(Y1-X1,theta0) - 
binornd(binornd(poissrnd(beta_aa*Maa_ab1(t-T0-TL)),(1/2)),theta0*thetaLA)); 
    L1(t) = LAB1(t-1) + LAa1(t-1) + Lab1(t-1) + Laa1(t-1); 
     
    % Number of adults having each genotype the next day: 



    thetaLA = thetaL; 
    for i=1:TL 
        thetaLA = thetaLA*((alpha/(alpha+L1(t-i-TP)))^(1/TL)); 
    end 
 
    Y2 = poissrnd(beta_aa*Maa_ab1(t-T0-TL-TP)); 
    X2 = binornd(Y2,(1/2)); 
     
    MAB1(t) = max(0,binornd(MAB1(t-1),(1-mu_m_AB)) + 
binornd(binornd(poissrnd(beta_Aa*MAa_AB1(t-T0-TL-
TP)),(1/4)),theta0*thetaLA*thetaP*(1-mu_m_AB))); 
    Mab1(t) = max(0,binornd(Mab1(t-1),(1-mu_m_ab)) + 
binornd(X2,theta0*thetaLA*thetaP*(1-mu_m_ab))); 
 
    Z1 = binornd(binornd(poissrnd(beta_aa*Maa_AB1(t-T0-TL-
TP)),(1/2)),theta0*thetaLA*thetaP*(1-mu_m_Aa)); 
    Z2 = binornd(Y2-X2,theta0*thetaLA*thetaP*(1-mu_m_aa)); 
     
    MAa_AB1(t) = max(0,binornd(MAa_AB1(t-1),(1-mu_m_Aa)) + 
binornd(Z1,max(0,MAB1(t-1)/(MAB1(t-1)+Mab1(t-1))))); 
    MAa_ab1(t) = max(0,binornd(MAa_ab1(t-1),(1-mu_m_Aa)) + 
binornd(Z1,max(0,Mab1(t-1)/(MAB1(t-1)+Mab1(t-1))))); 
    Maa_AB1(t) = max(0,binornd(Maa_AB1(t-1),(1-mu_m_aa)) + 
binornd(Z2,max(0,MAB1(t-1)/(MAB1(t-1)+Mab1(t-1))))); 
    Maa_ab1(t) = max(0,binornd(Maa_ab1(t-1),(1-mu_m_aa)) + 
binornd(Z2,max(0,Mab1(t-1)/(MAB1(t-1)+Mab1(t-1))))); 
     
    % 6 consecutive releases of 10,000 adult XAYB mosquitoes every half 
generation: 
    if 
((t==51)|(t==51+14*1)|(t==51+14*2)|(t==51+14*3)|(t==51+14*4)|(t==51+14*5)) 
        MAB1(t) = MAB1(t) + M_eq; 
    end 
     
    % Population 2: 
 
    % Number of larvae having each genotype the next day:     
    thetaLA = thetaL; 
    for i=1:TL 
        thetaLA = thetaLA*((alpha/(alpha+L2(t-i)))^(1/TL)); 
    end 
     
    Y1 = poissrnd(beta_aa*Maa_ab2(t-T0)); 
    X1 = binornd(Y1,(1/2)); 
 
    LAB2(t) = max(0,binornd(LAB2(t-1),(1-mu_l)*((alpha/(alpha+L2(t-
1)))^(1/TL))) + binornd(binornd(poissrnd(beta_Aa*MAa_AB2(t-
T0)),(1/4)),theta0) - binornd(binornd(poissrnd(beta_Aa*MAa_AB2(t-T0-
TL)),(1/4)),theta0*thetaLA)); 
    LAa2(t) = max(0,binornd(LAa2(t-1),(1-mu_l)*((alpha/(alpha+L2(t-
1)))^(1/TL))) + binornd(binornd(poissrnd(beta_aa*Maa_AB2(t-
T0)),(1/2)),theta0) - binornd(binornd(poissrnd(beta_aa*Maa_AB2(t-T0-
TL)),(1/2)),theta0*thetaLA)); 
    Lab2(t) = max(0,binornd(Lab2(t-1),(1-mu_l)*((alpha/(alpha+L2(t-
1)))^(1/TL))) + binornd(X1,theta0) - 
binornd(binornd(poissrnd(beta_aa*Maa_ab2(t-T0-TL)),(1/2)),theta0*thetaLA)); 



