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Abstract
The bacterial pathogen Paenibacillus larvae subsp. larvae (P. l. larvae), is the etiological agent of American foulbrood, an

extremely contagious and disastrous disease of honeybee brood. In case of American foulbrood the destruction of infected

colonies is often considered the only workable control measure. Therefore, the ability to diagnose this disease properly is

important to prevent unnecessary economic loss to beekeepers. The development of suitable methods for the early and reliable

detection of P. l. larvae is hampered by the fact that the two subspecies of Paenibacillus larvae, P. l. larvae and Paenibacillus

larvae subsp. pulvifaciens (P. l. pulvifaciens), seem to be indistinguishable by cultural characteristics as well as by PCR

protocols. Here we present an extensive analysis of several P. larvae reference strains. We employed conventional culture

techniques, morphological and biochemical identification, PCR-based methods and sequencing of the 16S rDNA. We found

indeed that P. l. pulvifaciens strain DSM 3615 is indistinguishable from P. l. larvae (DSM 7030). We did not face any problems to

discriminate between P. l. larvae and P. l. pulvifaciens strains DSM 8442 and DSM 8443. Therefore, classification of DSM 3615

as type strain of P. l. pulvifaciens seems not to be justified. We propose to reclassify this strain as P. l. larvae. Former problems in

differentiating the two subspecies might have arisen from this misclassification. PCR-based methods as well as appropriate

biochemical identification systems provide a reliable means for the discrimination between the two subspecies P. l. larvae and

P. l. pulvifaciens.
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1. Introduction

The Gram-positive, spore-forming bacterium

Paenibacillus larvae subsp. larvae (P. l. larvae), is

the etiological agent of American foulbrood (AFB),

the most serious bacterial disease of honeybee larvae.

AFB is an extremely contagious disease, which

readily spreads within an apiary by just moving a

comb from one hive to the other as well as between

apiaries by e.g. robbery or drifting bees. AFB has

spread around the world and in many countries AFB is

a notifiable disease and, therefore, control measures

are regulated by corresponding laws.

Paenibacillus larvae subsp. pulvifaciens (P. l.

pulvifaciens) is a close relative to P. l. larvae. It is

also considered a bee pathogen, most likely causing

the rare Powdery scale disease of honeybee brood

(Katznelson, 1950; Bailey and Ball, 1991).

The diagnosis of an outbreak of AFB is based on

clinical symptoms and on the isolation and identifica-

tion of P. l. larvae from diseased brood. Once an AFB

outbreak is officially stated most authorities consider

destruction of infected colonies by burning the only

workable control measure. All spore contaminated

material which cannot be disinfected by e.g. sodium

hydroxide or flaming must also be destroyed by

burning. Hence, AFB is causing great economical loss

to beekeepers all over the world.

Theoval-shapedspores represent the infectiousstage

of P. l. larvae. AFB is transmitted through spore-

containing honey being fed to newly hatched larvae.

Therefore, early diagnosis of infected although not

necessarily already clinically diseased bee colonies is

possible by detection of P. l. larvae spores in honey

samples. Prophylactic measures, like AFB monitoring

programs, are mostly based on such examinations. If

spores are detected in the absence of clinical symptoms

in most countries an outbreak of AFB cannot be offici-

ally declared. This opens the possibility to the beekeeper

ofcuring the infectedhivesbye.g. artificial swarms, thus

preventing the total loss of bees and material.

Since the consequences of a P. l. larvae-positive

result are serious it is absolutely necessary to be able

to unambiguously identify P. l. larvae and to

discriminate between P. l. larvae and close relatives

like P. l. pulvifaciens.

Mostly, diagnosis of P. l. larvae is based on

conventional culture methods followed by further
analysis of suspect colonies, which showed cultural

characteristics indicative for P. l. larvae. To be

diagnosed as P. l. larvae a colony must meet several

additional criteria, like being catalase-negative and

forming giant whips upon sporulation.

