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Abstract

A novel, facultatively anaerobic, Gram- stain- positive, motile, endospore- forming bacterium of the genus Paenibacillus, des-
ignated strain 2.1T, was isolated from a colony of Apis mellifera affected by European foulbrood disease in Switzerland. The 
rod- shaped cells of strain 2.1T were 2.2–6.5 µm long and 0.7–1.1 µm wide. Colonies of strain 2.1T were orange- pigmented under 
oxic growth conditions on solid basal medium at 35–37 °C. Strain 2.1T showed catalase and cytochrome c oxidase activity. 
Its polar lipid profile consisted of diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine, aminophospholipid 
and phospholipid. The only respiratory quinone was menaquinone 7, and the major cellular fatty acids were anteiso- C

15 : 0
, 

anteiso- C
17 : 0

, iso- C
15 : 0

, iso- C
17 : 0

 and palmitic acid (C
16 : 0

), which is consistent with other members of the genus Paenibacillus. The 
G+C content of the genomic DNA of strain 2.1T was 53.3 mol%. Phylogenetic analyses based on the 16S rRNA gene sequence 
similarity showed that strain 2.1T was closely related to Paenibacillus dendritiformis LMG 21716T (99.7 % similarity) and Pae-
nibacillus thiaminolyticus DSM 7262T (98.8 %). The whole- genome average nucleotide identity between strain 2.1T and the type 
strains of P. dendritiformis and P. thiaminolyticus was 92 and 91 %, respectively, and thus lower than the 95 % threshold value for 
delineation of genomic prokaryotic species. Based on the results of phylogenetic, genomic, phenotypic and chemotaxonomic 
analyses we propose the name Paenibacillus melissococcoides sp. nov. for this novel Paenibacillus species. The type strain is 2.1T 
(=CCOS 2000T=DSM 113619T=LMG 32539T).

DATA SUMMARY
Supplementary material and (Movie S1, available in the online version of this article) can be found on Figshare: https:// doi. org/ 
10. 6084/ m9. figshare. 21679877. v1 [1]

INTRODUCTION
The genus Paenibacillus currently comprises more than 270 species with validly published and correct names [2]. Paenibacillus 
species are widely distributed in diverse environments, such as soil, plants, earthworms, humans and insects [3]. Among those 
found in insects, seven species have been associated with honey bees and three of these have been associated with honey bee 
diseases: Paenibacillus larvae is a well- described pathogen of honey bee brood, causing severe American foulbrood [4]. Paeni-
bacillus alvei and Paenibacillus dendritiformis have been associated with another infectious brood disease, European foulbrood, 
caused by the bacterium Melissococcus plutonius [5]. Their pathogenicity and role in the course of European foulbrood disease 
have not been fully established. P. alvei alone caused mortality in honey bee larvae reared under laboratory conditions [6], but it 
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is unknown whether it can cause a disease at the colony level on its own. P. dendritiformis was isolated from diseased colonies, 
but its pathogenicity in honey bee brood has not yet been tested [7]. For these reasons, these bacteria are described as secondary 
invaders following M. plutonius infections. Other members of the genus Paenibacillus, Paenibacillus apiarius and Paenibacillus 
thiaminolyticus, were isolated from healthy honey bees and hive material [8, 9], and recently, Paenibacillus apis and Paenibacillus 
intestini were isolated from honey bee intestines [10].

The novel candidate strains of the genus Paenibacillus described in this report were isolated from a colony of the honey bee Apis 
mellifera showing symptoms of European foulbrood in Switzerland. They were designated as strains 2.1T, 1.2 and 3.2. The novel 
strains are closely related to P. dendritiformis T168T (=LMG 21716T) [11] and P. thiaminolyticus JCM 8360T (=DSM 7262T) [9, 12] 
and are proposed to represent a new species with the name Paenibacillus melissococcoides sp. nov.

ISOLATION AND ECOLOGY
In June 2020, strains 2.1T, 1.2 and 3.2 were isolated from a European foulbrood diseased colony of Apis mellifera that showed 
European foulbrood symptoms and tested positive for M. plutonius. The colony was located in the town of Reutigen (46° 41′ N 
7° 37′ E, Bern, Switzerland). Droplets of the nutritive jelly given to worker larvae by nurse bees were sampled from several brood 
cells, diluted into sterile saline buffer, plated on basal medium (BM) agar specifically used for M. plutonius growth [13], and 
incubated for four days at 36 °C under anoxic conditions. Several colonies not conforming to the morphology of M. plutonius 
were observed on the plates. Three such colonies were picked and each was transferred into BM broth for growth at 36 °C in oxic 
conditions. Aliquots of culture were supplemented with 20 % glycerol for long- term storage at −80 °C before phenotypic and 
phylogenetic- based taxonomic analyses.

