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and Escherichia coli F4 and F18 in fecal sock 
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batches and the association with diarrhea
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Abstract 

Background:  Bacterial enteritis in growing pigs is a matter of concern in Danish pig production challenging herd 
health as well as production economy, and antimicrobial usage. The aim of this observational study using fecal sock 
samples was to determine the prevalence and excretion level of Lawsonia intracellularis (LI), Brachyspira pilosicoli (BP), 
Escherichia coli F4 (F4) and F18 (F18) and to investigate associations between prevalence or excretion levels of the 
bacteria and diarrhea. The study was performed in the late weaner and the early finisher period in herds with a history 
of diarrhea. Every weaner and finisher herd contributed with one sample each.

Results:  In total, 47 weaner and 59 finisher herds were sampled. The overall prevalence and excretion levels (median 
and range in log(10) copies/gram of feces) were for LI 84.0% (median 6.2; range 3.0–7.7), for BP 45.2% (median 5.6; 
range 3.0–6.6), for F18 20.8% (median 5.7; range 4.7–7.7), and for F4 4.7% (median 5.5; range 5.2–6.0). In both diarrheic 
and non-diarrheic samples, the most prevalent bacteria were either LI alone or LI and BP in combination. In general, 
no association was found between increasing total bacterial excretion levels and diarrhea, but prevalence (p = 0.04) 
and excretion (p < 0.01) level of F18 was found to be significantly higher in diarrheic samples. Further, a significant 
association was found between low LI excretion level and lack of diarrhea in weaner herds (p = 0.03). A significant 
positive correlation was found between excretion levels of LI and BP in diarrheic weaner herd samples (p = 0.02).

Conclusion:  Enteric pathogens were prevalent in a wide range of bacterial excretion levels in both diarrheic and 
non-diarrheic samples. Especially LI and BP were frequently found and with a positive correlation between excretion 
levels. Even in the absence of diarrhea, high prevalence and excretion levels of LI and BP were detected, thus making 
the status of diarrhea an insufficient tool for assessing the severity of their infections.

Keywords:  Enteric bacteria, Diarrhea, Fecal sock sampling, Batch, Prevalence, Bacterial excretion level, Lawsonia 
intracellularis, Brachyspira pilosicoli
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Background
In the  Danish pig production, all stakeholders con-
stantly focus to maintain and improve health. Healthy 
animals are beneficial for animal welfare and produc-
tion economy. Further, it ensures high food safety with 
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reduced need for antimicrobial usage. Antimicrobial 
reduction is demanded to accommodate the increas-
ing regulations on antimicrobial usage imposed on the 
production by political hand [1–4]. In 2020, the Dan-
ish pig production accounted for 76% of antimicrobials 
prescribed for production animals in Denmark, meas-
ured in tonnes of active compound [4]. The antimicro-
bials are mainly used for treating intestinal infections 
in growing pigs, and for this age group, oral group 
medication is widely used [5]. To perform group medi-
cation in pigs in Denmark, regular use of laboratory 
diagnostics to confirm the diagnosed bacterial infec-
tions is required [6]. A widely chosen form of diagnos-
tic sampling for this purpose is fecal sock sampling as 
previously described [6–8]. Typically, the samples are 
analyzed by quantitative Polymerase Chain Reaction 
(PCR) for Lawsonia intracellularis (LI), Brachyspira 
pilosicoli (BP), E.  coli fimbria type F4 (F4) and E. coli 
fimbria type F18 (F18). These bacteria are considered to 
be the most frequent causes of diarrhea or subclinical 
enteritis influencing welfare, productivity, and antimi-
crobial use in growing pigs in Denmark [9–12].

In Denmark, LI is regarded as the main intestinal 
bacterium causing diarrhea in growing pigs later than 
2 weeks post weaning. The prevalence and excretion of LI 
increase with time post weaning, starting typically from 
around 8–18 weeks of age and peaking around 12 weeks 
of age [9, 13, 14]. The prevalence and excretion of BP also 
increase with time post weaning, but instead of declin-
ing in appearance during the  mid-finisher period, BP 
may be present throughout the finisher period in infected 
herds [9]. F4 and 18 are usually detected in the early to 
mid-weaner period, although sporadic detection can be 
observed in the late weaner period or even in finisher 
pigs [7].

