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ABSTRACT

American foulbrood is a quarantine disease of the honeybee Apis mellifera L. in many countries
and contributes greatly to colony losses. We performed a label-free proteomics study of exopro-
tein fractions produced in vitro by Paenibacillus larvae reference strains of the ERIC I-IV genotypes.
A quantitative comparison was performed of previous studied protein-based virulence factors and
many newly identified putative virulence factors. Among the multiple proteases identified, key
virulence factors included the microbial collagenase ColA and immune inhibitor A (InhA, an
analog of the Bacillus thuringiensis protein InhA). Both of these virulence factors were detected
in ERICs II-IV but were absent from ERIC I|. Furthermore, the different S-layer proteins and
polysaccharide deacetylases prevailed in ERICs [I-IV. Thus, the expression patterns of these
virulence factors corresponded with the different speeds at which honeybee larvae are known
to be killed by ERICs II-IV compared to ERIC I. In addition, putative novel toxin-like proteins were
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identified, including vegetative insecticidal protein Vip1, a mosquitocidal toxin, and epsilon-toxin
type B, which exhibit similarity to homologs present in Bacillus thuringiensis or Lysinibacillus
sphaericus. Furthermore, a putative bacteriocin similar to Lactococcin 972 was identified in all
assayed genotypes. It appears that P. larvae shares virulence factors similar to those of the Bacillus
cereus group. Overall, the results provide novel information regarding P. larvae virulence potential,
and a comprehensive exoprotein comparison of all four ERICs was performed for the first time.
The identification of novel virulence factors can explain differences in the virulence of isolates.

Introduction causes substantial honeybee colony losses world-
wide[8].

Similar to other pathogens, AFB development is attrib-
uted to specific virulence factors. Heyndrickx et al. [9]
reclassified P. larvae into two subspecies, P. larvae subsp.
larvae (P. L larvae) and P. larvae subsp. pulvifaciens
(P. I pulvifaciens), based on phenotypic and genotypic
differences and AFB pathology differences [9]. Previously,
P. larvae and P. pulvifaciens were proposed based on 16S
rRNA analysis [7]; however, this classification was not
adequately justified [10]. The repetitive element PCR
fingerprinting (rep-PCR) technique using specific pri-
mers for the loci of BOX AlR, MBO REP1 and ERIC
[11] was used to study German isolates of P. L. larvae [12].
Subsequent studies showed differences in the biochemical
properties of isolates [13] as well as differences in their
ability to induce honeybee mortality [14]. In 2006,
Genersch et al. [15] proposed the classification of

Paenibacillus is an important bacterial genus with
members that can be isolated from diverse environ-
ments, and they play important roles in soil, animals
and plants. Many Paenibacillus species have been
found to produce biomolecules of scientific interest
with potential industrial use. Thus, the genus
Paenibacillus has recently been the subject of scienti-
fic reviews [1-3]. In an attempt to generate additional
data on the relatively poorly understood Paenibacillus
taxon, detailed studies have been performed to iden-
tify and characterize Paenibacillus isolates to facilitate
their utilization [4,5]. In addition to the diverse ben-
eficial Paenibacillus species, important pathogens of
beneficial insects are also members of this genus [1,6].
The most important insect-pathogenic member is
Paenibacillus larvae [7], which is the causative agent
of American foulbrood (AFB), a brood disease that
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P. larvae into four genotypes (ERIC I-1V) using ERIC-
PCR, and since then, this classification scheme has been
accepted by the scientific community. Furthermore,
a decade later, the use of various techniques, such as
MALDI-TOF mass spectrometry (MS) analysis of whole
cells [16], multi-locus sequence typing (MLST) [17] and
multi-locus variable number of tandem repeat analysis
(MLVA) as an alternative to MLST [18], confirmed that
categorization into the ERIC genotypes is appropriate
despite the fact that observed heterogeneity in isolates
indicates subtypes [16-19].

The former subspecies P. L. larvae corresponds to the
genotypes ERIC I and II, while the former subspecies
P. I. pulvifaciens corresponds to the genotypes ERIC III
and IV [8]. The most common genotype worldwide is
ERIC I, followed by ERIC II, while genotypes IIT and IV
have a low prevalence [16-19]. The ERIC I genotype is
considered to be less virulent than the other ERIC
genotypes since it is able to kill 100% of larvae approxi-
mately 12 to 14 days after inoculation, whereas the
other three ERIC genotypes kill all the larvae within 6
to 7 days [20-22]. Understanding the mechanisms
underlying the virulence of different strains based on
their specific genotype is key to predicting the effi-
ciency with which P. larvae kills the host (including
the whole colony) [14,20,21,23].

Virulence factors of P. larvae suggested based on gen-
ome analyses primarily include various proteases, collage-
nases, chitinases, S-layer proteins, toxins (i.e. ETX/MTX2,
VIP2, Binary toxin B), secondary metabolites [14,20,21,23],
and potentially other biologically active substances. In par-
ticular, another suggested virulence factor is enolase [24],
and metalloprotease activity was detected in several studies
investigating these enzymes as putative virulence factors
responsible for tissue lysis [25-27]. Subsequent functional
studies indicated the importance of the following virulence
factors: S-layer protein SplA [28], toxins Plx1 and Plx2 [29],
chitin-degrading protein PICBP49[30], and ADP-
ribosyltransferase C3larvin toxin [31], and PIx2A has
been shown to be a C3-like toxin [32]. Furthermore, inhi-
bition by a protease of the insect immune-associated cecro-
pin-like activity has been observed in insect hemolymph
[33]. Finally, in addition to the above-listed protein-based
virulence factors, various secondary metabolites have been
studied as other potential virulence factors [34-39].

