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SUMMARY

The prevalence of African horse sickness (AHS) serotypes in zebra foals from the Kruger

National Park, South Africa was examined for possible associations between serotypes and to

estimate the basic reproduction number, R
!
. The distributions of serotypes between zebra were

not independent in the 6- and 7–8-month-old age classes (P! 0±005). This does not necessarily

imply biological interactions between serotypes, as heterogeneity in host-vector transmission

rates can generate non-independent distributions of serotypes. Both age and month of capture

were significant factors in the number of serotypes infecting each zebra (P! 0±0001). Pairwise,

positive associations between non-cross-reacting serotypes were found in the 7–8-month-old

class only. For AHS overall, estimates of R
!

ranged from 31–68. Assuming serotypes are

transmitted independently, estimates of R
!

for individual serotypes ranged from 10 for serotype

1 to 23 for serotype 6. The wide range of estimates emphasizes the need for a better

understanding of serotype transmission and interactions in AHS.

INTRODUCTION

Multiple strains or serotypes have been found in

several parasite species, including protozoan diseases

such as malaria [1] and trypanosomiasis [2], and

viruses (e.g. African horse sickness [3], bluetongue [4],

foot and mouth [5], dengue [6]). For convenience, we

will refer only to serotypes although the methods used

in this paper are equally applicable to parasites other

than viruses. Only recently have there been attempts

to understand the epidemiological implication of

serotypes, but it is clear that there are consequences

for the basic reproduction number, R
!

[7]. This

number is a measure of the strength of transmission of

a parasite or pathogen, and is defined as the average

number of secondary cases generated by one primary

case in a susceptible population. R
!
can be used in the

design of control campaigns; for example, to indicate

the coverage required in a vaccination program [8]. It

* Current address : Florida Medical Entomology Laboratory, 200
9th Street SE, Vero Beach, FL 32962, USA.

has been suggested by Gupta and colleagues [7] that

conventional methods of calculating R
!

may over-

estimate the true value if the disease is a composite of

several independently transmitted serotypes, and they

have suggested using a weighted average of R
!
in this

case.

The magnitude of the impact on R
!
depends on the

extent to which the serotypes are transmitted in-

dependently. Independent transmission here is defined

as transmission without biological interactions be-

tween the serotypes. Transmission would not be

independent if infection with one serotype affected the

potential for infections with another serotype; for

example, by inducing a cross-reactive immune re-

sponse. It is important to distinguish independent

transmission of serotypes from the independent

distribution of serotypes among hosts. The latter may

be generated by heterogeneities in transmission rates

between hosts which need not imply interactions

between serotypes. The detection of non-independent

distributions of serotypes is analogous to the problem
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of determining independence between species distri-

butions in community ecology, and methods de-

veloped to test for associations between species in

communities can be used to study serotype distri-

butions among hosts.

African horse sickness (AHS) is a midge-

transmitted Orbivirus infecting several equine species,

with nine serologically distinct types. The virus is

endemic in the zebra (Equus burchelli) population in

the Kruger National Park, South Africa, where all

nine serotypes are known to occur [9]. The biting

midge Culicoides imicola is considered the most

significant vector, although other species of Culicoides

may also be involved [3, 10]. Here, we present further

analysis of previously published data [9], to investigate

the independence of serotype transmission and dis-

tribution and the effect of multiple serotypes on

calculations of R
!

for AHS.

METHODS AND MATERIALS

Serum collection

Serum was collected from free-living zebra foals in the

Kruger National Park and analysed as described by

Barnard [9]. Briefly, between August 1991 and May

1992, foals were captured, age estimated based on

tooth eruption and wear, and serum collected.

Animals were assigned to monthly age classes except

for 7 and 8 months, which could not be distinguished

and so were combined into one class. Agar gel

immunodiffusion (GP) was used to test for antibodies

to AHS, and microneutralization was used to de-

termine serotype-specific antibody titres (NA). Any

titre greater than zero was considered positive. There

are cross-reacting pairs of serotypes (1 and 2, 3 and 7,

5 and 8, and 6 and 9 [3]) ; if the specific titre was " 320

for one member of a cross-reacting pair and ! 20 in

the other, the lower titre was assumed to be the result

of cross-reactions and the animal considered negative

for that serotype. If both titres were high or low, the

animal was considered positive for both.