Research in diarrheic diseases in pigs has often focused 
on single pathogens and has less frequently investigated 
the occurrence of co-infections, with the potential risk 
of misinterpreting the clinical relevance of mixed infec-
tions. In a Danish study in diarrheic weaner herds, 45% of 
the cases had a combination of LI, BP, F4 and F18 [8]. In 
another Danish study from 1998, bacterial co-infections 
were found more frequently in diarrheic than in non-
diarrheic grower herds [15], but this was not confirmed 
in a more recent study in weaner herds from 2015 [11]. 
Several prevalence studies imply a correlation between LI 
and BP as a high concomitant prevalence of LI in sam-
ples positive to BP has been found [10, 15–18]. In addi-
tion to prevalence, total bacterial excretion level can be 
of clinical relevance for the determination of the severity 
of diarrhea [19]. A classification of diarrheic outbreaks in 
weaner herds as either low-pathogen diarrhea or high-
pathogen diarrhea by the total bacterial excretion level of 

F4, F18, LI, and BP as a diagnostic tool to determine the 
occurrence of bacterial enteritis has been recommended 
[20].

Fecal sock samples collected from pig herd batches both 
with and without outbreak of diarrhea can detect differ-
ences in prevalence and excretion level of bacteria. This 
will increase the ability to choose optimal strategies for 
treatment and prevention of diarrhea not just beneficial to 
animal welfare and productivity [21], but also to further 
reduce antimicrobial usage. Using fecal sock samples col-
lected at batch level in the late weaner period and in the 
early finisher period, the objectives of this study were to:

1.	 Determine the prevalence and bacterial excretion 
level of LI, BP, F4 and F18 in samples collected from 
commercial pig herds with or without diarrheic out-
break.

2.	 Investigate  potential associations  between diarrhea 
and either the prevalence or excretion level of bacte-
ria.

To examine objective 2, the following 3 hypothesis 
were established:

H1: There is an association between bacterial preva-
lence or bacterial excretion level and diarrhea for 
each of the four different bacteria as well as for the 
total bacterial excretion level.
H2: Diarrhea occurs more frequently in mixed bac-
terial infections.
H3: There is a correlation between different bacteria 
in prevalence or in excretion level.

Results
The study was conducted in a total of 106 herds of which 
47 were weaner herds and 59 were finisher herds. The 
main part of the herds was managed as most other com-
mercial herds in Denmark, whereas one weaner herd and 
one finisher herd were OUA herds (“reared without use 
of antimicrobials”) and another weaner herd and another 
finisher herd were organic. Additionally, four weaner 
herds and nine finisher herds herds were initially referred 
to the study but were excluded due to lack of sock sam-
pling or samples collected from batches not being within 
the period of interest. The yearly production from each 
weaner herd was in a range of 7.500–35.000 pigs and in 
each finisher herd in a range of 2.500–32.000 pigs. With 
the given samples size in the least represented group of 
21 diarrheic weaner herds and with samples having a LI 
herd prevalence > 0.8, the herd prevalence could be deter-
mined with an allowable error L = 0.17 [22].
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Of the 47 weaner herds samples, 26 samples were col-
lected from non-diarrheic batches and 21 samples were 
collected from diarrheic batches. Of the 59 finisher herd 
samples, 33 samples were collected from non-diarrheic 
batches and 26 samples were collected from diarrheic 
batches.

Due to the study design, most of the non-diarrheic 
samples were collected in the last part of the period of 
interest in both weaner and finisher herds.

The overall prevalence and excretion levels of bacte-
ria are presented in Table 1. LI was the most frequently 

found bacteria with a prevalence of more than 80% 
regardless of the age group. BP was more prevalent in fin-
isher herds than in weaner herds, whereas the opposite 
applied for F18. F4 was found in just five samples and will 
only be given further attention as part of the total sum of 
prevalent bacteria and in total excretion level of bacteria.

The distribution of bacterial detection in the sock sam-
ples is presented in Table 2.

