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Paenibacillus larvae – the causal agent of American foul brood disease in Honey bees – group to diﬀerent subspecies based upon disease progression and virulence as well as by molecular genotype. Vegetative growth
studies reveal that virulence-grouped subspecies arrive at diﬀerent saturated cell densities. In addition, strains
segregating based upon virulence phenotype contain diﬀerent genotypes in the locus encoding for the key
glycolytic enzyme enolase. DNA sequence comparison of enolase loci from 7 Paenibacillus larvae strains identiﬁed
6 single-nucleotide polymorphisms (SNP) that segregated based on subspecies virulence classiﬁcation. Only one
polymorphism represented a change in amino acid coding (glycine or alanine) at position 331 of the protein. The
kinetic properties of two recombinant enolase proteins expressed from enolase alleles isolated from diﬀerent
virulence classed strains (P. larvae ATCC 9545 and SAG 10367) yielded a Km and of 4.2 μM and 1.5 μM and Vmax
of 16.2 μmol min− 1 mg− 1 and 10.8 μmol min− 1 mg− 1, respectively. Enolase from P. larvae SAG 10367 had a
maximum reaction velocity lower than and a speciﬁcity constant approximately 1.6× higher than that of P.
larvae ATCC 9545.

1. Introduction
Paenibacillus larvae, a gram-positive spore-forming bacterium, is the
cause of American foulbrood (AFB) and powdery scale in honey bee
larvae (Apis mellifera Linnaeus) (White, 1906; Katznelson, 1950). Phenotypic and molecular characteristics place P. larvae into two subspecies P. larvae subsp. larvae (Pll) and P. larvae subsp. pulvifaciens (Plp)
(Heyndrickx et al., 1996), A more recent molecular characterization,
using ERIC-PCR technology, has generated 4 genotypes (i.e., ERIC I, II,
III, IV) (Genersch et al., 2006). ERIC-PCR and subspecies classiﬁcation
do correlate in that ERIC I includes Pll strains and ERICs III, and IV
contain Plp strains. Genotype ERIC II, predominantly contains isolates
identiﬁed as Plp (Genersch et al., 2006) and, for this investigation, Plp is
considered as containing genotypes ERIC II, III, and IV.
Hitchcock and associates (Hitchcock et al., 1979) demonstrated that
disease progression was more rapid for Plp than disease progression by
Pll. In addition, ERIC I genotypes take longer to kill 100% of infected

host samples than isolates grouped into ERIC II, III, and IV genotypes
(i.e., ~12 days vs ~7 days, respectively) (Ashiralieva and Genersch,
2006; Genersch et al., 2005). An explanation(s) for virulence diﬀerences between subspecies, or genotypes, is not known. Strain variations
that aﬀect basic metabolic processes are potential candidates and are
now accessible through genome sequences.
Enolase is of particular interest since it may inﬂuence the pathogenic process by three diﬀerent routes: as a cell surface protein, as a
component of the RNA degradosome or as an enzyme. In gram-positive
bacteria enolase is found on cell surfaces and binds to laminin, ﬁbronectin, and collagens (aiding bacterial cell adhesion) and to plasminogen (promoting conversion to plasmin) aiding virulence
(Antikainen et al., 2007). Plasmin, a serine protease involved in ﬁbrinolysis and extracellular matrix degradation, can enhance tissue
invasion (Saksela and Rifkin, 1998). In P. larvae secreted enolase was
identiﬁed as a potential virulence factor (Antúnez et al., 2010; Antúnez
et al., 2011). Whether a plasminogen-binding property is associated
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Table 1
Bacterial strains.
Strain

Relevant properties/strain history

Source (reference)

P. larvae subspecies larvae; ERIC I genotype
CT-021709-2
Isolated; Conn., USA (2009)
ATCCa 9545
NRRL B-2605; Holst 846; (Gordon et al., 1973)
PL 7
Isolated; Pigüé (Buenos Aires, Argentina)
NRRLb B-3650
Bailey; Rothamsted Expt. Stat, Harpenden, England; Australia strain (Gordon et al., 1973)