Recently, different PCR-based methods for the

identification of P. l. larvae were published (Govan et

al., 1999; Dobbelaere et al., 2001b; Lauro et al., 2003).

Although, PCR is a very powerful tool in the exact

identification of and discrimination between pathogens

it hitherto seemed to be impossible or at least

complicated to distinguish between P. l. larvae and

P. l. pulvifaciens by PCR methods. Originally, the PCR

detection method was developed for the identification

of the species P. larvae without any subspecies

differentiation (Govan et al., 1999). In ensuing studies

(Dobbelaere et al., 2001b; Lauro et al., 2003) the

possibility to discriminate between the two subspecies

P. l. larvae and P. l. pulvifaciens was analyzed and it was

stated that PCR-based methods are not suitable for this

purpose. To evaluate the possibilities to discriminate

between these two subspecies of P. larvae using

molecular methods we extensively analyzed P. l.

pulvifaciens reference strains DSM 3615, 8842 and

8443 and P. l. larvae reference strain DSM 7030. We

employed conventional culture as well as several

molecular methods, like diagnostic PCR, biochemical

fingerprinting and sequencing of 16S rDNA.
2. Materials and methods

2.1. Bacterial isolates

Reference strains for P. l. larvae and P. l.

pulvifaciens (DSM 7030 and DSM 3615, 8442,

8443, respectively) were obtained from the Deutsche

Sammlung von Mikroorganismen und Zellkulturen

GmbH (DSMZ), Braunschweig, Germany. P. l. larvae

DSM 7030 is identical to reference strain ATCC 9545.

P. l. pulvifaciens DSM 3615, DSM 8442 and DSM

8443 are identical to ATCC 49843, NRRL NRS1683

and NRRL NRS1684, respectively (see also Table 3).

2.2. Bacterial culture

P. larvae reference strains DSM 7030, DSM 3615,

DSM 8442 and DSM 8443 were cultured on Columbia
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sheep blood agar plates exactly as given by the DSMZ.

For further analysis, reference strains were stored as

bacterial suspensions in 25% glycerol in brain heart

infusion (BHI) broth at �70 8C.

Cultivation of P. larvae from these bacterial

suspensions was performed by thawing the suspension

at 4 8C prior to streaking them onto Columbia sheep

blood agar plates using a sterile wooden stick. Three

plates were prepared from each sample. Plates were

incubated at 37 8C and evaluated for bacterial growth

after 3 and 6 days. After 6 days the identity of the

colonies was verified again by catalase- and Plage-

mann-tests as well as by specific PCR-detection prior

to subsequent detailed analysis.

2.3. Catalase- and Plagemann-tests

All P. larvae-cultures were analyzed by catalase-

and Plagemann-tests. For the catalase test, part of a

colony of each bacterial culture was transferred to a

microscopic slide using a sterile wooden stick and

mixed with a drop of 3% H2O2. Production of air

bubbles is indicative for catalase activity, whereas no

air bubbles indicate missing catalase activity. P. larvae

is described as catalase negative or weak, delayed

positive (Heyndrickx et al., 1996). For the Plagemann-

test (Plagemann, 1985), the liquid part of Columbia

sheep blood agar slants was inoculated with one

bacterial colony taken off the Columbia sheep blood

agar plates. The tube was air tight sealed with Parafilm

and incubated at 37 8C for 10 days. Subsequently, the

liquid part was analyzed for the presence of spores and

giant whips by phase contrast microscopy. For the

subspecies P. l. larvae giant whips occurring upon

sporulation are characteristic (Ritter, 1996; Hansen

and Brodsgaard, 1999). Formation of giant whips

upon sporulation was also observed for all three

P. l. pulvifaciens strains.

2.4. P. l. larvae specific PCR-reaction

For PCR identification of bacterial colonies grown

on agar plates, part of the colony in question was

resuspended in 50 ml bidistilled water and subse-

quently incubated at 90 8C for 15 min. Probes were

centrifuged at 5000 � g for 10 min. The supernatant

containing the DNA was transferred to a new tube and

directly used for PCR analysis. PCR analysis was
based on 16S rDNA sequences of P. l. larvae

(accession numbers AY030079 for strain NRRL B-

3555 and X60619 for strain ATCC9545) and on the

partial sequence of the gene for a 35 kD-metallopro-

tease from P. l. larvae (accession number AF111421).

