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A B S T R A C T

Paenibacillus larvae is the etiological agent of American Foulbrood (AFB), a highly contagious brood disease of
honey bees (Apis mellifera). AFB requires mandatory reporting to the veterinary authority in many countries and
until now four genotypes, P. larvae ERIC I-IV, have been identified. We isolated a new genotype, ERIC V, from a
Spanish honey sample. After a detailed phenotypic comparison with the reference strains of the ERIC I-IV
genotypes, including spore morphology, non-ribosomal peptide (NRP) profiling, and in vivo infections of A.
mellifera larvae, we established a genomic DNA Macrorestriction Fragment Pattern Analysis (MRFPA) scheme for
future epidemiologic discrimination. Whole genome comparison of the reference strains and the new ERIC V
genotype (DSM 106052) revealed that the respective virulence gene inventories of the five genotypes corre-
sponded with the time needed to kill 100 % of the infected bee larvae (LT100) in in vivo infection assays. The
rarely isolated P. larvae genotypes ERIC II I-V with a fast-killing phenotype (LT100 3 days) harbor genes with high
homology to virulence factors of other insect pathogens. These virulence genes are absent in the epidemiolo-
gically prevalent genotypes ERIC I (LT100 12 days) and ERIC II (LT100 7 days), which exhibit slower killing
phenotypes. Since killing-retardation is known to reduce the success of hygienic cleaning by nurse bees, the
identified absence of virulence factors might explain the epidemiological prevalences of ERIC genotypes. The
discovery of the P. larvae ERIC V isolate suggests that more unknown ERIC genotypes exist in bee colonies. Since
inactivation or loss of a few genes can transform a fast-killing phenotype into a more dangerous slow-killing
phenotype, these rarely isolated genotypes may represent a hidden reservoir for future AFB outbreaks.

1. Introduction

Paenibacillus larvae, a Gram-positive, rod shaped, flagellated, spore-
forming bacterium, causes American Foulbrood (AFB) in honey bees
(Apis mellifera). The extremely resilient and long-lived endospores are
the infectious form and only bee larvae at an age of less than 36 h are
susceptible (Yue et al., 2008; Djukic et al., 2014). Transmission of
spores within or between bee colonies occurs by contaminated adult
bees and honey or by interventions of the beekeeper. Oral uptake of

about ten spores is sufficient to initiate a fatal intestinal infection in bee
larvae (Genersch, 2010). After germination, P. larvae massively pro-
liferate in the larval midgut. The vegetative cells breach the epithelium
and invade the haemocoel of bee larvae. This invasion coincides with
the death of infected larvae, which are subsequently decomposed into a
brown glue-like liquid. The emerging ropy mass dries and develops into
a highly contagious scale, which contains vast numbers of P. larvae
spores (Genersch, 2010).

AFB is a notifiable disease and the current treatment options are

https://doi.org/10.1016/j.ijmm.2020.151394
Received 12 July 2019; Received in revised form 16 October 2019; Accepted 26 November 2019

⁎ Corresponding author.
E-mail address: m.steinert@tu-bs.de (M. Steinert).

1 Present address: Julius Kühn-Institut, Institut für Bienenschutz, Braunschweig, Germany.

International Journal of Medical Microbiology 310 (2020) 151394

1438-4221/ © 2020 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/14384221
https://www.elsevier.com/locate/ijmm
https://doi.org/10.1016/j.ijmm.2020.151394
https://doi.org/10.1016/j.ijmm.2020.151394
mailto:m.steinert@tu-bs.de
https://doi.org/10.1016/j.ijmm.2020.151394
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijmm.2020.151394&domain=pdf


very limited (Genersch, 2010). The use of antibiotics (tylosin, linco-
mycin, oxytetracyclin) is forbidden in most countries since they only
affect the vegetative stage of the bacteria and promote formation of
resistances. Moreover, antibiotic residues can be found in bee products
including honey (Chan et al., 2011; Tian et al., 2012). Phage therapy
seems to be a compelling alternative for treating AFB; however, efficacy
and safety need to be further optimized (Beims et al., 2015). Since AFB
is the most destructive bacterial disease in honey bees, there is an ur-
gent need to attain better epidemiological data and a better under-
standing of the pathogenicity of P. larvae (Morrissey et al., 2015).
Several techniques have been developed for genotyping and classifi-
cation of P. larvae, including restriction endonuclease fragment pat-
terns, repetitive element PCR, pulsed-field gel electrophoresis, ampli-
fied fragment length polymorphism, denaturating gradient gel
electrophoresis, multi locus sequence typing, and multiple locus vari-
able number of tandem repeat analysis (Morrissey et al., 2015;
Genersch et al., 2006; Descamps et al., 2016). Repetitive element PCR
with enterobacterial repetitive intergenic consensus (ERIC) primers
revealed four genotypes, P. larvae ERIC I-IV, showing that the resulting
classification correlates with phenotypic differences (Genersch et al.,
2006). ERIC I, the most prevalent genotype globally, kills infected
larvae within 12 days (LT100 12). ERIC II, which is also frequently
isolated from AFB outbreaks, kills infected larvae within 7 days (LT100

7). ERIC III and IV seem not to have a high epidemiological relevance,
but are regarded as fast killers (Genersch et al., 2006; Rauch et al.,
2009). Due to the genome and proteome data on ERIC genotypes, as
well as functional analyses at the molecular level, we are starting to
understand how the current typing scheme correlates with the varied
virulence of the genotypes (Djukic et al., 2014; Chan et al., 2011; Quin
et al., 2006; Erban et al., 2019). According to a recently proposed model
for pathogenesis, P. larvae peptide antibiotics eliminate bacterial and
fungal competitors in the midgut lumen of the bee larvae (Ebeling et al.,
2016). During this non-invasive stage, P. larvae can be considered a
commensal bacterium living from the content of the larval diet. De-
gradation of the peritrophic matrix through the chitin-degrading en-
zyme PlCBP49 leads to the invasive phase, which is characterized by the
penetration of the midgut epithelium via the paracellular route. While
P. larvae ERIC I relies on toxin Plx1 and Plx2 for attacking the epithelial
cells, ERIC II developed a different strategy, which remains to be elu-
cidated. The S-layer, exclusively expressed by P. larvae ERIC II, facil-
itates attachment to the epithelial cells, subsequently resulting in hae-
mocoel invasion. The siderophore bacillibactin, which is expressed in
both genotypes, may be relevant during the final decomposing process
of the larval cadavers in which P. larvae continues to proliferate and
sporulate (Ebeling et al., 2016). In this saprophytic phase, paenilarvins
(A, B, C), which are only expressed in the ERIC II genotype, seem to be
involved in eliminating fungal competitors (Sood et al., 2014).

In this study, we isolated P. larvae from different geographical lo-
cations and discovered the new genotype ERIC V. Phenotypic and
whole genome sequence comparisons of ERIC I-V revealed important
differences between the genotypes. Our results provide new informa-
tion regarding the respective virulence gene inventories which corre-
spond with the observed epidemiologic prevalences.

