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ABSTRACT

Mycoplasma hyopneumoniae is the respiratory pathogen of porcine enzootic pneumonia, a chronic respiratory
infectious disease that causes substantial pecuniary losses to pig husbandry worldwide. Commercial bacterins
only provide incomplete protection and do not prevent the colonization and transmission of M. hyopneumoniae.
Identification of new protective antigens is a key imperative for the development of more effective novel vaccine.
The objective of this study was to evaluate antibody responses of 27 recombinant proteins in convalescent sera
obtained from pigs that were naturally infected with M. hyopneumoniae. Fifteen proteins were identified as
serological immunodominant antigens, while 3 proteins were not recognized by any convalescent serum.
Moreover, Mhp462, a leucine aminopeptidase, was found to be a discriminative serological immunodominant
antigen which reacted with convalescent sera but not with hyperimmune sera. The serological immunodominant
proteins were antigenic and were expressed during infection; this suggests that these proteins (especially the
discriminative one) are potential candidate antigens for the development of next generation vaccines against

M. hyopneumoniae.

1. Introduction

Mycoplasma hyopneumoniae is the respiratory pathogen of porcine
enzootic pneumonia (PEP), a chronic infectious disease of pig, which
results in decreased feed conversion, reduced daily weight gain, and
significantly delayed time to market, and prevalent in almost all pig-
rearing countries [1, 2]. More importantly, infected pigs are vulnerable
to secondary infection by other pathogens, such as porcine circovirus
type 2, porcine reproductive and respiratory syndrome virus, swine
influenza A virus, Pasteurella multocida, Actinobacillus pleuropneumoniae;
these pathogens contribute to porcine respiratory disease complex
(PRDCQ) [3, 4].

Several measures are implemented to control M. hyopneumoniae
infection, including optimization of biosecurity precautions, use of
antibacterial agents, and immunization [5]. Till date, vaccination has
been the most commonly used preventive measure for control of
M. hyopneumoniae because of several reasons. Firstly, vaccination reduces
the clinical signs (such as non-productive cough, dyspnea and tachypnea)
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and minimizes macroscopic lung lesions and histopathological lesions.
Secondly, the feed conversion rate was evidently improved in vaccinated
groups compared to non-treatment pigs [6], even though the average
daily weight gain was similar in the experimental and control groups [6,
7]. Thirdly, the colonization rate of M. hyopneumoniae in different parts of
the respiratory tract of immunized pigs was significantly higher than that
in non-vaccinated groups [7]. However, vaccination does not dramati-
cally reduce the transmission of organism in the herds and between
different groups [7, 8]. Several well-known proteins (including P97 and
NrdF) have been used as antigens to test their protective roles in pigs
after administration in a variety of forms and formulations. Nevertheless,
only a few of the new vaccines have shown partial protection in vacci-
nated animals [9, 10, 11]. Therefore, exploration and identification of
novel immunodominant proteins is a key imperative for the development
of more efficient vaccines.

The genomes of several M. hyopneumoniae strains have been
completely sequenced, annotated, and published and are available in the
GenBank database. Five strains, 232, 7448, 168, 7422, and KM014 were
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characterized as pathogenic [12, 13, 14, 15, 16]. However, strain J is a
non-pathogenic organism [13]. These data provide massive information
for antigen screening. Previously, we have reported two methods for
identification of immunodominant proteins of M. hyopneumoniae based
on Mhp366 protein which reacts with IgG antibody obtained from pigs
that are naturally infected with M. hyopneumoniae but is not recognized
by hyperimmune sera. The first method was for screening the serological
immunodominant protein antigens [17] while the second method was
used to further identify the discriminative immunodominant proteins
which can distinguish between naturally infected pathogen-stimulated
convalescent sera and inactivated bacterin-induced hyperimmune sera
[18]. In this study, subcellular localization of 27 proteins was predicted
by bioinformatics tools. Then, we assessed the antigenicity and reactive
properties of these proteins, which may be used as candidate antigens for
new vaccine development or may serve as new targets for
immunodiagnosis.

2. Materials and methods
2.1. Subcellular localization prediction of 27 M. hyopneumoniae proteins

Twenty-seven M. hyopneumoniae proteins, Mhpl104, Mhpl53,
Mhp156, Mhp228, Mhp252, Mhp265, Mhp299, Mhp322, Mhp336,
Mhp351, Mhp364, Mhp367, Mhp379, Mhp390, Mhp424, Mhp462,
Mhp465, Mhp472, Mhp477, Mhp483, Mhp488, Mhp504, Mhp511,
Mhp535, Mhp623, Mhp677 and Mhp682, according to 232 strain's
naming pattern, were selected. The homologous proteins of the 27
selected proteins were searched through BLAST sequence alignment with
the genomes of 7448, J, 168 and 7422 strains. Proteins existing in at least
3 genome-sequenced M. hyopneumoniae strains were designated as the
common existing proteins, and only the common existing proteins were
considered for prediction of subcellular localization.

Mycoplasmas stain as Gram-negative by Gram staining. However,
these organisms have one lipid bilayer and their protein-secretion sys-
tems include secretion (Sec) and twin-arginine translocation (Tat) sys-
tems. Thus, we conducted the analysis using Gram-positive bacteria
protein localization prediction.

