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SUMMARY

This longitudinal field study investigated the hypothesis that persistently high antibody levels

indicate a high risk of Salmonella Dublin shedding in animals in 14 endemically infected dairy

herds. A hierarchical multivariable logistic regression was used to analyse 6614 paired faecal

cultures and four types of temporal antibody profiles from cattle aged o180 days. Age and

repeated measurements on animals nested within herds were taken into account. Overall, the

prevalence of faecal shedders was low (0.3% and 2.8% in the lowest and highest risk groups,

respectively). An important predictor of faecal shedding was young age. There was a significant,

but modest increase in risk in cattle with persistently high or recently increased antibody levels,

but no difference between these two groups. Contrary to previous recommendations, the detection

of carriers by the use of repeated antibody testing is not likely to be a plausible control option

in most Salmonella Dublin-infected dairy herds.
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bacteriology

INTRODUCTION

Salmonella enterica subsp. enterica serovar Dublin

(S. Dublin) is a gastrointestinal bacterial infection

prevalent in many cattle herds worldwide. It causes

increased morbidity, mortality and production losses

[1–3]. Even though it is host-adapted, it occasionally

causes human infections that tend to be severe due to

the invasive nature of this infection [4].

Controlling S. Dublin in cattle herds requires in-

tervention to minimize the exposure to bacteria in the

environment or shed by other animals in the herd

[5, 6]. A test-and-cull strategy to remove persistently

infected cattle has long been considered an important

control element [7–10]. However, this recommenda-

tion is mainly based on limited, potentially biased

study material or experimentally induced infections

[7, 11, 12]. If a test strategy involving repeated anti-

body testing of all cattle or groups of cattle in infected

herds is implemented as part of a control programme,

and previous recommendations concerning the in-

terpretation of the obtained antibody profiles for each

individual animal are used [8, 11, 13], it may lead to a

long list of heifers and cows suspected as S. Dublin

carriers, particularly under high prevalence con-

ditions [14]. It is often not economically feasible for the

farmer to cull so many animals. Furthermore, there
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are indications in previous studies that not all of

the suspected carrier animals actually pose a risk to

the herd [15, 16]. Hence, there is a need to quantify the

risk posed by cattle with different temporal antibody

profiles (TAPs) to facilitate prioritization of risk

management or culling decisions in the control of

S. Dublin.

The objective of this study was to investigate the

hypothesis that cattle with persistently high antibody

levels are at higher risk of shedding S. Dublin through

faeces than cattle with recent increases, fluctuating

or moderately high antibody levels, or low antibody

levels. This study focused on S. Dublin for two rea-

sons: (1) S. Dublin is the most commonly isolated

serotype in Danish cattle, this is also true for several

other countries ; (2) detection of persistently infected

carriers by use of serology is to the best of the author’s

knowledge only used for control of S. Dublin.

MATERIALS AND METHODS

Selection of herds and sampling

In 2000, a total of 14 dairy herds in the southern part

of the Jutland peninsula of Denmark were selected to

participate in a field study based on having bulk-tank

milk S. Dublin ELISA results >50 ODC% (back-

ground-corrected optical density values [17]). At that

time around 25% of the y9000 Danish dairy herds

had bulk-tank milk S. Dublin ELISA values >50

ODC%. Herd size of the 14 selected herds was be-

tween 15 and 121 lactating cows (and between 69 and

262 animals in total) across all herd visits. Eleven of

the herds consisted mostly of the Danish Holstein

breed and other three herds consisted mostly of the

Jersey breed. Management, housing system and feed-

ing practices were not recorded, but were likely to be

similar to other S. Dublin-infected herds in Denmark

at the time.

S. Dublin was isolated from faecal samples at least

once from these herds during the study period, from

the beginning of 2000 to the beginning of 2002, and

there were indications of the herds being endemically

infected throughout the study period (i.e. continued

serological responses in all age groups of cattle, or

faecal or environmental samples being culture posi-

tive). All except one of the 14 herds were visited five

times with about 3 months between each visit ; the last

herd was visited four times. At each visit, blood sam-

ples were collected from all calves, young stock and

dry cows on the premises, and milk samples were

collected from all lactating cows at the morning

milking for serological analysis. Faecal samples were

collected rectally from all accessible animals and

placed into marked containers with the aim of ob-

taining at least 50 g from each animal. The samples

were transported directly to the Danish Cattle Health

Laboratory (DCHL) in Ladelund, and stored at

<5 xC until required for analysis, which took place

within a few days after arrival. At the laboratory, the

faecal samples were pooled five at a time using 5 g per

sample which was mixed to produce a 25 g pool be-

fore analysis.

