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Paratuberculosis (PTB) is caused by Mycobacterium avium subsp. paratuberculosis (MAP) and is one of the most widespread and
economically important diseases in cattle. After birth, calves are raised with natural breast feeding without separation from their mothers in
most Korean native cattle (Hanwoo breed) farms. Vertical transmission of PTB has been reported, but the exact PTB infection route has not
been revealed in Hanwoo farms. Calves of MAP seropositive dams were tested for MAP presence and MAP antibodies in feces and tissues.
MAP was detected in calf tissues by using polymerase chain reaction. Expressions of genes reported to be prognostic biomarkers of MAP
infection changed in both calves and cows (p < 0.05). Expression of two genes (HGF and SERPINEI) were significantly decreased in
MAP-infected cattle and their offspring (p < 0.01). The results suggest that biomarker gene expression profiles can be useful in detecting
early stage MAP infection. Based on the results, complete eradication of MAP may be possible if accurate diagnostic methods to detect infected
calves are added to the current PTB eradication strategy, which, because infected individuals are likely to develop into fecal MAP shedders
at any time, includes isolation of new born calves and feeding sterilized colostrum.

Keywords: Korean native cattle, Mycobacterium avium subsp. paratuberculosis, biomarker, subclinical infection, vertical

transmission

Introduction

Johne’s disease, also called paratuberculosis (PTB), is caused
by Mycobacterium avium subsp. paratuberculosis (MAP) and
is one of the most widespread and economically important
diseases in cattle [23]. Because MAP is a slow-growing bacteria
with a very long incubation period, the clinical signs of PTB
may not be observed for more than two years after initial
infection [32]. Therefore, MAP-infected animals usually have a
prolonged subclinical stage of infection. However, such
animals can be a source of infection because they can
contaminate the surrounding environment by shedding MAP
bacteria through their feces during their subclinical stage of
infection. Animals can be easily infected by ingestion of
MAP-contaminated environmental components such as feed,
water, and bedding [33]. Therefore, the primary PTB control
strategy is reduction of the number of cattle shedding MAP

through their feces [20]. Although this strategy has reduced the
prevalence of MAP infection, it has not generally eliminated
MAP infection. Moreover, general diagnostic methods such as
enzyme-linked immunosorbent assay (ELISA), fecal
polymerase chain reaction (PCR), and fecal culture often fail to
identify the subclinical stage of infection due to variations in
PTB progression and MAP shedding, resulting in intermittent
detection [21].

Vertical transmission is another cause of difficulty in the
eradication of PTB. Vertical transmission is the acquisition of
infection by new born calves from dams and can be divided into
prenatal and postnatal infections. MAP is reported to be capable
of producing a prenatal infection with evidence supporting that
capability including the presence of MAP in placenta or sex
organs [33]. Postnatal infection occurs mainly by exposure to
bacteria present in colostrum or fecal material. In the calf, the
highest susceptibility to MAP occurs during the first day of life
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(within 24 h after birth) [32,40]. Therefore, a key element of
PTB eradication strategies, so far, has been periodic MAP
screening of farms, isolation of calves from dams right after
parturition, and the provision of sterilized colostrum [30,33].

However, in the Korean native cattle (Hanwoo breed)
industry, most farms use a conventional breeding system, which
involves feeding calves through natural breast milking without
dam separation for a period of 3 to 4 months. Thus, the calves
live in same herd as their mother until weaning. Many previous
studies have warned that rearing the calf with the dam serves as
an intervening factor in infection [3,26,30,36]. Current rearing
systems have had these problems pointed out in previous
studies; regardless, there is a need to investigate the risk of
vertical transmission in the current Korean Hanwoo rearing
system. In addition, studies on the transmission of MAP
infections in Korean Hanwoo farms have not been conducted in
Korea.