Primer sequences were designed using MacVector 6.5

software and compared with published sequences in

the GenBank databases using BLAST (Altschul

et al., 1990):

Pll-16S E1: 50- GCAAGTCGAGCGGACCTTGTG-30

Pll-16S E2: 50-AAACCGGTCAGAGGGATGTCA-

AG-30

Pll-16S F6: 50-GCACTGGAAACTGGGAGACTTG-

30

Pll-16S B11: 50-CGGCTTTTGAGGATTGGCTC-30

Pll-MP F3: 50-CGGGCAGCAAATCGTATTCAG-30

Pll-MP B1: 50-CCATAAAGTGTTGGGTCCTCTAA-

GG-30
PCR reactions were carried out as previously

described (Neuendorf et al., 2004). About 5 ml of the

PCR reactions were analyzed on a 0.8% agarose gel.

The DNA bands were stained with ethidium bromide

and visualized by UV light. Specific amplicons

generated with Pll-16S P1/P2, Pll-16S F6/B11 and

Pll-MP F3/B1 were 965 bp, 665 bp and 273 bp in

length, respectively. Specificity of the amplicons was

verified by sequencing.

2.5. Biochemical fingerprinting (api- and

BIOLOG-system)

The metabolic pattern of the bacterial strains was

tested with the api- (Biomérieux, France) and with the

BIOLOGTM-system (obtained through Oxoid, Ger-

many).

The api 50CH-system allows the study of the

carbohydrate metabolism of bacteria and consists of

50 microtubes. The first tube contains no substrate and

is used as the negative control. The remaining 49 tubes

contain a defined amount of dehydrated carbohydrate

substrate. Fermentation is shown by a colour change in

the tube due to acid production. For typing of the

Paenibacilli strains the api 50CHB/E medium was

used. The system enables the biochemical identifica-

tion and typing of bacilli and related genera, but the

identification database does not include P. l. larvae

genbank:AF111421
genbank:L77763
genbank:M63575
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and P. l. pulvifaciens. For bacilli the additional use

of an api 20E (bioMérieux, France), which analyzes

the ability of a bacterium to perform a set of specific

biochemical reactions, is recommended and was

carried out. The tests were performed according to

the manufacturer’s instructions. The bacterial strains

were grown on Columbia sheep blood agar and the

inoculum was checked with a densitometer to corres-

pond a turbidity of McFarland 2. The strips were read

after incubation for 24 and 48 h at 37 8C.

The BIOLOGTM-system is a 95 carbon source test,

where the ability of a bacterial isolate to metabolize

these carbon sources is used for identification pur-

poses. Cultivation and preparing of P. larvae isolates

for metabolic analysis using the BIOLOGTM-system

was performed according to the manufacturer’s

instructions for spore-forming, Gram-positive rods,

with minor modifications to meet the growth require-

ments of P. l. larvae (Neuendorf et al., 2004). Briefly,

single pure colonies of P. larvae were subcultured on

BUG-M-T agar plates (bacterial universal growth agar

supplemented with 0.25% maltose and swapped with

thioglycolate) with one colony per plate. For the

analysis of one isolate, eight pure colonies of this

isolate were subcultured on eight BUG-M-T plates.

Growth of bacteria was allowed at 37 8C for 48 h since

P. l. larvae is a slowly-growing bacterium. Subse-

quently, the inoculum was prepared and turbidity was

adjusted to match the turbidity standard (Oxoid

GmbH, Germany) at 28% T � 2% (OD: 0.55). A

GP2 MicroPlateTM (Oxoid GmbH, Germany) was

inoculated with 150 ml bacterial suspension per well

and incubated at 37 8C for 24 h. Metabolic activity

was determined by reading the plates (endpoint

reading method) in a microplate reader (EL800,

BIO-TEK Instruments) with a primary wavelength

of 590 nm and a reference wavelength of 750 nm.