Some online bioinformatics tools were used to predict the localization
of 27 proteins. Firstly, Phobius [19] and TMHMM Server v. 2.0 [20] were
developed to predict membrane proteins whose secondary structures
contain alpha helices. The final localization information could also be
acquired from the two online servers. Signal peptides associated with
lipoproteins, with a characteristic N-terminal signal peptide that is
cleaved by signal peptidase II (LspA), of the Sec translocator, were
identified by LipoP 1.0 [21,22]. The signal peptides, present in substrates
of the Tat exporter, which is responsible for the translocation of folded
proteins, were recognized by TatP 1.0 [23]. The predictor SignalP 5.0
server [24] was used to detect the following: secretory signal peptides
cleaved by signal peptidase I (LepB) and transported by the Sec trans-
locon, signal peptides of lipoproteins cleaved by LspA and transported by
the Sec translocon, and Tat signal peptides cleaved by LepB.

Manual curation was done after predicting workflow. Some mem-
brane proteins and secretory proteins of M. hyopneumoniae have been
identified by other studies [25, 26, 27, 28]. These data were considered
in the final result. The localization of proteins in M. hyopneumoniae was
mapped after workflow and comprehensive analysis.

2.2. Prokaryotic expression and purification of M. hyopneumoniae GST
fusion proteins

Based on the genome sequence of strain 232, we synthesized 27 open
reading frames (ORFs). The TGA codons encoding tryptophan in the
original ORFs were modified to TGG (Sangon Biotech, China). Moreover,
BamH I and Sall recognition sites were also added to the 5’ and 3’ end of
the synthesized mhp156, mhp299 and mhp336 genes, respectively. While,
BamH I and Xhol recognition sites were added to the 5’ and 3’ end of the
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other synthesized genes. Subsequently, the synthesized genes, except
mhp488, which was ligated into expression vector pGEX-6P-2, were
cloned into vector pGEX-6P-1 to generate recombinant plasmids. Re-
combinant plasmids were transformed into E. coli XL-1 Blue or E. coli
BL21 (DE3) using the heat shock method. The identified colonies were
cultured at 37 °C in Luria-Bertani broth with a final concentration of 100
pg/mL ampicillin and 1 mmol/L isopropyl-p-+;-thiogalactoside (IPTG) to
induce the expression of recombinant proteins. Some important param-
eters, such as the gene length, mutant site, molecular weight of protein,
recipient strain, and induction temperature are summarized in Table 1.

The expressed bacteria were processed as described previously [18]
and a small portion of each bacterium supernatant was purified with
glutathione-conjugated agarose beads (GE Healthcare, Uppsala, Swe-
den). Crude purified proteins were cleaved off from the beads with
PreScission protease. The purified fusion proteins and cleaved proteins
were assessed by 12% sodium dodecyl sulfate-polyacrylamide gels elec-
trophoresis (SDS-PAGE). E. coli BL21 (DE3) harboring empty pGEX-6P-1
and expressing GST served as controls, as reported previously [18].

2.3. Porcine serum samples

Three types of serum samples were used for the following assays.
Seven negative sera were collected from a M. hyopneumoniae-free farm.
Seven hyperimmune sera were obtained from 11-week-old pigs after
their immunization with a commercial M. hyopneumoniae inactivated
vaccine (MYPRAVAC SUIS, Laboratorios Hipra, La Selva, Spain) on the
7th day and 21% day after their birth in a M. hyopneumoniae-free farm.
Eleven convalescent serum samples were acquired from naturally infec-
ted pigs aged 120-200 days with clinical signs or with a history of PEP.
The presence of IgG antibodies against M. hyopneumoniae was confirmed
in all serum samples using commercial ELISA kit (IDEXX laboratories,
Westbrook, Maine, USA). Pathogens were also detected by nested PCR
[30] conducted on bronchoalveolar lavage fluid (BALF) specimens ob-
tained by fiberoptic bronchoscopy corresponding to the sera, as
described in previous reports [31, 32]. Both negative sera and their
corresponding BALF specimens were tested negative for
M. hyopneumoniae. Hyperimmune sera were positive for IgG antibody;
however, their corresponding BALF specimens were tested negative for
nucleotide of M. hyopneumoniae. Both convalescent sera and their cor-
responding BALF specimens were positive by molecular biology and
anti-M. hyopneumoniae IgG antibody detection. The experiment was
performed as recommended in the Guide for the Care and Use of Labo-
ratory Animals of the Ministry of Health, China. All experimental pro-
tocols were approved by the Institutional Animal Care and Use
Committee (IACUC) of Southwest University (Approval No:
IACUC-20180702-10) and performed accordingly.

2.4. Screening of serological inmunodominant proteins

Screening of serological immunodominant proteins that reacted with
convalescent sera was performed as previously published protocol [17],
with minor modification. Bacterial lysates of recombinant bacteria and
control bacterium were added to glutathione-coated 96-well microplates
(ThermoFisher Scientific, Rockford, IL, USA) with a volume of 200
pL/well without dilution. After overnight incubation at 4 °C and five
washes with PBS containing 0.05% Tween-20 (PBST), the plates were
blocked at RT for 1 h by adding 200 pL PBS +10% NBS +2.5% skimmed
milk. Following five washes with PBST, 100 pL convalescent serum or
negative serum with blocking solution diluted at 1:500 was added and
incubated at RT for 2 h. All serum samples were pre-absorbed with lysate
of control bacterium to minimize the interference of cross-reactive an-
tibodies. After five washes with PBST, the plates were conjugated with
100 pL HRP-labeled rabbit anti-pig IgG (Invitrogen, Rockford, IL, USA)
diluted at 1:40000 at 37 °C for 1 h. The plates were washed as described
above, and a colorimetric reaction was induced by the addition of
chromogenic substrates, substrate A (100 mL H»0 containing citric acid



Table 1. The information and parameters for the expression of 27 M. hyopneumoniae fusion proteins in this study.