The most prevalent detection of pathogens was either 
LI alone or a combination of LI and BP in both diar-
rheic and non-diarrheic samples. Both diarrheic and 

Table 1  Prevalence of Lawsonia intracellularis, Brachyspira pilosicoli, Escherichia coli F4 and Escherichia coli F18 and their excretion levels 
in fecal sock samples from weaner herds and finisher herds

a Median; detection range, in positive samples in log(10) copies/gram of feces

Sample group Both herd types Weaner herd Finisher herd

Total number of sock samples 106 47 59

n, (prevalence %) Excretion levela n, (prevalence %) Excretion levela n, (prevalence %) Excretion levela

Lawsonia intracellularis 89 (84.0%) 6.2; 3.0–7.7 39 (83.0%) 6.2; 3.0–7.7 50 (84.7%) 6.1; 3.0–7.7

Brachyspira pilosicoli 48 (45.3%) 5.6: 3.0–6.6 18 (38.3%) 5.7; 3.0–6.4 30 (50.8%) 5.5; 3.0–6.6

Escherichia coli F4 5 (4.7%) 5.6; 5.2–6.0 3 (6.4%) 5.6; 5.5–6.0 2 (3.4%) 5.4; 5.2–5.6

Escherichia coli F18 22 (20.8%) 5.7; 4.7–7.8 13 (27.8%) 5.9; 4.7–7.8 9 (15.3%) 5.5; 4.9–6.3

Table 2  Detection of Lawsonia intracellularis, Brachyspira pilosicoli, Escherichia coli F4 and Escherichia coli F18 (none, single and multiple 
detection) in all fecal sock samples (both weaner and finisher herd samples)

a 0—absence of the pathogen; X—presence of the pathogen (grey background)
b 0—absence of diarrhea; 1—presence of diarrhea
c Total number of samples in category
d Prevalence of bacteria combination

Status of 
diarrheab

Number of 
samplesc

Prevalenced Lawsonia 
intracellularisa

Brachyspira 
pilosicolia

Escherichia coli F4a Escherichia 
coli F18a

0 22 37.3% X 0 0 0

0 19 32.2% X X 0 0

0 5 8.5% X X 0 X

0 5 8.5% 0 0 0 0

0 4 6.8% 0 X 0 0

0 2 3.4% X 0 0 X

0 1 1.7% 0 0 0 X

0 1 1.7% X 0 X 0

1 13 27.7% X X 0 0

1 12 25.5% X 0 0 0

1 7 14.9% X 0 0 X

1 5 10.6% 0 0 0 0

1 5 10.6% X X 0 X

1 1 2.1% X 0 X 0

1 1 2.1% X 0 X X

1 1 2.1% X X X 0

1 1 2.1% 0 0 X X

1 1 2.1% 0 X 0 0
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non-diarrheic samples were without detection of any of 
the bacteria investigated with a prevalence of 8.5% and 
10.6%, respectively.

Association between prevalence of bacteria and diarrhea
Associations between prevalence of bacteria and diar-
rheic status are presented in Table  3. LI had similar 
prevalences at 81.0–88.5% in all four groups. Despite dis-
playing a greater numerical difference in the prevalence 
of BP in diarrheic versus non-diarrheic samples for both 
age groups, no significant association was found between 
prevalence of BP and diarrhea. A tendency of association 
between prevalence of F18 and diarrhea was found when 
assessing samples from both age groups (p = 0.05; OR 2.7; 
CI 95% 1.0–7.2) implying that the odds of a sample being 
collected at an outbreak of diarrhea was 2.7 times higher 
if the sample was positive to F18. This tendency was not 
detected when assessing weaner herd samples and fin-
isher herd samples separately.

No significant association was found between number 
of different bacterial species present and diarrhea.

In the multivariable analysis for association between 
prevalence of bacteria and diarrhea (Model 1), only prev-
alence of F18 proved to be of significance (p = 0.04) when 
including all samples confirming the OR given by the 
Fishers exact probability test. Therefore, the final Model 
1 with the lowest AIC included only the effect of preva-
lence of F18: Diarrhea ~ F18 prevalence. None of the 
other variables or their interaction were significant nei-
ther when assessing all samples, weaner herd samples or 
finisher herd samples separately nor when excluding F18 
due to small number of positive samples.

