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Abstract

Mycoplasma hyopneumoniae, the causative agent of swine respiratory disease, demonstrates differences in virulence.
However, factors associated with this variation remain unknown. We herein evaluated the association between differ-
ences in virulence and genotypes as well as phenotype (i.e., biofilm formation ability). Strains 168 L, RM48, XLW-2, and
J show low virulence and strains 232, 7448, 7422, 168, NJ, and LH show high virulence, as determined through animal
challenge experiments, complemented with in vitro tracheal mucosa infection tests. These 10 strains with known
virulence were then subjected to classification via multilocus sequence typing (MLST) with three housekeeping
genes, P146-based genotyping, and multilocus variable-number tandem-repeat analysis (MLVA) of 13 loci. MLST and
P146-based genotyping identified 168, 168 L, NJ, and RM48 as the same type and clustered them in a single branch.
MLVA assigned a different sequence type to each strain. Simpson’s index of diversity indicates a higher discriminatory
ability for MLVA. However, no statistically significant correlation was found between genotypes and virulence. Fur-
thermore, we investigated the correlation between virulence and biofilm formation ability. The strains showing high
virulence demonstrate strong biofilm formation ability, while attenuated strains show low biofilm formation ability.
Pearson correlation analysis revealed a significant positive correlation between biofilm formation ability and virulence.
To conclude, there was no association between virulence and our genotyping data, but virulence was found to be
significantly associated with the biofilm formation ability of M. hyopneumoniae.
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Introduction

The incidence of mycoplasma pneumonia of swine (MPS)
has witnessed an increase, resulting in significant eco-
nomic losses to the pig industry across the world [1]. The
pathogenic effects of different Mycoplasma hyopneumo-
niae strains on pigs are variable. However, little remains
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known about the reason or elements responsible for
such differences. In this study, our aim was to identify
factors associated with variations in M. hyopneumoniae
virulence.

Animal challenge experiments [2], host cell adhesion
[3], genotyping [4], and biofilm formation ability [5]
have been previously used to assess virulence and path-
ogenicity of M. hyopneumoniae strains. Pig challenge
experiments are the gold standard method for virulence
assessment. The virulence characteristics of M. hyo-
pneumoniae strains can be evaluated using in vitro mod-
els, such as swine tracheal mucosa. Some studies have
explored the association between M. hyopneumoniae
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virulence and genotypes. Genotyping plays a vital role
in epidemiological investigations and in bacterial iden-
tification and differentiation. Genotyping techniques
are usually easy to perform, require minimal bacterial
load, and results are quickly generated [4]. Multilocus
sequence typing (MLST), P146-based genotyping, and
multilocus variable-number tandem-repeat (VNTR)
analysis (MLVA) have become increasingly popular for
the molecular typing of bacteria [6], considering that
they can validate predominant genotypes, analyze evolu-
tionary relationships, and reveal variations in dominant
types [7]. The application of these methods, particularly
MLVA, has been reported to assess the virulence of M.
hyopneumoniae strains. MLVA typing of M. hyopneu-
moniae indicate an association between the number of
tandem amino acid repeats in P97 and other adhesins,
including P76, P146, and P216, and virulence [8, 9]. Min-
ion et al. found that cilium adherence was not significant
until there were at least eight repeats of AAKPV/E in P97
R1 [10]. In contrast, Stakenborg et al. found that a patho-
genic strain contained only two repeats of AAKPV/E in
P97 R1 [11]. Another study showed that no MLVA clus-
ters were associated with M. hyopneumoniae virulence
[12]. As shown from these contradictory findings, the
association between genotypes and virulence of M. hyo-
pneumoniae remains controversial.

Some studies have suggested the presence of a rela-
tionship between biofilm formation ability and bacte-
rial virulence [13]. Biofilms are dense surface-associated
bacterial communities, and they protect bacteria from
the lethal effects of host immunity and antibacterial
agents [14]. Biofilm formation is a risk factor for mor-
tality in some cases, and the ability to form biofilms is
now widely accepted as one of the main pathogenesis-
related virulence factors [15]. Inhibiting the expression
of virulence-associated genes is reportedly correlated
with the attenuation of the biofilm formation ability of
Stenotrophomonas maltophilia [16]. Further, the biofilm
formation ability of Histophilus somni seems to facili-
tate its persistence in systemic sites [17]. Another study
indicated that decreased expression of virulence-related
genes inhibits the ability of Staphylococcus aureus to
form biofilms [18]. Nevertheless, different results have
been reported. The decreased ability of Plesiomonas
shigelloides to infect Caco-2 cells is accompanied by an
enhanced ability to form biofilms [19]. Furthermore, a
virulent strain of Streptococcus suis was found to lower
its virulence by forming biofilms so as to establish a per-
sistent infection in vivo [20]. However, little has been
reported about the relationship between biofilms and dif-
ferences in virulence among M. hyopneumoniae strains.

Herein we first performed pig challenge experiments to
assess the virulence characteristics of M. hyopneumoniae
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strains. The results were further complemented and re-
evaluated in parallel by performing in vitro tracheal
mucosa infection tests. The association among virulence,
genotypes and biofilm formation ability of M. hyopneu-
moniae was subsequently evaluated. Genotypes were
assessed by MLST, P146-based genotyping, and MLVA,
followed by phylogenetic analyses. The biofilm formation
ability of M. hyopneumoniae strains was assessed with
the microtiter plate biofilm assay (ODg,,). Finally, the
relationship between the virulence characteristics of M.
hyopneumoniae and genotypes as well as the correlation
between biofilms and virulence were investigated.

