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ABSTRACT

Mycobacterium avium ssp. paratuberculosis (MAP) is
the etiological agent of paratuberculosis, a disease that
affects ruminants worldwide. Despite global interest in
the control of this disease, gaps exist in our knowledge
of fecal shedding patterns and concurrent serological
patterns. This longitudinal study in dairy cattle herds
with high MAP seroprevalence in France aimed at ac-
curately describing fecal shedding patterns over 1 year;
relating those shedding patterns to individual animal
characteristics (age, breed, parity); and exploring the
association between fecal shedding patterns and sero-
logical patterns. To describe temporal fecal shedding
patterns and continuity of shedding, along with the
standard quantitative PCR (qPCR) threshold cycle we
used a cutoff value that related to low or noncultur-
able fecal shedding. We also defined a threshold cycle
indicative of shedding in high quantities to describe
infection progression patterns. Twenty-one herds com-
pleted the study, and 782 cows were tested 4 times each.
We obtained 4 sets of paired fecal qPCR and serum
ELISA results from 757 cows. Although we targeted
highly likely infectious animals, we found a large di-
versity of shedding patterns, as well as high variability
between herds in the proportion of animals showing a
given pattern. The fecal qPCR results of almost 20%
of the final study sample were positioned at least once
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in the range that indicated low or nonculturable fecal
shedding (between the adjusted and the standard cut-
off value). Although these animals would typically be
classified as non-shedders, they could be important to
infection dynamics on the farm. Animals that shed at
least twice consecutively and animals that shed in high
quantities rarely reverted to negativity. Repeated fecal
qPCR can be used to detect temporal fecal shedding
traits, and the decision to cull an animal could practi-
cally be based on temporal, semiquantitative results.
Overall, we found a mismatch between fecal shedding
and ELISA seropositivity (637 animals were ELISA-
negative 4 times, but only 13% of those animals were
qPCR-negative 4 times). We found that having more
than 2 ELISA-positive samples was strongly related to
persistent and continuous shedding. We suggest that
although serological testing is much less sensitive than
qPCR, it can also be used, particularly over the course
of multiple testing events, to identify animals that are
most likely to contribute to the contamination of the
farm environment.

Key words: Johne’s disease, quantitative PCR, fecal
culture

INTRODUCTION

Mycobacterium avium ssp. paratuberculosis (MAP)
is the etiological agent of paratuberculosis, or Johne’s
disease, a granulomatous enteritis of ruminants. Cattle
typically become infected during their first months via
the fecal-oral route from contaminated farm environ-
ments. Infected animals go through a transitory phase
of fecal shedding followed by a period of latency, and

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license

https://creativecommons.org/licenses/by-nc/4.0/


https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0022030219306599

9118

then a fecal shedding phase precedes the onset of clini-
cal disease (Sweeney, 2011). However, large variability
exists with respect to the start, duration, bacterial
load, and persistence of fecal shedding. Clinical signs,
including chronic diarrhea and emaciation, appear after
a variably long incubation period (1 to 10 yr; Collins,
2003).

Paratuberculosis is of global interest because it nega-
tively affects animal health and welfare. Infection with
MAP causes important economic losses to the livestock
industry and it poses concern as a zoonosis mainly for
its potential role in human Crohn’s disease, although
this potential link is controversial (Waddell et al.,
2016). Many countries have implemented paratubercu-
losis control programs, and some of these have been in
place for decades (Geraghty et al., 2014).

Accurately detecting MAP infection is essential
for control programs that incorporate a test-and-cull
strategy based on the removal of the infected animals
detected either by serology or by fecal shedding. A
test-and-cull strategy in which all infected animals are
culled may be not economically feasible on farms with
a moderate to high prevalence, especially in endemic
countries where reintroduction in the herd through
the purchase of an infected animal is likely. Therefore,
farmers need to establish priorities (for example, to cull
the high shedders first and keep cows that are first-time
positives or shed at a low level, or both). To aid in
decision-making, predictors of the shedding trajectory
that can be assessed on farm are needed, but to find
these, we first need to understand all putative fecal
shedding patterns derived from natural infections. So
far, a diversity of MAP fecal shedding patterns has
been reported, exacerbated by the different criteria
used to define the putative shedding patterns. For ex-
ample, Whitlock et al. (2000) classified cattle as high
shedders, mid-shedders or low shedders as a function
of their colony count at the first positive fecal sample.
However, Nielsen (2008) established MAP fecal shed-
ding groups (transient, low, high, and intermittent
shedding) based on their colony count on an ordinal
scale and on the persistence of shedding after the first
positive sample detected. In reality, our knowledge of
the diversity of fecal shedding patterns and their cor-
responding serological patterns is limited by difficulty
in generating longitudinal data and imperfect diagnos-
tic tools. Longitudinal MAP studies are resource- and
labor-intensive, demand a large amount of funding, and
require farmers’ commitment. The limitations of the
diagnostic tools (such as fecal culture or serology) are
mostly associated with their low sensitivity in the early
stages of infection (Nielsen and Toft, 2008).

Despite the existence of long-term, good-quality data
that have advanced our knowledge (some examples are
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Whitlock et al., 2000; Nielsen, 2008; Mitchell et al.,
2015a), important gaps still exist in the description of
MAP fecal shedding patterns. A limitation of past lon-
gitudinal studies is the relative low sampling frequency,
which may miss rapid fluctuations that occur in the
intervals (typically 6 mo to 1 yr) between sampling
events in control plans. Khol et al. (2012) performed a
monthly follow-up of MAP fecal shedding and antibod-
ies for almost 1 yr to assess the outcome of commercial
serology tests. However, the herd under study had a low
prevalence (9% by real-time PCR), and more than 80%
of the tested cows were MAP-negative in feces. Thus,
no comprehensive description of fecal shedding patterns
can result from such a study. The authors of another
monthly follow-up with a 1-yr duration (Laurin et al.,
2015) targeted known MAP-infectious cows to compare
detection methods, but this study lacked serologi-
cal testing and was based on 51 cows only. The most
complete description of fecal shedding and serological
patterns was done by Nielsen (2008), in which quarterly
sampling in more than 1,900 cows from 8 dairy herds
was conducted over 3 years. However, the study used
fecal culture to detect MAP and may have underesti-
mated the actual proportion of shedders, especially low
shedders. Thus, data are still lacking to describe with
precision the variability of MAP fecal shedding with
respect to short-term variability (repeated samplings
in a short time frame relative to a cow’s life span)
and quantitative accuracy [use of quantitative PCR
(qPCR) for best sensitivity]. This longitudinal study
in MAP-endemic dairy cattle aimed to (1) describe
the MAP fecal shedding patterns detected by qPCR
and the concurrent serological patterns; (2) explore
whether there was an effect of age, breed, or parity on
fecal shedding and serological patterns; and (3) test
the association between serological patterns and fecal
shedding traits.

