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Mechanisms of replacement of circulating viruses 

by seasonal and pandemic influenza A viruses 

 

Supplementary information 

 

Methods 

SEIRS model 

 Stochastic individual-based SEIR model was developed for simulations (Figure 1A). 

In a population of N, say that S are susceptible, E are exposed, I are infectious, and R are 

recovered. S are imported with a rate λ (birth rate) and each individual is removed with a 

rate μ (mortality rate of the general population: S, E and R) or δ (mortality rate of I). Regular 

import of E to cause an epidemic occurs with a certain frequency θ. 

I makes effective contact to transmit infection during an infectious period randomly 

in the homogeneous mixing population. When effective contact occurs between I and S or 

R, one (S or R) has a probability, p, of becoming either E (p) or R (1 - p). E turns to I after 

the latent period, and I turns to R after the infectious period. An effective contact number (c) 

is generated for each I by poisson distribution (R0); R0 is a basic reproductive number. The 

probability of c {P(c)} can be described as follows: 

P(𝑐) =
𝑅0

𝑐𝑒−𝑅0

𝑐!
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In addition, R0 at time t (day) can oscillate as seasonality: 

𝑅0(𝑡) = (
𝑅0ℎ𝑖𝑔ℎ −  𝑅0𝑙𝑜𝑤

2
) sin (

2𝜋𝑡

365
−  

𝜋

2
) +  

𝑅0ℎ𝑖𝑔ℎ +  𝑅0𝑙𝑜𝑤

2
 

where ‘R0high’ is R0 in the high-season (i.e. winter in the temperate region), and ‘R0low’ is R0 

in the off-season (i.e. summer). R0 can also be a constant for the ‘non-seasonality model’ 

representing the year-round circulation of the virus in the tropics (Figure 1B). 

When I becomes R, one’s probability (p) to become infected by effective contact will 

drop because of immunity against the virus. The probability of R is 0 since historical studies 

of humans showed that the potency of immunity to reinfection with a homologous virus was 

100% 1. The probability of S is 1 for a population with no experience of influenza infection. It 

was assumed that a certain population of S experienced an influenza infection in their life, 

and their probability (ppst) was less than 1 because of pre-immunity by a former 

(antigenically different) strain of the influenza A virus. Vaccination also decreases the 

probability to pvac depending on VE as follows: 

 𝑝𝑣𝑎𝑐  =  1 − 𝑉𝐸 

 

Two-viruses model 

The SEIR model with two strains (strain 1 and strain 2) was developed as shown in 

Figure 1A. An emerged strain (strain 2) appears in the model population at random only 

when transmission of the existing strain (strain 1) is ongoing (defined as the number of I1 is 
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five or more per 10,000 per capita). Since substitutions of a pandemic virus for a former 

seasonal virus were observed historically 2,3 and experimental and epidemiological studies 

showed there is non-strain-specific viral interference following influenza virus infection 4–6, 

there must be a non-strain-specific (subtype-independent) immunity state (Rnsp), regulated 

by innate immunity, such as interferon, soon after recovery. The Rnsp is followed by a 

subtype-specific (antibody-mediated) immunity state (Rspe). One’s probability to become 

infected with both strain 1 and strain 2 (p1 and p2, respectively) at the Rnsp state was 0. In 

the Rspe state, the probability of reinfection with the homologous strain was 0, whereas the 

probability of infection with the other (heterologous) strain is determined by the crosstalk of 

the immune response (cross-immunity). The intensity of the cross-immunity response was 

expressed by variable φ. The probability to become infected with strain 2 (p2) for R1spe was 

described by the following equation: 

𝑝2 = 1 − (1 − 𝑝1) ×  𝜑 

and vice versa for p1.  

 

Informatics and statistics 

 The simulation model was run by Ruby version 2.1.6p336 with house-made script. 

The source code is available upon request. Parameters and references used for the 

simulation are listed in Table. The student's t-test, Pearson's chi-squared test, Jonckheere's 
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trend test and the Mantel–Haenszel test were calculated using SPSS version 18 (IBM). A P 

value less than 0.05 was considered statistically significant.  
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Table  Parameters used in the model. 

Variable Value References 

Population     

Birth rate (λ) 8 / 1000person/year World Health Statistics 2015 

Death rate (μ) 19 / 1000person/year World Health Statistics 2015 

Virus Strain 1 Strain 2 Strain 2  

 Seasonal Seasonal Pandemic  

Regular import (θ) every 10 days - -  

R0 (seasonality; low, high) 1.0, 1.6 1.0, 1.6 1.0-1.5, 1.6-2.4 

Germann et al., Proc Natl Acad Sci USA, 2006; White et al., Influenza 

Other Respir Viruses, 2009; Biggerstaff et al., BMC Infect Dis, 2014; 

Yang et al., Proc Natl Acad Sci USA, 2015 

R0 (non-seasonality) 1.5 1.5 1.5-2.25 

Opatowski et al., PLoS Pathog, 2011; Biggerstaff et al., BMC Infect 

Dis, 2014 

Latent period 1 day 1 day 1 day 

Richman et al., J Clin Microbiol, 1976; Longini et al., Science, 2005; 

Germann et al., Proc Natl Acad Sci USA, 2006; White et al., Influenza 

Other Respir Viruses, 2009 

Infectious period 3 days 3 days 3 days 

Richman et al., J Clin Microbiol, 1976; Longini et al., Science, 2005; 

Germann et al., Proc Natl Acad Sci USA, 2006; White et al., Influenza 

Other Respir Viruses, 2009; Yang et al., Proc Natl Acad Sci USA, 2015; 

Ng S et al., Pediatr Infect Dis J. 2016 

Non-strain-specific 

immune period 

7 days 7 days 7 - 28 days Variable and assumed from Cao et al., PLoS Comput Biol, 2015 

Case fatality rate (δ) 0.01% 0.01% 0.1% 

Marks et al., Epidemics, 1976; Rosenau et al., Appleton-Century-

Crofts, 1980; Molinari et al., Vaccine, 2007 

Intensity of cross-

immunity (ϕ) 

0.3 - 1.0 0.3 - 1.0 0 Variable in this study 

Pre-immunity (1 - ppst) 0.3 0.3 0 - 0.3 

Yang et al., Proc Natl Acad Sci USA, 2015; Kucharski et al., PLoS Biol, 

2015 

Proportion of population 

with pre-immunity 

0.9 0.9 0.9 

Assumed from Sauerbrei et al., Med Microbiol Immunol, 2009; 

Bodewes et al., Clin Vaccine Immunol, 2011 

Vaccine efficacy (VE) 0.32 1 - (0.68 x ϕ) - 

Assumed from Basta et all, Am J Epidemiol, 2008; Bridges et al., 

JAMA, 2015 

Values in bold are variables in the study.  
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