    Laa2(t) = max(0,binornd(Laa2(t-1),(1-mu_l)*((alpha/(alpha+L2(t-
1)))^(1/TL))) + binornd(Y1-X1,theta0) - 
binornd(binornd(poissrnd(beta_aa*Maa_ab2(t-T0-TL)),(1/2)),theta0*thetaLA)); 
    L2(t) = LAB2(t-1) + LAa2(t-1) + Lab2(t-1) + Laa2(t-1); 
     
    % Number of adults having each genotype the next day: 
    thetaLA = thetaL; 
    for i=1:TL 
        thetaLA = thetaLA*((alpha/(alpha+L2(t-i-TP)))^(1/TL)); 
    end 
 
    Y2 = poissrnd(beta_aa*Maa_ab2(t-T0-TL-TP)); 
    X2 = binornd(Y2,(1/2)); 
     
    MAB2(t) = max(0,binornd(MAB2(t-1),(1-mu_m_AB)) + 
binornd(binornd(poissrnd(beta_Aa*MAa_AB2(t-T0-TL-
TP)),(1/4)),theta0*thetaLA*thetaP*(1-mu_m_AB))); 
    Mab2(t) = max(0,binornd(Mab2(t-1),(1-mu_m_ab)) + 
binornd(X2,theta0*thetaLA*thetaP*(1-mu_m_ab))); 
 
    Z1 = binornd(binornd(poissrnd(beta_aa*Maa_AB2(t-T0-TL-
TP)),(1/2)),theta0*thetaLA*thetaP*(1-mu_m_Aa)); 
    Z2 = binornd(Y2-X2,theta0*thetaLA*thetaP*(1-mu_m_aa)); 
     
    MAa_AB2(t) = max(0,binornd(MAa_AB2(t-1),(1-mu_m_Aa)) + 
binornd(Z1,max(0,MAB2(t-1)/(MAB2(t-1)+Mab2(t-1))))); 
    MAa_ab2(t) = max(0,binornd(MAa_ab2(t-1),(1-mu_m_Aa)) + 
binornd(Z1,max(0,Mab2(t-1)/(MAB2(t-1)+Mab2(t-1))))); 
    Maa_AB2(t) = max(0,binornd(Maa_AB2(t-1),(1-mu_m_aa)) + 
binornd(Z2,max(0,MAB2(t-1)/(MAB2(t-1)+Mab2(t-1))))); 
    Maa_ab2(t) = max(0,binornd(Maa_ab2(t-1),(1-mu_m_aa)) + 
binornd(Z2,max(0,Mab2(t-1)/(MAB2(t-1)+Mab2(t-1))))); 
     
    % Migrants pop 1 -> pop 2: 
    MAB1to2(t)    = poissrnd(MAB1(t)*migrate); 
    Mab1to2(t)    = poissrnd(Mab1(t)*migrate); 
    MAa_AB1to2(t) = poissrnd(MAa_AB1(t)*migrate); 
    MAa_ab1to2(t) = poissrnd(MAa_ab1(t)*migrate); 
    Maa_AB1to2(t) = poissrnd(Maa_AB1(t)*migrate); 
    Maa_ab1to2(t) = poissrnd(Maa_ab1(t)*migrate); 
 