Until now, most of the studies related to P. larvae viru-
lence have been performed on ERICI and II genotypes due
to their prevalence. However, understanding the virulence
mechanisms of the former P. L. pulvifaciens (ERIC III and
IV genotypes of P. larvae) is also essential because different
virulent strains can emerge as observed for other pathogens
throughout human history. Thus, in this study, we sought
to identify the exoproteins of all four ERIC genotypes. To

this end, we utilized a label-free quantitative (LFQ) proteo-
mic approach employing nano-liquid chromatography
coupled with a state-of-the-art Orbitrap Fusion™
Tribrid™ mass spectrometer (nanoLC-MS/MS) (Thermo
Fisher Scientific, Waltham, MA, USA). A comparison of
the proteome profiles of protein fractions from media
filtered from cells of the ERIC I-IV reference strains
showed important differences among the genotypes. Our
results provide new information regarding the existing
protein-based virulence factors and identify potential
novel contributors to Paenibacillus virulence.

Results and discussion

In this study, we performed a comprehensive proteomic
analysis of the exoprotein fraction of four reference
P. larvae ERIC I-IV genotypes. The exoprotein fraction
can be characterized as the liquid medium used for cultiva-
tion eliminated from the bacterial cells. Thus, it should be
enriched in secreted extracellular and surface-associated
proteins; however, in the data evaluation, it is appropriate
to consider that some proteins can come from the intra-
cellular region due to the disruption of bacteria.
Twenty-eight P. larvae samples representing all four
genotypes were prepared as seven biological replicates
and consecutively analyzed by nanoLC-MS/MS. Because
the bacteria were cultivated in medium containing yeast
extract and Mueller-Hinton broth (see Materials and
methods), specific steps were necessary to prevent inac-
curate identifications due to the yeast and bovine pro-
teins. Therefore, we included the yeast and bovine protein
sequences in the list of contaminants in MaxQuant [40].
This step enabled the raw dataset of 1,160 protein results
(excluding reverse and only identified by site hits) to be
easily and rapidly distinguished from the 478 hits, which
were potential contaminants mostly of the yeast and
bovine origin. Thus, the high-throughput LFQ proteomic
approach yielded a dataset of 682 hits corresponding to
P. larvae (Table S1). Further, it is appropriate to consider
traces in the analysis, especially because we used the
highly sensitive and high-resolution Orbitrap Fusion"™
Tribrid™ MS instrumentation that combines quadru-
pole, Orbitrap and ion trap (q-OT-IT). The traces should
be eliminated through the next step. After data filtering to
at least 3 valid values in at least one variant (genotype),
301 hits were discarded, which resulted in a representative
dataset of 381 hits (Table S1) that were further used to
create the heatmaps (Figure 1) and applied in the princi-
pal component analysis (PCA) (Figure 2). However, the
301 removed hits are included in Table S1 (marked in red
and in column AC denoted as Discard) to make these
results available for consideration; moreover, the
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Figure 1. Two heatmaps that visualize the proteome differences in exoproteins of the four genotypes. a) Heatmap generated after
the missing values were replaced by the constant “0.” The presentation demonstrates that the number of proteins was not detected
in all 7 biological replicates (denoted with a—g) within the genotype. b) Heatmap was generated after the missing values were
replaced from a normal distribution, and the data were subtracted using a Z-score. Both data evaluation methods provide similar
results in which ERIC | clusters separately from ERICs |-V, which likely corresponds to the difference in the efficiency at which these
genotypes kill honeybee larva. Overall, the results indicate a similarity between ERIC Ill and IV and a substantial difference between
ERIC I and II.
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Figure 2. Two PCA charts that illustrate the proteome differences in exoproteins of the four genotypes. Each of the symbols
represents one biological replicate, and the analysis clearly demonstrates the homogeneity of the samples or analyses. The same
numerals used to generate the heatmaps in Figure. 1(a) and Figure 1(b) were used to produce the charts in Figures 2(a,b),
respectively. The similarity in ERIC Ill and IV and separate positions of ERIC Il and ERIC | are clearly demonstrated.
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identified proteins that presented low abundance may be
of interest because their expression can be context
specific.

The dataset consisting of 381 hits was evaluated using
two algorithms in Perseus [41] and used to generate two
heatmaps to allow for visual comparison and hierarchical
clustering. One heatmap (Figure 1(a)) was generated after
the missing values were replaced by the constant “0”. This
method of data evaluation nicely demonstrated the pre-
sence of “undetected” proteins in certain strains of
P. larvae. The complete absence of identified proteins in
all 7 biological replicates indicates that the genotype did
not produce an exoprotein or produced a negligible
amount of exoprotein below the detection limit
(see Figure 1(a), Table S1 and for selected proteins
Table 1). We justify this consideration because the q-OT-
IT MS instrumentation is highly sensitive and has a high
resolution. However, it is important to consider that the
production of certain proteins, especially exoproteins, can

be context dependent with respect to the biological sys-
tem. However, we also present an additional heatmap
(Figure 1(b)) generated after the missing values were
replaced from a normal distribution following normal-
ization using the Z-score. Both heatmaps show the simi-
larities and differences among the four genotypes
representing the four P. larvae ERIC strains, although
each heatmap provides different benefits with respect to
evaluating the data and identifying the differences. The
hierarchical clustering in the columns of both heatmaps
shows that the end results were similar, meaning that the
ERIC I genotype was separated from the remaining three
ERIC genotypes (II-1V). In addition to the two heatmap
presentations (Figure 1), we performed a PCA (Figure 2)
using data processed via the same algorithms. Again, both
PCA charts visualize the proteome differences in the
exoprotein fractions that correspond to the genetic dis-
tance among the four ERICs.