16S RNA GENE PHYLOGENY
To perform the phylogenetic studies, the genomic DNA of strains 2.1T, 1.2 and 3.2 were sequenced using the long- read technology 
of Pacific Bioscience (PacBio). High molecular weight genomic DNA was recovered using the guanidium thiocyanate method of 
DNA extraction [14]. DNA was extracted from single colonies grown on solid BM at 36 °C under oxic conditions. Multiplexed 
SMRTbell libraries were prepared for sequencing on the Sequel apparatus exactly according to the PacBio guidelines (Procedure 
and Checklist – Preparing Multiplexed Microbial Libraries Using SMRTbell Express Template Prep Kit 2.0; Part Number 101- 
696- 100; version 06; March 2020). Data were assembled de novo using the microbial assembly pipeline (SMRTlink version 9.0) 
with default parameter settings. The sequences of strains 2.1T, 1.2 and 3.2 were found to be identical (100 % nucleotide similarity). 
Eight full- length 16S rRNA gene sequences were assembled for each strain. Seven of the 16S rRNA copies differed by single 
nucleotide polymorphisms at nine out of 1551 nucleotide sites. For further analysis, the full- length 16S rRNA gene sequence that 
was present in two identical copies was selected (accession numbers: 2.1T, OW961637.1; 1.2, OW961636.1; and 3.2, OW961638.1). 
The full- length 16S rRNA gene sequence of strain 2.1T was subjected to a blast search against the EzTaxon webserver (www. 
ezbiocloud.net). The highest pairwise sequence similarity was detected to the 16S rRNA gene of P. dendritiformis (99.7 %), followed 
by P. thiaminolyticus (98.8%), Paenibacillus popilliae (98.2 %) and Paenibacillus lentimorbus (98.1 %).

To determine the phylogenetic relationships of strains 2.1T, 1.2 and 3.2 within the genus Paenibacillus, the 16S rRNA gene 
sequences from each strain were used to generate an alignment (muscle version 3.8.1551 using default parameter settings [15]) 
with the 236 Paenibacillus strains (235 species with two P. polymyxa strains) that have validly published and correct names 
[2] and high- quality 16S rRNA gene sequences [16]. Bacillus pumilus was used as an outgroup. The maximum- likelihood tree 
was calculated using iq- tree (multicore version 1.6.12) with parameter setting ‘-m TEST -bb 1000 -alrt 1000’ on the iq- tree 
webserver [17–19]. The tree (Fig.S1) was visualised using the iTOL webserver [20].

For a better overview of the position of the three strains with the genus, a smaller phylogenetic tree was built based on the same 
method. The tree comprised honey bee- associated Paenibacillus species as well as the most ancestral species of each cluster 
(Fig. 1). In line with the blast search, the closest neighbours of strains 2.1T, 1.2 and 3.2 were P. dendritiformis, P. thiaminolyticus, 
P. popilliae and P. lentimorbus. Given that P. dendritiformis and P. thiaminolyticus were previously reported as being associated 
with honey bees [7, 9], they were chosen for further comparative analyses.

GENOME FEATURES
To perform comparative analyses between strains 2.1T, 1.2, 3.2 and related species, the whole genomes of P. dendritiformis 
LMG 21716T and P. thiaminolyticus DSM 7262T type strains (provided by BCCM LMG and DSMZ GmbH, respectively), were 
sequenced using the long- read technology of Pacific Biosciences, as previously described. Assembly statistics of strains 2.1T, 1.2 
and 3.2 are listed in Table 1. The levels of pairwise genome- based similarity were evaluated based on average nucleotide identity 
(ANI) values determined by FastANI [21]. The ANI values between strains 2.1T, 1.2 and 3.2 were >99.9 % (Table 2), confirming 
that they belonged to the same species, P. melissococcoides sp. nov. The ANI values of strains 2.1T, 1.2 and 3.2 versus the closely 
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related species P. dendritiformis LMG 21716T and P. thiaminolyticus DSM 7262T were <92.4 % and <91.1 %, respectively (Table 2). 
These differences are lower than the cut- off value of 95 % for species- level differentiation [22, 23].