2. Materials and methods

2.1. Bacterial strains, cultivation, spore germination and genotyping

All of the bacterial strains used in this study are listed in Table 1. P.
larvae strains were cultivated on Columbia sheep blood agar (BD) at
37 °C with 5 % (v/v) CO2 for 16 h. For liquid culture, P. larvae strains
were grown in brain heart infusion (BHI) medium (37 g of BHI [Roth],
3 g yeast extract [BD], 1 L of H2O) at 37 °C and 200 rpm. DSM 7030
(ERIC I), DSM 25430a (ERIC II), DSM 25430b (ERIC II), LMG 16252
(ERIC III) and LMG 16247 (ERIC IV) were used as P. larvae reference
strains representing the respective genotypes. The strain variants DSM

25430a and DSM 25430b both originated from the Leibniz Institute -
German Collection of Microorganism and Cell Culture (DSMZ;
Braunschweig, Germany). DSM 25430a was obtained in 2010 and since
then has been subcultured in various laboratories, whereas DSM 25430b

was directly obtained from the DSMZ collection in 2015. Field isolates
of P. larvae were derived from honey samples from Europe, Asia, New
Zealand, and South America. The respective honey samples were dis-
solved in the same amount (v/w) of H2O and heated to 95 °C for 5min
to kill vegetative cells. After cooling to room temperature, samples of
200 μL were plated on Columbia sheep blood agar (BD) and incubated
for 7 days at 37 °C and 5 % CO2. Colonies typical of P. larvae were
transferred onto Columbia sheep blood agar (BD) and used for P. larvae-
specific 16S rRNA-PCR (Govan et al., 1999). To determine the genotype
of isolates, rep-PCR analysis using ERIC primers was performed
(Genersch et al., 2006). The new ERIC V genotype (isolate 138b) was
deposited at the Leibniz Institute - German Collection of Microorganism
and Cell Culture (DSMZ; Braunschweig, Germany) under the number
DSM 106052. Bacterial strains were further characterized by means of
multilocus sequence typing (MLST) using 7 loci (clpC, ftsA, glpF, glpT,
Natrans, rpoB and sigF) (Morrissey et al., 2015). Population structure of
all known P. larvae sequence types (STs) submitted to the MLST

Table 1
P. larvae reference strains and isolates.

Strain Source 16S rRNA ERIC-
Classification

PFGE Genome

DSM 7030 DSMZ + I + +
DSM 25430a DSMZ + II + +
DSM 25430b DSMZ + II + –
LMG 16252 LMG + III + +
LMG 16247 LMG + IV + +
Isolate 134 Honey/South

America
+ II

Isolate 135 Honey/
European Union

+ II

Isolate 136 Honey/France + I
Isolate 137 Honey/Rumania + II
Isolate 138bc Honey/Spain + V + +
Isolate 139 Honey/Spain + I
Isolate 140b Honey/

European Union
+ I

Isolate 141 Honey/France + I
Isolate 142 Honey/China + I
Isolate 143b Honey/Italy + I
Isolate 144b Honey/Ukraine + II
Isolate 145 Honey/Germany + I
Isolate 146b Honey/New

Zealand
+ I

Isolate 147b Honey/Poland + I
Isolate 148 Honey/

European Union
+ I

Isolate 149b Honey/
European Union

+ II

Isolate 153b Honey/France + I
Isolate 150b Honey/Italy + I
Isolate 151a Honey/Italy + II
Isolate 152 Honey/Italy + I
Isolate 154 Honey/Italy + I
Isolate 155 Honey/Italy + I
Isolate 158 Honey/Greece + II
Isolate 159 Honey/

Switzerland
+ I

Isolate 160 Honey/Mexico + I
Isolate 161 Honey/Ukraine + II
Isolate 162 Honey/Germany + I

a DSM 25430a (ERIC II) was obtained from the Leibniz Institute – German
Collection of Microorganism and Cell Culture (DSMZ; Braunschweig, Germany)
in 2010 and has been widely used in various laboratories.

b DSM 25430b (ERIC II) was obtained directly from the DSMZ.
c The new ERIC V genotype (isolate 138b) was deposited at the DSMZ as

strain number DSM 106052.
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database (https://pubmlst.org/plarvae/), including all five re-
presentative ERIC strains of this study, was inferred from sequence
type-specific allelic profiles, using goeBURST as implemented in PHY-
LOViZ v2.0 (Francisco et al., 2012). Gene sequences for ERIC strain-
specific MLST gene alleles were generated from whole genome se-
quences (see 2.9). Sequence type phylogeny was reconstructed for all
STs from aligned nucleotide sequences (2948 bp per ST) using the
neighbour-joining method and the Tamura 3-parameter (+G) model,
selected by model testing, with MEGA v10.0.5 (Kumar et al., 2018) and
bootstrap resampling (1000 replications) to verify tree topology. The
neighbour-joining method was used to compare the results with
Morrissey et al. (2015). Applying a maximum-likelihood approach,
using the same model and 1000 replications, did not reveal a better
resolution of ST phylogeny.

2.2. Field emission scanning electron microscopy (FESEM)

The bacteria were fixed with 2 % (v/v) glutaraldehyde and 5 % (v/v)
formaldehyde in Cacodylat buffer for 1 h on ice. After centrifugation,
cells were washed with TE-buffer (20mM TRIS, 1mM EDTA, pH 6.9)
and placed on poly-L lysine coated cover slips. Subsequently, bacteria
were dehydrated in a graded series of acetone (10, 30, 50, 70, 90 and
100 % (v/v)) on ice for 15min at each step. Samples in the 100 %
acetone step were allowed to reach room temperature before re-
suspending in 100 % acetone. Samples were then subjected to critical-
point drying with liquid CO2 (CPD 30, Balzers, Liechtenstein). The dried
samples were covered with an approximately 10 nm-thick gold film by
sputter coating (SCD 500, Bal-Tec, Liechtenstein) before examination
with a field emission scanning electron microscope (Zeiss Merlin,
Oberkochen) using the Everhart Thornley HESE2 detector and the in-
lens SE-detector in a 25:75 ratio at an acceleration voltage of 5 kV.
Contrast and brightness were adjusted with Adobe Photoshop CS5.

2.3. API ZYM

P. larvae strains were analyzed with the api®20 E test (bioMérieux,
France). The test was performed according to the manufacturer´s in-
structions. P. larvae was grown on Columbia blood agar (BD) overnight
at 37 °C and 5 % CO2. Bacteria were resuspended in 1mL 0.85 % (w/v)
NaCl (Roth) and mixed with 9mL 0.85 % (w/v) NaCl. This suspension
was used to fill the test wells. The strips were incubated at 37 °C and 5
% CO2 for 24 and 48 h, respectively.

2.4. NRPS/PKS screening in P. larvae

Precultures of P. larvae ERIC I-V cultivated on Columbia sheep blood
agar (BD) were used to inoculate 100mL of different liquid media (EBS-
Medium: 37 g peptone (Marcor), 5 g glucose (Roth), 1 g meat extract
(Roth), 1 g yeast extract (OHLY Cat), 11.9 g HEPES (Roth), ad 1 L H2O,
pH 7.2; Müller-Hinton-Bouillon (Roth) pH 7.4 ± 0.2; Bacillus-Medium:
2 g starch (Cerestar), 6 g NaCl (Merck), ad 1 L H2O, pH 7.0, containing 2
% (v/v) Amberlite XAD-16 adsorber resin). Bacteria were cultivated for
3 days at 30 °C and 160 rpm. The resin and bacterial cells were har-
vested by centrifugation for 5min at 14,000xg. The Amberlite XAD-cell
pellet was transferred to a flask, extracted with acetone for one hour
and filtered. Then acetone was evaporated and the crude extracts were
eluted in 1ml MeOH (Sood et al., 2014). Finally, extracts were cen-
trifuged at 10,000xg for 5min and 100 μL of the supernatants were
analyzed by HPLC/MS.