Association between bacterial excretion level and diarrhea
Total bacterial excretion level was divided into four 
ordered groups by cut-off values as given in Appendix 

Table  4. Based on Model 2, no significant association 
between total excretion level and diarrhea was found 
(p = 0.09).

The excretion level of each bacterium was divided into 
ordered groups by cut-off values as given in Appendix 
Table  5. This was done to evaluate association between 
the excretion level of each bacterium and diarrhea and 
further to evaluate interactions between bacterial excre-
tion levels of different bacteria and the association to diar-
rhea. Based on model 3, the end-model with the lowest 
AIC was: Diarrhea ~ F18 excretion level + age group + LI 
excretion level *age group + BP excretion level *age group, 
with a significant association between increasing F18 
excretion level and diarrhea (p < 0.01) and between diar-
rhea and the interaction between LI excretion level and 
age group (weaner, p = 0.03). Further, a tendency of asso-
ciation between diarrhea and the interaction between 
BP excretion level and age group was found (weaner, 
p = 0.05). In contrast to BP and F18, increasing excre-
tion level of LI was, overall, not associated with diarrhea 
in weaner herd samples, since the association was found 
between the lowest LI excretion level and lack of diarrhea 
(p = 0.01). All two-way interactions between individual 
bacteria were found non-significant.

Correlation of simultaneous detection of bacteria
For both diarrheic and non-diarrheic samples, in 89.6% 
of the BP positive samples also LI was detected, whereas 
only 48.3% of LI positive samples were also BP posi-
tive. When testing weaner herd samples, a correlation 
between prevalence of LI and BP was present (p = 0.02; 
Conf. interval: 1.23-inf.). No correlations were detected 
when testing other age groups or simultaneous detection 
of other bacteria.

Table 3  Associations between prevalence of bacteria in weaner and finisher herd sock samples and diarrhea

a Fisher’s exact probability test

Weaner herd Finisher herd

Diarrhea, n (%) No diarrhea, 
n (%)

ORa P valuea Diarrhea, n (%) No diarrhea, 
n (%)

ORa P valuea

Total number 
of herds and 
samples

21 26 26 33

Lawsonia intra-
cellularis

17 (81.0%) 22 (84.6%) OR = 0.78 p = 1 (CI = 0.12–
4.83)

23 (88.5%) 27 (81.8%) OR = 1.69 p = 0.72(CI = 0.32–
11.61)

Brachyspira 
pilosicoli

9 (42.9%) 9 (34.6%) OR = 1.41 p = 0.76 
(CI = 0.34–4.62)

11 (42.3%) 19 (57.6%) OR = 0.54 p = 0.30 (CI = 0.19–
1.53)

Escherichia 
coli F4

2 (9.5%) 1 (3.8%) 2 (7.7%) 0 (0.0%)

Escherichia coli 
F18

8 (38.1%) 5 (19.2%) OR = 2.58 p = 0.20 
(CI = 0.08–9.67)

6 (23.1%) 3 (9.1%) OR = 3.00 p = 0.16 (CI = 0.67–
13.4)
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For the 43 samples positive to both LI and BP, a posi-
tive correlation was found between LI and BP excretion 
levels (p < 0.01; rho = 0.46). However, when adjusting for 
age group and status of diarrhea, this correlation was 
only significant in diarrheic weaner herd samples (9 sam-
ples; p = 0.02; rho = 0.73) as shown in Fig. 1. No signifi-
cant correlation was found in finisher herd samples (25 
samples; p = 0.22; rho = 0.25) or in non-diarrheic weaner 
herd samples (9 samples; p = 0.21; rho = 0.46). No corre-
lations between excretion level of either LI and F18 or BP 
and F18 were found.

Discussion
This observational study included 106 herds, which is 
a considerable number of herds compared to previ-
ous studies [11, 13, 15, 16, 18–20]. The samples in this 
study were collected as one sample from each herd from 
a single batch. Despite this being a well-documented [8, 
11] and often used method and a valuable tool [23] for 
diagnostics in commercial pig herds, the samples do not 
reflect any within herd fluctuations [9] but only reflects 
the situation in the given batch at the given day. An infor-
mation bias due to misclassification could be the evalu-
ation of diarrhea and the need for antimicrobial group 
treatment, which was done subjectively by the respective 
herd manager based on instructions given by their herd 
veterinarians. The sampling was performed by attending 
all pens in the batch in concern, meaning that in a diar-
rheic batch also pens without diarrhea were included 
in the sample and vice versa. This caused a possible risk 
of falsely reduced or elevated bacterial excretion levels 
detected in the sock samples but was in accordance with 
published instructions for sock sampling [8, 12].

