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Introduction
Bovine mastitis is one of the costliest diseases affecting dairy farming, and its losses are 

calculated based on reduced milk production, discarded milk, increased cull rate, pharmacologic 
costs and increased labor. Many microbial species, such as Escherichia coli, Klebsiella pneumoniae, 
Streptococcus agalactiae and Staphylococcus aureus, are common causes of bovine mastitis [1]. 
Mycoplasma spp. are also pathogens associated with bovine mastitis [2,3]. Mycoplasma-induced 
mastitis was first reported in England by Davidson and Stuart [4] and has since been reported on 
all continents. Mycoplasma bovis is the most prevalent Mycoplasma species causing bovine mastitis 
[3,5]. Additionally, Mycoplasma leachii (M. leachii), a new species designation for Mycoplasma sp. 
bovine group 7 [6], has been isolated from milk samples obtained from cows with mastitis [7-9], 
and its mild clinical mastitis phenotype was reproduced by infusing M. leachii cultures into one 
quarter of a lactating cow [7], suggesting that M. leachii is a new possible cause of bovine mastitis. 
However, direct histopathological and immunohistochemical evidence was not presented in the 
previous pathogenicity study of M. leachii [7]; therefore, M. leachii has not been proven to be the 
direct cause of the mild mastitis previously observed in a cow [7]. Since there is insufficient evidence 
for an association between M. leachii infection and bovine mastitis, additional inoculated cows and 
direct histopathological and immunohistochemical detection should be performed to determine the 
pathogenicity of M. leachii in bovine mastitis.

Materials and Methods
Ethics statement

The animal experiments in this study were reviewed and approved by the Animal Care and 
Use Committee of the Harbin Veterinary Research Institute (HVRI) of the Chinese Academy of 
Agricultural Sciences (CAAS) on 2 November 2015 (approval number SQ2015112). All animals 
were housed and cared for in an accredited facility at the HVRI in accordance with local and 
institutional policies.
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Abstract

Twelve quarters of six lactating cows were inoculated with Mycoplasma leachii strain GN407 through 
intramammary ductal infusion, and another twelve quarters were inoculated with Mycoplasma culture medium as 
controls. One lactating cow was used as negative control, in which two quarters were inoculated with Mycoplasma 
culture medium, and another two quarters were not inoculated with any medium. Clinical observations, 
histopathology and Immunohistochemistry (IHC) detection were performed on Post Inoculation Days (PIDs) 
3, 6 and 9 to elucidate the pathogenicity of M. leachii in bovine mastitis. From PIDs 3 to 9, twelve inoculated 
quarters developed mild to severe clinical mastitis and mammary tissue histopathological changes, including 
inflammatory cell infiltration and architectural destruction of mammary gland ducts; on PID 9, the control quarters 
also developed mild mastitis and histopathological changes. Throughout the experimental period, the quarters of 
the negative control cow were clinically and pathologically normal. The M. leachii antigen was detected by IHC 
in the mammary tissues of the inoculated quarters as a weak signal on PID 6 and as a strong signal on PID 9; 
on PID 9, the M. leachii IHC signal was also detected in mammary gland epithelial cells of the control quarters of 
the inoculated cattle. The M. leachii antigen was not detected in the mammary tissues from the quarters of the 
negative control cow on PID 9. In conclusion, direct histological and immunohistochemical evidence confirmed 
that M. leachii causes clinical bovine mastitis through histopathological lesions induced by the invasion of the 
pathogen into mammary gland cells and inflammatory cell infiltration.
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Mycoplasma strain and culture production

M. leachii strain GN407, which was originally isolated from 
the joint fluid of arthritic calves in Heilongjiang Province of China 
in 2010, was passaged 4 times before triple plaque purification. The 
final titer was 1 × 108 color-changing units per milliliter (CCU/ml). 
In lppA gene sequence analyses, the GN407 strain shared 99.6%, 
95.1%, and 69.6% nt identity to M. leachii representative strain PG50, 
M. mycoides subsp. mycoides small colony type, and M. capricolum 
subsp. capricolum, respectively [10,11]. 