2.5. HPLC-UV-MS

HRESIMS (High-resolution electrospray ionization mass spectro-
metry) data were recorded on a MaXis ESI TOF mass spectrometer
(Bruker Daltonics), and molecular formulas were calculated including
the isotopic pattern (Smart-Formula algorithm including the isotopic

pattern; Bruker). Analytical RP HPLC was carried out with an Agilent
1260 HPLC system equipped with a diode-array UV detector (DAD; UV
detection at 200−600 nm) and a Corona Ultra detector (Dionex) or a
Maxis ESI TOF mass spectrometer (Bruker Daltonics). HPLC conditions:
Acquity UPLC BEH C18 column 50×2.1mm, 1.7 μm (Waters) at 40 °C,
solvent A: H2O, 0.1 % HCOOH; solvent B: acetonitrile, 0.1 % HCOOH;
gradient system: 5 % B for 1min, increasing to 100 % B in 20min; flow
rate 0.6 mL/min. Data from the raw extracts were analyzed with the
software package DataAnalysis version 4.2 (Bruker) and compared with
data from previously published studies (paenilarvins A, B, C (Sood
et al., 2014), paenilamicins A1, A2, B1, B2 (Müller et al., 2014), ba-
cillibactin (Hertlein et al., 2014), and sevadicin (Garcia-Gonzalez et al.,
2014).

2.6. In vivo infection of A. mellifera larvae

Rearing and infection of worker larvae with different genotypes of
P. larvae was as described previously (Beims et al., 2015; Aupinel et al.,
2005; Lüken et al., 2012). Three replicates of 48 larvae (age< 30 h)
from different, non-related queens were used. Larvae were infected
with a multiplicity of infection (MOI) of 500 spores. Dead individuals
were homogenized and plated on Columbia sheep blood agar (BD) to
confirm P. larvae as causative agent of mortality by 16S rRNA-PCR
(Govan et al., 1999). Analysis of variance in larval survival was per-
formed by cox proportional hazard regression with infection group
(control vs. ERIC I-V) as fixed factor and replicates (n=3) as random
factor. Hazard ratios were calculated for each ERIC genotype. Statistical
analysis was performed using STATISTICA 12 (StatSoft).

2.7. Macro-restriction fragment analysis using pulsed-field gel
electrophoresis (PFGE)

Preparation of high molecular weight (HMW) total genomic DNA of
the P.larvae strains within agarose plugs was as previously described
(Bautsch, 1992) with minor modifications. Strains were grown on Co-
lumbia sheep blood agar (BD) at 37 °C with 5 % (v/v) CO2 for two days.
To harvest cells, they were rinsed from the agar surface using 3mL of
SE buffer (75mM NaCl, 25mM EDTA, pH 7.5). The cell suspension was
then centrifuged at 3000xg for 10min and washed once in 4mL SE. The
cells were resuspended in 0.3–1mL SE and the optical density OD578

was determined. The suspension was diluted to OD578 8.0 with SE,
mixed with an equal volume of molten 2 % (w/v) certified low melt
agarose (Bio-Rad Laboratories, 16131111) in SE at 42 °C and im-
mediately pipetted into a plug mold (Bio-Rad Laboratories, 1703622).
Following the solidification of the agarose at 4 °C, two agarose plugs
(20mm x 9mm x 1.2 mm) were cut in thirds, placed in 2mL fresh lysis
solution (6mM Tris−HCl, 1M NaCl, 100mM EDTA, 0.5 % (w/v)
polyethylene glycol hexadecyl ether (Brij58), 0.2 % (w/v) deox-
ycholate, 0.5 % (w/v) N-lauroylsarcosine, pH 7.5) containing lysozyme
at 10mg/mL and incubated at 50 °C for 16 h. The lysis solution was
replaced by 2mL ESP buffer (0.5M EDTA, 1 % (w/v) N-laur-
oylsarcosine, 0.5 mg proteinase K per mL, pH 7.5) and plugs were
further incubated at 55 °C for 16 h. To inactivate Proteinase K, the
agarose plugs were treated with 1mM Pefabloc® SC (Sigma-Aldrich) in
2mL TE (10mM Tris−HCl, 10 mM EDTA, pH 8.0) for 3 h at 37 °C. The
plugs were equilibrated in TE for 30min at least thrice (room tem-
perature) and stored at 4 °C in TE.

The agarose-embedded HMW genomic DNA of the P. larvae strains
was digested with the intron-encoded endonuclease I-CeuI (5´-TAACT
ATAACGGTCCTAA/GGTAGCGA-3´) (Liu et al., 1993) (New England
Biolabs). Restriction buffers were as recommended by the manu-
facturer. For digestion two agarose slices (3 mm x 9mm x 1.2 mm) were
transferred to a 1.5 mL reaction tube and equilibrated thrice in 1.4mL
of the appropriate restriction buffer on ice. Restriction reactions were
set up with 10 U I-CeuI in 150 μL restriction buffer, pre-incubated on ice
for 16 h and incubated at 37 °C for 3 h. I-CeuI digests were subsequently
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treated with proteinase K in 150 μL ESP buffer at 50 °C for 3 h.
PFGE of the fragmented genomic DNA was performed in a contour-

clamped homogeneous electric field (CHEF) system on a CHEF-DR III
device (Bio-Rad Laboratories) using a modified 0.5×TBE running
buffer (45mM Tris, 45mM boric acid, 0.1mM EDTA). Individual PFGE
conditions are provided in the figure legends. During PFGE runs, the
angle included by the pulsing electric fields A and B was 120° unless
otherwise stated. For the size estimation of the I-CeuI macrorestriction
fragments two PFGE gels were evaluated per fragment. DNA banding
patterns were stained in SYBR™ Green I solution as recommended by
the manufacturer (Molecular Probes), transilluminated with UV (λ
=254 nm) and photographed on Fuji FP-3000B films or with the Intas
iX gel imager system.

2.8. PacBio library preparation and sequencing

SMRTbell™ template library was prepared according to the in-
structions from Pacific Biosciences, following the Procedure & Checklist
– 20 kb Template Preparation Using BluePippin™ Size-Selection System.
Briefly, for preparation of 15 kb libraries, 8 μg genomic DNA was
sheared using g-tubes™ from Covaris, according to the manufacturer´s
instructions. DNA was end-repaired and ligated overnight to hairpin
adapters applying components from the DNA/Polymerase Binding Kit
P6 from Pacific Biosciences. Reactions were carried out according to the
manufacturer´s instructions. BluePippin™ Size-Selection to 4 kb (ERIC II
and ERIC V) or 7 kb (ERIC I, III, IV) was performed according to the
manufacturer´s instructions (Sage Science). Conditions for annealing of
sequencing primers and binding of polymerase to purified SMRTbell™
template were assessed with the Calculator in RS Remote, Pacific
Biosciences. SMRT sequencing was carried out on the PacBio RSII
(Pacific Biosciences) taking one 240-minute movie for each SMRT cell.
For each strain, one single SMRT cell was run with the exception of
ERIC II, where two, and ERIC V, where three SMRT cells were needed
for gapless genome assembly.

