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The objective was to evaluate the association between the severity
of histopathological lesions caused by Mycobacterium avium subspecies
paratuberculosis (MAP) infection and the molecular diversity of this pathogen.
Blood, ileum, and mesenteric lymph node samples were collected at slaughter,
from 1,352 adult cattle [source population 1 (SP1)]. In addition, 42 dairy herds
(n = 4,963 cows) were followed for 2 years, and samples from compatible
paratuberculosis clinical cases [source population 2 (SP2)] were collected.
MAP infection was confirmed using an ELISA test, liquid media culture, and
PCR. Isolates were genotyped using five MIRU-VNTR markers. Tissues from
confirmed samples were subjected to a histopathological examination. A
histopathological severity score (HSS) system was developed and used to
grade (0 to 5) the magnitude of lesions caused by MAP. In general, the HSS
system assesses the number of foci and degree of macrophage infiltration,
together with the presence of multinucleated giant cells (MGCs) and acid-fast
bacilli (AFB), in addition to the fusion of the intestinal villi and hyperplasia
of the crypts. Despite the large sampling effort, only 79 MAP isolates were
successfully genotyped, where 19 different haplotypes were described. A
mixed-effect Poisson regression model was used to assess the relationship
between haplotypes and HSS values. The model was controlled by animal age,
and the farm was used as a random effect. Haplotypes were grouped based
on their relative frequency: the most frequent haplotype (group i, 49.4%), the
second most frequent haplotype (group ii, 12.7%), and all other haplotypes
(group iii, 37.9%). Model outputs indicated that group i had significantly higher
HSS values than group iii. In addition, group i was also associated with
higher optical density (OD) values of the ELISA test. These results support the
existence of differences in pathogenicity between MAP haplotypes. However,
results were based on a relatively small sample size; thus, these should be
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taken with caution. Despite this, study findings suggest that haplotypes would
be associated with differences in disease progression, where the dominant
haplotype tends to generate more severe lesions, which could be linked to
a greater shed of MAP cells than non-dominant haplotypes, increasing their
chances of transmission.

Mycobacterium avium subspecies paratuberculosis, MIRU-VNTR, histopathological
lesions, score, dairy cattle

1. Introduction

Paratuberculosis (Ptb) or Johnes disease is a chronic
granulomatous enteritis caused by Mycobacterium avium subsp.
paratuberculosis (MAP), which affects all ruminant species
in practically all countries around the world (I, 2). Among
domestic ruminants, MAP infection is widespread, where high
herd-level prevalence has been reported in dairy cattle herds
in the USA, Denmark, Ireland, Chile, and Italy, for example
(3-7). From an economic point of view, MAP infection has
been associated with important losses, mainly due to a decrease
in milk production and the early elimination of animals
(8). For example, in the USA dairy sector, an annual loss
of US$ 200 to US$ 250 million was estimated in the early
2000s (9).

Current knowledge indicates that MAP is transmitted
between animals mainly by the fecal-oral route (10), where
the primary source is infected adult animals. In this sense,
the infection spreads by the elimination of MAP in the feces
of infected animals (11), which can contaminate soil, grass,
food, and water (12). In addition, milk from infected females
represents another source of infection. Moreover, pseudo-
vertical transmission has also been described, where a calf is
infected during delivery, or soon after (13). Delivery together
with the 15t weeks of life represents the main infection risk
period for susceptible animals (14). Despite MAP transmission
to a new host commonly occurring during the 15 months of
life, clinical disease is commonly observed in animals between
3 and 5 years, usually in the postpartum period. Although the
clinical phase can lead to animal death or culling, a significant
proportion of infected animals remains in a subclinical state
throughout their productive life (11). Currently, there is not
a complete understanding of why some animals will progress
toward a clinical phase, while others will not show any sign
of the disease. It is assumed that the progression toward the
clinical phase is related to host and environmental factors, as
well as factors related to the agent (15). Among the factors
associated with the host, variation in the presentation of the
clinical phase has been explained by the age at which the
first infection occurs, the infective dose, the stress caused by
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associated diseases, births, and/or lack of adequate feed, in
addition to host genetic resistance, among other causes (11,
16, 17). In contrast, there is little information on the effect of
the agent on the presentation of the clinical disease, and this
is mainly based on laboratory-based studies. In particular, it
has been observed that MAP survival in macrophages in cattle
would be somewhat determined by the type of strain (18),
which also could determine variations in the host’s immune
response (19, 20). Similarly, studies in deer and sheep have
reported changes in virulence, according to the type of MAP
strain present (21-23). In general, the study of factors affecting
the presentation of clinical disease has been hampered by the
difficulties of conducting longitudinal studies for this disease.
Specifically, clinical disease is characterized by a long incubation
period and a relatively low incidence despite its widespread
infection (7). Thus, the necessary number of animals to be
enrolled and the duration of the study required to observe the
effect of relevant factors are prohibitive. In contrast, MAP is
characterized by a low genetic diversity, where it is commonly
considered that classical molecular techniques lack enough
discriminatory power to conduct meaningful epidemiological
studies. Despite this, two of the most employed typing methods,
short sequence repeat (SSR) and the mycobacterial interspersed
repetitive unit variable-number tandem repeat (MIRU-VNTR),
have been used to describe MAP diversity, host preferences,
and the association with histopathological lesions (24-27). In
particular, those methods allow the typing of MAP isolates based
on the number of copies of specific markers in their genome
(28, 29).

Although clinical signs are commonly not observed,
histopathology techniques allow to study the variations in the
lesions caused by MAP in different tissues, and at different
stages of the infection. Specifically, it is possible to classify
and rate the histopathological changes according to the severity
of the lesions, mainly based on the number of macrophages,
type of inflammatory cells, and level of intestinal villi damage
(30). Thus, a histopathology severity score (HSS) system for the
graduation of lesions was proposed by Clarke et al. (31, 32).
That system has been used for the study of MAP infection
in red deer (Cervus elaphus), with the aim of classifying
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and comparing histopathological differences between infected
subjects (23). The combination of MAP molecular diversity
and histopathological data could provide relevant information
on the association between MAP subtypes and the evolution
of the infection toward the clinical stage, where this approach
could elucidate, in part, if some MAP subtypes/strains are
more pathogenic than others. In this way, the objective of this
study was to evaluate the association between the severity of
histopathological lesions in cattle and the MAP subtype isolated
from those lesions.

2. Materials and methods

2.1. Target population and experimental
design

The target population was defined as adult dairy cattle
(8 teeth) from farms in southern Chile (Los Rios and Los
Lagos regions), which concentrate approximately 78% of Chile’s
milk production (33). Two source populations (SPs) were
considered. The first one (SP1) corresponded to animals that
met the mentioned age and origin criteria, and that were
delivered to the main meat-processing plant in Los Rios
Region over the sampling period. The second population (SP2)
corresponded to field-level euthanized cattle that presented
clinical signs compatible with Ptb (from dairy farms located in
the study regions). From both source populations, biological
samples corresponding to ligated segments of the ileum
terminal portion were collected along with its associated
lymph node, in addition to blood obtained during the
animal bleeding (SP1), or by puncture of the coccygeal
vein (SP2).

