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ARTICLE INFO ABSTRACT
Keywords: Mycoplasma hyopneumoniae causes porcine enzootic pneumonia (PEP), a chronic respiratory
Porcine enzootic pneumonia disease that leads to severe economic losses in the pig industry. Swine infection and PEP devel-
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opment depend on the adhesion of the pathogen to the swine respiratory tract and the host im-
mune response, but these and other disease determinants are not fully understood. For instance,
M. hyopneumoniae has a large repertoire of proteins of unknown function (PUFs) and some of
them are abundant in the cell surface, where they likely mediate so far unknown pathogen-host
interactions. Moreover, these surface PUFs may undergo endoproteolytic processing to generate
larger repertoires of proteoforms to further complicate this scenario. Here, we investigated the
five PUFs more represented on the surface of M. hyopneumoniae pathogenic strain 7448 in
comparison with their orthologs from the nonpathogenic M. hyopneumoniae J strain and the
closely related commensal species Mycoplasma flocculare. Comparative in silico analyses of
deduced amino acid sequences and proteomic data identified differential domains, disordered
regions and repeated motifs. We also provide evidence of differential endoproteolytic processing
and antigenicity. Phylogenetic analyses were also performed with ortholog sequences, showing
higher conservation of three of the assessed PUFs among Mycoplasma species related to respira-
tory diseases. Overall, our data point out to M. hyopneumoniae surface-dominant PUFs likely
associated with pathogenicity.

1. Introduction

Mycoplasma hyopneumoniae causes porcine enzootic pneumonia (PEP), a chronic respiratory disease that leads to major economic
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losses in the pig industry [1]. This bacterium adheres to the epithelium of the porcine respiratory tract inducing cilia loss and epithelial
cell death [2]. Infected pigs present clinical signs such as cough, fever and respiratory distress, and their average daily gain and feed
conversion ratios are severely affected [3]. Moreover, M. hyopneumoniae-infected swine are also more susceptible to coinfections with
viruses and other bacteria, which may lead to the development of porcine respiratory disease complex (PRDC) [4].

M. hyopneumoniae pathogenicity mechanisms form a complex scenario, in which bacterial and host molecules are involved in PEP
establishment [5]. The virulence degree is variable among M. hyopneumoniae strains, ranging from the virtually avirulent strain J to
high virulent strains, such as 232, 7448, 7422 and ES-2 [6-9]. Several M. hyopneumoniae surface proteins have been associated with
relevant features for host-pathogen interactions, such as mycoplasma adhesion to the porcine respiratory tract, cytotoxicity and host
immunomodulation [10]. Moreover, the occurrence of post-translational endoproteolytic processing among surface proteins from
different M. hyopneumoniae strains have been addressed by some previous proteomic studies [11-18]. Differential endoproteolytic
processing was also demonstrated for adhesion-related proteins between M. hyopneumoniae and M. flocculare, which is a closely related
Mycoplasma species that coinhabits the porcine respiratory tract but is nonpathogenic [19]. The endoproteolytic processing is assumed
to generate a combinatorial library of proteoforms, diversifying the bacterial surface [2,19]. Such diversification would have many
implications for pathogen-host interactions.

The M. hyopneumoniae cell surface contains many proteins with assigned functions, such as adhesins, membrane transporters,
enzymes, and immunomodulatory antigens [10]. However, about 35% of the genes coding for surface proteins in the genome of
M. hyopneumoniae have been originally annotated as hypothetical proteins, with no assigned functions [7-9]. More recently, efforts
have been carried out to improve coding DNA sequence (CDS) validation and genome annotation in M. hyopneumoniae 7448 [20,21],
but many CDSs still code for proteins of unknown function (PUFs) and require further characterization, especially those enriched on
the cell surface.

Interestingly, the comparative proteomics analyses demonstrated quali-quantitative differences among the repertoires of detected
PUFs from M. hyopneumoniae pathogenic and nonpathogenic strains and from the commensal M. flocculare [21]. These strains and
species have orthologs for more than 90% of the repertoire of predicted surface proteins [8,9]. Thus, we hypothesized that
M. hyopneumoniae 7448 dominant surface PUFs differ in at least some aspects from their orthologs in nonpathogenic counterparts, such
as M. hyopneumoniae J and M. flocculare, and that these differences are relevant for M. hyopneumoniae pathogenicity.

