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Abstract 

Background:  Mycobacterium avium subspecies paratuberculosis (Map) causes Johne’s disease in domestic and wild 
ruminants. It has been a debate that whether Map can cause Crohn’s disease in human. To our knowledge there is no 
report about molecular characterization of Map in China, although several Map strains have been reported in other 
country. The objectives of this study was to know the recent prevalence of Johne’s disease in dairy farms in Shandong 
province, and have a better understanding of genotypic distribution of Map in China.

Methods:  Johne’s disease was detected from 1038 individuals in 19 dairy farms by ELISA. Map in fecal and milk speci-
mens was identified by Ziehl-Neelsen staining and confirmed using PCR-REA. In addition, frozen sections of ileum and 
mesenteric lymph nodes from two Map shedding cows were performed to observe the histopathological changes. 
Next-generation sequencing technology was performed to get whole genome sequences.

Result:  A total of 121 (11.7 %) animals were positive for Map antibody from 1038 sera tested, and 11 (57.9 %) dairy 
herds were positive for Map antibody. Typically histopathologic changes were observed in mesenteric lymph nodes. 
We have successfully isolated two Map strains, which both were Map-C. The current genome-wide analysis showed 
that the genome size of our isolates are respectively 4,750,273 and 4,727,050 bp with a same G + C content of 69.3 %, 
and the numbers of single nucleotide polymorphisms (SNPs) against Map K-10 are respectively 292 and 296.

Conclusion:  Map is a prevalent pathogen among dairy cattle in China. This study successfully isolated two Map 
strains from one Chinese dairy herd with signs of diarrhoea, and identified that the two isolates were both Map-C. 
Furthermore, these isolates were most closely related to Map K-10.
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Background
Paratuberculosis, also known as Johne’s disease, caused 
by Mycobacterium avium subspecies paratuberculosis 
(Map), is an important and highly prevalent disease of 
domestic and wild ruminants manifest as a chronic gran-
ulomatous enteritis with decreased milk production and 

in more serious cases leading to progressive emaciation 
and death. The disease is transmitted via milk and colos-
trum to calves and by the fecal-oral route to animals of all 
ages. Intra-uterine transmission can also occur and Map 
can also be detected in the saliva of cows, indicating this 
as a potential further mode of transmission [1, 2]. The 
disease is endemic in many parts of the world with seri-
ous economic losses which in the USA, for example, are 
estimated at between $200 and $250 million annually [3].

Map belongs to the M. avium complex [4] and consists 
of three important types designated “Sheep-type” (type S) 
and “Cattle-type” (type C) which were originally isolated 
from sheep or cattle respectively [5] and “Bison-type” 
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(B-type) [6] all of which can be differentiated by IS1311 
restriction endonuclease genotyping. Despite designation 
of strains as B, S or C there is no host-species specificity 
[7] and strains isolated from sheep or cattle can be either 
C or S type [8]. Most of the ruminant population in India 
are infected by Map ‘B type’ strains [9, 10].

The importance of Map as a zoonotic pathogen has 
not yet been clarified [11, 12]. The clinical presentation 
and pathology of Crohn’s disease (CD) bears more than 
a superficial resemblance to paratuberculosis. Despite 
some studies indicating no absolute relationship between 
Map and CD [13, 14] a proportion of individuals with 
CD contain Map or Map DNA in their blood or infected 
intestinal tissue [15]. However, Map can be isolated from 
stool samples of individuals who are healthy or present-
ing with unrelated diseases [16]. This latter observation 
indicates the general susceptibility of humans to Map 
infection. Map can be readily isolated from milk [17], 
including pasteurized milk [18] and may also be iso-
lated from the muscles of infected cattle, consumption of 
which, may be an additional potential route of transmis-
sion to humans [19].

Complete eradication of the disease from cattle, 
although desirable, is extremely difficult [20]. Vaccination 
can be effective to control clinical disease, reducing fae-
cal shedding and increasing productivity but it does not 
completely eliminate infection [21, 22]. Various quaran-
tine measures can be adopted at dairy farms for control-
ling this disease including the isolation of young calves 
from infected cattle. However, young stock may also 
excrete Map in their feces emphasizing current difficul-
ties in disease control.