(Dingman, 2015)
AM Alippi
(Alippi and Aguilar, 1998)
Dingman, 1983

P. larvae subspecies pulvifaciens; ERIC II genotype
SAG 10367c
Isolated; honey from Chile

AM Alippi

P. larvae subspecies pulvifaciens; ERIC III or IV genotype
CCM 38
CCUG 7427; NRRL B-1283; Katznelson 113; (Gordon et al., 1973); Ottawa, Canada
NRRLb B-14154
Nakamura received from H. deBarjac; Paris, France

(Alippi et al., 2002)
(Alippi et al., 2002)

E. coli
BL21 (DE3)

New England Biolabs, Inc., Ipswich, MA

Stellar competent (strain HST08)
TOP10

a
b
c

fhuA2 [lon] ompT gal (λ DE3) [dcm] ΔhsdS λ DE3 = λ sBamHIo ΔEcoRI-B int::
(lacI::PlacUV5::T7 gene1) i21 Δnin5
F−endA1 supE44 thi-1 recA1 relA1 gyrA96 phoA φ80lacZΔM15 Δ(lacZYA-argF) U169 Δ(mrrhsdRMS-mcrBC) ΔmcrAF−mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 recA1 araD139 Δ(ara-leu)7697 galU
galK rpsL (StrR) endA1 nupG-

Clontech Laboratories, Inc., Mountain View,
CA
Life Technologies, Carlsbad, CA

ATCC = American Type Culture Collection, Manassas, VA.
NRRL = Northern Regional Research Laboratory, Peoria, IL.
ERIC genotype reclassiﬁcation; (Dingman, 2015).

Clarita, CA), and sent to the DNA Analysis Facility on Science Hill at
Yale University (New Haven, CT). DNA sequences for the7 P. larvae
strains enolase genes are listed in NCBI GenBank as accessions
KX897947 – KX897953.

with P. larvae enolase, and how that property might be associated with
virulence is unknown. However, strong evidence exists of a plasminogen-like protein in A. mellifera (Grossi et al., 2016). Enolase is also
part of the RNA degradosome that indirectly inﬂuences both metabolic
loci involved in growth (Morita et al., 2004) as well as bacterial virulence by controlling response to oxidative stresses (Weng et al., 2016).
Enolase (EC 4.2.1.11) is a key enzyme in the glycolic pathway facilitating the conversion of 2-phosphoglycerate (2-PGA) to phosphoenolpyruvate (PEP), and is abundant in many organisms (Pancholi,
2001), Enolase activity may serve as a rate-limiting growth factor for P.
larvae and growth rate might inﬂuence speeds of lethality. This investigation examines vegetative growth characteristics and enolase
genotypes in diﬀerent P. larvae virulence segregated subspecies. In
addition, this research determines the kinetics of two enolase forms.

2.3. Plasmid construction
Enolase coding regions were individually ampliﬁed from P. larvae
strains ATCC 9545 (Pll) and SAG 10367 (Plp) using primers PlenoA 5′
CGCGCGGCAGCCATATGACTATTATCTCAGACGTTTACGCC 3′, and
PlenoB 5′ GTTAGCAGCCGGATCCTTATTTAAACTTTTTCAGGTTGT 3′
and CloneAmp HiFi PCR Premix (Clontech Laboratories, Inc., Mountain
View, CA). PlenoA and PlenoB were designed as fusion primers for inframe cloning of the P. larvae enolase coding region into vector pET15b. Resulting PCR - products were puriﬁed, cut with restriction endonucleasese NdeI and BamHI, ligated to NdeI and BamHI cut vector
DNA using either In-Fusion HD Cloning Plus kit (Clontech Laboratories,
Inc., Mountain View, CA) or the standard T4 DNA ligase cloning procedure (Sambrook et al., 1989) then transformed into E.coli Stellar cells
(Clontech Laboratories, Inc., Mountain View, CA) or TOP10 cells (Invitrogen, Carlsbad, CA). DNA sequence analysis veriﬁed the integrity of
resulting plasmids pBWL9 (pET-15b + SAG 10367 enolase) and
pBWL55 (pET-15b + ATCC 9545 enolase).