The detection of LI being the most frequently occur-
ring bacteria followed by BP, F18 and  finally F4 agreed 
with previous findings for the age group of late wean-
ers and early finishers [9, 10, 23]. The detection of LI in 

more than 80% of the fecal sock samples was higher than 
in other recent Danish studies assessing pooled samples, 
where a prevalence of 40–69% was described [7, 11, 17]. 
The higher prevalence found in this study could be due to 
the selection of herds explicitly having a history of diar-
rheic outbreaks, with previous diagnostic findings sup-
porting LI as a cause of diarrhea and to the study design 
sampling only from the age group typically at risk of LI 
infection [13]. The prevalence of BP (45.3%) and F18 
(20.2%) were in accordance with previous Danish studies, 
where BP and F18 were detected in 32–50% and 10–40% 
of pens sampled, respectively [7, 9, 17].

A tendency between prevalence of F18 and diarrhea 
was found assessing all samples (p = 0.05) but no asso-
ciations to prevalence of any of the other pathogens were 
found. Possibly due to the sparse number of samples 
positive to F18 (22 samples in total), the tendency of F18 
disappeared when assessing the age groups separately. 
This was in alignment with a previous study describing 
no association between prevalence of F18 and diarrheic 
events (p = 0.06) when monitoring 10 herds by repeated 
sampling at pen level in the age group form weaning to 
slaughter [9]. Still, the positive association found between 
categorized excretion levels of F18 and diarrhea indi-
cated F18 as a potential factor for the occurrence of 
diarrhea, which is supported by other studies [24].The 
bacterial excretion levels ranged widely from no detec-
tion to massive excretion. In this study, cut-off values 
dividing the samples into categorized bacterial excretion 
levels were created to ensure a fairly even distribution of 
samples in each category. The categorization was made as 
a best match for the purpose of testing these as explana-
tory variables. Therefore, our levels were not necessarily 
in accordance with previously identified levels associ-
ated with pathological lesions or reduced productivity. 
However, for bacteria like LI with a known association 
between quantities and impact of the infection, the cate-
gories medium and high (≥ 5.1 copies/gram feces) in this 
study were levels previously identified as having a nega-
tive impact on productivity [25–29].

No association was found between increased total bac-
terial excretion levels and diarrhea which agrees with 
another Danish study [11]. This was the case even though 
a positive association between increasing bacterial excre-
tion level of F18 and diarrhea was detected. For LI, how-
ever, increasing excretion levels were not associated with 
an increased risk of diarrhea and this is consistent with 
previous findings [11, 26, 30, 31].

Levels of LI shed in the feces can be used as an indi-
cation of the severity of the infection [9, 27] and levels 
of ≥ 4.8 log(10) bacteria/gram of feces have been found to 
be associated with proliferative histological lesions in the 
intestine [26]. In 60.4% of our herds, in both diarrheic and 

Fig. 1  Correlation between Lawsonia intracellularis and Brachyspira 
pilosicoli by age group and status of diarrhea in samples positive to 
the two bacteria. Linear regression lines are added for all Weaner herd 
samples (p < 0.01) (dark grey) and all finisher herd samples (p = 0.22) 
(light grey)
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non-diarrheic samples, the LI excretion level exceeded 
this level. Therefore, in this study, assessing the status 
of diarrhea in batches of pigs was an inadequate tool for 
assessing the severity of a bacterial infection as also sug-
gested by other Danish studies [11, 27]. This applied both 
to weaner pigs, with a significant association between 
low LI excretion level and less diarrhea, and to finisher 
pigs where no associations between bacterial excretion 
level and diarrhea were found at all.

