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Mycoplasma hyopneumoniae is a colonizing respiratory pathogen that can cause great
economic losses to the pig industry worldwide. Although putative virulence factors have
been reported, the pathogenesis of this species remains unclear. Here, we used the
virulent M. hyopneumoniae strain 168 to infect swine tracheal epithelial cells (STEC)
to identify the infection-associated factors by two-dimensional electrophoresis (2-DE).
Whole proteins of M. hyopneumoniae were obtained and compared with samples
cultured in broth. Six differentially expressed proteins with an increase in abundance
of >1.5 in the cell infection group were successfully identified. A String network of
virulence-associated proteins showed that all the six differential abundance proteins were
involved in virulence of M. hyopneumoniae. One of the most important upregulated hubs
in this network, elongation factor thermo unstable (EF-Tu), which showed a relatively
higher expression in M. hyopneumoniae-infected STEC and obtained a higher score on
mass spectrometry was successfully recombined. In addition to its canonical enzymatic
activities in protein synthesis, EF-Tu was also reported to be located on the cell surface
as an important adhesin in many other pathogens. The cell surface location of EF-Tu
was then observed in M. hyopneumoniae with flow cytometry. Recombinant EF-Tu
(rEF-Tu) was found to be able to adhere to STEC and anti-rEF-Tu antibody enclosed
M. hyopneumoniae decreased adherence to STEC. In addition, surface plasmon
resonance (SPR) analysis showed that rEF-Tu could bind to fibronectin with a specific
and moderately strong interaction, a dissociation constant (Kp) of 605 nM. Furthermore,
the block of fibronectin in STEC also decreased the binding of M. hyopneumoniae
to the cell surface. Collectively, these data imply EF-Tu as an important adhesin of
M. hyopneumoniae and fibronectin as an indispensable receptor on STEC. The binding
between EF-Tu with fibronectin contributes to the adhesion of M. hyopneumoniae to
STEC.
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HIGHLIGHTS

e Elongation factor
M. hyopneumoniae.

thermo unstable

(EF-Tu) exists on the cell surface of

e EF-Tu moonlights as an adhesin of M. hyopneumoniae.
e The adhesive effect of EF-Tu is partly meditated by fibronectin.
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INTRODUCTION

Respiratory diseases are among the most important health
problems associated with swine production. Mycoplasma
hyopneumoniae is the primary pathogen responsible for swine
enzootic pneumonia. This infection is highly prevalent (ranging
between 38 and 100%) in almost all areas of pig production
worldwide, and causes significant economic losses (Thacker and
Minion, 2010).

Though a few researches found M. hyopneumoniae invasive,
it is mostly considered that M. hyopneumoniae is an extracellular
pathogen. It predominantly colonizes and destroys the epithelial
surfaces of the respiratory tract (DeBey and Ross, 1994).
Adhesion along the entire length of the respiratory epithelium
is recognized as the first and most important step in
M. hyopneumoniae colonization and infection (Thacker and
Minion, 2010; Maes et al., 2017). Several proteins have been
identified to be involved in adherence. P97 was the first
characterized adhesin of M. hyopneumoniae. It binds to the cilia
of respiratory epithelial cells by the C-terminal portion, identified
as R1 (Zhang et al., 1995). However, other factors or additional
proteins may also contribute to adherence. For example, the
P102 protein, which is located in the same operon as P97, also
participates in virulence as it is expressed in vivo during infection
(Adams et al., 2005) and can recruit plasminogen and fibronectin
to the surface of M. hyopneumoniae (Seymour et al., 2012). In
addition to these findings, factors such as P159 (Burnett et al.,
2006), P146 (Mayor et al., 2007), P216 (Wilton et al., 2009),
Mhp271 (Deutscher et al., 2012), Mhp107 (Seymour et al., 2011),
and Mhp683 (Bogema et al., 2011) have also been shown to be
associated with the adhesion process. However, the pathogenesis
and possible virulence factors of M. hyopneumoniae are not yet
fully known (Simionatto et al., 2013), and the exact mechanism
by which it adheres to epithelial cells and a clear picture of its
virulence and pathogenicity remain to be understood.

The comparative proteomics analysis presented here
demonstrated a comprehensive and proteome-wide approach
to identify novel proteins and their interaction involved in the
virulence of M. hyopneumoniae in swine tracheal epithelial cells
(STEC), which is one of the target tissues of M. hyopneumoniae.
Importantly, the results of this study could facilitate uncovering
new biological activities or unknown functions of known
proteins that can lead to a more complete understanding of the
virulence-associated proteins and the complex biological and
infectious processes taking place during infection. For example,
the canonical function of the cytoplasmic protein, EF-Tu is

acting as a GTPase on the binding of aminoacyl-tRNA to
the ribosome-mRNA complex during translation elongation in
protein synthesis (Voorhees and Ramakrishnan, 2013). However,
in addition to its conserved activities in cytoplasm, EF-Tu can
also be expressed on the cell surface as an important adhesin in
numerous pathogens, such as Mycobacterium leprae (Marques
et al., 1998), M. pneumoniae (Dallo et al., 2002), Streptococcus
suis (Li et al., 2015), and so on. In this study, the non-canonical
function, the pathogenic role of the surface protein EF-Tu in
M. hyopneumoniae will be explored.