Gene Gene size Mutant site Restriction sites MWa of pure MW of GST Vector Recipient Induction
protein (kDa) fusion protein strain temperature
(kDa) (9]
mhp104 984 bp 199-201, 388-360, 628-630 BamH I, Xho I 37 63 PGEX-6P-1 BL21 (DE3) 30
mhp153 1470 bp 181-183, 481-483, 574-576, 1105-1107, 1405-1407, 1435-1437, 1459-1461 BamH I, Xho I 54 80 PGEX-6P-1 BL21 (DE3) 16
mhp156 1062 bp 133-135, 169-171, 193-195, 235-237, 256-258 BamH I, Sal I 41 67 PGEX-6P-1 XL-1 Blue 16
mhp228 561 bp 394-396 BamH I, Xho I 21 47 PGEX-6P-1 BL21 (DE3) 16
mhp252 1071 bp 268-270 BamH I, Xho I 39 65 PGEX-6P-1 BL21 (DE3) 30
mhp265 1125 bp 304-306, 379-381, 586-588, 592-594, 625-627, 811-813, 889-891, 964-966 BamH I, Xho I 42 68 PGEX-6P-1 BL21 (DE3) 16
mhp299 1383 bp 139-141, 1096-1098, 1135-1137 BamH I, Sal I 51 77 PGEX-6P-1 BL21 (DE3) 30
mhp322 1173 bp 790-792 BamH I, Xho I 44 70 PGEX-6P-1 BL21 (DE3) 30
mhp336 1473 bp 82-84, 490-492, 925-927, 1159-1161, 1216-1218 BamH I, Sal I 58 84 PGEX-6P-1 BL21 (DE3) 16
mhp351 1461 bp 268-270, 1114-1116 BamH I, Xho I 58 84 PGEX-6P-1 BL21 (DE3) 16
mhp364 1599 bp 676-678, 979-981, 1456-1458 BamH I, Xho I 61 87 PGEX-6P-1 BL21 (DE3) 30
mhp367 1575 bp 571-573, 736-738, 856-858, 868-870, 904-906, 1159-1161, 1207-1209 BamH I, Xho I 61 87 PGEX-6P-1 BL21 (DE3) 30
mhp379 933 bp 223-225, 310-312 BamH I, Xho 1 36 62 PGEX-6P-1 BL21 (DE3) 16
mhp390 1815 bp 1066-1068, 1351-1353, 1576-1578 BamH I, Xho I 68 94 PGEX-6P-1 BL21 (DE3) 30
mhp424 1149 bp 10-12, 997-999 BamH I, Xho I 44 70 PGEX-6P-1 BL21 (DE3) 30
mhp462 1380 bp 895-897, 1193-1095, 1138-1140 BamH I, Xho I 51 77 PGEX-6P-1 BL21 (DE3) 16
mhp465 942 bp 319-321, 421-423, 745-747 BamH I, Xho I 37 63 PGEX-6P-1 BL21 (DE3) 16
mhp472 729 bp 19-21, 622-624 BamH I, Xho I 27 53 PGEX-6P-1 BL21 (DE3) 16
mhp477 1539 bp 1258-1260 BamH I, Xho I 58 84 PGEX-6P-1 BL21 (DE3) 16
mhp483 804 bp 319-321 BamH I, Xho I 31 57 PGEX-6P-1 BL21 (DE3) 16
mhp488 1215 bp 430-432, 970-972 BamH I, Xho I 44 70 PGEX-6P-2 XL-1 Blue 30
mhp504 1848 bp 580-582, 709-711, 1801-1803 BamH I, Xho I 66 92 PGEX-6P-1 BL21 (DE3) 30
mhp511 1260 bp 208-210, 301-303, 760-762 BamH I, Xho I 46 72 PGEX-6P-1 BL21 (DE3) 30
mhp535 1677 bp 388-390, 565-567, 928-930, 943-945, 1258-1260, 1270-1272, 1480-1482, 1489-1491 BamH I, Xho I 66 92 PGEX-6P-1 BL21 (DE3) 30
mhp623 1356 bp 19-21, 295-297, 412-414, 454-456, 520-522, 592-594, 736-738 BamH I, Xho I 50 76 PGEX-6P-1 BL21 (DE3) 30
mhp677 1884 bp 322-324, 553-555, 925-927 BamH I, Xho I 71 97 PGEX-6P-1 BL21 (DE3) 30
mhp682 1566 bp 1045-1047, 1315-1317, 1348-1350, 1444-1446 BamH I, Xho I 60 86 PGEX-6P-1 BL21 (DE3) 30

a MW, molecular weight.