Because cross-reactions between serotypes may

influence the statistical tests used, the analyses were

repeated with cross-reacting serotypes combined. If

an animal was positive for either of the two members

of a cross-reacting pair, it was considered positive for

the combination (e.g. if positive for either serotype 1

or 2, it was positive for the combination 1–2). This

resulted in five combinations: 1–2, 3–7, 4, 5–8 and

6–9. This will be referred to as the analysis of

combined serotypes.

Table 1. Results of Schluter’s W* tests for

independent distributions of serotypes within each age

class.

Age class Sample size† All serotypes

Combined

serotypes

5 11 76±3‡ 16±1
6 36 87±1‡ 65±2‡

7–8 30 117±0‡ 74±3‡

9 19 24±2 19±0

* Schluter’s W distributed as χ#
α/#,z

where z is sample size.

† Number of zebra in age class.

‡ P! 0±005.

Barnard [9] repeatedly sampled four captive zebra

foals and determined that they lost maternal anti-

bodies to AHS at 4–6 months of age. There were no

apparent differences between serotypes, although the

sample size is inadequate to examine this in any detail.

In the data analysed here, foals aged 5 months had a

bimodal distribution of serotypes, most having posi-

tive titres to 3 or fewer serotypes and 4 foals having

positive titres to 8 or more serotypes. To prevent

maternal antibodies from confounding the analysis,

all foals under 5 months of age and the 4 goals aged

5 months which tested positive to 8 or more serotypes

were excluded from the analysis. Final sample sizes

for each age class are given in Table 1.

Associations

If the distribution of a serotype among hosts is

independent of all other serotypes, there should be no

covariance between the serotypes. Schluter’s variance

test [11, 12] compares the observed variance in the

number of serotypes per zebra with that expected

under the hypothesis of no covariance; if this ratio is

significantly different than one there is covariance

between the serotypes and the distributions are not

independent. This test is equivalent to the summed

binomial [13] and Cochran’s Q [12], and can be

interpreted as comparing the observed distribution of

the number of serotypes per zebra with that expected

from the sum of independent binomial distributions.

For age classes where there was covariance between

the serotypes, pairwise associations were tested using

Fisher’s exact test (2-tailed; FREQ procedure, SAS

[14]). The significance level was adjusted for multiple

tests using the Bonferroni correction [15]. All tests for

association were carried out on each age class

separately.
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Generalized linear models (GLM) were used to test

for seasonal influences on serotype acquisition, with

the number of serotypes positive for each zebra as the

dependent variable and age and month of capture as

main effects. In addition, the three youngest age

classes were tested using only the month of capture as

the main effect. The SAS GLM procedure was used

for all analyses.

Basic reproduction number

R
!
provides an estimate of the transmission potential

of a disease and, in an endemic situation, can be

calculated using age-prevalence data [8]. It was

assumed that zebra acquire infection with serotype i

with an age-independent constant force of infection,

λ
i
. The proportion infected at age a, p

i
(a), is therefore,

p
i
(a)¯ 1®e−λ

i(a−M)

where M is the age at which maternal antibodies

become undetectable. Using maximum likelihood

methods [16], λ
i
can then be estimated as the value

which maximizes the log likelihood,

3
a

®x
ia

λ
i
(a®M )­y

ia
ln (1®e−λ

i(a−M))

where x
ia

is the number seronegative for serotype i at

age a and y
ia

the number seropositive at age a. As M

is not known precisely, it was chosen to maximize the

sum (over the nine serotypes) of the log likelihood.

The variance of λ can be estimated as

var (λ
i
)¯®93

a

®y
ia
(a®M )# 9 e−λ

i(a−M)

1®e−λ
i(a−M)

­
e−#

λ
i(a−M)

(1®e−λ
i(a−M))#::

−"

.

The goodness of fit of λ
i

for each serotype can be

tested by likelihood ratios, comparing the maximum

log likelihood (ML) with the likelihood from the fully

saturated model (SM), calculated using observed

values ; 2n(SM®ML)Cχ#
α,n−$

where n is the number

of age classes. A common λ was fitted using the data

for all nine serotypes, and tested by likelihood ratios

(as above) to the fit obtained with individual values of

λ
i
for each serotype. A significant lack of fit in this test

indicates that the nine λ
i
s are different. Confidence

intervals were also calculated for pairwise com-

parisons.