MATERIALS AND METHODS

Ethics Statements

All animal experiments were performed in Jiangsu Academy of
Agricultural Sciences with the approval of the Committee on
the Ethics of Animal Experiments of (JAAS no. 20141107). All
experimental procedures conformed to the guidelines of Jiangsu
Province Animal Regulations (Government Decree No. 45) in
accordance with international law.

Bacterial Strains and Growth Conditions

M. hyopneumoniae strain 168 (GenBank accession CP002274)
was originally isolated in 1974 from an Er-hua-lian pig (a local
Chinese breed that is very sensitive to M. hyopneumoniae)
exhibiting typical clinical and pathogenic characteristics of swine
mycoplasmal pneumonia in Gansu Province, China (Ho et al,,
1980). M. hyopneumoniae strains NJ and WX which were
isolated in Nanjing City and Wuxi City were also pathogenic
strains verified by animal experiments. Clonal isolates of
M. hyopneumoniae strains were cultured in KM2 cell-free liquid
medium (a modified Friis medium) containing 20% (v/v) swine
serum at 37°C (Liu et al,, 2013). The culture was harvested by
centrifugation at 12,000 rpm for 20 min at 4°C when the indicator
in the medium turned yellow.

Infection of Cell Lines With

M. hyopneumoniae

STEC were seeded in 24-well plates and cultured in RPMI-1640
medium (Thermofisher Scientific, USA) supplemented with 10%
(v/v) fetal bovine serum (FBS, Gibco, USA). The cells were grown
at 37°C in 5% CO,. Confluent STEC monolayers were gently
rinsed three times with sterile phosphate-buffered saline (PBS)
and inoculated with M. hyopneumoniae strain 168. A series of
1:10 dilutions of cultures in broth with a metabolic indicator
was used to estimate titers of M. hyopneumoniae strain 168. The
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dilution of the last tube to show growth was taken as the number
of CCU (color change unit) (Stemke and Robertson, 1982). Total
1 x 108 CCU M. hyopneumoniae strain 168 cells [multiplicity
of infection (MOI) = 20] were washed with sterile PBS and
resuspended in RPMI-1640 medium with 2% (v/v) FBS and
incubated with STEC for 48 h. Supernatants were collected from
each well for M. hyopneumoniae separation. M. hyopneumoniae
strain 168 was cultured in RPMI-1640 medium with 2% (v/v) FBS
in 24-well plates for use as the control. The assay was performed
three times.

Protein Extraction

The obtained culture was centrifuged at 12,000 rpm for 20 min at
4°C. The precipitates were washed three times with sterile 10 mM
Tris-HCl (pH 7.4) and resuspended in 30 puL protein extract
(1.52 g thiourea [Bio-Rad], 4.2g urea [Bio-Rad], 0.4g CHAPS
[Bio-Rad], 200 nL amphoteric electrolyte [Bio-Rad], 61.6 mg
DTT [Bio-Rad], and protease inhibitor [Merck] dissolved in
10 mL ultrapure water). After vortexing for 15s, the mixture
was placed in an ice bath for 30s, and the procedure was
repeated for 15 min. The whole protein in the supernatant was
obtained by centrifugation at 12,000 rpm for 30 min at 4°C.
A ReadyPrep 2-D cleanup kit (Bio-Rad, USA) was used to
clean up the protein samples. The protein concentration was
determined using a BCA™ Protein Assay Kit (Themo Scientific,
USA).

Two-Dimensional Electrophoresis (2-DE)
The purified proteins were quantified and redissolved with
350 WL rehydration solution (7 M urea, 2M thiourea, 0.001%
bromophenol blue; Bio-Rad), and then centrifuged (12,000 rpm
for 20min at 25°C) to remove insoluble components. The
samples were loaded into a 17-cm strip (pH 3-10; Bio-Rad),
and positively rehydrated at 50V for 12h at 20°C. Isoelectric
focusing (IEF) was then carried out at 20°C as follows: slow to
250V for 1h; rapid to 1,000V for 1h; linear to 10,000V for
3 h; rapid to 10,000 V to total 90,000 Vh; rapid to 500V for the
preservation of samples. Sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) was performed according to a
previously described protocol (Yu et al., 2016). The 2-DE gels
were repeated three times.

Image Analysis,
MALDI-TOF-MS/MALDI-TOF-TOF-MS, and

Database Search

After Coomassie blue staining, the protein spots from each gel
were detected and matched automatically by the PDQuest V8.0
software followed by additional visual analysis. The intensity
of individual spot for each gel was normalized relative to
total valid spot intensity to eliminate gel-to-gel variation. Only
spots whose abundance changed by >1.5-fold and a value of
p < 0.05 in Student’s t-test in the M. hyopneumoniae-infected
STEC compared to that non-infecting M. hyopneumoniae were
excised from the 2-DE gel and subjected to Matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS/ MALDI-TOF-TOF-MS) analysis (NanJing
Steed BioTechnologies Co., Ltd). Peptide mass fingerprinting

data were analyzed using the MASCOT server (http://www.
matrixscience.com). Peptides with a rank of 1 in the MASCOT
search were considered significant and used for the combined
peptide score.