For molecular identification of Map by PCR a number 
of different targets have been used including f57 [23], 
HspX [24], genes 251 and 255 [25], ISMav2 [26], ISMpa1 
[27] and ISMAP02 [28], some of which (f57, HspX and 
ISMAP02) are unique to Map but which are present in 
low (1–6) copy number with associated limited potential 
for differentiation [29]. For this reason IS900, with 14–18 
copies is a preferable PCR target [30].

Additional PCR targets may be identified from Map 
genome sequences. Currently, the only fully annotated 
genome is that of Map strain K-10 [31] although addi-
tional draft sequences from strains ATCC 19698, Map 
s397 and Map S5 from different countries have been 
published on NCBI. Despite the likely high prevalence 
of paratuberculosis in China, no genome sequences are 
available for any Chinese strains. Although Map has 
been isolated from Chinese farms in the past [32], no 
information is available on the strain types and molecu-
lar characterisation present. The present study thus had 
the following objectives: (1) investigating the prevalence 
rate of Map infection in Chinese farms with clinical signs 

of diarrhoea, (2) typing of Map strains by PCR-restric-
tion endonuclease analysis based on polymorphisms in 
IS1311 and, (3) to sequence the whole genome to con-
tribute to a better understanding of the evolution of Map.

Methods
Sample collection
1038 individual bovine serum samples were collected 
between October 2014 and August 2015 from 19 different 
dairy farms located in nine distinct geographic regions of 
Shandong province. The herds were selected at random 
and varied between 300–800 animals. Individual cows 
showing diarrhoea were selected in addition to some ani-
mals showing no clinical signs. Approximately 10 % of the 
animals were selected all of them being adult cows over 
24 months of age. Milk, faeces and tissues were sampled 
from the herd showing the highest frequency of positive 
sera. All the faecal samples were obtained via per-rectal 
drags, and were kept at 4 °C up to 48 h prior to process-
ing for culture and DNA extraction. Milk samples were 
collected in 50-ml tubes after four initial strippings were 
discarded. Ileum and mesenteric lymph nodes were col-
lected from two euthanized cows with positive antibody 
for Map. All protocols and procedures were performed 
according to the Chinese Regulations of Laboratory Ani-
mals—The Guidelines for the Care of Laboratory Ani-
mals (Ministry of Science and Technology of People’s 
Republic of China) and Laboratory Animal Requirements 
of Environment and Housing Facilities (GB 14925–2010, 
National Laboratory Animal Standardization Technical 
Committee). The license number associated with their 
research protocol was 20110611–01 and the animal study 
proposal was approved by The Laboratory Animal Ethical 
Committee of China Agricultural University.

Detection of Map antibody
In order to identify the herd with highest frequency of 
positive sera the 1038 sera were tested for the presence 
of antibodies to Map using a commercial antibody test 
kit (IDEXX). Sera with S/P ratios ≤0.45 and ≥0.55 were 
considered negative and positive, respectively. Intermedi-
ate S/P values were considered “suspect” and regarded as 
negative for the data analysis.

Detection of bacteria
10 mg feces without any treatment was taken to spread 
evenly on to the surface of a clear glass slide with 20 ml 
water drop. For milk samples, there was a little difference. 
Centrifugation was needed to get more bacterium. After 
centrifugation at a speed of 12000 rpm for 5 min, the bot-
tom precipitate was collected as the samples for smear, 
and the same procedure was used as that of faecal sam-
ples. Tissues were used as frozen sections. Slides were 
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stained using the Ziehl–Neelsen method and examined 
by light microscopy for the presence of acid-fast bacilli. 
Map presence was confirmed by PCR amplification of 
IS900 as described previously [33].