Positive wells were then entered manually into the

Biolog MicroLog1 (release 4.20) software. Interpreta-

tion of the results and identification of the bacterial

strain in question was performed automatically by the

software. If the obtained profile matches one of the

standard profiles present in the data bank the system’s

software is able to identify the bacterium and to

provide information on the probability of this identi-

fication. The identification database does include

P. l. larvae but does not include P. l. pulvifaciens. All

strains were analyzed at least in triplicate.
2.6. 16S rDNA sequencing

DNA was isolated from a loopful of bacterial cells

using spin columns (NucleoSpin Tissue Kit, Macherey

& Nagel, Düren, Germany) in 100 ml of elution

buffer according to the manufacturer’s instructions.

Extracted DNA was subjected to amplification in a

final volume of 50 ml containing 0.5 mM of each

oligonucleotide primer (GM3F: 50AGAGTTTGATC-

AGAGTTTGATCMTGGC-30; GM4R: 50TACCTTG-

TACCTTGTTACGACTT-30, Buchholz-Cleven et al.,

1997), 250 mM (each) dATP, dCTP, dGTP and

dTTP (Amersham Biosciences, Freiburg, Germany),

1.5 mM MgCl2 and 0.5 U of DNA Taq polymerase

(Qiagen, Hilden, Germany). PCR was performed for

29 cycles of 45 s at 94 8C, 60 s at 50 8C and 90 s

at 72 8C.

Double-stranded PCR products were sequenced

directly with the primers used for PCR using the

BigDye Terminator Cycle Sequencing kit according to

the protocol of the manufacturer (Applied Biosystems,

Foster City, USA). Additional primers were used to

sequence upstream and downstream of the PCR

product. Sequencing products were run on an ABI

Prism 310 genetic analyzer. Sequences were edited

with the OMIGATM 2.0 (Accelrys, Cambridge, UK)

program and aligned by using the Clustal W algorithm

(Thompson et al., 1994). The 16S rDNA sequence data

obtained from the isolates was compared with

published sequences in the GenBank databases using

BLAST (Altschul et al., 1990).
3. Results

3.1. PCR-identification of P. larvae

PCR-based methods are a state-of-the-art means in

the diagnosis of many pathogens. In order to establish

a PCR protocol for the definite identification of P. l.

larvae we used two primer pairs amplifying different

regions from the 16S rDNA as well as one primer pair

amplifying a 273 bp-fragment from the gene for a P. l.

larvae-specific metalloprotease (Table 1). We tested

these primers with the P. l. larvae reference strain

DSM 7030 and with three different reference strains of

P. l. pulvifaciens, DSM 3615, DSM 8442 and DSM

8443. All three primer pairs generated specific
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Table 1

Sequences for the metalloprotease gene: Comparison of P. l. larvae PCR primer sequences to sequences of other species

