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Abstract
Background: Genotypic variability in M. hyopneumoniae has been reported within and among herds. However,
information regarding VNTR types within single lung lobes is lacking. The objective of his study was to analyse M.
hyopneumoniae infections and their association with VNTR types and lung lesions at the lobe level. Lungs from 300
pigs from 10 farms experiencing an enzootic pneumonia outbreak were collected and scored. M. hyopneumoniae
was detected by real-time PCR and genotyped by MLVA assay in all samples.
Results: The results showed genotypic variability within single pigs and among lung lobes. At the lobe level,
infection with one VNTR type (SN infection) was dominant. Lobes with lesion scores > 0 were associated with
positive results for real-time PCR. At the lobe level, no relationship was observed between infections with more
than one genotype (MX infections) and the proportion of Mycoplasma-like lesions. Lesion-free lobes presented a
higher proportion of MX infections than lobes scored > 0. M. hyopneumoniae was detected more frequently in the
right lobe of the lung (p < 0.05), with a similar distribution within lobes for SN and MX infections. The anatomic
conformation of swine lungs led to a higher prevalence of infections in the right lobe. However, this study showed
that this condition did not affect the distribution of infections with multiple VNTR types. Nevertheless, careful
consideration of sample selection should be practised for M. hyopneumoniae genotype analyses, including lung
lobes with no visible lesions.
Conclusion: The results did not show a significant association between the number of detected genotypes and
the severity of the lesions at the lung lobe level, but revealed the unexpected detection of M. hyopneumoniae
genotypes in lesion-free lobes. These results imply that a representative sampling of all lobes may lead to an
accurate identification of the VNTR-type distribution. Further studies including factors that can affect pathogenetic
evolution of this bacterium could shed light on the complexity of the relationship between genotypes and the
lung lesions magnitude.
Keywords: Swine, MLVA, VNTR type, Mycoplasma hyopneumoniae, Lung, Lobe, Variability

* Correspondence: matteo.tonni@izsler.it
1
Istituto Zooprofilattico Sperimentale della Lombardia e dell’Emilia Romagna,
Via Bianchi, 9, 25124 Brescia, Italy
Full list of author information is available at the end of the article
© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

Tonni et al. Porcine Health Management

(2021) 7:14

Background
Mycoplasma hyopneumoniae (M. hyopneumoniae) is the
bacterial aetiological agent of enzootic pneumonia, a respiratory disease that causes significant economic losses
in the pig industry [16]. Infections with M. hyopneumoniae are highly prevalent, chronic and detected in most
countries [7]. Moreover, M. hyopneumoniae is one of
the main pathogens of the porcine respiratory disease
complex (PRDC). Pneumonic lesions caused by M. hyopneumoniae are predominantly well delineated in the cranioventral areas of the lung, involving the apical, middle,
and accessory lobes, and in severe cases, lesions can extend and involve the caudal lobes [20].
Although it has a small genome, Mycoplasma harbours
several variable numbers of tandem repeat (VNTR) regions [13]. VNTRs include numerous regions in adhesion
protein genes, which can be investigated through genetic
characterization [18]. Multiple locus variable number tandem repeat analysis (MLVA) is the preferred technique to
investigate VNTRs and has been applied in various studies
to characterize M. hyopneumoniae [2, 3, 12, 22] based on
its high discriminatory power. The molecular variability of
M. hyopneumoniae among farms has been the subject of
several studies, and a wide range of heterogeneity has been
reported, depending on management, production system
[5, 15] and geographical distribution [3, 11, 19].
Currently, M. hyopneumoniae genomic classification
and the corresponding terminology follow the definition
of VNTR types [1]. Preliminary studies of the association
between the severity of Mycoplasma-like lung lesions and
the number of different genotypes revealed no association
[2] or a positive association [12]. Nevertheless, the literature is based on analyses at the herd level or at the lung
level, and the distribution of M. hyopneumoniae within
each lung lobe and how it can affect the magnitude and
localization of lesions have not been considered. Therefore, the aim of this study was to analyse the presence of
different M. hyopneumoniae VNTR types and the associations between single- or multiple-genotype infections and
lung lesion observations at the lung lobe level.
Results
The genotype analysis performed on samples collected
from 300 pigs on ten farms (A-J) showed 29 different
VNTR types (Table 1).
Genotypes of mycoplasma hyopneumoniae in lobes with
scores > 0 (farms A-G)

