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Abstract

The objective of this study was to test that genetic variation for resistance to clinical and subclinical diseases exists
in growing pigs. A total of 13 551 male growing pigs were assessed for resistance to five categories of clinical and
subclinical disease: (i) any clinical or subclinical disease, (ii) lameness, (iii) respiratory diseases, (iv) diarrhoea, and
(v) other diseases (i.e. any clinical or subclinical disease with the exception of (ii), (iii}, and (iv)). Additive genetic
variation for resistance to each disease category was estimated by fitting a Weibull, sire-dam frailty model to time
until the pigs were first diagnosed with a disease from that category. Genetic correlations among the resistances to
each disease category were approximated as product-moment correlations among predicted breeding values of the
sires. Additive genetic variation was detected for resistance to (i} any clinical or subclinical disease (additive genetic
variance for log-frailty (+ s.e.) = 0-18 + 0-05, heritability on the logarithmic-time scale = 0-10), (ii) lameness (0-29
+ 0-11, 0-16), (iii) respiratory diseases (0-24 + 0-16, 0-12), (iv} diarrhoea (0-30 + 0-27, 0-16), and (v} the other
diseases (0-34 + 0-15, 0-19) and there were generally positive and low-to-moderate correlations among the predicted
breeding values (-0-03 to + 0-65). These results demonstrate that additive genetic variation for resistance to clinical
and subclinical diseases does exist in growing pigs, and suggests that selective breeding for resistance could be
successful.
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. 1999). During pig production, resistance is assessed,
Introduction not in relation to specific pathogens, but as the
Pig production is often hindered by disease, which  incidence of clinical and subclinical disease (e.g.
can cause  mortality, reduced production lameness, respiratory diseases, diarrhoea, reduced
performance, increased costs and poor animal food consumption). This has the advantage of
welfare. Methods currently used to control disease  enabling large numbers of pigs to be assessed while
include eradication, sanitation, quarantine, culling, they are exposed to the pathogens encountered
vaccination and medication. A complementary, albeit during production. However, clinical and subclinical
longer-term, approach to disease control is to  diseases can be the outcome of infection by many
selectively breed pigs for resistance. Selective different pathogens, and much of the variation for
breeding should be possible given that genetic resistance among pigs is due to environmental
variation for resistance to specific pathogens is factors, such as unpredictable exposure to the
present in most, if not all, animal populations pathogens. Despite these drawbacks, in the species
(Nicholas, 1987; Miller and Brem, 1991; Straw and where most work has been done in this field, namely
Rothschild, 1992) and this is the case for pigs in  adult dairy cattle, resistance to economically
relation to pathogens that have been investigated important clinical diseases
(Straw and Rothschild, 1992; Rohrer and Beattie, diseases, feet and leg dis@
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levels of additive genetic variation (# <0.10 for
disease incidence assessed as a categorical trait) (e.g.
Philipson ef al., 1980; Lyons et al., 1991; Méantysaari et
al, 1991; Simianer et al. 1991; Uribe et al, 1995;
Heringstad et al., 2000). This has lead to the inclusion
of resistance to clinical diseases in cattle breeding
programmes {e.g. Pedersen et al., 1993; Pedersen and
Aamand, 1999). Similarly, in the few studies
presented to date on piglets and growing pigs, low
levels of additive genetic variation have been
documented for resistance to respiratory diseases,
diarrhoea, and arthritis (Smith et al, 1962;
Lundeheim, 1979 and 1988; Lingaas and Renningen,
1991). These resuits suggest that at least low levels of
additive genetic variation for resistance to clinical
and subclinical diseases exists in pigs, and that
selection for resistance to clinical and subclinical
disease can be successful.

In this study, additive genetic variation was
estimated for resistance to clinical and subclinical
diseases in growing pigs. Male growing pigs from
the nucleus breeding population of the Danish pig
breeding programme (DanAvl) were assessed for
resistance to five categories of disease (i.e. any
clinical or subclinical disease, lameness, respiratory
diseases, diarrhoea and other diseases) while they
were performance tested for production traits (e.g.
growth rate, food efficiency, and lean tissue content).
Additive genetic variation was estimated for
resistance to each disease category, while genetic
correlations ~among  the  resistances  were
approximated as product-moment correlations
among predicted breeding values. The abjective was
to test that additive genetic variation for resistance to
clinical and subclinical diseases exists in growing

pigs.

Material and methods

Performance test

Between 1995 and 1998, 13 551 male growing pigs
from the Duroc, Yorkshire, Landrace, and Hampshire
breeds were assessed for clinical and subclinical
diseases while they were performance tested for
production traits at Begildgard test station.
Bogildgard is the central test station of DanAvl and is
used to performance test approximately 5000 male
pigs each year. On average, the performance test for
each pig lasted 83 days, beginning when the pigs
were 9 weeks old (x4 days) (approx. 30 kg live body
weight) and finishing when they attained slaughter
weight (90 kg) at approximately 21 weeks of age.
However, there were pigs that were removed from
the performance test as early as day 7 and as late as
day 123. Pigs removed during early stages of the

performance test either died, were injured, or were
severely ill (i.e. growth was severely affected, and
they would not respond to treatment).

Pigs

The pigs performance tested at Begildgard were
from DanAvl's nucleus breeding population (Figure
1). Each was bred at one of 49 breeding farms and
was selected to be performance tested because it had
the potential to be genetically superior for the
production traits by virtue of its ancestry. At the
conclusion of the performance test, those pigs found
to be genetically superior were selected to produce
semen used to artificially inseminate sows at the
breeding farms. The remaining pigs were
slaughtered. The artificial insemination of the sows
at the breeding farms resulted in the next generation
of the nucleus breeding population.

The 49 breeding farms were responsible for
maintaining DanAvl's nucleus breeding population.
The majority of the farms maintained one or two of
the pig breeds, although there were farms that
maintained as many as all four breeds.

Pedigree

The pigs performance tested at Begildgard were
from 1032 sires and out of 7104 dams. The number of
pigs from each sire ranged between 1 and 101 (mean
13-1 (s.e. 5-2)) and the number of pigs out of each
dam ranged hetween 1 and 11 (1-9 (s.e. 1-2)). The total
number of individuals in the pedigree structure after
tracing animals back from the sires and dams of the
pigs was 14 458.

Reariny of pigs

Boegildgard operates by an ‘all in-all out’ policy. The
pigs were performance tested in stall groups, where
the pigs in each group started and finished the
performance test at the same time. Specifically, the
pigs arrived at Bogildgard from their respective
breeding farms as 4-week-old piglets (approx. 8 kg
live body weight). Upon arrival, they spent 5 weeks
in acclimatization pens (Figure 2). The pigs were
then allocated to a stall within a test facility to be
performance tested.

The test facility consisted of 16 stalls. Each stall was
divided into eight pens, and each pen maintained
between 12 and 14 pigs (i.e. approx. 100 pigs per
stall). Pigs allocated to the same stall finished the
period of acclimatization at the same time. However,
pigs allocated to the same pen within each stall were
from the same breed and were a mixture of pigs from
different acclimatization pens. After each stall group
had been performance tested, the pigs were removed
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Figure 1 Transfer of pigs within DanAvl's nucleus breeding population. Pigs selected to be performance tested for
production traits at Begildgard test station were bred at 49 breeding farms. The majority of these breeding farms maintained
one or two of the pig breeds (i.e., Duroc, Yorkshire, Landrace or Hampshire), although there were farms that maintained as
many as all four breeds. At the conclusion of the performance test. those pigs found to be genetically superior were selected
to produce semen used to artificially inseminate sows at the breeding farms. The remaining pigs were slaughtered.

and the stall made ready for the next group to be
performance tested.

Diagnosis of clinical and subclinical diseases

During the performance test, a pig was assumed to
have been diagnosed with a clinical or subclinical
disease when it was treated for the disease. Each
time a pig was treated, a record was made of the
disease and the date of treatment. The clinical and
subclinical diseases diagnosed are presented in
Table 1.

There were cases where non-diagnosed pigs were
treated to prevent them from being infected with a
clinical or subclinical disease (i.e. majority of pigs
within a pen group were treated for a disease
although only a few individuals in the group were
diagnosed with the disease). However, preventive
treatments were not recorded in a way that was
distinguishable from the treatments of diagnosed

Table 1 Clinical and subclinical diseases diagnosed while
growing pigs were performance tested for production traits at
Bogildgard test station

Clinical Lameness, respiratory diseases,
diarrhoea, skin disorders, sneezing,
snout deformation, boils, cramp, tail
bitten

Subclinical Reduced food consumption

pigs. Therefore, to account for the preventive
treatments, when more than 75% of the pigs in a pen
group were treated for a particular disease on a
given day, all of these treatments were assumed to be
preventive and removed from the data set. This
enabled pigs treated on subsequent days to be
identified as the diagnosed pigs.

The clinical and subclinical diseases were grouped
into the following categories: (i) any clinical or
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Figure 2 Allocation of pigs at Begildgard test station. After arrival at Bagildgard from their respective breeding farms, the
pigs spent 5 weeks in acclimatization pens. The pigs were then allocated to a test facility to be performance tested. The test
facility consisted of 16 stalls. Each stall was divided into eight pens, and each pen maintained between 12 and 14 pigs. Pigs

allocated to the same pen within each stall were from the same breed, and were either Duroc (represented by

(). Landrace ( or Hampshire ( pigs.

subclinical disease (i.e. includes all diseases), (ii)
lameness, (iii) respiratory diseases, (iv) diarrhoea,
and (v) other diseases, which included reduced food
consumption and all the clinical diseases with the
exception of (ii), (iii), and (iv).

The diseases were grouped into these categories, as
preliminary analysis demonstrated "that lameness,
respiratory diseases, diarrhoea, and reduced food
consumption were the most prevalent diseases. By
contrast, less than 0-6% of the pigs were treated for
skin disorders, sneezing, snout deformation, boils,
cramp and tail bitten.

Assessment of disease resistance
Resistance of the pigs to each disease category was
assessed as time (days) from the start of the

, Yorkshire

performance test until first diagnosis of a disease
from that category. By assessing resistance in this
way, it was assumed that all pigs would eventually
be diagnosed with a disease from each category. Pigs
that were not diagnosed with a particular disease
category were assumed to have a censored record for
that category (i.e. assumed that they would be
diagnosed some time after the performance test).

Assessing resistance as time until first diagnosis
provides a measure of the degree of resistance (i.e.
the longer it takes before a pig is diagnosed, the
greater the resistance). In terms of a selective
breeding programme, the aim is to produce pigs
whose time until diagnosis would be some time after
they have been performance tested. For growing
pigs, this is after they have been slaughtered.
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Statistical analysis

Kaplan-Meier estimate of the survival function. The
Kaplan-Meier estimate of the survival function
(Kaplan and Meier, 1958) was plotted for any clinical
or subclinical disease, lameness, respiratory diseases,
diarrhoca and the other discascs. The slope of the
survival functions estimate the daily rate (ie.
proportion) of pigs first diagnosed over the course of
the performance test.

Model. Variance components, and breed and
environmental effects, for resistance to any clinical or
subclinical disease, lameness, respiratory diseases,
diarrhoea, and the other diseases were estimated by
fitting a Weibull, sire-dam frailty model to the times
until first diagnosis for cach discasc category (after
Ducrocq and Casella, 1996). In the Weibull, sire-dam
frailty model, the hazard function for time, t, from
the start of the performance test until first diagnosis
of pig i, conditional on random effects, is given by
At u) = Ao(0)-expi{x',(Ob + z;'(Y)u}, where the baseline
hazard function, A¢(f), is assumed to be Weibull
distributed [i.e. Ap(Af)P-1], x'(0) and z;(f) are vectors of
time-independent and/or time-dependent covariates
with associated fixed (b) and random (u) ellects, and
A and p arc paramcters of the Weibull distribution.
The hazard for time until first diagnosis of pig i,
describes the instantaneous probability (i.e. risk) of it
being diagnosed at time ¢, conditional upon it not
being diagnosed up to t. Modelling the hazard of the
pigs accounted for the performance test of the pigs
(i.e. period of risk) varying from 7 to 123 days and
enabled censored observations (i.e. pigs that were not
diagnosed during the performance test) and time-
dependent ellects Lo be included in the analyses.

The Weibull, sire-dam frailty model fitted to the
times until first diagnosis for each disease category
was:

At v,a) = Agld)- exp{t {0 + @y + 8+ K, + 9,(0)
+n(0)B, +n? t)[32+9 + gy + ag)} 1)

with equation symbols defined as follows.

7;() = time-dependent piece-wise constant function,
which changed when pig i was in the jth pre-defined
period of the performance test. The j pre-defined
periods differed when the model was fitted to any
clinical or subclinical disease (i.e. periods were
between days 1-6, 7-16, 17-57, and >58), lameness
(days 1-6, 7-17, 18-73, and 274), respiratory diseases
(days 1-6, 7-17, 18-45, and 246), diarrhoea (days 1-6,
7-15, and >16), and the other diseases (days 1-6, 7-17,
18-65, and >66). By fitting the piece-wise constant
function, the Weibull distribution was an appropriate
fit of A4(t) over the course of the performance test.

®, = time-independent fixed effect of the kth breed of
pig i (k= Duroc, Yorkshire, Landrace, Hampshire).

§,= time-independent fixed effect of the Ith breeding
farm on which pig i was bred (I= 1, ..., 49). The effect
of breeding farm was only included when the model
was fitted to any clinical or subclinical disease,
lameness, diarrhoea, and the other diseases.

K, = time-independent fixed effect of the mth stall
group in which pig i was performance tested (m= 1,
134).

@,(0) = time-dependent fixed effect of the nth
treatment level (n = non-treated, treated). The risk of
pig i being diagnosed was expected to be lower for
the period it was preventively treated or treated for
another disease category. Pig i was considered
treated on the days of treatment and for 2 days
following treatment. On all other days, it was
considered non-treated. The effect of treatment level
was only included when the model was fitted to
respiratory diseases and diarrhoea.

1n(f) = time-dependent regression effect of the
number of pigs (excluding pig i) within the same
stall or pen group as pig i that were diagnosed with
the disease category being analysed. The risk of pig i
being diagnosed on each day of the performance test
was expected to increase with the number of
diagnosed pigs. For respiratory diseases, il was (he
number of pigs in the same stall as pig i that were
diagnosed each day, while for lameness, diarrhoea
and the other diseases it was the number of pigs in
the same pen. The pigs were considered to be
infectious for a different period of time relative to
their day of diagnosis when the model was fitted to
lameness (i.e. between 1 day prior and 4 days after
diagnosis), respiratory diseases (1 day prior and 2
days after), diarrhoea and the other diseases (1 day
prior and 3 days aller). For any clinical or subclinical
discasc, the number of pigs diagnosed cach day was
the summation of the number of pigs diagnosed with
lameness, respiratory diseases, diarrhoea and the
other diseases.

B, =rcgression  cocfficient  associated  with (1.
172(f) = square of n(f). The square of the number of
diagnosed pigs was only included when the model
was fitted to any clinical or subclinical disease and
respiratory diseases.

B, = regression coefficient associated with n%(t).
6, = time-independent random effect of the gth pen

group in which pig i was performance tested (g=1,
, 1053). The vector of pen group effects, v= (8, ...,
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6,053)', was assumed to be iid and follow a log-
gamma distribution (~log-gammal(y,y), where v is the
parameter of the log-gamma distribution).

Yy(ag + ag) = time-independent random effect, where
ag and ay; are the breeding values of sire, s, and dam,
d, of pig i. The vector of sire and dam breeding
values, a = (a,, ..., ag;3)’, was assumed to follow a
normal distribution (~N(0, Ac,?), where A is the
numerator relationship matrix).

In this model, exp{8,+ %(a,+ay} is the frailty
variable of pig i, while the log-frailty variable is
8, + /p(ay+ ag). The model was fitted using ‘The
Survival Kit' developed by Ducrocq and Solkner
(1998).

Model (1) was fitted to each disease category after
the following preliminary analyses.

Validation of the Weibull baseline hazard assumption
and establishment of the j pre-defined periods of the
performance test (i.e. when including the time-
dependent piece-wise constant function, t,(f)) were
carried out empirically (Kalbfleisch and Prentice,
1980). Specifically, a semi-parametric Cox model
(Cox, 1972) was fitted to the times until first
diagnosis. The model included the fixed and
regression effects included in model (1) (i.e. excluded
the random pen group effects and random breeding
values of the sires and dams) and the distribution of
() was not specified [i.e. Ag(f) was arbitrarily
defined]. Solving for the fixed and regression
effects enabled i(ﬁ and the interrelated baseline
survival function, Sy(f), to be evaluated. A graphical
test for the suitability of a Weibull distribution (i.e.
plot of ln[—ln[SO(t)]] against In(f) produces a straight
line) demonstrated that the Weibull distribution was
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an appropriate fit of A¢(f) when the performance test
was divided into the j pre-defined periods.

The fixed and regression effects included in model
(1) were arrived at through backward elimination of
non-significant effects (Myers, 1989) from a Weibull
model. The Weibull model included all available
fixed and regression effects (i.e. piece-wise constant
function, breed, breeding farm, stall group, treatment
level, and number and square of the number of
diagnosed pigs), but no random effects. The test
criterion was the difference in -2InL (L = likelihood)
between a full and a reduced model, where the full
model was the Weibull model following each round
of elimination, and the reduced model was the full
model following each round of elimination with the
effect being assessed removed. The critical ¥?-value
for elimination was %2, with P> 0-10, where %2, is
the y2-value of the wth effect with v d.f. The ¥?-values
and associated d.f. for significant fixed and
regression effects (i.e. fixed and regression effects
included in model (1)) are presented in Table 2. These
values were obtained for each effect as the difference
in -2InL when the effect was removed from the
Weibull model after non-significant fixed and
regression effects had been eliminated.

Pig i was considered treated for 2 days following
treatment (i.e. when including the fixed effect of
treatment level, @,(f), in model (1) fitted to
respiratory diseases and diarrhoea) for two reasons.
First, veterinarians working at Begildgard advised
that the pigs be considered treated for 2 days
following treatment. Second, when treatment level
was included in a Weibull model fitted to the times
until first diagnosis (i.e. model (1) without the
random pen group effects and random breeding
values of the sires and dams), considering pig i

Table 2 x?-values and associated d.f. for fixed and regression effects included in a Weibull model fitted to time until growing pigs were
first diagnosed with five categories of clinical and subclinical disease during performance test. The y*-values and d.f. were obtained for
each effect as the difference in -2In(Likelihood) between a full and a reduced model, where the full model was the Weibull model that
included significant fixed and regression effects, and the reduced model was the full model with the effect being assessed removed. The
disease categories are any clinical or subclinical disease, lameness, respiratory diseases, diarrhoea and other diseases. The y?-values are

significant (P < 0-10) for all effects

Any disease Lameness Respiratory Diarrhoea Other

df. b df. s df.t X df.t % df.t b
Piece-wise constant 3 434-6 3 275-0 3 41-9 2 1103 3 174-3
Breed 3 78:2 3 250 3 116-0 3 75 3 382
Breeding farm 48 66-6 48 63-3 45 68-9 48 807
Stall group 133 5933 133 311-8 97 589-4 96 568-8 129 583-8
Treatment 1 7-2 1 30-4
No. diagnosed 1 186-0 1 1770 1 240-1 1 273 1 14-8
(No. diagnosed)? 1 39.0 1 1044

T Some levels of the fixed breeding farm and stall group effects were not estimable for respiratory diseases, diarrhoea, and
the other diseases because no pigs in these levels were diagnosed.
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treated for 2 days following treatment resulted in a
lower -2InL than when pig i was considered treated
for other lengths of time following treatment (i.e.0, 1,
3, 4, and 5 days). The number of days a pig was
considered inlectious relative lo its day of diagnosis
(i.c. when including the regression cffect of number
and the square of the number of diagnosed pigs, ()
and n¥(t)) was arrived at in a similar manner.