0 32 3UIN “X

z£8v02 (020Z) 9 ok



Y. Ning et al.

monohydrate 0.2078 g, anhydrous sodium acetate 2.72 g, 30% hydrogen
peroxide 0.06 mL) and substrate B (100 mL H3O containing citric acid
monohydrate 0.2078 g, EDTA-Na, 0.04 g, TMB-2HCI 0.0391 g, glycerol
10 mL) at RT for 10 min. Color development was terminated with 50 pL 2
M H,SO4, and the OD4s9 was recorded using a spectrophotometer
(ThermoFisher Scientific, Vantaa, Finland). A total of 7 negative sera and
11 convalescent sera were used in the ELISA assay.

Seven negative sera were reacted with lysates of control bacterium
and recombinant bacteria, respectively. The difference of OD4s0 from
lysates of recombinant bacteria and control bacterium was calculated.
The results are presented as average difference (X) and standard devia-
tion (SD). Eleven convalescent sera were reacted with lysates of control
bacterium and recombinant bacteria, respectively. Similarly, the differ-
ence of ODys¢ from lysates of control bacterium and recombinant bac-
teria was also calculated and named A. The cut-off value was calculated
as X + 2SD. For the interpretation, the convalescent serum was classified
as positive if A > X + 2SD.

2.5. Identification of discriminative serological inmunodominant proteins
recognized by convalescent sera but not by hyperimmune sera

The identified serological immunodominant proteins were further
used to identify discriminative serological immunodominant proteins
that reacted with convalescent sera but not with hyperimmune sera. The
main parameters were described as reported previously [18], with minor
modification. Bacterial lysates of recombinant bacteria or control bac-
terium were diluted at 1:5. Convalescent serum or hyperimmune serum
was diluted at 1:500 with blocking solution. All serum samples were also
pre-absorbed with lysate of control bacterium. The discriminative
immunodominant proteins were screened using the following steps.

The average difference of ODy4s¢ from 7 hyperimmune sera that
reacted with lysates of control bacterium and recombinant bacteria,
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respectively, was named X, and the standard deviation was named SD.
Similarly, the difference of OD4s5¢ from 11 convalescent sera that reacted
with lysates of recombinant bacteria and control bacterium, respectively,
was also calculated and named A. The cut-off value was calculated as X
SD.If A X SD, the convalescent serum was classified as positive.

3. Results
3.1. Sequence conservation and subcellular localization of selected proteins

Conservation analysis was carried out by BLAST sequence alignment
of 27 proteins based on 5 fully genome sequenced and annotated
M. hyopneumoniae strains (232, 7448, J, 168, and 7422). The results are
shown in Table 2. Twenty-four proteins were found in all 5 strains.
Mhp228 and Mhp367 existed in 4 strains. In addition, Mhp535 was
conserved in 3 strains. The results showed that the 27 proteins were
commonly present in the 5 genome annotated strains.

The predicted bioinformatics results and the manually curated results
are shown in Table 3. A predictive decision tree was generated according
to computational tools used in this study. If the results from both Phobius
and TMHMM Server v. 2.0 were identical, the predictive localization was
determined. The predictive results from the two online tools showed that
a small part of Mhp104 on the N terminal protruded out of the membrane
while most of it was localized in the cytoplasm. Mhp483 was a multiple
transmembrane protein, while 19 proteins (Mhp153, Mhp228, Mhp265,
Mhp299, Mhp322, Mhp336, Mhp364, Mhp367, Mhp379, Mhp390,
Mhp424, Mhp462, Mhp472, Mhp477, Mhp488, Mhp504, Mhp535,
Mhp623 and Mhp677) were extracellular. Mhp351, Mhp465, Mhp511,
and Mhp682 were predicted as localized on the membrane by Phobius
and as extracellular by TMHMM Server v. 2.0. However, all these pro-
teins were predicted to contain signal peptides by Phobius, LipoP 1.0,
and/or SignalP 5.0. Moreover, the N terminals of these proteins after

Table 2. Conservation analysis of 27 proteins in five sequenced and annotated M. hyopneumoniae strains.

232 7448 J 168 7422
Mhp104 MHP7448_0276 MHJ_0268 MHP168_297 MHL_2660
Mhp153 MHP7448_0225 MHJ_0219 MHP168_244 MHL_2920
Mhp156 MHP7448_0223 MHJ_0217 MHP168_242 MHL_3160
Mhp228 MHP7448_0154 MHJ_0150 MHP168_149