2.9. Genome assembly, error correction, and annotation

SMRT cell data was assembled using the “RS_HGAP_Assembly.3
“protocol included in SMRT Portal version 2.3.0 using default para-
meters. The assembly revealed for each strain a circular chromosome
and up to four extrachromosomal elements, both plasmids and phages.
Validity of the assembly was checked using the “RS_Bridgemapper.1”
protocol. Each replicon was circularized independently, particularly
artificial redundancies at the ends of the contigs were removed; the
chromosome was adjusted to dnaA as the first gene, thus representing
the origin of replication (oriC). A linear phage in strain ERIC V
(unitig_4) was identified with help of reads starting/ending at the same
position. Finally, each genome was error-corrected by mapping
Illumina reads onto finished genomes using BWA (Li and Durbin, 2009)
with subsequent variant and consensus calling using VarScan (Koboldt
et al., 2012). A consensus concordance of QV60 was confirmed for the
genome. Finally, an annotation was generated using Prokka 1.8
(Seemann, 2014), by applying a genus database of the manually curated
genome P. larvae DSM 25430, GenBank Acc. No. CP003355-56 (Djukic
et al., 2014; Seemann, 2014). The genome sequences were deposited in
NCBI GenBank under Accession Numbers CP019651-61 and CP19717-
20.

2.10. Genome analysis

Secondary metabolite gene clusters were predicted using
antiSMASH 3.0 (Weber et al., 2015). Phage prediction was performed
using PHASTER (Arndt et al., 2016). Core- and Pangenome were cal-
culated based on a prediction of orthologous proteins using Protei-
northo 5.15 (Lechner et al., 2011) after extraction of all CDS without
pseudogenes using Artemis (Carver et al., 2012). Apart from virulence

factors already described for P. larvae we queried strain-specific pro-
teins from orthologous prediction against the Virulence Factor Database
2016 (Chen et al., 2016) applying a conservative e-value cut-off of 1E-
30. Additionally, “fast-specific” genes present in ERIC III, IV and V, but
absent in I and II were queried.

3. Results

3.1. Isolation and genotyping of P. larvae from different geographical
locations

In a collection of 40 honey samples from Europe, Asia, South-
America and Australia, using spore germination assays, we detected P.
larvae in 27 samples (67.5 %) (Table 1). According to the current
classification of the species P. larvae, we confirmed the species identity
by PCR of 16S rRNA genes (Govan et al., 1999) and determined the
genotypes of the isolates by rep-PCR (Genersch et al., 2006). Genotype
ERIC I was found in 18 samples (66.7 %) and ERIC II in 8 samples (29.6
%). Surprisingly, one isolate (isolate 138b) exhibited an additional rep-
PCR product with a size of 1.2 kbp (Fig. 1), which could not be detected
in the known genotypes ERIC I-IV. This new genotype, which we named
ERIC V, was isolated from a Spanish multi-flower honey sample from
Herrera del Duque, province Badajoz (Table 1).

MLST genotype phylogeny confirmed mostly the sequence type re-
lationship as known from Morrissey et al. (2015) (Fig. 2A). However,
the sequence type for isolate 138b (ERIC V), generated from its genome
sequence, showed to be a unique one. We named the newly discovered
sequence type ST25, who grouped between the two clusters of ERIC I-
and ERIC II-specific sequence types (Fig. 2A). Within ERIC clusters (I-V)
low bootstrap values showed that ST-relatedness is somehow random,
which is not surprising as STs are no distinct species. More different
ERIC II and V STs are needed for a more robust phylogeny. Allelic
variance analysis also confirmed the results of Morrissey et al. (2015).
As already indicated from its sequence variance, ERIC V (isolate 138b)
is highly distinct (unique allele combination - glpF: 1, sigF: 2, glpT: 1,
Natrans: 2, rpoB: 3,ftsA: 2, clpC: 2) from all other ERIC I-IV sequence
types (Fig. 2B). Showing variation at three and more loci (grey numbers

Fig. 1. Genotyping of different P. larvae reference strains and field isolate 138b
by rep-PCR using ERIC primers. (M, GeneRuler™ 1 kb DNA Ladder; 1, DSM
7030 (ERIC I); 2, DSM 25430a (ERIC II); 3, LMG 16252 (ERIC III); 4, LMG16247
(ERIC IV); 5, isolate 138b (DSM 106052, ERIC V)). Field isolate 138b (DSM
106052; ERIC V) from a Spanish honey sample exhibits an additional PCR
product with a size of 1.2 kbp, which was not detectable in the known geno-
types ERIC I-IV. Presence or absence of bands important for the differentiation
of the five ERIC genotypes is highlighted by arrowheads.
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in Fig. 2B) revealed the unique character of this isolate. With equal high
variance ERIC groups were separated previously (Morrissey et al.,
2015) and different STs of Melissococcus plutonius were grouped to
distinct clonal complexes (Djukic et al., 2018). This shows that isolate
138b might definitely be a new ERIC genotype, being somehow related
to ERIC I and II.

3.2. Phenotypic comparison of P. larvae ERIC I-IV and ERIC V

Several phenotypic characteristics that discriminate the P. larvae
genotypes ERIC I-IV were described previously (Genersch et al., 2006).
Accordingly, we analyzed the bacterial morphology, hemolytic activity,
gelatin hydrolysis, paenilarvin and sevadicin production, as well as the
LT100 (time to kill 100 % of the infected hosts) in bee larvae infection
assays for all genotypes (Table 2).

The morphologies of the reference strain P. larvae genotypes ERIC I-
IV and the newly discovered genotype ERIC V were compared by
scanning electron microscopy (SEM). Vegetative cells of all genotypes
exhibited a rod-shaped morphology (1.0× 0.5 μm), polytrichous fla-
gellation and the ability to form chains (data not shown). In contrast to
this uniform appearance of vegetative cells, clear differences were de-
tected in the spore morphology (Fig. 3). Whereas DSM 7030 (ERIC I)
and DSM 25430 (ERIC II) exhibited a smooth surface, the spores of LMG
16252 (ERIC III) and LMG 16247 (ERIC IV) were characterized by
ridges running longitudinally along the spores. The spore morphology
of the potential genotype ERIC V resembled the ERIC III and IV-type.
Since our observations for ERIC I-IV are consistent with previous results
in which two different spore morphologies of the former subspecies P.
larvae subsp. larvae (ERIC I and II) and P. larvae subsp. pulvifaciens
(ERIC III and IV) were reported (Genersch et al., 2006; Heyndrickx

et al., 1996), we ascertained that the putative ERIC V genotype belongs
to the second spore morphotype which exhibits longitudinal ridges.

Further phenotypic differences among the reference strains were
observed by cultivation on sheep blood agar plates. After 24 h of cul-
tivation, DSM 25430a (ERIC II) showed no hemolytic activity, whereas
weak activity for DSM 7030 (ERIC I) and strong activities for DSM
16252 (ERIC III), LMG16247 (ERIC IV) and isolate 138b (ERIC V) were
detected. Only ERIC II, III, and V strains hydrolyzed gelatine (Table 2).
The production of non-ribosomal peptides (NRPs) by the reference
strains was characterized by cultivation in different media (Bacillus
medium, EBS and Mueller-Hinton medium). DSM 7030 (ERIC I) pro-
duced paenilarvin A and C in EBS medium. The more virulent genotype
DSM 25430 (ERIC II) and LMG 16252 (ERIC III) produced paenilarvin A
and C in all three media. No paenilarvin and sevadicin was detected in
LMG 16247 (ERIC IV). The new ERIC V genotype, represented by iso-
late 138b, produced paenilarvin A and C in EBS and Mueller-Hinton
medium and paenilarvin B in EBS medium. DSM 25430 (ERIC II) was
the only strain which produced sevadicin in all three media (Table 2).