Materials and methods

Characterization of M. hyopneumoniae virulence

M. hyopneumoniae strains

M. hyopneumoniae strain ], which is non-pathogenic,
was purchased from American Type Culture Collec-
tion [21]. The commercialized vaccine strains 168 L and
RM48 (an attenuated live vaccine strain) were purchased
from JOFUNHWA Biotechnology Corporation, Nanjing,
China and Zhejiang CEVA EBVAC Biotech Corporation,
Hangzhou, China, respectively. Four field strains, namely
168, NJ, XLW-2, and LH, were isolated from pig lung tis-
sues during MPS outbreaks. Strain 168 was isolated from
Gansu Province, China in 1974 [22], and NJ, XLW-2 and
LH were isolated from Jiangsu Province, China in 2004,
2010 and 2016 respectively. Strain 168 L was derived
from strain 168 by > 300 continuous passages in vitro [3].
Strains 232 [23], 7448 [24], and 7422 [25] are recognized
as pathogenic strains worldwide.

Comparing virulence of field strains by animal challenge
experiments

Animal challenge experiments were performed to evalu-
ate and compare the virulence of strains 168 F115, 168 L
F335, NJ F41, XLW-2 F22, and LH F10. Sera samples
from 18 Bama miniature pigs were tested for M. hyo-
pneumoniae infection using a commercial antibody test
kit (IDEXX HerdChek® Mycoplasma hyopneumoniae
Antibody ELISA Test Kit, IDEXX Laboratories Inc.,
Westbrook, ME, USA). The animals were equally distrib-
uted in six different groups. Pigs from different groups
were housed in individual pens with metal slatted floor-
ing and metal gated sides and given water and a com-
mercial antibiotic-free pelleted diet. For challenge via the
tracheal route, 5 mL of 5 x 10® color changing units/mL
of M. hyopneumoniae suspension was used. Each pig in
the negative-control (NC) group was administered 5 mL
sterile KM2 medium. The groups challenged with dif-
ferent strains and the NC group were kept in separate
rooms with independent ventilating systems. After chal-
lenge, pigs were monitored in the morning daily by the
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same person for clinical signs, including apathy, loss of
appetite, coughing or wheezing. The animals were eutha-
nized 28 days post-infection. After necropsy, pathologi-
cal changes in various parts of the lungs were separately
scored. A lung lesion score was derived using a previous
method, with some modifications, to make score distinc-
tion more evident [26]: in the absence of any lesions, the
lobes were rated as 0 points, 0.1-12.5% as 0.5 points,
12.6-25% as 1 point, 25.1-37.5% as 1.5 points, 37.6—
50% as 2 points, 50.1-62.5% as 2.5 points, 62.6—75% as
3 points, 75.1-87.5% as 3.5 points, and 87.6-100% as 4
points. The lung pathological change index was then cal-
culated (up to 28 points) for each pig. In addition, hema-
toxylin and eosin (HE) staining was performed to assess
pathological changes in the lungs. Experiments were per-
formed as previously described with a minor modifica-
tion [27]. From each pig, DNA was extracted from 1 mg
lung tissues taken from the margin between healthy and
diseased tissues and qPCR was performed for the quanti-
tative analysis of M. hyopneumoniae [28]. The virulence
of strains was analyzed as follows, high virulence isolates
significantly differed from the negative control group.
Low virulence isolates did not show significant differ-
ences from the negative control group, but they were sig-
nificantly different from high virulence isolates in terms
of the lung lesion score [29]. Macroscopic lesions, clini-
cal signs, and HE staining data were assessed for verifica-
tion. All experimental procedures were approved by the
Ethical and Animal Welfare Committee of the Jiangsu
Academy of Agricultural Sciences, China [SYXK (Su)
2015-0019].

Assessing the ability of the strains to infect the tracheal
mucosa

The tracheas were aseptically excised from healthy pigs
and submerged in chilled Hanks balanced salt solution
(HBSS, 14170112, Gibco, USA). The cartilages were
removed from the outside edge of the tracheal ring for
easier imaging. The processed tracheas were cut into
pieces (1 x 1 cm), rinsed thrice with HBSS, and then
incubated with RPMI-1640 (31870082, Gibco, USA)
overnight at 37 °C and 5% CO, to ensure they were
sterile [30]. Subsequently, ] F14, 168 F115, 168 L F335,
RM48 F792, NJ F41, XLW-2 F22, and LH F10 (10® CCU,
1 mL) were incubated with the tracheal mucosa sepa-
rately in a 24-well plate for 24 h at 37 °C and 5% CO,,.
The one incubated with RPMI-1640 media (i.e., unin-
fected) served as the NC. After incubation, the tracheal
mucosa was rinsed thrice with HBSS to wash away
planktonic bacteria. The experiments were performed
in triplicate. Each tracheal mucosa was cut into two
equal parts. One part was fixed in 2.5% glutaraldehyde
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and examined under a Zeiss EVO-LS10 scanning elec-
tron microscope (Zeiss, Germany) to evaluate micro-
morphic changes on the surface of ciliary epithelial
cells, while the other part was used for live/dead cell
counting to assess cell viability. The LIVE/DEAD®
BacLight™ Bacterial Viability Kit (Thermo Fisher Sci-
entific Inc., USA) was used for cell fluorescence stain-
ing, according to the manufacturer instructions. The
prepared specimens were then observed under an
UltraVIEW VoX laser scanning confocal microscope
(PerkinElmer, USA). Cell viability is presented as the
mean fluorescence intensity (MFI) ratio of red to green
(R/G ratio), which represents the ratio of dead to live
mucosal epithelial cells. To further evaluate if there was
a statistically significant correlation between virulence
and in vitro tracheal mucosa infection test results, non-
conditional logistic regression analysis was performed
using the IBM SPSS Statistics software (v 18.0). If the p
value of lung lesion score or R/G ratio calculated by the
single sample K-S test was >0.05, then lung lesion score
or R/G ratio was regarded to be normally distributed
and could be analyzed by Pearson correlation analy-
sis. Pearson correlation coefficient (r) of lung lesion
score and R/G ratio > 0.8 and p value <0.01 indicated an
extremely strong correlation [31].