A biomarker can be used as an indicator of normal biological
states, pathogenic conditions, or therapeutic responses to
treatment [31]. In that regard, biomarkers have been used for the
diagnosis of diseases such as cancers, metabolic diseases,
autoimmune diseases, and infectious diseases [10,15]. In
particular, host biomarkers such as transcripts, microRNA
(miRNA), and metabolites have been proposed as diagnostic
indicators of chronic infectious diseases in humans and animals
[9,11]. In recent years, transcriptomics and proteomics have
been used to analyze the expression of genes and proteins in
attempts to identify biomarkers of early stage MAP infection
[13,18,19]. In our previous microarray method-based studies of
cells and animal models, several biomarkers for diagnosis of
early stage of PTB were proposed [24,28,29].

In this study, we used several diagnostic tools to confirm the
MAP infection status of calves immediately after weaning in
order to determine the degree of infection transmitted to calves
born from dams that were positive for MAP in the conventional
Korean Hanwoo rearing system. To that end, we analyzed
differences in expression levels of several biomarkers selected
from our previous study to identify whether MAP-infected
calves could be successfully diagnosed.

Materials and Methods

Animals and farm

About 1,000 Hanwoo cattle were raised in a Korean native
cattle farm located in a mountainous area at an approximate 800
m altitude. The cattle were put out to pasture except during the
winter season. Fifteen Hanwoo cows previously diagnosed as
positive for PTB by using a commercial ELISA kit (IDEXX
Laboratories, USA) and 8 calves borne from them were
included in the study (Table 1). Control animals (n = 5), 2 to 6
years old, were selected from other farms and diagnosed as
negative for PTB according to results of serum ELISA and fecal
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PCR testing performed 4 times within a 6-month interval. Age
of the Hanwoo cows varied from 2 to 10 years and their parity
ranged between 0 and 7. None of the seropositive cows
exhibited any of the typical clinical signs of MAP infection. The
calves were raised at the same farm with natural breast feeding
from their mothers until the age of 4 to 5 months.

Analysis of infection status

Infection status of cows and calves were analyzed by using
commercial ELISA and fecal PCR assays even though the cows
were identified as seropositive. In addition, detection of MAP
was carried out in mesenteric lymph node, ileum, and Peyer’s
patch of calves by using PCR and acid-fast staining. For fecal
PCR, fecal samples were collected individually from rectum.
Collected samples were subjected to DNA extraction carried
out by using the mGITC/SC method [25]. For downstream
analysis, IS900 real-time PCR and ISMAPO02 nested PCR were
conducted to identify specific genomic materials of MAP. Both
of those PCR methods were performed by using previously
described methods [16,27], with a slight modification in the
nested PCR. The PCR reaction mixture for nested PCR was set
up in a volume of 20 pL, using 1 pL of template DNA,
nuclease-free water, 2 uL of i-Taq 10x PCR buffer (Intron
Biotechnology, Korea), 2.5 mM MgCl, 025 mM
deoxyribonucleotide triphosphates, 500 nM of each primer, and
2.5 U i-Taq DNA polymerase. Samples were run according to
the following protocol: initial denaturation at 94°C for 5 min, 35
cycles of 94°C for 15 sec, 58°C for 15 sec, and 72°C for 20 sec,
followed by final extension at 72°C for 7 min. For the second
step of the nested PCR, 1 pL of amplicon was used as the
template and the reaction run according to the same conditions
as the first step PCR, but with the number of cycles reduced
from 35 to 30. Fresh tissues (mesenteric lymph node, Peyer’s
patch, and ileum) were obtained during necropsy of the eight
calves. One gram of each tissue sample was prepared for DNA
extraction. The samples were homogenized by mortar and
pestle and, except for large particles, suspended in 1x phosphate
buffered saline. Suspended samples were then vortexed and
centrifuged at 13,000 x g for 2 min. Pellets were re-suspended
in L6 lysis buffer followed by vortexing and incubation in a heat
block at 95°C for 15 min. The remaining steps were the same as
described in the mGITC/SC method [25]. Tissue DNA was then
analyzed by performing IS900 real-time PCR and ISMAP02
nested PCR. Histopathological examination and acid-fast
staining were performed as previously described [28].