Laboratory analyses

Pooled faecal samples were examined at DCHL for

the presence of Salmonella bacteria using standard

procedures described previously [18, 19]. If the pool

was found positive for Salmonella the individual

samples were cultured using 25 g of faecal material to

try to locate those animals that were positive in the

pool. It has been estimated that using the pooling

procedure may lower the sensitivity of the culture

method to approximately half of the sensitivity of

the method using individual samples at the first

step [20]. Serotyping and confirmation of positive

isolates took place at the Danish Veterinary Institute

in Copenhagen (now the National Food Institute,

Technical University of Denmark). Whereas the

analytical sensitivity of the test in the laboratory

is reasonably high, i.e. y80% in samples with

10 c.f.u./g faeces [21], the diagnostic sensitivity for

detection of infected cattle in naturally infected herds

has been estimated to be very low, y6–14% in sub-

clinically infected cattle [22].

The S. Dublin ELISA used in this study was per-

formed at DCHL with a small modification from a

previously described ELISA method [23]. An O anti-

gen-based Salmonella serogroup D lipopolysacchar-

ide preparation produced at the Danish Veterinary

Institute in Copenhagen was used in the assay. By this

method the ELISA mainly targets S. Dublin in cattle.

However, cross-reactions with other serovars that

share O antigens with S. Dublin may occur [24]. The

laboratory procedure has been described in detail by

Nielsen & Ersbøll [18]. An ODC% value, which is a

background-corrected proportion of the test sample’s

optic density (OD) to the positive reference sample,

was calculated as follows:

ODC%=
(ODsamplexODneg ref)

(ODpos refxODneg ref)
r100%
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where ODsample is the average value of two test wells,

ODneg ref and ODpos ref are the average values of four

reference wells in the ELISA plates. The ODC%

values were used to categorize cattle into antibody

profile groups as described below.

Definition of antibody profile groups in individual

cattle

ELISA results from animals aged <90 days were

discarded before categorization of cattle, because the

diagnostic sensitivity and specificity of the test are

known to be compromised by impaired capability of

antibody production in calves aged <11–12 weeks

[25] and maternally derived antibodies from col-

ostrum [20]. The final dataset contained 3097 animals

that were tested at least twice in the study herds. A

total of 335 (9.8%) animals were excluded due to lack

of sufficient samples. The ELISA results from the

animals that were aged o180 days at each herd visit

were used to group the animals into four TAPs on

each of the last four sampling dates in the herds. The

categorization explanations, criteria and distribution

of animals and faecally positive animals in each TAP

category are given in Table 1. Using these definitions,

an animal that was only sampled once could not be

included in the dataset. The age on the visiting date

was recorded. The age distribution in the TAP cat-

egories is also given in Table 1. Thus, with about

3 months between each sampling date, the definition

of the TAP categories was based on up to 1 year’s

samples from the animals.

Statistical analyses

SAS1 version 9.2 (SAS Institute Inc., USA) was

used for the data management, descriptive and stat-

istical analyses. A hierarchical multivariable logistic

regression analysis was used to statistically compare

the effects of TAP categories and age of the animals,

and to predict the probability of faecal excretion of

S. Dublin. The model took into account repeated

measurements at the animal level nested within

the herd using generalized estimating equations

(GEE) using a REPEATED statement in PROC GENMOD

in SAS. A significance level of 5% was used to

evaluate the statistical evidence of the effect of the

predictors. The interaction between age and TAP

categories was similarly tested at the 5% significance

level.T
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RESULTS

There were a total of 6614 observations representing

3097 animals aged o180 days in the dataset for

analysis. This left 1750 observations that did not fit

into any of the TAP categories and were excluded

from the dataset for analysis because of too young

age or because there were too few samples of the

animals.