Table 1. Selected proteins represent the major known or novel candidate protein-derived virulence factors of the P. larvae ERIC I-IV
genotypes. The relative mean of log2-transformed protein abundance is provided, and the white square indicates that the protein
was not detected. The first UniProt protein ID (as listed in Table S1), curated protein name, description and conserved domains for
the proteins are also provided. The abbreviation s.f. indicates superfamily. For the lists of UniProt protein IDs and next potential

markers, see the Excel file Table S1.

ERIC I n m v UniProt Protein Name Description Conserved Domains
l Vow2v1 S-layer protein (SplA) surface recognition, virulence factor carrier SLH, SLH
W2E966 Peptidase M20 zinc metallopeptidase M20_dipept_like_3 (Zinc peptidase-like s.f.)
W2E439 Oligoendopeptidase, pepF/M3 family zinc metallopeptidase M3B_PepF_2 (GluZincin s.f.)
AOA2L1TZ44 Chitin-binding protein chitinase, chitin binding LPMO_10 s.f.; FN3; COG3979; ChiC_BD
AOA2LITVG6 GlcNAc-binding protein A mucinase / chitin binding Peptidase_M60 s.f.; COG3979
AOA2LITWY7 Putative endopeptidase LytE cysteine peptidase / copper amine oxidase NLPC_P60; Cu_amine_oxidN1
AOA2L1U133 Uncharacterized protein (similar to Toxin 1~ PIx1) similar to mosquitocidal toxin [L. sphaericus] Enterotoxin_a s.f.; RICIN, RICIN, RICIN
AOA2LITUL4 S-layer protein surface recognition, virulence factor carrier SEC10/PgrA (Surf_Exclu_PgrA s.f.); SLH
AOA2L1TZDS Epsilon-toxin type B Aerolysin-like toxin ETX_MTX2 s.f.
& AOA2L1U9X7 Penicillin-binding protein 2B penicillin-binding protein PBP_dimer s.f.; PASTA s.f.
AOA2L1UEU6 Polysaccharide deacetylase YheN polysacch. modif., resistance to host lysozyme ? CE4_SmPgdA_like
& AOA2L1TX76 Toxin-like protein similar to Vip1 [B. thuringiensis) Binary_toxB s.f.; PA14 s.f.
AOA2L1UAEO Toxin-like protein
2 AOA2L1U3N6 Uncharacterized protein (similar to Toxin 1~ PIx1) similar to mosquitocidal toxin [L. sphaericus] Enterotoxin_a s.f; RICIN, RICIN, RICIN, RicinB_lectin_2
W2E8C5 Bacillolysin zinc metallopeptidase LasB (Peptidase_M4_C s.f.)
° W2EFP2 Thermophilic serine proteinase serine proteinase Peptidases_S8_S53; SLH; SLH; SLH
g W2ECP1 Toxin-like protein -
E W2EBT3 Thermophilic serine proteinase serine proteinase Peptidases_S8_Thermitase_like; SLH; SLH; SLH
g AOA2L1TVR2 Toxin-like protein
En AOA2L1UI71 C3larvin toxin ADP-ribosyltransferase ADPrib_exo_Tox (VIP2 s.f)
VOWOF6 Polysaccharide deacetylase osm. stability, cell shape, polysacch. modif. CE4_NodB_like_6s_7s
VOWS8N1 Immune inhibitor A peptidase M6 metallopeptidase Peptidase_M6 s.f.
AOA2L1U843 S-layer protein surface recognition, virulence factor carrier SLH; SLH
W2E3I0 Polysaccharide deacetylase osm. stability, cell shape, polysacch. modif. GHL13 s.f.; Cu_amine_oxidN1
AOA2L1UIN7 Microbial collagenase ColA zinc metallopeptidase Peptidase M9 s.f.; Peptidase M9_N s.f.
VOWAH1 S-layer domain-containing protein surface recognition, virulence factor carrier SLH
AOA2L1UCM8 N-acetylmuramoyl-L-alanine amidase autolysin; LytC Cu_amine_oxidN1; AMIN; MurNAc-LAA
W2EA55 Penicillin-binding protein 2B penicillin-binding protein PBP_dimer s.f.; PASTA s.f.
W2EEQ2 N-acetylmuramoyl-L-alanine amidase LytC autolysin; LytC / S-layer MurNAc-LAA; SLH; SLH; SLH
W2EFX3 Putative serine protease HtrA serine protease DegQs.f.
W2EAN2 Putative bacteriocin antibacterial toxin Lactococcin_972 s.f.
AOA2L1UFG4 Chitin-binding protein 49 (PICBP49) chitinase, chitin binding LPMO_10 s.f.; FN3; COG3979
W2EC40 Cell wall endopeptidase, family M23/M37 zinc metallopeptidase Peptidase M23; CwlO1 s.f.
W2E7K8 Chaperone protein DnaK molecular chaperone dnaK; HSP70 s.f.
AOALU9YUT7 Endo-beta-N-acetylglucosaminidase autolysin; LytD GH18_chitinase-like s.f.; F5_F8_type_C; COG3291
W2EEN7 Enolase Enolase eno