Analysis of gene expression of prognostic biomarkers
Seven genes identified as prognostic biomarkers for MAP
infection in previous research [5,24,28,29] were selected for
use in this study. From whole blood collected from the jugular
vein, total RNA was extracted by using a FavorPrep
Blood/Cultured Cell Total RNA Mini kit (Favorgen Biotech
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Table 1. Infection status of cows and calves based on detection of Mycobacterium avium subsp. paratuberculosis in fecal- and

tissue-based PCR, ELISA, and microscopic stain examination

Fecal PCR Tissue PCR :
Number ELISA AC|.d-.fast Age
15900 ISMAPO2 1S900 ISMAPO2 staining
Cow 1 = + ND + ND 10 yr
2 B - ND - ND 9yr
3 ) - ND - ND 4yr
4 - - ND Doubtful ND 2yr
> B - ND - ND 5 yr
6 - - ND Doubtful ND 3yr
7 - - ND Doubtful ND 3yr
8 B - ND - ND 3yr
9 - + ND Doubtful ND 5yr
10 - - ND _ ND 3yr
11 - - ND _ ND 3yr
12 = - ND _ ND 6yr
13 - - ND n ND 6yr
14 - - ND _ ND 3yr
15 - - ND _ ND 2yr
Calf 1-1 - - + — - — 3 mo
21 B - + - - - 3 mo
31 - h + - - - 3 mo
1 ) - + - - - 3 mo
> B - + - - - 3 mo
o1 - B + - - - 4 mo
7! - - + - - - 4 mo
8 _ - + + - - 4 mo

PCR, polymerase chain reaction; ELISA, enzyme-linked immunosorbent assay; ND, not determined.

Corporation, Taiwan) as previously described [24]. The
extracted RNA was stored at —80°C until use. Expression
levels of the genes were analyzed by quantitative real-time
RT-PCR using the QuantiTect Reverse Transcription kit
(Qiagen, USA) according to the manufacturer’s instructions. In
brief, 100 ng of total RNA was mixed with 7x gDNA Wipe Out
buffer and incubated at 42°C for 2 min. After incubation, the
mixture was mixed with reverse transcriptase and RT primer
mix. The reverse transcription reaction was performed by
incubating the samples at 42°C for 15 min with the reaction
stopped by incubation at 95°C for 3 min. Quantitative real-time
RT-PCR reactions were performed with 1 uLL of cDNA using the
Rotor-Gene SYBR Green PCR kit (Qiagen) and the
Rotor-Gene Q real time PCR cycler (Qiagen). Amplification
was conducted by subjecting the samples to 40 cycles of 95°C
for 15 sec followed by 45 sec at 60°C. Expression levels were
determined by applying the 2~ **“ method with housekeeping
gene [-actin as the reference. Relative gene expression level
was compared with the control group to determine the fold
changes in the expression of each gene.

Statistical analysis

Data are reported as the mean + SEM of three independent
experiments. Statistical significance was determined by
applying the Student’s #-test in IBM SPSS Statistics software
(ver. 21; IBM, USA). A difference was considered to be
significant if the p value was < 0.05.

Results

Examination of infection status

Serological diagnosis using commercial ELISA revealed two
cows were positive and four cows were suspect for MAP
infection (Table 1) even though all cows were seropositive in
previous diagnoses. Based on ELISA, all calves were
seronegative. Fecal MAP detection results were negative,
except for two cows (Table 1; cows 1 and 9) that were ISMAP02
positive. The IS900 gene was detected in the tissues from all
calves. In addition, tissue of one calf (Table 1; calf 8-1) was
positive for both IS900 and ISMAPO02. Acid-fast bacilli were
not detected in formalin-fixed tissue samples, and none of the
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samples showed histopathological indications such as
granulomatous lesion or immune cell infiltration.