R
!

for each serotype is then calculated by

R
!
¯λ

i
(L®M )

where L is the average lifespan of the host. This

method assumes that the serotypes are independently

transmitted, that immunity to serotypes is life long

(which is thought to be the case for AHS [3]), and that

virus prevalence is in equilibrium. It also assumes that

the host population is static (i.e. is not growing or

decreasing and has a stable age structure). It is

reasonable to do this since a zebra population slightly

south of those sampled here was reasonably stable

from 1984–92 [17]. In an earlier study, Mills and

Shenk [18] estimated mortality rates of zebra in the

southern population, to give an estimate for L of 72

months. However, they assumed that all animals were

killed by lions. To account for other causes of death a

value for L of 60 months was used. R
!
was calculated

for each serotype from the individual NA tests, and

for AHS overall from the GP and summed NA tests

(i.e. an animal was considered positive for AHS if

positive in any of the nine NA tests).

RESULTS

The overall pattern of prevalence is shown in Fig. 1a,

and for each serotype in Fig. 1b. By 9–12 months old,

the prevalence of all serotypes approached 100%.

Associations

The distributions of the number of serotypes per zebra

in each age class are shown in Fig. 2. There was

significant covariance in the 6- and 7–8-month-old age

classes both with all serotypes and with serotypes

combined, indicating that the serotypes were not

independently distributed (Table 1). In the 5 month

old age class, there was only significant covariance

when all serotypes were considered.

Accordingly, pairwise tests were carried out for the

6- and 7–8-month age classes. Only positive asso-

ciations were found, i.e. an excess of individuals either

positive or negative to both serotypes concerned. In 6-

month-old zebra, the only significant pairwise as-

sociation was between serotypes 6 and 9 (Table 2).

This association (by definition) was not found in the

analysis with cross-reacting serotypes combined.

There were four significant pairwise associations in

7–8-month-old animals : serotypes 4 and 8, 4 and 9, 6

and 9, and 8 and 9 (Table 2). Again, by definition the

association between serotypes 6 and 9 was not found

in the combined analysis. The associations between

serotypes 4 and 8 and 8 and 9 remained significant (4,
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Fig. 1. (a) Overall prevalence of AHS by age. GP: based on prevalence of group-specific antibodies to AHS. NA: based on

prevalence of neutralizing antibodies to any serotype. (b) Prevalence of each serotype by age.
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Fig. 2. The distribution of the number of serotypes per zebra by age.

5–8: P¯ 0±00015; 5–8, 6–9: P¯ 0±00017; with the

Bonferroni correction an association is significant at

the 0±05 level if P! 0±00125), while the association

between serotypes 4 and 9 was close to significance (4,

6–9: P¯ 0±00131) in the analysis of combined

serotypes.
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Table 2. P values for pairwise associations in 6 (above diagonal ) and 7–8 (below diagonal )-month-old zebra

Serotype

1 2 3 4 5 6 7 8 9

Serotype 1 0±023 0±538 1 0±22 0±22 1 0±51 1

2 0±11 0±7 1 0±06 0±0007 0±056 0±68 0±004

3 0±11 0±001 1 0±25 1 0±056 1 1

4 0±04 0±29 0±72 0±63 1 0±63 0±31 0±12

5 0±46 0±03 0±48 0±003 0±25 0±25 0±004 0±22

6 0±68 0±14 0±14 0±009 0±02 0±25 0±68 0±0002*

7 0±04 0±01 0±07 0±009 0±16 0±006 0±68 0±22

8 0±46 0±16 0±48 0±00018* 0±001 0±001 0±004 0±18

9 0±43 0±66 0±27 0±00015* 0±007 0±00003* 0±002 0±0004*

* Significantly different from expected under the hypothesis of no association at the α¯ 0±05 level (P! 0±0005, with the

Bonferroni correction for multiple tests).
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Fig. 3. Sensitivity to M, duration of maternal antibodies, of

the sum over serotypes of the log likelihoods. The arrow

indicates the maximum value.