P.l. larvae primer and species Sequence % Identity to P.l. larvae sequence

MP3 (forward) 50-CGGGCAGCAAATCGTATTCAG-30 100

P. thuringiensis 50-CGGatcaCAgATgGTATaCgG-30 62

P. caldolyticus 50-CGGttcGCAAATgGTgTaCgG-30 67

P. amyloliquefaciens 50-CGGcgAcCAAATgaTtTaCgG-30 62

P. polymyxa 50-CGGctccCAAATgactTatgG-30 48

P. brevis 50-CGGcagcCAgATgGTtTatgG-30 52

B. cereus 50-CGGatcaCAgATgGTATaCgG-30 62

B. megaterium 50-tGGctctCAAATgGTATaCgG-30 62

MP1 (reverse) 50-CCTTAGAGGACCCAACACTTTATGG-30 100

P. thuringiensis 50-CtaTgagtGATCCtAcgaagTATGG-30 52

P. caldolyticus 50-CgaTgtccGACCCggCgaaaTAcGG-30 48

P. amyloliquefaciens 50-gCTTAtccaAtCCgACAaaaTAcGG-30 56

P. polymyxa 50-CaaTgtccaAtCCtACtCTgTAcGa-30 48

P. brevis 50-CCcTgcAGGACCCggCAgcgTATGG-30 68

B. cereus 50-CtaTgagtGAtCCtACgaagTATGG-30 52

B. megaterium 50-CaaTgagcaACCCAgCgaaaTATGG-30 52

The nucleotide sequences of P. l. larvae PCR primers and corresponding regions of the nucleotide sequences of the neutral protease genes of

seven closely related Paenibacilli and Bacilli species were compared. Accession numbers are as follows: P. l. larvae, AF111421; P. thuringiensis,

L77763; P. caldolyticus, M63575; P. amyloliquefaciens, K02497; P. polymyxa, D00861; P. brevis, X61286; B. cereus, M83910; B. megaterium,

X75070. Nucleotide sequence identity with P. l. larvae is indicated by capital letters.
amplicons when used with P. larvae strains DSM 7030

and DSM 3615. In contrast, no amplification products

could be observed with strains DSM 8442 and DSM

8443 (Fig. 1).

3.2. Biochemical fingerprinting of

P. larvae strains

We applied the api 50CH-system to metabolically

characterize the P. larvae reference strains DSM 7030,

DSM 3615, DSM 8442 and DSM 8443. In Table 2A,

the three different metabolic profiles obtained are

depicted: The carbohydrate metabolic pattern of P. l.

pulvifaciens strains DSM 8442 and DSM 8443 was

identical with both strains reacting positive for

glycerol, ribose, glucose, fructose, mannose, N-

acetyl-glucosamine, arbutin, esculin, salicin, maltose

and trehalose. The carbohydrate utilization of P. l.

larvae DSM 7030 and P. larvae DSM 3615 were

similar to each other but differed in the ability to use

glycerol, salicin and mannitol. While P. l. larvae strain

DSM 7030 is able to metabolize glycerol and salicin,

P. larvae strain 3615 does not use these two

carbohydrates. Mannitol is solely accepted as meta-

bolic source by P. larvae DSM 3615. All other strains

reacted negative for this carbohydrate. Differences
between the profiles of the strains DSM 8442/DSM

8443 and the strains DSM 3615/DSM 7030 consist in

the metabolism of fructose, arbutin, esculin and

maltose which are not metabolized by the latter two

strains.

Using the api 20E system, the only positive reaction

was observed for gelatinolytic activity. P. l. pulvifa-

ciens strains DSM 8442 and DSM 8443 as well as P.

larvae strain DSM 3615 were able to degrade gelatine.

P. l. larvae DSM 7030 showed only weak gelatinolytic

activity (Table 2B).

For a more sophisticated metabolic analysis we

used the BIOLOG system, which allows the identi-

fication of different Paenibacillus species including

P. l. larvae. In Table 2C the metabolic profiles of all

four P. larvae strains as compared to the BIOLOG

standard profile are given. All four strains revealed

different metabolic patterns. Based on the similarities

they could be grouped into two subgroups with P. l.

larvae DSM 7030 and P. larvae DSM 3615 compris-

ing one group resembling the BIOLOG standard

profile for P. l. larvae and P. l. pulvifaciens DSM 8442

and DSM 8443 comprising the other subgroup not

related to the P. l. larvae BIOLOG standard. In

accordance, the BIOLOG system identified both,

P. l. larvae DSM 7030 and P. larvae DSM 3615, as

genbank:AF111421
genbank:L77763
genbank:M63575
genbank:AY530294
genbank:AY530296
genbank:AY530297
genbank:AY530295
genbank:X75070
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Fig. 1. PCR-identification of P. larvae. PCR-analysis of different P. larvae strains using primer pairs Pll-16S E1/E2 (Pll 16S 1/2) and Pll-16S F6/