Genotyping of M. hyopneumoniae strains

Genotyping methods

Seven different M. hyopneumoniae strains, including ]
F14, 168 F115, 168 L F335, RM48 F792, NJ F41, XLW-2
F22, and LH F10, were used for genotyping assays. All
strains were identified by 16 S rDNA gene sequenc-
ing [32]. The following genotyping methods were per-
formed: MLST [33], P146-based genotyping [34], and
MLVA [35]. The same conditions for PCR analysis were
used: initial denaturation at 94 °C for 5 min, followed
by 40 cycles of denaturation at 94 °C for 1 min, anneal-
ing at 48.6—-60 °C for 1 min, and extension at 72 °C for
45 s. The final extension step was conducted at 72 °C
for 5 min. Table 1 lists primers, annealing tempera-
tures and reaction system composition for three MLST
housekeeping genes (adk, rpoB, and tpiA), P146 gene,
and 13 MLVA loci. The amplicons obtained were evalu-
ated by 1% agarose gel electrophoresis in TBE buffer (90
mM Tris, 90 mM borate, and 2.5 mM EDTA [pH =8]).
All positive PCR amplification products were sent for
sequencing without prior purification (GenScript, Nan-
jing, China). To ensure reproducibility, analyses were
performed three times. The corresponding sequences
of strains 232 (NC_006360.1), 7448 (NC_007332.1),
and 7422 (NC_021831.1) were obtained from the whole
genome data in NCBI.
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Table 1 Primers and optimized procedures for MLST, P146 gene and MLVA analyses of M. hyopneumoniae isolates

Methods Target genes Sequence 10xPCR MgdCl, dNTP Primer Taq DNA Annealing References
(5'—3) buffer (25mM, pLb)  (2.5mM, pL) (10uM, polymerase temperature
(Mg2 +free, pL) (5U/uL, uL) - (C)
uL)

MLST adk GGAGCTCCT 2 2 2 0.8 0.5 60 [33]
GGCTCAGGT
AAAG

GTTTCTTCA
AGGGTTTGC
TCG

rpoB AAACGGATA 2 2 2 0.8 0.5 60
GTTAGIGTT
GGCG

TGTTCGGCA
TCAAGGACA
AG

tpiA GAAATTGAA 2 2 2 0.8 0.5 60
AAATGAATA
AAACCGTAAG

GATGCTTTT
CTGGGATAC
TAACTCG

P146 P146 TCCAAGACG 2 2 2 0.8 0.5 56 [34]
sequencing AAGATCTTG
ACTATC

TTAGAACTT
GCAAGATAA
AGCTTG

MLVA P97 R1 GAAGCTATC 2 3 3 0.8 0.8 59.7 [11]
AAAAAAGGG
GAAACTA

GGTTTATTT
GTAAGTGAA
AAGCCAG

P97 R2 AGCGAGTAT 2 3 3 0.8 0.8 505
GAAGAACAA
GAA

GGTTTATTT
GTAAGTGAA
AAGCCAG

H2R2 TCAATAACA 25 2 2 1.1 0.8 503 [8]
AAGCACCTT
TC

GAGCTATTA
ATCCAGGCA
TC

H3 ATTACCGGA 2 25 2.5 0.8 0.8 559
AATAAGAAG
TG

AGTTAAAAA
AGCGGCTTT
TC

H5R1/R2 AAGTAAAAA 2 25 2 14 0.8 503
AGACCTCGA
AG

CCAAAGAAT
TAATCCAAG
TC
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Table 1 (continued)
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Methods 10xPCR
buffer
(Mg2 +free,

uL)

Target genes Sequence
(5'—3)

MgdCl,

(25mM, L)

dNTP
(2.5mM, pL)

Primer Taq DNA Annealing References
(10pM, polymerase temperature

uL) (5U/pL, pL) ()

MLVA H6R3 CAGATCAAA 3 1.5
TGGCTGTAA

CA

CCTTCACGG
ATTGCTTCA

CH GGCAAAAAA 2 2
ATGTGAATG
TC

GGCTTTTTG
GTATATTCA
GTTC

P95 ATTTATCCT 2.5 2
TTACTTAGC
GG

AAGACAAGT
GGATATTTT
GC

P146R1 AGTCACAAA 2 2
AACCTCAAA

GTG

AGGAGAGCT
TTGAATTTG
AG

P146R2 AAGACCAAA 3 2
AAGTAGGAC

ATAC

AACTCAAGC
ATCTAAAAG
TG

P216 GCAAAGCCA 2 2
AAATGTAAA

TG

CCAGTTCTT
CTTCTTTTC
TAAC

P146R3 AAAACCCAA 2 2
AGTAGTGAT

TC

TGTATCGGT
TTCAGAAGA
AG

25 1.1 0.8 59.7 Designed in

this study

Clustering and discriminatory power analyses

of the genotyping methods

MLST allows the analysis of clonal origin of strains
and the phylogenetic relationship between them by
indexing nucleotide variation. Sequences of the three
housekeeping genes adk, rpoB, and tpiA were submit-
ted to the MLST database. Each unique gene sequence

was assigned an allele number, and the combination
of three allele numbers for each strain defined the
sequence type (ST) [33]. Likewise, each of the 10
strains corresponded to a P146-based genotype in the
MLST database according to the P146 gene sequenc-
ing results [34]. VNTR for each strain were deter-
mined from the number of repeats in the amplicons.
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Data generated by the three genotyping methods were
analyzed with BioNumerics® 7.5 (Applied Maths, Bel-
gium). Categorical coefficients were used for defining
similarity levels and unweighted pair group method
with arithmetic mean (UPGMA) was used as the
clustering algorithm [36]. The dendrogram and mini-
mum spanning tree thus obtained were used to verify
genetic relationships among strains. Using a set of
pairwise distances that describe the degree of dis-
similarity among strains, a minimum spanning tree
represents a set of edges (connections) that link nodes
(strains) by the shortest possible distance [37]. The
Simpson index of diversity was used to determine and
compare the discriminatory power of the three geno-
typing methods according to the formula described by
Hunter and Gaston [38]:

1 S

D =Simpson index of diversity, N =total number of sam-
ples, s=total number of types described, and nj=num-
ber of strains belonging to the j type.

Biofilm formation by M. hyopneumoniae strains

The ability of M. hyopneumoniae strains to form bio-
films was assessed using a previously reported method
by Petrelli et al. [39], with slight modifications. Biofilm
cultivation was initiated when the activity of M. hyo-
prneumoniae strains reached 1028 CCU/mL. Bacterial
culture (200 pL) was placed into a 12-well glass bot-
tom plate (Costar, Corning Inc., USA) filled with 1800
uL of fresh KM2 medium, followed by incubation at
37 C for 1 day under static conditions. To extend the
growth time, the medium was changed daily. Superna-
tant (1800 uL) was discarded and the same volume of
fresh KM2 medium was added. Biofilm formation was
monitored after incubation for 1, 2, 3, 4, and 5 days, as
described below. The plates were gently washed thrice
with 2.5 mL sterile PBS to remove planktonic bac-
teria. The biofilms were fixed with 2.5 mL methanol
for 15 min at room temperature and stained with 2.5
mL 1% crystal violet for 5 min. After washing thrice
with 2.5 mL sterile PBS and observing morphological
changes under a microscope (Zeiss Axio Vert, SY-04,
Germany), the samples were dissolved in 2.5 mL 95%
ethanol for 10 min until crystal violet on the glass sur-
face had completely dissolved. The absorbance of 125
pL eluent was measured at 570 nm (ODg,,) (BioTek
ELx800; BioTek Instruments Inc., Winooski, VT, USA).
The experiment was conducted in triplicate, and unin-
oculated medium was used as the NC.
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Correlation analysis between strain virulence, genotypes,
and biofilm formation ability

Binary logistic regression analysis was used to evaluate
virulence-associated factors, including genotypes deter-
mined by MLST, P146-based genotyping, and 13 MLVA
loci using the IBM SPSS Statistics software (v 23.0). The
dependent variable is usually a dummy variable with val-
ues. With regards to virulence, O represented low and 1
represented high virulence. Further, Pearson correla-
tion analysis was also used to evaluate the association
between biofilm formation ability and virulence. Micro-
titer plate biofilm assay (ODs;,) was performed to deter-
mine biofilm formation ability. Virulence was assessed by
determining the ratio of dead to live mucosal epithelial
cells (R/G ratio). The correlation between OD;,, and R/G
ratio was calculated using the methods mentioned in the
section “Assessing the ability of the strains to infect the
tracheal mucosa”

Results

Assessment of virulence of M. hyopneumoniae strains

A total of 18 M. hyopneumoniae antibody-negative Bama
miniature piglets were selected for challenge (Additional
file 1). After challenge with 5 different M. hyopneumo-
niae strains via the tracheal route, various clinical signs
including apathy, loss of appetite, coughing and wheezing
were observed (Additional file 2).

Anatomic observation

Pigs were euthanized 28 days post-challenge. After
necropsy, anatomical observation of the lungs of pigs
infected with strains 168, NJ, and LH demonstrated typi-
cal MPS lesions with dark red—purple areas of pulmo-
nary consolidation. Lung lesions show clear boundaries.
Gross lung lesions, reflecting the levels of pathological
changes in various parts of the lung (proportion of con-
solidation), were evaluated using the 28-point evaluation
method (Figure 1; Table 2). The mean lung lesion scores
were 10.5 for the 168-challenge group, 10.17 for the NJ-
challenge group, 12.33 for the LH-challenge group, 0.33
for the 168 L-challenge group, and 0 for the XLW-2-chal-
lenge and NC groups. Statistical analyses demonstrate
that strains 168, NJ, and LH show significantly stronger
pathogenicity than strains 168 L and XLW-2. Further,
strains 168 L and XLW-2 show low or no virulence.

Pathohistological observation

To further investigate the pathological changes induced
by M. hyopneumoniae infection, lung tissues of chal-
lenged as well as unchallenged animals were analyzed
by hematoxylin—eosin (HE) staining. As shown in Fig-
ure 2, in comparison with the NC groups, the NJ-, 168-,
and LH-challenge groups show lung lesions of unclear
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Figure 1 Anatomical observation of pneumonic lung lesions in M. hyopneumoniae-infected pigs. Lungs lesions on infection by strains 168,
168 L, XLW-2, NJ, and LH are shown. Lung lesions with clear boundaries are indicated by black arrows. Control: lungs without any infection.