To analyze the overall pathogenicity associated with different gen-
otypes, we infected 864 bee larvae and determined the respective LT100

(Table 2). This infection assay revealed that all genotypes of P. larvae
were pathogenic for larvae of A. mellifera as larval mortality differed
significantly from the control group (Cox proportional hazard regres-
sion: X2= 762.04, df= 5, p < 0.0001) (Fig. 4). Replicates showed no
impact on larval mortality (X2= 0.65, df= 2, p= 0.72). Larval mor-
tality also differed among ERIC genotypes with ERIC II I-V being the
most lethal (ERIC I hazard ratio= 0.038, ERIC II hazard ratio= 1.824,
ERIC III hazard ratio= 89.292, ERIC IV hazard ratio= 75.362, ERIC I
hazard ratio= 81.305). As published previously (Genersch et al.,
2006), strain DSM 7030 (ERIC I) required 12 days and strain DSM

Fig. 2. Relationship of P. larvae sequence types (STs). A) ST phylogeny reconstructed from nucleotide sequences (neighbour-joining tree, Tamura 3-parameter
model). Bootstrap values are shown for each node. Branch lengths are given in base substitutions per site (scale embedded). B) MLST typing based allelic relationship
of all STs. Different colors refer to different ERIC genotypes. Numbers in circles represent different STs and size refers to numbers of isolates of the respective ST. Grey
numbers along branches show number of loci with variation (blacks lines illustrate that only a single locus showed variance among connected STs). Isolate 138b
(ERIC V), named ST25 (orange circle), showed to be separate from all other ERIC genotypes (I-IV).

Table 2
Phenotypic characterization of P. larvae strains representing genotypes ERIC I-V.

Characteristic DSM 7030 ERIC I DSM 25430a ERIC II LMG 16252 ERIC III LMG 16247 ERIC IV DSM 106052 ERIC V

Spore surface Smooth Smooth Ridges Ridges Ridges
Haemolysis (+) – + + +
Hydrolysis of gelatine – + + – +
Paenilarvin Aa, Cb Aa,b,c, Ca,b,c Aa,b,c, Ca,b,c – Ab,c, Bb, Cb,c

Sevadicin – aaaaaa+a,b,c – – –
LT100 (days) ∼12 ∼7 ∼3 ∼3 ∼3

a Detection in Bacillus medium.
b Detection in EBS medium.
c Detection in Mueller-Hinton medium.
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25430a (ERIC II) 7 days to kill 100 % of the infected hosts. In contrast to
previous results (Genersch, 2010; Genersch et al., 2006), LMG16252
(ERIC III) and LMG16247 (ERIC IV) reached their LT100 after approxi-
mately 3 days in our experiments (Fig. 4). Isolate 138b (ERIC V) had the
same fast-killing phenotype (LT100 3 days).

3.3. Macro-restriction fragment analysis using PFGE

To establish a genomic DNA Macrorestriction Fragment Pattern
Analysis (MRFPA) scheme for future epidemiologic discrimination we
characterized the reference strains P. larvae DSM 7030 (ERIC I), DSM
25430a (ERIC II), DSM 25430b (ERIC II), LMG 16252 (ERIC III), LMG
16247 (ERIC IV) and isolate 138b (ERIC V) by pulsed field gelelec-
trophoresis (PFGE).

I-CeuI digestion resulted in eight MR fragments (Ce1-Ce8) from each
of the strains ranging from 40 kb to 3,561 kb in size (Figs. 5, S1, Table
S1). The MR profile of Isolate 138b (ERIC V) contained an additional
band, which was at approximately 50 kb (Figs. 5, S1b). The con-
formation of the inherent DNA was shown to be linear and most likely
represents a bacteriophage genome. The I-CeuI profiles were strain
specific and we obtained four I-CeuI RFLP types: (Ci) DSM 7030 (ERIC
I); (Cii) DSM 25430a (ERIC II) and DSM 25430b (ERIC II); (Ciii) LMG
16252 (ERIC III) and LMG 16247 (ERIC IV); and (Civ) isolate 138b
(ERIC V) (Fig. 5). The I-CeuI MR patterns of DSM 25430a (ERIC II) and
DSM 25430b (ERIC II) revealed RFLPs in the MR fragments Ce1 (Table
S1), which was unexpected because of their common origin. We

estimated the sizes of the I-CeuI MR fragments and compared them to
the I-CeuI fragment sizes determined by an in silico I-CeuI digestion of
the P. larvae genome sequences (Table S1). The obtained values were in
very good accordance and thus perfectly confirmed the genome as-
sembly of the P. larvae strains (see below).

3.4. Virulence gene identification and genome structure comparisons of P.
larvae ERIC I-V

To compare the respective virulence gene inventories and to iden-
tify factors which may explain epidemiologic prevalences, we se-
quenced, manually curated and annotated the genomes of P. larvae DSM
7030 (ERIC I), DSM 25430a (ERIC II), LMG 16252 (ERIC III), LMG
16247 (ERIC IV) and isolate 138b (ERIC V).

3.4.1. General genomic features
The chromosome sizes of the P. larvae genomes differ by up to 20 %

ranging from 4.02 Mbp for P. larvae DSM 25430a (ERIC II) to 4.67 Mbp
for P. larvae isolate 138b (ERIC V) (Table 3). The P. larvae genomes
investigated in this study harbor up to three extrachromosomal ele-
ments, mainly linearly or circularly permutated phages. Also, con-
jugative elements were observed. All P. larvae genomes harbor eight
rRNA operons and a set of 78–80 tRNA genes. A narrow GC content of
44–45 % was recorded within the different chromosomes.

As indicated by MAUVE synteny analysis (Fig. 6), P. larvae chro-
mosomes are quite conserved and differ mainly by rearrangement of

Fig. 3. Scanning electron micrographs (SEM) of spores from P. larvae ERIC I-V. A, DSM 7030 (ERIC I); B, DSM 25430a (ERIC II); C, LMG 16252 (ERIC III); D, LMG
16247 (ERIC IV); E, isolate 138b (DSM 106052; ERIC V). Whereas ERIC I and II have smooth spore surfaces, those of ERIC III, IV and V exhibit longitudinal ridges.
Size bars represent 0.2 μm.

Fig. 4. Mortality of A. mellifera larvae after in-
fection with different P. larvae genotypes. Bee
larvae at the age of less than 30 h were infected
with 500 spores of P. larvae genotype DSM
7030 (ERIC I), DSM 25430a (ERIC II), LMG
16252 (ERIC III), LMG 16247 (ERIC IV) or
isolate 138b (DSM 106052; ERIC V).
Cumulative mortality per day post infection
(p.i.) + standard deviation was calculated for
each genotype.
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approximately 50 large collinear blocks (LCBs), displaying syntenic
genomic regions by same colors (Darling et al., 2010). The P. larvae
ERIC III and IV representatives are most similar in their LCB arrange-
ment and differ only by a small number of genomic islands as indicated

by white spots in Fig. 6 (ERIC III, GI1-3 at 2.2, 2.8 and 3.3 Mbp; ERIC
IV, GI-4 at 2.3 Mbp). Compared to these, isolate 138b (ERIC V) displays
a similar LCB arrangement around the origin of replication (oriC), but
mainly differs in the central region by a large chromosomal inversion
from 1.9 to 3.1 Mbp accompanied by several smaller rearrangements
(Fig. 6).