MATERIALS AND METHODS

Study Population and Study Sample

Herd Selection Criteria. Twenty-two dairy herds
located in the French region of Normandy were enrolled
in this study according to 2 criteria: (1) showing a >8%
MAP herd seroprevalence in the previous year (this
information was available through the voluntary para-
tuberculosis control program); and (2) having at least
40 cows older than 24 mo (considered representative
of the typical size of French dairy herds). With these
criteria, we aimed at increasing the likelihood of de-
tecting fecal shedders in the final study sample. None
of the herds was vaccinated against paratuberculosis.
Table 1 contains the detailed herd size, breeds, and age
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mean and range for each herd enrolled in the study.
The first phase of the study (time 1) was conceived
as a herd status assessment, followed by a selection of
animals for quarterly follow-up. The sampling events
took place between January 2011 and June 2012. The
total number of cows older than 12 mo present in the
enrolled herds at the beginning of the study was 2,838.
Feces and sera were collected from 2,706 cows. Access
to nonlactating adults for the collection of samples was
not possible because dry animals were kept on pasture.
Results for both tests were available for 2,645 animals
after discarding laboratory errors and animals missing
any samples.

Animal Selection Criteria. Based on their sero-
logical and fecal shedding status at time 1, we selected
a set of animals to continue in the follow-up (detailed
criteria are shown in Table 2). Briefly, 100% of the
animals that had an ELISA-corrected optical density
(OD,) value, qPCR threshold cycle (C;) value, or both
that highly suggested MAP infection were selected to
favor inclusion of animals that were more likely to be
shedders in the final study sample. We selected 50%
of the animals with OD, or qPCR values that less
confidently suggested MAP infection (that is, 50% of
animals with OD. < 10 and 38 > C, > 35, and 50% of
animals with 30 > OD, > 10 and C, > 38). We selected
only 20% of the animals with results that suggested
MAP negativity at time 1. In total, 1,475 animals met
these criteria and were included in the set of animals to
continue with follow-up. After the initial herd assess-
ment, individual blood and fecal samples were collected
from the selected individuals 3 more times, each time
targeted in a 4-mo interval (range 3 to 9 mo).

Final Study Sample and Follow-Up. Of the 1,475
animals selected to continue with follow-up, 1,312 were
sampled more than once, and 782 completed the 4 sam-
pling events. Table 3 shows the number of animals per
herd that successfully provided 4 data points for the de-
scription of fecal shedding patterns and serological pat-
terns. Major causes that prevented us from continued
sampling were the abandonment of the study at time
3 by herd A, death or sale of animals, and cows being
dried off and therefore sent to pasture, so that they
could not be handled to collect samples. Specifically,
404 cows selected to continue the survey were culled or
died during the study period. In the final study sample,
the age at first sampling ranged from 12 to 137 mo;
older ages were detected less frequently. In addition,
because the interval from start to end date was not
exactly 1 year for some herds, we checked the distribu-
tion of age at time 4 of the study. Only 3 animals in
the final study sample were younger than 24 mo by the
last sampling date, and they were retained for further
analysis.

9119

With respect to the sampling intervals, herds varied
substantially in the completion of the schedule (Table
1), but most of the sampling events (53/61) occurred
within 4 + 1 mo. Table 3 shows the specific number of
animals successfully assessed for MAP fecal shedding
and blood antibodies in each herd and at each sampling
event.

Laboratory Methods

Detection of MAP in Feces by qPCR. We used
direct fecal qPCR to follow up on MAP shedding
throughout the study. We extracted DNA from 1 g of
feces using the NucleoSpin Tissue kit (Macherey-Nagel
GmbH, Diiren, Germany) following the manufacturer’s
instructions (https://www.mn-net.com/Portals/8/
attachments/Redakteure_Bio/Protocols/Genomic%20
DNA/UM_gDNATissue.pdf). For this procedure, we
used a positive control (MAP strain K-10) and a nega-
tive control (Mycobacterium smegmatis mc’155). We
identified MAP DNA using the Adiavet ParaTB Real
Time kit (Adiagene, Saint Brieuc, France). We carried
out qPCR according to the manufacturer’s instructions
(https://www.biox.com/en/download_en/373 /NE045
-08.pdf/insert/0/). The qPCR assay used 2 primers and
a Taq Man probe that were specific for MAP genetic
sequence 1S900. An internal control of synthetic DNA
was included in each reaction to confirm the functional-
ity of the qPCR assay.

In each case, the C, was recorded. We initially used
the C; cutoff for MAP detection recommended by the
manufacturer (C; < 40); this cutoff is hereafter referred
to as the “standard cutoff.”

Detection of MAP in Feces by Fecal Culture.
A subset of 1,223 fecal samples collected at time 1 of
the study was processed for fecal culture (FC), from
which 1,189 fecal samples yielded a valid result (the
rest were discarded because of contamination by fungi
during the growth period). We isolated M. avium ssp.
paratuberculosis on Herrold’s egg yolk medium contain-
ing mycobactin J, amphotericin B, and nalidixic acid
(Becton Dickinson, Le Pont de Claix, France) accord-
ing to the method of Whipple et al. (1991). Three tubes
of Herrold’s medium were read at wk 6, 10, 14 and
16 of incubation at 37°C. We counted the number of
colonies in each tube, and we assigned a semiquantita-
tive value to each fecal sample: “negative” when count
=0, “+” when count <20 cfu/tube, “++" when count
>20 and <100 cfu/ tube, and “+++" when count >100
cfu/ tube. For reference, these values corresponded to
1 cfu/g, 10 to 50 cfu/g, and >50 cfu/g of feces, respec-
tively.

Detection of MAP Antibodies by Serum. Serum
was processed for antibody detection by ELISA. Spe-

Journal of Dairy Science Vol. 102 No. 10, 2019
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Table 2. Schematic summary of the selection criteria
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Proportion of animals (%) selected to continue based on results at time 1

Result of the first quantitative PCR

Animals sampled at time 1 First ELISA OD, C, <35 C, > 35 and < 38 C; > 38 or negative
All animals older than 12 mo <10 100 50 20

>10 and <30 100 100 50

>30 100 100 100

€, = threshold cycle; OD, = corrected optical density.

cifically, we used the Idexx Paratuberculosis Screening
Ab Test (Idexx, Montpellier, France). For each sample,
we calculated the sample-to-positive (S/P) percentage
(percentage of the sample optical density to the positive
control optical density) and considered it positive if the
S/P percentage was >55%, as per the manufacturer’s
instructions  (ftp://s173-183-201-52.ab.hsia.telus.net/
AgroMediaDocs/JDrefs/Pourquier %20ELISA %20user
%20guide.pdf).

Preliminary Work for the Use and Interpretation
of gPCR Results

Because qPCR is an alternative to the reference test
(FC) to detect MAP shedding in feces, it was advisable
to assess the accuracy of the qPCR against FC. For such
a continuous-scaled test such as qPCR, the receiver op-
erating characteristic (ROC) curve is useful, because
it plots the sensitivity and 1 — specificity values that
result as the test’s threshold value is varied; the area
under the ROC curve measures its overall diagnostic
accuracy (Mandrekar, 2010). However, ROC analysis
assumes that the reference test has a perfect sensitivity
and specificity (Wang et al., 2006), and MAP FC is
known to be imperfect, with a low sensitivity to detect-
ing low shedders in particular, and qPCR methods can
perform better in bacterial diagnostics than the tests
classically considered to be reference methods (Kralik
and Ricchi, 2017). For this reason, we aimed to find
a O, threshold that optimized the accuracy, but also
to interpret results in a biologically sensible manner
according to current knowledge of MAP. The following
sections explain in detail the steps we followed for these
procedures. We also explain how we found a C, thresh-
old that corresponded to high shedding as determined
by FC, for a semiquantitative use of qPCR.