Here, we investigated the five PUFs more represented on the surface of M. hyopneumoniae 7448 in comparison with their orthologs
from M. hyopneumoniae J and M. flocculare. The aim of the study was to identify differential features among these orthologs, including
distinct structural and functional domains, differential endoproteolytic processing, and epitope repertoires. Overall, the performed in
silico analyses, provided evidence of structural and immunological differences, whose implications for M. hyopneumoniae virulence and
pathogenicity are discussed. Moreover, phylogenetic analyses were performed to provide information on the evolutive history of these
proteins among mycoplasmas and other bacteria.

2. Materials and methods
2.1. M. hyopneumoniae and M. flocculare PUFs and associated LC-MS/MS data

LC-MS/MS data from proteins detected in M. hyopneumoniae and M. flocculare surface or cytoplasm-enriched protein extracts (from
now on referred just as ‘surface samples’ or ‘cytoplasm samples’, respectively) were previously generated [21]. A total of 59
M. hyopneumoniae 7448 PUFs were identified in the LC-MS/MS data from surface samples and had the corresponding LC-MS/MS data
retrieved, along with that of their M. hyopneumoniae J and M. flocculare orthologs. Surface ortholog PUF sets of M. hyopneumoniae
(7448 and J) and M. flocculare were defined as orthogroups (OGs) for the subsequent analyses. From the 59 OGs, 54 were assessed in
the performed studies (Table S1); the other 5 OGs, have been previously related to adhesion and were addressed in a previous study
[19]1, and were not included in this study. The available normalized spectral abundance factor (NSAF) values [21] were then used for
quantitative comparisons and to rank PUFs according to their abundances in surface samples. The top five most abundant
M. hyopneumoniae 7448 surface PUFs and their orthologs of M. hyopneumoniae J and M. flocculare, from now on referred as MHPn,
MHJn and MFn, respectively, being ‘n’ the OG number, were then selected for further analyses. Information regarding detected peptide
sequences in surface and cytoplasmic samples, their corresponding spectral counts and sequence coverages for these 5 OGs were also
retrieved from our previously published data [21]. The full-length deduced amino acid sequences of each assessed PUF and associated
information were recovered from UniProt (https://www.uniprot.org/).

2.2. Identification of differential domains between ortholog PUFs from M. hyopneumoniae strains and M. flocculare

Pairwise Sequence Alignment using Needleman-Wunsch algorithm (https://www.ebi.ac.uk/Tools/psa/emboss_needle/) was uti-
lized to compare ortholog PUFs within each assessed OG. GeneDoc version 2.7 (https://genedoc.software.informer.com/2.7/) was
used to customize the alignments. Differential domains were defined based on previously established criteria [22], being considered as
such insertions/deletions of at least 5 aa in one sequence and absent in their orthologs, and/or segments with at least 10 aa with <30%
of identity between orthologs with overall identities >50%.
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Table 1

Orthogroups corresponding to the top 5 most represented surface PUFs in M. hyopneumoniae 7448 and their orthologs from M. hyopneumoniae J and M. flocculare.
Orthogroup M. hyopneumoniae 7448 M. hyopneumoniae J M. flocculare PUFs rank’ Overall rank®
0G)°
©%) D" NCBI accession D" NCBI accession  ID”  NCBI accession M. hyopneumoniae M. hyopneumoniae M. flocculare M. hyopneumoniae M. hyopneumoniae M. flocculare

number® number® number® 7448 J 7448 J

0G1 MHP1 MHP7448_0489 MHJ1 MHJ_0486 MF1 MFC_00856 1 8 6 34 103 24
0G2 MHP2 MHP7448_0352 MHJ2 MHJ_0347 MF2 MFC_01239 2 1 5 39 28 22
0G3 MHP3 MHP7448_0538 MHJ3 MHJ_0540 MF3 MFC_00551 3 3 23 47 42 77
0G4 MHP4 MHP7448_0138 MHJ4 MHJ_0134 MF4 WP_231237874.1 4 7 ND 49 68 ND
0G5 MHP5 MHP7448_0483 MHJ5 MHJ_0480 MF5 MFC_01450 5 11 ND 50 109 ND

@ Groups of ortholog PUFs from M. hyopneumoniae 7448, M. hyopneumoniae J and M. flocculare.

b Identification of the PUFs from M. hyopneumoniae (7448 and J) and M. flocculare, according to the OG number.
¢ Accession numbers in the NCBI database (https://www.ncbi.nlm.nih.gov/protein).

4 According to the abundance (NSAF values) of the selected PUFs in the corresponding surface samples [21].

¢ According to the abundance (NSAF values), considering all proteins detected in surface samples [21].
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2.3. Topology predictions, and identification and comparison of disordered regions and repeated motifs in ortholog PUFs from
M. hyopneumoniae strains and M. flocculare

The full-length deduced amino acid sequences of the assessed ortholog PUFs from M. hyopneumoniae 7448 and J, and M. flocculare
were used for topology predictions by the Protter software (https://wlab.ethz.ch/protter/start/) and for predictions of disordered
regions by the Predictor of Natural Disordered Regions (PONDR®) algorithm VSL2 (http://www.pondr.com/) using a PONDR Score
>0.5.