S. Dublin bacteria (or in three cases non-typable

Salmonella) were isolated in 46 (0.7%) of the 6614

observations and 14 (0.8%) of the 1750 observations

that were not included in the analysis. Eleven of these

14 isolates were found in cattle with ELISA results

o50 ODC%, and the last three had ODC% values of

24, 29 and 37, respectively. Eight of the 14 animals

were aged <1 year.

Table 1 shows the distribution of animals, ob-

servations, faecal culture-positive observations and

age within each of the TAPs. Despite the fact that the

percentage of faecal culture-positive animals was

highest in the TAP1 and TAP2 categories, the absol-

ute number of cattle shedding S. Dublin was to be

found highest in animals with fluctuating or moder-

ately high antibody levels. Figure 1 shows the distri-

bution of observations in the four TAP categories in

the study herds.

The parameter estimates, odds ratios and P values

from the final multilevel, multivariable logistic re-

gression model are given in Table 2. Increasing age

was clearly associated with decreasing probability

of faecal shedding (Fig. 2). Furthermore, differences

in faecal shedding probabilities were found to differ

significantly between TAP1 and TAP4, but no

statistical difference was found between TAP1 and

TAP2 or TAP3. TAP2 on the other hand had a sig-

nificantly higher probability of faecal shedding of

S. Dublin than both TAP3 and TAP4.

DISCUSSION

In this study, a large field data collection from 14 en-

demically infected dairy herds was used to investigate

the hypothesis that cattle with persistently high anti-

body levels are at high risk of shedding S. Dublin and

therefore are candidates to be culled or at least man-

aged so that they do not spread the infection to herd-

mates. Despite that fact that there were seropositive

animals in many of the age groups at most of the herd

visits, indicative of the herds being endemically in-

fected, the general probability of shedding was very

low (on average 0.7%) in all groups of cattle aged

i180 days; only 46/6614 samples were found culture

positive for S. Dublin. Apart from S. Dublin, only

non-typable strains were isolated in three samples of

faecal cultures from 3/14 herds. These were thought

very likely to be S. Dublin by the Danish Veterinary

Institute in Copenhagen (Dorte Lau Baggesen, per-

sonal communication), and were therefore included as

such. Based on this study material there was no evi-

dence that animals with persistently high antibodies

over a period of at least 6 months were at higher risk

of shedding S. Dublin bacteria in their faeces than

other seropositive cattle. The only cattle that had a

significantly lower probability of a positive faecal

13

11
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7
H
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ds
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3

1

0% 20% 40%

Percentage of observation in each
temporal antibody profile category in the herds

60% 80% 100%

TAP1

TAP2

TAP3

TAP4

Fig. 1. Distribution of S. Dublin temporal antibody profiles (TAP) in 14 Danish dairy herds. TAP1, Persistently high
antibody levels ; TAP2, recently increased antibody levels ; TAP3, fluctuating or moderately high antibody levels ; TAP4,
recent low antibody levels.
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culture than the rest of the TAP categories were those

with persistently low antibody levels (TAP4) (Table 2).

In general the proportion of observations in the TAP1

and TAP2 categories were low compared to TAP3

and TAP4 in these 14 dairy herds (Fig. 1). However,

some of the TAP3 observations were based on two

consecutively high antibody measurements of i80

ODC%, which could not yet be categorized as per-

sistently high until one more sample was available.

TAP1 and TAP2 could not be assigned to the same

animal more than twice, whereas the other two

categories could be assigned to the same animal up to

three times. However, that was not the explanation

for the large differences in proportions of observa-

tions in the TAP categories. The highest number of

TAP1 observations in one herd was 25 (3% out of 897

observations in herd 13) and the highest proportion

of TAP1 observations within a herd was 6% (19 ob-

servations out of 334 in herd 1). These numbers indi-

cate how many suspected carriers were present in the

herds at any given time point and which animals

should be considered for culling, if recommendations

Table 2. Final hierarchical multivariable logistic regression model of predictors for S. Dublin isolation from faecal

cultures in 14 endemically infected dairy herds

Predictors b S.E. OR (95% CI) P

Intercept x4.680 0.477

Age, years x0.544 0.136 0.6 (0.4–0.8) <0.0001
Temporal antibody profile (TAP) 0.002
TAP1: Persistently high antibodiesa,b 2.103 1.056 8.2 (1–65)