An association between prevalence of LI and BP was 
present, since almost all BP positive samples were also LI 
positive, whereas only about half of the LI positive sam-
ples were also BP positive, which corresponds to previ-
ous findings [10, 15–18]. Further, a correlation between 
LI and BP excretion levels was found. The correlation was 
significant in the late weaner period, corresponding to an 
introduction and onset of infection of both LI and BP.

In agreement with another study [11], simultaneous 
detection of increasing number of bacterial species did 
not increase the likelihood of diarrhea and occurrence 
of diarrhea was a matter of concern also in apathogenic 
samples. In this study, no pathogens were detected in 
10.6% of the diarrheic samples. This corresponds to 
previous findings [8] and supports that diarrhea can 
be of non-pathogenic aetiologic origin. Therefore, up 
to 10% of the batches where an outbreak of treatment-
requiring diarrhea was assessed, the use of antimicrobi-
als could be questioned due to the likely non-bacterial 
etiology. However, the test sensitivity could be less than 
100% and the diarrhea could be caused by other patho-
gens than the ones tested. The risk of the affected batch 
suffering from Brachyspira hyodysenteria or Salmonella 
spp. not detected by the laboratory analysis or from Por-
cine Circovirus type 2 was considered small, though, due 
to the inclusion criteria, the Danish SPF-system (85% of 
the study herds were declared free of Brachyspira hyod-
ysenteria or purchased pigs declared free of Brachyspira 
hyodysenteria) and the Danish salmonella surveillance 
program (all study herds in surveillance level 1 [32]). Just 
as diarrheic samples without detection of bacteria are of 
relevance, non-diarrheic samples with bacteria detec-
tion are of concern. High-pathogenic diarrhea has been 
defined as a diarrheic outbreak with a total bacterial 
excretion level of LI, BP, F4 and F18 ≥ 4.54 log(10) copies/
gram feces in a pooled fecal sample [20]. In our study, 77 
and 85% non-diarrheic weaner and finisher herd samples, 
respectively (data not shown), had a total bacterial excre-
tion exceeding this level and could be defined as high-
pathogenic even though being collected from batches 
evaluated without diarrhea These samples from subclini-
cal yet infected batches indicate that interventions by 
either prevention or treatment could have been of rele-
vance in the affected batch to ensure intestinal health and 

high productivity. Despite the surge for reduction of anti-
microbial usage which could be of relevance in some of 
the batches sampled, it is of equal importance to assure 
that subclinical but still costly and welfare compromising 
infections are not overlooked.

Conclusion
In this study, the prevalence of LI above 80% was remark-
ably high in both late weaner period and early finisher 
period, regardless of diarrhea. The prevalence of F4 
(4.7%) was low and prevalence of F18 (20.8%) and BP 
(45.3%) were similar to previous studies. The bacterial 
excretion levels of the four bacteria in the sock sam-
ples were in a wide range from no detection to massive 
excretion.

No association was found between bacterial prevalence 
of LI, BP or F18 and diarrhea.

A positive association was found between bacte-
rial excretion level of F18 and diarrhea and for weaners 
herds, an association was found between low LI excre-
tion level and non-diarrheic samples. No association 
was detected between total bacterial excretion level and 
diarrhea. Detection of increasing numbers of bacterial 
species of LI, BP, F4 and F18 were not observed more fre-
quently in diarrheic samples than in non-diarrheic sam-
ples. A correlation between prevalence of LI and BP was 
observed as well as a positive correlation between LI and 
BP excretion levels in weaner herd samples.

In conclusion,  based on data from pooled floor sam-
ples, F18 was detected in a higher excretion level in diar-
rheic samples than in non-diarrheic samples. LI and BP 
were prevalent and even in high excretion level also in 
samples without diarrhea, thus making the status of diar-
rhea an insufficient tool for assessing the severity of their 
infections. BP was more likely to be detected in samples 
also positive to LI and if simultaneously detected, the two 
bacteria appeared to potentiate each other’s excretion 
levels.