Protein-Protein Interaction Analysis

To determine how the differential proteins contribute to
virulence in M. hyopneumoniae and to filter the most important
virulence associated factors, we summarized the putative
virulence factors reported in the previously published papers
(Simionatto et al., 2013; Maes et al., 2017). Then, the protein-
protein interactions between the known virulence factors and the
novel differential proteins identified in this study were obtained
from the STRING database (http://string-db.org/newstring_cgi/
show_input_page.pl), defining a “confidence score” that can
be used to evaluate the confidence in the interaction. The
interactions derived from textmining and experiments with a
confidence score of at least 0.4 were considered for analysis.
The protein-protein interaction network was visualized using
Cytoscape (3.5.1).

Recombinant Differential Protein and

Preparation of Polyclonal Antibody

The ef-tu gene encoding one of the most important novle
virulence associated factors was cloned into pET-32a using
homologous recombination technology (ClonExpress®IIOne
Step Cloning Kit, Vazyme Biotech Co., Ltd). The sequence
that overlapped with the end of the cloning site was added
onto the insert through a PCR step. Tablel lists the
primers used in this study. The reconstructed plasmid was
transformed into Escherichia coli BL21 (DE3) for isopropyl-p-
d-thiogalactopyranoside (IPTG)-inducible expression, and the
induced proteins were purified by Ni-chelating chromatography
(GE Healthcare). Polyclonal antibody against the recombinant
EF-Tu (rEF-Tu) was prepared by subcutaneously immunizing
I-month-old New Zealand white rabbits. Each rabbit was
immunized a total of three times with 1mg of purified
recombinant protein emulsified in Freund’s adjuvant (Sigma,
USA) at 2-week intervals. Sera were collected 1 week after
the third immunization. The animals used in this study
met the legal and ethical requirements and were treated
humanely.

TABLE 1 | Primers used in this study.

Primers Summary of Functions or Sequences (5’'-3')

name

EF-Tu-F GCCATGGCTGATATCGGATCCATGGCAGTTGTTAAAACGACA

EF-Tu-R GTGGTGGTGGTGCTCGAGTTATTTAATAATTTCGGTAAC For
recombinant expression of ef-tu with a restriction site of BamH |
and Xho | based on homologous recombination technology

Mhp183-F CCAGAACCAAATTCCTTCGCTG

Mhp183-R ACTGGCTGAACTTCATCTGGGCTA

Mhp183-P (FAM)-AGCAGATCTTAGTCAAAGTGCCCGTG-(TAMRA)

For real-time PCR analysis
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Western Blot Validation of Comparative

Proteomics Analysis

Equal amounts (40 pg for each lane) of the protein samples
were separated on a 12% SDS-PAGE gel. The proteins were
electrophoretically transferred onto polyvinylidene fluoride
(PVDF) membranes (Bio-Rad, USA) and developed with
Ponceau-S as the loading control. After washing with TBST
buffer (20 Mm Tris-HCl [pH 7.6], 150 mM NaCl, and 0.1%
Tween-20) and blocking with TBST buffer containing 5%
skimmed milk, the membranes were incubated with primary
antibody against rEF-Tu (1:2,000 dilution), followed by
horseradish peroxidase (HRP)-conjugated secondary antibody
(1:10,000 dilution). Signals were detected with the ECL substrate
(Millipore, USA) using the ChemiDoc XRS+ system (Bio-Rad,
USA). Image ] software was used to calculate the optical density
(OD) of the corresponding bands. The OD of EF-Tu from
different samples was normalized to that of the Ponceau-
S stained membrane. The level of abundance of EF-Tu in
M. hyopneumoniae incubated with STEC is expressed as the
percentage of that in M. hyopneumoniae cultured in KM2
medium and the three replicates were subjected to statistical
analysis by SPSS 20.0.

Detection of M. hyopneumoniae EF-Tu
Surface Display Using Flow Cytometry

Flow cytometry analysis was used to detect if EF-Tu was
located on the surface of M. hyopneumoniae strains. In brief,
three pathogenic M. hyopneumoniae strains, 168, NJ and WX
(108 CCU) were incubated with anti-rEF-Tu primary serum
at a 1:100 dilution (preimmune rabbit serum was used as
the negative control). The blank control was incubated with
PBS instead of antibody. Then, M. hyopneumoniae cells were
stained with fluorescein isothiocyanate (FITC)-conjugated anti-
IgG. Finally, the fluorescence intensity was detected using a flow
cytometer (BD Accuri® C6) (Zhu et al., 2017). The level of mean
fluorescence intensity (MFI) of M. hyopneumoniae incubated
with anti-rEF-Tu serum is expressed as the percentage of that
incubated with preimmune serum. The statistical analysis was
conducted using SPSS 20.0.

Adherence of rEF-Tu to STEC

Indirect immunofluorescence assay was performed to investigate
the ability of rEF-Tu to promote adherence to STEC. The
cells were cultured in 24-well cell plates and fixed with cold
methanol at —20°C for 20 min. Fixed cells were incubated with
100 pg of purified rEF-Tu or non-related recombinant protein
HP07325, which was previously verified not to be involved in
adhesion to epithelial cells (Li et al., 2017) at 37°C for 1h.
After three washes with PBS, the cells were incubated with His-
tagged monoclonal antibody (Boster) at a 1:1,000 dilution. After
washing three times with PBS, the cells were incubated with
tetraethyl rhodamine isothiocyanate (TRITC)-tagged anti-IgG
(Proteintech, 1:500 dilution) at 37°C for 30 min. Finally, the cell
nuclei were stained with 6-diamidino-2-phenylindole (DAPI).
Fluorescence was detected using a fluorescence microscope
(Zeiss, Germany). The assay was performed in triplicate.

