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Quantitative analysis of the dose–response of white spot
syndrome virus in shrimp
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Abstract
White spot syndrome virus (WSSV) is an important cause of mortality and economic
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losses in shrimp farming. Although WSSV‐induced mortality is virus dose dependent
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and WSSV infection does not necessarily lead to mortality, the relationships
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between virus‐particle dose, infection and mortality have not been analysed quantitatively. Here, we explored WSSV dose–response by a combination of experiments,
modelling and meta‐analysis. We performed dose–response experiments in Penaeus
vannamei postlarvae, recorded host mortality and detected WSSV infection. When
we fitted infection models to these data, two models—differing in whether they
incorporated heterogeneous host susceptibility to the virus or not—were supported
for two independent experiments. To determine the generality of these results, we
reanalysed published data sets and then performed a meta‐analysis. We found that
WSSV dose–response kinetics is indeed variable over experiments. We could not
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clearly identify which specific infection model has the most support by meta‐analysis, but we argue that these results also are most concordant with a model incorporating varying levels of heterogeneous host susceptibility to WSSV. We have
identified suitable models for analysing WSSV dose–response, which can elucidate
the most basic virus–host interactions and help to avoid underestimating WSSV
infection at low virus doses.
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1 | INTRODUCTION

host range (Escobedo‐Bonilla et al., 2008) and high virulence in cultured shrimp (Walker & Mohan, 2009). Here, we understand viru-

In the 1990s, shrimp aquaculture was devastated by a new pandemic

lence to be a pathogen‐induced reduction in host fitness. Therefore,

disease, with a causal agent named white spot syndrome virus

a simple and highly relevant indicator of virulence in this pathosys-

(WSSV; Escobedo‐Bonilla et al., 2008; Walker & Mohan, 2009).

tem is virus‐induced host death prior to shrimp maturity. Viral viru-

WSSV is a relatively novel virus with a large dsDNA genome (van

lence depends on many factors, a number of which have been

Hulten, Witteveldt, Peters, et al., 2001; Yang et al., 2001), a wide

explored for WSSV. There is great variation in the virulence of
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different WSSV genotypes (Laramore, Scarpa, Laramore, & Lin, 2009;

action hypothesis (IAH) model (Dieu, Zwart, & Vlak, 2010). This

Marks, van Duijse, Zuidema, van Hulten, & Vlak, 2005; Pradeep, Kar-

model states that each virus particle can be assigned a nonzero

unasagar, & Karunasagar, 2009; Waikhom, John, George, & Jeyasee-

probability of infection, and that virus particles act independently,

lan, 2006; Zwart, Dieu, Hemerik, & Vlak, 2010). Moreover, during its

leading to clear predictions for the shape of the dose–response

spread throughout farms in Asia, WSSV appears to have evolved a

(Druett, 1952; Regoes, Hottinger, Sygnarski, & Ebert, 2003; Zwart et

smaller genome and higher virulence (Dieu et al., 2004; Marks et al.,

al., 2009). However, none of the WSSV studies rigorously compared

2005; Zwart et al., 2010). Furthermore, differences in virulence

experimental data to mechanistically interpretable models, nor was

between WSSV genotypes appear to matter in shrimp farming (Hoa,

model selection performed to identify which model is best supported

Zwart, Phuong, de Jong, & Vlak, 2012; Hoa, Zwart, Phuong, Vlak, &

by the empirical data. Furthermore, not all shrimp that become

de Jong, 2011), although in other studies, the same marker loci used

infected with WSSV will die (Flegel, 2007; Johnson et al., 2008;

do not appear to be linked to disease outbreaks (Walker et al.,

Venegas et al., 2000). One study has shown systematically that sub-

2011). Other factors that are known to affect WSSV virulence are

lethal infection is infrequent in laboratory challenge experiments

host species (Escobedo‐Bonilla et al., 2008; Waikhom et al., 2006),

(Escobedo‐Bonilla et al., 2005), although it is quite common in the

water temperature (Rahman et al., 2006, 2007), interactions with

field (Hoa, Zwart, Phuong, Oanh, et al., 2011). The relationship

bacteria (Phuoc et al., 2008), different levels of replication in differ-

between dose, infection and mortality has also not been explored

ent host tissues (Rahman et al., 2008) and previous exposure to

systematically or quantitatively.

WSSV. The latter can result in long‐lived protection to the virus

Here, we set out to provide a quantitative description of the

(Johnson, van Hulten, & Barnes, 2008; Venegas, Nonaka, Mushiake,

WSSV dose–response relationship. By performing model selection on

Nishizawa, & Muroga, 2000). In summary, the virulence of WSSV

a set of mechanistically interpretable models, we wanted to identify

does not appear to be constant over time and space (Flegel, Nielsen,

the underlying mechanisms that may give rise to this relationship.