Control

tissue structure and thickened alveolar walls, indicating
the occurrence of pneumonia. The swelling and hyper-
plasia of alveolar epithelial cells resulted in smaller
or occluded alveolar lumen and narrowed bronchial
lumen. Further, in the LH-challenge group, infiltra-
tion with inflammatory and deciduous epithelial cells
was frequently observed. In the 168- and NJ-challenge
groups, some evidence of congestion or hemorrhage
around alveoli and bronchi was observed. The NJ-, 168-
and LH-challenge group show more serious alveolar
epithelial cell hyperplasia, resulting in nearly no visible
alveolar structures. In contrast, the 168 L- and XLW-
2-challenge groups showed no obvious microscopic
lesions. Quantitative analyses of M. hyopneumoniae
in lung DNA samples show that the bacterial load of
strains 168, NJ, and LH was more than that of strains
168 L and XLW-2 (Additional file 2). To summarize,
animal challenge experiments indicate that 168, NJ, and
LH show high virulence, while 168 L and XLW-2 show
low virulence (Table 2).

Assessment of M. hyopneumoniae virulence using in vitro
tracheal mucosa infection tests

To further evaluate the virulence of M. hyopneumoniae
strains RM48 and ] and to parallelly compare the viru-
lence of the aforementioned seven strains, we used the
tracheal mucosa tissue (Figure 3A), which is the first
colonization site of M. hyopneumoniae. After incubation
with various M. hyopneumoniae strains for 24 h, scan-
ning electron microscopy shows that M. hyopneumoniae
cells mostly colonized the apical tips of cilia and induced
disturbance and loss of cilia, suggesting that M. hyopneu-
moniae caused cytotoxic damage to tracheal mucosal
epithelium (Figure 3B, panel 2). The uninfected tracheal
mucosa demonstrates intact cell surface and neatly
organized cilia (Figure 3B, panel 1).

To further quantify the detrimental effects of M. hyo-
pneumoniae strains, we stained M. hyopneumoniae-
infected tracheal mucosa, followed by observation
under a laser scanning confocal microscope. Cells with
intact membranes appeared fluorescent green, whereas
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NJ

LH
Figure 2 HE staining showing pathological changes in M. hyopneumoniae-infected pig lung tissues. 168, 168 L, XLW2, NJ, and LH:
pathological changes on infection with the corresponding strain. Control: negative control. The swelling and hyperplasia of alveolar epithelial cells
are indicated by black arrows. Smaller or occluded alveolar lumen and narrowed bronchial lumen infiltrated with inflammatory and deciduous
epithelial cells are indicated by yellow arrows. Congestion or hemorrhage around alveoli and bronchi is indicated by white arrows.

Control

those with damaged membranes appeared fluorescent
red (Figure 3C, panels 1-8). As evident from Figure 3C,
panel 9, the R/G ratio of cells incubated with strains
LH, NJ, and 168 was significantly higher than that of
other strains, indicative of severe cell damage. Strains
J, 168 L, XLW-2, and RM48 caused lesser cell death,
implying that the decrease in cell viability caused by
strains LH, NJ, and 168 was higher than that by strains
], 168 L, XLW-2, and RM48. This indicated that the vir-
ulence of strains LH, NJ, and 168 was higher than that
of strains J, 168 L, XLW-2, and RM48. Table 3 shows
comprehensive analyses of the virulence of all 10 M.
hyopneumoniae strains. Animal challenge experiments
and in vitro tracheal mucosa infection test results
show good consistency. The association between viru-
lence as determined by animal challenge experiments
and results of in vitro tracheal mucosa infection test
of strains 168, 168 L, LH, NJ, and XLW-2 was further
evaluated with the Pearson correlation analysis. The r
value between lung lesion score and R/G ratio of these
strains was 0.971 (p<0.01), indicative of a strong cor-
relation (Additional file 3).

MLST, P146-based genotyping, and MLVA

The amplicons obtained on performing PCR with prim-
ers for three MLST housekeeping genes (adk, rpoB, and
tpiA), P146 gene, and 13 MLVA loci for strains J, 168,
168 L, NJ, XLW-2, LH, RM48 were subjected to agarose
gel electrophoresis. As shown in Figure 4, specific bands
representing amplicons of different sizes were observed.
The primers show good specificity. The amplicons were
subsequently subjected to sequencing (Additional file 4),
and MLST analysis was performed using sequencing
data. As shown in Figures 5A and C, each unique gene
sequence was assigned an allele number, and the combi-
nation of three allele numbers for each strain defined the
ST. P146-based genotypes were also confirmed accord-
ing to the MLST database, and corresponding DNA
sequences of international reference strains (232, 7448,
and 7422) were obtained from NCBI. Finally, the 10
strains were classified as having seven different ST, seven
P146-based genotypes, and 10 MLVA types. It is notable
that strains 168, 168 L, NJ, and RM48 belonged to the
same ST, i.e., ST61, and the same P146-based genotype,
i.e., 75.
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Figure 3 Damage caused by M. hyopneumoniae infection to porcine tracheal epithelial cells. A Tracheal mucosa preparation. The

cartilage (white arrow) was excised to reserve the inner tracheal mucosa (yellow arrow) for in vitro tracheal mucosa infection tests. B Scanning
electron microscopy showing damage to porcine tracheal epithelial cilia. B Panel 1: negative control, with no damage. B Panel 2: Porcine tracheal
epithelial cells after infection with strain 168 for 24 h. C Laser scanning confocal microscopy showing viability of tracheal epithelial cells on
infection with different M. hyopneumoniae strains for 24 h. Dead cells emitted red fluorescence, while live cells emitted green fluorescence. The
thickness of the vertical structure of cells was analyzed by the x-y-z axis scanning with confocal microscopy. Three-dimensional diagrams of M.
hyopneumoniae-infected and control cells are shown. C panel 1: negative control, C panel 2: RM48, C panel 3: XLW-2, C, panel 4: 168 L, C, panel 5: J,
C, panel 6: 168, C panel 7:NJ, and C panel 8: LH. C panel 9: comparison of cell viability. Values represent the ratio of mean fluorescence intensity of
red fluorescence relative to green fluorescence.