In the case of SP1, all cows that met the inclusion criteria
were subjected to sample collection. Specifically, ileum and
mesenteric lymph node (MLN) samples were collected in
individual nylon bags, after handling with sterilized materials.
Once identified and labeled, together with the associated
blood samples, they were transported in cooler containers
(within the next 6h) to the Laboratory of Infectious Diseases
of the Preventive Veterinary Medicine Department, at the
Austral University of Chile. Upon arrival, blood samples were
subjected to ELISA testing, and tissue samples from ELISA-
positive animals were eligible for further histopathological
and microbiology analyses. Specificall, MLN and ileum
samples were divided into two portions. One portion was
placed in a jar with 10% formalin for histopathological
examination at the Animal Pathology Department of the
Austral University of Chile, while the remaining portion was
subjected to individual microbiological culture in a liquid
medium. Positive culture samples were subjected to a PCR
assay to confirm the presence of MAP. Finally, isolates from
confirmed samples were typed using the MIRU-VNTR method.

Frontiersin Veterinary Science

03

10.3389/fvets.2022.962241

In contrast, tissues associated with negative ELISA samples were
discarded following the biological waste disposal protocol of
the Austral University of Chile. The use of biological material
from abattoirs, as well as the sampling and euthanasia of
clinical animals at the farm level, were authorized by the
Animal Bioethics Committee of the Austral University of
Chile (N°194/2014).

2.2. Serology, microbiology, and
molecular typing analyzes

All blood samples were analyzed using the ELISA IDEXX
Paratuberculosis Screening Ab Test. Samples were tested
according to the manufacturer’s instructions for cattle sera.
Results were interpreted by measuring the optical density
(OD) using an ELISA reader (BioTek Instrument, Inc. VT,
USA) with a 450 nm filter. The absence/presence of anti-MAP
antibodies was determined by calculating the OD sample to the
positive ratio (S/P) with a cut-off of 0.50. Tissue microbiological
culture was performed on samples from ELISA-positive animals.
The culture was carried out using the MGIT Bactec system
(Becton Dickinson, Sparks, MD), where tissues were prepared
following the manufacturer’s recommendations and inoculated
in tubes with MGIT ParaTB media containing supplements and
antibiotics according to the manufacturer’s instructions (Becton
Dickinson, Sparks, MD). Specifically, each tube contained 7 ml
of Middlebrook 7H9 broth base modified with Mycobactin |
and a fluorescent oxygen indicator embedded in silicone at the
bottom of the tube. For each tube, 800 pl of MGIT ParaTB
supplement, 500 pl of egg yolk suspension (Becton Dickinson,
Sparks, MD), and 100 pl of VAN cocktail (Becton Dickinson,
Sparks, MD) were added, resulting in final concentrations of 10
pg / ml vancomycin, 40 pg/ml of amphotericin B, and 60 pug/ml
of nalidixic acid. Each inoculated MGIT tube was introduced
into the MGIT Bactec system and incubated at 37°C for 49 days
or until the instrument yielded a positive signal. In that case, the
presence of MAP was confirmed through a PCR assay targeting
the IS900 insertion sequence following the protocol described
by Salgado et al. (34). Finally, in samples where the presence of
MAP was confirmed, the bacterium was isolated and subjected
to molecular typing using the MIRU-VNTR method (35). In
particular, five markers were targeted (VNTR-292, VNTR-X3,
VNTR-47, VNTR-3, and VNTR-25), which in a previous study
have shown to be the markers with the greatest discriminatory
power, under the conditions present in Chile (36). For each
marker, a conventional PCR assay was carried out following
the protocol proposed by Thibault et al. (35), and the number
of repetitions was estimated through its molecular weight by
electrophoresis. The unique combination of repetitions of each
marker represents a specific haplotype profile, which was used as
an indicator of a given MAP subtype.
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TABLE 1 General criteria description of the histopathological severity score (HSS) system for lesions of ileum and mesenteric lymph nodes (MLN) of

dairy cattle infected with Mycobacterium avium subsp. paratuberculosis.

Grade lleum MLN

0 No lesions compatible with Ptb No lesions compatible with Ptb

1 Focal to multifocal (1-5 foci) and mild (<20% of the tissue section) Focal to multifocal (1-5 foci) and mild (<20% of the tissue section)
infiltration of macrophages, with or without multinucleated giant cells infiltration of macrophages, with or without multinucleated giant cells
(MGC) within the intestinal mucosa and/or Peyer’s patches. Up to 10 (MGC) within the tissue (except the capsule). Up to 10 acid-fast bacilli
acid-fast bacilli

2 Multifocal (>5 foci) and moderate (20-50% of the tissue section) Multifocal (>5 foci) and moderate (20-50% of the tissue section)
infiltration of macrophages, with or without MGC within the intestinal | infiltration of macrophages, with or without MGC within the tissue
mucosa and/or Peyer’s patches. Up to 10 acid-fast bacilli per (except the capsule). Up to 10 acid-fast bacilli per macrophage or MGC
macrophage or MGC

3 Focally-extensive (coalescing foci with poorly delineated margins) and Focally-extensive (coalescing foci with poorly delineated margins) and
moderate (20-50% of the tissue section) infiltration of macrophages, moderate (20-50% of the tissue section) infiltration of macrophages,
with or without MGC within the intestinal mucosa and/or Peyer’s with or without MGC within the tissue (except the capsule). Up to 10
patches. Up to 10 acid-fast bacilli per macrophage or MGC acid-fast bacilli per macrophage or MGC

4 Diffuse (ill-defined and poorly delineated) and severe (>50% of the Diffuse (ill-defined and poorly delineated) and severe (>50% of the
tissue section) infiltration of macrophages, with high numbers of MGC | tissue section) infiltration of macrophages, with high numbers of MGC
within the intestinal mucosa and/or Peyer’s patches. More than 10 within the tissue (except the capsule). More than 10 acid-fast bacilli per
acid-fast bacilli per macrophage or MGC. Marked atrophy and fusion macrophage or MGC
of intestinal villi and crypt hyperplasia may be present

5 Organized granulomas with a necrotic center within the intestinal Organized granulomas with a necrotic center within the tissue (except
mucosa and/or Peyer’s patches. More than 10 acid-fast bacilli per the capsule). More than 10% acid-fast bacilli per macrophage or MGC
macrophage or MGC. Marked atrophy and fusion of intestinal villi and
crypt hyperplasia may be present