2. Materials and methods
2.1. Bacterial strains and growth conditions
Paenibacillus larvae and Escherichia coli strains used in this study are
listed in Table 1. P. larvae was grown on MYPGP agar plates or broth
(Dingman and Stahly, 1983) and Escherichia coli on or in Luria-Bertani
(LB) media at 37 °C. Vegetative growth proﬁles of six independent P.
larvae strains were inoculated with 1/50 overnight culture into 0.5 mL
MYPGP, grown at 37 °C with an orbital shake of 205 CPM in CytoOne
48-well ﬂat bottom sterile microtiter plates (USA Scientiﬁc, Inc., Ocala,
FL) and optical density (590 nm) was measured every 20 min over 17 h
using a Synergy H1 microplate reader (BioTek Instruments, Inc., Winooski, VT) running Gen5 Data Analysis Software ver. 2.07. Turbidity
data were analyzed using Microsoft Excel.

2.4. Puriﬁcation of recombinant P. larvae enolase
Plasmids pBWL9 and pBWL55 were transformed into E.coli strain
BL21 (DE3) and recombinant enzyme expressed by autoinduction and
puriﬁed as in Studier (Studier, 2005). Recombinant protein was enriched by passage through nickel columns (Novagen His-Bind Quick
900, EMD Biosciences, Inc., Madison, WI), and dialyzed using 1 L of
20 mM Tris-HCl, 75 mM KCl, and 2 mM MgSO4; pH 7. Molecular weight
of recombinant protein was determined using SDS-Polyacrylamide Gel
Electrophoresis and molecular weight standards (Precision Plus Protein
unstained standards, Bio-Rad Laboratories, Inc., Hercules, CA). Protein
concentration was determined by spectrophotometric measurement at
A280 as determined using ProtParam (ExPASy; http://web.expasy.org/
protparam/).

2.2. DNA extraction, PCR ampliﬁcation and sequence determination
Bacterial DNA was isolated using the QIAamp Tissue kit (Qiagen
Inc., Santa Clarita, CA). PCR ampliﬁcations of enolase genes from P.
larvae strains used the Phusion High-Fidelity PCR kit (New England
BioLabs, Ipswich, MA) according to manufacturer's speciﬁcations and
enolase
primer
combinations;
Enolase
F1
5′
GCGCTGCAGCAAATCTTTAG 3′ & R1 5′ CTCAATCGCAGAGATGATCG
3′ and Enolase F2 5′ TTCATGATTCTGCCTGTTGG 3′ & R2 5′
CCATATTCAGCTCCCCCTCTC 3′, respectively. Resulting DNA products
were puriﬁed using Qiaquick PCR puriﬁcation kit (Qiagen Inc., Santa

2.5. Enolase biochemistry
Enolase activity assays were performed at 25 °C in 100 μL reaction
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buﬀer (20 mM Tris-HCl, 75 mM KCl, 2 mM MgSO4; pH 7.0) containing
5 mM 2-PGA as substrate. Resulting PEP accumulation was measured at
A240 with a Hitachi U-4100 spectrophotomer. Enzyme reaction velocities were determined as in Lee et al. (2006). Enzyme kinetics (i.e., Km
and Vmax) were determined from diﬀering initial reaction velocities as
produced by varying 2-PGA concentration (0, 0.3, 0.6, 0.8, 1.25, 2.5,
5 mM) at a constant enzyme concentration. Enolase velocity (μmol min− 1 mg− 1) was determined from spectrophotometric data using the
Beer-Lambert Law and a molar attenuation coeﬃcient of
1.4 × 10− 3 M− 1 cm− 1 at pH 7.0 and A240 for PEP (Yamamoto et al.,
2012). Each assay was performed in triplicate and Km and Vmax were
calculated by nonlinear regression of Michaelis-Menten plots using
Microsoft Excel (ver. 15.0.4859.1000) and Solver.