Table 3 Comprehensive analysis of virulence of M. hyopneumoniae strains following challenge experiments

Source Strains Geographical origins Virulence Challenge tests” References
International strains J Brazil Low X 21]

232 USA High X [23]

7448 Brazil High X [24]

7422 Brazil High X [24]
Vaccine strains RM48 China Low X -

168 L China Low V4 This study
Field isolates 168 China High V4 This study

NJ China High v This study

XLW-2 China Low v This study

LH China High v This study

V/: Challenge tests shown in this study.
x: Challenge tests not performed in this study.

Cluster analysis of MLST, P146-based genotyping, and MLVA for strains J, 168, 168 L, NJ, XLW-2, LH, RM48, 232,
data 7448, and 7422 were analyzed using BioNumerics®. We
Sequences obtained from NCBI and sequencing data of  performed UPGMA cluster analysis, dendrogram con-
three MLST housekeeping genes (adk, rpoB, and tpiA)  struction, and minimum spanning tree analysis. As
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Figure 4 Agarose gel electrophoresis of amplicons. The agarose gel electrophoresis of amplicons was obtained on using primers targeting
three MLST housekeeping genes (adk, rpoB, and tpiA), P146 gene, and 13 MLVA loci (P97 R1; P97 R2; H2 R2; H3; H5R1; H5R2; HER3; CH; P95; P146 R1;
P146 R2; P146 R3; and P216R1). Lane M: DL 2000 DNA marker; lanes 1-7: strains J, 168, 168 L, NJ, XLW-2, LH, and RM48, respectively; lane 8: negative

shown in Figure 5A, based on the analysis involving the
MLST database, strains RM48, 168 L, 168, and NJ (iso-
lated in China) were clustered in one branch and show
a closer genetic relationship with strains XLW-2 and LH
(isolated in China) than with strains 232, 7422, 7448,
and J (isolated in the Americas), indicative of significant
geographic differences (Table 3). This result was further
validated by P146-based genotyping data. Minimum
spanning trees are frequently used in molecular epidemi-
ology research to estimate relationships between individ-
ual isolates. The different node colors shown in Figure 5B
represent seven different ST/P146-based genotypes. Four
strains (168, 168 L, NJ, and RM48) show identical ST/
P146-based genotypes (green node), while the remaining
six were clustered into different ST/P146-based geno-
types. Strains RM48, 168 L, 168, and NJ were more simi-
lar to strains XLW-2, 232 and LH than to strains J and
7422, while the most dissimilarity was observed with
strain 744s8.

VNTR varied depending on loci and strains. As
shown in Additional file 4 and Figure 5C, repeat num-
ber variation was predominantly observed for the
genetic loci P97 R1, P146 R3, and P216 R1. Based on
the MLVA-derived dendrogram, there were two major
clusters with <30% relatedness (Figure 5C). Strains 168
and 168 L appeared in one branch and revealed a close
genetic relationship, with variations only observed in
the VNTR of P146 R1. Although the VNTR of P146R1
in strains 168 and 168 L were the same, the specific
repeat region in strains 168 L and 168 was “QPQ”
and “PQ’, respectively (Additional file 4). This can be
explained by the fact that strain 168 L is a highly pas-
saged, attenuated strain derived from the pathogenic
strain 168. In addition, strains NJ, RM48, 168 L, and
168 were clustered together and show approximately
80% homology. The second cluster comprised strains
LH, 7448, 232, and XLW-2, demonstrating 30-50%
relatedness. The genetic relationships among the
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Figure 5 MLST-, P146-, and MLVA-based dendrograms. A MLST- and P146-based dendrograms. The dendrogram was derived from combining
individual distance matrices of adk, rpoB, and tpiA sequences. Strains 168, 168 L, NJ, and RM48 show identical ST (green node in B and D), and the
remaining six strains were clustered into a different ST. P146 ST are appended to the right and demonstrate consistency in allele differentiation.

B Minimal spanning tree calculated with P146 allelic profiles. Samples in the same color belong to the same P146-based genotype. The numbers
around the nodes indicate ST derived by MLST. The allelic profiles and P146-based genotyping classified the 10 strains into seven ST. C Dendrogram
derived from UPGMA cluster analysis of MLVA profiles obtained using 13 loci. Strains could be delineated into two major clusters, with <30%
similarity. ST and P146-based genotypes are appended to the right and demonstrate consistency in allele differentiation. D Minimal spanning

tree of all samples with a complete MLVA profile. Genetic distances among strains NJ, RM48, 168 L, and 168 based on MLVA data were closer than
among 7422, XLW-2, and J. Strains LH, 7448, and 232 show relatively large genetic distances with other strains. Samples in one color belong to the
same P146-based genotype. MLST data were consistent with P146-based genotyping data.
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various strains were further clearly illustrated based on
MLVA profiles and the minimum spanning tree (Fig-
ure 5D). Strains 168 L, 168, NJ, and RM48, identified
as having the same P146-based genotype as well as the
same ST, were significantly different from the other six
strains.

Discriminatory power analysis of different genotyping
methods

The Simpson index of diversity was used for the dis-
criminatory power analysis of the three genotyping
methods. The 10 strains were separated into seven clus-
ters by MLST and P146-based genotyping. The Simpson
index of diversity for MLST and P146-based genotyping
was 0.867. Ten MLVA types were identified in total. All
strains were considered typeable by MLVA. The Simpson
index of diversity for MLVA was calculated to be as high
as 0.978, higher than that for MLST and P146-based gen-
otyping, indicating a higher discriminatory power.