2.3. Histopathology and severity score
system

Tissue samples from ELISA and culture-positive animals
were subjected to histopathological assessment. MLN and
ileum tissues were fixed in formalin 10% and processed
following the methodology described by Luna (37), where tissues
were laminated obtaining sections 4-5pm thick and treated
with hematoxylin/eosin and Ziehl-Neelsen staining. Individual
cassettes were prepared for ileum and MLN samples, thus
handling separate plates for each tissue. These were examined
using optical microscopy, under various magnifications (4X,
10X, 40X, 60X, and 100X). The objective of this analysis was
to describe the lesions present in the selected tissues and
to assign a weighted score that represents the magnitude of
histopathological visible lesions. To perform this graduation,
the HSS proposed by Clark et al. (31, 32) for cervids was
used as a model and adapted to cattle in this study. In
general, lesions were scored based on the number of foci and
degree of macrophage infiltration, together with the presence
of multinucleated giant cells (MGCs) and acid-fast bacilli
(AFB), in addition to the fusion of the intestinal villi and
hyperplasia of the crypts. This HSS system uses an ordinal
scale from zero (no damage compatible with Ptb) to five.
Table 1 shows the histopathological criteria used to assign each
score to the lesions. Supporting images have been included as
Supplementary material A.
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2.4. Data analysis

Haplotype frequencies were cross-tabulated by source
population, along with descriptive statistics of HSS values for
each SP and sample type. The weighted Cohen’s kappa value
was calculated to estimate the agreement between HSS values,
from pairs of ileum and MLN samples. The Mann-Whitney U-
test was used for the comparative analysis of the HSS values
between ileum and MLN samples, or between SP. The Simpson’s
diversity index (DI) was calculated to assess the discriminatory
power of the MIRU-VNTR markers used (all isolates were
considered, independently of the farm of origin). A minimum
spanning tree (MST), together with the proportional similarity
index (PSI), was used to evaluate differences in haplotype
frequency distributions between the SP. The association between
MAP haplotypes and the severity of compatible lesions was
performed using a mixed-effect Poisson regression model, where
the HSS value corresponded to the response variable, whereas
the haplotype profile corresponded to the explanatory variable.
For this purpose, the model was controlled by animal age,
and the haplotype profiles were grouped into three categories
(groups), being: (i) the most frequent haplotype, (ii) the second
most frequent haplotype, and (iii) all other haplotypes. Given
that multiple samples could be collected from the same dairy,
farm-ID was used as a random effect to control for collinearity
between samples. In addition, the association between the
haplotypes groups (i, ii, and iii) and the time to detection
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TABLE 2 Copy numbers for the five MIRU-VNTR markers used for the strain-typing of Mycobacterium avium subspecies paratuberculosis

(MAP) isolates.

10.3389/fvets.2022.962241

Haplotype VNTR 292 VNTR X3 VNTR 25 VNTR 47 VNTR 3 Frequency % Group
A 3 2 3 3 2 39 49.4 i
B 4 2 3 3 2 10 12.7 i
C 1 1 3 3 2 2 25 iii
D 2 1 3 3 2 2 25 iii
E 3 1 3 3 2 3 3.8 iii
F 3 2 2 3 1 2 25 iii
G 3 2 2 3 2 2 25 iii
H 3 2 3 4 2 1 1.3 iii
1 3 2 4 3 1 1 13 iii
J 3 2 4 3 2 4 5.1 iii
K 3 3 3 3 1 2 25 iii
L 3 3 3 3 2 2 25 iii
M 3 3 3 3 3 1 1.3 iii
N 3 4 4 3 2 1 13 iii
o 4 2 2 3 3 1 13 iii
P 4 2 3 3 1 2 25 iii
Q 4 2 4 3 2 1 13 iii
R 4 2 4 3 3 1 13 iii
S 4 3 3 3 2 2 25 iii

Absolute and relative frequency of the 19 haplotypes formed by the combination of the five MIRU-VNTR markers. And grouping of haplotypes. Group i: Most common haplotype, Group
ii: second most frequent haplotype, Group iii: rest of the observed haplotypes combined into a single group.

(TTD) in the MGIT Bactec system, or to the S/P value of
the ELISA test were assessed using a Kruskal-Wallis test. Post-
hoc comparisons were performed using a pairwise Wilcox
test. All statistical analyses were carried out using R software
v 4.0.2 (38).

3. Results

In SP1, 1,352 cows were sampled at the abattoir level,
from 44 different farms, between July and August 2017. From
those sampled animals, 106 were ELISA positive, while the
presence of MAP was confirmed in 74 animals. In contrast,
SP2 samples were obtained from a longitudinal MAP study
(7), which follow-up 42 dairy farms with a total population of
4,963 adult cows. Although a 1.1% annual incidence of clinical
disease was estimated in this population (7), tissue samples
for histopathology were obtained from only 11 confirmed
clinical cases (from 11 different farms), mainly due to follow-
up difficulties that precluded timing sample collection before
animals were culled by farmers. In this way, both subpopulations
yielded a total of 85 MAP-confirmed samples, with tissue
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samples available, from which successful MIRU-VNTR typing
was obtained from a total of 79 samples.

The typing method divided MAP isolates into 19 profiles
(Table 2), with a DI of 0.74 for the five MIRU-VNTR markers
used. Despite this, the two most dominant haplotypes (groups
i and ii) represented 49 and 13% of the isolates, respectively.
The SP1 presented 18 different haplotypes (haplotype Q was not
observed), whereas SP2 had four different haplotypes (A, E, E
and Q). Moreover, the MST analysis indicates that the two main
haplotypes present a very low genetic distance between them
(Figure 1), where only one repetition in the VNTR-292 marker
differentiates them. The comparison of haplotype distributions
between subpopulations (SP1 vs. SP 2) indicated a probability
(PSI) 0f0.21 (95% CI: 0.03-0.45) of both subpopulations sharing
the same haplotypes.

The HSS distributions across sample type and SP are shown
in Figure 2. Moreover, age and HSS descriptive statistics are
shown in Table 3, where no significant age differences (p = 0.84)
were observed between SP. Conversely, HSS values presented a
statistical difference between SP, for both sample types, where
SP2 presented significantly higher scores than SP1 (Table 3).
Similarly, HSS values between sample types showed a significant
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FIGURE 1
Minimum-spanning tree based on five MIRU-VNTR markers
representing the clustering of 79 Mycobacterium avium
subspecies paratuberculosis (MAP) isolates from subpopulation
1 (yellow) and subpopulation 2 (green). Line thickness represents
the genetic distance between the haplotypes (x-axis). Alphabetic
letters represent the haplotypes as presented in Table 2.

difference (p < 0.001), where intestine samples presented higher
HSS values than MLN samples. In particular, HSS values of
ileum and MLN samples had a weighted kappa value of 0.58
(95% CI: 0.53-0.62), indicating weak agreement between them,
despite having been obtained from the same subject. Additional
information on HSS and OD distributions by haplotype
is presented in Supplementary material B. The multivariate
analysis, which modeled HSS values across the grouped
haplotypes, indicated a statistical difference between the most
frequent haplotype (group i) vs. all other haplotypes (group iii),
where the dominant haplotype presented significantly higher
HSS values (Table 4). Finally, no statistical differences were
observed between groups (i, ii, and #ii) and TTD. However,
significantly higher OD values were observed in group i when
it was compared with values from group iii (p = 0.049).