B11 (Pll 16S 6/11) for amplification of 16S rDNA fragments and primer pair Pll-MP F3/B1 (Pll MP 3/1) for amplification of a metalloproteinase

gene segment. PCR products were analyzed on a 0.8% agarose gel in the presence of appropriate molecular size markers.
P. l. larvae with a probability ranging between 96%

and 99%; P. l. pulvifaciens strains DSM 8442 and DSM

8443 obtained no identification. The main differences

between the two groups lay in the metabolism of

adenosine, 20-deoxy-adenosine, inosine, thymidine,

uridine, adenosine-50-monophosphate, thymidin-50-
monophosphate and uridine-50-monophosphate which

could be metabolized by P. l. larvae DSM 7030 and

P. larvae DSM 3615 but not by P. l. pulvifaciens DSM

8442 and DSM 8443 and within dextrin, Tween

80, L-arabinose, arbutin, D-fructose, lactulose, maltose,

maltotriose, a-methyl-D-mannose, D-psicose, D-ribose,

salicin, D-tagatose, D-xylose, acetic acid, b-hydroxy-

butyric acid, g-hydroxy-butyric acid, a-ketoglutaric

acid, a-ketovaleric acid, N-acetyl-L-glutamic acid,

L-alaninamid, L-glutamic acid, L-pyroglutamic acid,

L-serine, putrescine, 2,3-butanediol, D-fructose-6-

phosphate, D-glucose-6-phosphate and D,L-a-glycerol-

phosphate which could not be metabolized by the P. l.
larvae-subgroup but rather by the P. l. pulvifaciens-

subgroup.

3.3. 16S rDNA sequencing

The sequences of the partial 16S rRNA gene

fragment of P. l. larvae (strain DSM 7030), P. l.

pulvifaciens (strains DSM 8442 and DSM 8443) and

DSM 3615 have been deposited under Genbank

accession nos. AY530294, AY530296, AY530297 and

AY530295, respectively. There is 100% identity

between DSM 8442 and DSM 8443 at the 16S rRNA

gene sequence level (Fig. 2). The high level of genetic

similarity among these P. l. pulvifaciens strains

suggested that they are clonally related. The sequence

of DSM 3615 showed only 88% homology to DSM

8442/8443. However, a 100% identity was observed to

P. l. larvae strain DSM 7030 partial 16S rRNA gene

sequence. The 16S rDNA analysis showed once more

genbank:AY530294
genbank:AY530296
genbank:AY530297
genbank:AY530295
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Table 2A

Carbohydrate metabolic profile of P. larvae using the api 50CH-system

The carbohydrate metabolic pattern of all four reference strains of P. larvae (DSM 7030, DSM 3615, DSM 8442 and DSM 8443) were analyzed

using the api 50CH-system. Positive reactions indicating the ability to metabolize the corresponding carbohydrate are indicated by a plus sign.
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Table 2B

Biochemical fingerprinting of P. larvae using the api 20E-system

The ability of all four reference strains of P. larvae (DSM 7030, DSM 3615, DSM 8442 and DSM 8443) to perform specific biochemical reaction

was analyzed using the api 20E-system. A plus sign indicates the ability to perform the corresponding reaction a minus sign in brackets indicates

weak reactivity.
the high similarity of DSM 7030 and DSM 3615,

suggesting they belong to the same subspecies.
4. Discussion

Difficulties in differentiating between P. l. larvae

and P. l. pulvifaciens are a common theme of most of

the studies dealing with classifying or diagnosing

these two subspecies. Here we present evidence that

this complicacy is at least partly due to a wrong

classification of one reference strain for P. l.

pulvifaciens, referred to in this study as DSM 3615

(for synonyms used in the literature see Table 3).