Age and month of capture were not correlated

(r¯ 0±09, P¯ 0±35), and so could be considered as

separate predictors in a GLM. Both age and month of

capture were significant factors in the number of

serotypes per zebra (age: F
","!*

¯ 113±7, P¯ 0±0001;

month: F
","!*

¯ 9±97, P¯ 0±002) when all serotypes

were considered. With cross-reacting serotypes com-

bined, only age was significant (age: F
","!*

¯ 75±17,

P¯ 0±0001; month: F
","!*

¯ 3±29, P¯ 0±0724). In the

age classes separately, month of capture was only

significant in the 6-month class both with all serotypes

(F
",$&

¯ 17±24, P¯ 0±004) and with cross-reacting

serotypes combined (F
",$&

¯ 17±24, P¯ 0±0002).

Basic reproduction number

The summed log likelihood over the nine serotypes

was maximized at M¯ 4±8 months (confidence in-

terval 4±65–4±9, Fig. 3). Using this value, χ# tests

100
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60

40

20

0

R0

GP NA 1 2 3 4 5 6 7 8 9
Serotype

Fig. 4. R
!
(mean³95% C.I.) for AHS overall and for each

of the nine serotypes individually, calculated using M¯ 4±8.

GP, NA: as in Fig. 1. S1–S9; based on prevalence of

neutralizing antibodies to each serotype alone.

indicate that estimated values of λ
i
adequately fit the

data (likelihood ratios ! 16±5, P" 0±01; with the

Bonferroni correction P! 0±005 is required for a

significant lack of fit at the 0±05 level). Estimates of λ
i

for each serotype were significantly different (like-

lihood ratio¯ 32±6, P! 0±005). Comparing confi-

dence intervals indicates that λ
"

and λ
%

were signi-

ficantly smaller than several other serotypes

(λ
"
!λ

&
,λ

'
,λ

(
,λ

)
,λ

*
;λ

%
!λ

&
,λ

'
,λ

(
,λ

*
). R

!
for indi-

vidual serotypes varied from 10±5 (serotype 1) to 23±4
(serotype 6, Fig. 4). As R

!
is a multiple of λ

i
, the same

significance relationships apply; estimates with over-

lapping confidence intervals in Figure 4 are not

significantly different. Looking at AHS as a whole, the

GP method gives a much lower estimate of R
!
¯ 31

than the combined NA tests (R
!
¯ 68, Fig. 4) ; the

confidence intervals do not overlap (Fig. 4).
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DISCUSSION

The serotypes of AHS were not distributed inde-

pendently in this zebra population, but it is difficult to

determine the reason. Associations between serotypes

of viruses can arise in several ways. Infection with one

serotype may predispose an animal to infection with

another serotype or co-occurring serotypes may be

more easily transmitted (facilitation) ; cross-reactive

immunity between serotypes may cause negative

associations; or heterogeneity in host-vector trans-

mission rates may create non-random distributions of

serotypes. Any of these may lead to non-independent

distributions of serotypes among hosts (within an age

class), but the last does not require non-independent

transmission, i.e. there are no biological interactions

between serotypes.

Facilitation would be expected to lead to positive

associations between specific serotypes, and can act in

two ways, either sequentially or simultaneously. In

sequential facilitation, infection with one parasite

increases susceptibility to another species or serotype

of parasite. If this was the case, when individuals are

repeatedly sampled over time one serotype should

consistently appear first. In cohort data, as presented

here, the prevalence of one of the associated serotypes

alone should be the higher than the combination of

serotypes, while the prevalence of single infections

with the other serotype (the one which requires the

facilitation) should be the lowest. No such patterns

are apparent in these data, as there were relatively few

single infections with any of the three serotypes which

had pairwise associations (serotypes 4, 8 and 9). With

simultaneous facilitation, a transmission event is more

likely to result in infection if more than one serotype

is present. This would result in the pattern observed in

the 7–8-month-old zebra, where some serotypes are

present primarily together and rarely or never alone.

Further information on the course of infection in

animals simultaneously infected with more than one

serotype is necessary to determine if facilitation is

responsible for the associations observed.