4. Discussion

This research aimed to assess the relationship between
MAP haplotypes and the severity of histopathological lesions
associated with this infection. The novelty of the present
research lies in the combination of a well-established genotyping
technique such as MIRU-VNTR, with an HSS system. This
allowed a semi-quantitative assessment of the severity of the
lesions in relation to the disease progression. Model outcomes
indicate that the dominant haplotype was associated with
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the presentation of more severe histopathological lesions and
elicited a stronger immune response in comparison to the
grouped non-dominant haplotypes (group iii). Thus, results
support the hypothesis that there are pathogenic differences
between MAP haplotypes. However, the results were based
on a relatively small sample size; thus, larger sampling efforts
would be required to confirm these findings. In addition, the
HSS system would require validation by other researchers, to
measure potential interpretation differences between research
groups that could lead to differences in HSS values. Therefore,
further research on this subject is needed. Despite these
limitations, the study’s findings suggest that haplotypes are
associated with differences in disease progression. In contrast,
it is important to highlight that group iii is composed of 17
haplotypes (out of 19), with individual frequencies between
1.3 and 5.1%, representing 37.9% of all observed haplotypes.
Thus, it can be inferred that MAP isolates belonging to
group iii have a lower transmissibility than isolates from the
two dominant haplotypes. Moreover, it should be noted that
evidence supporting differences in the ability to cause disease
between MAP isolates has not been robustly documented
and it has been mainly based on in vitro experiments using
animal and cellular models (18-23), where MAP isolates were
typed through methods with relatively lower discriminatory
power. Conversely, the present results are based on field study.
Mobius et al. (25) conducted a relatively similar study, assessing
the relation between genotyped field isolates and macroscopic
lesions, reporting a statistical association between macroscopic
lesions and individual combined genotypes. Specifically, they
observed that one of the most frequent genotypes around the
world [IS900-RFLP-(BstEIIl)-Type-C1] was more prevalent in
animals with macroscopic lesions. In this sense, our approach
goes further, increasing the level of detail in the assessment of
the lesions associated with MAP infection.

Even though the study was based on the sampling of two
different source populations, where more than 1,300 animals
were sampled in SP1 and 42 dairy farms in SP2 (n = 4,963
cows) were followed for more than 2 years (7, 39), only 79
fully genotyped isolates were obtained. This highlights the
difficulty of conducting molecular epidemiology studies for
MAP infection, which require large sample sizes. The relatively
limited number of isolates typed was the main reason for
grouping less frequent haplotypes into a single category, to
perform a proper statistical analysis. This grouping could
inadvertently have diluted the effect of some non-dominant
but highly pathogenic haplotypes, being a limitation of the
statistical analysis performed. In contrast, the model did not
detect statistical differences between groups i and i, which could
be explained by the low genetic distance between the two most
dominant haplotypes.

The five VNTR markers separated MAP isolates into 19
different haplotypes with a DI of 0.74, indicating an acceptable
level of discrimination to conduct epidemiological studies. The
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FIGURE 2
Histopathology severity score (HSS) distribution of ileum samples (superior row) for the subpopulation 1 (A), subpopulation 2 (B), and both
subpopulations (C). Bottom row represents HSS distribution of mesenteric lymph nodes samples from subpopulation 1 (D), subpopulation 2 (E),
and both subpopulations (F).

observed diversity is comparable to reports from previous
studies using this typing method. For example, Thibault et al.
(35), using eight MIRU-VNTR markers, classified 183 isolates
(from 10 different countries) into 21 subtypes. Similarly,
Stevenson et al. (26) subdivided 147 isolates (from seven
countries) into 23 different haplotypes. Furthermore, Moebius
etal. (40) reported 15 haplotypes from a collection of 71 isolates
from Germany, using 10 markers. Likewise, van Hulzen et al.
(41) using seven markers subtyped 52 isolates into 17 haplotypes
in the Netherlands. Whereas, Castellanos et al. (42) reported 12
haplotypes from a collection of 70 isolates in Spain. Likewise,
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Verdugo et al. (43) described 17 haplotypes in New Zealand,
from 238 isolates retrieved from three different livestock species.
In Chile, a previous non-peer-reviewed study by Verdugo et al.
(36) identified the same 19 haplotypes described in the present
study but using a collection of 122 isolates from different sources
(wildlife, livestock, and environmental samples). Similarly, to
the present research, previous studies have also reported the
presence of one or two high-frequency (or dominant) haplotypes
(26, 27, 40-42), indicating that those dominant haplotypes
present a better fitness than the rest of the haplotypes described
in their respective population. In this sense, the present study

frontiersin.org


https://doi.org/10.3389/fvets.2022.962241
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Verdugo et al.

TABLE 3 Descriptive and analytical statistics of histopathology
severity score (HSS) comparison across distribution across
subpopulation origin, sample types and age.

Variables Min 1%Q Median 3"Q Max
Overall

-Ileum? 0 0 1 3 5
-MLN? 0 0 1 1 5
SP1

-Tleum® 0 0 1 3 5
-MLN¢ 0 0 1 1 5
SP2

-Tleum® 0 3.3 4 4.8 5
-MLN¢ 0 13 2.5 3.8 5
Age

-SP1 2 5 6 7 12
-SP2 4 5 5 5.8 9
All 2 5 5 7 12

MLN, Mesenteric lymph node; SP1, sub-population 15 SP2, sub-population 2.
#Wilcoxon signed rank test with continuity correction, V = 599.5, p-value = 0.0007366.
bWilcoxon rank sum test with continuity correction, W = 74.5, p-value = 0.005959.
“Wilcoxon rank sum test with continuity correction, W = 111.5, p-value = 0.03576.

TABLE 4 Mixed effects Poisson regression model results including
predictor estimates, standard deviation (sd), statistic (z-value), and
p-value.