Methods
Study design
This observational, cross-sectional study was part of a 
study focusing on the impact of LI, here referred to as 
“vaccination study”. It was performed in Danish commer-
cial weaner and finisher herds with a history of outbreaks 
of diarrhea requiring antimicrobial group treatment. All 
pigs were routinely vaccinated against Porcine Circovi-
rus type 2 at weaning. In the study herds, transfer from 
weaner to finisher herd was performed at approximately 
30 kg equal to seven-eight weeks post weaning, and new 
batches of pigs entered the herds on a weekly basis. The 
period of interest were batches five, six and seven weeks 
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post weaning in the weaner herds and batches one, two, 
three, and four weeks post entry in the finisher herds. 
Each herd was observed for about two weeks. During 
this observation period outbreaks of diarrhea requir-
ing antimicrobial group treatment according to normal 
herd routines were detected by the herd manager or 
the herd veterinarian. When a diarrheic outbreak was 
observed one fecal sock sample was collected from the 
batch in concern prior to antimicrobial treatment. At 
sampling, all pens of the batch were sampled by one fecal 
sock sampling as previously described [8]. If no batches 
experienced an outbreak of diarrhea in the observation 
period, a fecal sock sample was collected from a batch at 
a fixed time point. The fixed time point was seven weeks 
post weaning in weaner herds and three-four weeks post 
entry in finisher herds, respectively. Every weaner herd 
and every finisher herd contributed to the study by one 
sample each. Fecal sock sample kits containing all needed 
material for the sampling and shipment were supplied by 
Dianova, National Veterinary Institute, Denmark.

Sample size
Given that this study was part of a study focusing on the 
impact of LI vaccination, the sample size was based on 
assumptions for this bacterium concerning its effect on 
average daily weight gain (ADG) [33]. Based on iden-
tifying a difference in ADG of 40  g/day between vacci-
nated and non-vaccinated groups and using a standard 
deviation of 52 g between herds [34] the sample size was 
estimated to be 27 herds in each group [22]. Assuming 
that some herds would be withdrawn during the study, 
the study was aiming at including 40–50 herds for both 
weaner and finisher herds each.

In the current study the main  aim was to determine 
prevalences. With a LI-herd prevalence of 0.5 (giving the 
maximum sample size) and accepting the allowable error 
to be 0.2 of the confidence level of 0.95, 24 herds would 
be needed in each group (diarrheic or non-diarrheic) for 
each age group [22].

Selection of herds
According to the vaccination study protocol, the herds 
were included in the study based on a herd history of 
outbreaks of diarrhea, an antimicrobial treatment rate 
against diarrhea of minimum 25% of the pigs, diagnos-
tic findings supporting LI as a cause of diarrhea, and 
preferably with a production of no more than approxi-
mately 30.000  pigs/year. Herds were identified in close 
cooperation with local herd veterinarians. Sampling was 
conducted between November 2019 and April 2020. To 
minimize the clustering effect of herd complexes, no 

multisite production contributed with more than a maxi-
mum of 3 weaner sites and 3 finisher sites.

Testing of sampling material
Every fecal sock sample was labelled according to date of 
sampling, weeks post entry, and status concerning diar-
rhea. Samples were shipped to the the National Veteri-
nary Institute, DTU, Technical University of Denmark, 
prepared as previously described [35], and analyzed 
using a high-throughput real-time PCR system to deter-
mine the prevalence and bacterial excretion levels of LI, 
BP, F4 and F18 [36]. For all four bacteria, samples were 
considered positive when the sampling result was above 
the lower detection limit of 3 log(10) copies/gram feces.

Statistical analysis
The individual bacterial counts of the four bacteria in the 
sock samples as well as the total bacterial count being the 
sum of the four individual bacterial counts were loga-
rithmically transformed (log(10)), and bacterial excre-
tion levels were analyzed as continuous data. Analysis 
was performed on both the total set of samples, and on 
weaner- and finisher herd samples separately. In the mul-
tivariable analysis, backwards elimination to lowest pos-
sible value in Akaikes Information Criterion (AIC) was 
used to find variables of significance in final models. For 
all statistical tests, a value of p < 0.05 was considered sig-
nificant. Statistical analysis was performed using R ver-
sion 4.1.2 [37].

Association between prevalence of bacteria and diarrhea
To evaluate associations between bacterial prevalence 
and diarrhea, data was dichotomized, and Fisher’s exact 
probability test was used due to sparse numbers of obser-
vations in some groups. Chi-square test was used to 
evaluate the association between bacterial detection with 
increasing number of different bacterial species present 
and diarrhea. Logistic analysis was used for multivari-
able analysis, including prevalence of each bacterium and 
their interaction, as given in Model 1.