The most prominent distinctive feature between the

two subspecies is the presence or absence of catalase

activity. P. l. larvae, is described as obligatory catalase

negative (Heyndrickx et al., 1996). In accordance,

reference strain DSM 7030 reacted catalase negative

(data not shown). In contrast to P. l. larvae, P. l.

pulvifaciens can be catalase negative but also weak,

delayed catalase positive (Heyndrickx et al., 1996),

what was the case for reference strain DSM 3615 (data
not shown). P. l. pulvifaciens strains DSM 8442 and

8443 were weak but not delayed catalase positive (data

not shown) what might lie within an acceptable

spectrum of the catalase test. All four strains were

Plagemann-positive, i.e. giant whips were formed

upon sporulation (data not shown). Therefore, the

classification of the reference strains correlated with

the features catalase activity and occurrence of giant

whips.

Despite this classification, all molecular and

biochemical methods applied in our study suggest

that P. larvae reference strains DSM 3615 (originally

classified as P. l. pulvifaciens) and DSM 7030

(classified as type strain for P. l. larvae) show a high

degree of similarity. In particular, comparison of the

16S rDNA sequences of all four P. larvae strains

reveal 100% sequence identity for strains DSM 3615

and DSM 7030 and, therefore, both belong to the same

subspecies, P. l. larvae, P. l. pulvifaciens reference

strains DSM 8442 and DSM 8443 also showed 100%

sequence identity but with only 88% 16S rDNA

sequence homology to DSM 7030/DSM 3615 they

clearly differ from P. l. larvae.
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Table 2C

Metabolic profile of different P. larvae reference strains as determined by using the BIOLOG-system

The metabolic profile of all four reference strains of P. larvae (DSM 7030, DSM 3615, DSM 8442 and DSM 8443) was analyzed using the

BIOLOG system and compared to the standard profile for P. l. larvae as defined by the BIOLOG-software. A plus sign or a plus sign in brackets

indicates that 100% or less than 100%, respectively, of all strains investigated were able to metabolize the corresponding carbon source.
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Fig. 2. Comparison of 16S rDNA sequences of P. larvae.
So far, attempts to establish a specific diagnostic

PCR-based detection method for P. l. larvae failed

because it appeared to be impossible to differentiate

between the two subspecies P. l. larvae and P. l.
pulvifaciens (Govan et al., 1999; Dobbelaere et al.,

2001b; Lauro et al., 2003). In disaccord, our PCR

results obtained with primers amplifying regions of

the 16S rDNA and of a specific metalloprotease gene
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Table 3

Synonymous names and corresponding references for P. larvae

reference strains DSM 7030 and DSM 3615

Synonyms for DSM 7030 Referred to as P. l. larvae in

ATCC 9545 Ash et al. (1993)

Heyndrickx et al. (1996)

Lauro et al. (2003)

LMG 15969 Heyndrickx et al. (1996)

Dobbelaere et al. (2001)

LMG 9820 Heyndrickx et al. (1996)

Govan et al. (1999)

Dobbelaere et al. (2001)

Synonyms for DSM 3615 Referred to as P. l. pulvifaciens in

ATCC 13537 Alippi et al. (2002)

ATCC 49843 Ash et al. (1993)

Heyndrickx et al. (1996)

Lauro et al. (2003)

LMG 15974 Dobbelaere et al. (2001b)

NRRL B-3670 Alippi et al. (2002)

NRRL B-3688 Alippi et al. (2002)

NRRL B-3685 Heyndrickx et al. (1996)

LMG 6911

NCIMB 11201
revealed that only P. l. pulvifaciens strain DSM 3615

was indistinguishable from P. l. larvae DSM 7030.

Since our sequencing results indicate a 100%

sequence identity for the 16S rRNA gene of DSM

3615 and P. l. larvae DSM 7030, it is consequential

that these two strains cannot be distinguished by PCR-

protocols based on amplifying 16S rRNA gene

segments. More over, based on our sequence data

we propose to reclassify P. l. pulvifaciens DSM 3615

as P. l. larvae.