Predictor Estimate sd z-value p-value
Intercept ‘ 0.84 ‘ 0.32 ‘ 2.63 ‘ 0.01
Group

-i Ref

-ii —0.01 0.32 —0.02 0.98
-iii —0.42 0.20 —2.14 0.03
Age —0.04 0.05 —0.90 0.37

The histopathology severity score (HSS) corresponded to the response variable, whereas
farm-ID was used as a random effect. Group i, Most common haplotype; Group ii, second
most frequent haplotype; Group iii, rest of the observed haplotypes combined into a
single group.

showed that the dominant haplotype tends to be associated
with higher HSS and OD values, which would indicate that
isolates from this group are capable of speeding up the infection
progression. Since TTD was non-significantly different between
haplotypes, this phenomenon could be associated with a more
extended bacterial invasion of target tissues, shedding larger
bacteria loads into the environment, and thus out competing
the other reported haplotypes. However, the possibility that the
liquid medium does not provide the same conditions as at the
cellular level cannot be ruled out, thus preventing the expression
of differences in replication rates if they exist. The early cellular
and molecular processes that determine whether the infection
will be eliminated or persist have not been fully understood.
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Nevertheless, it is known that a high cellular immune response
would be characteristic of initial disease states, and at the
same time responsible for maintaining a subclinical state. The
persistence of a low number of intracellular MAP cells over
long periods may reflect a balance between host defenses and
pathogen resistance, producing subclinical cases. Conversely,
a strong humoral response is associated with more advanced
stages of infection (44), where MAP organisms present in the
intestinal epithelium and MLN are in an exponential growth
phase, characterized by fast cellular replication, leading to heavy
bacterial shedding, with loads of 103 to 10* MAP CFU per gram
of feces (45).

The HSS comparison between source populations or sample
types also presented statistical differences. In particular, SP2 had
significantly higher HSS than SP1, which could be expected
given that SP2 samples were obtained from animals with clinical
signs of Ptb. It is important to highlight that tissue samples
were blinded during the histopathology assessment, indicating
that the proposed HSS system was able to differentiate between
disease stages. In contrast, ileum and MLN also presented
significant differences and poor agreement between them,
despite having been obtained from the same animal, where
ileum samples presented higher HSS than MLN samples. This
difference could be explained by the MAP infection route, where
after being ingested orally, MAP invades the host at the level
of the terminal ileum, through Peyer’s patches, where they are
phagocytized by macrophages, in which this pathogen has the
ability to survive and reproduce (46). Therefore, differences in
HSS between sample types possibly represent the longer time
that MAP has been present in the ileum in comparison to
the MLN.

Traditionally, lesions have generally been classified as mild,
moderate, and severe, where this classification is commonly
based on the number of macrophages, the number and spread
of MGC, the type of inflammatory cells, and the degree of
involvement of intestinal villi (30). Injury severity graduation
systems have been developed to have more objective protocols
for the classification of histopathological lesions and they have
been implemented mainly on red deer (Cervus elaphus) (23,
47, 48). For example, Clark et al. (31, 32) proposed a system
based on an increasing scale of quantitative weighting based
on the presence and number of AFB, macrophages, and MGC,
as well as the presence and dispersion of granulomas and the
level of mineralization of the lesions. For the present study,
a classification system was developed to weigh the magnitude
of histopathological lesions, considering the main findings
described in published studies (23, 30-32, 47-50). This HSS
integrated elements described for Ptb in cervids, but they were
adapted to fit the characteristic histopathology evolution of
MAP infection in cattle. In this regard, it is important to
note that deer present a rapid and acute course of the disease,
where clinical cases are commonly observed at an early age
(<12 months) (51). This may mean an accelerated progression
of histopathological lesions, with the consequent presentation
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of a greater number of different stages. Therefore, the faster
disease progression determines a larger number of stages that
can be defined for the score-classification of histopathological
lesions in this species. In this line, Clark et al. (31) originally
used 13 categories, which were later reduced to seven plus
three intermediate categories (32). Conversely, in cattle, a slower
disease progression has been described, allowing to define more
delimited stages; thus a relatively smaller number of categories
can be used to rank Ptb-related lesions. In this regard, Clark
etal. (32) considered intermediate categories (“+0.5”) for scores
4 to 6, when lesions were observed in the villi. In contrast,
the present HSS villi lesion was reserved for scores 4 or 5.
In addition, Clark et al. (32) considered an increase in the
graduation for scores 2 and 3, when there was evidence of
lesions in several segments of the intestine. Conversely, the
present HSS did not consider such an increase because only
one segment of the ileum was collected. This protocol was
chosen because we only had 60 seconds to collect the tissue
samples due to restrictions imposed by the meat plant, in order
to maintain their processing speed. Finally, it is important
to highlight that an excessive number of categories could
reduce the study power, requiring an even larger sample size
to be able to find statistical associations. In this way, the
HSS used in this research provides a balance between the
capacity of the system to differentiate different stages of the
infection at the tissue level and the ability to conduct proper
statistical comparisons.

Paratuberculosis is a chronic disease, where the age of
infection determines how long MAP has been able to progress
and cause damage. Thus, variations in HSS could be explained by
age heterogenicity rather than haplotype differences, potentially
biasing study results. However, the regression analysis was
controlled by animal age; hence, model outputs considered
the age effect on the HSS distribution. In addition, current
knowledge indicates that the major risk of infection occurs in
the 15t months of life (15, 52). Therefore, it could be assumed
with a certain degree of confidence, a large proportion of the
sampled animals got infected at a relatively closer age. Given
those two elements, we considered that the bias effect of age
differences between animals was negligible. In this same line,
another potential bias could be a product of the sampling design,
where MAP isolates were obtained from ELISA-positive animals.
However, in sub-clinically infected animals, the sensitivity of
the ELISA test is relatively low (53, 54). Thus, during the
sampling process, a proportion of the infected population was
missed. Given that study results have shown that less frequent
haplotypes tend to be associated with lower S/P values, it is fair
to assume that an important proportion of those false negative
animals would have been infected with some of the non-
dominant haplotypes. This could reduce the observed haplotype
diversity, where haplotypes that tend to elicit a low immune
response would have been not detected during the screening
stage. Despite this, we consider that the effect of those missed
haplotypes is limited in the overall results of the study, given
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that low-frequent haplotypes were lumped into a single group
for data analysis.

The present study reported the association between
the MAP dominant haplotype and the presence of more
severe histopathological lesions, supporting the hypothesis
of pathogenicity differences between MAP isolates. However,
the clinical manifestation of MAP is multifactorial, where
host genetic, environmental, and microbial elements interact
leading to different manifestations of this disease. Thus, the
present finding probably represents one component in a
web of interrelated factors determining disease progression.
Nevertheless, this research provides novel evidence on the
pathogenic differences between MAP isolates, contributing to a
better understanding of Ptb epidemiology.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The animal study was reviewed and approved by Animal
Bioethics Committee of the Austral University of Chile
(N°194/2014). Written informed consent was obtained from the
owners for the participation of their animals in this study.

Author contributions

CV was contributed in study design, manuscript writing,
and data analysis. DM was contributed in sample collection,
histopathological assessment of samples, and writing. EP, MM,
and MN-T were in charge of developing and adjusting the
HSS system. CT was in charge of genotyping and molecular
analysis. MS was in charge of overseeing all laboratory analyses.
All authors contributed to the article and approved the
submitted version.

Funding

The study was funded by the National Fund for Scientific
and Technological Development of the Government of Chile
(FONDECYT), through the grant: FONDECYT Initiation
No. 11140453.