Additive genetic variation. Additive genetic variation
was estimated as the wvariance of log-frailty
associated with the random breeding values of the
sires and dams (6,%). A heritability was estimated by
noting that model (1) is also a log-linear model when
no lime-dependent effects are included (cf.
Kalbfleisch and Prentice, 1980; Ducrocq and Casclla,
1996). Hence, the heritability was presented for the
time until diagnosis on the logarithmic-time scale as
it there were no time-dependent effects. It was
calculated as:

0,2

h zIog =
Y,6.2 + yW(y) + n2/6

(after Ducrocq and Casella, 1996), where y)(y) is the
variance of log-frailt?' associated with the random
pen group effects, y() is a trigamma function, and
n?/6 is the error variance of an extreme value
distribution. Other definitions of heritability for
Weibull distributed traits have also been proposed
(c.g.Korsgaard et al., 1999; Yazdi et al., 2000).

To illustrate the additive genetic variation for
resistance to clinical and subclinical diseases in the
nucleus breeding population, predicted survival
functions were plotted for resistance to any clinical
or subclinical disease. Specifically, a predicted
survival function of pigs expected from mating a sire
and dam with high resistance to any clinical or
subclinical disease was plotted alongside a predicted
survival function of pigs expected from mating a sire
and dam with low resistance. The survival functions
were obtained using solutions to model (1) fitted to
any clinical or subclinical disease. The sires and
dams were chosen after ranking them by predicted
breeding values. The sires and dams with high
resistance were chosen from the 10th percentile,
while the sires and dams with low resistance were
chosen from the 90th percentile. Two assumptions
were made. First, the pigs were assumed to be from
the same breed, and performance tested under
identical environmental conditions (ie. fixed,
regression, and random effects were the same, with
the exception of the predicted breeding values of the
sires and dams). Second, the risk of a diagnosed
disease was assumed to be high (ie. there were

always diagnosed pigs in the same stall and/or pen
group).

Correlation among predicted breeding values. Genetic
correlations among the resistances to any clinical or
subclinical disease, lameness, respiratory diseases,
diarrhoea, and the other diseases were approximated
as product-moment correlations among the predicted
breeding values (i.e. solutions to model (1)) of sires
with more Lhan 40 ollspring. Sires with more than 40
offspring were chosen for two rcasons. First,
product-moment correlations of the same sign and
similar magnitude were obtained when correlating
the predicted breeding values of all sires and dams,
and when correlating the predicted breeding values
of sires with more than 10, 20, and 30 offspring.
Second, product-moment correlations obtained using
sires with more than 40 offspring were considered
more reliable approximations of the genetic
correlations (han the product-moment correlations
using sires (and dams) with less than 40 offspring.

Breed and environmental effects. The levels of the breed
and environmental effects are presented for each
disease calegory as Lheir relalive ellects on the
hazard. Spccifically, thc cffects of the Duroc,
Yorkshire, Landrace, and Hampshire breeds on the
hazard are presented relative to the Duroc breed as
exp{®,-Bpyrod. Where @, is the effect of the Duroc,
Yorkshire, Landrace, or Hampshire breeds, and
Bpuroc IS the effect of the Duroc breed. The effect of
treatment level is presented as exXp{QiyredPuntreated’
where Queateq aNd @pireateq are the treatment and non-
treatment effects. Differences among the breed and
trealment level ellects were lested [for significance by
x%-test. That is, the difference between the uth and
vth breeds or treatment levels was tested by fitting
model (1) with the uth breed or treatment level effect
constrained to zero. The difference was significant
(P < 0-05) when y,2 > 3-8, where y,7 is the ¥%-value of
the vth breed or treatment level effect with 1 d.f.

For the breeding farm and stall group effects, a range
is presented by ranking the effects and calculating
eXP{Opign-Oiow}, Where Oy is the mean of the highest
25th percentile of effects and oy, is mean of the
lowest 25th percentile. The effect of the number of
diagnosed pigs on the hazard was presented by
plotting the function f(n) = exp{nf, + n*B,} against 7,
where 1 is the number ol diagnosed pigs, and B; and
B, are the regression coefficients associated with n
and n2.

Results

Incidence of disease

A total of 3 256 (24-0%) of the 13 551 pigs were
diagnosed with at least one clinical or subclinical
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Table 3 Number of growing pigs (from a total of 13 551) that were diagnosed for five categories of clinical and subclinical diseases, the
average number of days taken for those pigs that were diagnosed for each category of disease to be diagnosed, and estimates of variance
components. The disease categories are any clinical or subclinical disease, lameness, respiratory diseases, diarrhoea and other diseases.
The variance components are additive genetic variance (c,? + standard error) and pen group variance (y"(y)) for log-frailty. A heritabilty
(b2, ng) for resistance to each disease category is presented for the time until diagnosis on the logarithmic-time scale

No. Days to first

diagnosed diagnosis G} yi(y) P,
Any disease 3256 39 0-18£0-05 0-01 0-10
Lameness 1351 46 0-29+0-11 0-04 0-16
Respiratory 697 55 0-24+0-16 0-21 0-12
Diarrhoea 428 28 0-30+0-27 0-10 0-16
Other 1174 33 0-34£0-15 0-00 019

disease during the performance test (Table 3). In Tessistance

turn, 10-0% of the pigs were diagnosed with
lameness, 5-1% with respiratory diseases, 3-2% with
diarrhoea, and 8:7% with the other diseases. Of those
pigs that were diagnosed, the average time of first
diagnosis with any clinical or subclinical disease was
day 39 of the performance test, and between days 28
and 55 for lameness, respiratory diseases, diarrhoea
and the other diseases. Only 376 pigs were
diagnosed with more than one disease category (i.e.
357 pigs were diagnosed with two disease categories,
while 19 were diagnosed with three).

Kaplan-Meier estimate of the survival function

The daily rate (i.e. proportion) of pigs first diagnosed
was highest between days 7 and 18 (approx.) of the
performance test (Figure 3). For each disease
category, the daily rate of pigs first diagnosed
between days 7 and 18 was 1-5 to 2-5 times higher
than the rate between days 1 and 6, and 1-5 to 5:0
times higher than the rate after day 18. However,
there were differences among the disease categories
during the latter stages of the performance test. For
any clinical or subclinical disease (after day 57),
lameness (day 73), and respiratory diseases (day 45),
the daily rate of pigs first diagnosed increased again
to levels that approximated the rate between days 7
and 18. By comparison, there was a only a small
increase in the rate for the other diseases after day 65
and there was no increase for diarrhoea during the
latter stages of the performance test.

Genetic variation

Additive genetic variation for log-frailty was
detected for resistance to any clinical or subclinical
disease, lameness, respiratory diseases, diarrhoea
and the other diseases (Table 3). Further, the additive
genetic variance and heritability for resistance to any
clinical or subclinical disease (0-18 and 0-10) were
lower than the additive genetic variances and
heritabilities for resistance to lameness, respiratory
diseases, diarrhoea and the other diseases (0-24 to
0-34,0-12 to 0-19).
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Figure 3 Kaplan-Meier estimate of the survival function for
first diagnosis of growing pigs with any clinical or
subclinical disease, lameness, respiratory diseases,
diarrhoea and other diseases during performance test. The
survival functions represent resistance of the pigs (i.e.
proportion not diagnosed on each day of the performance
test).

As an illustration of the additive genetic variation,
there was a large difference in the predicted survival
functions of pigs expected from mating sires and
dams with high and low resistance to any clinical or
subclinical disease (Figure 4). Approximately half of
the pigs from the sire and dam with high resistance
were predicted to be diagnosed with any clinical or
subclinical disease during the performance test. On
the other hand, approximately 70% of the pigs from
the sire and dam with low resistance were predicted
to be diagnosed.

Correlation among predicted breeding values

There were generally favourable correlations among
the predicted breeding values for resistance to any
clinical or subclinical disease, lameness, respiratory
diseases, diarrhoea and the other diseases (Table 4).
Correlations between the predicted breeding values
for any clinical or subclinical disease and the
predicted breeding values for lameness, respiratory
diseases, diarrhoea and the other diseases were
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Figure 4 Predicted survival function of growing pigs
expected from mating a sire and dam with high resistance
to any clinical or subclinical disease plotted alongside the
predicted function of pigs expected from mating a sire and
dam with low resistance. The survival functions represent
resistance of the pigs (i.e. proportion not diagnosed on each
day of the performance test).

Table 4 Product-moment correlations among predicted breeding
values for resistance of growing pigs to any clinical or subclinical
disease, lameness, respiratory diseases, diarrhoea and other
diseases

Lameness Respiratory Diarrhoea Other
Any disease 0-65 0-52 0-32 0-59
Lameness 0-24 0-08 0-04
Respiratory -0-03 0-12
Diarrhoea 0-05

positive and moderately large (0-32 to 0-65). By
contrast, correlations among the predicted breeding
values for lameness, respiratory diseases, diarrhoea,
and the other diseases were positive but weak (0-04

to 0-24). The only exception was the correlation
between the predicted breeding values for
respiratory diseases and diarrhoea, which was
negative and weak (-0-03).

Breed effects

Pigs from the Duroc and Yorkshire breeds were
generally more resistant to the clinical and
subclinical diseases than pigs from the Landrace and
Hampshire breeds (Table 5). Specifically, the hazard
of the Duroc and Yorkshire breeds for any clinical or
subclinical disease, lameness, respiratory diseases
and the other diseases was 1-4 to 3.0 times lower than
the hazard of the Landrace and Hampshire breeds.
The only exception was diarrhoea, where pigs from
the Landrace breed tended to be most resistant. The
hazard of the Landrace breed for diarrhoea was 1-8
and 2-2 times lower than the hazard of the Yorkshire
and Hampshire breeds. However, the hazard of the
Duroc breed was not significantly higher than that of
the Landrace breed and the hazards of the Duroc,
Yorkshire, and Hampshire breeds were not
significantly different.

Environmental effects

There was a large range among the breeding farm
and stall group effects. For the breeding farm effects,
there was a 1-6-fold difference between the hazard of
the highest and lowest 25th percentile means for any
clinical or subclinical disease. A larger difference was
found for lameness (2-0-fold difference), diarrhoea
(3-4) and the other diseases (2-3). Similarly, for the
stall group effects, there was a 3-7-fold difference
between the hazard of the highest and lowest 25th
percentile means for any clinical or subclinical
disease and a larger difference for lameness (4-1),
respiratory diseases (11-4), diarrhoea (11-2), and the
other diseases (6-8).

The hazard for respiratory diseases and diarrhoea
was 1-6 and 7-0 times lower (P < 0-05) when the pigs

Table 5 Effect of Duroc, Yorkshire, Landrace and Hampshire breeds on the hazard for time until diagnosis of growing pigs with five
categories of clinical and subclinical diseases during performance test. The disease categories are any clinical or subclinical disease,
lameness, respiratory diseases, diarrhoea and other diseases. The effect of each breed on the hazard is presented relative to the Duroc

breedt

Any disease Lameness Respiratory Diarrhoeat Other
Duroc 1.00° 1-002 1-00° 1-002® 1-00°
Yorkshire 1.062 0.772 1-152 1.25° 1-172°
Landrace 1.52° 1.37° 2.07" 0-63° 2:16¢
Hampshire 1.92° 1.57° 2-99° 1-442 1-66

T Values in the same column with different superscripts are significantly different (P < 0-05).
t Differences between the Landrace and Yorkshire breeds (P = 0-06), and the Landrace and Hampshire breeds (P = 0-08),

were approaching significance for diarrhoea.
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were preventively treated or treated for another
disease category.

The hazard for any clinical or subclinical disease,
lameness, respiratory diseases, diarrhoea and the
other diseases increased with the number of
diagnosed pigs in the stall and/or pen groups
(Figure 5). However, there were two distinct
differences among the disease categories. First, the
effect of the number of diagnosed pigs on the hazard
was largest for lameness, for which the hazard was
increased 29-fold when six pigs in a pen were
diagnosed with lameness. Diagnosed pigs increased
the hazard by up to 11-fold for respiratory diseases
and by up to between five- and six-fold for any
clinical or subclinical disease, diarrhoea, and the
other diseases. Second, there was a diminishing
effect on the hazard for any clinical or subclinical
disease and respiratory diseases as the number of
diagnosed pigs in a stall increased, and the effect on
the hazard reached a plateau (i.e. as the number of
diagnosed pigs increased, the effect of an additional
diagnosed pig on the hazard was lower than the
effect of the previous diagnosed pig). A diminishing
effect was not apparent for lameness, diarrhoea, and
the other diseases. Instead, for these disease
categories, there was an increasing effect on the
hazard as the number of diagnosed pigs in a pen
increased (i.e. as the number of diagnosed pigs
increased, the effect of an additional diagnosed pig

Effect on hazard

30-
Lameness

20
|
’ _---Respiratory
’ . i
10
‘ Any disease
s A%t
0 5 10 15
Number of diagnosed pigs

Figure 5 Effect of number of diagnosed pigs on the hazard
for time until diagnosis of growing pigs with five categories
of clinical and subclinical diseases during performance test.
The disease categories are any clinical or subclinical disease,
lameness, respiratory diseases, diarrhoea and other
diseases. The effect of the number of diagnosed pigs on the
hazard was estimated by f(n)) = expnB, + n°B,}, where 7 is
the number of diagnosed pigs, and B; and B, are the
regression coefficients associated with n and 4

on the hazard was higher than the effect of the
previous diagnosed pig).

The pen group variation for log-frailty was larger for
respiratory diseases (0-21) and diarrhoea (0-10) than
for any clinical or subclinical disease, lameness and
the other diseases (0-00 to 0-04) (Table 3).

Discussion

This study established that additive genetic variation
for resistance to clinical and subclinical diseases
exists in growing pigs. Additive genetic variation
was detected for resistance to any clinical or
subclinical disease, lameness, respiratory diseases,
diarrhoea and the other diseases and there were
generally favourable correlations among the
predicted breeding values for resistance to these
disease categories. These results indicate that
selection of pigs for resistance to clinical and
subclinical diseases could be successful.

The additive genetic variation detected in the
nucleus breeding population indicates that there
were genes within the population that conveyed
resistance to the pathogens encountered during the
production test. However, the pathogens
encountered, and the immunological mechanisms
controlled by these genes to resist infection, remain
unclear. All forms of micro-organisms (i.e. bacteria,
virus, and protozoa) may have been encountered,
and the mechanisms of resistance could have
involved all aspects of the immune system (i.e. innate
and/or acquired immunity). Despite this uncertainty,
there was presumably greater variation in the
pathogens encountered among disease categories
than there was within the categories. For this reason,
it was not surprising to find that the additive genetic
variation and heritability for resistance to any clinical
or subclinical disease were lower than the additive
genetic variation and heritabilities for the resistances
to lameness, respiratory diseases, diarrhoea and the
other diseases.

Favourable and moderately-strong correlations were
found between the predicted breeding values for
resistance to any clinical or subclinical disease and
the predicted breeding values for lameness,
respiratory diseases, diarrhoea and the other
diseases. These correlations existed because
resistance to any clinical or subclinical disease was a
composite of the resistances to lameness, respiratory
diseases, diarrhoea and the other diseases and

because of the generally favourable correlations
among the predicted breeding values for lameness,
respiratory diseases, diarrhoea and the other
diseases. This result could have particular
implications for selective breeding programmes with
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pigs. In such programmes, selection may need only
be placed on resistance to any clinical or subclinical
disease for there to be simultaneous and favourable
responses in the resistance of the pigs to lameness,
respiralory diseases, diarthoea and the other
discascs.

The correlations among the predicted breeding
values are approximations of the genetic correlations
and should be interpreted accordingly for two
reasons. First, strong assumptions were made when
calculaling these approximalions, mosl nolably
independence among residual terms. This
assumption was unlikely to hold, given that the same
pigs were used to assess resistance to each disease
category. Sccond, the predicted breeding values were
estimated with uncertainty, suggesting that the
correlations among the predicted breeding values
underestimated the genetic correlations. Despite
these drawbacks, while multivariate Weibull frailty
models remain undeveloped (Ducrocq, 1999), ad hoc
methods, such as correlations among predicted
breeding values, remain the only alternative to
approximate genetic correlations.

Assessing resistance to clinical and subclinical
disease has the drawback that the outcome of
infection can be caused by many different pathogens
and much of the variation for resistance among pigs
is due to environmental factors. A complementary
approach (o increase the reliability of resistance
cstimates could involve indirect, multitrait sclection
for phenotypes reflecting variation in the
immunocompetence of the pigs (e.g. antibody and
cell-mediated immune response). Such phenotypes
would need to be well defined, accurately measured,
heritable and highly correlated with the incidence of
clinical and subclinical disease. As yet, no suitable
phenotypes have been identified, although pigs
performance tested at Bogildgard are currently being
tested Lo identily such phenolypes.

There are two areas that require consideration before
resistance to clinical and subclinical diseases is
included in breeding programmes for pigs. First,
although there were generally favourable
correlations among the predicted breeding values for
each of the disease calegories, il may be unrealistic (o
hope to achicve resistance to all forms of discase.
Diseases differ in their aetiologies, each requiring a
different mechanism of immunity on the part of the
pigs to prevent infection and there is evidence to
suggest that some of these mechanisms of immunity
may be negatively intercorrelated (cf. Biozzi et al,
1982). Second, during selection of pigs resistant to a
pathogen, the pathogen is likely to evolve to survive
in the pig (Nicholas, 1987). Increased resistance in the

pathogen may offset at least some of the progress
made in the resistance of the pigs. These two
considerations are certain to make selective breeding
for resistance challenging.

The Kaplan-Meier estimate of the survival function
demonstrated that the daily rate of pigs first
diagnosed for each disease category was highest
between days 7 and 18 (approx. ) of the performance
test. This period followed transfer of the pigs from
the acclimatization pens to the test facility, where
pigs from difTerent acclimalization pens were mixed
together in the same pen group. Such a practice
could have increased the risk of diagnosed disease in
two ways. First, both transfer to a new environment
and mixing of pigs arc stressors that have a
detrimental effect on the immunocompetence of pigs
(Curtis and Backstrom, 1992). Second, the mixing of
pigs could have increased the risk of infection by
bringing together pigs from acclimatization pens
where pathogens were encountered, and pigs from
acclimatization pens where such pathogens were not
present.

Pigs from Duroc and Yorkshire breeds were more
resistant to the clinical and subclinical diseases than
pigs from the Landrace and Hampshire breeds. The
only exception was diarrhoea, where pigs from the
Landrace breed tended to be most resistant. These
findings suggest that there were genes specific to
Duroc and Yorkshire breeds that provided greater
resistance against the pathogens encountered during
the performance test. Breed differences for resistance
to respiratory diseases and diarrhoea have also been
reported in previous studies (e.g. Lundeheim, 1979
and 1988; Straw et al, 1983 and 1984; Jergensen,
1992). However, the rank of the breeds for resistance
in these studies varied, and in turn differed from the
rank found for the nucleus breeding population in
the present study. The differences in rank were
presumably because the pigs were reared under
different environmental conditions and management
practices, and were exposed to different pathogens.
Therefore, breed differences for resistance to clinical
and subclinical diseases appear to exist in pigs,
although the relative resistance of the breeds is
dependent upon environmental conditions and
management practices, and the pathogens to which
they are exposed.