Thamavit, Kongtim, & Pasharawipas, 2004). As with many other dis-

Our contribution to these issues is threefold. First, we performed

eases, there is a pressing need to identify and understand those fac-

dose–response experiments and determined the infection status of

tors modulating WSSV virulence, to determine how these factors

all shrimp in the experiment, as well as recording mortality. We

interact, and to have models to explain and predict the advance of

could therefore simultaneously consider dose–response on two

the disease in a population in space and time.

levels: systemic infection and host mortality. Furthermore, the set‐up

One important factor in determining whether WSSV infection

described here is different from previous reports because the com-

and virulence will occur is the dose of virus particles to which a host

munal housing of shrimp allowed waterborne transmission, and we

has been exposed. For many viruses, hosts must be exposed to a

needed to include these effects in our models. Second, we fitted a

large number of virus particles to become infected, as the probability

number of generally applicable and mechanistically interpretable

of infection per virus particle is very small (Zwart, Daròs, & Elena,

models of dose–response to these data using a maximum likelihood

2011; Zwart & Elena, 2015). Whereas very high virus doses may

approach, and then performed model selection. Third, to gauge the

infect all hosts, in practice exposure to a broad range of doses will

generality of our conclusions, we performed a meta‐regression analy-

lead to infection in only some hosts. A better understanding of the

sis on reanalysed published dose–response data for WSSV in shrimp.

relationship between dose and response can be useful for identifying
when host organisms will be at risk of disease and for understanding
the effects of different interventions to mitigate the effects of disease outbreaks. When mechanistic models of the dose–response are
fitted to experimental data, this approach also can be useful for bet-

2 | MATERIALS AND METHODS
2.1 | Shrimp and virus isolates

ter understanding of the infection process. For example, if virus par-

Specific pathogen‐free Penaeus vannamei (Boone, 1931) postlarvae

ticles cooperate with each other during the infection process, then

(PL) were purchased from Gold Coin Singapore, imported to the

increases in dose will have disproportionate effects on the rate of

Netherlands and reared by the Aquatic Research Facility at

host infection, leading to a steep dose–response. Observation of a

Wageningen University. Orconectes limosus (Rafinesque, 1817) were

steep dose–response has been crucial to demonstrating the strong

obtained from local fishers from the Meuse River and used for virus

cooperation between virus particles that stem from packaging of dif-

amplification. Shrimp were screened for common viral diseases by

ferent genome segments into separate virus particles in some plant

polymerase chain reaction (PCR) or reverse transcription (RT) PCR

(Fulton, 1962; Sánchez‐Navarro, Zwart, & Elena, 2013) and animal

(Witteveldt, Cifuentes, Vlak, & van Hulten, 2004). Shrimp were kept

viruses (Ladner et al., 2016).

in tanks with heating (28°C), continuous aeration and individual filter

Many studies have shown that the rate of WSSV infection

systems (Eheim).

depends on virus particle dose (Escobedo‐Bonilla et al., 2005; Lara-

For all experiments, we used purified WSSV virus particles (Xie,

more et al., 2009; Marks et al., 2005; Prior, Browdy, Shepard, Lara-

Li, Xu, & Yang, 2005) from isolate VN‐T (Dieu et al., 2004). For

more, & Parnell, 2003). It has also been suggested that WSSV virus

dose–response experiment #1, the virus was amplified in O. limosus

particles might be acting independently during the infection process

prior to purification, and for experiment #2, P. vannamei was used

because dose–response is similar to predictions of the independent

for amplification.
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2.2 | Dose–response experiments

(Zwart

et al.,

2009).

The

rate

of

infection

I

is

1735

then

I ¼ 1  S ¼ 1  eλ ¼ 1  eρn , where S is survival, λ is the number

For the dose–response experiments, individual shrimp were kept in

of infecting virus particles, ρ is the probability of infection for each

cages within a 180 L aquarium. On each side, the 8 × 8 cm slots

virus particle and n is the number of virus particles in the inoculum.

had a round opening with a 6 cm diameter covered with a fine metal

In this case, we do not know the actual virus particle dose, but we

mesh (1 mm), allowing water to flow freely between the slots.

know the relative viral dose as the different doses were obtained

Shrimp in these cages and aquaria were randomly assigned to the

from serial dilutions of a WSSV stock. We therefore set the dose of

different treatments (i.e., different virus doses or mock‐infected con-

the virus stock to an arbitrary high value (109 virus particles). The

trols). Shrimp PL10‐12 were weighed and then intramuscularly

same convention also was used for all analysis and presentation of

injected with 10 μl of WSSV virus particles or phosphate‐buffered

data throughout this study.

saline (PBS) for controls. Injections were performed with a 1.5 ml

To apply this model to our experimental data, we must make

BD Pen (Becton Dickinson) and 28G 1/2″ NovoFine needles (Novo

three considerations. First, in our experiments, shrimp can become

Nordisk). A later developmental stage (PL of 1–3 g in both experi-

infected due to the intramuscularly injected virus particles, or due to

ments) was chosen because these shrimp can be injected intramus-

waterborne transmission of the virus from other shrimp that have

cularly, and because at this stage disease and mortality occur

become infected during the experiment, as the shrimp are housed

quickly, making experiments more tractable. The appearance, beha-

communally. The waterborne WSSV dose to which a shrimp is

viour and mortality of shrimp were observed daily, and dead shrimp

exposed probably will increase over time, and the probability of

were removed immediately and stored at −20°C. Hence, our set‐up

infection for each virus particle in the water will probably be lower

with the cages prevented cannibalism of dead shrimp, but not water-

than for injected virus particles (Soto & Lotz, 2001). As the water-

borne transmission of the virus. After 10 days, all surviving shrimp

borne virus particle load will be approximately the same for all

were collected and stored. For experiment #1, cohorts of 13 shrimp

shrimp sharing the same water, and both dose and infection proba-

each were inoculated with a 102, 103, 104, 105 or 106 fold dilution

bility are unknown, we simply introduce a second infection term

of purified WSSV virus particles amplified in O. limosus, or PBS only

analogous to λ to represent waterborne transmission (ω):

for mock‐inoculated controls. For experiment #2, cohorts of 17

I ¼ 1  eρnω

shrimp each were inoculated with a 10, 102, 103, 104, 105 or 106

(1)

dilution of WSSV virus particles amplified in P. vannamei, or PBS

Next, we also want to model the rate of mortality, because we

only. Shrimp taken from the same cohort were used for experiments

measured both infection and mortality for the same group of hosts.