Animals and experimental inoculation

Seven lactating Holstein breed cows without subclinical mastitis 
in the current lactation and with no antibodies against M. leachii 
were selected for inoculation with M. leachii GN407 [11] cultures 
to evaluate the pathogenicity of M. leachii in bovine mastitis. The 

California Mastitis Test (CMT) was used to detect subclinical mastitis 
in cows. ELISA and western blot using expressed LPPA protein as an 
antigen were performed to detect antibodies against M. leachii; the 
LPPA protein was prepared by Wang Guanbo and co-workers in our 
laboratory (unpublished data). Twelve quarters of six lactating cows 
(left fore and hind quarters of each cow) were inoculated with 5 ml of 
fresh culture containing 1 × 108 CCU/ml of M. leachii strain GN407 
through intramammary ductal infusion, and another twelve quarters 
(right fore and hind quarters of each cow) were inoculated with 
Mycoplasma culture medium (Becton, Dickinson and Companay 
Sparks, MD 21152 USA) as a control. As a negative control animal, 
two quarters of one lactating cow (left fore and hind quarters) were 
inoculated with 5 ml of Mycoplasma culture medium, and another 
two quarters (right fore and hind quarters) were not inoculated with 
any medium (Table 1).

Table 1: Inoculation of lactating cows with passage cultures of M. leachii strain GN407 via the intramammary route and detection of pathogens in mammary samples 
from the inoculated cows.

Cow No. Inoculated 
quarter Inoculums Inoculation route Post inoculation 

day (PID)
Mammary samples

Clinical findings Histopathology IHC

3

left fore 5 ml of M. leachii GN407 culture, 
1×108 CCU/ml

Intramammary

3

+ + -

left hind + + -

right fore
5 ml of culture medium

- - -

right hind - - -

4

left fore 5 ml of M. leachii GN407 culture, 
1×108 CCU/ml

+ + -

left hind + + -

right fore
5 ml of culture medium

- - -

right hind - - -

2

left fore 5 ml of M. leachii GN407 culture, 
1×108 CCU/ml

6

++ ++ +

left hind ++ ++ +

right fore
5 ml of culture medium

- - -

right hind - - -

5

left fore 5 ml of M. leachii GN407 culture, 
1×108 CCU/ml

++ ++ +

left hind ++ ++ +

right fore
5 ml of culture medium

- - -

right hind - - -

1

left fore 5 ml of M. leachii GN407 culture, 
1×108 CCU/ml

9

+++ +++ +++

left hind +++ +++ +++

right fore
5 ml of culture medium

+ + ++

right hind + + ++

6

left fore 5 ml of M. leachii GN407 culture, 
1×108 CCU/ml

+++ +++ +++

left hind +++ +++ +++

right fore
5 ml of culture medium

+ + ++

right hind + + ++

7

left fore
5 ml of culture medium

- - -

left hind - - -

right fore
no inoculation

- - -

right hind - - -

‘‘-” Negative for detection using the corresponding assay.

‘‘+’’ Positive for detection using the corresponding assay; “+” mildly or weakly positive; 

“++” moderately positive; “+++” severely or strongly positive.
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Necropsy and sampling

On post inoculation days (PIDs) 3, 6 and 9, milk samples were 
collected from all inoculated cows for PCR detection and cultural 
isolation of M. leachii. The samples were simultaneously plated on 
Columbia agar (Oxoid, Basingstoke, UK) with 5% sheep blood and 
incubated at 37°C in 5% CO2 for isolation of other bacteria. Cows No. 
3 and 4, 2 and 5, and 1, 6 and 7 were euthanized on PIDs 3, 6 and 
9, respectively, and subjected to necropsy. Mammary gland tissue 
samples were collected and fixed in 4% neutral-buffered formalin for 
histopathology and Immunohistochemistry (IHC) assays.

Histopathology

The formalin-fixed tissues were embedded in paraffin wax, sliced 
to a thickness of 4 µm and stained with Hematoxylin and Eosin (H&E) 
for histological examination. Analyses were subsequently performed 
by the Pathology Laboratory of Animal Infectious Disease Diagnostic 
Centre, Harbin Veterinary Research Institute, Chinese Academy of 
Agricultural Sciences.