The most important environmental effects affecting
the hazard for each disease category were the
breeding farm (with the exception of respiratory
diseases) and stall group effects, and the number of
diagnosed pigs in the stall and/or pen groups. The
breeding farm effects were important presumably
because pigs from different breeding farms differed
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in immune status (i.e. pigs bred on different breeding
farms were exposed to different pathogens, causing
variation for resistance to specific pathogens among
the farms). The stall group effects and the number of
diagnosed pigs were imporiant as they represent
cxposurc of the pigs to pathogens during the
performance test.

The increase in hazard with the number of diagnosed
pigs in the stall and/or pen groups is of particular
interest for breeding programmes for resistance. It
indicates that a successful breeding programme for
resistance would not only reduce the number of
diagnosed pigs at any time but simultaneously
reduce the risk of susceptible pigs being diagnosed
(cf. Knap and Bishop, 2000). In this way, breeding for
resistance may have a dramatic impact on the
incidence of clinical and subclinical diseases at the
population level, whereby the population could
carty a sizeable proportion of susceplible pigs
without the risk of discasc outbrcak.

The additive genetic variation for resistance to
clinical and subclinical diseases detected in this
study demonstrates that selective breeding could be
successful, providing a complementary approach to
disease control in pig production. Pigs selectively
bred for resistance may provide additional benefits
by reducing the reliance on current methods of
disease control, in particular, vaccines, medicines,
and animal culling.

Acknowledgements

This study was funded by the Rescarch Centre for the
Management of Animal Production and Health (CEPRQS).
and the Danish Ministry of Food, Agriculture and Fisheries.
The Danish Bacon and Meat Council provided the data.
Vincent Ducrocq is thanked for invaluable advice and
suggestions regarding the statistical analysis. Thomas
Ebbesen provided information about the diseases
encountered at Bogildgard, while Inger Pedersen provided
information about the pigs.

References

Biozzi, G., Mouton, D., Heumann, A. M. and Bouthillier,
Y. 1982. Genetic regulation of immunoresponsiveness in
relation to resistance against infectious diseases. Proceedings
of the sccond world congress on genetics applied to lvestock
production, Madrid, vel. 5, pp. 150-163.

Cox, D. R. 1972. Regression models and life-tables (with
discussion). Journal of the Royal Statistical Society (Series B)
34: 187-220.

Curtis, S.E. and Backstrom, L. 1992. Housing and
Environmental Influences on Production. In Diseases of
swine, seventh edition (ed. A. D. Leman, B. E. Straw, W. L.
Mengeling, S.D. Allaire and D. ]. Taylor), pp. 884-900. lowa
State University Press, Ames, IA.

Ducrocg, V. 1999. Topics that may deserve further attention
in survival analysis applied to dairy cattle breeding — some
suggestions. Interbull Bulletin 21: 181-189.

Ducrocq, V. and Casella, G. 1996. A Bayesian analysis of
mixed survival models. Cenetics, Sclection, Evoluiion 28:
505-529.

Ducrocq, V. and Séolkner, J. 1998. ‘The Survival Kit', a
package for large analyses of survival data. Proceedings of
the sixth world congress on genetics applied to Iivestock
production, Armidale, vol. 27, pp. 147-118.

Heringstad, B., Klemetsdal, G. and Ruane, J. 2000.
Selection for mastitis resistance in dairy cattle: a review
with focus on the situation in the Nordic countries. Livestock
Production Science 64: 95-106.

Jorgensen, B. 1992, Group-level effects of breed and sire on
diseases, and influence of diseases on performance of pigs
in Danish test stations. Preventive Veterinary Medicine 14:
281-292.

Kalbflcisch, J. D. and Prentice, R. L. 1980. The statistical
analysis of failure time data. John Wiley and Sons, New York.

Kaplan, E. L. and Meier, P. 1958. Nonparametric estimation
from incomplete observations. Journal of the American
Statistical Association 53: 457-481.

Knap, P. W. and Bishop, S. C. 2000. Relationships between
genetic change and infectious disease in domestic livestock.
In The challenge of genetic change in animal production (ed.
W. G. Hill, S. C. Bishop, B. McGuirk, J. C. McKay, G. Simm
and A. ]. Webb), British Society of Animal Science, occasional
publication no. 27, pp. 65-80.

Korsgaard, I. R, Andersen, A. H. and Jensen, J. 1999.
Discussion of heritability of survival traits. Interbull Bulletin
21: 31-35.

Lingaas, F. and Renningen, K. 1991. Epidemiological and
genetic studies in Norwegian pig herds. V. Estimates of
heritability and phenotypic correlations of the most
common diseases in Norwegian pig production. Acta
Velerinaria Scandinavica 32: 115-122.

Lundeheim, N. 1979. Genetic analysis of respiratory
diseases in pigs. Acta Agricultura Scandinavica 29: 209-215.

Lundeheim, N. 1988. Health disorders and growth
performance at a Swedish pig progeny testing station. Acta
Agricultura Scandinavica 38: 77-88.

Lyons, D. T, Freeman, A. E. and Kuck, A. L. 1991. Genetics
of health traits in Holstein cattle. Journal of Dairy Science 74:
1092-1100.

Miintysaari, E. A., Grohn, Y. T. and Quass, R. L. 1991.
Clinical ketosis: phenotypic and genetic correlations
between occurrences and with yield. Journal of Dairy Science
74: 3985-3993.

Miiller, M. and Brem, G. 1991. Disease resistance in farm
animals. Experientia 47: 923-934.

Myers, R. H. 1989. Classical and modern regression with
applications, second edition. Duxbury Press, Belmont,
California.

Nicholas, E W. 1987. Veferinary genetics. Oxford University
Press, Oxford.

Pedersen, J. and Aamand, G. P. 1999. From recording to the
Danish total merit index. Inierbull Bulletin 23: 117-122.



Genetic variation of disease resistance in growing pigs 387

Pedersen, J., Johansen, E. @., Kristensen, O. K., Lykke, T,
Neilsen, U. S., Stendal, M., Andersen, B. B., Christensen,
L. G., Pedersen, G. A. and Petersen, P. H. 1993. [S-Index for
bulls of milk and dual-purpose breeds.] Report no. 33.
Landsudvalget for Kvaeg, Denmark.

Philipson, J., Thafvelin, B. and Hedebro-Velander, I. 1980.
Genetic studies on disease recordings in first lactation cows
of Swedish dairy breeds. Acta Agriculiur2 Scandinavica 30:
327-335.

Rohrer, G. A. and Beattie, C. W. 1999. Genetic influences on
susceptibility to acquired diseases. In Diseases of swine,
eighth edition (ed. B. E. Straw, S.D. Allaire, W. L. Mengeling
and D. J. Taylor), pp. 977-984. Jowa Statc University Press,
Ames, 1A,

Simianer, H., Solbu, H. and Schaeffer, L. R. 1991
Estimated genetic correlations between disease and yield
traits in dairy cattle. Journal of Dairy Science T4: 4358-1365.

Smith, C., King, J. W. B. and Gilbert, N. 1962. Cenetic
parameters of British Large White bacon pigs. Animal
Production 4: 128-143.

Straw, B. E., Burgi, E. ], Hilley, H. D. and Leman, A. D.
1983. Pneumonia and atrophic rhinitis in pigs from a test

station. Journal of the American Veterinary Medical Association
182: 607-611.

Straw, B. E.,, Lecman, A. D. and Robinson, R. A. 1984,
Pneumonia and atrophic rhinitis in pigs from a test station -
a follow-up study. Journal of the American Veterinary Medical
Association 185: 1544-1546.

Straw, B. E. and Rothschild, M. E. 1992. Genetic influences
on liability to acquired discasc. In Discases of swine, seventh
edition (ed. A. D. Leman, B. E. Straw, W. L. Mengeling, S.D.
Allaire and D. ]. Taylor), pp. 709-717. Iowa State University
Press, Ames, IA.

Uribe, H. A., Kennedy, B. W.,, Martin, S. W. and Kelton,
D. F. 1995. Genetic parameters for common health disorders
of Holstein cows. Journal of Dairy Science 78: 421-430.

Yazdi, M. H., Thompson, R., Ducrocq, V. and Visscher,
P. M. 2000. Genetic parameters and response to selection in
proportional hazard models. Book of abstracts of the 51st
annual meeting of the European Association for Animal
Production, vol. 6, p. 81.

(Received 21 December 2000—Accepted 10 May 2001)



Sand Irepresent the proportion of the population susceptible and infectious, respectively.
Urepresents the proportion dead and recovered, with the number dead dependent on the
specific case fatality rates given in the data sets. The contacts of cases are divided inta the
following classes: E, the number of untraced latent individuals in the population, E; the
number of traced latent contacts, and C; the number of traced uninfected contacts. The
final class of contacts are those untraced and uninfected and so effectively remaining in
S. Q represents the proportion in quarantine and V the proportion protected by
vaccination. The average rate at which latent individuals become infectious™*! is

« = (latency period)™ = 0.0685 days ™ and the rate at which infectious individuals in
the community recover or die™ is y = (infectious period)™" = 0.116 days™'. Two states of
quarantine are defined: the first for the traced contacts successfully vaccinated and released
into the community ata rate x,, and the second for the infectious cases, which enter Uat a
rate X,. Different vaccine efficacies are assumed for those uninfected, ¢, and infected, €.
The proportion of contacts found through contact tracing is p and the daily rate at which
infectious individuals enter quarantine from the community is f. The proportion of
contacts infected is defined as ¢. The rate at which potentially infected contacts occur is
defined as §, as in equation (2}, and N is the size of the pepulation in which the epidemic
oceurs.

Ry
B= ﬁ 2)
Additional assumptions are that no transmission occurs from those quarantined, dead or
recovered and the background mortality rate was assumed to be negligible over the time
periods examined.

For the Boston, Burford, Warrington and Chester data sets, p = f = 0, which effectively
reduces equations (1) above to a simple SEIR model’. Intervention parameters were only
required when equations (1) was fitted to the data from Kosovo. Here, interventions were
implemented 31 days after the onset of symptoms in the index case' with the associated
parameters shown in Table 2. The number of potentially infected contacts per case was
determined as 50 {ref. 1). Values of R, were derived for each outbreak by minimizing the
mean square error between the mortality data and the predictions of mortality from the
model, while applying the outbreak-specific case fatality rates to Uand adjusting R, and
time of onset of symptoms in the index case. In the case of Kosovo, equations (1) were
fitted more simply to the reported number of cases rather than deaths. All the other
parameters required for equations (1) were obtained independently from the published
source(s) given in Table 1. For epidemics in London, R, was roughly calculated from the
interepidemic interval, T = 2w [L(D + D')AR, — D]'"*, where Lis life expectancy between
1840 and 1870 adjusted for excess births over deaths, equal to 25 years, and D + D' is
latent + infectious period, equal to 0.063 years’.

Estimation of current vaccination coverage

Given that smallpox vaccination ceased in industrialized countries in the mid to late 1970s
(ref. 13), a crude estimate of the immumity of the contemporary UK population was
calculated, on the basis of 50% having been vaccinated as infants up to 1972, and
estimating that about 60% of these would be alive today from current population statistics.
Of these only about 60% would still be protected by the vaccinations done on average 50
years previously, calculated by extrapolating from data on secondary attack rates, which
increased from 4 to 12% over 10 years following vaccination®. This suggests that the level
of herd immunity may be about 18%, which will continue to decrease with time.
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Vaccines rarely provide full protection from disease. Nevertheless,
partially effective (imperfect) vaccines may be used to protect
both individuals and whole populations'~’. We studied the poten-
tial impact of different types of imperfect vaccines on the evolu-
tion of pathogen virulence (induced host mortality) and the
consequences for public health. Here we show that vaccines
designed to reduce pathogen growth rate and/or toxicity diminish
selection against virulent pathogens. The subsequent evolution
leads to higher levels of intrinsic virulence and hence to more
severe disease in unvaccinated individuals. This evolution can
erode any population-wide benefits such that overall mortality
rates are unaffected, or even increase, with the level of vaccination
coverage. In contrast, infection-blocking vaccines induce ne such
effects, and can even select for lower virulence. These findings
have policy implications for the development and use of vaccines
that are not expected to provide full immunity, such as candidate
vaccines for malaria®.

Previous studies on the evolution of vaccine resistance have
focused on the spread of ‘escape’ mutants that display epitopes
different to those in the vaccine, thereby escaping immune recogni-
tion”™’—this has already happened for polio® and hepatitis B’. New
vaccines may eventually get around this problem by, for example,
targeting conserved epitopes or multiple epitopes simultaneously.
Here we study an alternative counter-adaptation to vaccination
involving pathogen life-history traits, namely virulence (induced
host mortality) and transmission rate. To address this issue we
incorporated standard evolutionary theory for virulence evolu-
tion'” " into an epidemiological framework’.

We begin with an analysis of the evolution of parasite virulence
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| (the disease-induced mortality rate of the host) in a homogeneous

host population. We do this by studying the ability of a rare mutant,
with virulence denoted «*, to invade a population of resident
parasites with virulence « (the asterisk distinguishes the mutant’s
trait from the resident’s). The evolutionarily stable (ES) pathogen
virulence can be found by maximizing the mutant pathogen’s
Ro[ot,e] at o = of. (See equation (1) below.) When the host
population is homogeneous and has reached epidemiological equi-
librium (as denoted by the circumflex accent (‘hat’ symbol)
throughout), the expression for the mutant’s fitness is given by
the expected number of secondary cases produced by a single host

| infected by this mutant over its entire infectious period'~"*:

B (X + oy)
S+t +x* + oh
where x and y are the densities of uninfected and infected hosts,
respectively, 8 is the pathogen’s transmission rate, h = By is the
rate at which hosts acquire new infections (termed ‘the force of
infection’), x is the pathogen’s clearance rate (rate at which the host
becomes non-infectious), 8 is the host’s natural mortality rate, and
o is the efficiency with which the pathogen invades an already
infected host (superinfection) relative to invading an uninfected
host'*"*. The superinfection parameter, o, can also be modelled as
a function of virulence®, but here, for simplicity, we assume it to
be a constant. It is assumed that superinfecting parasites immedi-
ately replace the strain already present in the host: thus gk is the
rate at which the pathogen is cleared from the host due to arrival
of another strain. Note that h is determined by the resident
pathogen strain. Thus, by setting the density of infected hosts to
zero, we recover the classical definition of R, which allows us to
tell whether the mutant pathogen can invade a fully susceptible
host population’.

Here we assume, as in classical models of the evolution of
virulence'*™", that the pathogen fitness function in equation (1)
includes trade-offs involving pathogen virulence—that is, virulence

Rla*, o] = @)

- has beneficial, pleiotropic effects on other pathogen life-history

traits that offset the fitness cost of host death (which prematurely
ends the infectious period). Two types of virulence benefits
have been proposed. First, transmission rate is assumed to be an
increasing function of pathogen virulence. Second, clearance rate is
assumed to be slower with higher virulence. The net result of these
negative and positive influences on pathogen fitness is that there is
an intermediate optimum level of virulence that maximizes fitness.
Although there are few data testing these assumed fitness relation-
ships in pathogens, they are generally supportive!®>!¢. The exact
nature of these relationships will depend on the biology of each
particular host—pathogen interaction, but here we define these
trade-offs in simple forms by:

B = B[a] = b|abZ

x =xla] = ca®
where the coefficients with subscripts are constants that determine
the shape of the trade-offs, and hence the value of « that maximizes
fitness.

The question now is how does host immunity (or ‘resistance’)
change the optimum virulence relative to that in a completely non-
immune (‘susceptible’) host population? Still assuming a homo-
geneous host population, we consider four different forms of
immunity, with efficacies denoted ry, ,, 73 and r,, which indepen-
dently affect different stages of the pathogen’s life cycle (Fig. 1). The
first is anti-infection immunity, which decreases the probability that
a host becomes infected. The second is anti-growth-rate immunity,
which directly reduces virulence and concomitantly affects trans-
mission rate and host recovery. The third is transmission-blocking
immunity, which only decreases parasite transmission. The fourth is
anti-toxin immunity which directly reduces virulence but, contrary

to anti-growth-rate immunity, does not affect parasite transmission
and host recovery rates. This yields:

=0 )8y

a' =1 - )l - r)a
; 3
B'=Q0- 75)8[(1 — r)al

x' = xl(1 — r)al

where the prime pertains to immune hosts. Assuming that only the
trade-off between virulence and transmission is operating (clear-
ance rate, X, is a constant), yields the ES virulence:

- b (6 +x+ ah(l — r))(1 — 13))
T 0 =b)d ) -1y

Note that, throughout, virulence is measured as induced host
mortality in susceptible (non-immune) hosts. Equation (4) implies
that anti-growth-rate and anti-toxin immunity (modelled by r, and
ry) always select for higher virulence. This is because they reduce the
risk of host death and hence selection against more virulent
mutants. Indeed, evolution will restore the virulence observed in a
uniform population of resistant hosts, as well as the force of
infection, to that observed in a uniform population of susceptible
hosts by increasing intrinsic virulence (that is, virulence as meas-
ured in susceptible hosts). Thus a pathogen following a strategy that
would generate optimal virulence in a resistant host will induce a
higher-than-optimal virulence in a susceptible host". In contrast,
anti-infection (r,) and transmission-blocking (r;) immunity select
for lower virulence whenever there is superinfection, and leave it
unchanged otherwise. They act indirectly on the evolution of
parasite virulence via the force of infection through their effects
on the rate at which an infection is prematurely ended by the arrival
of a superinfecting pathogen'*". Although equation (4) defines the
ES virulence as a function of the force of infection, which is itself a
function of virulence, the results discussed above can be rigorously
proven using implicit differentiation analysis {not shown).

If we alternatively assume that there is only a trade-off between
virulence and recovery rate, the ES virulence is:

.

*

€5

&)

In this case, anti-growth and anti-toxin immunity increase viru-
lence, and the other two forms of immunity have no effect. When
both trade-offs are included, the conclusions derived from equation

- W [ i

Infection Growth Transmission

Figure 1 Schematic representation of the action of different types of host resistance at
different stages of the pathogen’s life cycle. r;, anti-infection resistance; r, anti-growth-
rate resistance; r3, transmission-blocking resistance. A fourth type of resistance—anti-
toxin resistance, r;—is not shown because it only acts upon host death rates.
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reduced transmission due to the direct effect of the vaccine and
increased transmission through the evolution of higher virulence in
vaccinated hosts. Anti-toxin vaccines may be even worse. Because
these vaccines do not reduce transmission rate, increased vaccina-
tion coverage can increase pathogen prevalence above pre-vaccina-
tion levels.

The above evolutionary analysis assumes that hosts and patho-
gens are in population dynamic equilibrium. Extensive numerical
simulations indicate that our model generates simple dynamics of
rapid approaches to a stable point equilibrium. Many diseases,
however, have more complex epidemiological dynamics, which may
exhibit cycles or chaotic behaviour. Even if there is a point attractor,
the transient dynamics following vaccination may be so pro-
nounced or so long-lasting that an analysis based on equilibrium
conditions may be irrelevant. In these sitmations, the selective
pressures would vary both in space (from one host to another)
and time, and the evolutionary analysis would need to take into
account the effects of such variability on the invasion exponent of a
mutant parasite™.

Although a single epidemiological equilibrium exists, the evolu-
tionary analysis of our model revealed that there could be different
evolutionary outcomes depending on the initial conditions. Such
evolutionary bistability emerges when the parasite can take an
evolutionary route that leads to specialization on either susceptible
or resistant hosts (leading to low or high virulence, respectively).
However, our predictions regarding the effects of imperfect
vaccines are not qualitatively altered by evolutionary bistability.

r 2
Anti-infection

Anti-growth  Anti-transmission

This result has potentially important implications for the evolution
of specialization®"** and for the evolution of multihost pathogens®,
but further exploration of this phenomenon falls outside the scope
of the present Letter.