Furthermore, from our analyses (Figures 1, 2), the simi-
larity of ERICs I1I and IV (formerly P. I. pulvifaciens) [8,9]
could be observed, although this was not the case for ERIC
I and ERIC II (formerly P. I. larvae) [8,9]. We suggest that
the clustering somewhat corresponds to biological observa-
tions (see [20,21]), thus demonstrating a greater ability or
speed with which honeybee larva are killed by ERIC I, III
and IV compared to ERIC 1.

In the next sections, we discuss the known and
novel candidate virulence factors of P. larvae.
Furthermore, a qualitative/quantitative comparison
is provided, and for the overall quantity, the
LFQ intensity and/or MS/MS counts are used as indi-
cators. Many identified proteins were individually
examined in UniProt and NCBI and analyzed for
conserved domains (CCD) [42,43] using InterPro
[44] and BLASTp analyses [45]. The complete details
on the LFQ identifications in each of the 28 nanoLC-
MS/MS analyses, the list of protein IDs or fasta head-
ers for each protein hit, the data evaluation results
(including the statistical analysis and CCDs) are pro-
vided in Table S1. The selected proteins are provided
in Table 1.

C3larvin toxin, PIx1, PIx2 and PICBP49

C3larvin toxin (UniProt: W2E3J5) [31] and chitin-
binding protein 49 (PICBP49; UniProt: J7I5]0,
J7ID32) [30] were previously characterized as the
major P. larvae virulence factors, and we provide
a comparison of their protein abundances in the four
type genotypes. Additionally, the Plx1 (UniProt:
M9V7X5) and Plx2A/B (UniProt: M9V3B7/M9V6N3)
toxins previously determined to be present in ERIC I
[29], of which PIx2A has confirmed C3-like toxin activ-
ity [32], were not detected in the exoprotein fractions of
the tested strains. We verified the presence of relevant
sequences in our database search to confirm that the
absence of PIx1 and PIx2A/B among all protein IDs in
Table S1 was correct. C3larvin was identified only in
the ERIC IV genotype exoprotein fraction. In contrast,
PICBP49 was detected in all samples and highly
expressed in ERIC II, with the lowest abundance
observed in ERIC IV. Thus, it appears that PICBP49,
which has confirmed chitinase activity [30], is
a virulence factor utilized by all four ERICs and has
the highest expression in ERIC II. In our study,
PICBP49 exhibited the lowest abundance in ERIC 1V,
although from the known virulence factors, the expres-
sion of C3larvin in ERIC IV may compensate for the
relatively low abundance of PICBP49. However, further
analysis of the data revealed that additional differences
in virulence were observed among the strains analyzed.
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Chitin-binding proteins, chitinases and proteins
with similar modes of action - peptidoglycan
modification

In addition to PICBP49 [30], we searched for the presence
of additional virulence factors with potentially similar
modes of action/activity. A chitin-binding protein
detected in ERIC III has a domain architecture similar
to that of PICBP49, although it has one additional
domain: “ChiC_BD - Chitin-binding domain of chitinase
C”. Another virulence factor that potentially attacks the
peritrophic membrane is GlcNAc-binding protein A,
which shares the “COG3979 - Chitodextrinase” domain
with the previously mentioned proteins while also posses-
sing a “Peptidase_M60 superfamily” domain. M60-like
domains are extracellular zinc metalloproteases that target
host glycoproteins involved in digestive tract colonization
[46]. In support of our results, a recent study by
Descamps et al. [47] suggested that the gbpA gene,
which encodes the GIcNAc-binding protein A/Chitin
binding protein, is a possible virulence factor in P. larvae.

Furthermore, we identified putative peptidoglycan-
remodeling autolysins [48], which can possess bacteriolytic
activity due to their similarity in substrate specificity
to chitinases. An endo-beta-N-acetylglucosaminidase
(EndoD; LytD) was highly abundant in all extracts ana-
lyzed, indicating its importance for all four genotypes,
although its abundance was lowest in ERIC II. EndoD
can be induced extracellularly [49] and potentially contri-
butes to virulence and growth [50]. Next, we identified
N-acetylmuramoyl-L-alanine amidase (LytC); in general,
both LytD and LytC have been shown to be involved in
vegetative cell separation and motility [48].

Finally, the polysaccharide deacetylases are of inter-
est due to their potency in modifying chitin as well as
petidoglycan. We identified the polysaccharide deace-
tylases that should be present according to CCD mem-
bers of the carbohydrate esterase family 4 (CE4)
[42,43]. Polysaccharide deacetylases can be important
for osmotic stability and cell maintenance as shown in
Bacillus anthracis [51,52]. However, according to the
CCDs, the P. larvae putative polysaccharide deacetylase
YheN has the same CE4_SmPgdA_like domain as
B. anthracis Bal977 (UniProt: A0A384LKHY); thus,
a similar function in the resistance to the host lysozyme
and requirement for full virulence is probable[52].