The search for fixed-length motifs was initially performed with the full-length deduced amino acid sequences of the
M. hyopneumoniae 7448 assessed PUFs using Multiple Em for Motif Elicitation (MEME) with default parameters (https://meme-suite.
org/meme/tools/meme). The MEME-defined consensus of the repeated motifs identified in M. hyopneumoniae 7448 PUFs were then
used to identify matches in ortholog PUFs from M. hyopneumoniae 7448 and J strains and M. flocculare with the Motif Alignment &
Search Tool (MAST) with default parameters (https://meme-suite.org/meme/tools/mast).

2.4. Validation and mapping of peptides detected by LC-MS/MS, and identification of endoproteolytic processing events in ortholog PUFs
from M. hyopneumoniae and M. flocculare

Peptides detected by LC-MS/MS in surface and cytoplasmic samples corresponding to the PUFs within each assessed OG were
recovered from our previously published data [21]. They were then validated based on the detection in at least two out of three
biological replicates, as previously described [19]. The relative abundance of each validated peptide for a given PUF was inferred from
the correspondent average of the peptide’s exclusive unique spectral counts in the biological replicates. Validated peptides were
physically mapped to the cognate PUF deduced amino acid sequences.

Endoproteolytic processing events were identified based on the detection of non-tryptic cleavage sites in mapped peptides [19].
Proteoforms were defined here as being any protein stretch covered by two or more overlapping or juxtaposed mapped peptides, and
with its amino and/or carboxy-terminal ends generated by a non-tryptic cleavage event.

2.5. Differential endoproteolytic processing in M. hyopneumoniae and M. flocculare ortholog PUFs and between subcellular compartments

Differential endoproteolytic processing was identified through alignments of the ortholog PUFs of M. hyopneumoniae (7448 and J)
and M. flocculare in surface and cytoplasmic protein samples. For this, stretches with 10 aa that comprised the non-tryptic cleavage site
in a strain/species were aligned with corresponding stretches of the ortholog PUFs using the ClustalW algorithm from the Molecular
Evolutionary Genetics Analysis (MEGA) software (https://www.megasoftware.net/), with default parameters.

Differential endoproteolytic processing between M. hyopneumoniae (7448 and J) and M. flocculare was assumed when a stretch
covered by semi-tryptic peptides in a strain/species was absent in the corresponding mapped stretch of the ortholog(s). Likewise,
differential endoproteolytic processing between subcellular fractions was assumed when a stretch covered by semi-tryptic peptides in
the surface fraction was absent in the corresponding mapped stretch of the same protein in the cytoplasmic fraction, or vice versa.

2.6. Epitope predictions

Epitope predictions for the PUFs in each assessed OG were carried out using the Predicting Antigenic Peptides tool (http://imed.
med.ucm.es/Tools/antigenic.pl). For these predictions, the full-length deduced amino acid sequences of each PUF were used. Epitope
coverage (EC) was defined as the percentage of the whole protein or derived proteoform covered by identified antigenic peptides.

2.7. Phylogenetic analyses

Phylogenetic analyses were performed in order to investigate the evolutionary history among M. hyopneumoniae 7448 PUFs and
orthologs PUFs. The full-length deduced amino acid sequences of M. hyopneumoniae 7448 were used to retrieve ortholog sequences
from the NCBI protein database (March 2022) using the BLASTp tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The initial parameters
used to search for orthologs were >30% identity with and >60% coverage of the query sequence. When necessary, an additional
criterion of protein size variation <30% in relation to the query was used. The ClustalW algorithm from the MEGA software was used to
perform multiple sequence alignments, with default parameters. MEGA was also used to estimate the best substitution model based on
Bayesian Information Criterion (BIC), and to build the phylogenetic trees. The trees were built by the Maximum Likelihood method and
with 2000 bootstrap replicates. FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/) was used for the customization of the built
phylogenetic trees.

