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Existence of Paenibacillus larvae genotypes ERIC I-ST2, ERIC I-ST15 and
ERIC II-ST10 in the western region of Aichi prefecture, Japan
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aBsTRACT. American foulbrood is the most destructive honeybee bacterial disease. The etiological agent, Paenibacillus larvae, has been
classified into four genotypes by a repetitive-element PCR (ERIC I-1V) and 21 sequence types by multilocus sequence typing (ST1-21).
In this study, we genotyped Japanese P. larvae isolates for the first time and revealed the presence of three genotypes (ERIC I-ST2, ERIC
I-ST15 and ERIC II-ST10) in the western region of Aichi prefecture. ERIC I-ST15 and ERIC II-ST10 are globally distributed types,
whereas the ERIC I-ST2 isolate was the first isolate of this genotype identified outside the native range of the European honeybee. The ERIC
I and II isolates differed in phenotypes including cell morphology, and these may be useful for predicting ERIC types.
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American foulbrood (AFB) is the most severe bacte-
rial disease of the honeybee brood; it is caused by a Gram-
positive, spore-forming bacterium, Paenibacillus larvae.
Larvae become infected through the ingestion of P. larvae
spores. Soon after being ingested, the spores germinate in
the midgut lumen, and vegetative bacteria proliferate within
the midgut, breach the midgut epithelium and invade the he-
mocoel [5, 15]. In typical clinical cases, the diseased brood
turns creamy brown, then dark brown, becomes ropy and
eventually dries out to form hard dark scales. In each dis-
eased brood, P. larvae produces extremely high numbers of
spores, which become the infection source in the next host.
AFB occurs throughout the world and causes considerable
economic losses in the apiculture industry.

P. larvae strains have been classified into four genotypes
(ERIC I-IV) by repetitive element PCR (rep-PCR) using
enterobacterial repetitive intergenic consensus (ERIC) prim-
ers [8, 12]. Among these genotypes, ERIC I and II have
frequently been isolated from AFB cases, while ERIC III
and IV have not been identified in field isolates in recent
years; therefore, ERIC I and II are regarded as two practi-
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cally important genotypes in AFB [5]. The four ERIC types
were previously shown to differ in their phenotypes includ-
ing colony morphology, metabolism of carbon sources and
virulence [8]. For example, ERIC I strains form whitish
colonies, whereas colonies of ERIC II and III strains are
orange-pigmented. Pigmented and non-pigmented strains
have both been reported in the ERIC IV genotype [3, 8].

A multilocus sequence typing (MLST) scheme was re-
cently developed for P. larvae [12]. By using this method,
strains of the four ERIC genotypes were further separated
into 21 sequence types (STs): ERIC I into 16 STs (ST1-7,
13-21), ERIC 11 into three STs (ST10-12) and ERIC III and
IV into two STs (ST8-9) [12]. An analysis of international
isolates by the MLST scheme revealed that some STs are
globally distributed while others are more localized, and
several STs were only found outside the native range of the
European honeybee (4pis mellifera), where honeybees were
introduced relatively recently from other countries [12].
These MLST data as well as ERIC typing data have been
deposited in the P. larvae MLST database (http://pubmlst.
org/plarvae/). The construction of a more comprehensive
multinational data set in the database will improve our un-
derstanding of AFB.

In the MLST database, five ST10 isolates have been reg-
istered as mixed origin isolates from China, Singapore and
Japan; however, the actual origin of the isolates currently re-
mains unclear. AFB occurs every year in Japan; however, the
detailed characteristics of Japanese P. larvae isolates have
not yet been described. As of January 2015, approximately
5,000 A. mellifera colonies were kept at approximately 240
bee farms in Aichi prefecture, Japan. In this area, one to nine
AFB cases have been reported every year in the past five
years. In the present study, we analyzed seven P. larvae iso-
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Table 1. P. larvae isolates analyzed in this study
. Year of Sporesin . Spore Average days Genotyping
Isolate Source Site of the AFB a giseased P1gmer}ted Hemolysis forrl;ation neededgto fo}r]m results
occurrence colonies o - e ——
outbreak brood invitro®  spores in vitro® ERIC MLST