Can the above general theory for a virtual pathogen contribute to
the rational design of vaccines against real pathogens such as
malaria parasites? Current efforts to develop a malaria vaccine are
focused on three different stages of the parasite’s life cycle—the pre-
erythrocytic stages (sporozoites and liver-stage parasites), asexual
blood-stage parasites (merozoites and infected erythrocytes) and
the mosquito-stage parasites (gametocytes, gametes, ookinetes)*.
Immunity against these three stages corresponds to the anti-infec-
tion, anti-growth-rate and transmission-blocking forms of resis-
tance studied here. Anti-toxin malaria vaccines are also being
explored™. Using a modified form of the general model to incorpo-
rate two important features of malaria epidemiology—naturally
acquired immunity and vector transmission (see Supplementary
Information)—we evaluated the public health consequences of
using various vaccines.

The model was parameterized using values typical of year-round
endemic Plasmodium falciparum malaria in a high transmission
area. Figure 3a—e shows that, as for the general model, the malaria
model predicts that anti-growth-rate and anti-toxin vaccines select
for higher virulence, while anti-infection vaccines select for lower
parasite virulence. In the malaria model, however, transmission-
blocking vaecines may favour slightly higher virulence (Fig. 3c).
This vaccine reduces transmission and, consequently, the reproduc-
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Figure 3 Predicted effects of anti-malaria vaccination coverage on virulence. a—e, The
probability of dying due to malaria in naive hosts, a/{en+ xx+ 8). f—], the prevalence of
malaria (yy+ y;+ y4). k—, The total (population-wide) disease-induced mortality

(population average virulence weighted by prevalence of the different host types given in
number of deaths per thousand per year). These results are for an example of endemic
malaria; predictions are shown not allowing (dashed line} and allowing (full line) parasite

evolution. We show the effects of single type vaccines and a combination vaccine under
the assumption that the different types of vaccines have the same level of efficacy as that
provided by natural immunity: r; = py = 0.8, /o= py = 0.8, 5= p3=0.8, 1y = ps = 0.8.
See Supplementary Information for symbol definition and further details an the malaria
model.




(4) do not qualitatively change.

What, then, if the pathogen faces a heterogeneous population of
susceptible and resistant hosts, as would happen if a vaccination
programme was implemented? On the one hand, we have shown
that the consequences of vaccinating individual hosts is to select for
higher levels of intrinsic virulence in the case of anti-growth-rate
and anti-toxin vaccines. On the other hand, immunized hosts will
transmit less, die less and recover more quickly than non-immune
hosts, thus reducing the overall level of disease in the population.
We now allow this epidemiology to feed back into the pathogen’s
virulence evolution, and vice versa, in order to determine the overall
impact of vaccination programmes on the health of the population.
The epidemiological model that we used was a modified version of
the standard susceptible-infected model' with two classes of
hosts—those that are fully susceptible to the pathogen, and those
that are partially immune. In addition, we assume a continuous
vaccination procedure which provides imperfect but life-long
immunity. It is written as:

dx/dt = (1 — HN — 3+ h)x+ xy

dx'/dit = fN — B+ hD)x" + X'y
(6
dy/dt = hx — 6+ a+x)y

dy'fdt=h'x" — G+ +x')y

where X is a constant rate of flow (which covers both reproduction
and immigration) of uninfected hosts into the population, among
which a fraction fare resistant, that is, vaccinated, and the forces of
infection on susceptible and resistant hosts become h = By + 8y’
and h’ = (1 — ry)h, respectively. Note that there are no terms for
superinfection in equation (6) as these cancel out. For simplicity, we
assume that resistant hosts do not lose immunity to become
susceptible, and, except by vaccination, susceptible hosts do not
acquire immunity. This latter assumption is relaxed in our malaria
example below.
As for the simple homogeneous case, the ES parasite virulence is
found by maximizing at o = a*:
B* (& + ay) B — )R + 0¥
b+at+xt+oh S+a+x*+ol

which can be seen as a weighted average of the per-host transmission
factors’™ on susceptible and resistant hosts (see Supplementary

Ryla*,a] =

)

| Information). Equations (6) and (7) can then be solved jointly to

yield the ES virulence and population prevalence of disease once
evolution has occurred.

A numerical example shows that as the efficacy of anti-growth-
rate and anti-toxin vaccines increases, there is a marked increase in
virulence (Fig. 2a). An exception occurs for very high efficacy anti-
growth-rate vaccines, because the contribution to fitness from
vaccinated individuals becomes very small (see Supplementary
Information). ES virulence always increases with the efficacy of
anti-toxin vaccines, because this type of vaccine removes the cost of

| virulence (increased mortality) without affecting its benefit

(increased transmission). Consequently, the fitness contribution
of vaccinated hosts always increases with the efficacy of an anti-
toxin vaccine. In contrast, as the efficacy of anti-infection and anti-
transmission vaccines increases, pathogens will evolve lower levels
of virulence if superinfection occurs (Fig. 2a). This is because these
vaccines reduce superinfection rates. When pathogens are less likely
to be competitively excluded, the benefits of keeping the host alive
are greater. The reduction in virulence is weaker for transmission-
blocking vaccines than for infection-blocking vaccines because,
with transmission-blocking vaccines, vaccinated hosts are fully
susceptible to infection. Consequently, the force of infection is
higher and this selects for higher virulence levels. When vaccines
are fully effective (‘perfect’), all except the anti-toxin vaccines share
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the same ES virulence. When superinfection occurs, this level falls
below the virulence reached when vaccines are never used (or are
totally ineffective). This is because, with a perfect vaccine, vacci-
nated hosts do not transmit the disease and, through the decrease of
the force of infection, serve to indirectly favour lower virulence'”".
A perfect anti-toxin vaccine (a vaccine that completely removes the
deleterious effects of the parasite on its host) does not decrease
transmission and always selects for extreme intrinsic virulence
(Fig. 2a).

In addition to virulence consequences, vaccination changes dis-
ease prevalence. Figure 2b shows that as vaccination coverage
increases, anti-infection and anti-transmission vaccines always
reduce disease prevalence when pathogen evolution occurs, and
can sometimes eliminate the disease. Anti-growth-rate vaccines, on
the other hand, have hardly any effect on prevalence because a
balance between two forces that act in different directions—
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Figure 2 Evolutionary and epidemiological consequences of using different types of
vaccines. The different coloured solid curves represent the first three types of vaccines
{see Fig. 1), and the red dashed line s for anti-toxin vaccines. a, Evolution@rily stable (ES)
parasite virulence (measured on susceptible hosts) plotted against the efficacy of the
vaccine. b, Parasite prevalence (fraction of infected hosts) plotted against the proportion
of vaccinated hosts. The horizontal black lines show the outcome in the absence of
vaccination. In @, b, = 0.5 and f= 0.2 (see text for definitions of 5, and ). In b, b

1= 0.2 and efficacy (i, 12, 1z or 14} is 0.9. Other parameter values (see text for definitions) |

are:A=256=1,0=1,5,=02, ¢ =0 (thatis, no relationship between recovery rate
and virulence).




tive value of parasites infecting vaccinated hosts. In this case,
evolution becomes mainly driven by the selective pressures occur-
ring in naturally immune hosts. This explains the increase in
virulence in spite of the indirect effect of superinfection acting in
the opposite direction {equation (4)). We also examined the
evolutionary consequences of a combination of different types of
vaccines. The use of a vaccine combining the four different types
also favours higher pathogen virulence despite the beneficial effect
of anti-infection vaccines (Fig. 3e).

With or without evolution of the pathogen, vaccination is
expected to affect the prevalence of malaria. As in the general
model (Fig. 2b), the use of anti-infection and transmission-blocking
vaccines reduces the force of infection and consequently malaria
prevalence (Fig. 3f, h). In contrast, anti-growth-rate and anti-toxin
vaccines have hardly any effect on prevalence (Fig. 3g, 1). A
combination vaccine, via the anti-infection and transmission-
blocking effects, is the most efficient in reducing malaria prevalence,
and could even lead to eradication for extreme vaccine coverage
(Fig. 3j).

The total number of deaths due to malaria depends on both
malaria virulence and on the prevalence of infection in the different
types of hosts. Figure 3k—o presents the consequences of vaccina-
tion at the level of the whole host population. In the absence of
pathogen evolution, not surprisingly, all the different types of
vaccines decrease the total disease mortality. However, with anti-
growth-rate, anti-toxin and transmission-blocking vaccines, evolu-
tion towards higher virulence (Fig. 3b—d) erodes the overall benefits
of vaccination (Fig. 31-n). In contrast, when anti-infection vaccines
are used, evolution towards lower virulence (Fig. 3a) may increase
the population-level benefits of vaccination (Fig. 3k). At high
vaccination coverage, a vaccine that incorporates all four types of
vaccines would be the most efficient, even when evolution occurs
(Fig. 30). This result supports the development of multivalent,
multi-stage vaccines which, it is hoped, will provide greater overall
protection than single-target vaccines’. Our finding that anti-
infection vaccines may have favourable effects on virulence evolu-
tion also strongly supports the use of other partially effective control
methods (for example, bed nets, mosquito control) to enhance the
long-term benefits of vaccination.

How long might such virulence evolution take? Given that genetic
variation exists for pathogen virulence!®'*'**?*, one might expect
that, like the evolution of vaccine and drug resistance, the evolution
of virulence would occur on timescales that are relevant to public
health (decades or less). As an explicit example, we used the malaria
model to track the spread of a virulence mutant through time
following the start of a vaccination campaign. At 90% vaccine
coverage with an anti-growth-rate vaccine of 80% efficacy, it took
38 years for a mutant more than twice as virulent to increase from
1% to 50%, after which it spread towards fixation very rapidly (see
Supplementary Information). Numerical simulations, however,
indicate that the speed of invasion is very sensitive to the shape of
the trade-off function. Accurate predictions of both the invasion
dynamics of a virulence mutant and of the evolutionary outcome
require further investigation of the shape of these trade-off
functions.

Purely epidemiological models have demonstrated that vaccines
which are protective for individuals in clinical trials can nonetheless
generate unwelcome consequences for a population as a whole™.
Our incorporation of evolution into the analysis shows that clini-
cally detrimental or beneficial evolution can also occur. The direc-
tion of virulence evolution depends critically on the type of vaccine,
with several types promoting evolution that increases mortality risk
to individual hosts. However, virulence management (an applica-
tion of darwinian medicine*”**) requires specific models to answer
questions regarding specific biological systems. Using malaria as an
example, we found that the wide-scale use of even reasonably
effective anti-growth-rate and transmission-blocking vaccines
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may ultimately do little to relieve community disease levels in
malaria-endemic areas. Moreover, the evolution prompted by
anti-growth-rate and anti-toxin vaccines can substantially increase
the risk for non-immune individuals, such as unvaccinated children
and non-immune travellers. The widespread use of such vaccines
thus raises difficult ethical issues. Nevertheless, it is probable that
anti-disease vaccines (anti-growth-rate and anti-toxin) will be
used widely for their short-term beneficial effect at the individual
level.

Like drug resistance, the clinically detrimental evolution that we
are discussing here will occur on timescales longer than those of
clinical trials. Marked increases in virulence of some viral diseases
have already followed widespread use of anti-growth-rate vaccines
in the chicken industry”®. When human populations become
uncontrolled experimental systems, we recommend that at the
very least, intrinsic virulence of the pathogen population (or
more realistically, putative virulence determinants such as in vitro
multiplication rates™) be closely monitored. O
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Drosophila Toll is activated by
Gram-positive bacteria

through a circulating

peptidoglycan recognition protein
Tatiana Michel, Jean-Marc Reichhart, Jules A. Hoffmann & Julien Royet

Institut de Biologie Moléculaire et Cellulaire, UPR 9022 du CNRS,
15 rue René Descartes, 67084 Strasbourg cedex, France

Microbial infection activates two distinct intracellular signalling
cascades in the immune-responsive fat body of Drosophila'”’.
Gram-positive bacteria and fungi predominantly induce the Toll
signalling pathway, whereas Gram-negative bacteria activate the
Imd pathway™. Loss-of-function mutants in either pathway
reduce the resistance to corresponding infections*. Genetic
screens have identified a range of genes involved in these intra-
cellular signalling cascades®"?, but how they are activated by
microbial infection is largely unknown. Activatien of the trans-
membrane receptor Toll requires a proteolytically cleaved form of
an extracellular cytokine-like polypeptide, Spitzle®, suggesting
that Toll does not itself function as a bona fide recognition
receptor of microbial patterns. This is in apparent contrast with
the mammalian Toll-like receptors' and raises the question of
which host molecules actually recognize microbial patterns to
activate Toll through Spitzle. Here we present a mutation that
blocks Toll activation by Gram-positive bacteria and significantly
decreases resistance to this type of infection. The mutation
semmelweis (seml) inactivates the gene encoding a peptidoglycan
recognition protein (PGRP-SA). Interestingly, seml does not affect
Toll activation by fungal infection, indicating the existence of a
distinct recognition system for fungi to activate the Toll pathway.

To isolate new genes implicated in the Drosophila immune
response, we screened the first chromosome for mutations that
inactivate genes involved in the control of the challenge-induced
expression of the antimicrobial peptides Diptericin and Drosomy-
cin. diptericin expression is controlled by the Imd pathway, whereas
induction of drosomycin is dependent on the Toll pathway™®. From

| 2,500 independent lines, we isolated a mutant line in which the

ability to express drosomycin in response to infection by Gram-
positive bacteria (Micrococcus luteus, Streptococcus faecalis, Bacillus

| thuringiensis) was abolished or severely reduced (Fig. 1a and data

not shown). We named this mutation semmelweis (seml) after Ignaz
Philipp Semmelweis, a Hungarian physician who was a pioneer in
the field of antiseptic treatments and discovered the cause of
puerperal fever'. Expression of diptericin by Gram-negative bac-
teria (Escherichia coli, Erwinia carotovora carotovora and
Enterobacter cloacae; Fig. 1b and data not shown) was unaffected
in seml mutant flies but abolished in two mutants of the Imd

pathway”®, key and dredd (Fig. 1b). These phenotypes of seml in
response to challenges by various microorganisms are similar to
those of loss-of-function mutants of the Toll pathway™ (spz, Dif)
but distinct from mutations affecting the Imd pathway.

In addition to its Toll-dependent induction by Gram-positive
bacteria, drosomycin expression in the fat body is also activated by
fungal infection in a Toll-mediated process’. When challenging sem!
flies with the entomopathogenic fungus Beauveria bassiana, we
noted that drosomycin expression was wild type, in contrast to
the results obtained with spz and Dif mutants, in which fungal
induction of drosomycin was nearly abolished (Fig. 1c). seml is

therefore the first described Drosophila mutation that specifically |

impairs the Toll-dependent induction of drosomycin by Gram-
positive bacteria without affecting that induced by fungal infection.

We next analysed the resistance of sern! mutants to infections by
various microorganisms. We compared the data with those
obtained with spz and key mutants. The results (Fig. 2) show that
seml mutants are highly susceptible to Gram-positive infection
(Bacillus megaterium, S. faecalis), but are as resistant as wild-type
flies to fungal (B. bassiana) and Gram-negative bacterial infection
(E. coli, E. c. carotovora). As expected, in these experiments key flies
were susceptible only to Gram-negative infection®, and spz mutants
both to fungal and Gram-positive infections’.

The similarities between the antibacterial responses in seml, spz
and Dif mutants prompted us to study the epistatic relationship
between seml and the Toll pathway components. We first tested
whether seml was genetically upstream or downstream of Toll, using
the Toll'” gain-of-function allele, which leads to a challenge-
independent expression of drosomycin. The levels of drosomycin
transcription in Toll'”” and seml: Toll'”” flies were similar (Fig. 3a),
indicating that seml is genetically upstream of Toll. We used the
same strategy to analyse the relationship between seml and the
serine protease inhibitor nec. A loss-of-function mutation in the nec
gene results in challenge-independent expression of drosomycin and
in the formation of melanotic spots on the cuticle”. Both pheno-
types are mediated by spz and Toll. Both nec and seml; nec flies
express drosomycin in the absence of immune challenge and exhibit
melanotic spots (Fig. 3b, c). These results suggest that the seml
mutation inactivates a protein acting upstream of the Toll receptor

and of the protease cascade necessary to activate its ligand Spz |

through proteolytic cleavage. In contrast to Toll-pathway mutants,
homozygous seml females are fertile. Therefore sernl does not seem

n.i. 24 h after infection

T & 4o &
ORI O R
A - - -

M. iuteus

Figure 1 Expression of antimicrobial peptides in different mutant backgrounds after
infection by fungi, Gram-positive or Gram-negative bacteria. Northern blots were
performed with total RNA from wild type (WT) flies, sem/ mutant flies, ar flies mutant
for genes in the Toll signalling pathway (spZ™, D) and in the Imd pathway (key’,
dredd™,. The flies were infected with M. luteus (a), £. coli (b) or B. bassiana

{¢) and incubated for 24 h at 25 °C before RNA preparation. /p49 is used as an RNA
loading contral. n.i., not induced; drs, drosomycin; dpt. diptericin.



mailto:Sylvain.Gandon@ed.ac.ukl.

SUPPLEMENTARY INFORMATION FOR

“IMPERFECT VACCINES AND THE EVOLUTION OF PATHOGEN VIRULENCE?”



PARASITE VIRULENCE EVOLUTION IN A HETEROGENEOUS HOST POPULATION
1. Derivation of evolutionarily stable virulence

The dynamics of a resident and a mutant parasite (the asterisk refers to the mutant strain)
competing in a heterogeneous host population with two types of hosts (the prime refers to

resistant hosts) is given by (see main text and Fig. 4 for details):

dx/de=(1- f)i- (5 +h+h*)x+zy+ 'y

dx'/de = fa - (5‘+ W+ h'*)x’ 2V +2"y

dy/dt :h(x+a(y+y*))— (5 +a+y +0'(h+h*))y

dy'/dr = h’(x' + O'(y' + y'*))— (5 +a'+y + o-(h’ + h’*))y’
dy*/dt = h*(x + o(y +y*))— (5 ta + z* - 007 + h*)))"*
dy'*/dt = h’*(x’ + G(y' + y'*))— (5 +a + )('* - o(h’ +h'*))y'*

with
r * ok L
A=S6+ay+a'y+ay +a y .

The direction of evolution and, ultimately the evolutionarily stable (ES) virulence, can be derived
from the analysis of the fate of a rare mutant. When the mutant is rare we can neglect its effect

on the resident dynamics and focus on its own dynamics which, in matrix form, is given by':
*
dy"/dr [y
Jx =R £
dy” /dt y
with

At _[BN- (5+a* vy +oh) BN
,B*N' ﬂ’*N’— (5 +a + ;('* +ah’)
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where N=x+oy and N'= (1 == rl)(x' + oy'). There are several ways to find the ES parasite

virulence from this model. One is to maximise & , the dominant eigenvalue of A , which is the
standard measure of fitness for a rare mutant (the rate of invasion when the resident population
has reached an equilibrium)z. It is known that, in populations at demographic equilibrium, correct
results can also be obtained by maximising the basic reproductive ratio of the mutant strategy,

given by equation 7 in the text’.
2. Reproductive values and the strength of selection in different hosts

These maximisations must be carried out numerically. As both a check on the numerical
calculations, and as a means of gaining insight into their results, a further approach is useful.