3. Results
3.1. Selection of the top five most represented PUFs on the M. hyopneumoniae 7448 cell surface
Previous LC-MS/MS data were utilized in order to rank and select the five PUFs most represented on M. hyopneumoniae 7448

surface, and their orthologs from M. hyopneumoniae J and M. flocculare. OGs were ordered from 1 to 5 according to the PUF abundance
on the M. hyopneumoniae 7448 surface, as shown in Table 1. The five most represented M. hyopneumoniae 7448 surface PUFs were
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Fig. 1. MHP1 structural features, endoproteolytic processing, derived proteoforms and differential processing between strains/species and subcellular fractions. (A) MHP1 amino acid sequence and
corresponding structural features; N- and C-terminal ends are indicated, and amino acid residue positions are numbered. MHP1 was endoproteolytically processed in two cleavage sites (blue bars) on the
surface to generate three proteoforms. (B) Amino acid sequence alignments of the MHP1 endoproteolytic processing sites with the corresponding sites from the MHJ1 and MF1 orthologs in surface. (C)
MHP1 differential endoproteolytic processing between surface and cytoplasm fractions. For (B) and (C): amino acids in red are from peptides detected by LC-MS/MS; amino acids in black or white are
from peptides not detected by LC-MS/MS; non-tryptic cleavage sites were indicated by blue arrows, and amino acid residue positions are numbered. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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ranked from 34th to 50th in the overall rank of the total of 267 proteins detected by LC-MS/MS in surface-enriched protein samples.
Most of the rank positions of the top five M. hyopneumoniae 7448 surface PUFs were not the same for their M. hyopneumoniae J and
M. flocculare orthologs, which ranked among the 109 and 77 most abundant surface proteins, respectively.

3.2. Identification of differential domains among ortholog surface PUFs from M. hyopneumoniae and M. flocculare

The M. hyopneumoniae (7448 and J) and M. flocculare ortholog PUFs were assessed to search for possible differential domains
(Table S2). Between M. hyopneumoniae 7448 and M. hyopneumoniae J orthologs, only orthologs from OG1 and OG4 presented dif-
ferential domains (one and three, respectively) (Table S2A). More differential domains were found in the comparisons between
M. hyopneumoniae 7448 and M. flocculare orthologs, with OGs1-5 exhibiting from one (in OG5) to 19 (in OG1) (Table S2B), and be-
tween M. hyopneumoniae J and M. flocculare, with OGs1-5 exhibiting from one (in OG5) to 23 (in OG1) (Table S2C).

3.3. Identification and comparison of disordered regions and repeated motifs among ortholog surface PUFs from M. hyopneumoniae and
M. flocculare

The top five M. hyopneumoniae 7448 surface PUFs were assessed in the search for disordered regions and repeated motifs. All
ortholog sequences from OGs1-5 exhibited numbers of disordered regions ranging from 5 (in OG5 for MHP5 and MHJ5) to 25 (in 0G4
for MF4), with different numbers of amino acids in length, ranging from 1 to 261 aa (Table S3).

Repeated motifs, in turn, were found only in MHP1. In this PUF, the MEME search identified two repeated motifs, with lengths of 29
aa (RM1) and 23 aa (RM2) (Fig. S1). The search for these repeated motifs in the members of OG1 revealed that RM1 and RM2 appear in
juxtaposed blocks (RM1-RM2), repeated five times in MHP1 and MHJ1, and four times in MF1 (Fig. S2; Table S3). These juxtaposed
repeated blocks are followed by an additional individual copy of RM1 towards the C-terminal end in the three OG1 orthologs, 22 aa
away from the block formed by the remaining repeated motifs. Moreover, an additional individual copy of RM2 was found towards the
N-terminal end of these three orthologs, 68 aa away from the remaining repeated motifs for MHP1 and MJ1, and 136 aa away from the
remaining repeated motifs for MF1. The repeated RM1-RM2 sets are regularly interspaced in the three orthologs, being 12-15 aa apart
from each other in MHP1 and MHJ1, and 6-15 in MF1 (Fig. S2; Table S3).

3.4. Endoproteolytic processing and identification of differential proteoforms derived from the ortholog M. hyopneumoniae and
M. flocculare PUFs

Validated peptides and associated quali-quantitative proteomic data corresponding to the M. hyopneumoniae (7448 and J) and
M. flocculare PUFs in surface protein samples and cytoplasmic protein samples were recovered from previously performed LC-MS/MS
studies (Tables S4A-C and S5A-C, respectively). Endoproteolytic processing sites were then inferred from the identification of semi-
tryptic peptides.