Optimization of the qPCR Technique. We per-
formed an ROC curve to find a C, cutoff value that
represented a trade-off of sensitivity and specificity
for the qPCR test, with FC as reference test. Of the
1,223 individual fecal samples that were processed for
both FC and qPCR to detect MAP fecal shedding,

1,179 provided valid paired results that could be used
to build the ROC curve. We implemented the ROC
curve with R Software (R Core Team, 2016) package
pROC (Robin et al., 2011). The resulting ROC curve
(area under the curve 0.76) indicated that a threshold
of C; = 37 provided a good trade-off of sensitivity and
specificity (sensitivity 0.70, specificity 0.70) for on-farm
control with a test-and-cull strategy. That is, this C;
value maximized the likelihood of culling animals that
were truly positive and not false qPCR positives, and
to not consider animals as false positives when they
were true shedders. Hereafter, we refer to the cutoff of
C; < 37 as the “adjusted cutoff value.”

Interpretation of qPCR Ct Values Between
the Standard and the Adjusted Cutoff. Of 2,658
fecal samples successfully tested by qPCR at time 1,
618 had a C; value > 37 and < 40. This represented
almost 23% of the tested population. For 279 of 618,
a concurrent FC result was available. Of those, 233
were culture-negative but would have been considered
qPCR-positive using the standard cutoff value (C; <
40), and we questioned how they related to FC-positive
samples in the same C, value range. The C, values were
similarly distributed across the FC semiquantitative
categories. Of the 279 samples in the C; range > 37
and < 40 and with a concurrent FC result, 46 were
culture-positive, with a low level of shedding (FC +) as
the most frequent positive result (n, = 40).

Only about 23% (276) of the total set of samples
tested by FC were MAP-positive using this technique.
Thus, these 46 FC-positive samples represented an im-
portant amount, and suggest that the C; range between
the adjusted and standard cutoffs has a biological sig-
nificance that needs to be correctly interpreted. For
samples in that C, range, it is no longer clear whether
the ability of qPCR to detect DNA from nonviable cells
influences the outcome or whether it corresponds to a
low level of shedding that the FC is mostly unable to
detect.

In light of the known low sensitivity of FC for low
shedders and to preserve the negative predictive value
of the qPCR test, we considered samples in the C,

Journal of Dairy Science Vol. 102 No. 10, 2019
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Table 3. Number of animals per herd with Mycobacterium avium ssp. paratuberculosis (MAP) fecal shedding and blood antibody results in each phase of the study, and number

of animals with 4 successful data points

Animals with 4 data points

Study phase

Item
1
2
3
4
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range > 37 and < 40 as “low or nonculturable” MAP-
positives. We referred to those samples with an “*”and
have described their contribution to the fecal shed-
ding patterns. We are aware that this qPCR category
includes low shedders (truly infected) that cannot be
detected by FC and may also include passive shedders
(animals that ingest MAP from the environment and
shed it in feces with no true tissue infection). However,
we believe that the recognition of this qPCR category
and the description of its contribution to fecal shed-
ding traits could provide a new view of the variability
of MAP infections and the diversity of fecal shedding
patterns.

Samples with a C, < 37 are represented with a “+”
and referred to as “confidently positive” hereafter. To
refer to samples with a C, < 40, whether “*” or “+,” we
have used the term “non-negative.”

Use of qPCR as Semiquantitative Indicator of
Fecal Shedding. To relate fecal shedding to qPCR,
we sought to determine the qPCR cutoff values that
best related to the categories of the semiquantitative
FC. For this, we used the 192 samples with concordant
positive results for both methods. Using a classification
tree model, we aimed to identify the splits in the gPCR
values that provided the purest groups of FC categories
(+, ++, and +++). We implemented the classifica-
tion tree model using R Software (R Core Team, 2016),
specifically the “rpart” package (Therneau et al., 2015).

Strategy of Analysis

Description of Fecal Shedding Traits: Shedding
Patterns, Continuity, and Progression. We used
animals with 4 valid qPCR results to describe the fecal
shedding patterns most accurately. To describe fecal
shedding, a fecal sample was considered MAP-negative
(=) when C, > 40, confidently positive (+) when C,
< 37, and low or nonculturable (*) when C; < 40 and
> 37. With the temporal set of 4 fecal samples per
animal, we described the patterns of several fecal shed-
ding traits using different approaches and classification
criteria. First, we focused on the non-negative, consecu-
tive sampling events per animal (see specific criteria in
Table 4). Hereafter, we refer to these as “fecal shedding
patterns.” Note that “non-negative” refers here to any
sample with C; < 40. Second, we were interested in
exploring the “continuity of shedding” as defined by
Mitchell et al. (2015a). The main criterion for estab-
lishing continuity patterns was the continuity of non-
negative sampling events after the first non-negative
sample (see Table 5). Finally, we determined the pat-
terns that indicated an evolution toward an increased
amount of MAP shed in feces, similar to the patterns
first defined by Schukken et al. (2015) (“progression
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patterns”; Table 6). To describe progression, we applied
the adjusted qPCR cutoff value to be more restrictive
by considering only confidently positive samples. We
also applied the semiquantitative threshold for high
shedding, thus defining progression patterns based on
both confident positivity and evolution toward high fe-
cal shedding.

Description of Serological Patterns. Animals
with 4 valid ELISA results were used to describe se-
rological patterns and their distribution within the
observed fecal shedding patterns, continuity of shed-
ding, and progression. Serological patterns were defined
based on the number of MAP-antibody-positive events
determined by serum ELISA (categories A0 to A4,
meaning zero positive samples to 4 positive samples).

Individual Cow Information. The age, breed,
and parity of the cows were known from the na-
tional database SNIG of the Centre de Traitement de
I'Information Génétique. The age in months at time 1
was calculated; thereafter, animals that continued the
study were classified into age categories (in years) for
data analyses. Breeds in the initial study sample were
Prim’'Holstein (818 individuals), Normande (498 indi-
viduals), crossbreeds (122 individuals) and Pie Rouge
des Plaines (37 individuals). To explore the effect of
parity on fecal shedding and serology, we created the
following categories: nulliparous cows, nulliparous cows
that became primiparous during the study period, pri-
miparous cows, and multiparous cows. Age at time 1
and parity were treated as categorical ordinal variables.

Data Visualization and Statistical Analysis.
We plotted response variables (fecal shedding traits,
serological patterns) against the categorical explana-
tory variables (age, breed, parity) using mosaic plots
implemented in R Software (R Core Team, 2016) with
the packages ggplot2 (Wickham, 2009) and ggmosaic
(Jeppson et al., 2017). Mosaic plots are useful for visual-
izing categorical data: they consist of a set of rectangles
(or “tiles”) that represent the cells in a contingency
table, and the area of each tile is proportional to its
corresponding cell (Hofmann, 2008). We built 2-way
contingency tables to plot 1 explanatory variable versus
1 response variable each time, and to test the null hy-
pothesis of independence in these 2-way tables.