Cross-immunity occurs between AHS serotypes

(see above), and would be expected to lead to negative

associations between serotypes. However, if serotype

identification is compromised by cross-immunity (as

for AHS), then artefactual positive associations may

result. Tests with cross-reacting serotypes combined

are more conservative, and will reduce this problem.

Here, since these tests generally showed the same

patterns as the full data set, the non-random patterns

demonstrated appear not to be a result of cross-

immunity. This comparison should be made in

systems where there is cross-immunity between sero-

types, to eliminate cross-reactions as the source of

associations. Clearly, it is important that patterns of

cross-immunity are carefully considered when inter-

preting the epidemiology of serotypes.

Low levels of heterogeneity in transmission rates

could lead to non-random distributions of serotypes

among zebra. Several types of heterogeneity in virus

transmission between hosts and vectors may exist,

such as heterogeneity in biting rates (e.g. some zebra

may be bitten more often than others), spatial or

temporal variations in the distribution of hosts or

vectors, and differences in susceptibility to different

serotypes (e.g. genetic differences in susceptibility of

Culicoides variipennis to serotypes of bluetongue virus

[19, 20]).

It cannot be determined from these results whether

the observed associations are stable ; that is, would the

same associations be observed in other years or in

other populations. If the associations are due to

facilitation, cross-immunity or genetic differences in

susceptibility, it would be expected that the same

associations would be seen in other years and possibly

in other populations. However, if the associations

were due to other types of heterogeneity, while non-

independent distributions would be expected, the

same associations would not necessarily be expected

in other years or populations.

Pairwise associations between serotypes were only

present in the 7–8-month-old foals. These animals are

very susceptible to infection, as maternal antibodies

will have waned to undetectable levels. Older foals are

infected with most serotypes, and so associations

would be difficult to detect, while younger animals

may not have not acquired sufficient infections for

associations to be significant. The lack of similar

associations in the 6-month-old zebra may reflect the

small sample sizes, low statistical power of the tests

(resulting from the large number of pairwise tests

needed), or the differences in the distributions of

month captured between the 7–8- and 6-month-old

zebra [9]. The pairwise associations in the 7–8-month-

old foals appear to result from more animals infected

with all three (4, 8 and 9) serotypes than would be

expected, although it was impractical to test 3-way

associations due to low expected values.

These values of R
!
are among the highest reported

for veterinary diseases [21]. The large population and

year-round addition of new susceptible animals to the

population allow the virus to persist with high levels

of transmission. Although the method used here to
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calculate R
!

for the individual serotypes assumes

independent transmission, the relative differences are

still informative, even if there are some interactions

between the serotypes. The variation in R
!
by serotype

indicates that there are likely to be differences in

infectivity of different serotypes for midges of zebra,

or both.

It is interesting to note that serotype 9, considered

avirulent in horses in South Africa [3], has a higher R
!

than other serotypes. Conversely, serotype 4, the

serotype involved in recent epidemics in the Iberian

peninsula, has a lower R
!
. There are variations in

virulence within serotypes [22], and the relationship

between serotypes, geographical distribution, viru-

lence and transmission are poorly understood. In

addition, virulence is usually determined by the impact

of the virus on horses, and it is not known if this is

relevant to infections in zebra. Estimates of R
!

are

specific to combinations of host, vector and place, and

hence further research on the basic reproduction

number for serotypes of AHS under different condi-

tions is needed.

In general, it is difficult to establish independent

transmission from epidemiological data since non-

independent distributions of serotypes among hosts

need not imply non-independent transmission. An

upper limit on the estimate of R
!

which does not

depend on assumptions of independent transmission

can be derived from the prevalence of exposure to any

serotype of AHS (NA in Figs. 1 and 4). If, however,

the assumption of independent transmission is made,

a reliable lower limit on the estimate is the highest

individual R
!
, as any control measures designed using

this estimate would exceed the levels required for the

other serotypes. This is preferable to the use of a

weighted average [7], which may underestimate the

level of control needed for the most transmissible

serotypes. For AHS, the highest individual value of R
!

was 23, whereas if all serotypes are considered together

the upper estimate of R
!
was 68. This is a substantial

difference and would have a significant effect on the

formulation of a control program. It is important,

therefore, to establish the extent to which AHS

serotypes may be regarded as being independently

transmitted.
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