PHYSIOLOGY AND CHEMOTAXONOMY
To describe the physiology and chemotaxonomy of strains 2.1T, 1.2 and 3.2, we studied their growth characteristics and conducted 
morphological and phenotypic analyses. All quantitative data presented in this section were averages generated from experi-
ments run in duplicate. The growth abilities of the strains were tested using various growth media and compared to those of P. 
dendritiformis LMG 21716T and P. thiaminolyticus DSM 7262T. The following growth media were laboratory- prepared and tested: 
BM agar, nutrient agar (NA), caso agar (CA) and MYPGP agar commonly used for culture of respectively, M. plutonius [13], 

Fig. 1. Maximum- likelihood phylogenetic tree of 16S rRNA complete sequences showing the position of strains 2.1T, 1.2 and 3.2 (in bold) with respect 
to the most ancestral species of each cluster of the genus Paenibacillus (Fig. S1). Bacillus pumilus was used as an outgroup. Node labels represent 
branch support values from SH- aLRT and ultrafast bootstrap (UFBoot) analyses. Arrows designate Paenibacillus species associated with honey bees. 
Bar, 0.03 substitutions per site.
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P. thiaminolyticus [12], P. dendritiformis [11] and P. larvae [24]. The plates were inoculated with 50 µl sterile saline buffer (0.9 % 
NaCl) containing 1500 CFU ml−1, and incubated at 36 °C under oxic conditions. Strains 2.1T, 1.2, 3.2, LMG 21716T and DSM 7262T 
were all able to grow on all the tested media (Fig. 2). Colonies of the five strains were visible 48 h post- inoculation. As colony 
morphology on NA and CA was similar, only the results on NA are shown. The colonies of strains 2.1T, 1.2 and 3.2 were of two 

Table 1. Whole genome information of the three strains of Paenibacillus melissococcoides sp. nov

Strain DDBJ/EMBL/
GenBank accession 

no.

Assembly 
length (bp)

N50 (bp) CDS rRNAs 
(5S,16S,23S)

tRNAs Contig no. G+C content 
(mol%)

Plasmid no.

2.1T GCA_944800085 7 186 093 594 566 7076 8, 8, 8 85 21 53.3 2

1.2 GCA_945318265 6 765 306 602 769 6543 8, 8, 8 87 18 53.5 2

3.2 GCA_945318285 6 837 494 601 760 6594 8, 8, 8 87 17 53.3 2

Table 2. Average nucleotide identity (ANI) values obtained comparing the whole genomes of Paenibacillus melissococcoides sp. nov. strains 2.1T, 1.2, and 
3.2 with closest related reference species Paenibacillus dendritiformis LMG 21716T and Paenibacillus thiaminolyticus DSM 7262T

Query DDBJ/EMBL/GenBank accession no. Reference DDBJ/EMBL/GenBank accession no. ANI (%)

2.1T GCA_944800085 1.2 GCA_945318265 99.99

1.2 GCA_945318265 3.2 GCA_945318285 99.99

3.2 GCA_945318285 2.1T GCA_944800085 99.99

2.1T GCA_944800085 LMG 21716T GCA_945605565 92.34

2.1T GCA_944800085 DSM 7262T GCA_945318275 91.09

1.2 GCA_945318265 LMG 21716T GCA_945605565 92.36

1.2 GCA_945318265 DSM 7262T GCA_945318275 91.05

3.2 GCA_945318285 LMG 21716T GCA_945605565 92.28

3.2 GCA_945318285 DSM 7262T GCA_945318275 91.03

Fig. 2. Colony morphology of the three strains of Paenibacillus melissococcoides sp. nov. isolated from a European foulbrood diseased honey bee colony, 
of Paenibacillus dendritiformis LMG 21716T and Paenibacillus thiaminolyticus DSM 7262T after 48 h culture at 36 °C under oxic conditions on nutrient, 
basal medium, and MYPGP agar. White arrows point to colonies of the circular morphotype. Black arrows indicate colonies of the spread morphotype. 
Bar, 2 cm.
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morphotypes (spread and circular) on NA; however, only the circular morphotype was observed on BM and MYPGP. On BM, the 
colonies were circular with slightly undulate margins, umbonate, smooth and light white translucent, with an orange- pigmented 
centre. Pigmentation was not observed in the P. dendritiformis LMG 21716T and P. thiaminolyticus DSM 7262T colonies (Fig. S2). 
Colonies of P. dendritiformis LMG 21716T were of the spread type on NA and MYPGP, but on BM they were circular. Colonies 
of P. thiaminolyticus DSM 7262T were circular on all tested media. BM was selected for all further experiments, because it was 
the only medium on which the five strains showed a circular morphology and thus provided the most comparable conditions.