Using the api 50CH-system, Heyndrickx et al.

(1996) reported that P. l. larvae and P. l. pulvifaciens

can be differentiated by their ability to metabolize

mannitol and salicin: P. l. larvae metabolizes salicin

(may be weak) but not mannitol, whereas P. l.

pulvifaciens is able to use mannitol but not salicin. In

agreement with other studies (Jelinski, 1985, Carpana

et al., 1995; Dobbelaere et al., 2001a) our data do not

confirm that the metabolism of mannitol or salicin can

be used as a distinctive feature. Even though, using the

api 50CH-system a characteristic metabolic pattern

could be obtained for P. l. larvae (Carpana et al.,

1995), studies analyzing the biochemical properties of

P. l. larvae revealed a high degree of heterogeneity in

the metabolic profile when different isolates are

compared (Jelinski, 1985; Carpana et al., 1995;

Dobbelaere et al., 2001a; Neuendorf et al., 2004).
Further investigations are necessary to verify the

potential of the widely used api-system to discriminate

between the P. larvae subspecies. The only data

available on the metabolic profile of P. l. pulvifaciens

are based on analyzing strains LMG 6911 and LMG

15974 (Heyndrickx et al., 1996). However, LMG 6911

and LMG 15974 are synonyms for DSM 3615 (Table

3), which in turn shows many identical features in

comparison to P. l. larvae DSM 7030 according to our

extensive studies. Therefore, it is not surprising that

the metabolic differentiation of the two subspecies as

defined by Heyndrickx et al. (1996) did not endure

after more detailed analysis.

In contrast to the api-system, the BIOLOG-soft-

ware is able to identify P. l. larvae. The heterogeneous

metabolic properties of P. l. larvae are reflected in the

BIOLOG-standard profile for P. l. larvae. Interest-

ingly, neither mannitol nor salicin, are given as

potential carbon sources for P. l. larvae. When

analyzing the four P. larvae reference strains, strains

DSM 7030 and DSM 3615 were clearly identified as

P. l. larvae, whereas P. l. pulvifaciens strains DSM

8442 and DSM 8443 obtained no identification.

This result again indicates that P. larvae strain DSM

3615 indeed belongs to the subspecies P. l. larvae

rather than to P. l. pulvifaciens.

In conclusion, based on our data both P. larvae

strains DSM 7030 and DSM 3615 belong to the

same subspecies P. l. larvae and, therefore, are

indistinguishable by molecular methods. Evalua-

tion of PCR-based methods using these two strains

as reference strains for P. l. larvae and P. l.

pulvifaciens (Dobbelaere et al., 2001b; Lauro et al.,

2003) will consequentially result in the incorrect

notion that PCR methods are unsuitable to differ-

entiate between these two subspecies. Since 16S

rDNA sequences of P. l. pulvifaciens strains DSM

8442 and DSM 8443 show only 88% homology to the

sequences of P. l. larvae it is no problem to

differentiate between these P. l. pulvifaciens strains

and P. l. larvae by PCR-based methods. Biochem-

ical fingerprinting using the BIOLOG system

identified P. larvae strains DSM 7030 and DSM

3615 as P. l. larvae while strains DSM 8442 and

DSM 8443 could not be identified by the software.

Therefore, also the BIOLOG system, although

indirectly, allows discrimination between P. l. larvae

and P. l. pulvifaciens.
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A diagnostic problem might arise from the fact that

representatives of P. larvae strain DSM 3615 react

weak, delayed catalase positive. Since P. l. larvae, is

considered obligatory catalase negative such weak,

delayed catalase positive isolates will be ruled out as

P. l. larvae in routine diagnostics, producing false

negative results. We, therefore, suggest that an

emended description of P. l. larvae should include

the possibility of a weak, delayed catalase-positive

reaction and advise that analysis of P. l. larvae-suspect

colonies should always include appropriate biochem-

ical tests or PCR-based methods to clearly identify

P. l. larvae.
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