Adherence Inhibition Assay of Antibody

Against rEF-Tu

M. hyopneumoniae cells (1 x 107 CCU/mL) were washed
three times with PBS and pre-incubated with the polyclonal
antibody (1:20 dilution) against rEF-Tu at 37°C for 30 min.
M. hyopneumoniae that had been pre-incubated with preimmune
sera (1:20 dilution) were used as the control. The bacterial
suspension in RPMI-1640 medium was added to each well of
24-well cell plates with confluent STEC, and the plates were
centrifuged at 800 x g for 10 min and incubated at 4°C for
2h. Following incubation, the wells were washed three times
with PBS to remove unbound M. hyopneumoniae cells. Then the
cells in the wells were treated with lysis buffer containing 0.1%
trypsin and 0.025% (v/v) Triton X-100, followed by bacterial
genome extraction and real-time PCR for bacteria counting.
Real-time PCR was performed using a QuantStudio® 5 Real-
Time PCR System according to a previous method, with a slight
modification (Wu et al.,, 2012). Table 1 lists the primers used. The
assay was performed in triplicate, and the data were analyzed
using Student’s t-test using SPSS 20.0. For all tests, a value of
p < 0.05 was considered statistically significant.

Analysis of rEF-Tu Binding to Fibronectin
To explore if M. hyopneumoniae EF-Tu could bind to fibronectin,
the protein-protein interactions method far-Western blot (far-
WB) was performed. Total 20 pg recombinant proteins,
including rEF-Tu and a negative control MRP-D2, which was
previously verified not to bind to fibronectin (Li et al., 2017)
were separated by SDS-PAGE and transferred to a polyvinylidene
fluoride (PVDF) membrane (Li et al, 2015). After blocked
with 5% (w/v) skimmed milk, the membrane was incubated
with 5 pug/mL fibroenctin (Sigma), followed by incubation with
rabbit anti-fibronectin antibody (Boster; 1 ug/mL) as the primary
antibody, and horseradish peroxidase (HRP)-conjugated goat
anti-rabbit IgG (Boster; 1:5,000 dilution) as the secondary
antibody. Finally, the membrane was developed with ECL
substrate using a ChemiDoc XRS+ system. Polyclonal antibody
against rEF-Tu was used as the positive control with the same
process.

Surface Plasmon Resonance Analysis

The rEF-Tu and fibronectin interaction dynamics was further
investigated in real time by surface plasmon resonance
(SPR) experiment on a Biacore™ X100 Plus instrument
(GE Healthcare). Fibronectin was diluted to 10pg/mL in
10mM sodium acetate (pH 4.0) and covalently linked to
the carboxylmethylated dextran matrix of a sensor chip
CM5 as ligands using an amine coupling kit (Biacore AB).
Immobilization of soluble fibronectin generated resonance units
(RU) of 2868. The binding kinetics was measured with the
increasing concentrations (0-200 pg/mL) of the analyte (rEF-Tu)
in running buffer (HBS-EP + [10 mM HEPES, 150 mM NaCl,
3mM EDTA, 0.05% (v/v) surfactant P20]; Biacore AB) at a flow
rate of 30 |LL/min for 180 s over immobilized fibronectin at 20°C.
The dissociation phase was monitored for 1,000s by allowing
buffer to flow over the chip. Association kinetics were analyzed
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manually using Biacore™ X100 Control Software (Deutscher
etal., 2010).

Immunohistochemistry

Fibronectin is not only an abundant glycoprotein deposited
on cell surfaces (McDonald, 1988), but also an important
component involved in wound repair of respiratory epithelial
cells (Coraux et al., 2008). Therefore, if the pigs are infected
with M. hyopneumoniae which would damage cilia of the
respiratory tract, there may be more fibronectin around the
respiratory epithelial cells. Then the abundant fibronectin
can be utilized by the bacteria for adhesion. To investigate
if there are some differences in fibronectin abundance in
bronchioles of infected and uninfected pigs and to explore
the predominant distribution of fibronectin in bronchioles,
the immunohistochemistry was performed. Polyformaldehyde-
fixed bronchial tissues were placed into histology cassettes and
embedded in paraffin. Then, 4-mm-thick sections were cut for
bronchial transection and processed for immunohistochemical
staining. To stain the sections for fibronectin, the slides were
blocked with 5% BSA and incubated with a 1:100 dilution
of anti-fibronectin antibody at 4°C in a humidified chamber.
Following each incubation step, the slides were washed three
times with sterile PBS-Tween. The negative control slides
were treated identically except that PBS was used instead of
the primary antibody. Bound antibody was detected with a
chromagen solution containing 3-amino-9-ethylcarbazole and
0.015% hydrogen peroxide in dimethylformamide. The slides
were counterstained with haematoxylin (Seymour et al., 2012).