For OG1 in surface samples, only MHP1 was processed, as two non-tryptic cleavage sites (PSYPY|ILLKN and IEEKI|YQLSY) were
identified in this PUF (Fig. 1A; Table S4A). These cleavage sites do not coincide with any of the putative disordered regions predicted
for MHP1. The processing potentially generates N-terminal, central, and C-terminal proteoforms, respectively called MHP1.P11 441,
MHP1.P2442 626, and MHP1.P3¢27.gg2, with the last one comprehending a transmembrane domain (Fig. 1A). Each of these predicted
proteoforms includes different numbers of the repeated RM1 and RM2 motifs found for MHP1. The two cleavage sites found in MHP1
(PSYPYILLKN and IEEKIYQLSY) presented 100% of conservation in the considered 10 aa-stretches with MHJ1 (Fig. 1B). However, no
evidence of cleavage was found for MHJ1, as the PSYPYILLKN site was covered only by a tryptic peptide, and no peptides covering the
IEEKIYQLSY were mapped. In the MF1 ortholog, the C-terminal part of the PSYPYILLKN is absent and no peptides covering the
IDEKIYQLSY were mapped (Fig. 1B). Overall, these findings point out to differential endoproteolytic processing of the MHP1, MHJ1
and MF1 orthologs. Moreover, the absence of any semi-tryptic peptide mapped to the PSYPYILLKN or IEEKIYQLSY sites in cytoplasmic
samples suggests differential endoproteolytic processing for this M. hyopneumoniae 7448 PUF between subcellular fractions (Fig. 1C).

For OG1 in cytoplasmic samples, endoproteolytic processing was found only in MF1 (Fig. 2A; Table S5C). A single non-tryptic
cleavage site was identified for MF1 (NFKSL|SQSQK), potentially generating a N-terminal MF1.P1; gy proteoform and a C-terminal
MF1.P2g;_g69 proteoform comprehending a transmembrane domain (Fig. 2A). This non-tryptic cleavage site coincides with a disor-
dered region (79-339) predicted for MF1. MF1.P2g; gg9 proteoform included all repeated RM1 and RM2 motifs found for MF1. The
NFKSLSQSQK site in MF1 is only partially conserved (60% identity) in MHP1 and MHJ1 orthologs, and peptides covering this site were
mapped only for MHP1 (Fig. 2B). This suggests differential endoproteolytic processing between MF1 and MHP1.

For OG2 in surface samples, endoproteolytic processing was found only in MF2 (Fig. S3A; Table S4C). A single non-tryptic cleavage
site was identified for MF2 (IIKKQ|LQLSA), resulting potentially in a N-terminal MF2.P1; 562 proteoform and a C-terminal MF2.P25¢3.
701 proteoform (Fig. S3A). This cleavage site does not coincide with any of the putative disordered regions predicted for MF2. The
IIKKQLQLSA site in MF2 is 100% conserved (regarding the considered 10 aa-stretch) in the MHP2 and MHJ2 orthologs and none of the
mapped peptides covering this region for both was indicative of a non-tryptic cleavage event (Fig. S3B). This suggests differential
endoproteolytic processing involving OG2 between M. flocculare and M. hyopneumoniae. Moreover, the absence of any semi-tryptic
peptide covering the IIKKQLQLSA site for MF2 in cytoplasmic samples suggests differential endoproteolytic processing for this
M. flocculare PUF also between subcellular fractions (Fig. S3C).

For OG3 in surface samples, endoproteolytic processing was found only in MF3 (Fig. S4A; Table S4C). A single non-tryptic cleavage
site was identified for MF3 (KNQLE|QVDEFS), resulting potentially in a N-terminal MF3.P1,.1g7 proteoform and a C-terminal MF3.
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P2;g5.978 proteoform (Fig. S4A). This non-tryptic cleavage site coincides with a disordered region (185-200) predicted for MF3. The
KNQLEQVDEFS site in MF3 is partially conserved (80% identity) in MHP3 and MHJ3 orthologs, and was covered by mapped peptides
(Fig. S4B). This suggests differential endoproteolytic processing in the OG3, between M. flocculare and M. hyopneumoniae. Moreover,
the absence of any semi-tryptic peptide mapped to the KNQLEQVDEFS site for MF3 in cytoplasmic samples suggests differential
endoproteolytic processing for this M. flocculare PUF also between subcellular fractions (Fig. S4C). The overall results providing ev-
idence of differential endoproteolytic processing involving the PUF OGs1-5 are summarized in Table S6.