#1 and #2, although experiment #1 was performed first and the

If we assume that infection does not necessarily lead to host death,

shrimp were smaller.

and that the IAH principle also applies to this level of infection, we
can introduce a probability that an infecting virus particle causes

2.3 | PCR detection of WSSV
The infection status of all shrimp from the dose–response experi-

host death (φ). We consider this probability the same for infection
resulting from intramuscular infection or waterborne transmission, in
which case host mortality (M) is:

ments was determined by PCR. To avoid environmental contamina-

M ¼ 1  eφðρnþωÞ

tion with WSSV DNA, a sample of muscle tissue was used for DNA

(2)

extraction. A crude extract of DNA was used as template for two

In reality, for infection resulting from virus particles transmitted

separate Taq‐based PCR reactions with host‐ and virus‐specific pri-

by waterborne transmission, the probability of host death might be

mers (Witteveldt et al., 2004; host‐specific primers for 16S ribosomal

smaller: These secondary infections will have started later than infec-

RNA: 5′‐GTGCGAAGGTAGCATAATC and 5′‐CTGCTGCAACATAA

tions caused by the injected virus particles, and therefore, there will

GGATAC, WSSV‐specific primers for VP26: 5′‐ATGGAATTTGGC

be less time for the virus to kill the host. However, as a first approx-

AACCTAACAAACCTG and 5′‐GGGCTGTGACGGTAGAGA). Host‐

imation and to avoid overparameterising the model, we ignore this

specific primers were included as a positive control for DNA extrac-

effect.

tion and PCR. PCR products were resolved on a 0.7% agarose gel
prestained with ethidium bromide.

Finally, as in many cases, the data did not support the IAH
model, more complex models of infection must be considered (Ben‐
Ami, Regoes, & Ebert, 2008; Regoes et al., 2003; van der Werf,

2.4 | Dose–response models

Hemerik, Vlak, & Zwart, 2011). We consider two alternative models
of infection: (a) a model incorporating dose‐dependent interactions

To model dose–response, we took the simplest mechanistic model of

between virus particles, the dose‐dependent action (DA) model; and

virus infection as a starting point: the IAH model (Druett, 1952;

(b) a model allowing for differences between hosts in their suscepti-

Regoes et al., 2003; Zwart et al., 2009). The dose–response predic-

bility to the virus, the heterogeneous host susceptibility (HHS)

tion of this model is obtained from the zero term of the Poisson dis-

model.

tribution for the number of infecting virus particles, which

For the DA model, given similarities in the dose–response

represents those hosts that have not been infected by the virus

observed for infection and mortality for our data set—and to avoid

1736

|

NGO

ET AL.

an overparametrized model—we chose to add dose dependence at

are infected by WSSV. There were no shrimp that died but were

the infection level. These dose‐dependent effects on infection will

negative for WSSV detection, a host state that is also not possible

carryover on the rate of mortality, and as a result, the shape of both

for our infection models (per definition the probability φ ≤ 1). The

responses will be affected. Also, as the infection routes for injected

IAH and DA models can be used to predict the number of animals in

and waterborne virus particles are different, and the waterborne

each state as a function dose, given S ¼ 1  I and E ¼ I  M. The

virus particle dose is assumed to be constant, we chose to only have

likelihood of observing a given number of shrimp in the M, E or S

dose‐dependent effects stemming from the dose of injected virus

states at the end of the experiment (X1, X2, X3) follows a multinomial

particles. Therefore, following (Regoes et al., 2003), the rate of infec-

distribution with probabilities p1, p2 and p3 (∑3i¼1 pi ¼ 1). A particular

tion under the DA model is:

realization (x1, x2, x3) has a multinomial probability:


∑3i¼1 xi ! Y3
PðX1 ¼ x1 ; X2 ¼ x2 ; X3 ¼ x3 Þ ¼ Q3
pxi :
i¼1 i
i¼1 xi !

κ

I ¼ 1  eρn ω

(3)

where κ is a constant that determines what type of dose‐dependent

(5)

effects will occur. When κ < 1, there are antagonistic interactions

We used a stochastic hill‐climbing algorithm to minimize the neg-

between virus particles; as the dose is increased, it becomes harder

ative log likelihood (NLL), with 103 searches from randomly chosen

for each virus particle to infect, and hence, the dose–response

points in a broad range of plausible parameter‐value space. We then

becomes more gradual than for IAH. When κ > 1, there are synergis-

used the Akaike information criterion (AIC) for model selection, an

tic interactions; as the dose is increased, it becomes easier for each

approach that weighs both the fit and the number of model parame-

virus particle to infect, and hence, the dose–response is steeper than

ters in choosing which model is best supported by the data. Note

for IAH. When κ = 1, the model collapses to the IAH model. As the

that the DA and HHS models add one model parameter, and that

number of infecting virus particles is dose dependent for the DA

the number of model parameters is similar for all models. From the

model, the response of M will also be dose dependent if all else is

difference in AIC scores between the models (ΔAIC), we determined

kept equal.