Maximising the dominant eigenvalue of A* is equivalent to maximising the following function:
w[a*,a]:v-l-\ -u

where vV and U are the left and right eigenvectors of A (which is the same as A*, but with the

resident's parameters):

vl B B 1 r { N N’
and U o ;
d+a+y o+a'+y'| |O0+a+y o+a'+y'

These two eigenvectors are, respectively, the individual reproductive values and the frequencies
of the two classes of resident parasite infections (i.e. the infections of susceptible or resistant
hosts). The product of these two quantities gives the class reproductive values® of the two types
of parasites. This analysis of reproductive values is particularly insightful since it provides the
appropriate fitness weights associated with the selective forces acting in the different types of

hosts.

For instance, the non-monotonic effect of the efficacy, 7, of the anti-growth rate vaccine on the

ES virulence (Fig. 2a) can be explained with the help of class reproductive values of parasites



infecting different types of hosts. Note that the reproductive value of parasites in vaccinated
hosts is proportional to ,B[(l—rz )a] When 7, is low, individual reproductive values are very

similar and the direction of evolution at the scale of the whole host population (with both
susceptible and vaccinated hosts) is mainly governed by the relative frequencies-of the two
classes of parasite infections. In this situation, since an increase in vaccine efficacy selects for

higher virulence in vaccinated hasts (equations 4 and 5), this yields an increase in the ES

virulence. However, when 7, is high, the reproductive value of parasites infecting vaccinated

hosts can be very low (when 7, —1, ﬂ’ —> 0). This means that, for very efficient vaccines,

parasites infecting vaccinated hosts do not contribute to the future of the parasite population.
Even though selection for increased virulence is very strong in those hosts, the selective

pressures acting in susceptible hasts drive the evolution of the parasite. This explains the drop

in ES virulence as r, —> 1.



MALARIA MODEL

Here we describe (1) the epidemiological model for malaria under vaccination, allowing for
natural immunity and vector transmission, (2) the evolutionary dynamics of a virulence mutant,

and (3) the derivation of the evolutionarily stable virulence.
1. Epidemiology

We assume there are three types of hosts - naive, naturally immune and vaccinated, denoted by
subscripts N, { and V, respectively - which are infected by a single (resident) strain of parasite.
Hosts slowly acquire natural immunity through repeated infections and do not lose this immunity
once acquired. This natural immunity comprises all four types and is imperfect, i.e. less than
100% effective. Vaccination with a single vaccine type is assumed to immediately confer the
same level of immunity as natural immunity, but only for the type of immunity stimulated by the
vaccine. We further assume that the dynamics of the infection processes of the vector happen
on a relatively fast time scale, so that the vector dynamics are captured in the equilibrium
fraction of infected mosquitoes4'5. Finally, we assume constant host population size yielding the

following dynamical equations, with variables and parameters described below:

dx, /dr = ;L(l - f)+ Ay (1 _¢)yN - (5 +hy )XN
dx, /dt =z, + 5w Yy + XYy — (5 +h )xi
dx, /dt = Af + x, (1-4)y, — (6 +h, x,

dy, /dt =hyx, (5 +ety + 7y Wy

dy, /dt = hx, _(5 ta;+7; )}’1

dy, /dt =h,x, —(5 +a, + 1, )y,

Note that, as in equation 6 in the main text, there are no superinfection terms because they

cancel out.

1.1. Variables

& N S o : proportions of uninfected hosts



YwsVr-YVr - proportions of infected hosts

A - 8 - parasite virulence where a; = (1- p) }(1- p4)ay and

ay =(1-n)1-ray

By B By - parasite transmission probabilities (infectivity from infected humans to
uninfected mosquitoes) where S, = B[, | (see below), Br=010-p)pB [a]]

and Sy = (1-73) ey ]

hy.,h h, - forces of infection where A, = abmz , h, = (1- p,)h, and h, =(1-n)h,

1S 3

: equilibrium proportion of infectious mosquitoes, given by

ANV +ﬂ1y1 +ﬂr'yr) P
H "‘a(ﬂNyN + By, + IBz'yV)

Z=

A : growth/immigration rate of the host population, given by

A=05 tayyy tay, +a,y,

1.2. Parameters (assumed values in parentheses based on endemic malaria in a high

transmission area®"® with rates given on an annual basis)

P> Pa> P53, Py Tesistance of naturally immune hosts (0.8)

LA - vaccine efficacy for different types of vaccines (0.8). We note that this is

substantially higher than most current candidate vaccines.

Kivs X B - recovery rates where y =y =1, 7, =7.

f - vaccination coverage (0 to 1)



¢ : fraction of the recovering individuals that become naturaily immune (0.03)

) : natural host death rate (0.02)

a . biting rate on humans by a single mosquito (120)

b : infectivity of infected mosquitoes (0.1)

m : number of female mosquitoes per human host (5)

7 : mortality rate of the mosquito (infected or not) (50)

T : latent period in the mosquito (0.04)

o : susceptibility to superinfection relative to an uninfected host (0.1). Competitive

suppression can occur in malaria'’ and superinfection events have been directly

observed in the field> ™,

2. Invasion dynamics of a mutant

The invasion dynamics of a virulent mutant can be described by the following system of

differential equations:

* = *
dxy /dt = A(t— f)+(1- ¢)(l;\fy,\f +INYN )‘ (0 +hy +hy ,)X*N \
E I * %k E S %k
doy fdt = yryr + 21y + NI F 27 FXNIYN +Zr~*'yrf)— (5 +hy +hy )’(1
* £ *
de/dl‘ =Af + (1 — ¢)(ZVyV -+ ZT"'yV)_ (5 e h, ) hV)XV

* *
dyN/df = hN (XN +O'(y]\* +yN))—~ ((5 +ay +tIrN -f-O’(}’IN -f-/?]\[»y]\,r
dy]/df :h](x] +O'(y[ +y;))—(§ t&r+xr +ovy +h;)))/]
dy[."/dl‘ = hV X1 +O 847 +y;/k' o -0—(1[7 +ZV +O i +h[* 47



d y’i / dt = h: (XN +a(yN - y;r »— QS +O.'K.’ + 1’: + O'(hN +h;v »y:’;
*

oy =il +olyr 45 )6 v 127 <ol 447 b
d}’;'/dt :h:’(xpr +olyy +yp ))- S+ap +xp +o Vv +h;’) %

with

* ES * ok * ¥
A=Stayyy +aryr+apyy +ayyy +apy; +apyy
hN = abm;;, h1 = (1 = Pl)hN> h[ = (1 = ’l)hN
hy =abmz", by =(-py, B =(-n)is
ar =(-p M1- pylay, ap = (- )l —ryay
ar = (-p )1 - py)ay, o = (-r )11 )ay

As we assume that the dynamics of the infection processes of the vector happen on a relatively
fast time scale, the equilibrium fractions of infected mosquitoes with the resident strain or with

the mutant strain are:

5 alByyy + Bry; + By yy) —ur
“ *  x * % ra
u +a(ﬂNJ/N +B1yr + By +Byyn + Bryr +ﬁr)’r)
3k * * ok * ok
o aBNIYN + P11y + Br vy oMt

* * * ok * ok i
H+a (ﬂNyN B+ Bryy + By +Bry; + ,BV,VV)

The above system of equations can be used to follow the invasion of the parasite population by a

virulence mutant after the start of a vaccination campaign (Fig. 5).
3. Derivation of evolutionarily stable virulence

As in the simpler model presented earlier, the long-term evolutionary outcome of the parasite
population (the evolutionarily stable virulence) can be derived from the analysis of the invasion

of a rare mutant when the resident strategy settles at an epidemiological equilibrium. The



dynamics of a rare mutant strain appearing in a population of the resident parasite can be put in

matrix form:
dy : /'/dr y i
d y}k ,,.»-’/dt =A" y;(
\dJ-’; /di Yy
with
cﬁX,N—(&Jra;, + g+ ahN) BN cfN
A= Bl i —(5 +a, +x+ o*hI) epil
BV BV BV - (5 +a, + y + ah,.)
and

N=%,+0,
i:(l_pl)()e1 +O—)A’}J)
= (1—)‘1)()2,, +O—)A/tr')

where the hat indicates the equilibrium densities of resident hosts.
* a ES ¥ ES 3 * * —HT * i ES * * #* . . R
h, = abm—(ﬂNyN + 4, +,8Vy[.)e = c(,b’NyN + B v, +,6’Vy,,) is the force of infection of
H

the mutant on naive hosts (with ¢ = bma’e ™" /u) and h; =(1— p, )iy and 4. =(1—r ), are
the forces of infection of the mutant on immune and vaccinated hosts. Note that we can neglect

the terms in y* in the denominator of 2 because the mutant is assumed to be rare.

Analysis proceeds as with the general model yielding the following expression for the fitness of

the virulence mutant:

* 2 #* 7 *25
A S~
S+ay+yy+oh, S+a,+y +oh, S+a.+y.+oh,

R, [a; sy ] =
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We present a numerical example (Fig. 3) with only a trade-off between virulence and

transmission given by:

1
1.2+ 56 1000%y -

By =Blay]=

However, adding a trade-off between virulence and recovery does not qualitatively affect our
conclusions. The choice of the particular shape of the trade-off that we used was based on the

assumption that observed levels of malaria mortality in non-immune individual® in endemic

14,15

areas "~ are at the parasite’s ES virulence (o) = 0.015). There are, however, many different

trade-off functions which may yield realistic values of the ES virulence.

Our model yields the following values for other relevant variables before vaccination:
hy =3.5, B, =0.83, 3, =0.14 and the fraction of infected hosts that die due to malaria as

1.4% and 0.04% in naive and naturally immune hosts, respectively'.
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ABSTRACT

The objective of this study was to determine the rela-
tionships among severity and duration of clinical masti-
tis during first and second lactation and sire transmit-
ting abilities for somatic cell score, udder type traits,
productive life, and protein yield. Recording of clinical
episodes began at first parturition for 1704 Holstein
cows (in six Pennsylvania herds and one Nebraska
herd) and continued into second lactation for 1055 of
these cows. A total of 456 cows (sired by 168 bulls) had
at least one clinical episode during first lactation, and
230 cows (sired by 100 bulls) had at least one clinical
episode during second lactation. A severity code from
1 (normal milk) to 5 (acute systemic mastitis) was as-
signed daily (for up to 30 d after detection) to all quar-
ters that had clinical mastitis. Only the severity codes
for the first clinical episode to occur during first and
second lactation are considered here. The initial and
maximum severity codes, as well as the natural loga-
rithms of both the sum of severity codes that were above
normal (> 1) and the total days severity codes were
above normal were regressed on herd (a classification
variable), age at first calving, days in milk at clinical
detection, and sire transmitting abilities taken one at
a time. Linear and nonlinear effects were estimated
for sire transmitting abilities. Separate analyses were
conducted on dependent variables that considered se-
verity and duration of clinical mastitis from: all organ-
isms, coagulase-negative staphylococci, coliform spe-
cies, streptococci other than Streptococcus agalactiae,
and the most common environmental organisms (coli-
form species and streptococci other than Streptococcus
agalactiae). Daughters of sires that transmit the lowest
somatic cell score had the least severe and shortest
clinical episodes from environmental organisms during
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first lactation. Selection for lower somatic cell score may
reduce the severity and duration of clinical episodes
from environmental organisms during first lactation.
(Key words: severity and duration of clinical mastitis,
somatic cell score, productive life, udder type traits)

Abbreviation key: CNS = coagulase-negative staphy-
lococei, ISC = initial severity code, LOGDAYS = natu-
ral logarithm of the total days severity codes were above
normal in the 30 d after detection, LOGSUM = natural
logarithm of the sum of severity codes that were above
normal in the 30 d following detection, MSC = maxi-
mum severity code in the 30 d after detection, PL =
productive life, SNA = streptococci other than Strepto-
coccus agalactiae, STA = standardized transmitting
abilities.

INTRODUCTION

Approximately 10% of the total value of milk sales
made by US dairy farms (nearly $2 billion dollars) is
lost to mastitis each year (National Mastitis Council,
1996). Although mastitis from contagious organisms
(especially Streptococcus agalactiae) has been reduced
by improvements in management, economic losses due
to mastitis will continue because the causative organ-
isms in the dairy cow’s environment cannot be eradi-
cated (National Mastitis Council, 1996). In addition, an
unfavorable (positive) genetic correlation exists be-
tween mastitis and milk yield (Schmidt and Van Vleck,
1965; Emanuelson et al., 1988; Shook, 1993; Rogers et
al., 1998), indicating that economic losses may increase.
The increased susceptibility to mastitis accompanying
selection for milk yield suggests that selection for resis-
tance to mastitis is needed. Optimal selection for resis-
tance to mastitis (under current economic conditions)
would slow, rather than halt, the rate of increase in
genetic susceptibility to mastitis (Strandberg and
Shook, 1989; Rogers, 1993).

Direct selection for resistance to mastitis is not possi-
ble because records of clinical mastitis occurrence are
not readily available for most US dairy cattle. Traits
being considered for indirect selection for resistance to
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mastitis include SCS, udder type traits, and productive
life (PL).

Approximately 80% of the cows in the national DHIA
milk recording program, representing 40% of all US
dairy cows, have milk SCC recorded once a month
(Shook, 1993). The primary cause of elevated SCC is
the presence of mastitis causing organisms in the udder
(Harmon, 1994). Furthermore, higher SCS (a logarith-
mic transformation of SCC) is genetically associated
with higher occurrence of clinical mastitis (Coffey et
al., 1986; Emanuelson et al., 1988; Philipsson et al.,
1995; Rogers et al., 1998; Nash et al., 2000). These
findings indicate that selection for lower SCS may re-
duce the incidence of clinical mastitis. However, the
impact of selection for lower SCS on the severity and
duration of clinical episodes is unknown. Therefore, the
objective of this study was to determine the relation-
ships among severity and duration of daughter clinical
mastitis during first and second lactation and sire
transmitting abilities for SCS, udder type traits, PL,
and protein yield.

MATERIALS AND METHODS
Data

Recording of clinical episodes began at first parturi-
tion for 1704 cows in seven herds (six in Pennsylvania,
one in Nebraska) and continued into second lactation
for 1055 of these cows in six of the seven herds. Clinical
episodes were recorded from May, 1991, through De-
cember, 1995. Recording of clinical episodes began at
first parturition because the health history of multipa-
rous cows may be unknown, and multiparous daughters
of a sire are not a random sample of daughters from
that sire because it is likely that some have been culled.

Herdsmen collected milk samples from all quarters
that had clinical mastitis. Quarter samples were eol-
lected when clinical mastitis was first observed. All
quarter samples were frozen and transported weekly
to diagnostic laboratories (one in Pennsylvania and one
in Nebraska) for culturing following procedures de-
scribed previously (Wanner et al., 1998).

Herdsmen also assigned a severity code daily to all
quarters that had clinical mastitis. Daily assignment
of a severity code began when clinical mastitis was first
detected and continued until the milk and cow returned
to normal or 30 d had elapsed. If a quarter returned to
normal and subsequently became abnormal within 30
d after clinical mastitis was first detected, daily assign-
ment of a severity code resumed.

Research technicians taught herdsmen the tech-
niques to use to avoid contamination when collecting
milk samples. They also taught herdsmen how to visu-
ally identify and classify clinical mastitis in order to
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avoid inconsistent assignment of severity codes across
herds. In addition, research technicians made weekly
visits to the Pennsylvania herds to ensure that the
study protocol was being followed.

One of five severity codes could be assigned by herds-
men. A severity code of 1 indicated normal milk and
quarter, which allowed recording that a previously clin-
ical quarter had returned to normal. A severity code of
2 indicated a normal quarter with questionably normal
milk. A severity code of 3 indicated abnormal milk
(definite clots or flakes) but little or no swelling of the
quarter (subacute clinical mastitis). A severity code of
4 indicated abnormal milk and a swollen quarter (acute
clinical mastitis). A severity code of 5 indicated abnor-
mal milk, swollen quarter, and a physically ill cow
(acute systemic mastitis). A cow was considered to have
clinical mastitis if a severity code of 2 or higher was re-
corded.

Four measures of the severity and duration of clinical
mastitis were developed from these severity codes. The
initial severity code (ISC) and the maximum severity
code in the 30 d following detection (MSC) were two
of the measures. The third measure was the natural
logarithm of the sum of severity codes that were above
normal (>1)in the 30 d following detection (LOGSUM).
The fourth measure was the natural logarithm of the
total days severity codes were above normal in the 30
d following detection (LOGDAYS). The logarithmic
transformation was used to normalize the last two
measures.

Only the severity and duration of the first clinical
episode to occur during first and second lactation are
considered here. To be considered, the first clinical epi-
sode of a lactation had to occur before 365 DIM had
elapsed.

Analyses

The four measures of severity and duration of clinical
mastitis (ISC, MSC, LOGSUM, and LOGDAYS) were
regressed on herd (a classification variable), age at first
calving, DIM at clinical detection, and sire transmitting
abilities for SCS, udder type traits, PL, and protein
vield taken one at a time. Linear and quadratic effects
were estimated for each of the transmitting abilities
using the GLM procedure of SAS (SAS Inst., Inc., 1995).
Cubic effects were also estimated for PTA for SCS.

First and second lactation data were analyzed sepa-
rately. Furthermore, separate analyses were conducted
on dependent variables that considered severity and
duration of clinical mastitis from: all organisms, coagu-
lase-negative staphylococci (CNS), coliform species,
streptococci other than Streptococcus agalactiae (SNA),
and the most common environmental organisms (coli-
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form species and SNA). Clinical mastitis from all organ-
isms contained all initial clinical episodes during a lac-
tation, including those that had missing or contami-
nated quarter samples or no detectable organism
growth. Organism (CNS, coliform species, SNA, Staph-
ylococcus aureus, other organisms, no growth, missing
quarter sample, or contaminated quarter sample) was
included as an explanatory variable in the regression
model when the dependent variables considered sever-
ity and duration of clinical mastitis from all organisms.
Severity and duration of clinical mastitis from CNS
during second lactation were not analyzed separately
because its incidence was too low.

When a cow had clinical mastitis in multiple quarters
on the same day, each quarter that had clinical mastitis
was considered a separate episode. Each quarter that
had mastitis on the same day was considered a clinical
episode because mastitis causing organisms entered
each quarter separately. If a cow had clinical mastitis
from a particular organism in multiple quarters on the
same day, the quarter that had the highest sum of
severity codes that were above normal was considered
to be the first clinical episode of the lactation. If a cow
had clinical mastitis from different organisms in multi-
ple quarters on the same day, each quarter infected
with a different organism was considered to be the first
clinical episode of the lactation from that organism.
This was done only when the severity and duration of
clinical mastitis from different organism groups were
analyzed separately.

Two organisms were detected in 32 quarters (7% of
those that had the first clinical episode) during first
lactation and 15 quarters (7%) during second lactation.
These quarters were considered to have a clinical epi-
sode from each organism when the severity and dura-
tion of clinical mastitis from different organism groups
were analyzed separately.

When the dependent variables were regressed on
STA for udder type traits, data from 11 first-lactation
cows and four second-lactation cows were excluded be-
cause STA for udder type traits were not available for
their sires. When the dependent variables were re-
gressed on STA for teat length, data from 12 first-lacta-
tion cows and five second-lactation cows were excluded
because STA for teat length were not available for
their sires.

RESULTS AND DISCUSSION

Data

A total of 456 of 1704 cows (27%) had at least one
clinical episode during first lactation. In addition, 230
of 1055 cows (22%) had at least one clinical episode
during second lactation. Eighty-four of these cows had
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clinical mastitis during first lactation. The relation-
ships among clinical mastitis incidence during first and
second lactation in the cooperating herds and sire trans-
mitting abilities for SCS, udder type traits, PL, and
protein yield are presented elsewhere (Nash et al.,
2000).