Adherence Inhibition Assay of Antibody

Against Fibronectin
The confluent STEC in 24-well cell plates was washed three
times with PBS and pre-incubated with the antibody against

fibronectin (1:20 dilution) at 37°C for 30min. The RPMI-
1640 medium was used instead of fibronectin antibody as the
negative control. M. hyopneumoniae cells (1 x 107 CCU/mL)
were washed three times with PBS. The bacteria resuspended
in RPMI-1640 medium was added to the 24-well cell plates
and incubated at 4°C for 2h. After incubation, the wells
were washed three times with PBS to remove unbound
M. hyopneumoniae cells. Then the cells in the wells were
treated with lysis buffer containing 0.1% trypsin and 0.025%
(v/v) Triton X-100. The following bacterial genome extraction
and real-time PCR for bacteria counting were conducted
according to the method in section Adherence Inhibition Assay
of Antibody Against rEF-Tu. The assay was performed in
triplicate, and the data were analyzed using Student’s ¢-test using
SPSS 20.0. A value of p < 0.05 was considered statistically
significant.

RESULTS

Comparative Proteomics Analysis Found

Six Differential Abundance Proteins

The differential proteins that showed increased abundance
(proteins whose abundance changed by >1.5-fold) in
the M. hyopneumoniae-infected STEC were subjected
to MALDI-TOF-MS/MALDI-TOF-TOF-MS  analysis. ~ Six
novel differential abundance proteins were successfully
identified. They were YX2, pyruvate dehydrogenase EI-
alpha subunit, EF-Tu, hypothesis protein MHJ-0662,
enolase, and adenine phosphoribosyltransferase. Among
them, EF-Tu showed a relatively higher expression in
M. hyopneumoniae-infected STEC in 2D gels (Figurel)
and obtained a higher score in mass spectrometry analysis
(Table 2).

pH3

FIGURE 1 | Differential abundance proteins analyzed by two-dimensional electrophoresis (2-DE). (A) Bacterial proteins of M. hyopneumoniae strain 168 cultured in
KM2 medium. (B) Bacterial proteins of M. hyopneumoniae strain 168 incubated with swine tracheal epithelial cells (STEC). Yellow arrows on the gel images indicate
the six protein spots that show increased abundance (proteins whose abundance changed by >1.5-fold) after infection of STEC with M. hyopneumoniae.
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TABLE 2 | The proteins with significant changes in abundance.

Spot No. Protein description Accession Score Mass pl
1 YX2 AF279292 116 63766 8.15
2 Hypothesis protein MHJ-0662 AAZ44745 169 135249 6.73
3 Elongation factor thermo unstable WP_011284269 201 43633 6.30
4 Enolase ADQ90480 157 49359 6.00
5 Pyruvate dehydrogenase E1-alpha subunit WP_011206102 106 42423 5.24
6 Adenine phosphoribosyltransferase WP_011206103 70 18640 8.67
Network Analysis of the Novel Differential

Abundance Proteins and Known Putative YX2

Virulence Factors

A protein-protein interaction network was constructed to
explore the relationship between the novel differential abundance
proteins identified in this study and M. hyopneumoniae virulence
and to filter the most important virulence associated factors.
The results revealed a total of 32 direct physical interactions
among the 14 nodes (Figure 2 and Data Sheet 1).These results
indicated that all the six proteins with increased abundance in
the infected cells were implicated in the interaction network.
Four of them even established connection with the known
virulence factors. Thereinto, EF-Tu showed the most links to
other virulence factors. It connected previously known putative
virulence factors and the novel differential abundance proteins
and formed important hub proteins in the network. The results
indicated that these six proteins with differential abundance were
involved in M. hyopneumoniae virulence, and EF-Tu was one of
the most important proteins in the virulence network.

Western Blot Validation of Comparative

Proteomics Analysis

EF-Tu was selected for validation of the comparative proteomics
analysis and further studies considering that it showed a relatively
higher expression in M. hyopneumoniae-infected STEC, a higher
score on mass spectrometry analysis and a stronger connection to
the known virulence factors in the STRING network. The results
of the western blot showed that the OD of EF-Tu normalized by
Ponceau-S stained total proteins was increased significantly when
M. hyopneumoniae interacted with STEC (Figure 3). Thus, it
showed consistency of the upregulation trend of EF-Tu between
the two approaches. It confirmed the increased abundance of
EF-Tu in M. hyopneumoniae-infected STEC and supported the
results of the proteomics analysis to some extent.

Flow Cytometry Analysis Detected the

Surface Location of EF-Tu

Significant fluorescence was detected in all three pathogenic
M. hyopneumoniae strains incubated with anti-rEF-Tu serum.
The fluorescence intensity of M. hyopneumoniae strain treated
with preimmune serum was close to that of unlabeled
M. hyopneumoniae strain, whereas the MFI of bacteria treated
with anti- rEF-Tu serum was more than 6 times that of bacterial
cells treated with preimmune serum (Figure 4). The significant

\MHJ_0662

FIGURE 2 | Interaction networks of the novel differential abundance proteins
and known putative virulence factors. Protein-protein interactions derived from
String database of sources of textmining and experiments with a confidence
score >0.4 were displayed. Green nodes represent the known putative
virulence factors collected from published papers and orange nodes represent
the novel differential proteins with increased abundance when

M. hyopneumoniae strain 168 cells were incubated with STEC. Gray lines
represent interactions between two nodes.

differences in fluorescence intensity indicated that EF-Tu was
present on the bacterial cell surface of all the three pathogenic
M. hyopneumoniae strains examined here.