the Akaike weight (AW), an indicator of the relative likelihood of a

For the HHS model, “frailty” models have been used to predict

model given the set of models compared (Johnson & Omland, 2004).

the relationship between dose and infection, assuming the distribu-

We also performed model selection on the model fittings for the

tion of host susceptibility follows a Γ‐distribution (Ben‐Ami et al.,

two experiments, to gauge overall support for the different models

2008). Our approach is conceptually similar to the DA model: For

(Navakatikyan, 2007). All analyses were performed in R 3.3 (R Core

parsimony, we introduce heterogeneity only in the infection step, so

Team, 2016; RRID:SCR_001905), with custom scripts.

that the effects also carryover from infection to mortality. Given that

1=ν
for this infection model (Ben‐Ami et al., 2008) and
S ¼ 1 þ1ρνn

2.6 | Survival analysis

the occurrence of waterborne transmission in our set‐up, the dose–

The status of shrimp in the dose–response experiments was scored

response is as follows:
ω

I¼1e



1=ν
1
1 þ ρνn

daily, making it possible to analyse whether there are any effects of
(4)

dose on the time until death. We tested for significant differences in
time until death between doses using the log rank test, pooled over

where ν is a constant that determines the variance of the distribu-

strata and using only the data from those animals that die by the

tion of host susceptibilities (ρν2). Differences in host susceptibility

end of the experiment. As infection status was only determined at

can only result in a more gradual dose–response: For increasing val-

the end of the experiment due to the invasive sampling method, we

ues of ν, the dose–response becomes more gradual, whereas when ν

can only perform survival analysis for mortality.

approaches zero, the shape of the dose–response becomes identical
to the IAH prediction. By including the probability that an infecting
virus particle causes host death in the terms for waterborne transmission and the injected inoculum, the relationship between dose

1=ν
.
and mortality is M ¼ 1  eφω 1 þ 1ρφνn

2.7 | Meta‐analysis
We searched the scientific literature for dose–response data on
shrimp and WSSV. Studies had to meet the following criteria to be
included: (a) use WSSV as an inoculum, using any method of expo-

2.5 | Model fitting and model selection

sure; (b) use shrimp as the challenged host; (c) consider at least three
different doses, with a dose range such that infection or mortality is

For the IAH model, parameters ρ, φ and ω must be estimated. For

not greater than or less than 0.5 for all doses (i.e., to exclude any

the DA model, parameters ρ, φ, ω and κ must be estimated. For the

data sets with only very high or very low levels of response, which

HHS model, parameters ρ, φ, ω and ν must be estimated. For the

would not allow discrimination between the infection models); (d)

experimental data, three final states were observed as follows: (a)

consider >5 shrimp per dose; (e) report the numbers of shrimp for

survival (S): Shrimp that survive and are not infected by WSSV (S);

the response; and (f) the response should be mortality, or the rate of

(b) exposure (E): Shrimp that are infected by WSSV and survive to

infection measured in an unbiased manner (i.e., testing of all shrimp,

the end of the experiment; and (c) death (M): Shrimp that die and

and not a subsample of dead or alive shrimp). If both usable
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mortality and infection data were reported (two of 16 data sets), we

in the second, we fitted the host species as three‐level categorical

used only the infection data in this analysis to avoid including the

predictor. Model coefficients (e.g., estimated differences between

same data set twice. In one data set with both infection and mortal-

the overall mean effect sizes for different infection models) with

ity data, there are discrepancies between them: that is, not all dead

95% confidence intervals (CIs) excluding zero are considered statisti-

shrimp are WSSV infected (Laramore et al., 2009). In this case, infec-

cally significant. Logit transformed model estimates are back trans-

tion is clearly the better indicator of the presence of WSSV.

formed in places for interpretation.

We then fitted the IAH, DA and HHS models to the data, but
considering only a one‐step model (i.e., in effect considering all data
sets to be infection data and using the models to estimate I). For the
reanalysis, we also left out the waterborne transmission term from
the models as none of these experiments reported infection or mor-

3 | RESULTS
3.1 | Experimental data

tality in the mock‐inoculated controls. Thus, for the IAH model, only

To investigate the dose–response of WSSV in shrimp, P. vannamei

parameter ρ must be estimated, for the DA model, ρ and κ must be

PL were infected by intramuscularly injecting 10‐fold dilutions of

estimated, and for the HHS model, ρ and ν must be estimated. Given

WSSV isolate VN‐T (Dieu et al., 2004). Two experiments were per-

that these data were then reduced to two possible outcomes

formed, the first with isolate VN‐T amplified in O. limosus, and the

(S and I), we could use binomial likelihoods to determine the NLL

second with the same isolated amplified in P. vannamei. At the start

and AIC. A null model with virus dose‐independent host mortality

of the experiment, the weight of shrimp (mean ± SD) was

(I = θ, where θ is a constant) was also fit to the data, to allow for

1.38 ± 0.46 g (N = 71) for experiment #1, and 2.37 ± 0.48 g

estimation of McFadden's pseudo‐R2 (subsequently referred to as R2)

(N = 107) for experiment #2. Mortality was recorded daily, and the

for each models as R2 ¼ 1  lnðLÞ= lnðL0 Þ, were L is the likelihood of

presence of WSSV in all shrimp (whether surviving or dead) was

the model and L0 the likelihood of the null model (McFadden, 1973).