PCR

According to a previously described method [12], the specific 
primer pair P67BG7-L: GGTAATTCGAATAATGATCCT/
P67BG7-R: TAAGTTTATTGAAT -TAAAGCG was used for PCR 
amplification of the lppA gene with an annealing temperature of 55°C 
to detect M. leachii in samples.

Immunohistochemistry (IHC)

Monoclonal antibody (mAb) 1F2, which was prepared by Wang 
Guanbo and co-workers in our laboratory (unpublished data), was 
used for IHC detection. The isotype of 1F2 is of the IgG1/κ-type 
subclass. Western blot showed that mAb 1F2 specifically bound 
to M. leachii GN407 but not to other Mycoplasma species (such 
as Mycoplasma bovis, Mycoplasma mycoides subsp. capricolum, 
Mycoplasma ovipneumoniae, Mycoplasma. mycoides subsp. 
Mycoides small colony type, or Mycoplasma capricolum subsp. 
capripneumoniae), and the titer of this antibody was 1:105 based on 
ELISA detection. For all immunohistochemical reactions, the Avidin: 
Biotinylated enzyme Complex (ABC) method was applied. We used 
formalin-fixed samples, mAb 1F2 and normal mouse (BALB/c) 
serum as a negative control. Subsequent work was performed by 
the Pathology Laboratory of Animal Infectious Disease Diagnostic 
Centre of Harbin Veterinary Research Institute, Chinese Academy of 
Agricultural Sciences.

Results
Clinical manifestations of the quarters of all M. leachii-

inoculated cows were observed throughout the experimental 
period. Histopathology and IHC detection of the mammary 
tissues were performed on PIDs 3, 6 and 9. The clinical signs and 
histopathology of the M. leachii-inoculated quarters exhibited a 
gradual progression to severe mastitis over the 9-day experimental 
period (Table 1, Figure 1), and the M. leachii antigen was detected 
in mammary tissue from the inoculated quarters of the affected cows 
on PIDs 6 and 9 by IHC (Table 1, Figure 2). For the control quarters 

Figure 1: Histopathology of mammary tissue samples from M. leachii-inoculated cows.
The left fore and hind quarters of each cow were inoculated with 5 ml of a liquid culture of M. leachii GN407 via intramammary infusion, and the right fore and 
hind quarters of each cow were inoculated with 5 ml of culture medium via the same route to serve as a negative control. Neutrophilic granulocyte infiltration was 
present in all inoculated quarters on PIDs 3, 6 and 9 and in the control quarters on PID 9 (black dotted arrow). The structures of some mammary gland ducts 
were destroyed (black solid arrow). Necrosis was observed in the mammary gland tissue from the left hind quarter of cow No. 6 (white solid arrow). The control 
quarters of the experimental cows on PIDs 3 and 6 and the quarters of negative control cow No. 7 on PID 9 were histopathologically normal (200×).
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of the M. leachii-inoculated cows, they were histopathologically 
and immunohistochemically negative on PIDs 3 and 6 but they 
developed mild mastitis and histopathological changes on PID 9, 
and the M. leachii IHC signal was also detected in mammary gland 
epithelial cells of these control quarters (Table 1, Figures 1 and 2). 
Throughout the experimental period, however, the quarters of the 
negative control cow were clinically and histopathologically normal, 
and the M. leachii antigen was not detected in the mammary tissues 
of the control cow on PID 9 (Table 1, Figures 1 and 2). The clinical 
signs of the affected mammary glands were swelling and firmness, 
the produced milk was yellow and contained large ropy clots, and 
the milk yield of the inoculated quarters was markedly decreased. 
These results, particularly the detection of the M. leachii antigen in 
the mammary gland epithelial cells of the inoculated cows, indicated 
that the mammary gland lesions were directly caused by M. leachii.