In order to detect possible differences to the published genome of P.
larvae DSM 25430 (ERIC II) (Djukic et al., 2014), a resequencing and de
novo assembly was performed. Only one major difference was observed
at 0.83 Mbp, where a prophage (ERIC2_c08420-08900) was clearly not
assembled in our study. The genome structure of P. larvae DSM 25430a

(ERIC II) deviates from that of the ERIC II I-V strains by two main
translocation events TL-1 (from 0.5 to 1.0 Mbp) and TL-2 (from 3.1 to
3.6 Mbp), however with a much lower degree of synteny. For P. larvae
DSM 7030 (ERIC I) two additional translocations/inversions were ob-
served (Fig. 6; TL-3 from 0.5 to 0.7 Mbp and TL-4 from 3.0 to 4.1 Mbp).

3.4.2. Prophages and phages
The genomes of the P. larvae reference strains differ largely in size,

mainly due to the insertion of large prophage regions. The smaller
genomes, i.e. that of the P. larvae ERIC I, II and IV strains, encode 11–13
phage regions as shown by PHASTER analysis (Arndt et al., 2016). The
larger genomes of P. larvae LMG 16252 (ERIC III) and isolate 138b
(ERIC V) encode up to 19 phage regions. Thus, e.g. in isolate 138b
(ERIC V), 728 kb of the genome encode for putative phage genes
leading to a massively increased genome size. Although extra-
chromosomal elements from the P. larvae ERIC III and IV strains ob-
viously carry large and even intact phage regions (Tables 3, S1), those
seem not to be expressed as functional phages. They most likely re-
plicate as extrachromosomal prophages within their hosts and do not
represent classical plasmids as plasmid-like replication and partitioning
systems have not been detected.

3.4.3. Virulence factors and secondary metabolites
P. larvae genotypes differ phenotypically, including endospore re-

sistance to temperature, rates of sporulation, time to host death and it
was suggested that they employ different strategies for killing larvae
(Ebeling et al., 2016). Among the functionally characterized virulence
factors we found that genes encoding for the chitin-degrading enzyme
PlCBP49 (Garcia-Gonzales and Genersch, 2013) were present in all five
genotypes (Table 4). Similarly, all genotypes encode for toxin Plx2 and
the C3 larvin toxin (Fünfhaus et al., 2013; Krska et al., 2015). In con-
trast, the toxin Plx1 gene was only present in ERIC I, III, and IV
(Fünfhaus et al., 2013). The AB-toxin loci Tx7 and TxIII were found in

Fig. 5. I-CeuI macrorestriction profiles of different P. larvae genotypes.
Genomic DNA from DSM 7030 (ERIC I), DSM 25430a (ERIC II), DSM 25430b

(ERIC II), LMG 16252 (ERIC III), LMG 16247 (ERIC IV) and isolate 138b (DSM
106052; ERIC V) was isolated, I-CeuI digested and different size ranges of
macrorestriction fragments were separated by pulsed-field gel electrophoresis
(PFGE) on various gels. The medium size range (40-1,600 kb) is shown. [Gels
resolving fragments in high (1.05–4.6 Mb) and low (23.1–727.5 kb) size range
are documented in Fig. S1]. The respective I-CeuI restriction fragment length
polymorphism (RFLP) types (Ci-Civ) are indicated in parenthesis. The genome
of isolate 138b DSM 106052 (ERIC V) harbors a linear bacteriophage visible as
a 50 kb band on the gel. The bacteriophage lambda low range (λl) and the
Saccharomyces cerevisiae YPH80 yeast chromosome (Sc) PFGE marker were used
as size standards (both from New England Biolabs). PFGE conditions: 1 % (w/v)
pulsed field certified agarose (Bio Rad) in 0.5 x TBE with pulse times of
3−140 s for 30 h at 6 V/cm and 14 °C.

Table 3
General genomic features of P. larvae strains (ERIC I-V).

Genome features DSM 7030 ERIC I DSM 25430a ERIC IIR LMG 16252 ERIC III LMG 16247 ERIC IV DSM 106052 ERIC V

Finishing status Complete Complete Complete Complete Complete
Genome size (bp) 4,288,947 4,054,587 4,702,004 4,378,174 4,800,872
Chromosome size (bp) 4,288,947 4,023,351 4,489,122 4,268,596 4,672,437
Extrachromosomal elements (bp) 21,567 103,273P 60,865P 46,114P

9,669 60,868P 48,713 45,618P

48,741 36,703
Replicons 1 3 4 3 4
Chromosome features
GC (%) 44.17 45.05 44.23 44.31 44.13
Protein coding (bp) 3,423,087 3,298,476 3,704,205 3,498,426 3,828,639
Total gene count 4,459 4,015 4,684 4,429 4,917
Protein coding genes 4,251 3,858 4,520 4,265 4,758
- with signal peptides 215 178 219 214 234
tRNA genes 79 80 78 78 78
rRNA genes 24 25 24 24 24
CRISPR repeats 4 1 6 6 6
Accession numbers CP019651 CP019652-54 CP019655-58 CP019659-60 CP019717-20

R Resequencing of P. larvae DSM 25430 (NCBI GenBank CP003355-56).
P Extrachromosomal elements containing phage regions as predicted by PHASTER.
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the genomes of ERIC I and of ERIC I I-V, respectively (Djukic et al.,
2014). The gene for the S-layer protein SplA has previously been de-
scribed as ERIC-II-specific (Hertlein et al., 2016; Poppinga et al., 2012).
Our comparative sequence analysis revealed that the splA gene is also
present in isolate 138b representing genotype ERIC V. Moreover, we
found a frame shift mutation of this gene in P. larvae DSM 7030 (ERIC
I).

The sequenced P. larvae strains display up to 18 biosynthetic gene
clusters as shown by antiSMASH (Weber et al., 2015) analysis. The dhb

gene cluster, previously described to be present in ERIC I and II, is
responsible for the biosynthesis of bacillibactin (Ebeling et al., 2016;
Hertlein et al., 2014). We found that the genotypes ERIC II I-V also
encode for this catechol-type siderophore. Similarly, all five genotypes
harbor the paenilamicin encoding NRPS/PKS hybrid gene cluster (pam
cluster) with all genes showing similarity (Garcia-Gonzalez et al.,
2014). The sevadicin encoding cluster (sev cluster) was originally de-
scribed for P. larvae ERIC II (Ebeling et al., 2016; Garcia-Gonzalez et al.,
2014). Interestingly, this cluster is inactivated by a transposase in P.

Fig. 6. MAUVE synteny analysis of different P. larvae genomes. From top to bottom: P. larvae DSM 7030 (ERIC I), DSM 25430a (ERIC II), LMG 16252 (ERIC III), LMG
16247 (ERIC IV) and isolate 138b (DSM 106052; ERIC V). The ERIC III and IV strains display a quite conserved genome structure with exception of four genomic
islands (GI1-4), whereas in ERIC V strain a central part between 1.9 and 3.1Mb is inverted. ERIC I and II each differ by two independent events of differently sized
translocations and inversions (TL1-4). All chromosomes are adjusted to their origin of replication (oriC).