To test whether there was a significant departure
from independence (that is, an effect of the explanatory
variables on the response variables), we aimed to cap-
ture deviations from zero in the Pearson residuals (r), a
measure of discrepancy between observed and expected
values. For this purpose, the statistic we tested was the
maximum of the absolute values of Pearson residuals
(M), because it is “particularly suitable for identify-
ing the cells responsible for the ‘dependence’ (Zeileis
et al., 2007). Following the instructions from Zeileis

Table 4. Criteria used to define fecal shedding patterns and observed frequency (n = 782)
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et al. (2007, 2017) for each combination of response
and explanatory variable, we performed a permutation
test of independence of the maximum statistic using
the package ved (Meyer et al., 2016) in R software (R
Core Team, 2016). We computed the P-value from
the permutation distribution under independence
generated via sampling 5,000 tables using replacement
with the same row and column sums and computing
the maximum statistic for each of these tables, with
a significance level set at o = 0.05. We followed the
same procedure to test the independence of serological
patterns and fecal shedding traits.

In the final study sample, some categories had a
small sample size (for example, only 4 and 2 animals
were in the age categories 10 and 11 yr, respectively).
Despite the fact that the permutation test for inde-
pendence can deal with cell sizes smaller than 5, we
decided to remove those animals from the data visual-
ization and the statistical analyses of the effect of age
on the response variables. We argued that the herd of
origin might play an important role in fecal shedding
traits, so we wanted to avoid potential bias due to some
herds being represented in these categories with a small
sample size. For the same reason, in the analyses of the
effect of breed, we removed the 17 animals of the breed
Pie Rouge des Plaines. Similarly, only 2 animals from
herd H completed the study (Table 3), so they are not
shown in the mosaic plots by herd, and this herd was
not considered in comparisons between herds.

RESULTS

Semiquantitative qPCR Categories
of MAP Fecal Shedding

The pruned classification tree had 2 splits and 3
terminal nodes (Figure 1). In brief, the first split (C,
> 31.12) predicted low fecal shedding (+) in a ter-
minal node with a 17.9% misclassification rate and
93.2% sensitivity. In the next split, the cutoff value
< 27.23 provided the purest classification for high fe-
cal shedding (+++; that is, the smallest number of
misclassified samples). This node was associated with
a misclassification rate of 14.3% and a sensitivity of
76.4% (42 of the 55 high shedders in the total set were
included in this node).

The terminal node that predicted medium fecal shed-
ding (++, 31.12 > C; > 27.23) performed the worst,
with a 53.8% misclassification rate and a 35.3% sensi-
tivity. This result may have been due to the small num-
ber of medium shedders in the data set (34). In light
of the low predictive power for medium fecal shedding,
we decided to combine the low and medium shedding
categories as follows: low or medium fecal shedding (C;

9125

> 27.23) and high fecal shedding (C, < 27.23). Instead
of creating a medium—high shedding category by join-
ing the medium and high shedding terminal nodes, we
preferred to preserve the low misclassification rate of
the high fecal shedding category. This ensured that
most animals classified as high shedders were true high
shedders, even though not all high shedders were clas-
sified as such.

Proportion of MAP Shedders
in the Final Study Sample

Of the animals tested 4 times, 68.2% were con-
fidently positive (C, < 37) at least once during the
study period. This number increased to 88.4% when we
included animals that had “*” at least once, potentially
indicating passive shedders, low or nonculturable MAP
shedding in feces, or both. The initial fecal shedding
proportion (proportion of animals positively detected
as MAP fecal shedders) by herd was known because all
animals older than 12 mo were tested by qPCR in feces
at time 1 of the study. Although all herds had a high
seroprevalence in the previous year, the fecal shedding
proportion varied largely between herds, ranging from
1.5% (herd G) to 61.2% (herd Q; Table 1). This table
also shows the percentage of animals with a C, value
between the adjusted and standard cutoffs at time 1:
that is, the percentage of low or nonculturable samples,
which varied largely between herds (minimum 5.4% and
maximum 43.9%). In 13 herds, the proportion of low or
nonculturable samples was larger than the proportion
of samples with C; < 37 (confidently positive).

Description of Fecal Shedding Patterns

Fecal Shedding Patterns in the Final Study
Sample. We found 80 different permutations of qPCR
categories (4, *, or —) in this longitudinal assessment
of the 782 animals that were successfully followed up
4 times. We classified these qPCR profiles into 6 fecal
shedding patterns, with frequencies, as shown in Table
4. Briefly, those fecal shedding patterns were never
shedder (4 times negative), persistent shedder (4 times
confidently positive), intermediate persistent shedder
(no sample negative, and 1 to 3 samples confidently
positive), transient shedder (3 times negative, 1 time
non-negative), mainly shedder (non-negative at least
2 times consecutively) and intermittent shedder (non-
negative more than 1 time, but not consecutively). The
most frequently observed fecal shedding pattern was
mainly shedder (37.3%); the rest were variably distrib-
uted into the other patterns.

In all herds that participated in the 4 stages of the
study (21 herds), some animals were negative by qPCR

Journal of Dairy Science Vol. 102 No. 10, 2019
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Pruned Classification Tree of FC vs qPCR

gPCR.Ct>=31.12

+

96/16/5

gPCR.Ct< 31.12

+++

7/18/50

gPCR.Ct>=27.23
gPCR.Ct< 27.23
+ F++
6/12/8 1/6/42

Figure 1. Graphic outcome of the classification tree model implemented to find the splits in the quantitative (q)PCR values that best related
to the paired semiquantitative results obtained by fecal culture (FC). Numbers inside the shapes refer to the number of samples classified as +,
++, and +++, respectively, in a specific node. Above these numbers, the predicted category for each node is shown. Classification thresholds
are shown in the corresponding branches, and rectangles indicate terminal nodes. Only the cycle threshold (Ct) <27.23 was used to differentiate

high shedders and low to medium shedders.

at time 1 [specifically, 363 cows of 782 (46.42%)]. The
majority of these cows (approximately 75%) started
shedding MAP in feces at some point during the fol-
lowing 9 to 13 mo. At the first sampling event, 419 cows
were non-negative for MAP fecal shedding assessed by
qPCR. Of those, 57.04% transitioned to negativity (C;
> 40) at some point during the study period.

Fecal Shedding Patterns by Herd. Figure 2 shows
the proportion of fecal shedding patterns by herd. Herds
are kept in the same order in the mosaic plot showing
continuity of shedding, progression, and serological pat-
terns to enable direct comparisons.

We found all 6 fecal shedding patterns in 8 of the
20 herds. Each herd population was fragmented into
at least 4 patterns, with the exception of 1 herd (B),

Journal of Dairy Science Vol. 102 No. 10, 2019

in which we detected only 3 patterns. In 9 herds, all of
the animals surveyed 4 times shed at least once during
the study period. Persistent shedders were present in
14 herds, and in 8 of those they coexisted with never
shedders. We defined 3 main herd types (Figure 2).
First, we observed a type of herd in which never shed-
ders were absent (e.g., Q, R, T, or V). In these herds,
the majority of animals were shedding more than once
(see the accumulated proportion of persistent shedders,
intermediate persistent shedders, mainly shedders, and
intermittent shedders). Conversely, we observed a type
of herd in which persistent shedders were absent (e.g.,
B, G, or U) and a considerable abundance of never
shedders (>37%). However, the abundance of never
shedders was not fully associated with the absence
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of persistent shedders. We found other herds with a
similar proportion of never shedders (e.g., herd C) that
did have a small proportion of persistent shedders. In

Shedding Patterns

0.751

0.50

0.251

Continuity Patterns

0.75+

0.50

0.25
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the third type of herd, the population was highly frag-
mented into the different shedding patterns (e.g., L or
0).