Table 2
P. larvae Enolase nucleotide polymorphism.
Base pair numbera
Strain
Pllb; ERIC I
NRRL B-3650
BRL-230010
DSM 25719
CT-021709-2
ATCC 9545
PL 7
Plpc; ERIC II
DSM 25430d
SAG 10367
Plp; ERIC III and IV
CCM 38
NRRL B-14154

3. Results
3.1. Growth proﬁles of P. larvae subspecies

a
b

Six P. larvae strains were used for vegetative growth studies
(Table 1). Strains ATCC 9545, PL7 and NRRL B-3650 belong to the Pll
group and carry the ERIC I genotype. The remaining three strains belong to Plp group and display either the ERIC II genotype (SAG 10367),
or ERIC III & IV genotypes (CCM 38 and NRRL B-14154). Fig. 1 shows
that, except for strain PL 7, the observed rate of bacterial growth during
early exponential growth phase (≤ 300 min) was not signiﬁcantly different for the strains tested. However, it was clear that for the Pll strains
[slow disease progression strains] a decelerating growth rate in late
exponential growth phase and a lower cell density at stationary phase
(i.e., maximum level of turbidity) were observed compared to Plp
strains [rapid disease progression strains] (Hitchcock et al., 1979).

c
d

27

108

567

804

978

992

KX897950
AARF01000086
ADFW01000001
KX897947
KX897948
KX897949

C
C
C
C
C
C

T
T
T
T
T
T

T
T
T
T
T
T

T
T
T
T
T
T

T
T
T
T
T
T

C
C
C
C
C
C

CP003355
KX897951

C
T

T
C

G
G

T
C

T
C

C
G

KX897952
KX897953

T
T

C
C

G
G

C
C

C
C

G
G

NCBI GenBank

Base pair numbering started at A in ﬁrst codon of enolase coding region (i.e., ATG).
Paenibacillus larvae subsp. larvae.
Paenibacillus larvae subsp. pulvifaciens.
Identiﬁed as Paenibacillus larvae subsp. larvae with an ERIC II genotype.

allele sharing 5 of 6 SNP bases with Pll strains. In fact, strain DSM
25430 was originally identiﬁed as Pll strain 04-309 (Genersch et al.,
2005; Poppinga et al., 2012; Djukic et al., 2014). Because strain DSM
25430 is classiﬁed as ERIC II (predominantly containing Plp strains;
(Genersch et al., 2006)), it is uncertain why the enolase gene sequence
more closely related to the Pll enolase DNA sequence than to the Plp
enolase sequence.
Only one SNP (at DNA position 992) resulted in an amino acid
variation of alanine or glycine at amino acid position 331 (Table 3). The
remaining ﬁve SNPs represented silent changes. Using APSSP2 (Advanced Protein Secondary Structure Prediction Server; (Raghava,
2000);www.imtech.res.in/raghava/apssp2/), this amino-acid diﬀerence was determined to occur between a α-helix and β-sheet in the
secondary structure of the protein. The change was also within 4 amino
acids of one of the three conserved amino acids (i.e., 164E, 242D, and
335L) reported to comprise the enzymatic active site (Feng et al.,
2009). The amino acid polymorphism maintained segregation between
the 3 Plp strains and the Pll (ERIC I) strains. Strain DSM 25430 (ERIC II),
as for the DNA sequence, matched Pll strains. Comparison of this amino
acid location to that of other Paenibacillus species identiﬁed glycine
(present in the Plp enolase) as predominant at this location in the
protein (Table 3).

3.2. Enolase sequence comparisons correlate with P. larvae subspecies
Comparison of seven enolase gene sequences generated in this investigation and 3 reference sequence listed in GenBank found 6 single
nucleotide polymorphisms (SNPs) (Table 2). Three distinct enolase alleles segregate with ERIC genotypes. One enolase allele (sharing six
SNPs) is common to 6 Pll strains belonging to ERIC I. A second enolase
allele matches with DSM 25430 in ERIC II sharing 5 of 6 SNP with ERIC
I strains. The third allele segregates with ERIC II, III and IV strains.
Three Plp strains (in ERIC II, III, and IV) share one allele and six Pll
strains share another allele. One Plp strain (DSM 25430) displays the