Mhp252 MHP7448_0129 MHJ_0125 MHP168_174 MHL_2988
Mhp265 MHP7448_0115 MHJ_ 0111 MHP168_186 MHL_0518
Mhp299 MHP7448_0082 MHJ_0078 MHP168_085 MHL_3365
Mhp322 MHP7448_0309 MHJ_0301 MHP168_325 MHL_3066
Mhp336 MHP7448_0331 MHJ_0314 MHP168_347 MHL_2646
Mhp351 MHP7448_0339 MHJ_0331 MHP168_362 MHL_3367
Mhp364 MHP7448_0353 MHJ_0348 MHP168_378 MHL_3041
Mhp367 MHP7448_0356 MHJ_0351 MHL_2647
Mhp379 MHP7448_0368 MHJ_0364 MHP168_393 MHL_3046
Mhp390 MHP7448_0378 MHJ_0274 MHP168_418 MHL_2982
Mhp424 MHP7448_0408 MHJ_0421 MHP168_433 MHL_2950
Mhp462 MHP7448_0464 MHJ_0461 MHP168_474 MHL_3251
Mhp465 MHP7448_0467 MHJ_0464 MHP168_477 MHL_2914
Mhp472 MHP7448_0474 MHJ_0471 MHP168_484 MHL_3246
Mhp477 MHP7448_0479 MHJ_0476 MHP168_489 MHL_1747
Mhp483 MHP7448_0485 MHJ_0482 MHP168_495 MHL_3418
Mhp488 MHP7448_0490 MHJ_0487 MHP168_500 MHL_1789
Mhp504 MHP7448_0507 MHJ_0504 MHP168_514 MHL_1873
Mhp511 MHP7448_0513 MHJ_0511 MHP168_522 MHL_3130
Mhp535 MHP7448_0290 MHL_3044
Mhp623 MHP7448_0604 MHJ_0606 MHP168_614 MHL_2997
Mhp677 MHP7448_0656 MHJ_0656 MHP168_668 MHL_3107
Mhp682 MHP7448_0661 MHJ_0661 MHP168_673 MHL_3047
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Table 3. The predictive results of computational tools, comprehensive predictive localization and the manually curated localization.

Protein Phobiusa TMHMM Server v. 2.0 LipoP TatP SignalP Comprehensive predictive Reported Manual curation
name 1.0b 1.0c 5.0d localization localization
Mhp104 Me M 1-22 M M
Mhp153 Ef E E M [25, 26] M (Identified)
Mhp156 M E M M [25] M (Identified)
Mhp228 E E E E [27] E (Identified)
Mhp252 Cytoplasm E Cytoplasm M [33] M (Identified)
Mhp265 E E E M [25] M (Identified)
Mhp299 E E E M [25, 26] M (Identified)
Mhp322 E E E M [25] M (Identified)
Mhp336 1-25 (E) E (surface) 1-24 1-24 E E
Mhp351 1-33 (E) M (surface) 1-33 M (surface) M
Mhp364 1-30 (E) E 1-29 1-29 E M [25], E [27] M/E (Identified)
Mhp367 1-22 (E) E 1-21 1-21 E M [25] M (Identified)
Mhp379 1-27 (E) E 1-24 1-24 E M [25] M (Identified)
Mhp390 1-25 (E) E 1-23 1-23 E M [25] M (Identified)
Mhp424 1-28 (E) E 1-27 1-27 E E
Mhp462 E E E M [34] M (Identified)
Mhp465 1-25 (E) M (surface) 1-23 1-23 M (surface) M [25] M (Identified)
Mhp472 E E E M [25] M (Identified)
Mhp477 E E E M [25] M (Identified)
Mhp483 M (multiple M (multiple 1-39 M (multiple transmembrane) M (multiple
transmembrane) transmembrane) transmembrane)
Mhp488 E E E M [25] M (Identified)
Mhp504 E E E M [25, 26] M (Identified)
Mhp511 1-29 (E) M (surface) 1-30 1-30 M (surface) M [25,26] M (Identified)
Mhp535 1-35 (E) E 1-34 1-34 E E
Mhp623 1-27 (E) E 1-23 1-28 E M [25, 26], E [27] M/E (Identified)
Mhp677 1-27 (E) E 1-29 1-29 E M [25, 26], E [27] M/E (Identified)
Mhp682 1-29 (E) M (surface) 1-25 1-25 M (surface) M [25], E [27] M/E (Identified)

a-d Position of the signal peptide in the protein.
e M: membrane.
f E: extracellular.

removal of the signal peptides were embedded in the membrane.
Therefore, the 4 proteins might be localized on the surface of
M. hyopneumoniae. Mhp156 was predicted to have hydrophobic region in
the middle of the amino acid by Phobius. It was considered as membrane
protein, although it was predicted to be extracellular by TMHMM Server
v. 2.0. Mhp252 was predicted to be in cytoplasm by Phobius and secreted
out of the organism by TMHMM Server v. 2.0; in addition, it did not
contain signal peptide according to 4 signal peptide predictors. We pre-
sumed that Mhp252 was a cytoplasmic protein.

Sixteen proteins, including Mhp153 [25,26], Mhp156 [25], Mhp252
[28], Mhp265 [25], Mhp299 [25,26], Mhp322 [25], Mhp367 [25],
Mhp379 [25], Mhp390 [25], Mhp462 [29], Mhp465 [25], Mhp472 [25],
Mhp477 [25], Mhp488 [25], Mhp504 [25,26] and Mhp511 [25,26] have
been identified as membrane proteins. Mhp228 has been reported as
secreted protein [27]. Four proteins, Mhp364 [25,27], Mhp623 [25,26,
271, Mhp677 [25,26,27] and Mhp682 [25,27] were localized on mem-
brane or were secreted out by the pathogen.

Based on the results of literature search and bioinformatics localiza-
tion prediction, we concluded that all proteins were either localized on
the membrane or secreted out of the organism. The identified membrane
proteins were Mhp153, Mhp156, Mhp252, Mhp265, Mhp299, Mhp322,
Mhp367, Mhp379, Mhp390, Mhp462, Mhp465, Mhp472, Mhp477,
Mhp488, Mhp504, and Mhp511; the definite secretory protein was
Mhp228. Mhp364, Mhp623, Mhp677, and Mhp682 could be secreted out
of organism as well as localized on the membrane. Mhp104, Mhp351 and
Mhp483 were predictive membrane proteins, and Mhp336, Mhp424 and
Mhp535 were calculated as extracellular.