Adherence of rEF-Tu to STEC Detected by

Indirect Immunofluorescence

To explore the potential mechanism(s) by which the EF-
Tu surface protein affected virulence, we wused indirect
immunofluorescence to determine whether or not rEF-Tu
could adhere to STEC. Significant fluorescence was detected on
the cell surface of STEC incubated with rEF-Tu (Figure 5A);
meanwhile, no specific fluorescence was observed around the
DAPI-stained cell nuclei in the negative control, non-related
recombinant protein HP07325 (Figure 5B). The results provided
evidence that rEF-Tu could specifically bind to STEC cell
membranes.
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Anti-EF-Tu Antibody Inhibition Assay

The antibody inhibition assay was used to further assess the
contribution of EF-Tu to the adhesion of M. hyopneumoniae.
Polyclonal antibody against rEF-Tu and preimmune sera were
used to incubate with M. hyopneumoniae cells respectively before
adherence to STEC. The level of adherence of M. hyopneumoniae
incubated with anti-rEF-Tu sera is expressed as the percentage

A <& B
WP e
- - 2.5+ i

2

WB of Al

EF-Tu (44kD) | ww - 2.0 =
S 1.5
-
)
&
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stained S

total protein ]
2

Mhp  Mhp-STEC

FIGURE 3 | Western blot analysis of the proteomics data. (A) Equal amounts
(40 g for each lane) of bacterial proteins from each sample were separated
on a 12% SDS-PAGE gel and subjected to Ponceau-S stainning and western
blot analysis. The left lane was loaded with the bacterial proteins of

M. hyopneumoniae cultured in KM2 medium. The right lane was loaded with
bacterial proteins of M. hyopneumoniae incubated with STEC. The differential
abundance protein EF-Tu (44 kDa) was analyzed using its polyclonal antibody.
The Ponceau-S stained membrane was used as the loading control. Protein
bands were visualized using ECL substrate. (B) Image J software was used to
calculate the optical density of the corresponding bands in the blots. The
optical density of the corresponding bands was normalized to the total
proteins of Ponceau-S staining of the same membrane. The level of
abundance of EF-Tu in M. hyopneumoniae incubated with STEC is expressed
as the percentage of that in M. hyopneumoniae cultured in KM2 medium. The
asterisk above the charts stands for statistically significant differences.

of M. hyopneumoniae adherence with preimmune sera. The
results revealed that after incubation with anti-rEF-Tu antibody,
the adherence efficiency of M. hyopneumoniae to STEC showed
a 46% (P < 0.05) reduction compared to that incubated
with preimmune sera (Figure6). These results reconfirm
that EF-Tu plays an indispensable role in the adherence of
M. hyopneumoniae to host cells.

rEF-Tu Showed Fibronectin-Binding
Activities

To determine the STEC components that Interact with EF-Tu, we
examined the fibronectin-binding activities of rEF-Tu with far-
WB analysis. The corresponding bands were observed in both
reactions of rEF-Tu to anti-EF-Tu antibody (positive control)
and to fibronectin, while no specific reaction was observed
in the negative control MRP-D2, a non-related recombinant
protein which was verified not to bind to fibronectin in a
previous study (Li et al, 2017). The analysis indicated that
rEF-Tu could specifically bind to fibronectin (Figure 7A). The
SPR analysis was then used to observe real-time interactions
between rEF-Tu and fibronectin (Figure 7B). The specific dose-
dependent binding component that describes binding of rEF-Tu
to immobilized fibronectin is characterized by a second-order
rate constant k; = 3470 + 580 M~1.s7! and a Kp = 605 +
35nM. Both of these values are consistent with expectations
for a specific, moderately strong interaction between proteins of
this size (Deutscher et al., 2010). rEF-Tu binds to fibronectin
in a dose-dependent and physiologically relevant manner
(Figure 7B).

Abundant Fibronectin Is Present in the

Ciliary Borders of Bronchioles
To investigate if there are some differences in abundance of
fibronectin in bronchioles when infected by M. hyopneumoniae

Count

21

statistically significant differences.

A B
====Blank control 8- *%
= Negative control
w=Mhp 168
& = Mhp NJ 6
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43

FIGURE 4 | Detection of M. hyopneumoniae EF-Tu surface display using flow cytometry. (A) Blank control, bacteria treated with PBS alone; negative control, bacteria
treated with preimmune serum; Mhp strain 168, NJ, and WX: bacteria treated with anti-rEF-Tu serum. (B) The level of mean fluorescence intensity (MFI) of
M. hyopneumoniae incubated with anti-rEF-Tu sera is expressed as the percentage of that incubated with preimmune sera. The asterisk above the charts stands for

Fold change of MFI
S
1

Frontiers in Microbiology | www.frontiersin.org

May 2018 | Volume 9 | Article 974


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Yu et al.