Enolase

Enolase has been previously studied as an important
P. larvae virulence factor that can be produced extracel-
lularly[24]. In this study, enolase was detected in all sam-
ples and had the greatest abundance in ERIC I. Therefore,
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it appears that enolase is not an essential virulence factor
among the ERIC genotypes, although it certainly pro-
motes P. larvae pathogenicity. Specifically, enolase can
be of significant importance in ERIC I, which we observed
to be depleted for other important virulence factors com-
pared to the three remaining ERIC:s.

Proteases, collagenases, and peptidases

In general, proteolytic enzymes are important virulence
factors in bacteria [53], and an analysis of the P. larvae
genome suggested the presence of a number of pro-
teases [23]. In this study, we identified a number of
proteases with the potential to contribute to virulence
using a proteomic approach. Most of these proteins
were identified as zinc metallopeptidases, which is con-
sistent with previously published data [25-27].
However, other families of proteolytic enzymes, such
as serine, cysteine, thermophilic, carboxypeptidase,
aminopeptidase and ATP-dependent enzymes, were
also identified. Our results show that many of these
proteases (see Table S1 for full list) were expressed
across all four reference genotypes and detectable in
the exoprotein fractions, with some of them exhibiting
important quantitative and/or qualitative differences
that indicate the potential for differences in virulence
among genotypes.

We identified two candidate protease markers with
excellent potential to constitute important virulence fac-
tors, the microbial collagenase ColA (ColA) and the
immune inhibitor A (InhA), which were detected in
ERICs II-IV and missing in ERIC I. The results also
indicate that in ERIC II (Table S1), we exclusively
detected the ColA isoform with 99% identity and 96%
query coverage, and the second isoform, which is assigned
as peptidase M9 with 99% identity and 100% query cover-
age. Thus, the three separate ColA hits are in fact the
same protein. The detection of ColA is important because
bacterial metalloproteases with collagenase activity
degrade animal extracellular matrices and constitute
important virulence factors [54]. InhA is an M6 family
metalloprotease, and an analysis of its domain structure
suggests that this protein belongs to a family of proteins
called thuringilysins. These proteins have been shown to
be produced by B. thuringiensis to eliminate insect anti-
bacterial proteins, thereby affecting the humoral response
and protecting the pathogen [55,56]. Considering that
InhA is known to hydrolyze cecropins in the insect
hemolymph [57], and the identification of this protein
can explain the inhibition of the insect immune-
associated cecropin-like activity by P. larvae observed by
Jarosz and Glinski [33]. Our results support the previous
suggestion based on a comparative genome analysis that

InhA can be expressed in ERIC II but not in ERIC I [23].
Altogether, the expression pattern across the genotypes
and virulence potential indicate that the ColA and InhA
may be important virulence factors that cause the differ-
ences in virulence between the ERIC I and ERIC II-IV
genotypes.

Additional potential protease-based virulence factors
of P. larvae were detected as observed from the wide
spectra identified (see Table S1). For instance, the
putative serine protease HtrA, which was detected in
all genotypes and exhibited the lowest abundance in
ERIC I, was described as another important virulence
factor in bacteria [58]. The cell wall endopeptidase
family M23/M37 was also detected across all ERICs,
although an isoform (Table S1) with 99% identity and
100% query coverage was only detected in the ERIC III
and IV genotypes. Interesting virulence factors also
included bacillolysin detected in ERIC IV, the putative
endopeptidase LytE, Peptidase M20, and the above-
mentioned GIcNAc-binding protein A  with the
Peptidase_M60 domain. Notably, the highest abun-
dance of some proteases identified in this study was
observed in ERIC I and certain proteases were only
detected in this genotype. For instance, the oligoendo-
peptidase pepF/M3 family, which can participate in the
regulation of sporulation[59], a process that is dis-
cussed below, had the highest abundance in ERIC I.

Novel toxin-like proteins

We discussed C3larvin in a previous section [31] and
identified a set of additional probable P. larvae protein
toxins. The first is a toxin-like protein (UniProt:
AQA2L1TX76) with 64% identity and 99% query coverage
to the vegetative insecticidal protein Vip1 of B. thuringiensis
(UniProt: M1QYU2), and the domain architecture of this
protein suggests that it belongs to the bacterial exotoxin
B family (InterPro: IPR003896). Thus, based on our knowl-
edge of Vip proteins [60], it can be speculated that while the
Vip2 (C3larvin-like) enters the cell and exhibits ADP-
ribosyltransferase activity, the Vipl analog binds to the
membrane receptors of the honeybee larval gut.
Compared with C3larvin, which we detected only in
ERIC IV, the putative Vipl analog was absent in ERIC II
only. However, similar abundances were observed for the
remaining three genotypes. Next, the epsilon-toxin type
B (UniProt: AOA2L1TZD5), which was solely detected in
ERICIII and IV, can be assigned to the aerolysin-like toxin
family (InterPro: IPR004991), and the domain architecture
of this protein suggests that it is similar to Clostridium
epsilon toxin ETX and Bacillus/Lysinibacillus sphaericus
mosquitocidal toxin MTX2. Furthermore, we identified
additional proteins assigned in UniProt as toxin-like



proteins; however, we were not able to determine the CCD
domains for those proteins. Moreover, these toxin-like
proteins were not detected in ERIC I, although they were
heterogeneously present in the other three genotypes.