    % Migrants pop 2 -> pop 1: 
    MAB2to1(t)    = poissrnd(MAB2(t)*migrate); 
    Mab2to1(t)    = poissrnd(Mab2(t)*migrate); 
    MAa_AB2to1(t) = poissrnd(MAa_AB2(t)*migrate); 
    MAa_ab2to1(t) = poissrnd(MAa_ab2(t)*migrate); 
    Maa_AB2to1(t) = poissrnd(Maa_AB2(t)*migrate); 
    Maa_ab2to1(t) = poissrnd(Maa_ab2(t)*migrate); 
 
    % Population sizes following migration events: 
    MAB1(t)    = MAB1(t) - MAB1to2(t) + MAB2to1(t); 
    Mab1(t)    = Mab1(t) - Mab1to2(t) + Mab2to1(t); 
    MAa_AB1(t) = MAa_AB1(t) - MAa_AB1to2(t) + MAa_AB2to1(t); 
    MAa_ab1(t) = MAa_ab1(t) - MAa_ab1to2(t) + MAa_ab2to1(t); 
    Maa_AB1(t) = Maa_AB1(t) - Maa_AB1to2(t) + Maa_AB2to1(t); 
    Maa_ab1(t) = Maa_ab1(t) - Maa_ab1to2(t) + Maa_ab2to1(t); 
 



    MAB2(t)    = MAB2(t) + MAB1to2(t) - MAB2to1(t); 
    Mab2(t)    = Mab2(t) + Mab1to2(t) - Mab2to1(t); 
    MAa_AB2(t) = MAa_AB2(t) + MAa_AB1to2(t) - MAa_AB2to1(t); 
    MAa_ab2(t) = MAa_ab2(t) + MAa_ab1to2(t) - MAa_ab2to1(t); 
    Maa_AB2(t) = Maa_AB2(t) + Maa_AB1to2(t) - Maa_AB2to1(t); 
    Maa_ab2(t) = Maa_ab2(t) + Maa_ab1to2(t) - Maa_ab2to1(t); 
end 
 
% Derived quantities (for plotting): 
 
t              = linspace(1,max_t,max_t);               % Days of simulation 
Mm1            = Mab1 + MAB1;                           % Number of male 
adult mosquitoes over time 
Mf1            = MAa_AB1 + MAa_ab1 + Maa_AB1 + Maa_ab1; % Number of female 
adult mosquitoes over time 
M1             = Mm1 + Mf1;                             % Total number of 
adult mosquitoes over time 
Mtransgenic1   = MAa_AB1 + MAa_ab1 + MAB1;              % Number of 
transgenic adult mosquitoes over time 
Mf_transgenic1 = MAa_AB1 + MAa_ab1;                     % Number of female 
transgenic adult mosquitoes over time 
 
Mm2            = Mab2 + MAB2;                           % Number of male 
adult mosquitoes over time 
Mf2            = MAa_AB2 + MAa_ab2 + Maa_AB2 + Maa_ab2; % Number of female 
adult mosquitoes over time 
M2             = Mm2 + Mf2;                             % Total number of 
adult mosquitoes over time 
Mtransgenic2   = MAa_AB2 + MAa_ab2 + MAB2;              % Number of 
transgenic adult mosquitoes over time 
Mf_transgenic2 = MAa_AB2 + MAa_ab2;                     % Number of female 
transgenic adult mosquitoes over time 
 
% Plot of Medusa spread over time: 
 
figure(3) 
plot(t(51:2051)-51,M1(51:2051),'r', t(51:2051)-51,Mtransgenic1(51:2051),'g', 
t(51:2051)-51,M2(51:2051),'k', t(51:2051)-51,Mtransgenic2(51:2051),'b'); 
xlim([0 2000]) 
ylim([0 22500]) 
xlabel('Day') 
ylabel('Population size') 
title('Medusa spread, stochastic model, 2 pops, migration rate = 1%/gen') 
legend('Total pop (pop A)','Transgenic (pop A)','Total pop (pop 
B)','Transgenic (pop B)') 
  
 