3.5. Epitope predictions for M. hyopneumoniae and M. flocculare PUFs and derived surface proteoforms

M. hyopneumoniae and M. flocculare PUFs and derived surface proteoforms were assessed for the prediction and mapping of epi-
topes, and to estimate EC. Predicted epitopes and their positions in the assessed PUFs are shown in Table S7A. For M. hyopneumoniae
7448, M. hyopneumoniae J and M. flocculare PUFs from OGs1-5, from 7 to 37, 7 to 34, and 8 to 37 epitopes were predicted, respectively.
The lengths of these epitopes ranged from 7 to 53 aa, for M. hyopneumoniae 7448, 7 to 55 aa, for M. hyopneumoniae J, and 7 to 48 aa, for
M. flocculare (Table S7A) and they are evenly distributed along the proteins/proteoforms (data not shown). Several predicted epitopes
were conserved among the ortholog PUFs, predominantly between M. hyopneumoniae 7448 and J. Interestingly, some of the predicted
epitopes were found within the RM1 and RM2 repeated motifs (highlighted in Table S7A).

ECs were then assessed, as at least some ortholog proteins/proteoforms differ considerably in length. Considering the full-length
sequences of PUFs in OGsl1-5, the ECs for M. hyopneumoniae (7448 and J) and M. flocculare PUFs were OG1 > OG3 > OG5 > 0G4
> OG2 (Fig. 3). Atleast 60% of the MHP1, MHJ1 and MF1 sequences were predicted as antigenic, with MHP1 presenting the highest EC
(68%). Within each OG, M. hyopneumoniae 7448 PUFs presented the highest ECs in comparison with the M. hyopneumoniae J and
M. flocculare ortholog PUFs. In the OG5, MHP5 and MHJ5 presented the same ECs, as they are 100% identical. EC differences were
especially evident between M. hyopneumoniae 7448 and M. flocculare in all OGs, being always lower in the nonpathogenic species.

ECs were also assessed for the derived surface proteoforms of M. hyopneumoniae 7448 and M. flocculare. As shown in Table S7B, the
ECs of the MHP1, MF2, and MF3 derived proteoforms ranged from 59% to 78%, 36%-39% and 31%-58%, respectively.

3.6. Phylogenetic analysis of the assessed ortholog surface PUFs

Phylogenetic trees were constructed in order to evaluate the evolutionary relationship among M. hyopneumoniae 7448 PUFs from
0OG1-5 and orthologs from other bacteria. With exception of M. hyopneumoniae, only one representative strain of each species was
considered (Table S8), selected based on the higher identity and coverage of the orthologs with the query sequence (data not shown).
Orthologs of MHP1-5 were found in totals of 4, 13, 17, 10 and 32 other bacterial species, respectively (Table S8). Orthologs were found
essentially among some Mycoplasma species, with the exceptions of MHP3 and MHP5, for which orthologs were found also in a few
bacteria from other unrelated genera. Leucine-rich repeat domains (LRRs) (Pfam CL0022) were observed among MHP3 orthologs, and
two conserved domains with unknown functions (DUFs), namely DUF31 (Pfam PF01732) and DUF2714 (Pfam PF10896), were
identified among several MHP4 and MHP5 orthologs, respectively (Table S8).

In the phylogenetic analysis, the MHP1 and MHP5 alignments generated by our select dataset did not support dependable trees.
Phylogenetic trees were then built only for MHP2, MHP3 and MHP4 orthologs, and they are presented in Figs. S5-S7, respectively. As
expected, these trees demonstrated a close relationship between the MHP2-4 PUFs and their corresponding M. hyopneumoniae J
orthologs, which grouped into monophyletic clusters in all cases. Furthermore, other clusters including M. flocculare, Mycoplasma spp.,
Mycoplasma dispar, Mycoplasma ovipneumoniae and Mycoplasma sp. Moose_RK orthologs displayed a similar and close evolutionary
history, with paraphyletic relationships within the clade of species that colonize their hosts’ respiratory system.
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Fig. 3. ECs of the full-length amino acid sequences of PUFs from OGs1-5. ECs were measured for M. hyopneumoniae 7448 (MHP), M. hyopneumoniae
J (MHJ) and M. flocculare (MF) PUFs in all OGs.
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4. Discussion

M. hyopneumoniae surface-exposed proteins are protagonists in the pathogen-host relationship, due to their roles in adhesion,
cytotoxicity, and immunomodulation of host response [10]. Interestingly, a large fraction of these surface proteins still remains an-
notated as PUFs [20], and are likely a reservoir of novel uncharacterized PEP determinants. Several studies have pointed out that PUFs
may play relevant roles in the biology of many bacterial species, including Mycoplasma spp., and their characterization may be useful
to reveal novel virulence factors, and new targets for the development of vaccines and diagnostic tests [20,22-24].