Experiments to determine the NaCl, temperature and oxygen requirements allowing for P. melissococcoides sp. nov. growth were 
performed using culture tubes filled with 4 ml BM broth and inoculated with strain 2.1T. Bacterial inoculum consisted of 10 single 
CFUs picked on BM agar, and homogenised into 1 ml sterile saline buffer. Ten microlitres of this bacterial solution were used to 
inoculate the BM broth. NaCl sensitivity was tested under oxic conditions at 37 °C in the range of 0–15 %(0, 1, 3, 5, 7, 10 and 15 % 
w/v). Temperature sensitivity was tested under oxic conditions in the range of 4–50 °C (4, 10, 15, 20, 25, 30, 35, 37, 42 and 50 °C). 
Oxygen requirement was tested at 37 °C under oxic or anoxic conditions (>15 % CO2 atmosphere, GENanaer, bioMérieux). The 
absorbance value (turbidity) of the culture medium was used as a metric for the growth rate. Absorbance was measured using 
a SpectraMax QuickDrop (Molecular Devices) based on the optical density at 600 nm after 24, 48, 72 and 168 h of incubation. 
The temperature and NaCl ranges for growth of strain 2.1T were 25–42 °C (optimum, 35–42 °C) and 0–1% NaCl (optimum, 0 % 
NaCl), respectively. Strain 2.1T grew under oxic and anoxic conditions (optimum, oxic) (Fig. S3). All subsequent analyses were 
performed with bacteria grown on BM agar under optimal conditions, i.e., at 36±1 °C, without NaCl and under oxic conditions.

Gram staining was performed as described in [25]. Strain 2.1T was grown under optimal conditions for 18 and 36 h, after which 
single colonies were picked and suspended in 100 µl sterile saline solution (0.9 % NaCl). Ten microlitres of the bacterial suspension 
were smeared and heat- fixed on microscope slide grids prior to staining. Cell size and spore formation were investigated using 
a phase- contrast Olympus BX41 microscope. Vegetative cell size was evaluated from 18- h- old cultures. Endospore formation 

Fig. 3. Microscopic images of Paenibacillus melissococcoides sp. nov. strain 2.1 T cells. Top: phase- contrast microscopic images of endospore- forming 
cells (white arrowheads) and spores (black arrowheads). Bottom left: electron microscopic images of the rod- shaped cells. Bottom right: close up on 
the connection between two rods. Ch, chromosome. Se, septum. Pm, plasma membrane. Cw, cell wall.
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Table 3. Biochemical characteristics of Paenibacillus melissococcoides sp. nov. strains 2.1T, 1.2 and 3.2 in comparison with closely related Paenibacillus 
dendritiformis LMG 21716T and Paenibacillus thiaminolyticus DSM 7262T

Strains: 1, P. melissococcoides sp. nov. 2.1T; 2. P. melissococcoides sp. nov. 1.2; 3, P. melissococcoides sp. nov. 3.2; 4, P. dendritiformis LMG 21716T; 5, P. 
thiaminolyticus DSM 7262T. All strains and species were analysed under the same laboratory conditions. Symbols: +, positive reaction; w, weak positive 
reaction; −, negative reaction. Characteristics distinguishing the different Paenibacillus strains and species are indicated in bold.

Characteristics 1 2 3 4 5

Catalase + + + + +

Oxidase + + + − −

Acid formation from:           

  Glycerol − − − + +

  Erythritol − − − − −

  Arabinose − − − − −

  l- Arabinose − − − − −

  d- Ribose + w w + +

  Xylose − − − − −

  l- Xylose − − − − −

  Adonitol − − − + −

  Methyl β- d- xylopyranoside − − − − −

  Galactose + + + w +

  Glucose + + + + +

  Fructose − − − w +

  Mannose − − − + +

  l- Sorbose − − − − −

  l- Rhamnose − − − − −

  Dulcitol − − − − −

  Inositol − − − − −

  d- Mannitol − − − − −

  Sorbitol − − − − −

  Methyl α- d- mannopyranoside w w w w +

  Methyl α- d- glucopyranoside + w w + +

  N- Acetylglucosamine w w w + +

  Amygdalin + + + + +

  Arbutin + + + + +

  Aesculin + + + + +

  Salicin + w + + +

  Cellobiose w w w + +

  Maltose + + + + +

  Lactose w w w w +

  Melibiose + + + + +

  Sucrose + + + + +

  Trehalose + + + + +

Continued

http://doi.org/10.1601/nm.5109
http://doi.org/10.1601/nm.5127
http://doi.org/10.1601/nm.5127
http://doi.org/10.1601/nm.5156
http://doi.org/10.1601/nm.5127
http://doi.org/10.1601/nm.5156
http://doi.org/10.1601/nm.5156
http://doi.org/10.1601/nm.5109


7

Ory et al., Int. J. Syst. Evol. Microbiol. 2023;73:005829

was observed in cultures incubated for 36 h under optimal conditions, and stressed at 4 °C for six days. Spore size was measured 
from cultures incubated for 36 h under optimal conditions and then at 20 °C for six days. The cell morphology of strain 2.1T was 
analysed using transmission electron microscopy according to [26] and adapted to bacteria. The bacteria were grown on BM at 
25 °C for 72–120 h. Visible colonies were suspended and fixed for 1 h in 2.5 % glutaraldehyde containing PIPES buffer (0.07 M, pH 
7.0). Ultra- thin sections on microscopic grids were stained with 2 % acetate uranyl and observed under a transmission electron 
microscope Tecnai G2 Spirit (FEI). The motility of strains 2.1T, 1.2 and 3.2 was tested by the hanging- drop method [27], and on 
semi- solid BM 0.4 % agar [28]. P. melissococcoides sp. nov. cells stained Gram- positive after 18 h of culture and Gram- negative after 
36 h of culture (Fig. S4), suggesting they possess a thick peptidoglycan wall structure, which can be damaged over culture time. 
Cells were motile (Movie S1, Fig. S5), rod- shaped, 2.2–6.5 µm long and 0.7–1.1 µm wide. They often formed dyads connected by 
a septum. They formed central or subterminal endospores that were oval- shaped, 0.5–2.0 µm long and 0.2–1.8 µm wide (Fig. 3).