Progression Patterns

0.754

0.50

0.254

1-
0.751 | H i
M A4
A3
0.50 A 25
A1
A0
0.25 1
04

Figure 2. Mosaic plots showing the distribution of fecal shedding traits and serological patterns by herd. For column width reference, herd
K was represented by 11 animals and herd T by 85 animals. In the plot, herds are ordered by descending percentage of “never shedders.” Herds
without “never shedders” are shown in ascending order of percentage of animals shedding consecutively at least twice. NS = non-shedder; TS
= transient shedder; IS = intermittent shedder; MS = mainly shedder; IPS = intermediate persistent shedder; PS = persistent shedder; UN
= unclassifiable; NC = non-continuous; C = continuous; NCS = never confidently shedder; NON-P = non-progressor; CS = constant shedder;
FS = fluctuating shedder; PRO = progressor; A0 = never positive; A1 = positive 1 time; A2 = positive 2 times; A3 = positive 3 times; Ad =

always positive.
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Fecal Shedding Patterns by Animal Charac-
teristics. Visualization of the distribution of fecal
shedding patterns among age categories (in years) at
first sampling did not suggest a clear trend toward
any shedding pattern as age increased (Figure 3). The
permutation test for independence was significant (P =
0.03, M = 3.27), but only 1 cell was responsible for this
effect: the percentage of intermediate persistent shed-
ders was higher at age 1 yr than afterward. Neither the
association of fecal shedding patterns with the main
breeds nor the association with parity category was
significant (Figure 4, P = 0.09, M = 2.16; and Figure 5,
P =027, M= 203).

Description of Continuity of Fecal Shedding

Continuity of Fecal Shedding in the Final
Study Sample. With respect to continuity of shed-
ding, 20.84% of the animals showed no switch in C;
category (that is, —, 4, or * at all times), but the rest
switched categories at least once over the 4 sampling
events. Of the 782 animals, 179 (22.9%) experienced all
3 possible statuses over the 4 sampling events. Of the
295 cows that had a C; < 40 at time 1 and time 2, only
36 were qPCR-negative at time 3 and time 4 (12.2%).

Following the definition of continuity of fecal shedding
established by (Mitchell et al., 2015a), we classified the
qPCR profiles as shown in Table 5. The observed con-
tinuity patterns were continuous shedder (all samples
were non-negative after the first non-negative), non-
continuous shedder (after being non-negative, at least 1
sample is negative), unclassifiable (non-negative for the
first time at the last sampling event) and never shed-
der (4 times negative). We have reported the frequency
of each continuity pattern in Table 5. Non-continuous
shedders were the most frequently observed pattern
(46.9%), followed by continuous shedders (37.9%).

Continuity of Fecal Shedding by Herd. Roughly,
the visualization of continuity patterns by herd showed
that the percentage of continuous shedders increased as
the percentage of never shedders decreased. Continuous
shedders were absent in 1 herd only (herd B; Figure
2). The same herd also had the largest proportion of
never shedders. The continuity results were important
because they provided further insight into the fecal
shedding dynamics in herds S and K, in which a large
proportion of animals were shedding more than once
consecutively but reverted to qPCR negativity; that is,
they were non-continuous shedders.

Continuity of Fecal Shedding by Animal
Characteristics. The visualization of continuity of
fecal shedding by age group did not suggest any clear
indication that continuity was more frequent in older
animals. Only 1 cell was responsible for the significant
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independence of age and continuity: the percentage of
unclassifiable continuity at age 8 yr was higher (P =
0.045; M = 3.05). Note that the “unclassifiable” con-
tinuity refers to animals that were qPCR-negative 3
times and became qPCR-positive (+ or *) at the last
sampling event.

Breed and parity category did not have a significant
effect on continuity (Figure 4, P = 0.07, M = 2.17, and
Figure 5, P = 0.17, M = 1.98, respectively).

Description of Progression Patterns

Progression in the Final Study Sample. In ad-
dition to the fecal shedding patterns and the continuity
of fecal shedding, we were interested in characterizing
the pattern of transition from low or medium shedding
to high shedding. We considered disease progressors
to be animals that were consistently positive after the
first positive result and whose C; value decreased to
the category indicative of high fecal shedding (C, <
27.23, as found by the classification tree model). This
approach was similar to that used by Schukken et al.
(2015), although the authors of that study used the
counts (cfu) obtained by bacterial culture as an indica-
tor of bacterial load.

Based on the C; threshold corresponding to a high
level of shedding detected by FC, animals were assigned
a “0” (non-positive, C; > 37), “+” (low and medium
shedding, 27.23 < C, < 37) or “H” (high shedding, C; <
27.23) in each of their sampling events. We determined
the profile resulting from the 4 sampling events, and
thereafter we classified animals according to the cri-
teria in Table 6 to assess their progression status. The
main progression patterns and their definition criteria
were never confidently shedder (no sample was confi-
dently positive), progressor (all samples were positive
after the first positive, and high shedding increased),
non-progressor (did not increase to high shedding, and
reverted back at least once from the confidently posi-
tive category), constant shedder (always confidently
positive after the first confidently positive sample, but
no increase to high shedding). Less informative progres-
sion patterns were the fluctuating shedder (increased
to high shedding but reverted back from this category)
and unclassifiable (first confidently positive sample at
the last sampling event). Table 6 shows the frequency
of each progression pattern. Only 1 animal was non-
positive after having a high shedding sample, and only
1 animal transitioned from non-positivity to high-level
shedding in just 1 sampling interval.

Progression by Herd. At the herd level, the pro-
portion of high shedders was low (Table 1), ranging
from 0 to 6.9%. All herds except herd I had never
confidently shedders (Figure 2). Eleven herds had pro-
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gressors in them, and in all cases they coexisted with and breed were not significantly different (Figure 3, P
NON-progressors. = 0.24, M = 2.64, and Figure 4, P = 0.12, M = 2.15,

Progression by Animal Characteristics. The respectively). However, we found an effect of the parity
proportions of progression patterns by age categories category (Figure 5, P = 0.03, M = 2.95), with only

Shedding Patterns Progression Patterns
14 14
0.751 0.75-
0.50 1 0.50 1
0.251 0.251
0 04
1 2 3 4 5 678 1 2 3 4 5 678
Age Age
Continuity Patterns Serological Patterns
14 14
0.75- 0.75 1 I

A4

A3
0.501 0.50

A2

A1l

- Cw
0.251 0.25-
0 04

1 2 3 4 5 67& 1 2 3 4 5 67
Age Age

Figure 3. Mosaic plots showing the distribution of fecal shedding traits and serological patterns by age (years) category. NS = non-shedder;
TS = transient shedder; IS = intermittent shedder; MS = mainly shedder; IPS = intermediate persistent shedder; PS = persistent shedder; UN
= unclassifiable; NC = non-continuous; C = continuous; NCS = never confidently shedder; NON-P = non-progressor; CS = constant shedder;
FS = fluctuating shedder; PRO = progressor; A0 = never positive; A1 = positive 1 time; A2 = positive 2 times; A3 = positive 3 times; Ad =
always positive.
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Progression Patterns