On PID 3, all twelve M. leachii-inoculated quarters of the six 
experimental cows (Nos. 1-6) developed mild clinical mastitis, 
whereas the twelve control quarters of the six inoculated cows were 
normal. Cows 3 and 4 were euthanized on PID 3 and subjected 
to necropsy. Histopathological changes, primarily Neutrophilic 
granulocyte infiltration, were observed in the mammary tissues from 
all four inoculated quarters (Table 1, Figure 1), but the M. leachii 
antigen was not detected (Table 1, Figure 2). Histopathological 
changes and the M. leachii antigen were not detected in the mammary 

epithelial cells and mammary ducts of the control quarters of cows 
3 and 4 (Table 1, Figures 1 and 2), indicating that M. leachii did not 
invade mammary cells during the early stage of mastitis. 

On PID 6, the eight inoculated quarters of the remaining four 
experimental cows (Nos. 1, 2, 5 and 6) exhibited moderate clinical 
mastitis, and all eight control quarters remained normal. Cows 2 and 
5 were necropsied on PID 6, and the histopathological examination 
of the four inoculated quarters showed moderate and diffuse 
neutrophilic granulocyte infiltration (Table 1, Figure 1) and mild 
destruction of some mammary gland duct structures in the left fore 
quarter of cow No. 5 (Figure 1). At this time, the M. leachii antigen 
was detected as a weak signal in the mammary epithelial cells of the 
four inoculated quarters from cows 2 and 5 (Table 1, Figure 2), but 
histopathological changes and the M. leachii antigen were still not 
detected in any of the four control quarters of cows 2 and 5 (Table 
1, Figures 1 and 2). Thus, M. leachii invaded the mammary epithelial 
cells in the inoculated quarters by PID 6, but it did not spread to the 
opposite control quarters in the inoculated bodies at that time. 

On PID 9, severe clinical mastitis was observed in the four 
inoculated quarters of the remaining two experimental cows (Nos. 
1 and 6). Importantly, all four control quarters of cows 1 and 6 had 
also developed mild mastitis (Table 1) at that time. Cows 1 and 6 were 
necropsied for a histopathological examination, and more extensive 

Figure 2: IHC assay for the M. leachii antigen in mammary tissue samples from M. leachii-inoculated cows.
The M. leachii antigen was not detected in any of the inoculated or control quarters from cows 3 and 4 on PID 3. Weak positive labeling with an M. leachii-specific 
monoclonal antibody (mAb) was observed in the inoculated quarters from cows 2 and 5 (solid arrow) on PID 6, but the M. leachii antigen was not detected in 
any of the control quarters from cows 2 and 5. On PID 9, strongly positive labeling with the M. leachii-specific mAb was observed in all inoculated and control 
quarters from cows 1 and 6. Extensive staining for the M. leachii antigen was observed on the surface or in the cytoplasm of mammary epithelial cells (dotted 
arrow). The M. leachii antigen was not detected in the mammary tissues from the quarters of negative control cow No. 7 on PID 9 (200×).
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and severe Neutrophilic infiltration and destruction of the mammary 
gland ducts were observed in all four inoculated quarters (Table 1, 
Figure 1). Additionally, necrosis of mammary epithelial cells was 
observed in the mammary gland tissue from the left hind quarter of 
cow No. 6 (Figure 1). The M. leachii antigen was detected as a strong 
signal in mammary epithelial cells of the four inoculated quarters of 
cows 1 and 6 (Table 1, Figure 2). In addition, mild histopathological 
changes were observed (Table 1, Figure 1) and the M. leachii antigen 
was detected (Table 1, Figure 2) in all four control quarters of 
cows 1 and 6 on PID 9. Thus, M. leachii propagated abundantly in 
the mammary epithelial cells of the inoculated quarters on  PID 9. 
Importantly, the pathogen had invaded the adjacent quarter on the 
opposite side at that time.

On PIDs 3, 6 and 9, the M. leachii signal detected via PCR in the 
milk samples from the infected quarters ranged from weak to strong, 
and the M. leachii titer also gradually increased (Table 2). The PCR 
detection and isolation of M. leachii from the milk samples of the 
control quarters was negative on PIDs 3 and 6; however on PID 9, 
a moderately positive PCR signal was detected in the milk samples 
of the control quarters of the experimental cows, and M. leachii was 
also isolated (Table 2). These M. leachii PCR detection and isolation 
results were consistent with the clinical, histopathological and 
immunohistochemical results. Additionally, no pathogenic bacteria 
were isolated and identified from the milk samples of the infected 
cows, indicating the absence of bacterial coinfection in the mammary 
gland tissue.