Here, we addressed the five most represented PUFs on the surface of the pathogenic M. hyopneumoniae 7448 and their orthologs
from nonpathogenic M. hyopneumoniae J strain and M. flocculare. These surface dominant proteins were selected for the present study
based on previously available proteomic quali-quantitative data generated by our group [21]. Surface-displayed molecules, specially
the more abundant ones, are expected to play key roles during the infectious process of pathogenic bacteria, as they directly interact
with host molecules in the extracellular milieu [25]. In line with that, PUFs overrepresented on M. hyopneumoniae surface may be
involved in pathogen-host interactions relevant to pathogenicity, including, but not limited to, cell adhesion and invasion, antigenic
variation, immunomodulation, detoxification, nutrient uptake, cell signaling, biofilm formation and so on [10,26,27]. Interestingly,
our results demonstrated that the corresponding ortholog PUFs from M. hyopneumoniae J and M. flocculare are relatively less abundant
on the cell surface, which is also suggestive of the importance of these proteins for the M. hyopneumoniae pathobiology. Moreover,
endoproteolytic processing has been also investigated and revealed proteoforms derived from several surface proteins, including some
PUF-derived [14,17-19,28,29]. Endoproteolytic processing is an important mechanism to modulate the protein content of the bacteria
surface, with a direct impact on the interactions with the host. In our findings, the ortholog PUFs and their potential proteoforms differ
in structural aspects that may influence the host-pathogen interaction, as discussed below.

Among the dominant PUFs in the M. hyopneumoniae surface and their M. flocculare orthologs, those in the assessed OGs1-5 differ in
the type, the number and/or the distribution of protein domains. They occur in the form of amino acid stretches that are present/absent
or are at least 70% divergent in sequence. The differences in domains were found within all OGs between the M. hyopneumoniae strains
and M. flocculare, but were especially evident between these orthologs in OG1. Although these domains have not been functionally
characterized so far, their differential presence or conservation among orthologs of surface full-length proteins or derived proteoforms,
points out to functional differences with impact in host-pathogen interactions. Indeed, a previous study showed that differential
domains between ortholog surface proteins from M. hyopneumoniae and M. flocculare induced differential immune responses in
immunized mice [22].

Further structural findings came from the predictions of disordered regions and repeated motifs. Putative disordered regions were
identified for all ortholog PUFs from OGsl-5. Among those endoproteolytically processed, only MF1 (NFKSL|SQSQK) and MF3
(KNQLE|QVDFS) were processed in predicted regions of disorder. It is likely that these regions are more susceptible to post-
translational modifications, including protease processing [30]. Disordered protein stretches are assumed to be more relaxed and
consequently more exposed in the three-dimensional structure of proteins. Endoproteollytic processing associated with putative
disordered regions has been also described for adhesins from Mycoplasma species [17,31-33].

Some of the assessed ortholog surface PUFs also presented differential repeated motifs. Such motifs were found within members of
OG1, in the form of two repeat units named RM1 and RM2. These repeats are highly conserved (up to 100% identical) between MHP1
and MHJ1, but are absent or are less conserved (from 13 to 93% of identity) in the RM1 or RM2 repeats of M. flocculare orthologs.
Besides these differences in sequences, there were also differences in the number and the distribution of these repeats among the
proteins within OG1 and among the MHP1 and MF1-derived proteoforms, which may determine differential molecular interactions.
Repeated sequences have been reported for some characterized proteins with important functional implications in M. hyopneumoniae,
such as P97 and other adhesion-related proteins [34,35], and the membrane-associated lipoprotein P68 [36]. Moreover, motifs have
been also identified in other Mycoplasma species for many surface proteins related to adherence to the host and virulence [33,37,38].

We also compared the endoproteolytic processing between the strains/species and subcellular compartments for M. hyopneumoniae
7448 (MHP1), and M. flocculare (MF1, MF2 and MF3). The identified cleavage sites in these PUFs presented no conservation with
processed regions previously described for other M. hyopneumoniae proteins [14,17-19,28,29]. It has been demonstrated that several
M. hyopneumoniae J surface proteins may also undergo endoproteolytic processing [14,19,39], with MHJ1 among them [39]. However,
no such processing was detected neither for MHJ1 nor to MHJ2-5 in our findings. Several proteases from M. hyopneumoniae 7448 and J
strains and M. flocculare have been identified and a few have been functionally characterized [8,9,40]. However, it remains unclear if
any of them or other so far uncharacterized ones are responsible for the observed differential endoproteolytic processing. How the
differential endoproteolytic processing is regulated and the importance of this processing for virulence-related aspects deserve more
investigation.