determined by PCR after termination of the experiment (10 days

Given that IAH model is highly constrained, negative R2 values could

postinfection). At the end of the experiment, the mean length of

be expected in some cases, and these values were reset to zero.

shrimp was (mean ± SD) was 5.89 ± 0.85 cm (N = 71) for experiment

R2 values are bounded at zero and one, but for meta‐analysis,

#1, and 7.18 ± 0.54 g (N = 107) for experiment #2. For both experi-

effect sizes need to unbounded. For meta‐analysis, we logit

ments, we observed a similar sigmoidal dose–response for both

transformed R2 values, that is zero instances were adjusted by

infection and mortality (Figure 1a, see also Supporting Information

1—maximum value of R2 (Warton & Hui, 2011). The sampling

Table S1). Some mock‐inoculated controls were also found to be

variance (s2) for each value of logit transformed R2 was estimated

infected with WSSV and dead (Figure 1d). This observation con-

following Equation 6:

firmed the occurrence of waterborne transmission, which was
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 2
1
R þ
s2 ¼
n
nð1  R2 Þ

expected as the shrimp were physically separated by a fine mesh,
but water flowed freely between cubicles. We found that some
(6)

infected shrimp had not died by 10 dpi (Figure 1a,d). The number of
shrimp that were both infected and survived until the end of the

where n is the number of shrimp in the experiment (Mengersen &

experiment was low, reaching a maximum of 1/3 of infected shrimp

Gurevitch, 2013). To compare R2 values from different models of

(four of 12 shrimp for second to lowest dilution of the virus ampli-

infection, we used a multilevel meta‐regression (MLMR; Nakagawa,

fied in P. vannamei). Shrimp from the same cohort kept in separate

Noble, Senior, & Lagisz, 2017; Nakagawa & Santos, 2012). MLMR

aquaria experienced no WSSV infection or mortality, indicating that

was fitted using the “rma.mv” function in the R package metafor

the shrimp population used for the experiment was not infected.

(Viechtbauer, 2010). Logit transformed R2 values were fitted as the
effect size, and s as the sampling variance. The study ID was fitted
as a random‐effect, and the type of infection model as a three‐level
categorical fixed effect. Estimated differences between the overall

3.2 | Quantitative analysis of dose–response and
survival analysis

mean effect sizes for different infection models with 95% confidence

The IAH and DA dose–response models were fitted to the data with

intervals (CIs) excluding zero are considered statistically significant.

a maximum likelihood method (Figure 1, Table 1). Diverging results

Logit transformed model estimates are back transformed in places

were obtained for experiments #1 and #2. For experiment #1—with

for interpretation.
To explore whether differences among host species may affect

the virus amplified in O. limosus—the IAH model was best supported,
although the model fittings and supports were similar for all three

the predictive power of the three infection models (i.e., moderator

models (Figure 1a–c, Table 2). For experiment #2—with the virus

variables), we then fitted random effects meta‐regression (REMR)

amplified in P. vannamei—the HHS model was clearly the best fitting

models. Data were split into three subsets, one for each infection

and best‐supported model, followed by the DA model (Figure 1d–f,

model type. For each subset, we fitted two REMRs again with the

Table 2). For this data set, the IAH model had virtually no support,

logit R2 and its sampling variance (s2) as the effect size. In the first

as the model fits very poorly (Figure 1d). Model parameter estimates

REMR, we fitted the log mean host mass as a linear moderator, and

(i.e., ν ≫ 0 for the HHS model and κ < 1 for the DA model) confirm
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F I G U R E 1 Dose–response for white spot syndrome virus (WSSV) in Penaeus vannamei. For all panels, the ordinate is log10‐transformed
virus dose + 1 in arbitrary units, with 109 corresponding to the undiluted virus stock. Note that on this scale, zero represents the mock‐
infected virus controls. The abscissae are the response, infection or mortality. Open blue triangles indicate the infection data, whereas the
dotted blue line indicates the fitted infection model. Filled red circles indicate mortality data, whereas the solid red line indicates the fitted
mortality model. Panels a‐c represent the same experimental data from experiment #1 (WSSV stock amplified in Orconectes limosus), whereas
panels d‐f represent the same data of experiment #2 (WSSV stock amplified in P. vannamei). Panels a and d show the fitted independent action
hypothesis (IAH) model, panels b and e show the fitted dependent action (DA) model, and panels c and f show the fitted the heterogenous
host susceptibility (HHS) model. Whereas the more complex DA and HHS models do not lead to an appreciable improvement in model fit for
the data from experiment #1, there is clearly an improvement for the data of experiment #2. When model selection is performed on the two
data sets, the HHS model has the most support (Table 2) [Colour figure can be viewed at wileyonlinelibrary.com]

that the response was more gradual than IAH predictions in experi-

T A B L E 1 Estimated model parameters

ment #2. When the model fits for the two experiments were com-

Data set

Model

Ρ

φ

Ω

Κ

Ν

bined in a single model selection, the HHS model was again better

Ia

IAH

1.12 × 10−5

0.646

0.468

‐

‐

DA

2.00 × 10−4

0.661

0.363

0.617

‐

0.646

0.468

‐

3.80 × 10−2

0.741

0.871

‐

‐

0.724

0.347

0.309

‐

0.575

0.380

‐

1.905

supported than the DA model, whilst there was virtually no support
for the IAH model (Table 2). Overall, our experimental data therefore
provide most support for the HHS model.
When shrimp mortality over time was plotted, there appears to
be an effect of dose on shrimp survival in both experiments. Animals
exposed to a higher dose appear to die sooner (Figure 2), and there
was a significant effect of dose on time until death in both experiments (Log rank test; experiment #1: χ = 14.266, df = 5, p = 0.014;
2

experiment #2: χ2 = 25.570, df = 6, p < 0.001).