N Diseased brood  Seto city 2012 + + - + 10 days I STI10
(6] Diseased brood  Ichinomiya city 2013 + + - - II  STI10
KH Diseased brood  Inuyama city 2014 + + - - II  STI10
IK Diseased brood  Kasugai city 2014 + + - - I STI10
I Diseased brood Inazawa city 2013 + - - + 3.6 days I ST15
SK Diseased brood ~ Seto city 2014 + - - + 4 days I ST2
KM Diseased brood  Aisai city 2014 + - - - I STIS

a) The formation of spores was examined on J -agar at 37°C in air plus 5% CO, for 14 days.

lates, isolated from AFB cases occurring between 2012 and
2014, in the western region of Aichi prefecture and revealed
their genotypic and phenotypic characteristics.

All seven P. larvae isolates were isolated from a foul
brood exhibiting the clinical signs of AFB. Brood samples
were collected using sterile cotton swabs, inoculated on
J-agar [9] and cultured at 37°C in air plus 5% CO,. Bacte-
rial colonies grown on agar and considered to be P. larvae
were subcultured, and the genomic DNA of the well-iso-
lated bacteria was extracted by InstaGene Matrix (Bio-Rad
Laboratories, Inc., Hercules, CA, U.S.A.) according to the
manufacturer’s instructions. Bacterial isolates were identi-
fied as P. larvae based on morphological characteristics and
a P. larvae-specific PCR assay [11]. The identification was
further confirmed by analyzing 16S rRNA gene sequences as
described previously [1, 4].

In order to investigate spore formation in vitro and the
morphology of the isolates, all isolates were cultured on J-
agar without glucose (J'-agar: tryptone 5 g, yeast extract 15
g, KbHPO, 3 g and agar 15 g/l) at 37°C for 14 days in air
plus 5% CO,. Bacterial cell morphology was observed by
light microscopy after Gram staining. Conventional meth-
ods were used to test for the production of catalase. Other
biochemical tests were performed using API 20 E, API 20
NE and API 50 CH (bioMérieux, Marcy 1’Etoile, France)
according to the manufacturer’s instructions. The substrates
used in biochemical tests are listed in Table S1 in the supple-
mentary file. In order to identify hemolytic activity, isolates
were cultured on Columbia blood agar with 5% horse blood
(bioMérieux) and 5% sheep blood agar (Nissui Pharmaceuti-
cal Co., Ltd., Tokyo, Japan) plates at 37°C for 3 days under
air plus 5% CO, conditions.

The ERIC type of the isolates was determined
by rep-PCR with the primers ERICIR (5-ATGTA-
AGCTCCTGGGGATTCAC-3") and ERIC2 (5'-AAGTA-
AGTGACTGGGGTGAGCG-3') [6, 8]. PCR was performed
in a final reaction volume of 50 x/ containing 1x Ex Taqg PCR
buffer (Mg?" free), 2.5 mM MgCl,, 0.25 mM of each dNTP,
0.4 uM of each primer, 1.25 U Ex Taq DNA polymerase (Ta-
kara Bio, Kusatsu, Japan) and 125 ng template DNA. The
reaction conditions consisted of an initial denaturation step
at 95°C for 2 min, followed by 35 cycles of denaturation at
94°C for 1 min, annealing at 53°C for 1 min and extension

at 72°C for 2.5 min, followed by a final extension at 72°C
for 10 min. Five microliters of the amplified product was
electrophoresed (100V, 40 min) on a 0.8% agarose gel. The
separated products were stained with ethidium bromide and
visualized by UV light. The ERIC type was determined by
comparing the visualized DNA band patterns with those re-
ported previously [8]. MLST was performed by sequencing
seven genes as described previously [12]. Sequencing was
carried out with a BigDye Terminator v3.1 cycle sequencing
kit using a 3130x/ Genetic Analyzer (Applied Biosystems,
Foster City, CA, U.S.A.). The allelic numbers and STs of
the isolates were determined by comparing their sequences
with those in the P. larvae MLST database (http://pubmlst.
org/plarvae/). The genotyping data were deposited in the
database.