3.2. Expression and purification of recombinant proteins

All 27 recombinant bacteria were induced to express target proteins
which were fused with a GST protein. After crude purification of the
bacterial lysates with glutathione-conjugated agarose beads, soluble
fusion proteins were visualized by SDS-PAGE electrophoresis
(Figure 1A). In most cases, a dominant band migrated at the expected
location in the gel, except GST-Mhp156, GST-Mhp228 and GST-Mhp424,
the molecular weights of which were smaller than that predicted. Four-
teen proteins could be cleaved off at PreScission site from GST protein
adhered to the glutathione immobilized on agarose bead and the mo-
lecular weights were as expected, except Mhp472. The actual molecular
weight of Mhp472 was 35 kDa, which was larger than the 27 kDa
theoretical molecular weight (Figure 1B). The other fusion proteins could
not be cleaved off from GST at the PreScission site.

3.3. Identification of immunodominant antigens recognized by pig
convalescent sera

We analyzed the reactivity of 27 GST-M. hyopneumoniae fusion pro-
teins in this study and the control antigen GST-Mhp366 with 11 conva-
lescent sera. The number of fusion proteins recognized by each
convalescent serum was recorded (Figure 2A). Sera 8/10,1,6/9/11,2,7,
5, 3/4 recognized 20, 17, 16, 13, 12, 8, and 7 out of 27 proteins,
respectively. The above results indicated that each serum specimen
exhibited a unique recognition form. However, several sera reacted with
the same fusion proteins. We found that 24 of the 27 fusion proteins were
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positively recognized by one or more convalescent sera; this suggested
that the 24 proteins were both expressed and exhibited immunogenicity
during M. hyopneumoniae infection in pigs, although 3 unrecognized
proteins have been identified in in vitro cultured organism [33]. The
fusion proteins that reacted with convalescent antibodies with both
positive results and high frequency (>6 convalescent sera) were defined
as immunodominant antigens [17] (Figure 2B). As the positive control,
Mhp366 was recognized by 10 convalescent sera. A total of 15 proteins
qualified the immunodominance requirements: Mhp367 and Mhp677
were identified by all tested convalescent sera, Mhp336 by 10 conva-
lescent sera, Mhp364 by 9 convalescent sera, Mhpl156, Mhp379,
Mhp424, Mhp477, and Mhp535 by 8 convalescent sera, and Mhp104 and
Mhp462 by 7 convalescent sera. Mhpl53, Mhp472, Mhp488, and
Mhp623 were confirmed by 6 convalescent sera. Other proteins were
identified by less than 6 convalescent sera. For instance, none of the
convalescent serum reacting with Mhp228, Mhp252, and Mhp465 was
considered as positive. The antibody titers shown in Figure 2C (accu-
mulative differences of OD4s5¢ value from convalescent and negative sera)
and Figure 2D (average difference of ODys¢ value from convalescent and
negative sera) were calculated. We found that the accumulative differ-
ences of ODysg and the average difference of OD4s59 were similar to the
corresponding recognition frequency. The most immunodominant pro-
teins, Mhp367 and Mhp677, and Mhp336 and Mhp366, recognized by 10
convalescent sera, had higher sum and average antibody titers. Surpris-
ingly, Mhp511, which reacted with 5 convalescent sera, had the highest
titers among all the tested proteins.

3.4. Identification of discriminative serological immunodominant antigens
recognized by pig convalescent sera but not by hyperimmune sera

We also identified discriminative serological immunodominant pro-
teins that reacted strongly with sera from pigs infected with
M. hyopneuomniae through respiratory tract but not those immunized
with pathogen cultured in vitro. When the hyperimmune serum samples
were used as control, a great variation in the antibody recognition

GST-Mhp104
GST-Mhp153
GST-Mhp156
GST-Mhp228
GST-Mhp252
GST-Mhp265
GST-Mhp299
GST-Mhp322
GST-Mhp336

| GST-Mhp351
GST-Mhp367

| GST-Mhp379
GST-Mhp424
GST-Mhp462
GST-Mhp465

GST-Mhp364

Marker
Marker

GST-Mhp472
GST-Mhp477
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frequency was also observed (Figure 3A). Sera 8,1, 2/9, 4, 3, and 5/6/7/
10/11 recognized 11, 9, 6, 4, 3, and 2 out of 16 fusion proteins,
respectively. The criterion of reaction with >6 of the 11 convalescent but
not hyperimmune serum samples was used to determine the discrimi-
native serological immunodominant antigen (Figure 3B). Only Mhp462,
which was recognized by 10 convalescent sera, was identified as
discriminative serological immunodominant antigen. As the positive
control, Mhp366 was recognized by 8 convalescent sera. Other 14
immunodominant proteins were recognized by less than 6 convalescent
sera. Moreover, Mhp153, Mhp336, and Mhp623 could not be detected by
any convalescent serum if hyperimmune sera were considered as the
“negative sera”. As mentioned above, we also compared the antibody
titers reactive to each fusion protein. The antibody titers calculated as the
differences of ODy4so value from convalescent serum and hyperimmune
serum are shown in Figure 3C (accumulative differences of OD4s value
from convalescent and hyperimmune sera) and Figure 3D (average dif-
ferences of ODys¢ value from convalescent and hyperimmune sera). As
the recognition frequency, Mhp462 displayed the highest antibody
binding titers, when the titers of each individual antiserum binding to the
fusion protein were added or averaged.