3.3. Recombinant enolase puriﬁcation and activity
Recombinant P. larvae enolases were enriched from the E. coli BL21
(DE) strains containing plasmids pBWL9 (strain SAG 10367; Plp) and
pBWL55 (ATCC 9545; Pll). SDS-PAGE analysis determined that the recombinant enolases proteins migrated slightly below 50 kDa (Fig. 2,
lanes 4 and 7), comparable to the 46 kDa size for enolase in P. larvae
(Antúnez et al., 2010). The puriﬁed enolase isomers from E. coli strains
containing pBWL9 and pBWL55 had concentrations of 3.9 mg/mL and
3.4 mg/mL, respectively.
To conﬁrm that the puriﬁed proteins were active isomer enolases,
linked with strains SAG 10367 and ATCC 9545 (Plp and Pll, respectively), enzymatic assays for enolase were performed using increasing
amounts of puriﬁed protein (1, 2.5, 5 μL), while keeping substrate
concentration constant (5 mM 2-PGA) in the reaction mixture (100 μL).
Each puriﬁed recombinant protein showed increased enolase activity
(i.e., conversion of 2-PGA to PEP) with increased volume (data not
presented). The lag-log-plateau trend characteristic of an enzymatic
reaction was observed within the ﬁrst 2 min of the reaction, further
conﬁrming the puriﬁed proteins to be enzymes (data not presented).

Fig. 1. Growth proﬁles of P. larvae subsp. larvae and P. larvae subsp. pulvifaciens strains in
MYPGP broth at 37 with aeration Paenibacillus larvae subsp. larvae strains included PL 7
(○), ATCC 9545 (●), and NRRL B-3650 (□). Paenibacillus larvae subsp. pulvifaciens strains
included SAG 10367 (▲), CCM 38 (■), and NRRL B-14154 (Δ).
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Table 3
Enolase amino acid sequence polymorphism.

Bacterial species and strain

NCBI GenBank

Amino acid sequence*

P. larvae ssp. larvae (ERIC I)
BRL -230010
DSM 25719
NRRL B -3650
CT -021709-2
ATCC 9545
PL 7

IC56_RS00925
ETK29332
KX897950
KX897947
KX897948
KX897949

321
|
|
-RLSTGIEKGI
-RLSTGIEKGI
-RLSTGIEKGI
-RLSTGIEKGI
-RLSTGIEKGI
-RLSTGIEKGI

331

P. larvae ssp. pulvifaciens (ERIC II)
DSM 25430
SAG 10367

AHD04128
KX897951

-RLSTGIEKGI A NSILVKVNQ-RLSTGIEKGI GNSILVKVNQ-

P. larvae ssp. pulvifaciens (ERIC III & IV)
CCM 38
NRRL B -14154

KX897952
KX897953

-RLSTGIEKGI GNSILVKVNQ-RLSTGIEKGI GNSILVKVNQ-

Paenibacillus alvei TS -15
Paenibacillus amylolyticus Heshi-A3
Paenibacillus curdlanolyticus YK9
Paenibacillus darwinianus MB1
Paenibacillus dendritiformis C454
Paenibacillus lactis 154
Paenibacillus polymyxa M1
Paenibacillus popilliae ATCC14706
Paenibacillus sp. JDR -2

EPY08730
GAS85392
EFM09548
EXX88429
EHQ59810
EHB48606
CCC83111
GAC41219
ACS98861

-RLAQGIEKGI GNSILVKVNQ-RLGRGIDEGI GNSILIKVNQ-RLKDGIDQGV GNSILVKVNQ-RLSTGIEKGI GNSILVKVNQ-RLATGIEKGI GNSILIKVNQ-RLERGIKEGI GNSILIKVNQ-RLAKGIDENI GNSILIKVNQ-RLATGIEKGI GNSILIKVNQ-RLSDGIEKGV GNSILVKVNQ-

Brevibacillus laterosporus DSM 25

NZ_KB894287

-RLITGIEKAT A NSILVKVNQ -

Bacillus subtilis ssp. spizizenii W23
Bacillus amyloliquefaciens DSM 7
Bacillus cereus FRI -35