As summarized in Tables 1 and 2, AFB cases found in this
area between 2012 and 2014 were not caused by a single-spe-
cific strain, but by multiple strains with different phenotypes
and genotypes. On J-agar and J'-agar plates, four isolates (N,
0, KH and IK) formed orange-pigmented colonies (Fig. 1A).
Colonies were more pigmented on J'-agar than on J-agar.
These four isolates were all assigned to the same genotype
(ERIC IT and ST10). On the other hand, colonies of the other
three isolates (I, SK and KM) were whitish and somewhat
transparent (Fig. 1B), and were assigned to ERIC 1. These
non-pigmented isolates were further classified into ST15
(I and KM) and ST2 (SK) by MLST. None of the isolates
showed hemolysis on the blood agar plates tested (Table 1).
These results are consistent with the reported ERIC type/ST
correlation and phenotype/genotype correlation [8, 12]. The
geographic distribution of the isolates is shown in Fig. 2.
Both ERIC types were distributed relatively widely in this
area, implying that both types are already widespread in the
western region of Aichi prefecture; however, it currently
remains unknown when and how the two types spread in
this area. No novel genotype was found in this study. All
three genotypes have been found in other countries [12].
ERIC I-ST15 in particular is one of the most common and
widespread types and has been detected in multiple coun-
tries and across five continents. ERIC II-ST10 is also widely
distributed and has been found in Europe, North America,
Oceania and Asia. Both genotypes were identified not only
within the native range of 4. mellifera (Europe, Africa and
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Fig. 1. Morphological characteristics of P. larvae isolates analyzed
in this study. (A and B) Colonies grown on J-agar. Pigmented (A)
and non-pigmented (B) P. larvae colonies were both isolated from
the AFB cases examined in this study. (C and D) Gram staining of
P. larvae isolates cultured on J -agar at 37°C for 3 days. Pigmented
ERIC II isolates mainly consisted of short rod-shaped cells (C),
while bacterial cells of non-pigmented ERIC I isolates were long
rods and occurred in chains (D). Photos of isolates I (ERIC I) and
KH (ERIC II) are shown as representatives.

Asia), but also outside this region [12]. In contrast, ERIC
[-ST2 strains have so far only been isolated in samples from
the native range [12]. Japan is not in the native range of A.
mellifera, which was imported into Japan in 1877 in order
to increase honey productivity. Therefore, isolate SK is the
first example to demonstrate the presence of ST2 P. larvae
outside the native host range.

Fig. 2.  Geographic distribution of isolate origins; squares are ERIC
I, and triangles are ERIC II.

Although spores were detected in diseased broods in
all seven AFB cases, only three of the seven isolates (N, I
and SK) formed spores on J'-agar during the examinations
(Table 1), and there was no correlation between the ERIC
type and spore formation in vitro. However, among the three
isolates, ERIC I isolates (I and SK) formed spores earlier than
the ERIC II isolate (N) (Table 1). Furthermore, the ERIC I
isolates formed much more spores than the ERIC II isolate
(data not shown). Interestingly, the bacterial cell morphology
of'the isolates cultured for 2—3 days on J- and J'-agar differed
between ERIC I and II. Cells of ERIC II isolates were short
and plump rods (Fig. 1C), whereas those of ERIC I isolates
were long rods and occurred in long chains (Fig. 1D).

Biochemical tests showed that all seven isolates me-
tabolized D-trehalose, D-glucose and gelatin, while the
metabolic profiles of D-fructose, D-mannose, D-mannitol,
salicin, glycerol, D-ribose, N-acetyl glucosamine and D-
tagatose varied among the isolates (Table 2). The other bio-
chemical characteristics tested, including catalase activity,
were negative in all isolates. Genotype-specific differences
were observed in D-fructose and D-mannose. These sugars
were only fermented by the ERIC II isolates, and not by the
ERIC I isolates (Table 2). These results are consistent with
previous findings [2, 13]. Neuendorf ez al. found that only
genotype 4B, which is a genotype determined by another
rep-PCR method and correlated with ERIC II, had the ability
to metabolize D-fructose and D-mannose [13]. D-fructose
was also only fermented by ERIC II strains, and not by ERIC
I strains in a recent Italian study [2]. In both these studies,
100% of the investigated ERIC II/genotype 4B isolates
metabolized D-fructose [2, 13]; therefore, this sugar was
reported as a genotype-specific biochemical marker [2]. Our
results further support the usefulness of D-fructose as an
ERIC II-specific marker.