Acknowledgments

We would like to thank all farmers participating in this study
and the laboratory team who processed the collected samples.
In addition, we would like to thank Dr. Mauricio Navarro from
UACH for his help with the manuscript edition.

frontiersin.org


https://doi.org/10.3389/fvets.2022.962241
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Verdugo et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Beard PM, Daniels MJ, Henderson D, Pirie A, Rudge K, Buxton D, et al.
Paratuberculosis infection of nonruminant wildlife in Scotland. J Clin Microbiol.
(2001) 39:1517-21. doi: 10.1128/JCM.39.4.1517-1521.2001

2. Whittington R, Donat K, Weber MF, Kelton D, Nielsen SS, Eisenberg S, et al.
Control of paratuberculosis: who, why and how. A review of 48 countries. BMC Vet
Res. (2019) 15:198. doi: 10.1186/s12917-019-1943-4

3. McAloon CG, Doherty ML, Whyte P, O’Grady L, More SJ, Messam LLM, et al.
Bayesian estimation of prevalence of paratuberculosis in dairy herds enrolled in
a voluntary Johne’s Disease Control Programme in Ireland. Prev Vet Med. (2016)
128:95-100. doi: 10.1016/j.prevetmed.2016.04.014

4. Pozzato N, Capello K, Comin A, Toft N, Nielsen SS, Vicenzoni G,
et al. Prevalence of paratuberculosis infection in dairy cattle in Northern
Italy. Prev Vet Med. (2011) 102:83-6. doi: 10.1016/j.prevetmed.201
1.07.001

5. Kruze ], Monti G, Schulze E Mella A, Leiva S. Herd-level prevalence
of Map infection in dairy herds of southern Chile determined by culture of
environmental fecal samples and bulk-tank milk qPCR. Prev Vet Med. (2013)
111:319-24. doi: 10.1016/j.prevetmed.2013.05.011

6. Verdugo C, Toft N, Nielsen SS. Within- and between-herd prevalence
variation of Mycobacterium avium subsp. paratuberculosis infection among
control programme herds in Denmark (2011-2013). Prev Vet Med. (2015) 121:282—
7. doi: 10.1016/j.prevetmed.2015.07.012

7. Verdugo C, Valdes MEFE Salgado M. Within-herd prevalence and
clinical ~incidence distributions of Mycobacterium avium  subspecies
paratuberculosis infection on dairy herds in Chile. Prev Vet Med. (2018)
154:113-8. doi: 10.1016/j.prevetmed.2018.03.022

8. Lombard JE, Gardner IA, Jafarzadeh SR, Fossler CP, Harris B, Capsel RT,
et al. Herd-level prevalence of Mycobacterium avium subsp paratuberculosis
infection in United States dairy herds in 2007. Prev Vet Med. (2013) 108:234-
8. doi: 10.1016/j.prevetmed.2012.08.006

9. Ott SL, Wells SJ, Wagner BA. Herd-level economic losses associated
with Johnes disease on US dairy operations. Prev Vet Med. (1999) 40:179-
92. doi: 10.1016/S0167-5877(99)00037-9

10. Whittington RJ, Marshall DJ, Nicholls PJ, Marsh IB, Reddacliff

LA. Survival and dormancy of Mycobacterium avium  subsp.
paratuberculosis in the environment. Appl Environ Microbiol. (2004)
70:2989-3004. doi: 10.1128/AEM.70.5.2989-3004.2004

11.  Manning EJ, Collins MT. Mycobacterium avium  subsp.

paratuberculosis: pathogen, pathogenesis and diagnosis. Rev Sci Tech. (2001)
20:133-50. doi: 10.20506/rst.20.1.1275

12. Sweeney RW. Transmission of paratuberculosis. Vet Clin North Am Food
Anim Pract. (1996) 12:305-12. doi: 10.1016/50749-0720(15)30408-4

13. Lambeth C, Reddacliff LA, Windsor P, Abbott KA, McGregor
H, Whittington RJ. Intrauterine and transmammary transmission of
Mycobacterium avium subsp paratuberculosis in sheep. Aust Vet J. (2004)
82:504-8. doi: 10.1111/j.1751-0813.2004.tb11171.x

14. Espejo LA, Kubat N, Godden SM, Wells SJ. Effect of delayed exposure
of cattle to Mycobacterium avium subsp paratuberculosis on the development
of subclinical and clinical Johne’s disease. Am ] Vet Res. (2013) 74:1304-
10. doi: 10.2460/ajvr.74.10.1304

Frontiersin Veterinary Science

10

10.3389/fvets.2022.962241

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fvets.2022.962241/full#supplementary-material

15. Gautam M, Ridler A, Wilson PR, Heuer C. Control of clinical
paratuberculosis in New Zealand pastoral livestock. N Z Vet J. (2018) 66:1-
8. doi: 10.1080/00480169.2017.1379914

16. Holzmann CB, Jorge MC, Traversa MJ, Schettino DM, Medina L, Bernardelli
A. [A study of the epidemiological behaviour of bovine paratuberculosis using time
series in Tandil in the province of Buenos Aires, Argentina]. Rev Sci Tech. (2004)
23:791-9. doi: 10.20506/rst.23.3.1518

17. Kennedy DJ, Benedictus G. Control of Mycobacterium avium subsp.
paratuberculosis infection in agricultural species. Rev Sci Tech. (2001) 20:151-
79. doi: 10.20506/rst.20.1.1274

18. Gollnick NS, Mitchell RM, Baumgart M, Janagama HK, Sreevatsan S,
Schukken YH. Survival of Mycobacterium avium subsp. paratuberculosis in bovine
monocyte-derived macrophages is not affected by host infection status but depends
on the infecting bacterial genotype. Vet Immunol Immunopathol. (2007) 120:93-
105. doi: 10.1016/j.vetimm.2007.07.017

19. Janagama HK, Jeong K, Kapur V, Coussens P, Sreevatsan S. Cytokine
responses of bovine macrophages to diverse clinical Mycobacterium
avium  subspecies  paratuberculosis  strains. BMC  Microbiol.  (2006)
6:10. doi: 10.1186/1471-2180-6-10

20. Motiwala AS, Janagama HK, Paustian ML, Zhu X, Bannantine JP,
Kapur V, et al. Comparative transcriptional analysis of human macrophages
exposed to animal and human isolates of Mycobacterium avium subspecies
paratuberculosis with diverse genotypes. Infect Immun. (2006) 74:6046-
56. doi: 10.1128/IA1.00326-06

21. Verna AE, Garcia-Pariente C, Mufoz M, Moreno O, Garcia-
Marin JE Romano MI, et al. Variation in the immuno-pathological
responses of lambs after experimental infection with different strains of
Mycobacterium avium subsp. paratuberculosis Zoonoses. Public Health. (2007)
54:243-52. doi: 10.1111/j.1863-2378.2007.01058.x