Sample preparation and culture
A modification of the double centrifugation methods was 
used to cultivate Map [34]. Briefly, two grams of faeces were 
added to 35 ml of sterile distilled water. Samples tubes were 
vortexed for 1 min and then allowed to stand undisturbed 
for 45 min. Five ml of the supernatant were added to 25 ml 
of 0.9  % hexadecylpyridinium chloride (HPC) and then 
vortexed for 2  min and allowed to stand undisturbed for 
12 h at room temperature. Tubes were centrifuged at 1500g 
for 30  min, the supernatant was discarded and the pellet 
was resuspended in 1  ml of antibiotic mixture (50  µg/ml 
amphotericin B, and 100 µg/ml nalidixic acid, and 100 µg/
ml vancomycin). This was mixed well and incubated for 
12 h at 37  °C. Herrold’s Egg Yolk Agar with mycobactin J 
and ANV (BD, USA) were inoculated with 0.2  ml of the 
suspension and incubated at 37 °C for 6 weeks.

Isolation and identification of Map and strain typing 
of isolates
Colonies that appeared within 1 week were discarded and 
slower-growing colonies with typical colonial morphol-
ogy were checked for acid fast bacteria, and then detected 
by PCR based on IS900 as mentioned above. In order to 
generate pure and sufficient biomass, a single colony of 
each confirmed Map isolate was subcultured into 7H9 
broth supplemented with OADC and Mycobactin J and 
incubated at 37  °C. The culture was reconfirmed as Map 
by PCR and the purity checked by light microscopy with 
Ziehl–Neelsen method staining. The strain type was iden-
tified by IS1311 PCR and restriction endonuclease analysis 
(REA) using the primers and method described previously 
[33]. The identification as M. avium subsp. paratuberculo-
sis was confirmed by PCR using IS900 and REA using AlwI 
digestion. The IS1311 PCR-REA was used to distinguish C 
strains from S strains using HinfI and MseI (details shown 
in Table 1). PCR primers are detailed in Table 2.

Next‑generation whole genome sequencing and analysis
Massive parallel sequencing using the Solexa-technology 
(Illumina) was performed at the Chinese Academy of Sci-
ences. Two isolates were sequenced using the Illumina 
HiSeq  2500 platform using one flow cell lane with 125-
cycle paired end chemistry. Short reads were assembled 
using SOAPdenovo (http://www.soap.genomics.org.cn), 
a genome assembler developed specifically for next-gen-
eration short-read sequences [35]. The SOAP GapCloser 
was also used to close gaps. Reads were mapped by using 
BWA [36], and SNPs and indels were called and filtered 
by SAM tools [37]. A rooted tree was computed using 
MEGA. Phylogenetic tree was calculated using the maxi-
mum likelihood method by whole genome alignment and 
performing 1000 bootstraps replicates. Several references 
are selected for comparation, include type C, type B, and 
type S (Table 3).

Statistical analysis
Statistical comparisons between milk detection and fecal 
detection were determined using the Chi square test with 
p  <  0.05 denoting statistical significance. SPSS software 
(Chicago, IL, USA) was used.

Results
The survey of the sera
Screening of 1038 serum samples from 19 dairy farms 
by the Mycobacterium paratuberculosis antibody test 
kit detected 121 (11.7 %) animals positive for Map anti-
body, and 11 (57.9 %) dairy farms were positive for Map 
antibody. Of 11 dairy farms with signs of diarrhoea, 7 
(63.6 %) were positive and of 8 dairy farms with no signs 

Table 1  Details of PCR-REA

PCR Target Forward  
primer

Reverse  
primer

Predicted  
product size (bp)

Enzyme subspecies Predicted band sizes (bp)

1 IS900 P90 P91 413 AlwI Map 147,266

2 IS1311 M56 M119 608 HinfI/MseI Map S 285,323

Map C 67,218,285,323

Map B 67,218,323

M. avium subsp. 
avium

134,189,285

Table 2  Sequence of the primers

Primer Sequence

P90 GAA GGG TGT TCG GGG CCG TCG CTT AGG

P91 GGC GTT GAG GTC GAT CGC CCA CGT GAC

M56 GCG TGA GGC TCT GTG GTG AA

M119 ATG ACG ACC GCT TGG GAG AC

http://www.soap.genomics.org.cn
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of diarrhea, 3 (37.5  %) were positive. The highest posi-
tive rate within these herds was 78.9 % and this herd was 
selected for isolation and identification of Map (Table 4).