Two hundred ten fattening pigs were selected from
farms with evidence of a respiratory disease outbreak.
The number of lungs with a lesion score > 0 was 122,
while the total number of sampled lung lobes (with
Mycoplasma-like lesions) was 427. Two hundred sixty
lung lobes were positive for M. hyopneumoniae by real-
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Table 1 Summary of pigs, lungs with Mycoplasma-like lesions
and sampled lung lobes per farm. Genotyping of Mycoplasma
hyopneumoniae on farms A-G showed the VNTR type detected
in lobes with Mycoplasma-like lesions, while the data for farms
H-J included all lobes sampled (including lesion-free lobes)
Farm ID

A

H

I

Pigs

30 30 30 30 30 30 30

30

30

30

Lungs with score > 0 19 25 15 10 22 14 17

21

29

20

Sampled lobes

B

C

D

E

F

G

J

47 85 41 14 58 64 118 116 186 117

VNTR type
2

108 136

12

20

13

1

53
2

17

35

18

3

27

29

28
29
38

8
1

2

2

1

46

12

47

39

48

58

51

5

52

1

53

2

54

2

55

2

56

1

57

23

65

44

66

50

67

37

69

11

70

1

72

23

75

1

81

4

85

8

86

22

time PCR, and the strains were completely genotyped
and categorized as SN (79.2%) or MX (20.8%) infection
at the lobe level. Seven samples that were nontypable by
MLVA analysis and 31 lobes that lost integrity during
the slaughtering procedure were excluded from the
study and not replaced.
The lesion scores for lung lobes in which samples were
genotyped are reported in Fig. 1. The majority of lobes
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Fig. 1 Distribution of lesion scores in lobes with single- or mixed-genotype infections (farms A-G). SN: Single-genotype infections. MX: Multiplegenotype infections. Lung lesion score 1–4 [6]

scored 1 (44.6%) or 2 (29.3%), while the remaining lobes
scored 3 (18.8%) and 4 (7.3%). Figure 1 also shows the
genotype distribution between SN and MX. No significant association was detected between the magnitude of
lesions and MX infections.
Genotypes of mycoplasma hyopneumoniae in lobes with
scores of 0–4 (farms H-J)

Seventy-one lungs (497 lobes), excluding in-farm mortality and lungs damaged during the slaughtering procedure, were collected at slaughterhouse and
processed for analysis. M. hyopneumoniae was identified in 70/71 examined lungs. At the lobe level, the
presence of Mycoplasma-like lesions was associated
with positive real-time PCR results (p < 0.05), as reported in Table 2.
Real-time PCR and MLVA typing were performed on
all lung lobes from all farms. Three hundred thirty-four
samples were positive by real-time PCR, with 278 SN infections (83.2%) and 56 MX infections (16.8%), while the
remaining 85 lobes were negative for the detection of M.
hyopneumoniae. A significantly higher proportion of MX
infection was recorded in lobes free of lesions (score = 0)
than in lobes with lesions (score > 0; p < 0.001; Fig. 2a).
The lung lobe score assessment revealed 167 lobes free
of lesions (39.9%), 73 lobes that scored 1 (17.4%), 52
lobes that scored 2 (12.4%), 67 lobes that scored 3 (16%)