Five of the cooperating herds were commercial herds
(all in Pennsylvania) and two were university research
herds. The total number of first- and second-lactation
cows contributed by each herd, the number that had
clinical mastitis, and the frequency of mastitis by lacta-
tion in each herd are in Table 1. Herd 5 had the lowest
incidence of clinical mastitis during first and second
lactation. Herd 5 was the only herd to routinely give
all heifers an intramammary antibiotic infusion in each
quarter 30 d before the expected calving date. All herds
routinely postdipped and administered dry cow
therapy.

Table 1 also contains the number of cows in each herd
that had clinical mastitis caused by the most prevalent
organism groups. Although there was considerable
variation in clinical mastitis incidence between herds,
the proportion of clinical episodes caused by each organ-
ism group was similar.

The efficacy of therapies used to treat the initial clini-
cal episodes in five of the seven herds (all in Pennsylva-
nia) has been studied (Sischo et al., 1995). For this
study, therapies were categorized as follows: no antibi-
otics used, treatment with intramammary beta-lac-
tams, treatment with intramammary ceftiofur, and
miscellaneous therapy. Intramammary ceftiofur was
the most commonly used mastitis therapy (used in 39%
of cases). No antibiotics were used in 14% of cases. Only
one farm administered some form of antibiotic to all
cows that had clinical mastitis. Mastitis therapy had
no effect on the number of days until milk and quarter
returned to normal (severity code = 1).

Mastitis was the second and fourth most common
reason for culling cows during first and second lacta-
tion, respectively. However, fewer than 3% of first- and
second-lactation cows were culled due to mastitis.

The measures of severity and duration of the first
clinical episode during first and second lactation are
summarized in Table 2 for all herds by organism group.
Approximately 37, 39, 20, and 4% of the severity codes
assigned to the initial clinical episode during first lacta-
tion were severity codes 2, 3, 4, and 5, respectively.
Approximately 34, 41, 19, and 6% of the severity codes
assigned to the initial clinical episode during second
lactation were severity codes 2, 3, 4, and 5, respectively.

Table 2 also contains the number of cows that had
clinical mastitis caused by the most prevalent organism
groups. Most of the initial clinical episodes during first
or second lactation were caused by SNA or coliform
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Table 1. Total first- and second-lactation cows per herd, the number that had clinical mastitis, and the frequency of mastitis in each herd.

Herd
1 2 3 4 5 6 7 Totals
First lactation
Total cows 170 49 136 226 753 211 159 1704
Cows that had mastitis 90 7 54 101 80 63 61 456
Frequency 0.53 0.14 0.40 0.45 0.11 0.30 0.38 0.27
Cows that had mastitis by organism group
SNA! 29 2 20 26 25 18 25 145
Frequency 0.32 0.29 0.37 0.26 0.31 0.29 0.41 0.32
Coliform species 19 1 16 17 7 15 6 81
Frequency 0.21 0.14 0.30 0.17 0.09 0.24 0.10 0.18
CNs? 15 1 11 24 22 11 1 85
Frequency 0.17 0.14 0.20 0.24 0.28 0.17 0.02 0.19
Environmental organisms® 45 2 36 39 32 33 31 218
Frequency 0.50 0.29 0.67 0.39 0.40 0.52 0.51 0.48
Second lactation
Total cows 110 ot 73 98 614 100 60 1055
Cows that had mastitis 43 23 45 75 28 16 230
Mastitis frequency 0.39 0.32 0.46 0.12 0.28 0.27 0.22
Cows that had mastitis by organism group
SNA! 9 10 18 28 6 5 76
Frequency 0.21 0.43 0.40 0.37 0.21 0.31 0.33
Coliform species 5 3 8 17 6 0 39
Frequency 0.12 0.13 0.18 0.23 0.21 0.00 0.17
CNs? 2 0 3 5 1 1 12
Frequency 0.05 0.00 0.7 0.07 0.04 0.06 0.05
Environmental organisms® 14 13 25 44 11 5 112
Frequency 0.33 0.57 0.56 0.59 0.39 0.31 0.49

!SNA = Streptococci other than Streptococcus agalactiae.
2CNS = Coagulase-negative staphylococci.

IColiform species and streptococci other than Streptococcus agalactiae.
“Herd 2 was sold before clinical episodes during second lactation could be recorded.

species (Escherichia coli and Klebsiella species). Few
of the initial clinical episodes were caused by contagious
organisms. Staphylococcus aureus was detected in the
first clinical episode experienced by 4 and 6% of the
cows that had clinical mastitis during first and second
lactation, respectively. Streptococcus agalactiae was de-
tected in the first clinical episode experienced by ap-
proximately 1% of the cows that had clinical mastitis
during first or second lactation.

No organism growth was detected in the milk sam-
ples collected from the first clinical episode experienced
by 19% of the cows that had clinical mastitis during
first or second lactation. Milk samples were missing
(not collected) for the first clinical episode experienced
by 10 and 13% of the cows that had clinical mastitis
during first and second lactation, respectively. Milk
samples were classified as contaminated for the first
clinical episode experienced by 6 and 3% of the cows that
had clinical mastitis during first and second lactations,
respectively. Severity codes were recorded for cows with
missing or contaminated quarter samples. Therefore,
data from these cows were used in the analyses. Nash
(1999) concluded that the incidence of clinical mastitis
during first and second lactations and the types and
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relative proportions of organisms detected in quarters
that had clinical mastitis were similar to those in
other studies.

The first clinical episode usually occurred early in
each lactation. The mean DIM at detection was 65 d
for the first clinical episode during first lactation. The
first clinical episode was detected within 1 mo after
calving for 250 of the 456 cows (55%) that had clinical
mastitis during first lactation. One hundred and sev-
enty-seven of these cows had their first clinical episode
within 1 wk after calving. During second lactation, the
mean DIM at detection was 89 d for the first clinical
episode. The first clinical episode was detected within
3 mo after calving for 134 of the 230 cows (58%) that
had clinical mastitis during second lactation. Eighty-
four of these cows had their first clinical episode within
1 mo after calving.

Mean length of lactation was 283 and 264 d for cows
that had clinical mastitis during first and second lacta-
tions, respectively. Approximately 78% of the cows that
had clinical mastitis during first lactation and 85% of
the cows that had clinical mastitis during second lacta-
tion were milked fewer than 365 d. Mean length of
lactation was 301 d for first-lactation cows and 273
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Table 2. Measures of severity and duration of the first clinical mastitis episode during first and second lactations by organism group.

First lactation

Second lactation

Severity and duration

measure by organism group  Cows  Mean SD Minimum  Maximum  Cows  Mean  SD Minimum  Maximum
Isct
All organisms 456 3.14 0.76 2 5 230 3.33 0.79 2 5
SNA* 145 3.23 0.71 2 5 76 3.20 0.73 2 5
Coliform species 81 3.40 075 2 5 39 3.72 0.79 2 5
CNS? 85 2.96 063 2 5 12 3.33 065 2 4
Environmental organisms* 218 3.27 0.72 2 5 112 3.39 0.79 2 5
MSC!
All organisms 3.24 079 2 5 3.42 0.80 2 5
SNAZ 3.34 0.75 2 5 3.34 0.70 2 5
Coliform species 3.51 0.79 2 5 3.77 0.81 2 5
CNS® 3.04 0.70 2 5 3.33 0.65 2 4
Environmental organisms® 3.39 076 2 5 3.50 076 2 5
Sum of severity codes that were above normal
All organisms 17.75 18.84 2 128 19.30 18.72 2 117
SNA? 22.08 24.02 2 128 19.45 1537 2 90
Coliform species 17.52 15.78 2 79 24.41 18.16 5 82
CNS? 10.99 1025 2 58 11.33 679 2 30
Environmental organisms* 20.65 21.84 2 128 20.88 16.19 2 90
LOGSUM!
All organisms 2.45 0.93 0.69 4.85 2.58 0.89 0.69 4.76
SNA? 2.68 0.91  0.69 4.85 2.70 0.76  0.69 4.50
Coliform species 2.53 0.82  0.69 4.37 2.92 0.77 1.61 4.41
CNS® 2.08 0.80 0.69 4.06 2.26 0.65 0.69 3.40
Environmental organisms* 2.63 0.82  0.69 4.85 2.17 A | 0.69 4.50
Total days severity codes were above normal
All organisms 6.11 5.70 1 30 6.50 551 1 30
SNA? 7.49 692 1 30 7.01 5.00 1 30
Coliform species 5.70 472 1 30 7.85 524 2 25
CNS? 4.08 376 1 27 4.00 292 1 10
Environmental organisms* 6.92 6.36 1 30 7.19 4.97 1 30
LOGDAYS!
All organisms 1.47 083 O 3.40 1.56 0.80 0 3.40
SNA? 1.67 0.83 0 3.40 1.73 0.69 0 3.40
Coliform species 1.47 073 O 3.40 1.84 069  0.69 3.22
CNs? 1.13 0.73 0 3.30 1.25 0.55 0 2.30
Environmental organisms* 1.61 0.81 0 3.40 1.75 0.69 0 3.40

'ISC = Initial severity code, LOGDAYS = natural logarithm of the total days severity codes were above normal in the 30 d following
detection, LOGSUM = natural logarithm of the sum of severity codes that were above normal in the 30 d following detection, MSC =

maximum severity code in the 30 d following detection.
ZSNA = Streptococci other than Streptococcus agalactiae.
3CNS = Coagulase-negative staphylococci.

*Combines all cows that had mastitis from environmental organisms: coliform species and streptococci other than Streptococcus agalactiae.

d for second-lactation cows that did not have clinical
mastitis. Approximately 76% of the cows that did not
have clinical mastitis during first lactation and 86% of
the cows that did not have clinical mastitis during sec-
ond lactation were milked fewer than 365 d.

Actual or projected 305-d milk yield was available
from DHIA records for 441 cows that had clinical masti-
tis during first lactation and 230 cows that had clinical
mastitis during second lactation. Mean 305-d milk yield
was 8074 kg for first lactation (range was 3215 to 11,629
kg) and 9357 kg for second lactation (range was 3669
to 13,023 kg). Actual or projected 305-d milk yield was
available from DHIA records for 1223 first-lactation
cows and 810 second-lactation cows that did not have

clinical mastitis. Mean 305-d milk yield was 8575 kg
for first lactation (range: 2257 to 12,351 kg) and 9958
kg for second lactation (range: 1194 to 15,246 kg).
Lactation average SCS was available from DHIA re-
cords for 286 cows (in five herds) that had clinical masti-
tis during first lactation and 125 cows (in four herds)
that had clinical mastitis during second lactation. Mean
lactation average SCS was 3.29 for first lactation (range
was 0.30 to 8.50) and 3.39 for second lactation (range
was 0.20 to 8.40). Lactation average SCS was available
from DHIA records for 445 first-lactation cows (in five
herds) and 223 second-lactation cows (in four herds)
that did not have clinical mastitis. Mean lactation aver-
age SCS was 2.41 for first lactation (range was 0.00
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Table 4. Predicted and standardized transmitting abilities for sires of Holstein cows that had at least one
clinical mastitis episode during second lactation and sires that did not have any daughters that had clinical

mastitis during second lactation.

Transmitting abilities N Mean SD Minimum Maximum

Sires of cows that had clinical mastitis
SCS (logs) 100 3.24 0.204 2.76 3.72
Protein (kg) 100 711 9.14 -24.0 27.2
Productive life 100 0.369 1.24 -3.00 2.70
Fore udder attachment 96! 0.0116 113 -2.53 3.20
Rear udder height 96 0.438 1.04 -2.01 3.15
Rear udder width 96 0.370 0.98 =1.61 2.84
Udder cleft 96 0.188 1.10 -3.59 221
Udder depth 96 -0.0689 1.30 —-4.16 2.85
Front teat placement 96 0.113 1.27 -3.15 3.38
Teat length 95% 0.0889 1.35 -3.30 4.31

Sires that did not have any daughters that had clinical mastitis
SCS (logs) 66 3.21 0.225 2.81 3.88
Protein (kg) 66 7.00 10.3 -33.1 29.9
Productive life 66 0.320 1.29 —3.80 3.20
Fore udder attachment 63% —0.0598 1.27 -3.13 2.66
Rear udder height 63 0.0254 1.12 —2.65 2.66
Rear udder width 63 0.0717 1.08 —-2.69 2.48
Udder cleft 63 0.0344 1.26 -2.83 3.54
Udder depth 63 -0.337 1.54 —4.36 2.93
Front teat placement 63 -0.0160 1.44 -3.29 3.40
Teat length 63 0.0956 1.44 -3.85 3.61

'The standardized transmitting abilities for udder

type were not available for four sires.

“The standardized transmitting abilities for teat length were not available for five sires.

3The standardized transmitting abilities for udder

cal episodes during first lactation (Table 5). In addition,
the linear effect was not a significant predictor of ISC,
MSC, LOGSUM, or LOGDAYS for clinical episodes dur-
ing second lactation (Table 5).

The quadratic effect of PTA for SCS was a significant
(P < 0.10) predictor of LOGSUM for clinical episodes

Table 5. Linear regression of measures of severity and duration of t

sire PTA for SCS by organism group.

type were not available for three sires.

from SNA during first lactation (Table 6). As shown in
Figure 1, the quadratic regression line (includes linear
and quadratic effects) was concave, with the peak oc-
curring near the mean PTA for SCS. The cubic effect
of PTA for SCS (regression coefficients and standard
errors not shown) was a significant predictor of ISC for

he first clinical mastitis episode during first and second lactation on

) Environmental
. All organisms CNS! Coliform species SNA* organisms®
Severity and =
duration measure*  Lactation  b-value® SE b-value SE b-value SE b-value SE b-value SE
ISC 1 0.196 0.171 0.177 0.386 0.818% 0.417 0.447 0.330 0.502% 0.251
2 -0.0707 0.264 0.639 0.713 -0.537 0.456 -0.208 0.396
MSC 1 0.139 0.179 -0.0759 0.427 0.995* 0.437 0.306 0.346 0.454% 0.266
2 -0.00710 0.273 0.718 0.731 —0.285 0.475 0.00410 0.392
LOGSUM i -0.0306 0.192 -0.521 0.410 0.711 0.456 0.0306 0.383 0.131 0.288
2 —0.329 0.261 -0.111 0.677 -0.468 0.460 -0.290 0.364
LOGDAYS 1 —0.0535 871 -0.568 0.371 0.451 0.401 -0.0365 0.351 0.0177 0.260
2 -0.304 0.233 -0.265 0.592 -0.375 0.413 -0.249 0.324

ICNS = Coagulase-negative staphylococci.
“SNA = Streptococei other than Streptococcus agalactiae.

“Environmental organisms = coliform species and streptococci other than Streptococcus agalactiae.

“ISC = Initial severity code, LOGDAYS = natural lo

garithm of the total days severity codes were above normal in the 30 d after detection,

LOGSUM = natural logarithm of the sum of severity codes that were above normal in the 30 d after detection, MSC = maximum severity

code in the 30 d following detection.
b-value = Regression coefficient.
TP £0.10.
*P < 0.05.
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Table 6. Quadratic regression of measures of severity and duration of the first clinical mastitis episode
during first and second lactation on sire transmitting abilities by organism group.’

Severity and

Transmitting abilities  Linear? Quadratic®  Organism group*  duration measure®  Lactation
SCs 17.3% —2.64F SNA LOGSUM 1
Productive life 0.0718 -0.0731% Coliform species LOGSUM 1
0.0540 -0.0678* Coliform species LOGDAYS 1
Udder depth -0.0272 —0.0497* Coliform species LOGDAYS 1
Front teat placement 0.0729%  -0.0459% All organisms LOGSUM 2
Teat length —0.0996* 0.0438* SNA ISC 1
-0.101* 0.0449* SNA MSC 1

"Results shown for only those sire transmitting abilities that were significant (P < 0.10) predictors. The
quadratic effect of each transmitting ability was tested for significance the same number of times (36) as
presented in Table 5 for PTA for SCS.

“Linear = Regression coefficient for the linear effect.

3Quadratic = Regression coefficient for the quadratic effect.

*CNS = Coagulase-negative staphylococci, envirenmental organisms = coliform species and streptococci
other than Streptococcus agalactiae, SNA = Streptococci other than Streptococcus agalactiae.

*ISC = Initial severity code, LOGDAYS = natural logarithm of the total days severity codes were above
normal in the 30 d after detection, LOGSUM = natural logarithm of the sum of severity codes that were
above normal in the 30 d after detection, MSC = maximum severity code in the 30 d after detection.

TP < 0.10.
*P < 0.05.

Table 7. Linear regression of measures of severity and duration of the first clinical mastitis episode during
first and second lactations on sire transmitting abilities by organism group.!

Severity and

Transmitting abilities b-value? SE Organism group® duration measure* Lactation
Protein —-0.03207 0.0179 Coliform species LOGDAYS 2
Fore udder attachment -0.105* 0.0486  All organisms ISC 2
-0.225f  0.133  Coliform species IsC 2
0.09991 0.0512 SNA MSC 1
—0.122* 0.0499 Al organisms MSC 2
—0.128%  0.0763 Environmental organisms MSC 2
0.100f  0.0574 CNS LOGDAYS 1
Udder depth 0.0989*% 0.0404 SNA MSC 1
-0.07211 0.0425 All organisms MSC 2
0.1047  0.0581 CNS LOGSUM il
0.102¥  0.0526 CNS LOGDAYS 1
Front teat placement 0.0984* 0.0482 SNA MSC 1
0.143% 0.0718  Coliform species LOGSUM 1
0.0862* 0.0420 Environmental organisms LOGSUM 1
0.128*%  0.0621 Coliform species LOGDAYS 1
0.07057 0.0381 Environmental organisms LOGDAYS 1
Teat length -0.145% 0.0803  Coliform species MSC 1

"Results shown for only those sire transmitting abilities that were significant (P < 0.10) predictors.
Transmitting abilities for traits other than SCS were each tested for significance the same number of times
(36) as presented in Table 5 for PTA for SCS.

?b-value = Regression coefficient.

*CNS = Coagulase-negative staphylococci, environmental organisms = coliform species and streptococci
other than Streptococcus agalactiae, SNA = Streptococci other than Streptococeus agalactiae.

*ISC = Initial severity code, LOGDAYS = natural logarithm of the total days severity codes were above
normal in the 30 d following detection, LOGSUM = natural logarithm of the sum of severity codes that were
above normal in the 30 d following detection, MSC = maximum severity code in the 30 d following detection.

TP < 0.10.

*P < 0.05.
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Figure 1. Quadratic regression of the natural logarithm of the
sum of severity codes that were above normal (> 1) in the 30 d after
detection of the first clinical episode caused by streptococci other than
Streptococcus agalactiae during first lactation on sire PTA for SCS.

clinical episodes from all organisms, CNS, and the most
common environmental organisms during first lacta-
tion. In addition, the cubic effect was a significant pre-
dictor of MSC for clinical episodes from all organisms,
SNA, and the most common environmental organisms
during first lactation. The cubic effect of PTA for SCS
was also a significant predictor of LOGSUM for clinical
episodes from SNA and the most common environmen-
tal organisms during first lactation. Finally, the cubic
effect of PTA for SCS was a significant predictor of
LOGDAYS for clinical episodes from the most common
environmental organisms during first lactation. Figure
2 presents the cubic regression line for MSC for clinical
episodes from the most common environmental organ-
isms during first lactation. As shown in Figure 2, the
cubic regression line was sigmoid, with the nadir oc-
curring at the lowest PTA for SCS. The cubic regression
lines for all other measures of severity and duration
were similarly shaped. The shape of the quadratic and
cubic regression lines indicates that daughters of sires
that transmit the lowest SCS had the lowest ISC, MSC,
LOGSUM, and LOGDAYS for clinical episodes during
first lactation.
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Figure 2. Cubic regression of the maximum severity code in the
30 d after detection of the first clinical episode caused by the most
common environmental organisms during first lactation on sire PTA
for SCS.