For biochemical and metabolic characterization of strains 2.1T, 1.2, 3.2, P. dendritiformis LMG 21716T and P. thiaminolyticus 
DSM 7262T, standard assays were performed (Table 3). Catalase activity was tested by the direct addition of a drop of 3 % H2O2 
on bacterial cells. The O2 production and foaming reaction by the strains were interpreted as positive results for the catalase. The 
presence of cytochrome c oxidase was assessed by spreading bacteria on ashless paper (Schleicher and Schuell) with a drop of 1 % 
dimethyl- p- phenylenediamine (bioMérieux) and observing whether a blue–violet colouration indicating oxidation by cytochrome 
c became visible. Strains 2.1T, 1.2 and 3.2 were positive for catalase and cytochrome c oxidase, whereas LMG 21716T and DSM 
7262T were only positive for catalase. To determine acid production from carbohydrate analysis, we used API 50 CH strips and 
API 50 CHE/B Medium (bioMérieux) according to the manufacturer’s recommendations. The positive oxidase activity and the 
absence of acid formation from glycerol and mannose in P. melissococcoides sp. nov. were the major biochemical differences 
distinguishing the strains from closely related P. dendritiformis LMG 21716T and P. thiaminolyticus DSM 7262T (Table 3).

Cellular fatty acid profiles of P. melissococcoides sp. nov. strains 2.1T, 1.2, 3.2, P. dendritiformis LMG 21716T and P. thiaminolyticus 
DSM 7262T were determined by high- resolution lipid analysis using a gas chromatograph with a flame ionization detector 
(GC- FID; 6890+, Agilent Technologies) and compared with previously published profiles of two other members of the genus 
Paenibacillus, P. alvei IFO 3343T and P. apiarius NRRL NRS- 1438T [9]. The bacteria were grown on BM under optimal conditions. 
After 48 h culture, bacteria were harvested from the medium using a sterile inoculation loop and lyophilized using a vacuum 
controller V- 855 coupled with a vacuum pump V- 700 (Buchi) and a concentrator plus (Eppendorf). Approximately 10 mg dry 
bacterial material was prepared for analysis by adding 2 µl of the internal standard methyl nonanoate (C9, 0.007 µg µl–1) for 
quantification. Transesterification was initiated by adding 125 µl of KOH/MeOH (2 mol l−1) to the samples. After 5 min, 0.3 g of 

Characteristics 1 2 3 4 5

  Inulin w w w − −

  Melezitose w w w + +

  Raffinose + + + + +

  Starch + + + + +

  Glycogen w w w − +

  Xylitol w w w − −

  Gentiobiose + + + + +

  Turanose + w + + +

  Lyxose − − − − −

  Tagatose − − − − −

  Fucose − − − − −

  l- Fucose − − − − −

  Arabitol − − − − −

  l- Arabitol − − − − −

  Potassium gluconate + w w w w

  Potassium 2- ketogluconate − − − − −

  Potassium 5- ketogluconate − − − − −

Table 3. Continued

http://doi.org/10.1601/nm.5127
http://doi.org/10.1601/nm.5156
http://doi.org/10.1601/nm.5127
http://doi.org/10.1601/nm.5156
http://doi.org/10.1601/nm.5127
http://doi.org/10.1601/nm.5156
http://doi.org/10.1601/nm.5109
http://doi.org/10.1601/nm.5114
http://doi.org/10.1601/nm.5116
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sodium hydrogen sulphate monohydrate was added to stop the reaction. Fatty acid extraction was performed by adding 100 µl 
of hexane to the samples, which were vortexed and centrifuged. The supernatant (5 µl) containing the fatty acids was injected 
into the GC- FID column for analysis. The temperature ramp was as follows: 5 min at 60 °C, from 60 to 165 °C at 14 °C per min, 
1 min at 165 °C, from 165 to 225 °C at 12 °C per min and 17 min at 225 °C. The chromatograms were integrated using Agilent 
software (ChemStation). The most abundant cellular fatty acids of strains 2.1T, 1.2 and 3.2 were anteiso- C15 : 0, anteiso- C17 : 0, iso- 
C15 : 0, iso- C17 : 0 and palmitic acid (C16 : 0). The same pattern was observed for P. dendritiformis LMG 21716T and P. thiaminolyticus 
DSM 7262T, except that the proportions shifted towards markedly larger amounts of palmitic acid (C16 : 0) and smaller amounts 
of anteiso- C17 : 0. Previously published cellular fatty acid profiles of members of the genus Paenibacillus showed similar results 
[9], with anteiso- C15 : 0 as a major cellular fatty acid (Table 4). Overall, strains 2.1T, 1.2 and 2.3 could be distinguished from other 
members of Paenibacillus by larger amounts of anteiso- C17 : 0, and lower amount of palmitic acid (C16 : 0).