22. O’Brien R, Mackintosh CG, Bakker D, Kopecna M, Pavlik I, Griffin JFT.
Immunological and molecular characterization of susceptibility in relationship
to bacterial strain differences in Mycobacterium avium subsp. paratuberculosis
infection in the red deer (Cervus elaphus). Infect Immun. (2006) 74:3530-
7. doi: 10.1128/TAL.01688-05

23. Mackintosh CG, Labes RE, Clark RG, de Lisle GW, Griffin JFT. Experimental
infections in young red deer (Cervus elaphus) with a bovine and an ovine
strain of Mycobacterium avium subsp paratuberculosis. N Z Vet J. (2007) 55:23-
9. doi: 10.1080/00480169.2007.36731

24. Mitchell RM, Beaver A, Knupfer E, Pradhan AK, Fyock T, Whitlock
RH, et al. Elucidating transmission patterns of endemic mycobacterium
avium subsp. paratuberculosis using molecular epidemiology. Vet Sci. (2019)
6:32. doi: 10.3390/vetsci6010032

25. Mébius P, Liebler-Tenorio E, Holzer M, Kohler H. Evaluation of associations
between genotypes of Mycobacterium avium subsp. paratuberculsis and presence of
intestinal lesions characteristic of paratuberculosis. Vet Microbiol. (2017) 201:188-
94. doi: 10.1016/j.vetmic.2017.01.026

26. Stevenson K, Alvarez ], Bakker D, Biet F de Juan L, Denham S,
et al. Occurrence of Mycobacterium avium subspecies paratuberculosis
across host species and European countries with evidence for transmission
between wildlife and domestic ruminants. BMC  Microbiol. (2009)
9:212. doi: 10.1186/1471-2180-9-212

frontiersin.org


https://doi.org/10.3389/fvets.2022.962241
https://www.frontiersin.org/articles/10.3389/fvets.2022.962241/full#supplementary-material
https://doi.org/10.1128/JCM.39.4.1517-1521.2001
https://doi.org/10.1186/s12917-019-1943-4
https://doi.org/10.1016/j.prevetmed.2016.04.014
https://doi.org/10.1016/j.prevetmed.2011.07.001
https://doi.org/10.1016/j.prevetmed.2013.05.011
https://doi.org/10.1016/j.prevetmed.2015.07.012
https://doi.org/10.1016/j.prevetmed.2018.03.022
https://doi.org/10.1016/j.prevetmed.2012.08.006
https://doi.org/10.1016/S0167-5877(99)00037-9
https://doi.org/10.1128/AEM.70.5.2989-3004.2004
https://doi.org/10.20506/rst.20.1.1275
https://doi.org/10.1016/S0749-0720(15)30408-4
https://doi.org/10.1111/j.1751-0813.2004.tb11171.x
https://doi.org/10.2460/ajvr.74.10.1304
https://doi.org/10.1080/00480169.2017.1379914
https://doi.org/10.20506/rst.23.3.1518
https://doi.org/10.20506/rst.20.1.1274
https://doi.org/10.1016/j.vetimm.2007.07.017
https://doi.org/10.1186/1471-2180-6-10
https://doi.org/10.1128/IAI.00326-06
https://doi.org/10.1111/j.1863-2378.2007.01058.x
https://doi.org/10.1128/IAI.01688-05
https://doi.org/10.1080/00480169.2007.36731
https://doi.org/10.3390/vetsci6010032
https://doi.org/10.1016/j.vetmic.2017.01.026
https://doi.org/10.1186/1471-2180-9-212
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Verdugo et al.

27. Verdugo C, Pleydell E, Price-Carter M, Prattley D, Collins D, de Lisle G, et al.
Molecular epidemiology of Mycobacterium avium subsp. paratuberculosis isolated
from sheep, cattle and deer on New Zealand pastoral farms. Prev Vet Med. (2014)
117:436-46. doi: 10.1016/j.prevetmed.2014.09.009

28. Canive M, Badia-Bringué G, Vizquez P, Gonzilez-Recio O, Fernidndez
A, Garrido JM, et al. Identification of loci associated with pathological
outcomes in Holstein cattle infected with Mycobacterium avium subsp.
paratuberculosis using whole-genome sequence data. Sci Rep. (2021)
11:20177. doi: 10.1038/s41598-021-99672-4

29. Thibault VC, Grayon M, Boschiroli ML, Willery E, Allix-Béguec
C, Stevenson K, et al. Combined multilocus short-sequence-repeat and
mycobacterial interspersed repetitive unit-variable-number tandem-repeat typing
of Mycobacterium avium subsp. paratuberculosis isolates. ] Clin Microbiol. (2008)
46:4091-4. doi: 10.1128/JCM.01349-08

30. Clarke CJ. Paratuberculosis and molecular biology. Vet J. (1997) 153:245-
7. doi: 10.1016/S1090-0233(97)80059-7

31. Clark RG, Griffin JFT, Mackintosh CG. Johne’s disease caused
by Mycobacterium avium subsp. paratuberculosis infection in red
deer (Cervus elaphus): an histopathological ~grading system, and

comparison of paucibacillary and multibacillary disease. N Z Vet J. (2010)
58:90-7. doi: 10.1080/00480169.2010.65263

32. Clark RG, Griffin JFT, Mackintosh CG. Modification to histopathological
lesion severity score in red deer (Cervus elaphus) affected by Johne’s disease. N
Z Vet ]. (2011) 59:261-2. doi: 10.1080/00480169.2011.596261

33. ODEPA. Recepcion y Elaboracién de la Industria Léctea. (2019) Available
online at: https://www.odepa.gob.cl/recepcion-y-elaboracion- de-la-industria-
lactea (accessed November 25, 2019).

34. Salgado M, Steuer P, Troncoso E, Collins MT. Evaluation of
PMS-PCR technology for detection of Mycobacterium avium subsp.
paratuberculosis directly from bovine fecal specimens. Vet Microbiol. (2013)
167:725-8. doi: 10.1016/j.vetmic.2013.09.009

35. Thibault VC, Grayon M, Boschiroli ML, Hubbans C, Overduin P, Stevenson
K, et al. New variable-number tandem-repeat markers for typing Mycobacterium
avium subsp. paratuberculosis and M. avium strains: comparison with IS900 and
1S1245 restriction fragment length polymorphism typing. J Clin Microbiol. (2007)
45:2404-2410. doi: 10.1128/JCM.00476-07

36. Verdugo C, Tomckoviak C, Avilez C, Salgado M. Molecular Epidemiology
of MAP infection in Chile. In: 13th International Colloquium on Paratuberculosis.
(2016). p. 65

37. Luna LG. Manual of histologic staining methods of the Armed Forces Institute
of Pathology. 3" eds. New York: Blakiston Division, McGraw-Hill. (1968).