Analyzing the correlation between genotyping

and virulence

Based on MLST and P146-based genotyping, strains
RM438, 168 L, 168, and NJ were assigned to the same ST.
However, strains RM48 and 168 L show low virulence,
while 168 and NJ show high virulence. Strains XLW-2
(low virulence) and LH (high virulence) were closely
related to the four aforementioned strains. Binary logistic
regression analysis was used to elucidate the correlation
between different genotyping analyses and M. hyopneu-
moniae virulence. Neither MLST nor P146-based geno-
typing data revealed any significant differences in the
virulence of the 10 strains (p >0.05) (Table 4). Based on
MLVA, the attenuated strain 168 L and the virulent strain
168 shows a close genetic relationship. The attenuated
strain RM48 and the virulent strain NJ were more closely
related to strains 168 and 168 L. Strains LH and 232 are
both highly virulent, but shared a distant relationship
with highly virulent strains 168 and NJ. It is notable that
based on binary logistic regression analysis, differences
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Table 4 Binary logistic regression analysis of the virulence
and MLST, P146, MLVA for 10 strains

Variable Beta Pvalue* OR OR 95% CI*

MLST ST —0023 0583 0977  0.900-1.061

P146  Pl46-based  —0006 0812 0994  0.945-1.045
genotypes

MLVA  H3 —0082 0898 0921  0264-3215
H5 R1 0239 0453 1270 0680-2.372
H5 R2 —0.102 0886 0903  0.224-3639
H2 R2 —0274 0644 0760  0.238-2428
H6 R1 10490  1.000 1000 0.000-
CH 0475 029 1608  0.660-3.921
P97 R1 0150  0.550 1162 0.711-1.899
P97 R2 —10948  1.000 1000 0.000-
P95 21203 0999 0999  0.000-
P146 R1 0028 0940 1029  0493-2.144
P146 R2 0000  1.000 1000  0282-3544
P146 R3 0140  0.289 1150 0.888-1.490
P216 R1 0470  0.144 1600  0.852-3.003

* P>0.05 indicates a non-significant result, while P < 0.05 shows a significant
result.

#95% Cl: 95% confidence intervals.

in the virulence of the 10 strains could not be linked
to MLST, P146-based genotyping, or MLVA profiles
(p>0.05) (Table 4).

Correlation analysis between virulence and biofilm
formation ability

To minimize our dependency on animal challenge exper-
iments, which are expensive, complex, and time con-
suming, we further assessed the virulence of seven M.
hyopneumoniae strains by determining the correlation
between their virulence and ability to form biofilms. To
understand the pattern of biofilm formation, we ran-
domly selected the highly virulent M. hyopneumoniae
strain NJ. After crystal violet staining, bacterial adsorp-
tion and single colony formation were observed from the
first day of seeding. On the second day of culture, the
number of bacterial colonies gradually increased. After
culturing for 3 to 4 days, the colonies gathered together
to form mucoid colonies, and biofilm thickness was
observed to increase. On the fifth day of culture, part of
the biofilm began to dissipate. Thus, the optimal biofilm
culture time was determined to be around 3 to 4 days
(Figures 6A—F).

Mature biofilms of more strains were then assessed
after 4 days of culture. All the seven strains (168, 168 L,
NJ, XLW-2, RM48, J, and LH) could form biofilms, with
average OD.,, being 0.107+0.005-0.633+0.004 (Fig-
ure 6G). The highly virulent strains 168, NJ, and LH
possessed a strong ability to form biofilms, while the
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attenuated strains J, 168 L, XLW-2, and RM48 show a
relatively weak ability to form biofilms. Biofilm forma-
tion ability, indicated by ODg,,, and virulence, and by the
R/G ratio of M. hyopneumoniae strains were analyzed
using the single sample K-S test. The two variables were
normally distributed (p>0.05) and could be analyzed
with Pearson correlation analysis (Additional file 5).
The r value between OD570 and R/G ratio was 0.987
(p<0.001), which is >0.8 and thus indicated an extremely
strong correlation (Figure 6H). Thus, virulence character-
istics of the seven tested M. hyopneumoniae strains were
found to be highly correlated with their biofilm forma-
tion ability.

Discussion

Mycoplasma hyopneumoniae strains show wide differ-
ences in their pathogenic effects in pigs. However, little
remains known regarding factors responsible for differ-
ences in virulence. Herein we aimed to identify factors
associated with variations in the virulence of M. hyo-
pneumoniae strains. First, the virulence characteristics
of a defined set of M. hyopneumoniae strains were iden-
tified by performing animal challenge experiments, and
the results were complemented and re-evaluated with
in vitro tracheal mucosa infection tests.

Animal challenge experiments confirmed that strains
168, NJ, and LH were highly virulent, while 168 L and
XLW-2 show low virulence. However, individual diver-
sity was observed among the animals. This has also been
highlighted by other studies, implying that many factors
affect the results of animal challenge experiments [40].
In addition, animal challenge experiments are associated
with animal welfare concerns, plus they are time con-
suming, complex to perform, and expensive. To compre-
hensively evaluate the virulence of some strains without
involving animals and to parallelly compare the virulence
characteristics of more M. hyopneumoniae strains, we
constructed a swine tracheal mucosa infection model.
M. hyopneumoniae-infected trachea had significantly
increased levels of tracheal ciliary injury. Cell viability
assay was performed to quantitate cellular injury; the
extent of cell death caused by different strains was in the
following order from high to low: LH, NJ, 168, J, 168 L,
XLW-2, and RM48. The level of damage caused by M.
hyopneumoniae to ex vivo tracheal mucosa was similar
to that observed in animal challenge experiments, indi-
cating the correlation between this approach and M. hyo-
pneumoniae virulence. However, more studies, including
experimental infections in pigs, need to be conducted to
validate our preliminary findings.