1 -
0.75 1 0.75 4
PRO
FS
0.50 0.50 CS
NON-P
UN
0.25 1 0.254 || D NCS
0- 0-
CIB N PIH CIB lil PIH
Breed Breed
Continuity Patterns Serological Patterns
) b E
0.75 1 0.75 1
A4
A3
0.50 0.50 1
A2
A1
o
0.25 1 0.25 1
0q 0
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Figure 4. Mosaic plots showing the distribution of fecal shedding traits and serological patterns by breed. CB = crossbreed; N = Normande;

PH = Prim’Holstein. NS = non-shedder; TS = transient shedder; IS = intermittent shedder; MS = mainly shedder; IPS = intermediate persis-
tent shedder; PS = persistent shedder; UN = unclassifiable; NC = non-continuous; C = continuous; NCS = never confidently shedder; NON-P =
non-progressor; CS = constant shedder; FS = fluctuating shedder; PRO = progressor; A0 = never positive; A1 = positive 1 time; A2 = positive
2 times; A3 = positive 3 times; A4 = always positive.
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Shedding Patterns Progression Patterns
1 -
0.751 0.75-
PRO
FS
0.50 1 0.50 cs
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B UN
0.251 0.25 1 D NCS
0 04
N NP P M N NP P M
Parity Parity
Continuity Patterns Serological Patterns
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0.751 0.754 ]
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Figure 5. Mosaic plots showing the distribution of fecal shedding traits and serological patterns by parity category. N = nulliparous; N-P
= cows that started as nulliparous and transitioned to primiparous during the study period; P = primiparous; M = multiparous. NS = non-
shedder; TS = transient shedder; IS = intermittent shedder; MS = mainly shedder; IPS = intermediate persistent shedder; PS = persistent
shedder; UN = unclassifiable; NC = non-continuous; C = continuous; NCS = never confidently shedder; NON-P = non-progressor; CS = con-
stant shedder; FS = fluctuating shedder; PRO = progressor; A0 = never positive; A1 = positive 1 time; A2 = positive 2 times; A3 = positive
3 times; A4 = always positive.
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Table 7. Distribution of serological patterns by fecal shedding pattern (n = 757)1

Fecal shedding pattern (%)

Serological pattern No. of animals NS TS IS MS IPS PS

Always negative (A0) 637 12.7 21.4 10.8 38.1 13.2 3.8
1 positive (A1) 49 16.3 8.2 6.1 28.6 20.4 20.4
2 positive (A2) 14 14.3 7.1 7.1 14.3 35.7 21.4
3 positive (A3) 18 0 0 0 16.7 33.3 50.0"
Always positive (A4) 39 0 2.6 0 33.3 5.1 59.0"

*P < 0.05, serological pattern positively associated with fecal shedding pattern.
PP < 0.05, serological pattern negatively associated with fecal shedding pattern.
'IPS = intermediate persistent shedder; IS = intermittent shedder; MS = mainly shedder; NS = non-shedder; PS = persistent shedder; TS =

transient shedder.

1 cell significant: the percentage of non-progressors in
the group of cows that started as nulliparous and tran-
sitioned to primiparous during the study period was
higher than in other parity categories. As a reminder,
non-progressors were animals that were infected but
did not transition to high fecal shedding, and reverted
to negativity after being positive.

Serology Results and Their Relation
to Fecal Shedding

We obtained a full set of results (4 qPCR values
and 4 ELISA values) for 757 animals. Table 7 shows
the definition of the ELISA patterns and the number
of animals corresponding to each. The majority of the
animals (84.1%) showed a serology pattern that was
“always negative” (A0). This pattern was present in a
large proportion in all herds and ages. Then, 6.5 and
1.8% of animals were antibody-positive 1 time (Al)
and 2 times (A2), respectively. Patterns A3 and A4
were found in 2.4 and 5.2% of the animals, respec-
tively.

Figure 2 shows the uniformity of distribution of serol-
ogy patterns among herds, conversely to the distribu-
tion of the fecal shedding traits. The serological pat-
terns were independent of age (Figure 3, P = 0.37, M

= 2.47), breed (Figure 4, P = 0.15, M = 2), and parity
category (Figure 5, P = 0.62, M = 1.66).

Table 7 shows the distribution of serological patterns
as a function of the fecal shedding pattern. The permu-
tation test for independence showed a significant asso-
ciation between fecal shedding patterns and serological
patterns (P < 2.2 x 107", M = 10.31). In persistent
shedders, the proportions of serological patterns A4 and
A3 were higher (r = 10.31 and r = 5.75, respectively)
and the proportion of A0 was lower (r = —4.47).

The distribution of serological patterns by continu-
ity patterns is shown in Table 8. Their association was
significant (P = 0.003, M = 10.31); in particular, the
patterns A3 and A4 were more frequent in the group
of continuous shedders (r = 3.90 and r = 4.47, respec-
tively).

We found a significant dependence of serological pat-
terns and progression patterns (P < 2.2 X 107, M
= 11.79); their distribution is shown in Table 9. The
serological pattern A4 was more frequent in progressors
(r = 11.79) and fluctuating shedders (r = 8.54): that is,
categories that implied high shedding. The pattern A3
was more frequent among constant shedders (r = 3.76):
that is, always shedding but no transition to high shed-
ding. The pattern A0 was significantly less frequent in
the group of progressors (r = —3.86).

Table 8. Distribution of serological patterns by continuity of fecal shedding (n = 757)1

Continuity pattern (%)

Serological pattern No. of animals NS UN NC C

Always negative (A0) 637 12.7 4.1 51.0 32.2
1 positive (A1) 49 16.3 2.0 30.6 51.0
2 positive (A2) 14 14.3 7.1 21.4 57.1
3 positive (A3) 18 0 0 5.6 94.4*
Always positive (A4) 39 0 0 17.9 82.1"

*P < 0.05, serological pattern positively associated with continuity pattern.
!C = continuous; NC = non-continuous; NS = non-shedder; UN = unclassifiable.

Journal of Dairy Science Vol. 102 No. 10, 2019
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Table 9. Distribution of serological patterns by progression of fecal shedding (n = 757)1

Progression pattern (%)

Serological pattern No. of animals NCS UN NON-P CS FS PRO
Always negative (A0) 637 36.0 3.9 44.4 15.4 0.2 0.2°
1 positive (A1) 49 26.5 2 30.6 28.6 4.1 8.2
2 positive (A2) 14 21.4 14.3 28.6 71.4 0 0

3 positive (A3) 18 0 0 27.8 55.6° 5.6 11.1
Always positive (A4) 39 2.6 0 20.5 25.6 17.9* 33.3"

*P < 0.05, serological pattern positively associated with fecal shedding pattern.

PP < 0.05, serological pattern negatively associated with fecal shedding pattern.
!CS = constant shedder; FS = fluctuating shedder; NCS = never confidently shedder; NON-P = non-progressor; PRO = progressor; UN =

unclassifiable.

DISCUSSION

This study provides unique data on MAP fecal shed-
ding and its association with serological patterns. First,
we present a more accurate description of fecal shed-
ding patterns by using qPCR, which is a more sensitive
method for detecting MAP than culture because it en-
ables the detection of non-culturable amounts of MAP
shed in feces. Thus, the proportion of animals of the
final study sample found to be shedders is likely higher
than what would be found by FC. For example, the
intermediate persistent shedder category reported here
fluctuated between shedding and low or nonculturable
shedding assessed by qPCR, but was never negative.
This pattern would likely have gone unnoticed by FC.
The fact that we monitored a large number of animals
from many different herds 4 times over approximately
1 yr provided us with extra detail on the MAP fecal
shedding patterns in natural infections. The present
study included a large number of herds (21 herds com-
pleted the follow-up), in contrast to other studies that
surveyed one or a few herds (Benedictus et al., 2008;
Nielsen, 2008; Schukken et al., 2015). Using a large
number of herds allowed us to show the diversity of sce-
narios in high seroprevalence herds, and demonstrate
that even in these contaminated environments, some
animals remained non-shedders over a year (11% of the
final study sample, but >30% in some herds). However,
in other herds all animals were fecal shedders at least
once during the year.