4. Discussion

Identification of immunoprotective antigens is a fundamental step in
the development of improved vaccines against M. hyopneumoniae infec-
tion. Sequencing of genomes of several M. hyopneumoniae strains pro-
vided massive genomic and proteic information to screen novel
immunodominant proteins by using method of reverse vaccinology. We
selected 27 proteins to identify their immunodominance based on this
method, which provided the opportunity to identify immunodominant
proteins at the whole-genome scale which we had established previously
[17, 18]. Firstly, we predicted and manually curated the subcellular
localization of these proteins; we found that all proteins were membrane
or extracellular. Therefore, they had the potential to be recognized by
convalescent sera and considered as immunodominant. Secondly, we

D¥Iorangg Figure 1. Quality of GST-M. h}./o.pneumon.iae
E_ 3 'g‘ "E“_. "a"_ QL R L @ fusion proteins and crudely purified proteins
E §' E E E § § § §- cleaved off from the beads with PreScission
O R R protease. GST fusion proteins were precipi-
8 28 % 8 8 8 8 8 tated from bacterial lysates using
i = ’. glutathione-agarose beads (A). Fourteen

proteins could be cleaved off from the
agarose bead-immunobilized GST fusion
proteins with PreScission protease (B). The
gel was stained with Coomassie blue dye.
This method was routinely used to check the
quality of each fusion protein. Shown on the
gel are 27 GST fusion proteins expressed
under a single induction condition as exam-
ples. The expected full-length fusion proteins
are circled in white.
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used pGEX vectors to construct recombinant plasmids and express pro-
teins fused with extremely hydrophilic protein GST in soluble forms,
although most proteins contain hydrophobic regions, even multiple
transmembrane. Thirdly, 15 serological immunodominant proteins and 1
discriminative serological immunodominant protein Mhp462 were
confirmed using Mhp366 as the positive control.

We selected 27 proteins to predict their subcellular localization and
screen immunodominant antigens. Actually, we randomly chose more
than 200 M. hyopneumoniae ORFs to predict their localization. Membrane
proteins and secretory proteins, rather than cytoplasmic proteins, typi-
cally induce immunological reaction in the body; therefore, we chose the
proteins that were preliminarily predicted as membrane and secretory
proteins as the targets to carry out predicting workflow.

In our experiment, we used recombinant bacteria lysates instead of
purified fusion proteins to coat 96-well microplates. It was suggested that
purified proteins may be better than lysates during screening of immu-
nodominant proteins. However, coating with lysates could achieve the
same effect as purified proteins. Firstly, the pig sera were pre-absorbed
with control bacterium, which reduced the non-specific antibodies.
Secondly, theoretically, the glutathione-conjugated agarose beads can
only bind to the GST fusion proteins, but not to other proteins. Therefore,
the process of antigen coating also served as a process of protein purifi-
cation. Thirdly, we calculated the difference of OD4s5¢ from lysates of
recombinant bacteria and control bacterium, which further reduced the
impact of non-specific reaction. Our previously established methods
involving coating with bacterial lysates [17, 18] have been shown to be
feasible for screening of immunodominant and discriminative immuno-
dominant proteins of M. hyopneumoniae on a large scale.

Four immunodominant proteins, Mhp156, Mhp364, Mhp424, and
Mhp488 have been tested for their antigenicity [5]. Mhp156 moderately
reacted with convalescent sera and ELISA results indicated a low

absorbance value of Mhp364. However, Mhp424 and Mhp488 were not
recognized by convalescent sera. On Western blot analysis, the 4 proteins
did not exhibit reaction with any of the positive sera. On literature
search, we found that selected fragments but not whole genes of the 4
proteins were cloned into Champion pET200D/TOPO expression vector
and expressed in E. coli [34, 35]. Therefore, the immunodominant frag-
ments in the recombinant proteins might be deleted or be truncated from
the whole length proteins. We used the full length genes to construct
recombinant plasmids, which ensured that the immunodominant regions
were not neglected [36]. That might be the reason why these 4 proteins
showed high recognition frequency and were considered as immunodo-
minant antigens in our experiment.

We identified 5 hypothetical proteins, including Mhp336, Mhp364,
Mhp367, Mhp424, and Mhp535, which have not yet been characterized
as immunodominant antigens. In our bioinformatics prediction and
manual curation section, all of these were present or predicted to be on
the surface of M. hyopneumoniae or (predicted to) be secreted out of or-
ganism. In the future, these membrane and/or secreted proteins should
be further characterized for their potential critical roles, such as adher-
ence to host cell, ion transport, signal transduction, and virulence.