Structural differences based on repeat variation and/or post-translational proteolytic processing have also been associated with
mechanisms of M. hyopneumoniae surface protein variation [2,35]. The ECs of the full-length assessed PUFs suggest that those from the
pathogenic M. hyopneumoniae 7448 strain are potentially more antigenic than their orthologs from the nonpathogenic
M. hyopneumoniae J strain and M. flocculare. These possible differences of antigenicity in PUFs well represented on the bacterial surface
may mediate differential interactions with the host immune system. Antigenic variation was also observed in repeating units between
the MHP1 and MF1 orthologs. Such differences likely have functional significance, as they may affect not only protein anti-
genicity/immunogenicity, but also other potential functions, including cell adhesion or transport [10,35,41]. The derived surface
proteoforms of MHP1, MF2 and MF3 may also play differential roles in mycoplasma-host interactions. By being exposed on the
mycoplasma surface and/or being released in the extracellular milieu, such endoproteolitically-generated proteoforms may directly
interact with host molecules. For instance, the swine immune response could be modulated by these antigenic surface proteoforms.
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Therefore, future experimental assays will be required to shed light on the functions carried out by these PUFs and their relationship
with M. hyopneumoniae pathogenicity. Anyhow, as likely immunogenic, these dominant surface PUFs and their derived proteoforms
deserve also future characterization as possible vaccine components.

Although MHP1-5 have not been so far functionally characterized by wet-lab experiments, and formally remain as PUFs, MHP1,
MHP2 and MHP3 were recently reannotated based on in silico predictions as a putative DNA-binding protein, a lipoprotein and a
membrane transporter, respectively [20]. DNA-binding proteins may act in the maintenance of chromosome structure, in the regu-
lation of gene expression, or even mediate biofilm formation [27,42]. However, just a few DNA-binding proteins have been so far
annotated in the M. hyopneumoniae genome [7-9]. Lipoproteins also have been related to pathogenicity and virulence of Mycoplasma
species, as mediators of complex host-pathogen interactions, from adhesion to cytotoxicity or immunomodulation [36,43,44].
Membrane transporters, in turn, have also been associated with M. hyopneumoniae virulence and drug resistance [45,46]. Thus, it will
be interesting to functionally characterize MHP1, MHP2 and MHP3, as novel potential, DNA-binding protein, lipoprotein or membrane
transporter, respectively. Additionally, MHP1, MHP2 and MHP5 were in silico predicted as putative virulence factors [20]. In this
context, the functional characterization of these PUFs will also help to investigate their relevance for bacterial virulence.

Finally, phylogenetic analyses were carried out to understand the evolutionary history of the MHP1-5 and ortholog proteins found
in other bacteria. The ortholog PUFs identified for MHP1-5 were predominantly found among around 40 Mycoplasma species, but only
four, namely M. dispar, M. ovipneumoniae, M. flocculare and Mycoplasma sp. ‘Moose RK’ presented orthologs for all the assessed
M. hyopneumoniae PUFs. Interestingly, these four species are all found in the respiratory tract (of cattle, goat, pig or moose, respec-
tively), and it will be interesting to investigate the possible function of proteins from the OGs1-5 for the specific colonization and/or
infection of respiratory tissues.

No further putative functional inferences came from the found MHP1-5 orthologs. However, a couple of domains were shared
among many of the identified ortholog PUFs, namely LRR and DUF domains. LRR domains have been associated with protein-protein
interactions [47]. The identified DUF31 has been associated with peptidase function [48]. No function has been so far associated with
the identified DUF2714 domain, but its occurrence is in the Mycoplasmastaceae family.

Phylogenetic inferences were not possible for MHP1 and MHP5, likely due to incongruences determined by biological issues
involving these sequences, such as horizontal transfer or recombination [49]. However, such inferences were successfully established
for MHP2, MHP3 and MHP4 orthologs, describing the evolutive history of these mycoplasma PUFs.

5. Conclusions

The five most abundant PUFs on M. hyopneumoniae 7448 surface and their orthologs from M. hyopneumoniae J and M. flocculare
were compared and characterized regarding putative functional domains, disordered regions, repeated motifs, and endoproteolytic
processing. Differences have been found in at least some of the investigated OGs and derived proteoforms. Such differences were
discussed in terms of their association with antigenic and other functional variations, likely correlated to virulence and pathogenicity.
Phylogenetic analyses showed that these M. hyopneumoniae PUFs and their orthologs are mostly restricted to the Mycoplasmataceae
family, and that at least three of them are shared by species that colonize/infect the mammal respiratory tract. Overall, our results
pointed out the relevance of these PUFs for M. hyopneumoniae pathobiology. Future wet lab experiments will be necessary to address
these PUFs and their derived proteoforms regarding protein-protein interactions and immunological properties, with implications for
their association with pathogenicity and virulence, and for their potential use as diagnostic or vaccine antigens.
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