Analysis of polar lipid profiles, respiratory quinones and peptidoglycans was carried out by DSMZ Services, Leibniz- Institut DSMZ 
– Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany. The polar lipid profiles consisted 
of diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine, aminophospholipid and phospholipid (Fig. S6). The 
only respiratory quinone was menaquinone 7. The peptidoglycan type was isolated and studied following published protocols 
[29]. The total hydrolysate (100 °C, 4 N HCl, 16 h) of the peptidoglycan contained muramic acid (Mur) and the amino acids diami-
nopimelic acid (Dpm), alanine (Ala) and glutamic acid (Glu). Quantification of amino acids by GC/MS of N- heptafluorobutyric 
amino acid isobutylesters resulted in the following molar ratio: 1.7 Ala : 1.0 Glu:0.5 Dpm. The identity of all amino acids was 
confirmed by agreement in the gas- chromatographic retention time with those of authentic standards and by characteristic mass 
spectrometric fragment ions of the derivatives. The peptides M- Ala, Ala- Glu, Ala- Glu- Dpm and Dpm- Ala- Dpm were detected 
after hydrolysis under milder conditions (4 N HCl, 45 min, 100 °C). From these data, the occurrence of the peptidoglycan type 
A1γ meso- Dpm- direct was concluded.

DESCRIPTION OF PAENIBACILLUS MELISSOCOCCOIDES SP. NOV.
Paenibacillus melissococcoides [ me. lis. so. coc. co’i.des; N.L. masc. n. Melissococcus, a bacterial genus; L. adj. suff. - oides, resembling, 
similar (from Gr. neut. adj. suff. - eides resembling, similar; Gr. neut. n. eidos, that which is seen, form, shape, figure); N.L. masc. 
adj. melissococcoides, Melissococcus- like].

Cells of this Gram- stain positive bacterium are motile, rod- shaped, 2.2–6.5 µm long and 0.7–1.1 µm wide, and form central or 
subterminal endospores that are oval in shape. Growth on basal medium broth occurs from 25 to 42 °C, in 0–1% NaCl concentra-
tion at 37 °C and under oxic or anoxic conditions. Optimal growth on BM agar occurs under oxic condition at 35–37 °C with 

Table 4. Cellular fatty acid profiles of Paenibacillus melissococcoides sp. nov. strains 2.1T, 1.2 and 3.2 in comparison with those of closely related 
members of the genus Paenibacillus

Strains: 1, 2.1T; 2, 1.2; 3, 3.2; 4, P. dendritiformis LMG 21716T; 5, P. thiaminolyticus DSM 7262T; 6, P. alvei IFO 3343T; 7, P. apiarius NRRL NRS- 1438T. Data for 
strains 1–5 were investigated in this study under the same laboratory conditions; data for strains 6 and 7 were obtained from [9]. na, Data not available. 
Fatty acid content distinguishing the different Paenibacillus strains is indicated in bold.