3.3 | Meta‐analysis of WSSV dose–response

IIb

−5

HHS

1.15 × 10

IAH

2.29 × 10−6
−2

DA

1.86 × 10

HHS

1.86 × 10−4

Notes. DA: dose‐dependent action; HHS: heterogeneous host susceptibility; IAH: independent action hypothesis.
a
WSSV amplified in Orconectes limosus. bWSSV amplified in Penaeus
vannamei.

performed on published data sets. We found 16 data sets, published

To determine the generality of the results based on our experimental

in six studies (Escobedo‐Bonilla et al., 2005; van Hulten, Witteveldt,

data, a reanalysis and meta‐analysis of WSSV dose–response were

Snippe, and Vlak 2001; Laramore et al., 2009; Marks et al., 2005;
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T A B L E 2 AIC values for the infection and mortality models fitted
to our experimental data
Data set

Model

Parameters

NLL

AIC

ΔAIC

Ia

IAH

3

11.070

28.139

‐

DA

4

10.767

29.535

HHS

4

11.066

30.131

IIb

I + II

AW

HHS models was 0.838 and 0.841, respectively (IAH model
logit est. = 0.191, CI = −0.651–1.032; DA model logit est. = 1.644,
CI = 0.786–2.501; HHS model logit est. = 1.669, CI = 0.812–2.526).

0.536

Contrasts among model types indicate that the R2 of the DA and

1.395

0.267

HHS models are significantly higher on average than that of the IAH

1.992

0.198

IAH

3

22.980

51.960

15.569

<0.001

DA

4

17.221

42.442

6.051

0.046

HHS

4

14.195

36.391

‐

0.953

IAH

6

34.049

80.099

13.577

0.001

DA

8

27.988

71.976

5.454

0.061

HHS

8

25.261

66.522

‐

1739

0.938

Notes. AIC: Akaike information criterion; AW: Akaike weight; DA: dose‐
dependent action; HHS: heterogeneous host susceptibility; IAH: independent action hypothesis; NLL: negative log likelihood.
a
WSSV amplified in Orconectes limosus. bWSSV amplified in Penaeus vannamei.

model

(logit

est.DA – IAH = 1.453,

CI = 0.633–2.273;

logit

est.HHS – IAH = 1.479, CI = 0.659–2.298). However, there was no significant difference between the R2 of the DA and HHS models
(logit est.HHS – DA = 0.026, CI = −0.810–0.862). Whilst the meta‐analysis highlights that the DA and HSS model are both superior to the
IAH model, both models are equally supported. On the one hand,
the results of the meta‐analysis are similar to our experimental work,
as in some experiments, the IAH model is rejected because of the
gradual dose–response. On the other hand, the HHS model was not
superior to the DA model, as was the case for our own experimental
data (Table 2).
We detected positive effects of host mass on R2 of all three
infection models; however, the effect was only statistically signifi-

Motamedi Sedeh et al., 2012; Thuong et al., 2016), that met all our

cant in the case of the IAH model (IAH model slope est. = 0.835,

criteria for inclusion in this analysis. The IAH, DA and HHS models

CI = 0.056–1.614; DA model slope est. = 0.332, CI = −0.056–0.721;

were fitted to these data sets, and model selection was performed

HHS model slope est. = 0.297, CI = −0.064–0.658; Figure 3a–c, Sup-

individually for each data set (Supporting Information Table S2; a

porting Information Table S3). We did not detect any statistically sig-

summary of the results is given in Table 3). Upon reanalysis of the

nificant differences among the three host species for any of the

individual data sets, there were two clear parallels with our own

infection models (Figure 3d,e; Supporting Information Table S3),

experimental results. First, in some experiments, the IAH model was

although very little data are available for P. semisulcatus.

supported, whereas in others, the more complex DA or HHS models
were better supported (Table 3). Second, the dose–response was
either similar to IAH, as seen for our experiment #1, or when this

4 | DISCUSSION

model was not supported, more gradual than model predictions, with
ν ≫ 0 for the HHS model and κ < 1 for the DA model, as seen for
our experiment #2 (Table 3).

To understand better the WSSV infection process and the risks of
infection and mortality in shrimp, we used a combination of dose–re-

Meta‐analysis was used to determine which model accounted for

sponse experiments, infection modelling and meta‐analysis. We used

the most variation over all 16 data sets. MLMR indicated that the

simple models of infection that can be interpreted mechanistically,

mean R2 of the IAH model was 0.547, whereas that for the DA and

allowing for a better understanding of the WSSV infection process.