Finally, ERIC III and IV produced two proteins
denoted as uncharacterized (UniProt: AOA1U9YJC6 and
A0A2L1U133) that had an identity of 55% and query
cover of 99% between them. Importantly, both of these
proteins have enterotoxin_a, RICIN and RicinB lectin
domains. Interestingly, these proteins have very similar
protein architectures to the mosquitocidal toxin/mos-
quito larvicidal toxin from Lysinibacillus sphaericus
(MTX1; UniProt: Q03988/Q75UG7). Their similarity to
MTXI1 suggests that these two proteins are potential
ADP-ribosylating toxins[61]. Although we observed that
both the putative mosquitocidal toxins were more highly
expressed in ERIC III than in ERIC IV, we detected
C3larvin solely in the ERIC IV genotype. Finally, it is
interesting to note that both uncharacterized proteins
are similar (identity of 53% and 99% query coverage or
identity of 48% and 93% query coverage, respectively) to
the P. larvae PIx1 or toxin 1 (UniProt: M9V7X5) that was
previously identified in ERIC I [29]. However, as noted
above, PIx1 was not identified in our study.

Putative bacteriocin

Previous studies have indicated that P. larvae produces
antimicrobial compounds, such as paenilicmins and pae-
nilarvins, which play a role in pathogenesis and are capable
of influencing pathogen survival and facilitating coloniza-
tion [34-36]. In this study, the detection of putative bacter-
jocin in all four genotypes was an interesting finding.
According to its domain architecture [42,44], the putative
bacteriocin (UniProt: W2EAN?2) belongs to a Lactococcin
972 family (InterPro: IPR006540). If this protein has bac-
teriocin activity, P. larvae may potentially use it to compete
with other bacteria [62]. The results of this study suggest
that ERIC III and IV may have a greater ability to suppress
other bacteria due to a higher bacteriocin abundance than
was observed in ERIC I and II. Additionally, Minnaard and
Alippi [63] tested the bacteriocin-like compounds of
B. cereus towards P. larvae. However, our results may
indicate that P. larvae can produce similar compounds to
facilitate colonization/infection, which could be another
aspect of their virulence. Previously, we showed that the
microbiome can be influenced by AFB [64], and the pro-
duction of such compounds can impact the microbiome.

S-layer proteins

Other significant virulence factors include S-layer proteins.
In general, S-layer proteins are important for adherence to
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various substrates and surfaces as well as aggregation and
coaggregation, and they are also involved in protection
from stressful environmental conditions [65]. A 2D-E-MS-
based proteomic analysis showed that the S-layer protein
A (SplA; UniProt: IOBWHS5) was expressed by ERIC II but
was absent in ERIC I [66], and a subsequent study sup-
ported the role of SplA [28]. In this study, we identified
four S-layer proteins. In addition, the S-layer homology
(SLH) domains were present in LytC and two thermophilic
serine proteinases. We confirmed the presence of SplA in
our dataset, and it was present in both ERIC I and II.
Importantly, although there was a higher abundance in
ERIC II, the SplA protein was identified in all of the
biological replicates of ERIC I that we analyzed. Our results
therefore suggest that SplA may be absent from ERIC III
and IV, for which the other three S-layer proteins were
identified. In addition, one of the S-layer proteins that was
detected in ERIC IIT and IV has an SEC10/PgrA domain
[42] in addition to the SLH domain, indicating that it may
be important in surface exclusion [67,68].

Phage proteins

Phages infecting P. larvae are of great importance and
therefore have been isolated, and the genomes have
been analyzed [69]. We identified a set of putative
phage proteins (see Table S1) in the protein spectra.
Moreover, the UPF0234 protein with the YajQ-like
domain that was only detected in ERIC III and IV
could potentially be a nucleotide-binding protein
involved in the control of bacteriophage transcription
[70]. Overall, our results indicate that phage proteins
were identified in ERIC L, IIT and IV; however, the trace
results also identified phage proteins in ERIC II

Sporulation, aggregation and cell division

There are two crucial periods in the P. larvae life cycle:
spore germination, which occurs soon after ingestion,
with the first vegetative cells visible 24 hours post
infection [71]; and sporulation, which occurs during
the entire infection [71] but dominates in periods of
nutrient starvation and results in the production of
billions of spores in each larva that can be distributed
in and within colonies [72-74]. In general, only a few
spores of the invasive P. larvae are needed to initiate
the infection [75]. According to Brodsgaard et al [75],
24 to 28-hour-old larvae are the most susceptible to
infection. Later, the larvae become resistant, with sig-
nificant resistance observed after the larvae reached
48 hours old [75]. The identification of activators and
inhibitors of spore germination has been suggested to
be a useful tool for AFB control [76].
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In ERIC IV, we detected the spore cortex-lytic enzyme
(Table S1) likely associated with spore germination [77].
The principal function of the two penicillin-binding pro-
tein 2B (PBP-2B) isoforms (25% identity and 79% query
coverage) detected in ERICs II-IV is likely vegetative cell
division and the regulation of sporulation septation as
observed in Bacillus subtilis [78]. Moreover, because
a large increase in vegetative PBP-2B has been observed
in B. subtilis during sporulation [79], these proteins are
potential virulence factors associated with sporulation.
Both PBP-2Bs were absent in ERIC I. The proteins iden-
tified as sporulation initiation phosphotransferase F, stage
V sporulation protein T, SpolID/LytB domain-containing
protein and dipeptide-binding protein DppE function
according to a GO analysis of sporulation. Moreover,
members of various protease families, such as oligoendo-
peptidase, pepF/M3 family and oligoendopeptidase F-like
protein, can participate in the sporulation process. For
example, the overexpression of oligoendopeptidase
F (PepF) in B. subtilis inhibits the process of sporulation
initiation [59].