These findings do not support the theory that selec-
tion for the lowest SCS will result in dairy cattle that
are unable to respond to infection. If such were the
case, the lowest SCS would be associated with more
severe, longer lasting clinical episodes, and an interme-
diate SCS would provide optimal resistance to mastitis.
This theory stems from the results of experimental chal-
lenge studies that indicated that elevated SCC before
infusion protects against infection by mastitis-causing
organisms (Kehrli and Shuster, 1994; Schukken et
al., 1994).

Results of studies that examined the association be-
tween the oceurrence of mastitis and SCS also refute
the theory that selection for the lowest SCS will result
in dairy cattle that are unable to respond to infection.
Philipsson et al. (1995) regressed genetic evaluations
for the occurrence of clinical mastitis on SCS evalua-
tions and found no evidence of a nonlinear effect. Rogers
et al. (1998) detected a quadratic effect, which indicated
that sires with the lowest genetic evaluations for SCS
also had the most favorable evaluations for the eccur-
rence of clinical mastitis. Research conducted on a popu-
lation that included the cows used in the current study
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concluded that daughters of sires that transmit the
lowest SCS had the least IMI at first parturition and the
lowest number of clinical episodes per lactation (Nash,
1999; Nash et al., 2000).

Elevated SCC due to mastitis from environmental
organisms may not be detected by monthly SCC mea-
surement (the current practice in the US) because mas-
titis from these organisms is generally of shorter dura-
tion than mastitis from contagious organisms (National
Mastitis Council, 1996). Therefore, it has been hypothe-
sized that selection for lower SCS may net improve
resistance to mastitis from environmental organisms
(Shook, 1993). In the current study though, daughters
of sires that transmit higher SCS had higher ISC, MSC,
LOGSUM, and LOGDAYS for clinical episodes from
environmental organisms during first lactation. These
results indicate that selection for lower SCS may lessen
the severity and shorten the duration of clinical masti-
tis caused by environmental organisms during first lac-
tation. Research conducted on a population which in-
cluded some of the cows used in the current study sug-
gests that selection for lower SCS may also reduce the
incidence of both IMI at first parturition and clinical
mastitis caused by environmental organisms (Nash,
1999; Nash et al., 2000).

The effect of selection for lower SCS on the severity
and duration of clinical mastitis from other organisms
(including contagious) could not be predicted because
clinical episodes caused by these organisms were not
prevalent in this study. Furthermore, the severity and
duration of clinical mastitis from environmental organ-
isms (as measured here) may have been more variable
than the severity and duration of clinical mastitis from
other organisms. If this were the case, the severity and
duration of clinical mastitis from environmental organ-
isms may have been more likely to be associated with
sire transmitting abilities for SCS.

It is hypothesized that daughters of sires that trans-
mit higher SCS may have more severe, longer lasting
clinical episodes from environmental organisms be-
cause their immune systems are dysfunctional and
therefore incapable of preventing mastitis-causing or-
ganisms from surviving or multiplying. Daughters of
sires that transmit higher SCS may also have more
severe, longer lasting clinical episodes from environ-
mental organisms because their udder conformation
increases exposure to mastitis causing organisms or
fails to limit the number that gain entry to the mam-
mary gland.

STA for udder type traits. The linear effect of the
STA for fore udder attachment was a significant (P
< 0.10) predictor of ISC for clinical episodes from all
organisms and coliform species during second lactation
(Table 7). The significant regression coefficients were
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negative, indicating that daughters of sires that trans-
mit strongly attached fore udders had lower ISC for
clinical episodes from all organisms and coliform spe-
cies during second lactation.

The linear effect of the STA for fore udder attachment
was also a significant predictor of MSC for clinical epi-
sodes from SNA during first lactation, all organisms
during second lactation, and the most common environ-
mental organisms during second lactation (Table 7).
The significant regression coefficients were positive
when MSC for clinical episodes during first lactation
were considered, and negative when MSC for clinical
episodes during second lactation were considered.
These results indicate that daughters of sires that
transmit strongly attached fore udders had higher MSC
for clinical episodes from SNA during first lactation and
lower MSC for clinical episodes from all organisms and
the most common environmental organisms during sec-
ond lactation.

The linear effect of the STA for fore udder attachment
was also a significant predictor of LOGDAYS for clinical
episodes from CNS during first lactation (Table 7). The
regression coefficient was positive, indicating that
daughters of sires that transmit strongly attached fore
udders had higher LOGDAYS for clinical episodes from
CNS during first lactation.

The linear effect of the STA for udder depth was a
significant predictor of MSC for clinical episodes from
SNA during first lactation and all organisms during
second lactation (Table 7). The significant regression
coefficients were positive when MSC for clinical epi-
sodes during first lactation were considered, and nega-
tive when MSC for clinical episodes during second lacta-
tion were considered. These results indicate that daugh-
ters of sires that transmit shallower udders had higher
MSC for clinical episodes from SNA during first lacta-
tion and lower MSC for clinical episodes from all organ-
isms during second lactation.

The linear effect of the STA for udder depth was also
a significant predictor of LOGSUM and LOGDAYS for
clinical episodes from CNS during first lactation (Table
7). The significant regression coefficients were positive,
indicating that daughters of sires that transmit shal-
lower udders had higher LOGSUM and LOGDAYS for
clinical episodes from CNS during first lactation.

The quadratic effect of the STA for udder depth was
a significant predictor of LOGDAYS for clinical episodes
from coliform species during first lactation (Table 6).
The regression coefficient was negative, indicating that
LOGDAYS for clinical episodes from coliform species
decreased at an increasing rate during first lactation
among daughters of sires that transmit shallower
udders.
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The linear effect of the STA for front teat placement
was a significant predictor of MSC for clinical episodes
from SNA during first lactation (Table 7). The regres-
sion coefficient was positive, indicating that daughters
of sires that transmit closely spaced front teats had
higher MSC for clinical episodes from SNA during
first lactation.

The linear effect of the STA for front teat placement
was also a significant predictor of LOGSUM and LOG-
DAYS for clinical episodes from coliform species and
the most common environmental organisms during first
lactation (Table 7). In addition, the quadratic effect
of the STA for front teat placement was a significant
predictor of LOGSUM for clinical episodes from all or-
ganisms during second lactation (Table 6). The signifi-
cant regression coefficients for the linear effect were
positive, indicating that daughters of sires that trans-
mit closely spaced front teats had higher LOGSUM and
LOGDAYS for clinical episodes from coliform species
and the most common environmental organisms during
first lactation. The quadratic regression line indicated
that LOGSUM for clinical episodes during second lacta-
tion increased at a decreasing rate among daughters of
sires that transmit closely spaced front teats.

The linear effect of the STA for teat length was a
significant predictor of MSC for clinical episodes from
coliform species during first lactation (Table 7). In addi-
tion, the quadratic effect of the STA for teat length
was a significant predictor of ISC and MSC for clinical
episodes from SNA during first lactation (Table 6). The
regression coefficient for the linear effect was negative,
indicating that daughters of sires that transmit longer
teats had lower MSC for clinical episodes from coliform
species during first lactation. The quadratic regression
lines indicated that ISC and MSC for clinical episodes
from SNA during first lactation increased at an increas-
ing rate among daughters of sires that transmit
shorter teats.

In general, variations in the severity and duration of
daughter clinical mastitis were not consistently associ-
ated with variation in sire transmitting abilities for
udder type traits. However, strongly attached fore ud-
ders, shallower udders, closely spaced front teats, and
shorter teats have been associated with lower SCS and
reduced incidence of clinical mastitis (Seykora and Mec-
Daniel, 1986; Schutz et al., 1993; Lund et al., 1994;
Rogers et al., 1998; Nash et al., 2000). These findings
indicate that variation in udder conformation is associ-
ated with variation in exposure to mastitis causing or-
ganisms and their entry into the mammary gland,
rather than variation in severity and duration of clini-
cal episodes.

PTA for PL. The linear effect of PTA for PL was not
a significant (P > 0.10) predictor of ISC, MSC, LOG-
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SUM, or LOGDAYS for clinical episodes during first or
second lactation. However, the quadratic effect of PTA
for PL was a significant predictor of LOGSUM and
LOGDAYS for clinical episodes from coliform species
during first lactation (Table 6). The significant regres-
sion coefficients for the quadratic effect were negative,
indicating that LOGSUM and LOGDAYS for clinical
episodes from coliform species decreased at a increasing
rate during first lactation among daughters of sires
that transmit longer PL. These results indicate that
daughters of sires that transmit long PL had lower
LOGSUM and LOGDAYS for clinical episodes from coli-
form species during first lactation. Lower SCS, de-
creased clinical mastitis, and less IMI at first parturi-
tion have also been associated with longer PL (Weigel
et al., 1997; Rogers et al., 1998; Nash, 1999; Nash et
al., 2000).

PTA for protein yield. The linear effect of the PTA
for protein was a significant (P <0.10) predictor of LOG-
DAYS for clinical episodes from coliform species during
second lactation (Table 7). The regression coeffictent
was negative, indicating that daughters of sires that
transmit higher protein yield had lower LOGDAYS for
clinical episodes from coliform species during second
lactation. However, lower, not higher, yield has been
associated with reduced incidence of clinical mastitis
and lower SCS (Schmidt and Van Vleck, 1965; Wilton
etal., 1972; Emanuelson et al., 1988; Weller et al., 1992;
Rogers et al., 1998).

CONCLUSIONS

Daughters of sires that transmit higher SCS had
more severe, longer lasting clinical episodes from envi-
ronmental organisms during first lactation (only the
first clinical episode during first and second lactations
were considered in this study). In addition, the severity
and duration of clinical episodes caused by environmen-
tal organisms during first lactation were nonlinearly
associated with PTA for SCS. However, daughters of
sires that transmit the lowest SCS had the least severe,
shortest lasting clinical episodes from environmental
organisms during first lactation. Therefore, selection
for lower SCS may reduce the severity and duration of
clinical episodes caused by environmental organisms
during first lactation without diminishing the ability
to respond to infection.

Variation in the severity and duration of daughter
clinical episodes were not consistently associated with
variation in sire transmitting abilities for udder type
traits. However, daughters of sires that transmit longer
productive life had less severe, shorter lasting clinical
episodes from coliform species during first lactation.
This indicates that selection for longer productive life

Journal of Dairy Science Vol. 85, No. 5, 2002



1284

may reduce the severity and duration of clinical epi-
sodes from coliform species during first lactation.

The number of significant (P < 0.10) regressions of
measures of severity and duration on sire transmitting
abilities were low (e.g., 4 of 36 linear regressions on
PTA for SCS were significant). Therefore, these results
should be interpreted with caution.
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Summary

Diarrhoea due to bacterial infection Is a problem malnly in young growing
animals, including pigs. Among the bacteria that cause diarrhoea are various
strains of Escherichia coli and Salmonella, Considerable genetic variation in
resistance and susceptibility has been found for both neonatal diarrhoea
caused by E. coli carrying K88 fimbriae and post-weaning diarrhoea and
oedema disease due to E. coli strains with F18 fimbriae, and the loci for both
types of ‘receptors’ have been mapped. In mice, resistance to Salmonella
infections is assoclated with the antimicrobial activity of macrophages and is
linked with polymorphism in the Nrampl gene. The gene has been identified
in several species, including the pig, but data are so far lacking concerning
the association between polymorphism in the porcine gene and resistance
and susceptibility to Salmonella infection.

The rapid development in molecular genetics has given us detalled
genome maps and the tools to identify and study individual genes. This
means that in the near future we may be able to determine the genotype of
Individual animals and to study the association between ‘disease resistance'
genes and production tralts. This information Is needed before we can
include ‘disease genes’ in breeding programmes.

‘Introduction

Diarrhoea (scours) is a common problem in animal production, affecting
mostly the young growing animal. Despite considerable interherd differences,
large field studies have reported that a high average frequency (6-7%) of all
litters born are affected with diarrhoea pre-weaning (Svensmark et al, 1989a)

as well as post-weaning (Svensmark et al, 1989b). In another large study the
" mortality due to scours pre-weaning has been reported as 2.7% of the piglets
born, representing 11.9% of the total mortality during that period (Nielsen et
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al, 1974). According to Svensmark et al. (1989a), piglets that had experienced
pre-weaning diarrhoea reached 25 kg liveweight 2 days later than others,
corresponding to a decreased productivity of 3%. Further, the risk for develop-
ing diarrhoea post-weaning increased if the piglets had experienced gastro-
intestinal disorders during the suckling period, and the risk of dying before
reaching 25 kg body weight was increased fourfold for piglets having post-
weaning diarrhoea (Svensmark et al, 1989b).

The routine use of feed additives (antibiotics) has been prohibited in
Swedish pig production since 1986. Initially this led to an increased frequency
of post-weaning diarrhoea and to decreased productivity of the piglets
(Robertsson and Lundeheim, 1994). Thus, specific management and hygiene
demands were required to prevent disease outbreaks in Sweden. The total
mortality among piglets was 14.6% pre-weaning and 3.4% post-weaning in
Swedish conventional herds during 1992, figures that were reduced to 7.0%
and 0.1%, respectively, in specific pathogen free (SPF) herds (Wallgren, 1993).
These differences, and the large interherd differences obtained between the
conventional herds, demonstrate a large influence of management and
environment on health status and productivity of piglets. .

During the neonatal period, scours is generally associated with one patho-
gen, commonly E. coli or Clostridium perfringens. Among older piglets, various
infectious agents may cause diarrhoea, among them bacteria such as E. coli
and Salmonella. However, viruses and protozoa also contribute 16 the clinical
status. Diarrhoea is thus a multifactorial disease where the -outcome of an

infection is due to many factors and their interactions. The genetic make-up of -

the bacteria, determining various virulence factors such as fimbriae enabling
adherence to intestinal mucosa and enterotoxin production, is essential for the
pathogenity of the bacteria. Although management and housing routines
influence the frequency and severity of scours, the genotype of the pig also has
a large impact on resistance and susceptibility to clinical infection. This
chapter will deal mainly with the genetic tesistance of pigs to bacterial infec-
tions leading to diarrhoea, focusing on E. coli and Salmonella infections.

E. coli Diarrhoea

The ability of enteropathogenic (EPEC) or enterotoxigenic (ETEC) E. coli to
adhere to the brush borders of enterocytes is fundamental for the initiation of
the infection. Attachment of pathogenic bacteria to the mucosa of the small
intestine is mediated by distinct surface antigens,. called pili or fimb.;?ae
(Duguid and Anderson, 1967). Several fimbrial adhesins have been ldenhf}ed
both in animal and human EPEC/ETEC strains. In the pig, strains expressing
fimbriae of F4 (K88), F5 (K99), F6 (987P) or F4l types dominate during the
neonatal period (Stderlind et al, 1982; Brinton et al, 1983; Qonzales et al,
1995), while strains expressing other types of fimbriae such as F1.8ab (F107),
Fl8ac (2134P) and Av24 are found during the post-weaning period
(Bertschinger et al, 1990; Nagy et al, 1992, 1996; Hide ot al, 1995; Kennan et

al, 1995).
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Neonatal diarrhoea

Much neonatal diarrhoea is due to infections wi i i i
fiml?riae of the F4 (K88) type. The frequency of Kgé Er:zggzttrzir\nt-z::)?zi?::'g
Ztralfxs isolated in. various countries differs somewhat, but these strains mgost;;
azrrlxlgrxga;;(soderllnd and Mallby, 1978; Séderlind et al, 1982, 1988; Brinton et
Three antigenic variants, ab, ac and ad, hav ifi

fimbriae, all containing a common a-type antig:nb(g;lf)\eln:tfzd lfngLtth\}flgg
f'ind Jansen, 1979). The K88 fimbriae adhere to specific rece.'ptors ,on the
intestinal cell brush borders. Early studies showed that the K88ac receptor
cqntained a variety of sugar molecules, such as D-galactoside (Kearns pand
Glt{bons, 1979; Sellwood, 1980), N-acetylglucoseamine, N-acetylgalactose-
amine and D-galactoseamine (Sellwood, 1984). A later study has described the
K88ac receptor as a mucin-type sialoglycoprotein (Erickson et al, 1994)
Glycoproteins of 210 and 240 kDa binding K88ab and K88ac, but not K88ad,
fimbriae have been identified (Seignole et al, 1994; Billey et al.‘ 1998) Another'
glycoprotein (74 kDa) belonging to the transferrin family that'binds ;n vitro to
K88ab fimbriae has been detected (Grange and Mouricout, 1996). However.
K88ac and K88ad fimbriae did not bind to this intestinal tra‘nsferri.n. ‘

Detection of receptor phenotype

'ld.entificatlon of the receptor phenotype of pigs can be performed by exam-
ining the adhesion of E. coli K88-positive bacteria to intestinal cell brush
borders in vitro (Sellwood et al., 1975). A variant of the assay, in which whole
enterocytes instead of brush borders are used, has also been dlescribed (Rapacz
and Hasler-Rapacz, 1986). Mostly, the intestinal specimens have been sampled
after slaughter and the enterocytes have been collected by gently rubbing or
scraping a segment of the intestine. The technique has also been performed on
specimens from intestinal biopsies (Snodgrass et al, 1981). To shorten the assay
time, an enzyme immunoassay and an ELISA (enzyme-linked immunosorbent
assay) have been developed (Chandler et al, 1986; Valpotic et al, 1989)
Testing potential breeding animals by intestinal biopsies or: test n'1atings
are costly and cumbersome. Nor can any of the described assays differentiate
between pigs carrying one or two copies of the receptor allele, i.e. distinguish
bet\fveen heterozygous and homozygous animals. Identification of the gene
codxr'ug for the receptor structure will make direct typing of breeding animals
possible and the genotype of individual animals can then be determined
Several laboratories are currently performing research towards this goal. '

Inheritance of receptor phenotype

A genetic influence on resistance to ETEC was described as long as 30 years
ago (Sweeney, 1968) and a Mendelian inheritance with a dominant receptor
allele was later found for E. coli K88ac (Sellwood et al,, 1975; Gibbons etal, 1977)
One locus coding for both the K88ab and K88ac receptors was first sug}geste&
(Rapacz and Hasler-Rapacz, 1986; Bijlsma and Bouw, 1987), but later studies
suggested two closely linked loci (Guérin et al, 1993; Edfors-Lilja et al, 1995).
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Chromosomal localization and candidate genes