Table 2: PCR detection and isolation of M. leachii from milk samples of the inoculated cows.

Cow No. Inoculated quarter

Post Inoculation day (PID)

3 6 9

M. leachii PCR M. leachii isolation M. leachii PCR M. leachii isolation M. leachii PCR M. leachii 
isolation

3

left fore + 1×104

CCU/ml NP NP NP NP

left hind + 1×104 CCU/ml NP NP NP NP

right fore — — NP NP NP NP

right hind — — NP NP NP NP

4

left fore + 1×104 CCU/ml NP NP NP NP

left hind + 1×104 CCU/ml NP NP NP NP

right fore — — NP NP NP NP

right hind — — NP NP NP NP

2

left fore + 1×104

CCU/ml ++ 1×106 CCU/ml NP NP

left hind + 1×104 CCU/ml ++ 1×106 CCU/ml NP NP

right fore — — — — NP NP

right hind — — — — NP NP

5

left fore + 1×104 CCU/ml ++ 1×106 CCU/ml NP NP

left hind + 1×104 CCU/ml ++ 1×106 CCU/ml NP NP

right fore — — — — NP NP

right hind — — — — NP NP

1

left fore + 1×104

CCU/ml ++ 1×106 CCU/ml ++++ 1×108 CCU/ml

left hind + 1×104 CCU/ml ++ 1×106 CCU/ml ++++ 1×108 CCU/ml

right fore — — — — ++ 1×106 CCU/ml

right hind — — — — ++ 1×106 CCU/ml

6

left fore + 1×104

CCU/ml ++ 1×106 CCU/ml ++++ 1×108 CCU/ml

left hind + 1×104 CCU/ml ++ 1×106 CCU/ml ++++ 1×108 CCU/ml

right fore — — — — ++ 1×106 CCU/ml

right hind — — — — ++ 1×106 CCU/ml

7

left fore — — — — — —

left hind — — — — — —

right fore — — — — — —

right hind — — — — — —

“++++”: Strongly positive in PCR detection; “++”: moderately positive in PCR detection; “+”: weakly positive in PCR detection; 

“—”: negative in PCR detection and M. leachii isolation; “NP”: these cows were slaughtered, and the corresponding detection was not performed.
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Discussion
Bovine mastitis, causing the decrease in milk production, 

increased health care costs and increased culling and death rates [13], 
is responsible for major economic losses on dairy farms worldwide. 
Moreover, mastitis poses a threat to human health since it may be 
responsible for zoonoses and food toxin infections [14,15]. Mastitis 
caused by mycoplasmas is less common than mastitis caused by other 
bacteria, but it results in severe udder disease [16] and can usually 
be differentiated from mastitis caused by other bacteria because 
it exhibits the following features: (1) it is highly contagious; (2) it 
affects more than one quarter; (3) it causes a significant loss in milk 
production; (4) it is often refractory to antibiotic treatment; (5) it 
may result in increased purulence; and (6) affected cows can remain 
externally normal, with few overt clinical signs, even in severe cases. 
For these reasons, mycoplasma mastitis is considered untreatable; 
consequently, culling remains the most common recommendation 
for its control [3]. Of the approximately 25 mycoplasmas that have 
been detected in cattle, only a few have been linked to bovine mastitis. 
Mycoplasma bovis is most prevalent and was first isolated from 
mastitic cows in 1961 [3]. Other species that have been reported as 
causes of mycoplasma mastitis include Mycoplasma arginini and M. 
leachii [3,17].