EF-Tu, a Novel Adhesin

DAPI

TRITC

FIGURE 5 | Role of rEF-Tu in adhesion of M. hyopneumoniae to STEC. (A,B) Blue color indicates the STEC nucleus, orange indicates (A) rEF-Tu adhering to STEC
membranes, (B) non-related recombinant protein HP07325 (negative control) adhering to STEC membranes.
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FIGURE 6 | Adhesion inhibition assay of rEF-Tu antibody. Adhesion rate:
number of bacteria recovered in the cells incubated with anti-rEF-Tu
sera/number of bacteria recovered in the group incubated with preimmune
sera x 100%. Data are expressed as means + SD of at least three
experiments with samples performed in triplicate. The asterisk stands for
statistically significant differences.

and to explore the predominant distribution of fibronectin,
the  immunohistochemical  staining was  performed.
Bronchioles sections obtained from both unchallenged
and M. hyopneumoniae-challenged pigs were subjected to
immunohistochemical staining. Sections were initially stained
with an M. hyopneumoniae-specific antibody to confirm the
presence and absence of infection in challenged and unchallenged
pigs, respectively. All samples, from both infected and uninfected
animals, stained positive for fibronectin. Fibronectin levels
in challenged and unchallenged pigs did not appear to vary.
Fibronectin is available at the colonization site along the airways,
especially the ciliary borders, which is a prefered place for
M. hyopneumoniae colonization (Figure 8).

Block of Fibronectin Decreased the
Binding of M. hyopneumoniae to STEC

Fibronectin antibody inhibition assay was used to assess the
contribution of fibronectin to the adhesion of M. hyopneumoniae
to STEC. The level of adherence of M. hyopneumoniae to STEC
incubated with anti-fibronectin antibody is expressed as the
percentage of that without antibody. The results revealed that
after incubation with antibody against fibronectin in STEC, the
binding of M. hyopneumoniae to cell surface was decreased
significantly. The adherence efliciency of M. hyopneumoniae to
STEC showed a 38% (P < 0.05) reduction compared to that
incubated without antibody (Figure 9). Fibronectin was verified
as one of the host cell receptors for M. hyopneumoniae adhesion.

DISCUSSION

Over the past several decades, although some putative virulence
factors have been associated with M. hyopneumoniae adhesion,
the pathogenesis of this bacterium remains unclear.

In this study, six proteins with significantly increased
abundance were identified from M. hyopneumoniae strain 168
when infecting STEC. Among them, EF-Tu showed a relatively
higher expression in M. hyopneumoniae-infected STEC and
obtained a higher score in mass spectrometry analysis. A
virulence-associated network was thus established using these
six proteins and the reported putative virulence factors collected
from previously published papers. One of the hubs involved
in M. hyopneumoniae virulence which showed the most links
to the other virulence associated factors in this network, EF-
Tu was identified. Furthermore, analysis of M. hyopneumoniae
cells cultured in vitro indicated that EF-Tu was accessible on the
M. hyopneumoniae surface and that EF-Tu is indispensable for
adherence of M. hyopneumoniae to STEC. rEF-Tu was found
to bind to fibronectin with a specific and moderately strong
interaction. Fibronectin which is available in respiratory tract,
could be one of the receptors for EF-Tu.
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FIGURE 7 | rEF-Tu and fibronectin interaction analysis by Far-WB and SPR analysis. (A) Far-WB analysis of rEF-Tu with fibronectin. The first lane: PVDF

membrane with transferred rEF-Tu protein incubated with anti- rEF-Tu antibody as a positive control; the second lane: PVDF membrane with transferred rEF-Tu protein
incubated with fibronectin and anti-fioronectin antibody; the third lane: PVDF membrane with transferred a non-related recombinant protein MRP-D2 (negative control)
incubated with fibronectin and anti-fibronectin antibody. Protein bands were visualized using ECL substrate. (B) Binding activity of rEF-Tu to fibronectin by SPR
analysis. Sensorgrams depict binding of immobilized fibronectin by rEF-Tu. Increasing concentrations of the rEF-Tu was injected at 10, 25, 50, 100, 150, and

200 pg/mL at a flow rate of 30 wL/min for 180 s over immobilized fibronectin. Arrows indicate the end of the injection period at which point dissociation of rEF-Tu from
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FIGURE 8 | Fibronectin is predominantly present in the ciliary borders of porcine bronchioles. Immunohistochemical staining of porcine bronchioles sections from
unchallenged (A) and M. hyopneumoniae-challenged (B) pigs was performed with anti-fibronectin antibody. The presence of brown stain highlights the location of
fibronectin. A widespread distribution of fibronectin can be observed in the bronchioles sections of all samples, especially the ciliary borders of the bronchioles (as

In general, a pathogenic microorganism initiates infection by
adhering to the host target, and involves complex pathogen-
host interactions and molecular cross-talk between microbial
adhesins and host cell receptors (Finlay and Cossart, 1997).
As the adherence to host tissues is an important prerequisite
for colonization and subsequent disease development by
pathogenic bacteria, adhesins are of crucial importance for
M. hyopneumoniae infection (Razin and Jacobs, 1992).