and 60 lobes that scored 4 (14.3%). The distribution of
single- or mixed-genotype infections according to score
(Fig. 2b) showed that MX infections accounted for
26.4% of infections in lobes with a score of 0 but 1.8, 5,
6, and 7.4% of infections in lobes with scores of 1, 2, 3
and 4, respectively. A significant relationship between
MX genotype infections and lung lesion score was detected (p = 0.011). A higher probability of detecting MX
genotype infections was observed in lobes free of lesions
(score = 0) than in lobes with scores of 1 (p = 0.005) or 4
(p = 0.012).
The collected dataset allowed us to investigate the
topographical distribution of M. hyopneumoniae within
lobes, for which the results are reported in Table 3. M.
hyopneumoniae was detected more frequently on the
right side of the lung (p < 0.05) in the RM, RC, and RA
lobes. The distribution of SN or MX genotype infections
within lung lobes was homogeneous, as shown in Fig. 3.
Table 2 Association between Mycoplasma-like lesions and
detection of Mycoplasma hyopneumoniae by PCR at the lobe
level (farms H-J)
Mycoplasma-like lesions
Presence

Absence

PCR Positive

213

121

PCR Negative

39

46
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Fig. 2 a Distribution of single- or mixed-genotype infections in lobes free of lesions (score = 0) and lobes with lesions (score > 0). Data from farms
H-J. Lung lesion score = 0 or score > 0 [6]. b Distribution of lesion scores in lobes with single- or mixed-genotype infections (farms H-J). SN:
Single-genotype infections. MX: Multiple-genotype infections. Lung lesion score 0–4 [6]
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Table 3 Distribution of Mycoplasma hyopneumoniae real-time
PCR results according to lung lobe (farms H-J)
Lung lobe

PCR
Positive

PCR
Negative

RA

51

11

LA

47

15

RM

53

6

LM

44

14

RC

53

9

LC

43

15

A

43

15

RA Right apical lobe, LA Left apical lobe, RM Right middle lobe, LM Left middle
lobe, RC Right caudal lobe, LC Left caudal lobe, A Accessory lobe

No association was detected between the genotype of M.
hyopneumoniae infections and individual lung lobes.

Discussion
The present study using VNTR typing based on four
loci showed a high genomic variability of M. hyopneumoniae among the investigated population. The terminology and classification of the MLVA assay
followed recently proposed criteria [1] specific for M.
hyopneumoniae. The genomic variability observed in
this study is consistent with what has been observed

in previous studies, either in specific geographic regions [3] or at the farm level [11]. Genotypic variability of M. hyopneumoniae within a single pig has been
reported [12]. Here, more detailed information is provided. Performing genotyping at the lobe level allowed
an assessment of the genotypic variability within individual lung lobes, as well as the exact correspondence
between visible lesions and the VNTR types that
caused them. This approach provided evidence of
what may occur within each scored lobe, which is different from the whole-lung view. In addition, our results suggest that each lung lobe is an independent
unit; thus, in the post-mortem diagnostics a sampling
method that involves all lung lobes is recommended.
Furthermore, representative sampling should include
lobes both with and without lesions. Therefore, when
the entire lung is available, a pool of all lobes is preferred over single-lobe sampling.
Although high genotypic variability was observed
among farms, few VNTR types were detected within a
single herd, as previously reported by others [2, 10, 14,
22], suggesting a certain clustering distribution. The
aforementioned studies suggested that the VNTR types
belonging to each cluster exhibit minute differences in
VNTR length, likely due to a difference of one tandem
repeat sequence [1], and these differences have unclear