Fatty acid (%) 1 2 3 4 5 6 7

iso- C14 : 0 0.6 0.7 0.6 0.4 1.6 0.3 0.2

C14 : 0 1.2 1.3 1.3 1.5 2.1 2.3 0.6

iso- C15 : 0 8.7 9.0 8.7 6.5 7.4 12.3 8.3

anteiso- C15 : 0 37.9 37.6 37.4 43.6 38.4 53.9 60.5

C15 : 0 2.2 2.5 2.3 1.4 1.3 1.6 2.2

iso- C16 : 0 4.8 5.2 5.0 4.3 10.6 2.3 4.2

C16 : 0 6.7 6.7 7.1 16.9 16.1 15.3 4.8

iso- C17 : 0 7.7 7.8 7.9 8.0 6.9 3.3 5.5

anteiso- C17 : 0 27.2 26.2 26.7 15.1 12.5 3.3 16.3

C17 : 0 1.1 1.2 1.2 0.6 0.6 na na

iso- C18 : 0 0.2 0.2 0.2 0.1 0.3 na na

C18 : 0 0.3 0.3 0.3 0.2 0.4 na na

Other peaks 1.3 1.4 1.3 1.2 1.7 na na

http://doi.org/10.1601/nm.5127
http://doi.org/10.1601/nm.5156
http://doi.org/10.1601/nm.5109
http://doi.org/10.1601/nm.5109
http://doi.org/10.1601/nm.5109
http://doi.org/10.1601/nm.5557
http://doi.org/10.1601/nm.5557
http://doi.org/10.1601/nm.5109
http://doi.org/10.1601/nm.5109
http://doi.org/10.1601/nm.5127
http://doi.org/10.1601/nm.5156
http://doi.org/10.1601/nm.5114
http://doi.org/10.1601/nm.5116
http://doi.org/10.1601/nm.5109
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0 % NaCl. After 48 h culture, colonies are circular (1–5 mm diameter), with slightly undulate margins, umbonate, smooth and 
light white translucent, with an orange- pigmented centre. Positive for catalase and cytochrome c oxidase. Acid formation from 
galactose, glucose, amygdalin, arbutin, aesculin, salicin, maltose, melibiose, sucrose, trehalose, raffinose, starch, gentiobiose 
and turanose is observed. Weak formation of acid from d-ribose, methyl α- d- mannopyranoside, methyl α- d- glucopyranoside, 
N- acetylglucosamine, cellobiose, lactose, inulin, melezitose, glycogen xylitol and potassium gluconate is detected. The most 
abundant cellular fatty acids are anteiso- C15 : 0, anteiso- C17 : 0, iso- C15:0, iso- C17 : 0 and palmitic acid (C16 : 0). The polar lipid profile 
consists of diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine, aminophospholipid and phospholipid. The 
only respiratory quinone is menaquinone 7. The peptidoglycan type is A1γ meso- Dpm- direct.

The type strain is 2.1T (=CCOS 2000T=DSM 113619T=LMG 32539T), isolated from a colony of honey bees, Apis mellifera, presenting 
symptoms of European foulbrood in Switzerland, canton of Bern. The genomic DNA G+C content of the type strain is 53.3 mol%.

Funding information
This work was partially funded by the Swiss foundation Gottfried and Julia Bangerter- Rhyner to B.D. (PI) and V.D. (co- applicant).

Acknowledgements
We are grateful to Olivier Schumpp and his team, Agroscope, for the electron microscopy pictures of the bacteria. We acknowledge Walter Gasser, 
Cantonal Veterinary Office Bern, and the beekeeper for access to the colony, in which the bacteria was found. We thank Manuel Gassmann for his assis-
tance with Gram colouration. We also thank the Next Generation Sequencing Platform of the University of Bern and Pamela Nicholson for performing 
the high- throughput sequencing.

Author contribution
F. O.: conceptualization, investigation, formal analysis, validation, visualization, writing – original. V. D.: conceptualization, supervision, project admin-
istration, validation, visualization, writing – review and editing. A.G: investigation, formal analysis. U.v.A.: investigation, formal analysis. C.F.R.: investi-
gation, formal analysis, writing – review and editing S.O.R: investigation, formal analysis, writing – review and editing. J.D.C.: project administration, 
validation, writing – review and editing. B. D.: conceptualization, investigation, supervision, project administration, validation, visualization, writing 
– review and editing.

Conflicts of interest
The authors declare that there are no conflicts of interest.

References
 1. Ory F, Dietemann V, Guisolan A, von Ah U, Fleuti C, et al. Paeniba-

cillus melissococcoides sp. nov., isolated from a honey bee colony 
affected by European foulbrood disease. Figshare 2023. https:// 
doi. org/ 10. 6084/ m9. figshare. 21679877

 2. Parte AC, Sardà Carbasse J, Meier- Kolthoff JP, Reimer LC, Göker M. 
List of Prokaryotic names with Standing in Nomenclature (LPSN) 
moves to the DSMZ. Int J Syst Evol Microbiol 2020;70:5607–5612. 

 3. Grady EN, MacDonald J, Liu L, Richman A, Yuan ZC. Current knowl-
edge and perspectives of Paenibacillus: a review. Microb Cell Fact 
2016;15:203. 

 4. Genersch E. American foulbrood in honeybees and its causative 
agent, Paenibacillus larvae. J Invertebr Pathol 2010;103:10–19. 

 5. Bailey L. Melissococcus pluton, the cause of European foulbrood of 
honey bees (Apis spp.). J Appl Bacteriol 1983;55:65–69. 

 6. Grossar D, Kilchenmann V, Forsgren E, Charrière J- D, Gauthier L, 
et al. Putative determinants of virulence in Melissococcus plutonius, 
the bacterial agent causing European foulbrood in honey bees. 
Virulence 2020;11:554–567. 