Mhp104, a putative tRNA pseudouridine synthase B, was recognized
by 7 convalescent sera and defined as serological immunodominant an-
tigen. However, it has not been identified by any laboratory previously.
This may be attributable to the lack of expression or very low expression
of this protein by M. hyopneumoniae cultured in vitro. Another reason
might be that Mhp104 is secreted out of organism immediately after its
synthesis, which prevented its detection in M. hyopneumoniae. Therefore,
the protein array assay helped identify novel immunodominant proteins.
Moreover, in the current assay, each M. hyopneumoniae protein was
arrayed onto microplates in soluble form, and the fusion protein antigens
were efficiently recognized by convalescent antibodies. This method



Heliyon 6 (2020) e04832

Y. Ning et al.
12 Figure 3. Reactivity of porcine convalescent
b L 4 ® antibodies with 16 M. hyopneumoniae fusion
proteins using the perimmune sera as
E e . . . . ins using the hyperi
A g 6 1 background. (A) Eleven serum antibodies
= from pigs naturally infected with
g 3 4 M. hyopneumoniae (numbers on y axis) reac-
@ " * 'S . ¢ o ® ¢ o ‘ ted with 16 GST-M. hyopneumoniae fusion
proteins using the hyperimmune sera as
® 12 background immobilized onto microplates (x
% 10 4 axis) in an ELISA. Each positive reaction is
"s 8 1 marked with an asterisk. (B) Plot showing
B = 6 q ----c-eccmecmcnecncrenaconccn el e s e m s oo mem—mmm oo mee the number of sera that reacted with each
-g 4 4 fusion protein. (C) The accumulative differ-
= 2 4 ences of ODy4so value from convalescent and
2 0 hyperimmune sera to each fusion protein
10 were added up. (D) Average differences of
8 ODysq value were calculated.
L 4
g
- 6 -
°©
C =2
=3 1
7 g g
0
0.6
~
g
S 044
D AT
€z
<8 02;
0 4
FFF T I TS S
N3 N3 \J \3 N3 \3 \3 \3 3 3 \3 \3 \3 \3 \3 \3
S T T FTITTTTTTSTSs

overcomes the drawback of assays based on the proteins obtained from
cell free cultured M. hyopneumoniae in 2-dimensional gels, as it is liable to
miss antigens that are only expressed after natural infection and dena-
turation of the antigens.

Some proteins were not recognized by convalescent sera or had low
recognition frequencies in the assay, although bioinformatics prediction
identified these as surface exposed or secreted proteins. The reasons
might be as follows: These actually resided in the bacterial cytoplasm,
although they were predicted to be membrane proteins or be secreted out
of the organism. The second potential reason is that the proteins were not
expressed or the expression level was too low to induce the production of
antibodies. In addition, the proteins may not have been recognized by
immune cells.

Although we identified 15 serological immunodominant antigens,
only one discriminative serological immunodominant antigen, Mhp462,
which reacted with convalescent sera but not hyperimmune sera, was
identified. This characteristic was very similar to Mhp366; in a previous
study, immunization of pigs with inactivated vaccine failed to induce IgG
antibody against Mhp366 [37]. Mhp462, named MHJ_0461 in J strain,
forms multimers comprising more than 10 subunits on the surface
M. hyopneumoniae [32]. Two main complexes are approximately 500 kDa
and 800 kDa naturally, although the monomer has a molecular weight of
51.4 kDa. Recombinant MHJ_0461 (rMHJ_0461) demonstrates greatest
leucine aminopeptidase activity against leucine, alanine, phenylalanine,
methionine, and positively charged arginine. Moreover, rMHJ 0461
binds heparin and plasminogen that lines the surface of eukaryotic cells
[38, 39]. Plasminogen bound to rMHJ_0461 was readily converted to
plasmin in the presence of tissue plasminogen activator. If its antibody
can block the adhesion of Mhp462 to host epithelial cells, it will provide a
good protection against M. hyopneumoniae.

Some proteins reacted with all convalescent sera, such as Mhp367
and Mhp677. The recognition frequencies of the two proteins were even
more than the frequency of the control protein, Mhp366. Therefore, they
have potential to be used as novel diagnostic antigens for the develop-
ment of new ELISA kits. However, the exact time of generation of anti-
bodies after M. hyopneumoniae infection or vaccination is not known. In
previous studies, seroconversion occurred at 6 weeks [40] or was delayed
up to 98 days [41] after vaccination. In farms with a history of PEP, sera
positivity due to natural infection of M. hyopneumoniae was observed
between the age of 8-24 weeks [42, 43]. Therefore, development of
diagnostic methods for early detection of M. hyopneumoniae antibody is a
key imperative. Evaluating the ability of serological immunodominant
antigens for early detection of seroconversion induced by
M. hyopneumoniae infection or by vaccination is important for the
development of methods for early diagnosis.

We did not assess the antigenicity of immunodominant proteins by
Western blot owing to the lack of availability of secondary antibody.
Although several secondary antibodies purchased from different com-
panies were tested, we always observed the same bands between
different lanes loaded on different purified recombinant proteins.

Although we have determined 15 serological immunodominant pro-
teins and 1 discriminative serological immunodominant protein, it is still
not clear which fragments of these proteins are the main antigenic de-
terminants. Precise delineation of the immunodominant regions of these
proteins would necessitate further fragmentation of these proteins and
determining the antigenicity of individual fragments by reacting them
with different types of sera in the future.

In conclusion, we identified 15 serological immunodominant proteins
recognized by convalescent sera and 1 discriminative serological
immunodominant protein that reacted with convalescent sera but not
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with hyperimmune sera. The antigenicity of most of the immunodo-
minant proteins has not been characterized. The immunodominant pro-
teins are antigenic and expressed during infection, suggesting that these,
especially the discriminative one, are potential vaccine candidate anti-
gens against M. hyopneumoniae infection.
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