The morphology of bacteria and pathological changes 
in the tissues
Nineteen faecal and milk samples were sampled for 
Ziehl–Neelsen staining to detect individual cattle posi-
tive for acid fast bacilli. Of these 13 (68.4 %), 6 (31.6 %) 
faecal samples and milk samples respectively were posi-
tive for acid-fast bacilli (Fig.  1a, b). We euthanized two 
cattle with diarrhoea, emaciation and reduced milk pro-
duction. Postmortem examination showed gross lesions 

in the mesenteric lymph nodes showing 5–6 fold enlarge-
ment compared with normal mesenteric lymph nodes 
(date not shown). However, there were no obvious gross 
lesions in the gastro-intestinal tract. Histopathologi-
cal examination of mesenteric lymph nodes showed the 
characteristic diffuse granulomas with epithelioid cells, 
multinucleated giant cells and macrophages (Fig.  2a, b) 
compared with normal mesenteric lymph nodes(Fig. 2c, 
d). However, no granulomas were observed in the ileum 
(date not shown). Ziehl–Neelsen stained impression 
smears of the mesenteric lymph nodes showed large 
numbers of acid-fast bacilli (Fig.  1c). Large numbers of 
clustered acid-fast bacilli were observed in the smears 
taken from a purified colony (Fig. 1d).

The identification and strain typing of MAP
The PCR products are shown Fig. 3. Two isolates were both 
identified as positive using the IS900 PCR. We obtained 
the target fragment, whose size was 413 bp (Fig. 3a) which 
was digested using restriction endonuclease AlwI which 
resulted in two bands, one at 147 bp, and other at 266 bp 
(Fig.  3b). For further identification of strain type, IS1311 
PCR was conducted and followed by digestion by two 
restriction endonucleases (HinfI/MseI). The results showed 
that both isolates were identified as positive with the tar-
get band of 608  bp (Fig.  3c). Restriction endonuclease 
analysis of the IS1311 PCR reaction products confirmed 

Table 3  A list of  accession numbers for  organisms used 
in this paper

Organisms Accession number Type

Map K-10 NC_002944.2 C

Map ATCC 19698 NZ_AGAR00000000.1 C

Map s397 AFIF00000000 S

Map JQ5 NZ_AHAZ00000000.1 S

Map S5 NZ_ANPD01000178.1 B

Map 10-4404 NZ_AYNR00000000.1 B

Map 2015WD-1 LKUS00000000 C

Map 2015WD-2 LKUT00000000 C

Table 4  Results of herd analysis for Map antibody

Dairy farm Total number sampling 
number

The number of cow 
with diarrhoea

The number of  
positive

The number of  
negative

Positive rate (%)

1 435 40 0 3 37 7.50

2 560 50 1 0 50 0

3 480 50 3 7 43 14.0

4 584 60 0 0 60 0

5 300 30 0 0 30 0

6 650 65 3 0 65 0

7 628 60 0 5 55 8.33

8 400 40 0 0 40 0

9 550 55 5 14 41 25.5

10 740 70 4 0 70 0

11 800 80 6 0 80 0

12 360 36 4 12 24 33.3

13 720 70 0 0 70 0

14 450 45 6 17 28 37.8

15 620 62 2 8 54 12.9

16 780 78 1 8 70 10.3

17 800 80 3 30 50 37.5

18 300 19 8 15 4 78.9

19 480 48 0 2 46 4.17

Total number 10,637 1038 46 121 917 11.7
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the presence of bands of 67, 218, 285 and 323 bp (Fig. 3d), 
which indicated that both isolates were type C.