Although 1 yr is a limited time frame compared with
other longitudinal studies that encompassed several
years or even decades (such as Benedictus et al., 2008),
it was our objective to focus on a realistic time period
to aid in the farmers’ decision-making and the control
of disease. Despite the high value of longitudinal field
data highlighted by previous studies (Mitchell et al.,
2015b; Schukken et al., 2015), longitudinal field stud-
ies of MAP in dairy cattle continue to be scarce. The
originality of this labor- and resource-intensive study

resides in the sampling frequency of both feces and sera
in combination with the total duration, and the benefit
of qPCR testing and the recognition of various qPCR
categories that are differently interpreted.

Fecal culture is the closest to a gold standard for
antemortem diagnosis, despite its low sensitivity [es-
pecially in animals that are intermittently shedding
or shedding at low concentrations (Visser, 1999)]. It
is noteworthy that sometimes variations in the semi-
quantitative FC method exist between laboratories (for
example, culture on 4 tubes versus 3 tubes), which can
also influence the outcome of this test (Crossley et al.,
2005). Although FC is sometimes considered the gold
standard, qPCR and ELISA are the surveillance tools
used most often (Delafosse et al., 2019; Geraghty et
al., 2014). Quantitative PCR is less laborious than FC
and less time- and resource-consuming, thus providing
numerous advantages. Quantitative PCR assays have
shown a superior sensitivity (77.6; 95% CI: 73.2-82.0)
to culture on fecal samples from previously identified
infectious cows (Laurin et al., 2015).

When using qPCR to detect MAP in feces, the pas-
sive shedding or “pass-through” phenomenon, and the
ability of qPCR to detect DNA from nonviable bacte-
ria must be considered. For this reason, some studies
choose a cutoff C, value that optimizes the accuracy
of the qPCR by comparing results to those of a refer-
ence diagnostic test, as we did for the present study.
Although this procedure is generally well founded,
it may cancel out some of the advantages of qPCR
by equalizing results with the less sensitive FC. The
qPCR results from Kralik et al. (2014) showed that the
amount of MAP shed by passive shedders is comparable
to that shed by truly infected low shedders. In addition,
because neither FC nor tissue culture is highly sensitive
(Pavlik et al., 2000), a truly infected animal could be
MAP-negative by culture (tissue or fecal) but positive
by qPCR.

In our study, a considerable number of animals—al-
most 20% of the final study sample—were positioned at
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least once between the adjusted and the standard cut-
off value without ever being confidently positive. Given
the global interest in the control of paratuberculosis
and the efforts put into this mission, this fraction of
the cattle population cannot be neglected. A biologi-
cally sensible interpretation of results in this C, range
is needed; otherwise, potentially important information
may be lost by assigning those animals to non-shedder
status. If animals in this C; range were passive shed-
ders, we would expect their proportion to be smaller
than that of shedders. This happened in 9 herds, but
in 13 herds the proportion of “low or nonculturable
shedders” surpassed the proportion of “confident shed-
ders” (C, < 37). We cannot rule out the possibility that
passive shedders are being included in the C; range 37
to 40, but herds with a high proportion of animals in
this C, range must be composed at least partially of
true low shedders. The proportion of animals in the
C, range 37 to 40 varied largely between herds (Table
1) but also within herds, in the different phases of the
study (data not shown). This finding also suggests in-
termittent shedding due to a true infection rather than
a pass-through. Another finding that supports the link
between the C; range 37 to 40 and “real” shedding is
that herd I was the only herd with no never confidently
shedders (animals with C; > 37 at all times) and also
the herd with the largest proportion of animals that
shed at least twice consecutively (4 or *).

Missing the diagnosis of a low shedder implies keep-
ing an infectious animal on the farm that will likely
stay undetected (subclinical shedding) until at least
the next sampling event. The use of qPCR and the
establishment of a category such as “low or noncultur-
able MAP shedder” may fill in this gap. Future research
should explore whether this qPCR category can be an
early predictor of a “confidently positive” qPCR result
or a positive FC result, either alone or in combination
with other tests and animal information. For farmers
that implement test-and-cull strategies, it is advisable
that labs report qPCR results with mention to the
standard and the adjusted cutoff value, as well as the
cutoff value indicative of high shedding. A semiquanti-
tative interpretation of consecutive tests would provide
useful information for decisions and for prioritizing the
culling of certain animals.

In the present study, the semiquantitative use of
qPCR was crucial for establishing a category of high
shedding and describing progression patterns. The cut-
off value we obtained to refer to high shedders (<27.23)
was in the range of results obtained by other studies.
For example, Leite et al. (2013) reported that high FC
counts (>100 cfu/tube, same criterion we used) was
mainly related to C; values between 24 and 30 with the
use of a qPCR targeting the IS900 gene. For the present
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study, we investigated a subset of 34 fecal samples that
were too numerous to count by FC to determine the
bacterial load by means of bacterial enumeration (data
not shown). Out of these, 29 showed a value of >1,000
cfu/g, and thus were either heavy or super-shedders
as defined by Fecteau and Whitlock (2010); our qPCR
cutoff value for high shedding successfully detected 23
of those 29. Thus, the semiquantitative use of qPCR
can aid in the detection of high shedders in control
programs. Heavy shedders are thought to contribute
largely to contamination of the farm environment, and
they can also transmit MAP to other adults (Pradhan
et al., 2011; Schukken et al., 2015). However, the mag-
nitude of the effect of MAP super-shedders has been
questioned (Mitchell et al., 2008; Slater et al., 2016),
and other sources of infection likely affect the persis-
tence of MAP in dairy herds. Given that young ani-
mals become infected with a lower infectious dose than
adults (McKenna et al., 2006), that animals exposed to
lower doses may require several years before the signs
of infection develop (Begg and Whittington, 2008), and
that this bacterium has high environmental persistence,
undetected low shedders can be an explanation for the
on-farm infection persistence and the inability to suc-
cessfully eliminate the infection.

Although we grouped the 80 different qPCR profiles
we obtained (that is, combination of results of 4 events)
into 6 fecal shedding patterns, many other possibilities
could have described fecal shedding that would yield
more numerous patterns. For example, we considered
“47 and “*” similarly, but one could take into account
this variation to define further patterns that indicate
reversal of positivity, transition from low or noncultur-
able shedding to confidently positive, and vice versa.
However, this large heterogeneity would have resulted
in a small number of animals showing the same pat-
tern, and forced us to group their profiles using broad
criteria. Some of the categories of fecal shedding we
used were comparable to those used by Nielsen (2008):
for example, never shedders. Nielsen (2008) reported
that 79% of the cows were never MAP-positive by FC,
whereas in our study only 11.6% of the cows were never
shedders by qPCR. However, comparisons need to be
made cautiously, because we targeted animals that
were highly likely to be infected in herds with a high
seroprevalence in the previous year and used a more
sensitive detection technique.