M. leachii was initially isolated from the joint fluid of arthritic 
calves in southern Queensland, Australia in 1963 [18]. Subsequently, 
M. leachii was also isolated from calves with polyarthritis and 
pneumonia, cows with signs of mastitis, aborted fetuses and small 
ruminant hosts [7-9,19-21]. In China, polyarthritis in calves caused 
by M. leachii was an emerging disease in 2009, and M. leachii strain 
GN407 was first isolated from the joint fluid of arthritic calves in 
China by our laboratory [10,11]. M. leachii was isolated from milk 
samples obtained from cows with mastitis [7-9], and its mild clinical 
mastitis phenotype was reproduced by infusing M. leachii cultures 
into one quarter of a lactating cow [7]. However, the histopathological 
and immunohistochemical evidence was insufficient to support the 
pathogen-disease relationship. In this study, we demonstrated that M. 
leachii directly causes clinical bovine mastitis using histopathological 
and immunohistochemical methods, and we further confirmed that 
M. leachii is one of the causes of bovine mastitis. Because numerous 
pathogens are responsible for bovine mastitis, with the majority of 
infections caused by staphylococci, streptococci and enterobacteria, 
milk samples collected both pre- and post inoculation were plated 
on Columbia agar for the isolation and identification of other main 
pathogenic bacteria. No pathogenic bacteria were isolated and 
identified from the milk samples of the infected cows, indicating 
the absence of bacterial coinfection in the mammary gland tissue 
of the experimental cows. Although no other pathogens, including 
bacteria and viruses, were detected, the histopathological and 
immunohistochemical evidence from this study is sufficient to 
support the conclusion that M. leachii can directly cause bovine 
mastitis.

As mentioned above, bovine mastitis caused by mycoplasmas has 
unique characteristics, including that it often affects more than one 
quarter. In this study, M. leachii also invaded the adjacent quarter on 
the opposite side of the inoculated quarters at a later stage of mastitis, 
indicating that M. leachii can spread from the inoculated quarter to 
the opposite adjacent quarter in the same cow’s body. This result is 
consistent with the characteristic of Mycoplasma mastitis affecting 

more than one quarter. However, the route of transmission of M. 
leachii in the body is currently unclear. It has been reported that 
Mycoplasma spp. can spread from one bovine body site to another, 
presumably via the lymph or peripheral blood system [22-24]. 

During the 9-day experimental period, the histopathology of all 
inoculated quarters showed a gradual progression to severe mastitis 
(Table 1, Figure 1). On PID 3, histopathological changes were 
observed in the mammary tissues from all four inoculated quarters, 
but the M. leachii antigen signal was not detected (Table 1, Figure 1). 
The mechanism underlying this inconsistency is unclear and may be 
related to mammary immunobiology. The mammary gland immune 
system consists of a diverse array of physical, cellular, and molecular 
factors that function in the innate or acquired immune responses. 
Components of the innate defense system include nonspecific physical 
barriers of the teat end, pattern recognition receptors, phagocytes 
(i.e., neutrophils and macrophages), and various soluble factors 
(i.e., cytokines, complement, and lactoferrin) [25]. In this study, the 
histological changes observed in the inoculated quarters on PID 3 
consisted of neutrophilic granulocyte infiltration, but the M. leachii 
antigen was not detected. Therefore, the inflammation observed on 
PID 3 is suggested to be caused by the extracellular propagation of 
M. leachii in mammary ducts. Some M. leachii may be phagocytosed 
and eliminated by inflammatory cells, whereas a small amount of 
residual M. leachii that had colonized the lumen of the mammary 
ducts had not yet invaded the mammary epithelial cells in the early 
stage of mastitis. Thus, although histological changes (Neutrophilic 
granulocyte infiltration) were observed in the inoculated quarters 
on PID 3, the M. leachii antigen was not detected in the mammary 
epithelial cells or mammary ducts.

In summary, the pathogenicity of M. leachii in bovine mastitis 
was investigated using an artificial infection experiment. Direct 
histological and immunohistochemical evidence confirmed that 
M. leachii causes clinical mastitis in cows, which results from 
histopathological lesions induced by the invasion of the pathogen into 
mammary gland cells and inflammatory cell infiltration. Moreover, 
M. leachii can spread from the inoculated quarter to the opposite 
adjacent quarter in the body.
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