ADM39365
CBI44378
AFQ09850

-KLAEGIKNGV GNSILIKVNQ-KLAEGIKNGV GNSILIKVNQ-KLAEGIEKGI SNSILIKVNQ-

Borrelia burgdorferi B31
Streptococcus suis 05ZYH33

AAC66719
FJ895346

-FLKKGIEMGV ANSILIKVNQ-YLARGIKEGA ANSILIKVNQ-

A NSILVKVNQA NSILVKVNQA NSILVKVNQA NSILVKVNQA NSILVKVNQA NSILVKVNQ-

* Numbering based on P. larvae enolase amino acid sequence

3.4. Enolase enzymatic kinetics diﬀer by P. larvae subspecies
Prior to measuring enzyme kinetics for the recombinant enolases,
two control assays were performed. To ascertain that variability of
substrate concentration in the reaction assay was the only variable affecting enzymatic activity measurements, the assay was performed in
the absence of puriﬁed recombinant enolase. Lack of enolase resulted in
no observed reaction (i.e., spectrophotometric change at A240) for the
various 2-PGA concentrations used (data not presented). Also, using
increasing volumes (1–7 μL) of nickel-column puriﬁed eluent from E.
coli BL21 (DE3) that lacked plasmids pBWL9 or pBWL 55 (i.e., recombinant enolase) demonstrated no increase in enzymatic activity as
measured spectrophotometrically at 240 nm (data not presented). All
assays were performed at 25 °C.
Fig. 3 shows results of enzymatic activity assays for the two recombinant P. larvae enolases based on varying 2-PGA concentration and
a ﬁxed amount of recombinant enzyme. Assays for both recombinant
enolases exhibited classic hyperbolic relationships comparing initial
enzymatic velocity to substrate concentration, ﬁtting Michaelis-Menten
kinetics. Through non-linear regression, enolase from ATCC 9545 was
calculated to have a Km of 4.2 μM for 2-PGA and Vmax of 16.2 μmol min− 1 mg− 1 (r2 = 0.98). Enolase from strain SAG 10367 had a Km of
1.5 μM for 2-PGA and Vmax of 10.8 μmol min− 1 mg− 1 (r2 = 0.85).
Based on use of 2.5 μL of enzyme stock (8.5 μg and 9.8 μg of ATCC 9545

Fig. 2. SDS-PAGE banding patterns of extracted protein puriﬁcation of His-tagged recombinant P. larvae enolase Lanes are; 1) Bio-Rad protein weight standard, 2) E. coli
pBWL9 (P. larvae SAG 10367) cleared lysate, 3) E. coli pBWL9 (P. larvae SAG 10367)
column washate, 4) E. coli pBWL9 (P. larvae SAG 10367) column eluent, 5) E. coli pBWL55
(P. larvae ATCC 9545) cleared lysate, 6) E. coli pBWL55 (P. larvae ATCC 9545) column
washate, 7) E. coli pBWL55 (P. larvae ATCC 9545) column eluent.
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as well as bacterial virulence by controlling response to oxidative
stresses (Weng et al., 2016). Third, enolase has a direct role in pathogenicity by acting as a cell surface binding protein (Genersch et al.,
2005; Grossi et al., 2016) and is reported to be a virulence factor in P.
larvae (Antúnez et al., 2011).
This investigation establishes that there is a genetic diﬀerence in the
enolase loci that correlates with both vegetative growth and virulence
phenotypes. DNA sequence analysis of enolase loci from seven P. larvae
strains reveals a single SNP that alters the protein sequence at position
331 (Table 3). These two enzyme isoforms segregate along subspecies
classiﬁcation and within ERIC genotypes, except for ERIC II. It is possible that one of the ERIC II strains was misclassiﬁed. Interpretation of
ERIC classiﬁcation can be problematic between laboratories (Tyler
et al., 1997; Johnson and Clabots, 2000; Di Pinto et al., 2011). Strain
SAG 10367, originally identiﬁed as ERIC III (Dingman, 2015), has a
banding pattern that best matches the ERIC-PCR electrophoretic
banding pattern presented by ERIC II and has been reclassiﬁed
(Genersch et al., 2006). The ERIC II genotype is problematic and may
contain isolates that are intermediates to Pll and Plp (Genersch et al.,
2006). Further, diﬀerences could be due to use of strains grouped
within the same genotype that most likely have been geographically
segregated for an extensive time. Strain SAG 10367 was originally
isolated in South America, while strain DSM 25430 was an isolate from
Germany.
The single amino acid change at position 331 in the P. larvae enolase
produced a diﬀerent aﬃnity and turnover rate for 2-PGA. The enolase
found within strains of Plp demonstrated an aﬃnity for substrate (i.e.,
Km) 2.8 times, and an enzymatic eﬃciency 1.6 times, that of enolase
present in Pll (ERIC I) strains. The replacement of glycine by alanine
within a α-helix structure of a protein is known to stabilize that
structure (Scott et al., 2007) in that alanine provides less ﬂexibility in
the protein (Yan and Sun, 1997). Diﬀerences in rigidity can eﬀect enzymatic activity by inﬂuencing conformational changes or producing
structural stress at the reactive site (Yan and Sun, 1997). Although the
change in P. larvae enolase occurred between a α-helix and β-sheet
structure, it was within 4 amino-acids of one of the three conserved
amino-acids deﬁned as forming the active site of enolase (Feng et al.,
2009). Lowered ﬂexibility at this location, due to the presence of alanine, may explain the lower enzymatic aﬃnity for substrate observed in
the Pll strains. This “rigidity,” by stabilizing the reactive site, may also
explain the increased turnover rate observed for the Pll strains. What
advantage/disadvantage this amino-acid change in enolase might have
provided for the Pll strains is unknown considering that all other paenibacilli examined (Table 3) contained glycine at position 331.
What advantage/disadvantage this amino-acid change in enolase
might have provided for the Pll strains is unknown considering that all
other paenibacilli examined (Table 3) contained glycine at position
331.
A change in enolase ﬂexibility may also inﬂuence plasminogen
binding properties or its interaction in and function of the RNA degradosome. The change in amino acid at position 331 is outside the
presumed binding regions for plasminogen (nucleotides 250–255 and C
terminus) and magnesium (enzyme cofactor; 241D, 285E, and 312D)
(Feng et al., 2009). Future investigations are needed to determine any
eﬀect of protein sequence on plasminogen binding or RNA degradosome properties.