Other proteins

We identified additional proteins that should be inves-
tigated with regards to virulence (Table S1). We identi-
fied members of the CRISPR-Cas defense system that
should function against bacteriophages [80]. Potential
contributors to virulence also include antioxidant
enzymes, such as superoxide dismutase [81] and thior-
edoxin [82]. The metabolic enzyme aldehyde-alcohol
dehydrogenase may control virulence as described in
Escherichia coli [83]. Another putative virulence factor
is chaperone protein DnaK [47], which exhibited no
significant variation in abundance among the ERIC
genotypes in this investigation. Additional groups of
proteins of interest include those involved in flagellum
organization since flagella play a role in adhesion and
invasion to host cells [84,85]. Notably, the expression of
LytC, which was discussed above, was observed to be
important for flagellar function in B. subtilis [48]. Other
potential virulence factors that are not discussed may
be of interest and are listed in Table S1.

Conclusions and future perspectives

We have shown that the label-free proteomic analysis of
the in vitro-produced exoprotein fraction is a useful strat-
egy for identifying the virulence factors of the dangerous
honeybee pathogen P. larvae. The high-throughput
approach provided abundant results that allowed for the
identification of novel putative virulence factors and
a comparison of the expression of the previously studied

virulence factors among ERICs I-IV; however, certain
limitations were observed. For example, the analysis was
performed in vitro and included only one type strain per
four ERIC genotypes. In the future, the key markers can
be used in a targeted analysis on a wide spectrum of
isolates and/or in functional studies. Based on our analy-
sis, we suggest that the key markers are microbial collage-
nase ColA, InhA, different S-layer proteins and
polysaccharide deacetylases, which all prevailed in ERICs
II-IV. Furthermore, putative novel candidates that poten-
tially act as toxins were identified. Interestingly, we
detected a putative bacteriocin of the Lactococcin 972
family for which we hypothesize a function in competi-
tion with other bacteria. It appears that P. larvae shares
virulence factors similar to those of the B. cereus group.

Materials and methods
Bacterial strains and growth conditions

In this study, we used the type strains of P. larvae obtained
from the Leibniz-Institute DSMZ (https://www.dsmz.de)
and the BCCM/LMG Bacteria Collection (http://bccm.bel
spo.be). The following strains were classified as ERIC I-IV
genotypes according to Genersch et al. [15]: ERIC I -
DSM-7030; ERIC II - DSM-25430; ERIC III - LMG-
16252; and ERIC IV - DSM-3615. The bacteria were
cultured at 37°C with constant shaking under aerobic con-
ditions in MYPGP medium [86] consisting of 10 g
Mueller-Hinton broth (Cat No. X927.1; Carl Roth,
Karlsruhe, Germany), 15 g yeast extract (Cat No. 92144;
Sigma Aldrich, St. Louis, MO, USA), 3 g K,HPO, (Cat No.
15070-31000; Penta), 2 g glucose (Cat No. G8270; Sigma
Aldrich), and 1 g sodium pyruvate (Cat No. P2256; Sigma
Aldrich) per liter of medium (pH = 7.1). The bacteria were
stored in 20% glycerol stocks in a freezer (SE400-906,
Thermo) at —80°C until further use.

Preparation of paenibacillus larvae total
exoproteins

Prior to the experiment, P. larvae strains were precultured
in 50-mL centrifuge tubes. Thirty milliliters of fresh
MYPGP medium was inoculated with an appropriate
amount of precultured bacteria to a starting Asgs of
0.03-0.05 on a microplate reader Multiscan Ascent
(Thermo) and cultured to the late exponential-early sta-
tionary phase. The cultivation time was as follows: ERIC,
24 h; ERIC II, 18 h; and ERIC III and IV, 16 h. The cells
were centrifuged at 6000 x g for 5 min in an MR 23i
centrifuge (Jouan Industries, France), and 20 mL of each
supernatant was filtered through a 0.45-um regenerated
cellulose filter (Cat No. TR-200435 OmniPeak;
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Teknokroma, Barcelona, Spain). The aliquots were frozen
and then lyophilized in a PowerDry LL3000 lyophilizer
(Thermo). The reconstituted samples were desalted and
cleaned using a PD midiTrap G-25 column (Cat No.
28-9180-08; GE Healthcare Lifesciences, United
Kingdom) according to the manufacturer’s instructions.
The resulting cleaned supernatants were divided into
appropriate aliquots for the analysis and determination of
the protein content using Bradford reagent (Cat No. B6916;
Sigma-Aldrich), with bovine serum albumin (Cat No.
P0834; Sigma-Aldrich) used as a calibration standard. The
resulting aliquots of the cleaned proteins were frozen and
then lyophilized, and the samples were stored in the freezer
at —80°C until use.