Gene expression profile of biomarkers in whole blood

Two genes (KLRBI and FGF?2) were up-regulated and five
genes (S10049, HGF, TIMPI, LTF, and SERPINEI) were
down-regulated in the cow and calf groups. Of the upregulated
genes, FGF?2 showed the greatest expression change in the cow
group (0.57 fold up-regulation) and KLRBI showed the greatest
expression change in the calf group (1.43 fold up-regulation).
Five genes (HGF, S10049, TIMP1, LTF, and SERPINE1) were
down-regulated in the cow and calf groups. Of the down-
regulated genes, HGF showed the greatest expression change in
the cow group (4.35 fold downregulation) and SERPINE]
showed the greatest expression change in the calf group (4.52
fold down-regulation). Of these seven genes, two genes (HGF
and SERPINET) showed significant expression changes in both
cows and calves and four genes (KLRBI1, S10049, LTF, and
TIMP1I) only showed significant expression changes in calves

(Fig. 1).
Discussion

Fifteen cows previously diagnosed as MAP positive and their
eight calves had their MAP infection status investigated to
determine whether the infection had spread from dam to calf.
Evidence of infection in the calves was obtained from tissue
samples by using tissue-based PCR targeting the same MAP
specific genes as those assessed via fecal-based PCR. The tissue
PCR results revealed one calf to have positive PCR results for
both IS900 and ISMAPO02, whereas the remaining seven calves
only showed positive tissue PCR results for [S900. Although

3.0' %
2.0
‘é 0 - IT IT IT IT
8 -1.01 LF L
Q -2.01 *
g -3.01 * ok
5 -4.01
s
=5.01 [ Control
-6.0 o o O Calf
704 % ok Il Cow

KLRB1 HGF SERPINE1 S100A9 LTF FGF2 TIMP-1

Fig. 1. Gene expression profiles of cows and calves infected with
Mycobacterium avium subsp. paratuberculosis compared to
those of non-infected controls. Expression levels were
normalized by using the 2 **“" method relative to the beta-actin
expression level and compared to the control group. Fold
changes are presented as log, ratios. *p < 0.05, **p < 0.01.
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this single double positive might be the result of the calf being
infected with other mycobacteria with IS900-like sequences
[7], it could also have occurred because the number of MAP was
very low in the tissue sample or due to differences in sensitivity
between the 1S900- and ISMAPO02-targeting PCR. In the
current study, the Ct values of the IS900 real-time PCR in calves
were very high (34.95-41.27), indicating that MAP were
present at very low levels in the tested tissues [25]. A similar
phenomenon was observed in the cows’ fecal PCR results in
which two cows were positive in ISMAPO2 nested PCR and the
remainders were negative in both IS900 real-time PCR and
ISMAPO2 nested PCR. Taken together, the results indicate that
100% of the calves were infected with MAP, even though the
cows did not excrete the bacteria through their feces or excreted
only a very small amount of bacteria during the period up to
weaning. Commercial ELISA results in the tested cows
revealed only two cows were MAP positive, four cows had
doubtful results, and the remaining nine were MAP negative. It
is possible that ELISA produced false-negative results because
all cows had previously shown positive antibody responses
against MAP when the same ELISA was used. False-negative
results are common in cattle when they are in silent or
subclinical PTB stages particularly in calves, heifers, and first
lactation cows [33]. However, except for the positive results in
some older cattle, most of the results were not related to age,
which seems to be related to the sensitivity of the current
ELISA. Sensitivity of commercial ELISA in cattle with
subclinical PTB has differed according to farm conditions (e.g.,
herd PTB prevalence, presence of high MAP shedders) [37].
Test sensitivity of serum ELISA was estimated to be only 12%
to 15% in low PTB prevalence herds and/or in low MAP
shedders [8,17,34]. Fecal MAP shedding of all cattle on the
study farm was not tested, but the fecal PCR results from the
tested animals indicated low or no MAP shedding. Longitudinal
studies have also reported MAP detection fluctuations in
ELISA results [35]. Those authors proposed the possibility that
these phenomena could be divided into false-positive results,
false-negative results, and actual fluctuations in antibody
production. Fecal PCR and ELISA results of the dams in this
study showed that MAP infection could be transmitted to the
offspring even if PTB in the dams had not progressed very far.