Fig. 3 Distribution of single- and multiple-genotype infections of Mycoplasma hyopneumoniae within lung lobes (farms H-J). Single-genotype
infections (SN). Multiple-genotype infections (MX). RA: Right apical lobe. LA: Left apical lobe. RM: Right middle lobe. LM: Left middle lobe. RC:
Right caudal lobe. LC: Left caudal lobe. A: Accessory lobe
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biological significance. The clinical implications of clustering are not fully known, and future studies are needed
to improve our understanding.
The relationship between genotypic variability and
lung lesions remains controversial, considering either
the entire organ or single lobes. In this study, no relationship was observed between the number of VNTR
types and Mycoplasma-like lesions at the lobe level. This
is in accordance with reports by Charlebois and colleagues at the lung level [2]. Conversely, other studies
have shown that lungs with multiple infections seem to
be associated with more severe lung lesions [12, 21, 22].
It can be speculated that different VNTR types could
have specific virulence patterns. Hence, it may be reasonable to consider individual VNTR types and their associations in field infections.
It is known that VNTR types tend to be conserved at
the farm level [2, 11], showing only minor variations
[15]. However, studies regarding the pathogenic pathways associated with multiple infections within a single
pig are lacking. M. hyopneumoniae is known to persist
in the respiratory tract of pigs for long periods of up to
7 months [17]. Vranckx et al. [23] reported that M. hyopneumoniae persisted in the same animals and that infection with an M. hyopneumoniae VNTR type did not
exclude secondary infection with another VNTR type 12
weeks later.
Although M. hyopneumoniae has been detected in
scalding water, Marois et al. [9] showed that lungs from
SPF pigs remained PCR negative after processing. Our
research focused on lung lobe-related factors that had
not been reported in the literature; therefore, we need to
consider scalding water contamination as a possibility
and as a limiting factor.
A high degree of association between positive outcomes for real-time PCR and Mycoplasma-like lesions
was observed in this investigation. However, the proportion of lesion-free lung lobes positive for M. hyopneumoniae in real-time PCR suggests that all lobes
should be considered for genomic characterization.
Furthermore, an unexpectedly high proportion of MX
infection was detected in lobes that scored zero. Further studies may be needed to clarify this
phenomenon.
Considering each lobe individually, the majority of
infections were single infections. Since different
VNTR types can be identified at the lung level [12],
our results may indicate that infections with M. hyopneumoniae within the lungs can be the result of a
combination of VNTR types individually hosted in
each lung lobe. This is likely due to the anatomic
conformation of the pig lungs, which have deep fissures that separate the lobes from each other and
lead to minimal collateral ventilation [20].
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Although the topographical distribution of M. hyopneumoniae showed a slightly higher detection rate on
the right side of the lungs [4], this association only
approached the significance level. A potential explanation for this finding could be the anatomic framework
of swine airways. The RA lobe receives airflow from the
tracheal bronchus, located cranially to the main bronchi,
which is vulnerable to early colonization by airborne
pathogens [20]. Anatomic assumptions suggest considering each lobe as an independent anatomic unit, while
our results showed marginal differences in lobe
localization among VNTR types. Although the distribution of genotypes within the lung lobes appears homogeneous, the detection of these also in lesion-free lobes
suggest that to obtain a full picture of all VNTR types,
sampling of all lobes is required, regardless of the presence of Mycoplasma-like lesions.
Our study initially followed the IZSLER standard laboratory protocol and processed only lobes with scores > 0.
This limitation was overcome for the results obtained on
farms H-J, which extended sampling to all lobes.
The time when enzootic pneumonia outbreaks occur
can influence the lesions observed at the slaughterhouse
[7], and the Italian pig industry uses a long finishing
phase. It is reasonable to suppose that there is a long
time from M. hyopneumoniae outbreaks to slaughter or
additional possible secondary outbreaks, with the aforementioned implications. Therefore, the peculiarity of the
Italian production system does not allow a direct comparison with other European and non-European
countries.
It is reasonable to assume that regardless of the
time of infection, the genotypes detected at market
age are influenced by different factors, such as the
presence of other infections, that occurred between
the outbreak and the time of slaughter. Therefore,
multiple infections may be due to coinfection with
more than one VNTR type during an enzootic pneumonia outbreak or due to sequential infections. Since
the data collected in this study are not sufficient to
reveal an accurate clinical history for each farm, the
results must be interpreted taking this criticality into
consideration.
It is important to note that clinical signs and the severity of lesions may depend on several variables that
were not considered here, such as concomitant infections, farm management and environmental conditions
[7]; conversely, a deeper knowledge of clinical farm history allows a better understanding of the dataset. As previously mentioned, the existence of different time frames
from outbreak to slaughter affect the results [7], such as
the excluded and untypable samples. All of these elements need to be considered limiting factors for this
study.
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For the reasons listed above and regardless of the M.
hyopneumoniae genotyping method, unravelling the
complex relation between genotypic variability at the
lung or lobe level and lung lesions is a pressing need for
proper disease control in the field. Further studies could
shed light on the complexity of the abovementioned relationship, including investigation of the roles of other
pathogens and the consequences of different farm management practices. Only complete information on the
circulating M. hyopneumoniae genotypes can support a
deep analysis of the effectiveness of control methods and
approaches to enhance their effects.