Model 1: Diarrhea ~ LI prevalence + BP preva-
lence + F18 p​rev​ale​nce + LIprev*BPprev + LIprev*F1
8prev + BPprev*F18prev.

Association between bacterial excretion level and diarrhea
To test the associations between bacterial excretion level 
and diarrhea and further to be able to include interac-
tions between the different bacteria, bacterial excre-
tion levels were categorized into negative, low, medium, 
and high levels. Cut-off values were determined to get 
as far as possible an evendistribution of samples in each 
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category of low, medium and high. Logistic analysis eval-
uated the  association between total bacterial excretion 
level and diarrhea as given in Model 2. All possible inter-
actions were included into Model 3 testing association 
between individual bacterial excretion levels, interactions 
between bacterial excretion level, and diarrhea.

Model 2: Diarrhea ~ total excretion level + age 
group + total excretion level *age group.
Model 3: Diarrhea ~ LI excretion level + BP excretion 
level + F18 excretion level + age group + LI excretion 
level *age group + BP excretion level *age group + F18 
excretion level *age group + LI excretion level *BP 
excretion level + LI excretion level *F18 excretion 
level + BP excretion level *F18 excretion level + LI 
excretion level *BP excretion level *age group + LI 
excretion level *F18 excretion level *age group + BP 
excretion level *F18 excretion level *age group.

Correlation between bacteria in prevalence and in excretion 
level
Fisher’s exact probability test was used to evaluate 
simultaneous detection of different bacteria species and 
Spearman’s rank correlation test was used for testing cor-
relation of bacterial excretion levels.

Appendix
See Tables 4 and 5.

Table 4  Categorized total bacterium excretion as sum of 
bacterial excretion of Lawsonia intracellularis, Brachyspira pilosicoli, 
Escherichia coli F4 and Escherichia coli F18 and cut-off values

a log(10) copies/gram of feces
b Upper limit equals maximum observed value in data set

Variable Level Cut-off valuesa Number of samples 
(diarrheic:non-
diarrheic)

Weaner herd Negative
Low
Medium
High

0
(0;5.9)
(6.0;6.9)
(7.0;7.8)b

6 (3:3)
15 (2:13)
13 (8:5)
13 (8:5)

Finisher herd Negative
Low
Medium
High

0
(0;5.9)
(6.0;6.9)
(7.0;7.7)b

4 (2:2)
23 (9:14)
20 (11:9)
12 (4:8)

Table 5  Categorized bacterial excretion level of Lawsonia intracellularis, Brachyspira pilosicoli and Escherichia coli F18 and cut-off values

F4 is not shown due to the low number of positive samples
a log(10) copies/gram of feces
b Upper limit equals maximum observed value in data set

Variable Level Cut-off valuesa Number of samples 
(diarreic:non-
diarrheic)

Lawsonia intracellularis (Weaner samples) Negative
Low
Medium
High

0
(0;5.0)
(5.1;6.6)
(6.7;7.7)b

8 (4:4)
11 (1:10)
15 (8:7)
13 (8:5)

Lawsonia intracellularis (Finisher samples) Negative
Low
Medium
High

0
(0;5.0)
(5.1;6.6)
(6.7;7.8)b

9 (3:6)
19 (8:11)
13 (8:5)
18 (7:11)

Brachyspira pilosicoli (Weaner samples) Negative
Low
Medium
High

0
(0;4.9)
(5.0;5.8)
(5.9;6.5)b

29 (12:17)
5 (1:4)
7 (3:4)
6 (1:6)

Brachyspira pilosicoli (Finisher samples) Negative
Low
Medium
High

0
(0;4.9)
(5.0;5.8)
(5.9;6.7)b

29 (15:14)
11 (6:6)
10 (2:8)
9 (4:5)

E. coli F18 (all samples) Negative
Low
Medium
High

0
(0;5.3)
(5.4;5.9)
(6.0;7.8)b

84 (33:51)
7 (2:5)
7 (5:2)
8 (7:1)
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