Table 4
Virulence factors, secondary metabolites and unique orthologs of P. larvae genotypes.

Factor (loci) ERIC Swissprot Acc. Reference

I II III IV V

Chitin-degrading enzyme (PlCbp49) + + + + + J7I5J0 Garcia-Gonzales and Genersch, 2013
Toxin Plx1 (Plx1) + – + + – M9V7×5 Fünfhaus et al., 2013
Toxin Plx2 (Plx2) + + + + + M9V3B7, M9V6N3 Fünfhaus et al., 2013
C3 larvin toxin + + + + + W2E3J5 Krska et al., 2015
Tx7 + TxIII TxIII TxIII TxIII V9W6R2,V9W3Q1,V9W3Z7,W2E662W2E3U7 Djukic et al., 2014
S-layer protein (splA) -FS + – – + V9W2V1 Poppinga et al., 2012
Bacillibactin (dhbACEBF) + + + + + V9W311, V9W8G5,V9W5G3, V9W645, V9W6T6 Hertlein et al., 2014
Paenilamicin (pam cluster) + + + + + Garcia-Gonzalez et al., 2014
Sevadicin (sevA, sevB) -Tn + – – +I U5TU32, U5TU13 Garcia-Gonzalez et al., 2014
Paenilarvin +* + + – + V9W7K3, V9W6U0, V9W6A4,V9W984 Sood et al., 2014
Mosquitocidal toxin (mtx1)O – – + – – Q03988 Shi et al., 2003
Hemolysin II (hlyII)O – – – – + A0RED0 Andreeva et al., 2006
Alpha subunit Nitrate reductase (narG)O – – + + + A1TDS1 Smith, 2003
CpaF (flpF)O – – + + + A0KI93 Boyd et al., 2008
HisQ (YPA_2067)O – – + + + Q7CJA3 Deng et al., 2002
DrrA (drrA)O – – + + + H8IRI2 Camacho et al., 2001
Cytolysin M (cylM)O – – + + + Q838G2 Coburn and Gilmore, 2003
HCNC (hcnC)O – – + + + Q3KAF2 Pessi and Haas, 2000; Laville et al., 1998

FS Frameshift mutation.
Tn Transposase-mediated inactivation.
I Insertion of two additional biosynthetic genes.
TxIII Remnants of the Tx7 system as described by Djukic et al. (2014).
* Reports are not conclusive on whether or not P. larvae strain DSM 25719 (ERIC I) produces Paenilarvin (Djukic et al., 2014).
O Ortholog prediction and comparison to the Virulence Factor Database (2016).

H. Beims, et al. International Journal of Medical Microbiology 310 (2020) 151394

8



larvae DSM 7030 (ERIC I), and modified by the insertion of two addi-
tional biosynthetic genes in isolate 138b (ERIC V). A gene cluster for
paenilarvin was detected in the P. larvae ERIC I, II, III and V strains.

To identify additional putative virulence factors of P. larvae, we
queried strain-specific proteins from an orthologue prediction of all five
strains with BLAST against the Virulence Factor Database 2016 (Chen
et al., 2016) applying a conservative e-value cut-off of 1E-30. This
approach revealed a gene with homology to the mosquitocidal toxin
(mtx1) of Lysinibacillus sphaericus (Lozano et al., 2011; Shi et al., 2003)
in P. larvae LMG 16252 (ERIC III) and two copies of a gene encoding for
a hemolysin (hlyII) ortholog of Bacillus thuringiensis (Tran et al., 2013;
Andreeva et al., 2007, 2006) in P. larvae isolate 138b (ERIC V). Ad-
ditionally, orthologs present in the fast killing genotypes ERIC III, IV
and V, but absent in the slow (ERIC I) and medium-speed (ERIC II)
killing genotypes, were retrieved. Such orthologous genes encode for
the α-subunit of a nitrate reductase (narG) described for Mycobacterium
vanbaalenii (Smith, 2003), the CpaF protein (flpF) of Aeromonas hydro-
phila (Boyd et al., 2008), a histidine transport system permease protein
HisQ (YPA_2067) of Yersinia pestis (Deng et al., 2002; Bengoechea et al.,
2004), the DrrA (drrA) of Mycobacterium intracellulare (Camacho et al.,
2001), the cytolysin (cylM) of Enterococcus faecalis, and a gene involved
in hydrogen cyanide production (hcnC) in Pseudomonas fluorescens
(Pessi and Haas, 2000; Laville et al., 1998). Interestingly, the reverse
search for orthologs, which are only present in the slow- and medium-
speed killing genotypes ERIC I and II did not reveal any single hit.

Putative virulence factors (dacB, dnaK, metN, ywqD, lysC, serC, gbpA)
suggested by Descamps et al. (2018) were fully present with high
homology in all 5 ERIC genomes, except for ywqD of ERIC III and ERIC
IV, where ywqD is missing one amino acid (arginine) in the 3′-end of
the protein sequence. From this result we cannot speculate if there is
any potential importance for P. larvae strain/genotype-based virulence.

4. Discussion

The high contagiousness and the severity of AFB are the reasons
why this most devastating bacterial infection of honey bees is subject to
registration in many countries. P. larvae ERIC I and II are frequently
isolated from brood of AFB-infected colonies or from honey samples. P.
larvae ERIC III and IV are obviously less prevalent in the context of AFB
outbreaks since they have not been isolated in the recent years (Ebeling
et al., 2016). This is in accordance with our study in which 66.7 % of
the isolates belonged to the ERIC I and 29.6 % to the ERIC II genotype.
Interestingly, we identified a previously unknown genotype, ERIC V, in
a single Spanish honey sample. Since the genotypes are known to co-
segregate with phenotypic differences, we compared the ERIC V isolate
with reference strains from the other genotypes. Most notably, ERIC I
and II exhibited smooth spore surfaces and laboratory infection assays
revealed a LT100 of 12 and 7 days, respectively. Spore surfaces of the
genotypes ERIC II I-V had longitudinal ridges and LT100 values of 3
days. The time needed to kill all infected larvae is in good agreement
with previously published data for genotype ERIC I and II (Genersch
et al., 2006). Our recorded LT100 values for genotypes ERIC III-IV,
however, are lower than the previously published seven days (Genersch
et al., 2006). According to our results, ERIC I is a slow killer, ERIC II a
medium fast killer, and ERIC II I-V represent fast killers. This is in line
with the proposed negative correlation of P. larvae virulence at the
larval level and colony level and the epidemiologic prevalence of the
slow killing phenotype (Rauch et al., 2009). It has been proposed that
the fast killing phenotype allows nurse bees to remove infected larvae
more efficiently. Larvae infected with slow killing P. larvae die in cells
which are already capped. This apparently reduces the success of the
hygienic cleaning by nurse bees. As a consequence, the infected larvae
remain in the cell, convert into infectious spores and thus contribute to
disease progression within and beyond the colony (Rauch et al., 2009).