Limitation of this study is that there was no information on
MAP infection status of dams at parturition even though it has
been often stated that calves are most susceptible to MAP in the
first day of life. However, it is difficult to distinguish between
prenatal infection and first day exposure infection, even if the
condition of the dam at parturition is known. Based on the
observation that the first day after birth is the time of greatest
susceptibility, it is inferred that the MAP is present in the
environment of the pen, in colostrum supplied from the mother,
or has been transmitted in utero. Since the farm on which the
experiment was conducted is large and the pens for parturition
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are isolated, it is highly likely that the infection was transmitted
from the mother with the route of infection being in utero or
oral. The important consideration is that calves born from
infected cows have 100% MAP detection in their tissues. In
another study, calves born from an infected mother showed
about 30% bacterial shedding in the heifer state, regardless of
the infection condition at the time of parturition [ 12]. However,
as in this study, it is expected that almost all calves born from
infected dams have MAP infections, but many of them may
remove the bacteria through immune system responses, or they
may proceed to a silent stage of infection, which is difficult to
diagnose with current diagnostic tools. More data derived from
calf tissue samples are required to investigate this hypothesis.

MAP infections have been observed in 3- to 4-month-old
calves during their weaning period, and these infected
individuals are likely to develop into potential fecal MAP
shedders at any time; however, complete eradication of MAP
may still be possible if accurate diagnostic methods for the
detection of infected calves in this period have been added to the
current PTB eradication strategy that includes isolating new
born calves and feeding them sterilized colostrum.

In this study, several prognostic biomarkers established from
our previous study were applied to dams and calves to confirm
whether early detection of MAP infection is possible. Current
MAP diagnostic techniques are insufficient to detect subclinical
infections due to low assay sensitivity, especially in young
animals [4]. PCR-based detection has poor sensitivity in
clinical samples and is not recommended as a screening tool for
direct detection [38]. Similarly, ELISA is considered
inadequate for diagnosis of animals with subclinical infections
due to poor assay sensitivity [39]. Therefore, a diagnostic
method that uses genetic biomarkers can be considered as an
effective alternative for the early detection of MAP infection.

In this study, gene expression profiles of biomarkers that were
differentially expressed in MAP-infected animals in previous
studies [5,24,28,29] were analyzed. Three genes (S10049, LTF,
and TIMPI) were significantly down-regulated in the calf
group and one gene (KLRBI) was significantly up-regulated in
the cow group. These conflicting results between the calf and
cow groups may be explained by differences in the immune
systems of young and adult animals. Gene expression of
biomarkers varied in the infected animals, and expressions of
two genes (HGF and SERPINE!) were significantly decreased
in both of MAP-infected cattle and their offspring (p < 0.01).
Hepatocyte growth factor (HGF) is a multifunctional protein
that modulates immune responses [22], and has been shown to
inhibit the pro-inflammatory immune response and enhance the
anti-inflammatory immune response [6]. Significant down-
regulation of HGF could be related to an acute immune
response in early stage MAP infections. SERPINEI is a key
element of the fibrinolytic system [14], and it induces apoptosis
of injured cell [2]. A previous study showed anti-apoptotic

responses induced in various strains of bovine macrophage that
are infected with MAP [1]. Significant down-regulation of
SERPINE] seems to reflect an insufficient innate immune
response against MAP infection. Taken together, these
observations suggest that examination of biomarker gene
expression profiles might be useful in the detection of early
stage MAP infections. In this study, the risk of transmission of
MAP infection from cow to calf and the possibility of using
biomarkers as a new diagnostic tool have been described. The
results show that culling of infected cattle is the primary
concern in preventing the transmission of MAP infection to
calves. In conclusion, it is crucial to develop a novel method
based on using biomarker data that will provide MAP infection
diagnoses that are more accurate and more sensitive than those
provided by existing methods.
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