Genersch et al. [8] also reported genotype-specific dif-
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Table 2. Metabolic profiles of P. larvae isolates
Genotype Fermentation®)
Isolate Catalase? Gelatin® D- D- D- D- D- o N-Acetyl D-
ERIC MLST Trehalose Glucose Fructose Mannose Mannitol Salicin - Glycerol Ribose Glucosarr?,ine Tagatose

N I ST10 - + + + + + - - - + + -
(6] 1I ST10 - + + + + + + - - + + -
KH 1I ST10 - + + + + + + - - + + +
IK I ST10 - + + + + + + - - + - +
I I STI15 - + + + - - - - - - + -
SK I ST2 - + + + - - - - - - + -
KM 1 ST15 - + + + - - - + + + + +

a) +, positive; =, weak positive; —, negative.

ferences in the metabolism of salicin and mannitol, namely,
ERIC 1 strains were able to use salicin, but not mannitol,
while ERIC II strains metabolized mannitol, but not salicin.
In the present study, D-mannitol was only fermented by
ERIC 1I isolates; however, one of the ERIC II isolates did
not have the ability to use it. Although salicin was fermented
by one ERIC I isolate, the other isolates did not have the
ability to metabolize it (Table 2). These results partially dif-
fer from the findings of Genersch et al. [8]; however, our
results were comparable to a recent study on Italian isolates,
in which 86.6% of the ERIC II strains had the ability to use
mannitol, and only 5% of the ERIC I strains metabolized
salicin [2]. Since the metabolism of salicin may be weak in
P, larvae [10], it is not easy to evaluate test results based on
color changes of the indicator. Although all studies includ-
ing this one used API systems (bioMérieux) for biochemical
tests, the discrepancies between different studies may be
partly due to differences in the reading criteria of the test
results. Furthermore, mutations that occurred in the genes re-
sponsible for metabolism in the field or during subcultures in
laboratories may have caused some of these discrepancies.

ERIC I and II were shown to differ in virulence at both
the larval and colony levels [5, 7, 8, 14]. When examined
in exposure bioassays, strains of ERIC II were highly
virulent against larvae and killed all tested larvae within
approximately 7 days. This means that most of the infected
larvae die before their brood cells are capped, resulting in
the efficient removal of the infected larvae from the colony
by hygienic nurse bees and a low level of spore production
within the colony. In contrast, ERIC I was less virulent for
the individual larva and needed approximately 12 days to
kill all infected larvae; therefore, more larvae die after cell
capping in ERIC I-strain-infected colonies, leaving nurse
bees only a small chance of cleaning out the infected larvae,
resulting in a higher level of spore production, the more rapid
spread of spores within the colony and faster colony collapse
than ERIC Il-strain-infected colonies [5, 7, 8, 14]. Since the
seven AFB cases in the present study were inspected after
all infected colonies had collapsed, we were unable to deter-
mine whether the reported differences in disease progression
also occurred in these cases.

In the present study, we revealed the existence of ERIC 1
and II genotypes in Japan and found an ST2 isolate outside
the native range of A. mellifera for the first time. We also

detected several phenotypic differences between ERIC I and
IT isolates. Since ERIC IIT and IV strains have not recently
been isolated [5], these phenotypic differences, in particular,
differences in cell morphology, along with the previously
reported differences in colony pigmentation and fermenta-
tion of D-fructose, may become indicators to more easily
discriminate between ERIC I and II. Since the numbers and
areas of analyzed AFB cases are limited, the population
structure of P. larvae in Japan is still unknown. More exten-
sive studies on diverse AFB cases in Japan and the detailed
characterization of isolated P. /arvae will help us to under-
stand not only the local, but also global epidemiology of this
destructive honeybee disease.
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