The inheritance of the réceptor for K88ad _has b.een !?‘ssdtz}:aaraac:dar\‘ré
eral studi(;s a weak adherence phenotype has been 1deg? :;a.es N pHu and
?-(la:sler Rapacz, 1986; Bijlsma and Bouw, 198’{/; Hx\é,g 189%8). h;:; h1 afﬁ::ity etal
. : ; - <
t that there are two receptors lor ad, .
(ll?vg-sa)ff?:igtge:eceptor, both allelic to the K88ab and KSBacdn;_ggglt;zgsl)Od i
° Strong linkage disequilibrium between tl:\e K88abR anR . fodnd "
ery few pigs positive for K88abR and negative for Ka&lljl' ; ee: et
E yt breeds studied so far (Bijlsma et al, 1982; Edfors-Li ;al 19§7) Ho‘wever'
;\05 cz and Hasler-Rapacz, 1986; Hu et al, 1993; Baker et aﬁssabﬁ+_K883c-
; al;:e recent study a somewhat higher frequ.ency of ;hze4 e et
lrrz]henotype was found in the Hampshire breec}, i.e.z fozur rc:e B 1o il
: . 9% o
With a recombination distance 0 \ s
‘tzli: L‘rlegc?;r)mbin;nt haplotypes K880€R"—dK8§ZCﬂR;S iasn:m}::ftzt;}:e' il
i igh frequency in some breeds. AS U e
occumn%ba;:a :;?pla:\actlions for the strong assoctatfon: (i) thatg\aplo:;}‘;l);stlrtzld o
two'tr') ozsfor both K88abR and K88acR or negative for bot x :::ted e
polSl ltV n; or (i) that the recombination frequency was overets \nce Sl
ifxaetcsl\j)gc_l;est two loci, by typing errm;s or incclamp;?::j E:rrr\‘ep :;:itio;\ i b
c ins differ only slightly in amino : y fan o
oy légg)m)'l?l::tef‘i?\zmg that the antibody resp.onseil's r.wt van;rsuiuzgee;\by
?é,"lima ét al. 1987) might explain the linkage disequilibrium, as ¢ S
ij s '
Clites s R e have been determined in newborn
for K88ab and K88ac hav P
Trﬁe rset;fjitl?rr(;?gs, In contrast, it has been fo.und that Y;e ;Neeal;faapprox-
ot for K88ad cannot be detected in pigs after ;‘ e lgo of mepe
'phenolty?fe weeks (Hu et al, 1993). A similar age influence 'asl ; 850) iy
lfr:ra(tehz e:dhesion of E. coli carrying K99 (‘Runnztjsmei) :}288 ke
imbri _Nustrom, 1995). A variation in am ‘ e
ilhn;bl:alizt(th??he imall intestine has been reported (Chandler eta

" inary tract

the P blood group constitutes the adhesion factor fsoornu;ltnaL y1983)'
- th pathogenic E. coli (Kallenius et al, 1980; Suens - svailiisbean
i o ‘:) tween blood group loci and the K88 receptor ha 4 the K88
e S Smdlej eweak linkage between the L blood group locx: ?jnalso -
performed anc 2 Wez | sael et al, 1992). However, linkage b sep Bl
R the transferrin locus and the K88ac recepto gt
suggested bOIWEST - € 1993). The TF and EAL loct have becer\halgmg0 gl
al., 1.97 7. Guérin ediff;rent chromosomes, the @31 band 02 CMrarklund bal,
clusively to twol 1993) and the q arm of chromosome ( (Rohrer et al,
(o] ot gl.', hment of detailed linkage maps in t‘he pig d the oppor-
1993). The esta > 695, Marklund et al, 1996) has o for the K88ac
169; bl E;ﬂ .‘recept'or. The localization of the gene coirh locus for
bt 18 w2 BL me 13 has been confirmed in this way, an tf erin i
e Chlromc;)soen localized 7.4 cM proximal to the trans el;o e
i mcep-t-or - 1;95) This chromosomal region is homo\'og.OU5 s
(Edfors-Lilja eéaa,:nd usi;'lg compa ~tive mapping, research is in prog
chromosome )
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map candidate genes in this region. Ten human chromosome 3 genes have
been assigned to porcine chromosome 13 (Van Pouke et al, 1997; Peelman,
1998a). Further mapping indicates that the K88ac receptor locus is localized
terminal to the transferrin locus, and one marker showing no recombination
with the K88ac receptor locus has been mapped (Peelman, 1998b). Radiation
hybrid mapping (Alexander et al, 1998) and intestinal cDNA libraries (Wintera

et al, 1996) are other tools currently used to identify markers close to the
receptor gene and possibly the causative gene itself.

Selection for the receptor phenotype — performance of sows and fattening pigs

The newborn pig is dependent on the mothering capacity of the sow, which
includes the provision of antibodies in the colostrum and milk. Sows lacking
the receptor produce low levels of antibodies to K88 after natural exposure or
oral vaccination (Sellwood, 1979, 1982; Bijlsma ‘et al, 1987). A small but
significantly higher 1gG response has been found in receptor-positive pigs 3
weeks after intramuscular immunization, suggesting that the immunization
acted as a booster dose in receptor-positive pigs (Edfors-Lilja et al, 1995). This
confirms earlier observations where pigs possessing receptors for K88ab and
K88ac had a more pronounced IgG response to K88 after subcutaneous
immunization than did pigs lacking the receptors (Edfors-Lilja et al, unpub-
lished observations).

Although the receptors mediate increased susceptibility to neonatal E. coli
diarrhoea, the function and significance of the receptors on a more basic level
is not known. A low frequency of pigs possessing the receptor has been identi-
fied in breeds not selected for increased growth. No receptor phenotype pigs
were identified in the Chinese Meishan breed (Chappuis et al, 1984; Michaels
etal, 1994), while a low frequency of the receptor phenotype was found in the
Chinese Minzu breed (Michaels et al, 1994). In another study, weak adhesion to
intestinal cells, but with no correlation with virulence, was found for Chinese
Meishan pigs (Bertin and Duchet-Suchaux, 1991). Both European wild boars

that were used as parents in a reference pedigree for gene mapping lacked the
receptor (Edfors-Lilja et al, 1995).

Post-weaning diarrhoea

Diarrhoea in the older pig is often associated with strains other than those
causing neonatal diarrhoea. The change in diet at weaning and some
nutritional components are thought to predispose to diarrhoea and oedema
disease. The frequency of these problems differs largely between countries and
populations, but breed differences have also been observed. In Switzerland,
oedema disease and post-weaning diarrhoea are responsible for considerable
economic losses (Bertschinger et al, 1992) and can also be a problem in adult
pigs (Sydler et al,1996). Oedema disease is rarely seen in pigs in Australia, but
a majority of strains isolated from pigs with post-weaning diarrhoea were
- positive for F107 fimbriae (Hide et al, 1995). Similar results have been found in
Denmark (Ojeniyi et al, 1992), where several outbreaks of oedema disease have
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been reported recently (Jorsal et al, 1996). In Sweden, oedema disease has a
low frequency, but almost 50% of E. coli strains collected from pigs with post-
weaning diarrhoea contained the gene for a major subunit of the F107 fim-
briae (Kennan et al, 1995).

The F107 fimbriae belong to a group of related adhesins named F18
(Imberechts et al, 1994). Like the K88 fimbriae, the F18 possesses a common
antigenic variant @, and two variant-specific determinants, b and ¢ (Rippinger
et al, 1995). Another adhesion group is the F17 family (Bertin et al., 1996)
which includes E. coli strains associated with bovine diarrhoea and human
urinary tract infections (Martin et al., 1997).

on and inheritance of receptor phenotype

A genetic influence on the frequency of post-weaning diarrhoea and oedema
disease was described 30 years ago (Smith and Halls, 1968) and has since been
confirmed (Bertschinger et al, 1986). After the development of the adherence
assay for identification of K88 receptor phenotype pigs, similar studies were
performed to identify pigs resistant to oedema disease and post-weaning
diarrhoea. Genetic studies have shown that susceptibility to colonization by
F18ab-positive E. coli is dominantly inherited (Bertschinger et al, 1993).
Further studies have mapped the locus for the F18ab receptor to chromosome
6, close to the genes for blood group system S and the calcium releqse' channel,
CRC (Vogeli et al, 1996). Two a (1, 2)—fucosyltransferase genes (FUTI and
FUT2) are closely linked to the S and F18 receptor loci and a polymorphism in
FUTI co-segregates with E. coli F18 adhesion (Meijerink et al, 1997).

onella Diarrhoea

Salmonella infections are an important human health problem in many
countries. Swine, poultry, cattle and seafood are important carriers (Wilcock
and Schwartz, 1992). There are over 2 million cases of meat and poultry food-
borne disease in humans in the USA per year, at a cost approaching Ussl4
billion. Most of this disease is attributed to Salmonella and Campylobacter
infections (Menning, 1988). The most frequently reported Salmonella serotype
is S. typhimurium. In addition to the economic impact of salmonellosis on the
human population, it is also an economic disease of swine resulting in lost
income to the pork industry. Data by Fedorka-Cray et al. (1994) suggest that
two types of disease syndromes appear to occur after infection; clinical disease
within 48 hours and a subclinical syndrome that may be important in estab-
lishing a carrier state. ’
In Sweden, an official control programme with respect to Salmonella spp-
has been running since 1961 and was last revised in 1995 (Anonymous, 1995).
Infected farms are subject to restrictions including a total ban of movements of
animals, with the exception for transportation to san
controls are performed at the abattoirs, aiming to detect a prevalence of infec-
tion at 5% with a confidence level of 95%. The control is based on bacterio-
logical examinations from five {leo-caecal lymph nodes per animal and from
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itary slaughter. Regular ‘

surface swabs of approximately 1400 cm? i
. per animal. Fu:
gc:r’\rtr:fg:sﬁawr:hdre?ect to Salmonella. Regardless of the sc:::':;, Zelri(l:llaat?;:\: l;
o thesz e have to be reported (Eld et al, 1991; Malmq;/ist et al, 1995)
et to o meailurements have accomplished low prevalences of ;nlmals.
g monella at slaughter, i.e. well below 1% among broilers (Wieru
L, 1992) as well as among ruminants and pigs (Wahlstrém et al 1997; P

Genetic resistance

in cel:ckfer'lss,’difference.s betv'veen inbred strains in resistance to various sero-
dye[:;cribc: ; g monella, including S. typhimurium and S. enteritidis, have been
iy d( un;lste'ad and Barrow, 1988, 1993). In these studies' birds were
chall |5g:ot zr?u v, t:intrar?u(s;;]ularly and intravenously, suggesting' that resist
nction of adherence to epithelial cells. | t
the resistance was inherited a i S pid gl
s a dominant autosomal trait and
| as inh that it
l:r:ltc:::'l;cc;'th: major h'xstocompatibility complex (MHC). Further studiesw\:ii:c.)st
susceplﬁ [:?m ;\(/é canilrrre’d 1t}9wse chicken strain differences in resistance anci
uillot et al, 1995; Protais et al, 1996). In a r i
. : ; A . ecent linkage st
?h;esxgg qZ:, fc:\}ic;k;rflf:rromgsome 5 has been identified that accounts %:rsn\x“:ryé
ence in resistance between two chicken li i
al, 1998). This region corres e e
, ponds to part of mouse ch
human chromosome 14, region o tine
A s that i
i iy edak g at so far contain no mapped genes likely to
In mice, a high level of resistan
; ce to S. typhimurium infecti
facultaStLve intracellular bacteria is determined primarily by th:r}t:;llc_is}?/tgir
g::}:’a (Skamene et al, -1982; Lissner et al, 1983). This gene was later identifieg
1993:—)a]r\r;:); :‘atlijralfresxsltanfce-associated macrophage protein gene (Vidal et al
! p is a family of integral membrane proteins th i L
fied in several species, includi D e e a1l
i ng Drosophila, plants and Celli
1995). The function is not know i , g vl
n, but it has been suggested that th
polypeptides are part of a grou : i oy
p of transporters or channel
plasma membrane. The Nrampl e
protein seems to have mal ff i
lating macrophage activation, includi oy, symthesis o
tin , including respiratory burst activit
nitric oxide synthase, antigen i i e o
: processing, MHC class Il molecul i
and regulation of production and rel NFont and IL-15
ease of i
(reviewed by Blackwell, 1996). the cytokines TNF-a and IL-1P
Chro'gl:si\!r;aemiﬂ ggnze has:ein identified and assigned in mice and humans to
s 1and 2, in chickens to chromosome 7 (Girard-S
X -Santos
}\?r‘i"/r)l ;;d hx: s{:eep :g chrfomosome 2 (Pitel et al, 1994, 1995). A se\é:;iusdo :;:2‘
' has been identified in humans and mice ‘d ! . :
somes 15 and 12, respectively (Gruenheid e gy ey
’ et al, 1995). In the pig, a f
cDNA of Nrampl was recentl , R
y sequenced (Tuggle et al, 1997
been assigned to chromosome 15 r e
and a small population study revealed
Ellfle frequency differences among breeds (Sun et al, 199y8). Asste)cilnat:g:
i e wtc;en polymorphism anc.I resistance or susceptibility to Salmonella infection
s rather well documented in mice (Blackwell, 1996). In humans, data suggest
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an association between polymorphism in the Nrampl promoter region and
susceptibility to rheumatoid arthritis. Linkage studies to determine whether
this polymorphism also contributes to infectious disease susceptibility are in
progress (Blackwell, 1996).

Conclusions

Diarrhoea due to bacterial infections is a problem in pig production, both with
regard to the loss in productivity and also from a human.health view, as the
pig can act as a carrier of human infections. Genetic resistance to neonatal
diarrhoea caused by E. coli carrying K88 fimbriae has been known for many
years. Also, genetic resistance to post-weaning diarrhoea or oedema disease
due to E. coli with F18 fimbriae has been identified, and the loci for both types
of ‘receptors’ have been mapped. The receptor for E. coli K88, as well as the
receptor for uropathogenic E. coli, contains various carbohydrate mo!ecules.
The nature of the F18 receptor is not yet known, but a close linkage with two
a-fucosyltransferase genes has been found. o

Resistanice to Salmonella infections is not associated with recepto.r
molecules, but with the antimicrobial activity of macrophages. In mice, this
resistance is linked with polymorphism in the Nrampl gene. Tbe gene }?as
been identified in several species including the pig, but data are so fa.r lack‘mg
for any association with resistance or susceptibility to Salmone.lfa infection.
The rapid development in molecular genetics has given us <:.letaxled genome
maps and the tools to identify and study individual genes. Thls means that, in
the near future we may be able to select breeding animals of preferred
genotype. How to decide which genotype to select? Some data suggest that
pig populations not selected for growth have a lpw frequency of the K88
receptor, but we do not yet have enough results to kqow whether rece;;tc;:—
phenotype pigs grow faster. Even fewer studies concerning the influence o t"e
F18 receptor on production traits have been reported. As rggard§ Salmonella
infections, it has been suggested that good resistance might increase the

of autoimmune diseases. .

freqtllrinsznclusion, we know far more about genetic resistance to bacteria
caused diarrhoea than we did some years.ago. The developmem.of DNA-
based tests will enable us to determine the genotype of indi:}ifﬂual ammals,, and
hence it will also be possible to study association between disease genes’ and
production traits. Thus, in the near future we will have the knowledge to
identify and select the preferred genotypes.
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Ticks and Tick-borne diseases:
Background information

Tick (Boophilus microplus) worry and tick-borne diseases cause considerable production losses
throughout tropical and subtropical cattle production systems, although they are generally ranked
below helminth and several other infections in terms of economic impact. Tick-borne diseases
include anaplasmosis, babesiosis, cowdriosis, theileria and East Coast fever. McLeod and
Kiristjanson (1999) provide estimates of the economic costs due to production losses and mortality.
For example, in Australia the total annual costs have been estimated at $US20.8m, $4.0m in
Indonesia, $24m in Zimbabwe, $57.6m in South Africa, $132.6m in Kenya and $355.4m in India.

Selection of individual animals with enhanced tick resistance for breeding, based simply on tick
counts, can quickly lead to reduced tick infestation. Published heritabilities of tick numbers are
generally moderate to high (e.g. 0.2 — 0.8(!)). Frisch et al. (2000) demonstrated that with as little as
6 years of continuous selection, a nucleus herd could be created that has tick burdens sufficiently
low to be of little consequence. Often, indigenous adapted breeds show considerably greater
resistance to, and tolerance of, ticks and tick-borne diseases than exotic introduced breeds.

Mechanisms of tick resistance include avoidance, grooming behaviour, skin thickness (& other
skin characteristics), and immune response. The impact of immune responses vary, ranging from
simple rejection of the tick, reduced engorged weight of all instars, reduced number or viability of
eggs, to death of the tick on the host. Genetic differences to tick-borne diseases have yet to be
satisfactorily dissected into resistance to the tick (the vector) or resistance to the disease per se.

Frisch et al. (2000) costed the within-herd benefits of selection vs. the benefits of using acaricides
for controlling ticks. Offsetting acaricide costs against production benefits, there was a net annual
benefit of AUDS$4.5/animal. Offsetting data collection and processing costs against the production
benefits from genetic selection, costs were higher than benefits for the first 10 years, subsequently
returns were greater than costs and cumulated annually thereafter. In addition to these calculations,
no acaricide treatment is required after 10 years of continuous selection, increasing the financial
benefits and reducing future problems of acaricide resistance. In these calculations, the nucleus
breeding herd bears the full cost of data recording. When the nucleus is used to breed sires for
widespread use, the value of resistant sires would far exceed the relatively small cost incurred over
the 10 years required to produce them. Moreover, acaricides costs are incurred throughout the
industry, whereas genetic selection costs are incurred predominantly in the nucleus herds.

Simple selection does not assume high-level technological input. A gene conferring essentially
100% resistance in some genetic backgrounds is thought to exist, through data inference (Frisch,
1999), although genetic markers still need to be identified for this gene. Once identified, this gene
could be used to considerable effect in various situations through crossbreeding programmes that
use genetic markers to ensure retention of the gene. The benefits, but also the costs, of this
approach are potentially considerably greater than those described above.
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Breeding for Disease Resistance - Uniting Genetics and Epidemiology

Monday 12

081 15-08 h30
08h30-09h30

09h45-10h45
10h45-11h15
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Tuesday 13
08 h30-09h30
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16 h00-17h 30
Wednesday 14
08 h30-09h30
09h45-10h45

10h45-11h15
ITh15-12h15

14h00-17h 30

Montpellier, August 12-14, 2002

Programme

Introduction to the course
Lecture: Introduction to disease biology and disease genetics

Lecture: Introduction to epidemic modelling
Coffee break

Lecture: Genetic-epidemiological models applied to macroparasites

Each participant introduces him(hir)-self
Lecture: Genetic-epidemiological models applied to microparasites
Group session: Literature appraisal (A) — including coffee break —

Lecture: Generalised immunity, continuous challenge scenarios
and impact of immune activation upon performance

Lecture: Mastitis example
Coffee break

Lecture: Co-evolution theory

Group Session: Co-evolution workshop (B)
Coffee break

Group Session: Disease case study workshop (C)

Lecture: Further applications of epidemic models to animal
breeding: advanced genetic management and biodiversity

Lecture: Nematode example
Coffee break

Lecture: Data analysis

Group Session: Theory to practice (D) — including coffee break —
- Research strategies

- Data collection

- Breeding programme design & implementation.



Group Sessions

A. Literature Appraisal
Several papers will be circulated to participants prior to the workshop. They are
encouraged to read them prior to coming. During the session participants will split
into several groups, to discuss and appraise the papers according to specified criteria.
From each group a nominated person will present the paper to all participants and lead
the interactive discussion.

B. Co-evolution Workshop

Parasite co-evolution is a critically important area for scientists with an interest in
disease genetics. The participants will split into two groups; one group will consider
macroparasite evolution, the other group will consider microparasite evolution. The
distinction between macroparasites and microparasites is necessary because of
differences in generation lengths, transmission pathways and host-parasite
relationships, all of which affect potential co-evolution rates. Guidance will be given
on how to consider the issues. Once again, feedback will be made to all participants.

C. Case Study Workshop
For several diseases there are major opportunities to combine genetics and
epidemiology to advance the opportunities for breeding for disease resistance. Using
knowledge gained in the course, groups will consider specific diseases and:

- Define the genetic and epidemiological issues

- Formulate modelling strategies to address these issues

- Determine how the outputs from the modelling approach aids in the control or

management of the disease problem (by both genetic and non-genetic means)

D. Theory to Practice: Interactive Sessions
By defining general concepts and applying them to specific examples, participants
will address:

- Research strategies

- Data collection

- Breeding programme design & implementation