Surprisingly, in our study we found a large diversity
in the herd distribution of fecal shedding patterns (Fig-
ure 2). These results were encouraging, because in spite
of showing a high seroprevalence in the previous year,
some herds managed to have a high percentage of never
shedders. The fact that the proportion of intermediate
persistent shedders was higher in 1 yr olds than in older
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animals suggests that this pattern was a transition from
latency to fecal shedding, and that other fecal shedding
patterns would be established in those animals later in
life.

With respect to continuity of fecal shedding, Mitchell
et al. (2015a) reported that in natural infections <5%
of cows switched between no shedding and low shed-
ding as assessed by FC (defined as “intermittent shed-
ders,” but in this paper referred to as “non-continuous
shedders”). Conversely, in the cows we surveyed, we
detected a high rate of animals that switched to qPCR
negativity after being positive. In addition, almost
23% of the animals showed all 3 statuses assessable by
qPCR (+, *, —) over the study period. Our selection of
high-prevalence herds was likely to be responsible for
the higher observed infection proportion, as well as the
use of qPCR rather than FC, because qPCR is better
at detecting switches from negativity to low shedding.
The increased percentage of animals at age 8 yr that
switched from negativity to positivity by the last sam-
pling event (———4 and ———%* profiles) suggests the
existence of a tipping point, at which animals that were
experiencing a long incubation period start shedding
MAP in feces. This has to be taken into account when
considering whether to keep a cow older than 8 to 9 yr.

As expected because of the heterogeneity of MAP
infection states, only a small percentage of the studied
animals were progressors. However, we were surprised
to find that animals aged 1 yr at the start of the study
developed high shedding and even transitioned to pro-
gression. According to Mitchell et al. (2015a), naturally
infected cows typically become high shedders after age
5 yr. The finding that cows that became primiparous
during the study were more frequently non-progressors
suggests the existence of 2 distinct cow populations:
animals whose pattern is established before the first
calving and animals that transition to their progression
pattern afterward. These results show the importance
of surveying young and nulliparous cows in high-
prevalence herds, and the utility of a semiquantitative
interpretation of qPCR to target the removal of young
animals that are high shedders.

For all these fecal shedding traits, we found that
patterns that implied a switch in qPCR category were
most frequent. Given that a single positive qPCR result
most likely reflects a transitory status, decision-making
to find a compromise between disease control and eco-
nomic factors is further complicated. Continuity of fecal
shedding may be a better indicator of a trend toward
persistence of infection, because animals that shed (C;
< 40) at least twice consecutively rarely reverse to a
durable negativity. High shedders also rarely revert to
negativity (only 1 case). Thus, an approach might be to
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test for fecal shedding by qPCR, cull animals that are
high shedders, and then perform a second fecal gPCR
of positive animals within 4 mo to cull those that are
positive a second time. Conversely, a qPCR result with
C, > 37 is highly indicative of the absence of high shed-
ding in the following months.

The fact that more than 80% of the final study sample
was ELISA-negative 4 times, whereas 68% were qPCR
confidently positive at least once, is clearly indicative of
the mismatch between serology and qPCR. This finding
was in line with the results of Schukken et al. (2015),
in which only 1.4% of samples were serologically posi-
tive, whereas 16.7% of tissue samples at slaughter were
culture-positive. In fact, to overcome this mismatch
between ELISA and qPCR, adjustment of the ELISA
cutoff value may be necessary, as implemented by Jubb
(2005) and Delafosse et al. (2019), among others. Also
the establishment of multiple cutoff values (and thus of
categories other than “positive” and “negative”) could
be helpful in finding a link between serology results and
fecal shedding. Because ELISA is a tool commonly used
in control programs and is affordable, finding a correla-
tion between serological and fecal shedding patterns is
of major interest. Although imperfect, ELISA can be
used to detect major patterns. We found that quarterly
serological tests over a year can be used to detect ani-
mals that are shedding continuously, in high quantities,
or both. This is important, because those shedding
patterns rarely reverse to negativity. The serological
pattern A4 in particular indicated persistence of fecal
shedding and high shedding. In line with this, Schukken
et al. (2015) found an increase in optical density values
in progressors as the counts increased. Serological pat-
tern A3 was also related to persistent and continuous
shedding, but not to high shedding. Thus, by the third
ELISA-positive sample, one can strongly recommend
removing the animal. Because it is not practical or re-
alistic for a commercial farm to collect and test 3 blood
samples per year, ELISA tests could be implemented
on individual milk samples. These are easier to collect
and cheaper to test. Of course, implementation of such
a sampling schedule depends on the economic value of
the individual and the presence of a coherent test-and-
cull strategy in a farm. In the case of farms that are
highly infected and have just started a control plan, we
advise prioritizing the removal of progressors by detect-
ing them with a fourth positive ELISA test. A pattern
of 4 times negative (A0) conversely indicates a low
probability of persistent shedding and of progression.

Individual milk ELISA patterns have been described
by Nielsen (2008) to explain the probability of a cow
testing positive by FC after a positive ELISA result.
That study found that 2 or more ELISA-positive tests
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suggested a higher probability of fecal shedding, similar
to our findings in serological patterns. Beaver et al.
(2017) found a strong correlation between individual
milk ELISA positivity and positive fecal PCR in pro-
gressors from 2 low-prevalence herds. Further research
is needed in different scenarios (for example, high-prev-
alence herds) to elucidate the utility of individual milk
ELISA to identify fecal shedding patterns. Individual
milk ELISA can be an interesting alternative to serum
ELISA, but Eisenberg et al. (2015) report that changes
in milk yield strongly influence the concentration of
MAP antibodies in milk, among other limitations.

For the present study, we enrolled commercial dairy
farms that functioned normally. The research team did
not interfere in any of the farmers’ decisions, and the
farmers did not receive the test results until the end of
the study. Thus, we do not believe that positive ani-
mals, especially high shedders, were underrepresented
because of early culling. Infected animals could have
been more likely to be removed because of decreased
milk production and decreased fertility, but this would
also have been the case in commercial herds that did
not have a test-and-cull regimen in place. However, we
cannot know how differences in disease management
and decisions may have affected the composition of
our study sample and the outcomes of the study. Some
effects may be masked by differences in herd condi-
tions, particularly the prevalence and percentage of
high shedders, as well as herd size, because larger herds
were more likely to contribute more animals to the final
study sample. This may also explain the large variation
in pattern distribution between herds, even though all
herds had high seroprevalence the year before the study.

This study provides baseline data for the identifica-
tion of early predictors of fecal shedding patterns and
high shedding. The ability to detect highly infectious
animals early and predict their future fecal shedding
in a short time frame would help in the management
of disease in the farm population and enable rapid re-
sponses to prevent the spread and persistence of the
pathogen. In particular, we envision complementing
these data with further research into which combina-
tion of herd-level and cow-level variables (diagnostic
tests and individual characteristics) can best pre-
dict high and persistent shedding to aid in farmers’
decision-making and advise in the control programs. In
contrast to experimental studies that provided detailed
data on multiple immunological assays that were not
currently in place in France, we obtained relevant data
with diagnostic tools already implemented by French
regional control programs (Coursaget, 2009); thus, the
results from our study have a high potential for direct
applicability.
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