Fig. 3. Enzymatic kinetic parameters showing Vmax and Km determined using initial velocity for diﬀerent 2-PGA concentrations at a ﬁxed amount of recombinant enolase
Recombinant enolase produced from the enolase coding region of (a) P. larvae ATCC 9545
and (b) P. larvae SAG 10367 was used in the reactions.

and SAG 10367 recombinant enolase, respectively) in the reaction
mixture, molecular weights of 50,380 Da and 50,366 Da for ATCC 9545
and SAG 10367 recombinant enolases, respectively, and that most
bacterial enolases are dimeric (Antikainen et al., 2007), the turnover
rates (kcat) were calculated as 812 s− 1 and 469 s− 1 for ATCC 9545 and
SAG 10367 recombinant enolase, respectively. The enzymatic eﬃciency (i.e., speciﬁcity constant) of recombinant P. larvae strain SAG
10367 (Plp, ERIC II) enolase for 2-PGA was determined as approximately 1.6 × that of recombinant P. larvae ATCC 9545 (Pll, ERIC I)
enolase. Because variability of the enolase amino acid sequences in the
strains investigated was only at a single site, and this variability separated along subspecies, it is concluded that most P. larvae strains
identiﬁed as Plp contain an enolase with an enzymatic eﬃciency for 2PGA that is 1.6 × higher than enolase in strains identiﬁed as Pll.

4. Discussion
Genetic diﬀerences between P. larvae subspecies determine virulence phenotypes (fast or slow progression) (Hitchcock et al., 1979), as
well as the disparity in cell density at the stationary stage of vegetative
growth (Fig. 1). It is as yet unclear if the growth and virulence characters are inﬂuences by the same or overlapping loci. Three reasons
support the contention that the enolase gene is a candidate locus that
inﬂuences both virulence and metabolism. First, enolase is a key metabolic enzyme involved in the conversion of 2-PGA to PEP during
cellular glycolysis, and as such is directly involved in vegetative cell
growth. Second, enolase is part of the RNA degradosome that indirectly
inﬂuences both metabolic loci involved in growth (Morita et al., 2004)
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