Whole genome sequencing and phylogenetic analysis
Although we grouped the two isolates, it was not enough 
to deeper understand the genomic differences between 
our isolates and reference strains. Here Next-generation 
sequencing technology (Illumina, HiSeq 2500) was used 
to sequence the whole genome of the two isolates from 
cattles in China. As a result, we successfully got two draft 
sequences named 2015WD-1 and 2015WD-2, the acces-
sion numbers  are LKUS00000000 and LKUT00000000, 
respectively. The results showed that the genome size of 
2015WD-1 and 2015WD-2 are respectively 475,0273 and 
472,7050 bp with a same G + C content of 69.3 %. The 
numbers of single nucleotide polymorphisms (SNPs) in 
our Map isolates against Map K-10 are respectively 292 
and 296. Also, 84 and 96 indels are found in our isolates 
against Map K-10. More information between our iso-
lates and reference strains are presented in Table  5. In 
the phylogenetic tree (Fig.  4) based on the nucleotide 
sequences, we can see our two isolates are most closely 
relate to type C representative strains Map K-10 and 

Map ATCC19698, and farthest from type S representive 
strains Map JQ5 and Map s397.

Discussion
The first study on paratuberculosis in China was recorded 
in Inner Mongolia in 1953, and then it was reported con-
sistently in China [38]. In Shandong province, there has 
been one previous study of the prevalence of paratuber-
culosis. This indicated a prevalence of 29.34  % in 2011 
and 14.93 % in 2012, detected by the interferon gamma 
release assay [39]. Detection by ELISA has indicated 
prevalences of between 2 and 4 % in Tibet, Shanghai and 
Guangxi provinces and highly variable values of 0–73.4 % 
in Inner Mongolia [40–42].

By contrast levels of infection in Europe and other 
western countries appear to be equally high with indi-
vidual positive rates in cattle in estimated at 20  % and 
the herd-level prevalence at >50 % according to the sum-
mary of Nielsen and Toft [43]. Other studies showed 
seroprevalence rates of between 1.99 % in Asturias, Spain 
[44], 16.1  % in the east of Canada [45] and 29.8  % in 
Northern India [46]. In Egypt in 26 Holstein dairy herds 
in 2010 and 2013 herd and individual level prevalence 

Fig. 1  Ziehl–Neelsen staining for bacilli. a Faecal samples showing positive for Ziehl–Neelsen stain (arrow). b Milk samples showing positive for 
acid-fast staining (arrows). c Ziehl–Neelsen stained impression smears of the mesenteric lymph nodes showed large numbers of acid-fast bacilli 
(arrows). d Large numbers of clustered acid-fast bacilli were observed in the smears taken from a purified colony (arrows)
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Fig. 2  Histopathological observation of mesenteric lymph nodes. a A representative of lymph node thin section stained with H&E showing the 
decrease of original lymphocytes and the increase of reticular cells and epithelioid cells. b The amplification of panel a, showing the characteristic 
diffuse granulomas in which epithelioid cells, macrophages, multinucleated giant cells (arrows) and lymphocytes aggregated. c The normal histol-
ogy structure of mesenteric lymph nodes. d The amplification of panel d

Fig. 3  The results of identification and strain typing of MAP using PCR-REA. a PCR amplification of IS900 gene segment. Lanes M1 DL2000 Plus 
Marker; 1 2015WD-1; 2 2015WD-2. b AlwI restriction endonuclease analysis of reaction IS900. Lane M2100 bp DNA ladder, Lanes 1, 2 in panel b, c, d 
are all identical to those in panel a. c PCR amplification of IS1311 gene segment. Lane M1 DL2000 Plus Marker. d HinfI and MseI restriction endonu-
clease analysis of reaction IS1311, Lane M2 100 bp DNA ladder
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were recorded as 65.4 % and 13.6 % respectively. [47]. No 
country claims that it is free on MAP.