EF-Tu is the most abundant bacterial protein (Jacobson
and Rosenbusch, 1976), constituting approximately 10% of
M. pneumoniae total protein content (Regula et al., 2000). The
canonical function of the conserved cytoplasmic protein is acting
as a GTPase on the binding of aminoacyl-tRNA to the ribosome-
mRNA complex during translation elongation in protein
synthesis (Voorhees and Ramakrishnan, 2013). In addition to

its well-defined enzymatic activities in protein synthesis, EF-Tu
also moonlights on the cell surface as an important adhesin
in numerous prokaryotes. For example, 17% of the total EF-
Tu in M. pneumoniae has been detected in the membrane
fraction (Dallo et al., 2002). EF-Tu is also identified as a major
cell surface protein in Mycobacterium leprae (Marques et al.,
1998). The ability of EF-Tu to function as a fibronectin-binding
protein in several bacterial pathogens, including M. pneumoniae
(Balasubramanian et al., 2008), Streptococcus suis (Li et al.,
2015), and Mycobacterium avium (Viale et al., 2014), provided
evidence of its biological versatility. A previous study and our
flow cytometry analysis confirmed the membrane distribution of
EF-Tu in M. hyopneumoniae (Reolon et al., 2014). Adherence of
viable M. hyopneumoniae to STEC was inhibited by anti-rEF-Tu
antisera. Another comparative proteomics analysis also showed
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FIGURE 9 | Block of fibronectin decreased the binding of M. hyopneumoniae
to STEC. Adhesion rate: The number of bacteria recovered in the cells
incubated with anti-fibronectin antibody/number of bacteria recovered in the
cells incubated with RPMI-1640 medium x 100%. Data are expressed as
means + SD of at least three experiments with samples performed in triplicate.
The asterisk stands for statistically significant differences.

the association of abundance of EF-Tu to M. hyopneumoniae
adhesion. Seven proteins including EF-Tu showed increased
abundance in virulent M. hyopneumoniae strain 168 which
showed stronger adhesion to STEC compared with the less
invasive strain 168L which is obtained from continuous passage
of strain 168 (unpublished data). These results demonstrate
that M. hyopneumoniae may increase abundance of EF-Tu
to help better attach to the host cells to some extent. Thus,
M. hyopneumoniae EF-Tu, in addition to its major cytoplasmic,
biosynthetic, and metabolic roles, can translocate to the surface
and moonlight as an important adhesion factor.

Bacterial adherence is frequently mediated by a spectrum of
host targets, often the extracellular matrix (ECM). Interaction
with the ECM components, with the most common being
fibronectin, may influence the initiation, facilitate colonization,
and establishment of infection, and express important virulence
factors (Patti and Hook, 1994; Schwarz-Linek et al., 2004).
Fibronectin is a glycoprotein that often exists as a soluble
dimer in body fluids, or as an insoluble multimer in the
ECM. The capacity to bind to fibronectin is widespread in
bacterial pathogens. Among mycoplasmas, the first fibronectin
interaction was identified in M. penetrans (Girén et al,
1996), followed by M. pneumoniae (Dallo et al., 2002) and
M. hyopneumoniae (Deutscher et al., 2010). Many fibronectin-
binding proteins have been identified, such as the microbial
surface components recognizing adhesive matrix molecules
(MSCRAMM) family of proteins identified in Staphylococcus
(Grundmeier et al., 2004) and Streptococcus (Lindgren et al.,
1992). The use of the mammalian fibronectin system by
pathogens has become a widely accepted virulence strategy. The
capacity of M. hyopneumoniae to bind to fibronectin therefore
warrants further investigation.

Using far-WB analysis, rEF-Tu was found to be able to bind
to fibronectin. The dissociation constant of rEF-Tu determined

by SPR displayed values with a specific and moderately strong
interaction. Furthermore, block of fibronectin in STEC decreased
M. hyopneumoniae adherence to cell surface significantly.
Immunohistochemical staining of bronchioles showed that
fibronectin is more abundant in the ciliary borders of the
bronchioles, which is a prefered place for M. hyopneumoniae
colonization. Thus, fibronectin was verified one of the host cell
receptors for M. hyopneumoniae adhesion.

In summary, using system-wide methodologies, EF-Tu was
found to act as an important hub in the virulence-associated
network of M. hyopneumoniae. Further analysis revealed that
M. hyopneumoniae displays EF-Tu on the surface to bind
to host fibronectin with a moderately high affinity, thereby
promoting adherence to STEC. This binding was markedly
reduced by pretreatment of bacterial cells with anti-rEF-Tu
sera or pretreatment of STEC with anti-fibronectin antibody.
The binding between EF-Tu with fibronectin was proven to
contribute to the adhesion of M. hyopneumoniae to STEC.

However, in the competitive adhesion inhibition assay, only
partial inhibition of EF-Tu was observed. Since several other
proteins, such as P97 (Zhang et al, 1995), P102 (Adams
et al., 2005), Mhp683 (Bogema et al., 2011), and so on have
also been verified to contribute to the adhesion process of
M. hyopneumoniae, it can be speculated that when EF-Tu
is blocked, the adhesion of M. hyopneumoniae still partly
exists.

In conclusion, moonlighting proteins located in various
parts of the cell, not only in the cytoplasm but also on
the cell membrane, have been suggested to be associated
with M. hyopneumoniae virulence. A lot remains to be
understood about how proteins, especially those lacking signal
motifs, localize on bacterial cell surfaces. M. hyopneumoniae
moonlighting proteins and their roles in infection and immunity
should be further studied in the future.
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