The identification of the new genotype ERIC V suggests that more
undiscovered genotypes of P. larvaemay exist. However, internationally

cross-linked epidemiological studies according to approved subtyping
protocols are still missing. To pave the way for a refined epidemiologic
monitoring and to further compare the ERIC V-isolate with the other
ERIC-genotypes, we performed macro-restriction fragment analysis,
using the intron-encoded endonuclease I-CeuI, which is known to cut a
26 bp site located in the 23S rRNA genes of bacterial rRNA (rrn) op-
erons (Liu et al., 1993). Finding eight I-CeuI MR fragments in each of
the strains was consistent with the presence of eight 23S rRNA genes
(and hence eight rrn operons) in the genome sequence of P. larvae DSM
25430a (ERIC II) (Djukic et al., 2014), which seems to be a character-
istic trait of this species. The additional band for ERIC V, which was also
present, when undigested HMW genomic DNA was analyzed, most
likely represents a bacteriophage genome. Strains LMG 16252 (ERIC III)
and LMG 16247 (ERIC IV) were classified as distinct genotypes on the
basis of ERIC-PCR (Genersch et al., 2006). Splitting them into different
I-Ceul types seemed inappropriate on basis of the obtained I-Ceul RFLP.

To compare the virulence potential of P. larvae genotypes, we se-
quenced, manually curated and annotated the genomes of P. larvae DSM
7030 (ERIC I), DSM 25430a (ERIC II), LMG 16252 (ERIC III), LMG
16247 (ERIC IV) and isolate 138b DSM 106052 (ERIC V). We could
largely confirm the previously published genomic comparison of strain
DSM 25719 (ERIC I) and strain DSM 25430 (ERIC II) with their general
genomic features (Djukic et al., 2014). The extension of the genomic
comparison unveiled that the strains ERIC II I-V deviate by large scale
translocation and inversion events. Moreover, the different P. larvae
genotypes differ largely with respect to the insertion of prophage re-
gions. The biological relevance of these differences is not yet clear and
remains to be elucidated.

To correlate the respective genome inventories of the different
genotypes with the respective virulence properties and epidemiologic
prevalence, we compared the presence of functionally characterized
virulence factors, biosynthetic gene clusters, and also queried strain-
specific proteins from orthologue prediction against the Virulence
Factor Database 2016 (Chen et al., 2016) applying a conservative e-
value cut-off of 1E-30.

We found that the gene encoding for the S-layer protein SplA is
inactivated by a frame shift in strain DSM 7030 (ERIC I). This virulence
factor was proposed to specifically mediate attachment of P. larvae ERIC
II to epithelial cells (Poppinga et al., 2012). Since the respective gene is
also present in ERIC V, it is not a unique characteristic of the ERIC II
genotype. Moreover, the presence of this gene alone is not decisive for
the fast killing of honey bee larvae, since it is also missing in the fast
killing genotypes ERIC III and IV.

The production of sevadicin, a non-ribosomal peptide secondary
metabolite, could only be detected in cultures of DSM 25430 (ERIC II).
Genome analysis, however, revealed that the sevadicin gene cluster
(sev) is inactivated by a transposase in reference strain DSM 7030 (ERIC
I), and therefore could be active in other ERIC I isolates. Since the sev
cluster was not detected in the fast killing ERIC III and IV reference
strains, it seems not to be responsible for the fast killing phenotype.
Interestingly, genome analysis of the ERIC V isolate 138b DSM 106052
revealed the insertion of two additional PKS biosynthetic genes, which
may code a previously uncharacterized metabolite. A gene cluster for
paenilarvin, which may confer antifungal attributes, was detected in
the investigated P. larvae ERIC I, II, III and V strains. This is interesting,
since the P. larvae strain DSM 25719, a different ERIC I isolate, was not
able to produce the corresponding lipopeptide (Sood et al., 2014). This
and other observed inconsistencies within the specific ERIC genotypes
suggest a high variance of virulence factors not only between but also
within the respective genotypes. Therefore, general conclusions re-
garding the inventory of virulence factors of a specific ERIC genotype
should not be drawn from only a single reference strain.

Apart from virulence factors and secondary metabolites already
described for P. larvae, we queried strain-specific proteins from ortho-
logue prediction against the Virulence Factor Database 2016 (Chen
et al., 2016). This approach identified genes with homology to factors
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of other insect pathogens such as the mosquitocidal toxin (mtx1) of L.
sphaericus (Lozano et al., 2011) in P. larvae LMG 16252 (ERIC III) and
two copies of a gene encoding for a hemolysin (hlyII) ortholog of B.
thuringiensis in P. larvae isolate 138b DSM 106052 (ERIC V). In B.
thuringiensis, HlyII is a Fur-regulated virulence factor that induces host
cell death in insects (Tran et al., 2013). In B. cereus HlyII was char-
acterized as a secreted cytolytic oligomeric β-barrel pore-forming toxin
(Andreeva et al., 2007, 2006). Moreover, we identified orthologs which
are present in the fast killing genotypes ERIC III, IV and V, but absent in
the slow- (ERIC I) and medium-speed (ERIC II) killing genotypes. Or-
thologs which occur in ERIC II I-V, but not in ERIC I and II were the α-
subunit of a nitrate reductase (narG) described for M. vanbaalenii
(Smith, 2003) and the CpaF protein (flpF) of A. hydrophila (Boyd et al.,
2008). In mycobacteria, NarG supports bacterial growth under anae-
robic or microaerophilic conditions, which seems to be important
during infection (Smith, 2003). Further orthologs were the histidine
ABC transport system permease HisQ (YPA_2067) of Y. pestis, a pa-
thogen which can grow in the midgut of fleas (Deng et al., 2002;
Bengoechea et al., 2004), and the DrrA protein (drrA) of M. in-
tracellulare (Camacho et al., 2001). CylM (cylM) of E. faecalis, another
ortholog found in the investigated fast killing ERIC genotypes II I-V is
known to introduce modifications in lantibiotics (Coburn and Gilmore,
2003). This may have relevance for bacteriocin activities against Gram-
positive competitors. Also the ortholog hcnC of the hcnABC gene cluster
of P. fluorescens may influence the antimicrobial and insecticidal ac-
tivity of ERIC II I-V. It was suggested that hydrogen cyanide (HCN), a
metabolite produced by the HCN synthase of many insect-pathogenic P.
fluorescence strains, comes into play when the pathogen enters the he-
molymph of insect larvae (Pessi and Haas, 2000; Laville et al., 1998).

Since the reverse search for orthologs, which are exclusively present
in the slow-and medium-fast killing genotypes ERIC I and II, did not
lead to a single hit, we hypothesize that a loss of certain virulence
factors in the fast-killing genotypes ERIC II I-V may have resulted in the
slow-killing ERIC genotypes. This is in line with the recent compre-
hensive proteomic analysis of exoproteins expressed by ERIC I-IV which
also corresponded with the different speeds at which honey bee larvae
are killed by the different genotypes (Erban et al., 2019).

5. Conclusion

It has been suggested that a slow-killing phenotype of P. larvae re-
presents an adaptation to escape the social hygiene behavior of nurse
bees (Rauch et al., 2009). The faster a P. larvae genotype kills infected
larvae, the more efficiently these larvae are removed from the colony
by nurse bees. In contrast, a slow-killing genotype better avoids re-
moval by nurse bees before cell capping, which results in higher spore
production and transmission rates (Rauch et al., 2009; Genersch, 2010).
Our study corroborates this hypothesis by the detection of the new non-
prevalent genotype ERIC V, and by identifying virulence genes, which
may be responsible for the fast-killing phenotype of the P. larvae gen-
otypes ERIC II I-V. Since inactivation or loss of a few genes can trans-
form a fast-killing phenotype into the more dangerous slow-killing
phenotype, these rarely isolated genotypes may represent an un-
derrated reservoir for future AFB outbreaks.
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