TAP2: Recent increasea 2.183 0.585 8.9 (3–28)
TAP3: Fluctuating or moderately high antibodiesb 1.258 0.440 3.5 (1–8)
TAP4: Recent low antibodiesc 0 —

OR, Odds ratio ; CI, confidence interval.
a,b,c Variable levels with different superscript letters were significantly different at the 5% significance level.
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i180 days with four different temporal antibody profiles (TAP) in 14 Danish endemically infected dairy herds.
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from previous studies are followed in a control

scenario [8, 26].

TAP2 had a significantly higher probability of fae-

cal shedding of S. Dublin than both TAP3 and TAP4.

This group was also generally younger than the other

groups, but since age was accounted for in the model,

this was not the only explanation. A recent increase in

antibody levels in the TAP2 category was indicative of

recent exposure, which also increases the risk that the

animal is still infected and may be excreting bacteria

[27, 28].

The animals in the TAP3 category had a signifi-

cantly higher probability of faecal excretion than

TAP4, and as the largest group TAP3 was the group

excreting bacteria most frequently in absolute num-

bers. The group consisted of cattle with fluctuating or

continuously moderately high antibody measure-

ments. The most likely explanation for such TAPs is

that the animals have been exposed repeatedly over

time from herd-mates or a contaminated environ-

ment. This would probably mainly include exposure

to much smaller doses of bacteria than under exper-

imental infection trials, which in turn may lead to

lower or slower immune responses together with few

clinical signs [28, 29].

The results from the modelling of faecal excretion

provided uncertain parameter estimates due to the

low number of positive faecal cultures. This results in

very wide confidence intervals for the odds ratios,

which should therefore be interpreted with caution.

This requires some reflection on how to quantify the

risk associated with individual animals in endemically

infected herds. It can be argued that 14 dairy herds is

not a sufficiently large sample of herds, and that some

endemically infected herds might have higher preva-

lence levels of faecal shedders than the herds in the

present study. However, previous studies have sug-

gested that this is not the case [7, 30]. Rather than

selecting animals with persistently high antibodies to

follow and observe in order to discover if they shed

bacteria, as was done in the study of carriers by House

et al. [7], the present study was based on repeated

paired samples on all cattle present on the farm over a

1-year period, and therefore has the potential to pro-

vide much less biased results in the evaluation of dif-

ferences between TAP categories. However, such a

sampling frame is very time-consuming and expens-

ive, so adding more herds is not an obvious choice

under economic limitations. The cheaper of the two

laboratory procedures is the ELISA. Hence, a much

cheaper sampling frame would be to start by testing

all animals with ELISA three times at intervals of

2-3 months, and then test all or a stratified random

sample of these with faecal culture.

Furthermore, the faecal culture test used in this

study is known to have poor diagnostic sensitivity

(y6–14%) for detection of infected cattle [22],

mainly because these animals may not necessarily be

shedding bacteria. The test probably has better

sensitivity (y80%) for detection of infectious ani-

mals (i.e. faecal shedders) [21]. Access to methods

with improved sensitivity for detection of bacterial

shedding would be useful for research studies of

potentially persistently infected S. Dublin carriers.

Regardless of the limitations in sample size of fae-

cal culture-positive animals, there was a very clear

association between age and the probability of faecal

shedding in this study (Fig. 2). The younger the

animals the more likely they were to excrete S. Dublin.

The highest estimated probability occurred in calves

agedi180 days. Here it averaged 5–6% in TAP1 and

TAP2, y2.5% in TAP3 and 1.5% in TAP4, whereas

cattle aged >3 years on average were faecal culture

positive for S. Dublin less than 2% of the time re-

gardless of the TAP.

The implication of this study is that S. Dublin car-

riage detection based on repeated antibody measure-

ments should be regarded as a very uncertain method

for use as a control element in persistently infected

dairy herds. The age associations indicated a more

likely benefit of directing the focus towards methods

to prevent the spread of bacteria between calves and

young stock, including consistent sectioning and

careful cleaning of the environment and housing

equipment on a regular basis as suggested in previous

studies [6, 31, 32].
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