F I G U R E 2 The relationship between white spot syndrome virus dose and time until death. For both panels, the ordinate is the time
postinoculation, and the abscissae are the proportion of mortality. The response for different log10‐transformed arbitrary doses is denoted by
the legend, and MC indicates the mock‐inoculated controls. In panel a, the results for experiment #1 are given, and note the highest dose (108)
was not taken. In panel b, the results for experiment #2 are given. For both experiments, there was a statistically significant effect of dose on
the time until death [Colour figure can be viewed at wileyonlinelibrary.com]
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T A B L E 3 Summary of the reanalysis of published data
Model
parametersd

Akaike weight
IAH

WSSV isolatea

Hostb

Numberc

κ

van Hulten, Witteveldt, Peters, et al. (2001)

TH‐96 (Thailand)

m

64

0.224

2.692

0

0.007

0.993*

Marks et al. (2005)

TH‐96 (Thailand)

m

28

0.603

10−7.19

0.564*

0.220

0.215

TH‐96‐II (Thailand)

m

25

0.550

0.933

0.401*

0.380

0.220

Söderhall (Thailand)

v

60

0.692

0.995

0.143

0.282

0.574*

Study

Escobedo‐Bonilla et al. (2005)

Laramore et al. (2009)

ν

DA

HHS

Söderhall (Thailand)

v

60

0.759

0.513

0.294

0.379*

0.327

CH1995‐1 (China)

v

40

0.339

6.310

0

0.283

0.716*

CH1995‐2 (China)

v

40

0.309

10.233

0.001

0.535*

0.464

M‐M2001 (Mexico)

v

38

0.039

28.840

0

0.511*

0.489

N2000 (Nicaragua)

v

40

0.427

2.818

0.001

0.570*

0.430

EOLT2002 (Ecuador)

v

40

0.631

0.912

0.296

0.431*

0.272

E‐L1999 (Ecuador)

v

40

0.851

0.288

0.560*

0.222

0.218

H2000‐1 (Honduras)

v

40

0.851

0.288

0.560*

0.222

0.218

H2000‐2 (Honduras)

v

40

0.490

0.741

0.026

0.520*

0.455

M‐LP2001 (Mexico)

v

40

0.296

1.905

0

0.452

0.548*

Motamedi Sedeh et al. (2012)

‐ (Iran)

s

84

0.661

0.708

0.313

0.496*

0.191

Thuong et al. (2016)

Söderhall (Thailand)

v

45

1.349

10−6.58

0.520*

0.288

0.192

Notes. DA: dose‐dependent action; HHS: heterogeneous host susceptibility; IAH: independent action hypothesis; WSSV: white spot syndrome virus.
Name of the WSSV isolate, with the country of isolation in brackets. bHost species used for challenge experiments: m = Penaeus monodon, v = Penaeus
vannamei, s = Penaeus semisulcatus. cThe total number of shrimp used in the experiment. dEstimates of model parameters.
*Model with most support is indicated.

a

Model selection on the data from our dose–response experiments

interactions during coinoculation have not been observed for other

suggests the most support exists for the HHS model. However,

viruses (Zwart & Elena, 2015). Thus, it is not clear what underlying

when the data of the two experiments are considered separately,

mechanism would cause inconsistent antagonistic interactions within

only the data from experiment #2 provided support for this model.

a conspecific virus population, although one possibility is dose‐

We also performed a reanalysis and meta‐analysis of published data

dependent priming of the immune system.

and found similar results. In some cases, the dose–response was sim-

Whereas the probability that a virus particle causes host infec-

ilar to IAH, whereas in others, it was more gradual. Although the

tion is fixed for the IAH model, it follows a probability distribution

IAH model was supported for some individual data sets, overall, the

over hosts for the HHS model. The HHS model, although being more

more complex DA and HHS models were better supported. Thus, we

complex than the IAH model, therefore does not violate the principle

can conclude that the dose–response kinetics of WSSV in shrimp

of independent action whilst predicting a more gradual dose–re-

appear to be variable over experiments, and that in many cases, the

sponse (Regoes et al., 2003; van der Werf et al., 2011). Conse-

IAH model is not suitable for the analysis of WSSV dose–response.

quently, if the distribution of susceptibility is different for the

We do not think that virus amplification would have affected the

cohorts of shrimp used for different experiments, we could reason-

model selection procedure (see Supporting Information Text S1).

ably expect different shapes for the dose–response in different

Given that neither the DA nor the HHS models are consistently

experiments, and support for the IAH or HHS model depending on

better supported in both analyses presented here, it is difficult to

how much variation in the distribution of susceptibility is present in

draw any firm conclusions on what mechanisms might underlie the

the shrimp population. The shrimp populations used in our two

deviations from the IAH model observed. However, by considering

experiments differed in age and mean weight, although they were

the mechanisms that underlie each model and their variable occur-

taken from the same cohort and have a similar standard deviation

rence over experiments, we can attempt to reach some tentative

for weight. Likewise, the data sets included in the reanalysis repre-

conclusion on which model appears to be more reasonable. Under

sent experiments that were performed independently, implying that

the DA model, the gradual dose–response we have observed is

different amounts of variation in susceptibility is entirely plausible.

indicative of antagonistic dose‐dependent interactions, as κ < 1.