To confirm the virulence of the strains used in this
study, we investigated the association among viru-
lence, genotypes, and biofilm formation ability. M.
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Figure 6 Biofilm formation ability of M. hyopneumoniae strains. A-F Biofilms formed by strain NJ, which were stained with crystal violet and

observed under a microscope after A 1 day, B 2 days, C 3 days, D 4 days, and E 5 days of incubation. F negative control. G, H Comparison of biofilms

formed by seven M. hyopneumoniae strains. Biofilm formation ability of strains was determined and identified by crystal violet staining after 4 days
L of incubation. Bars represent mean = SD for three independent replicate experiments. KM2 represents control (uninoculated broth).

hyopneumoniae strains demonstrate high gene polymor-
phism [4, 37]. M. hyopneumoniae strains were mainly
differentiated by three genotypic methods: MLST, P146-
based genotyping, and MLVA. Mayor et al. assayed 54 M.
hyopneumoniae samples using P146-based genotyping
and MLST, and found that MLST showed stronger dis-
criminatory power [33]. Kuhnert et al. investigated 34
lung samples and reported that P146-based genotyping
displayed better classification ability [41]. However, in
this study, MLST and P146-based genotyping allowed for
identical clustering of isolates. Thus, using a combination
of these typing methods may not increase the discrimi-
natory ability; their effectiveness may be specific to some

groups of strains. Moreover, strains RM48, 168 L, 168,
and NJ had the same genotype (ST61), but they show
differences in their virulence: 168 and NJ show high vir-
ulence, while RM48 and 168 L show low virulence. Fur-
thermore, MLST and P146-based genotyping revealed a
close relationship between the highly virulent strains NJ
and LH and attenuated strains XLW-2 and RM48. Thus,
in this study, we observed lack of correlation between
MLST and P146-based genotyping and virulence data.
We, however, believe that this lack of correlation is some-
what attributable to the methods used in this study, rather
than to the absence of actual differences. For instance,
168 and 168 L show similar genotypes. However, the
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attenuated virulence of 168 L could be because 168 L is
the high-passage strain of 168. These strains show differ-
ences in virulence due to differences in genes, but detect-
ing such differences with the methods used in this study
is challenging because the three genotyping methods are
limited to partial identification of specific genes.

To differentiate strains, for MLVA typing, we chose 13
loci of P97, P146, and P216 considering that they are the
key adhesion factors of M. hyopneumoniae. Based on our
analyses, we suggest that P97 R1, P146 R1, P146 R3, and
P216 R1 genes can be preferentially used to characterize
clinical samples as they show higher discriminatory abil-
ity than other genes. However, variations were observed
in the number of repeats between virulent strains, such
as 168 and NJ, as well as between strains showing high
and low virulence. The P97 R1 repeat region in the vac-
cine strains 168 L and RM48 was observed to contain 11
and 17 repeats, respectively; the same region in the viru-
lent strains 168 and NJ also contained 11 and 17 repeats,
respectively, while that in the virulent strains 232 and LH
contained 15 and 12 repeats, respectively. Our results
indicate that M. hyopneumoniae virulence was not cor-
related with the number of repeats in the P97 R1 region.
Furthermore, it was difficult to correlate virulence with
amino acid repeat sequences in P216 and P146 genes.
Logistic regression analysis indicates that there was no
significant correlation between the virulence of strains
examined in this study and MLVA typing.

Strains 232 [42], ] [43], 7448 [24], and 7422 [25] were
isolated from infected swine in the USA, UK, and Brazil.
Based on genotyping data, it appears that the origin of
strains isolated from China is distinct from that of those
isolated from the USA, UK and Brazil. MLVA typing
can help elucidate the phylogenetic relationship among
strains, but not virulence, and it is hence useful for epi-
demiological investigations and tracking of the origin
of an outbreak. To date, no association has been found
between genotypes and virulence characteristics of the
10 strains included in this study. This could be addressed
by assessing a higher number of loci or more virulence-
associated genes [3]. Besides, studying a larger number
of strains with diverse geographical origins or those from
wild vs. domestic pigs may provide better insights into
the correlation between genotypes and virulence char-
acteristics. We believe that to elucidate the correlation
between genotypes and virulence, techniques such as
whole genome sequencing can prove to be highly useful
and can also generate a lot more information than P146-
based genotyping, MLST, or MLVA.

Biofilms represent one of the main virulence traits
associated with the pathogenesis of diverse pathogens
[15, 44]. A wide variety of microbes form biofilms,
ranging from non-pathogenic to facultative pathogenic
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species, with distinct virulence potentials [45]. The
association between biofilm formation ability and vir-
ulence continues to be widely investigated. Different
strains reportedly show significant differences in their
biofilm formation abilities [46]. However, to date, only
a few studies have been conducted on this topic. M.
hyopneumoniae shows the ability to form biofilms [47].
Herein crystal violet staining revealed that the highly
virulent strains 168, NJ, and LH demonstrate strong
biofilm formation ability, while the attenuated strains J,
XLW-2, 168 L, and RM48 show relatively low biofilm
formation ability. Pearson correlation analyses indicate
extremely strong correlation between the virulence
characteristics and biofilm formation ability of M. hyo-
pneumoniae. Thus, we suggest that differences in the
virulence of strains can be correlated with their biofilm
formation ability. Future studies should assess a higher
number of strains to validate the presence of a corre-
lation between biofilm formation ability and virulence.
Moreover, we need to enhance our understanding of
virulence genes that may be related to biofilm forma-
tion ability of various strains.
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