Our studies showed a seroprevalence of 11.7 % in indi-
vidual level in Shandong province of China, which is a 
little higher than most of provinces of China and a lit-
tle lower than Europe, Indian and Canada. And the herd 
level prevalence was 57.9  % in 19 dairy herds we have 
investigated, indicated that Map has become a common 
pathogen in dairy farms in China. Among the 19 herds, 
there were more or less individuals behaved diarrhea, but 
the Map antibody positive rate were zero. Maybe these 
symptoms of diarrhea were caused by any other organ-
isms than Map.

Two strains of Map were isolated from a farm showing 
heavy losses in their dairy cattle from diarrhoea resulting 
in weakness and reductions of milk production.

We successfully isolated two MAP from one serious 
loss of dairy farm in which many cattle behaved diar-
rhoea, weakness, reduction of milk production. Environ-
mental bacteria such as streptococci were observed to be 
present in the samples (data not shown) but decontami-
nation using an adaptation off two HPC methods ([34]; 
Report, 2011) was clearly successful.

Several methods were used to detect the pathogen; fast-
acid staining showed that the isolation rate of milk (9/19) 
was less than in faeces (14/19), but the difference is not 
significant (p = 0.184). The histological picture and bacil-
lary morphology were consistent with paratuberculosis.

IS1311 PCR-REA provides similar information as IS900 
RFLP analysis but is more useful than RFLP analysis 
where DNA is degraded or present in low concentrations 
[48]. To further confirm identification we used the IS900 
PCR-REA to confirm the identity of isolates as Map and 
IS1311 PCR-REA for strain typing use of which indi-
cated that the isolates we obtained were Map and were 
C strains.

Most previous studies have indicated that C strains 
were the dominant strains in cattle in countries as dif-
ferent as Australia, New Zealand, South America, North 
America and Europe [5, 48–50]. The exception appears to 
be that B strains are the most prevalent (82 %) genotype 
of Map in all domestic ruminants in India with C strains 
present as a minority strain [51]. It was thus important 
to know which types existed in China. Although the pre-
sent study involved two strains only these were both C 
strains, which is at least consistent with most other previ-
ous studies.

In terms of whole genome sequencing, our two iso-
lates have less base pairs than Map K-10, but the same 
G  +  C content with Map K-10. Our two isolates have 
least number of SNPs (N =  292 for 2015WD-1 and 296 
for 2015WD-2) and indels (N = 84 2015WD-1 and 96 for 
2015WD-2) against Map K-10 when compared with Map 
s397 and Map s5, indicating that Chinese isolates are most 
likely originated from Map K-10 with few changes. From 
phylogenetic tree, we can also find that 2015WD-1and 
2015WD-2 are most closely related to Map K-10, which 
further confirmed the identified strain type of our isolates.

Although there is no definite conclusion on the rela-
tionship between Map and CD, Map is detected some-
times in normal individuals, which less often than in 
Crohn’s patients [16]. The fact that Map can be found in 
normal individuals does not exclude it as the cause of the 
disease, because the normal individuals maybe subclini-
cally infected. Perhaps CD is caused by complex factors. 
Map is one of them and other element such as environ-
mental stress, immunosuppressive conditions and so on 
are involved.

Table 5  Summary of next generation sequencing results

Parameters 0908 1026

Genome size (bp) 4,750,273 4,727,050

% G + C 69.3 % 69.3 %

Sequencing depth (X) 210 150

Mean paried read distance 438 459

No. of indels against K-10 84 96

No. of SNPs againt K-10 292 296

No. of indels against s397 338 390

No. of SNPs againt s397 3681 3705

No. of indels against s5 622 847

No. of SNPs againt s5 1016 984

% Homology to K-10 99.89 99.86

% Homology to s397 99.75 99.76

% Homology to s5 99.87 99.85

Fig. 4  Phylogenetic relationships of Map strains based on whole 
genome sequences. The tree was constructed by the maximum-likeli-
hood method. Scale bar indicates nucleotides substitutions per site
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Conclusion
Map has become a common pathogen in dairy farms 
in China. Present study successfully isolated two Map 
strains from one Chinese dairy farm with signs of diar-
rhoea, and identified that the two isolates were both 
Map-C. Farther more, we found that our isolates were 
most closely relate to Map K-10.
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