Conclusions
In conclusion, this study showed that VNTR types were
highly variable among farms and within lungs, with the
possibility of detecting single or multiple types. Moreover, a clear relation between the number of detected
genotypes and the severity of the lesions at the lung lobe
level has not been detected, but the presence of isolates
in lesion-free lobes has been reported. These results
imply that representative sampling of all lobes may lead
to a more accurate view of the VNTR-type distribution.
Further studies including factors that can affect pathogenetic evolution could shed light on the complexity of
the abovementioned relationship.
Methods
Study design

The study was performed between June 2016 and June
2018, according to farm participation availability. Seven
fattening farms (A-G) from a high-pig density area in
Italy that reported clinical signs (mild, dry, nonproductive cough, respiratory distress, fever and slow growth)
suggestive of an acute M. hyopneumoniae outbreak by
the attending veterinarian were randomly selected from
the regional epidemiological registry. The criterion for a
farm to be included in the study was the detection of M.
hyopneumoniae genetic material on at least seven out of
ten tracheobronchial swabs per farm by PCR test, performed in the IZSLER laboratory or the histopathological evaluation of lung tissue samples collected during
the outbreak. Samples were also tested for porcine reproductive and respiratory syndrome virus (PRRS), porcine circovirus type 2 (PCV2), swine influenza virus
(SIV), Actinobacillus pleuropneumoniae (A. pleuropneumoniae), Pasteurella multocida (P. multocida), Streptococci and Glässerella parasuis, which showed negative
results.
Based on the initial results, the same operating protocol was extended to consider all lobes, regardless of
whether lesions were observed, for three farms (H-J),
with the addition of a negative control. The selection of
farms and pigs followed the same experimental design,
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but all the lung lobes were sampled, including lobes free
of lesions, which allowed us to study the distribution of
M. hyopneumoniae VNTR types in all lung lobes.
All pigs were vaccinated for PCV2, Aujeszky’s disease
and M. hyopneumoniae; in particular, six farms (A, B, C,
D, E and I) followed a one-shot vaccination protocol for
M. hyopneumoniae with a single vaccination at 20–28
days, and four farms (F, G, H, J) followed a two-shot
vaccination protocol, with vaccinations before and after
weaning. Although treatment with tetracyclines or
macrolides was administered due to the outbreak to all
pigs (including those selected for research) no routine
medication had been adopted at the farms. All farms
belonged to a multisite production system with standard
housing conditions characterized by a confined barn environment with natural ventilation.
During the course of the outbreak, groups of 30 fattening pigs per farm were randomly selected, regardless of clinical status, ensuring the bias-free selection
of subjects. Then, lungs from the selected pigs were
collected after slaughter. The age of the pigs at
slaughter was approximately nine months for all
farms. The standard procedure for the detection of
M. hyopneumoniae infection included assessment of
the lung score and PCR testing of all lobes with
Mycoplasma-like lesions.
All samples from the ten farms (A-J) included in the
study positive for M. hyopneumoniae by PCR were after
genotyped by MLVA assay.