For instance, all nine data sets reported in one study (Laramore et

Whilst there are striking examples of synergistic dose‐dependent

al., 2009) were carried out with different cohorts of shrimp. There

action (Borges, Zhang, Rollins, Osuna, Wiedenheft, & Bondy‐

can be large differences in host susceptibility to a pathogen (Ben‐

Denomy, In press; Fulton, 1962; Landsberger et al., 2018; Sánchez‐

Ami, Ebert, & Regoes, 2010; Chakrabarty, Dutta, Mallik, Mondal, &

Navarro et al., 2013), to the best of our knowledge, antagonistic

Mandal, 2015) and for insects susceptibility can be phenotypically
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F I G U R E 3 Logit R2 against log host weight for the independent action hypothesis (IAH) model (panel a), dose‐dependent action (DA) model
(panel b), and heterogeneous host susceptibility (HHS) model (panel c). Black lines correspond to fitted values from random effects meta‐
regression (REMR), only that in 1a is statistically significant (Supporting Information Table S3). In Panels d–f, logit R2 values are plotted against
host species for the IAH, DA and HHS models. Black points and error bars (95% confidence internals) correspond to overall effects for each
species as estimated by REMR (differences among species were not statistically significant; Supporting Information Table S3). Grey points are
effect sizes, with size scaled by precision

plastic and linked to environmental factors such as host density

onset of infection. Our data suggest that—for the conditions we have

(Reeson, Wilson, Gunn, Hails, & Goulson, 1998). Although we cannot

studied—sublethal infections will not have a high prevalence at any

rule out antagonistic dose‐dependent action, we therefore think that

virus‐particle dose. For all models and data sets, we estimated large

the most likely explanation for deviations from IAH model predic-

values for the probability of host death upon virus infection (φ > 0.5).

tions is differences in the distribution of host susceptibility to WSSV.

On the other hand, these results are also puzzling because WSSV

The meta‐analysis results also suggest that the IAH model fits better

infection is often detected in shrimp sampled from ponds in which

when shrimp with a higher weight are used, raising the possibility

there are no indications of a disease outbreak (Flegel et al., 2004; Hoa,

that heterogeneous susceptibility to WSSV might decrease as devel-

Zwart, Phuong, Oanh, et al., 2011). These results suggest that the tim-

opment progresses. This contrasts with observations for baculovirus

ing of infection, infection route or environmental conditions found in

infection of insect larvae, in which the IAH model was supported

the field strongly affect WSSV virulence. Alternatively, the kinetics of

early and not late in larval development (Zwart et al., 2009), and we

infection and mortality for the WSSV isolates used in our experiments

speculate these differences might arise due to differences in the tim-

may not be representative for strains circulating on farms. The virus

ing of investment in viral defences.

isolate used here was sampled during incipient epizootics and might

Similar to previous but shorter‐running experiments (Escobedo‐
Bonilla et al., 2005), infection was mainly PCR detected in shrimp that

be more representative of high‐virulence strains that perform well
under these outbreak conditions.

had died by the end of the experiment. Some of these surviving shrimp

For the studies included in the meta‐analysis, 13 different virus

may represent true sublethal infections (Johnson et al., 2008; Venegas

isolates were used (Supporting Information Table S2). Most of these

et al., 2000; Wu & Muroga, 2004). These shrimp could also have

studies report only infection or mortality, so we could not estimate the

become infected later in the experiment due to waterborne transmis-

probability of death upon infection and hereby determine the general-

sion, in which case death could have been delayed simply due to later

ity of our result that this probability is large. One interesting related
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question is whether virus isolate (and by extension virus genotype)

Finally, our results here have two practical implications. First,

affected the observed infection kinetics. Although there were insuffi-

both the HHS and the DA models can predict a more gradual dose–

cient studies with the same virus isolate to allow for a formal analysis

response than the IAH model, which has implications for risk analy-

2

of whether virus genotype affects R , two isolates were used in three

sis. The IAH model can underestimate the frequency of infection at

different studies (TH‐96 and Söderhall TH‐96; see Supporting Informa-

low doses when there is host heterogeneity (Teunis & Havelaar,

tion Table S2). In each study, a different model had the highest R2,

2000), or overestimate it when there are synergistic dose‐dependent

suggesting that other factors affect model selection more strongly

interactions (Cornforth, Matthews, Brown, & Raymond, 2015), high-

than virus isolate, and by implication that virus genotype does not

lighting the importance of using empirically supported infection mod-

affect the type of infection kinetics. Note that we do expect to see dif-

els for assessments. Our results also suggest that infection will be

ferent infection probabilities for different virus isolates: The position

underestimated by the IAH model for low WSSV doses, given the

of the dose–response will shift, as some virus genotypes will infect

amount of heterogeneity in the host population estimated for exper-

more easily (see also Supporting Information Figure S1), and some

iment #2 and an extreme example from the data reanalysis (Fig-

shrimp populations will be more susceptible. By contrast, we expect

ure 4). Second, consideration of heterogeneity of host susceptibility

the degree of HHS within the shrimp population to be a more impor-

is indispensable to model and understand infectious disease dynam-

tant determinant of the type of infection kinetics (i.e., the shape of the

ics. Although individuals with a low susceptibility could facilitate

dose–response). An epidemiological model that would include all the

between‐pond or between‐herd transmission by virtue of being sus-

main factors we have found to affect rates of infection would there-

ceptible to low pathogen doses often associated with long‐range

fore allow for mass action, but also incorporate (a) virus strains with

transmission, in general, heterogeneity makes it harder for a patho-

different infection probabilities; and (b) shrimp populations with differ-

gen to spread within a population (Cook, Otten, Marion, Gibson, &

ent degrees of HHS.

Gilligan, 2007; Dwyer, Elkinton, & Buonaccorsi, 1997). Our results
therefore suggest that the effects of heterogeneous susceptibility
are relevant to understanding WSSV infection and transmission in
shrimp, whilst at the same time suggesting that such heterogeneity
is not present in all shrimp cohorts.
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