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Overdispersed Binomial Model 
 
The binomial generalized linear model (GLM) was used to model the raw mortality data 
(Faraway 2016).  The number of mortalities Ri were modeled as “successes” for each trial i = 1, 
…, T given the total number in each trail Ni, where pi is the probability of mortality 
 
Ri ~ Bin(pi, Ni) 
 
The probability of mortality was further modeled as 
 
pi = f(Strain + Variety + Strain × Variety) 
 
where the probability of mortality pi was a function f( ) of Strain, Variety, and the interaction of 
virus strain and koi variety Strain × Variety, and the function f( ) was the inverse logit 
corresponding to the canonical logit link function for binomial GLM, (McCullagh and Nelder 
1983). 
 
An overdispersed binomial GLM that accounted for extrabinomial variation in the replicates was 
used if the binomial model was inadequate in modeling variability among replicates (Williams 
1982).  The number of mortalities were modeled as binomial as before, but a second step 
incorporated extra-binomial variation by allowing the probability of mortality pi to be drawn 
from a Beta distribution in the overdispersed binomial model (Williams 1982).  
 
pi ~ Beta(li,ki) 
 
In the Beta distribution, the expected value of p is E(p) = l/(l + k) = q, and the variance of p is 
V(p) = f × q /( 1-q ).  Thus, there is a new parameter to be estimated in the model, which is the 
overdispersion coefficient f.  In the overdispersed binomial model, the expected value for each 
trial qi is modeled as a function of the main Strain and Variety terms and their interaction. 
 
qi = f(Strain + Variety + Strain × Variety) 
 
We implemented binomial GLMs in the R programming language version 4.0.2 (RCT 2020) and 
the overdispersed binomial models in the dispmod package (Scrucca 2018).  Finally, we 
developed a model using the Relative Virulence Classification (RVC) using levels; Low, 
Moderate, High and the negative control (Mock) and compared the fit of this model with four 
levels to the model that included all nine treatment groups to evaluate the ability of the RVC 
classes to account for the variability among treatments (virus strains and mock control).  
 
The results of the binomial model indicated that there was a significant effect of the Strain and a 
significant interaction term (Table S1).  The check for adequacy of the binomial model for the 
replicated treatments indicated that the data were overdispersed relative to a binomial model 
(Table S1).   
 
The significant interaction term in the two-way analysis of deviance (Table S2) indicated that the 
level of mortality caused by the virus strains was unique to each koi variety.  As a result, one-
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way analysis of deviance (ANODEV) was used to evaluate the effects of the virus strains on 
each koi variety separately.  One-way ANODEV on each koi variety revealed significant 
variation in mortalities among virus strains and that the four Relative Virulence Categories 
(RVC) presented in Table 2 were able to capture the same variation in mortality as the nine 
individual strains (8 strains and one mock).  Note that the RVC level for the Fijan virus strain 
was High for Sanke, whereas it was Moderate for Beni Kiko.  For Sanke, the virulence was 
significantly different among treatments (𝜒!" = 224.2, p < 0.005), and the overdispersed binomial 
GLM using the four RVC levels was not significantly different from all strains individually (𝜒#" 
= 5.14, p = 0.40).  For Beni Kiko, the virulence was significantly different among treatments (𝜒!" 
= 170.7, p < 0.005), and the model using the four RVC levels was not significantly different than 
the model with all virus strains individually (𝜒#" = 6.23, p = 0.28). 
 

Table S1. Two-way analysis of deviance results for binomial generalized linear model of 
mortality as a function of virus strain and sub-species of koi. 

 Df Deviance 
Residual 

Df 
Residual 

Dev Pr(>Chi) 
NULL   53 945.02  

Strain 8 818.50 45 126.52 2.2e-16 
Species 1 3.39 44 123.14 0.066 
Strain:Species 8 40.37 36 82.77 2.7e-06 

Residual deviance (82.77) and residual degrees of freedom (36), the variability within treatment 
groups equivalent is rejected (c236 = 82.77, p < 0.005).   

The overdispersed binomial model also resulted in a significant interaction effect (Table S2).  
The overdispersion parameter 𝜙 was estimated as 0.04. With the overdispersed binomial 
analysis, the check for model adequacy for the level of variation within treatments indicated that 
the model was capturing the extrabinomial variation (Table S2). 

 

Table S2. Two-way analysis of deviance results for overdispersed binomial generalized linear 
model of mortality as a function of virus strain and sub-species of koi. 

 
Df Deviance 

Residual 
Df 

Residual 
Dev Pr(>Chi) 

NULL   53 439.538  

Strain 8 381.00 45 58.54 < 2.0e-16 
Species 1 1.48 44 57.06 0.224 
Strain:Species 8 18.70 36 38.36 0.017 

Residual deviance (38.36) and residual degrees of freedom (36), the variability within treatment 
groups is equivalent fails to be rejected (c236 = 38.36, p = 0.36).   
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