38. R_Core_Team. R: A Language and Environment for Statistical
Computing. (2019)

39. Verdugo C, Valdes MF, Salgado M. Herd level risk factors for Mycobacterium
avium subsp. paratuberculosis infection and clinical incidence in dairy herds
in Chile. Prev Vet Med. (2020) 176:104888. doi: 10.1016/j.prevetmed.2020.
104888

40. Mébius P, Luyven G, Hotzel H, Kohler H. High genetic diversity among
Mycobacterium avium subsp. paratuberculosis strains from German cattle herds
shown by combination of IS900 restriction fragment length polymorphism analysis

Frontiersin Veterinary Science

11

10.3389/fvets.2022.962241

and mycobacterial interspersed repetitive unit-variable-number tande. J Clin
Microbiol. (2008) 46:972-81. doi: 10.1128/JCM.01801-07

41. van Hulzen KJE, Heuven HCM, Nielen M, Hoeboer ], Santema W],
Koets AP. Different Mycobacterium avium subsp. paratuberculosis MIRU-
VNTR patterns coexist within cattle herds. Vet Microbiol. (2011) 148:419-
24. doi: 10.1016/j.vetmic.2010.09.029

42. Castellanos E, Romero B, Rodriguez S, de Juan L, Bezos ], Mateos A, et al.
Molecular characterization of Mycobacterium avium subspecies paratuberculosis
Types II and III isolates by a combination of MIRU-VNTR loci. Vet Microbiol.
(2010) 144:118-26. doi: 10.1016/j.vetmic.2009.12.028

43. Verdugo C, Jones G, Johnson W, Wilson P, Stringer L, Heuer
C. Estimation of flock/herd-level true Mycobacterium avium subspecies
paratuberculosis prevalence on sheep, beef cattle and deer farms in
New Zealand using a novel Bayesian model. Prev Vet Med. (2014)
117:447-55. doi: 10.1016/j.prevetmed.2014.10.004

44. Stabel JR.
Mycobacterium  paratuberculosis.
73. doi: 10.1016/S0378-1135(00)00331-X

immune
Microbiol.

Transitions in
Vet

responses to
(2000)  77:465-

45. Chiodini RJ. Immunology: resistance to paratuberculosis. Vet Clin North Am
Food Anim Pract. (1996) 12:313-43. doi: 10.1016/S0749-0720(15)30409-6

46. Lugton I. Mucosa-associated lymphoid tissues as sites for uptake, carriage
and excretion of tubercle bacilli and other pathogenic mycobacteria. Immunol Cell
Biol. (1999) 77:364-72. doi: 10.1046/j.1440-1711.1999.00836.x

47. Thompson BR, Clark RG, Mackintosh CG. Intra-uterine transmission of
Mycobacterium avium subsp paratuberculosis in subclinically affected red deer
(Cervus elaphus). N Z Vet J. (2007) 55:308-13. doi: 10.1080/00480169.2007.36786

48. Mackintosh CG, Labes RE, Thompson BR, Clark RG, de Lisle GW,
Johnstone PD, et al. Efficacy, immune responses and side-effects of vaccines against
Johne’s disease in young red deer (Cervus elaphus) experimentally challenged
with Mycobacterium avium subsp paratuberculosis. N Z Vet J. (2008) 56:1-
9. doi: 10.1080/00480169.2008.36797

49. Gonzalez ], Geijo M V, Garcia-Pariente C, Verna A, Corpa JM,
Reyes LE, et al. Histopathological classification of lesions associated with
natural paratuberculosis infection in cattle. J Comp Pathol. (2005) 133:184-
96. doi: 10.1016/j.jcpa.2005.04.007

50. Perez V, Marin JFG, Badiola JJ. Description and classification of different
types of lesion associated with natural paratuberculosis infection in sheep. ] Comp
Pathol. (1996) 114:107-22. doi: 10.1016/S0021-9975(96)80001-6

51. Gilmour NJL, Nyange JF. Paratuberculosis (Johne’s disease) in deer. In Pract.
(1989) 11:193-6. doi: 10.1136/inpract.11.5.193

52. Sweeney RW. Pathogenesis of paratuberculosis. Vet Clin North Am Food
Anim Pract. (2011) 27:537-46. doi: 10.1016/j.cvfa.2011.07.001

53. Verdugo C, Cardemil C, Steuer P, Salgado M. Bayesian latent class estimation
of sensitivity and specificity parameters of the PMS-PCR test for the diagnosis of
cattle sub-clinically infected with Mycobacterium avium subsp. paratuberculosis.
Prev Vet Med. (2020) 182:105076. doi: 10.1016/j.prevetmed.2020.105076

54. Nielsen SS, Toft N. Ante mortem diagnosis of paratuberculosis: A review of

accuracies of ELISA, interferon-gamma assay and faecal culture techniques. Vet
Microbiol. (2008) 129:217-35. doi: 10.1016/j.vetmic.2007.12.011

frontiersin.org


https://doi.org/10.3389/fvets.2022.962241
https://doi.org/10.1016/j.prevetmed.2014.09.009
https://doi.org/10.1038/s41598-021-99672-4
https://doi.org/10.1128/JCM.01349-08
https://doi.org/10.1016/S1090-0233(97)80059-7
https://doi.org/10.1080/00480169.2010.65263
https://doi.org/10.1080/00480169.2011.596261
https://www.odepa.gob.cl/recepcion-y-elaboracion-de-la-industria-lactea
https://www.odepa.gob.cl/recepcion-y-elaboracion-de-la-industria-lactea
https://doi.org/10.1016/j.vetmic.2013.09.009
https://doi.org/10.1128/JCM.00476-07
https://doi.org/10.1016/j.prevetmed.2020.104888
https://doi.org/10.1128/JCM.01801-07
https://doi.org/10.1016/j.vetmic.2010.09.029
https://doi.org/10.1016/j.vetmic.2009.12.028
https://doi.org/10.1016/j.prevetmed.2014.10.004
https://doi.org/10.1016/S0378-1135(00)00331-X
https://doi.org/10.1016/S0749-0720(15)30409-6
https://doi.org/10.1046/j.1440-1711.1999.00836.x
https://doi.org/10.1080/00480169.2007.36786
https://doi.org/10.1080/00480169.2008.36797
https://doi.org/10.1016/j.jcpa.2005.04.007
https://doi.org/10.1016/S0021-9975(96)80001-6
https://doi.org/10.1136/inpract.11.5.193
https://doi.org/10.1016/j.cvfa.2011.07.001
https://doi.org/10.1016/j.prevetmed.2020.105076
https://doi.org/10.1016/j.vetmic.2007.12.011
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

	Association between the severity of histopathological lesions and Mycobacterium avium subspecies paratuberculosis (MAP) molecular diversity in cattle in southern Chile
	1. Introduction
	2. Materials and methods
	2.1. Target population and experimental design
	2.2. Serology, microbiology, and molecular typing analyzes
	2.3. Histopathology and severity score system
	2.4. Data analysis

	3. Results
	4. Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