Label-free proteomic analysis

The 7 biological replicates of the exoprotein fractions pre-
pared from each ERIC genotype were used in the nanoLC-
MS/MS analysis. Each lyophilizate was reconstituted in
100 mM TEAB (Cat No. 90360; Sigma-Aldrich) containing
2% SDC (Cat No. 30970; BioXtra, Sigma-Aldrich) and was
heated at 95°C for 5 min. The concentration was deter-
mined using a BCA protein assay kit (Cat No. 23225;
Thermo), and 25 pg of protein per sample was used for
MS sample preparation. Cysteines were reduced with
a 5 mM final concentration of TCEP (60°C for 60 min)
and blocked with a 10 mM final concentration of MMTS
(10 min at room temperature). Samples were digested with
trypsin (trypsin/protein ratio 1/20) at 37°C overnight, after
which the samples were acidified with trifluoroacetic acid
to final concentration of 1%. SDC was removed by extrac-
tion to ethylacetate[87], and peptides were desalted on
a Michrom C18 column. Dried peptides were resuspended
in 25 pL of water containing 2% acetonitrile and 0.1%
trifluoroacetic acid. For analysis, a 12 pL sample volume
was used.

All 28 samples were consecutively analyzed using an
Orbitrap™ Fusion™ Tribrid q-OT-IT mass spectrometer
(Thermo). A reversed-phase nano column (EASY-Spray
column, 50 cm x 75 um ID, PepMap C18, 2 um particles,
100 A pore size) was used for the nanoLC-MS/MS ana-
lysis. The mobile phase buffer A was composed of water
and 0.1% formic acid, while the mobile phase B was
composed of acetonitrile and 0.1% formic acid. Samples
were loaded onto the trap column (Acclaim PepMap300,
C18, 5 um, 300 A Wide Pore, 300 um x 5 mm) at a flow
rate of 15 pL/min. The loading buffer was composed of
water, 2% acetonitrile and 0.1% trifluoroacetic acid.
Peptides were eluted with a gradient of B from 4 to 35%
over 60 min at a flow rate of 300 nL/min. Eluted peptide
cations were converted to gas-phase ions by electrospray
ionization and analyzed using nanoLC-MS/MS. Survey
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scans of the peptide precursors from 350 to 1400 m/z
were performed at a resolution of 120 K (at 200 m/z) with
a5 x 10” ion count target. Tandem MS was performed by
isolation at 1.5 Th with the quadrupole, HCD fragmenta-
tion with a normalized collision energy of 30, and a rapid
scan MS analysis in the ion trap. The MS2 ion count
target was set to 10% and the max injection time was
35 ms. Only those precursors with a charge state of 2-6
were sampled for MS?. The dynamic exclusion duration
was set to 45 s with a 10 ppm tolerance around the
selected precursor and its isotopes. Monoisotopic precur-
sor selection was turned on. The instrument was run in
top speed mode with 2 s cycles [88,89].

Data evaluation

The obtained raw data were searched and quantified with
label-free algorithms using MaxQuant v1.6.3.4 [40], and
the data analysis was performed using Perseus v1.6.2.3 [41].
The FDR was 1% for both proteins and peptides, and
a minimum length of seven amino acids was specified.
The enzyme specificity was set as C-terminal to Arg and
Lys, allowing for cleavage at proline bonds and a maximum
of two missed cleavages. MethylThio was set as a fixed
modification, and N-terminal acetylation and methionine
oxidation were the variable modifications. The database
source for the identification of P. larvae proteins was
UniProt, which contained 25,281 records of different
strains when it was downloaded on 12.03.2019. To improve
the protein identification and exclude contaminants from
the medium, we considered the proteins that could origi-
nate from the yeast extract and Mueller-Hinton broth
(contains beef fusion and casein peptone-acidic hydroly-
sate) in analyzing the MS data. Thus, we included 6,721
and 32,512 sequences related to Saccharomyces cerevisiae
and Bos taurus, respectively, downloaded from UniProt on
12.03.2019 to the list of contaminants in MaxQuant.

The LFQ intensities were set as the main matrix.
The data were log2 transformed, and the protein hits
identified by site, reverse and potential contaminants
were filtered out. Histograms with (Figure S1A) and
without (Figure S2B) contaminants were generated.
Furthermore, the data were filtered with a threshold
so that they contained at least 3 valid values in at
least one ERIC genotype. The groups were averaged,
and the matrix was evaluated using multiple sample
test (ANOVA, s0 = 0, FDR = 0.05, 250 randomiza-
tions). The missing values were replaced as follows:
(a) missing values were replaced by a constant 0, or
(b) missing values were replaced based on a normal
distribution (width: 0.3; down shift: 1.7; total matrix).
The second option was additionally normalized
through the Z-score. The data were again averaged
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in groups and evaluated using the multiple sample
test. Hierarchical clustering was performed using the
average Euclidian distance (300 clusters; 10 iterations)
for both row and column trees. The resulting heat-
maps were adjusted to grayscale. To create the heat-
map presentation in Table 1, the protein hits of
interest were manually selected and the mean of the
matrix with missing values replaced by the constant 0
was calculated.
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