Sample collection and lung scoring

Lungs were collected at slaughterhouses and transferred
under refrigerated conditions (5 ± 3 °C) to the IZSLER
laboratory, where the lungs were evaluated immediately,
with the purpose of identifying lobes with lesions suggestive of porcine enzootic pneumonia. The presence of
greyish to purplish consolidated pneumonic areas, primarily in the cranioventral parts of the lung, was considered suggestive of M. hyopneumoniae infection [7]. Lung
lesions were scored following the method described by
Madec and Kobisch [6] based on the magnitude (in percentage) of the affected lung lobe surface: 0% = no lesion,
< 25% = score 1; 25–49% = score 2; 50–74% = score 3
and > 75% = score 4. A portion of the transition region
between apparently healthy and affected areas of each
injured lobe (farms A-J) and a portion of each apparently
healthy lobe (farms H-J) were dissected. One gram of
the sampled tissue was homogenized 1:10 in phosphatebuffered saline (PBS) and was maintained at −20 °C until
analysis. Samples were sorted according to the labelled
lobe, as follows: right apical (RA), right caudal (RC),
right middle (RM), accessory (A), left apical (LA), left
caudal (LC) and left middle (LM).
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DNA extraction, real-time PCR, and MLVA

Lung homogenates were centrifuged at 453 g for 10
min at 4 °C. Supernatants were used to obtain purified genomic DNA employing the DNeasy Blood Tissue Kit (Qiagen, Milan, Italy) according to the
manufacturer’s protocol. Detection of M. hyopneumoniae was performed using a real-time PCR assay following routine IZSLER laboratory methods based on
the protocol proposed by Marois et al. [8]. Briefly,
the PCR mixture contained 1X Go Taq Probe Mastermix (Promega, Milan, Italy), 0.5 μM each primer,
0.2 μM p102 probe, 0.7x IPC Mastermix, 0.3X IPC
DNA, and 5 μl of DNA and was brought to 4.6 μl
with nuclease-free water. Amplification of DNA was
carried out using a C1000 thermal cycler (BioRad®,
Milan, Italy) using the following conditions: initial denaturation at 95 °C for 2 min and 40 cycles of denaturation at 95 °C for 3 s and annealing-extension at
60 °C for 20 s. The detection limit was set to 37 cycle
threshold (Ct) values.
Samples positive by real-time PCR were MLVA genotyped through four conventional PCRs, one for
each VNTR locus (Locus 1, Locus 2, P97-RR1 and
P97-RR2), as described by Charlebois et al. [2]. The
MLVA PCR mixture contained 5 μM each primer, 5
mM dNTPs, 0.5 U/μL Taq (Resnova, Rome, Italy), 5X
Buffer solution, 12.7 μl of nuclease-free water and 5 μl
of DNA. Amplification consisted of the following
stages: 95 °C for 3 min, 40 cycles of 30 s at 95 °C, 30 s
at 55 °C, and 1 min at 72 °C, and one final cycle of
72 °C for 1 min. MLVA typing was performed with an
Applied Biosystems Thermocycler (Thermo Fisher
Scientific, Milan, Italy). PCR products were analysed
by capillary electrophoresis (QIAxcel, Qiagen). Samples with unclear results were further evaluated using
a 2.0% high-resolution agarose gel, which was run at
100 V for 2 h and visualized under UV light. The size
of the PCR products was calculated, and the approximate number of tandem repeats present was determined according to the allele-calling table (Additional
file 1). An identification number was assigned to each
VNTR profile type following the chronological order
of identification at the IZSLER laboratory.

Statistical and data analysis

Genotyping results at the lung and lobe levels were categorized as single infection (SN) or mixed infection (MX)
based on the presence of one or more different VNTR
types, respectively. Samples that were positive in realtime PCR for M. hyopneumoniae but had missing or unclear results for repeat sequences in MLVA analysis were
excluded from the analysis. PCR-negative samples were
identified as negative (NEG).
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To investigate factors that may influence the distribution of single- or mixed-genotype infections, binomial
generalized linear models (GLMs) were defined using
SN/MX genotype infection as the response variable and
farms, lung lobes, and lung lesion scores as explanatory
variables.
The analyses were performed using SPSS Statistic 20.0
software. Values were significant when p < 0.05.
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identified as a combination of different VNTR locus. The number of
repeats of each locus is determinate by the number of base pair (bp) for
that locus.
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