 7. Gaggia F, Baffoni L, Stenico V, Alberoni D, Buglione E, et al. Micro-
bial investigation on honey bee larvae showing atypical symptoms 
of European foulbrood. Bull Insectology 2015;68:321–327.

 8. Nakamura LK. Paenibacillus apiarius sp. nov. Int J Syst Bacteriol 
1996;46:688–693. 

 9. Shida O, Takagi H, Kadowaki K, Nakamura LK, Komagata K. Transfer 
of Bacillus alginolyticus, Bacillus chondroitinus, Bacillus curdlanolyt-
icus, Bacillus glucanolyticus, Bacillus kobensis, and Bacillus thiami-
nolyticus to the genus Paenibacillus and emended description of 
the genus Paenibacillus. Int J Syst Bacteriol 1997;47:289–298. 

 10. Yun JH, Lee JY, Kim PS, Jung MJ, Bae JW. Paenibacillus apis sp. 
nov. and Paenibacillus intestini sp. nov., isolated from the intes-
tine of the honey bee Apis mellifera. Int J Syst Evol Microbiol 
2017;67:1918–1924. 

 11. Tcherpakov M, Ben- Jacob E, Gutnick DL. Paenibacillus dendriti-
formis sp. nov., proposal for a new pattern- forming species and 

its localization within a phylogenetic cluster. Int J Syst Bacteriol 
1999;49:239–246. 

 12. Nakamura LK. Bacillus thiaminolyticus sp. nov., nom. rev. Int J Syst 
Bacteriol 1990;40:242–246. 

 13. Forsgren E, Budge GE, Charrière J- D, Hornitzky MAZ. Standard 
methods for European foulbrood research. J Apic Res 2013;52:1–14. 

 14. Pitcher DG, Saunders NA, Owen RJ. Rapid extraction of bacte-
rial genomic DNA with guanidium thiocyanate. Lett Appl Microbiol 
1989;8:151–156. 

 15. Edgar RC. MUSCLE: multiple sequence alignment with high accu-
racy and high throughput. Nucleic Acids Res 2004;32:1792–1797. 

 16. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, et al. The SILVA 
ribosomal RNA gene database project: improved data processing 
and web- based tools. Nucleic Acids Res 2013;41:D590–6. 

 17. Guindon S, Dufayard J- F, Lefort V, Anisimova M, Hordijk W, et al. 
New algorithms and methods to estimate maximum- likelihood 
phylogenies: assessing the performance of PhyML 3.0. Syst Biol 
2010;59:307–321. 

 18. Minh BQ, Nguyen MAT, von Haeseler A. Ultrafast approximation for 
phylogenetic bootstrap. Mol Biol Evol 2013;30:1188–1195. 

 19. Trifinopoulos J, Nguyen L- T, von Haeseler A, Minh BQ. W- IQ- TREE: 
a fast online phylogenetic tool for maximum likelihood analysis. 
Nucleic Acids Res 2016;44:W232–5. 

 20. Letunic I, Bork P. Interactive Tree Of Life (iTOL) v5: an online tool 
for phylogenetic tree display and annotation. Nucleic Acids Res 
2021;49:W293–W296. 

 21. Jain C, Rodriguez- R LM, Phillippy AM, Konstantinidis KT, Aluru S. 
High throughput ANI analysis of 90K prokaryotic genomes reveals 
clear species boundaries. Nat Commun 2018;9:5114. 

 22. Konstantinidis KT, Tiedje JM. Genomic insights that advance 
the species definition for prokaryotes. Proc Natl Acad Sci 
2005;102:2567–2572. 

 23. Goris J, Konstantinidis KT, Klappenbach JA, 
Coenye T, Vandamme P, et  al. DNA- DNA hybridization values and 



10

Ory et al., Int. J. Syst. Evol. Microbiol. 2023;73:005829

their relationship to whole- genome sequence similarities. Int J Syst 
Evol Microbiol 2007;57:81–91. 

 24. de Graaf DC, Alippi AM, Antúnez K, Aronstein KA, Budge G, et al. 
Standard methods for American foulbrood research. J Apic Res 
2013;52:1–28. 

 25. Smith AC, Hussey MA. Gram stain protocols. Am Soc Microbiol 
2005.

 26. Roland J. General preparation and staining of thin sections. In: Hall 
JL and Hawes C (eds). Electron Microscopy of Plant Cells. Academic 
Press; 1991. pp. 1–66.

 27. Jain A, Jain R, Jain S. Motility testing – Hanging drop method 
and stab. In: Jain A, Jain R and Jain S (eds). Basic Techniques in 
Biochemistry, Microbiology and Molecular Biology: Principles and 
Techniques. New York, NY: Springer US; 2020. pp. 121–122.

 28. Tittsler RP, Sandholzer LA. The use of semi- solid agar for the 
detection of bacterial motility. J Bacteriol 1936;31:575–580. 

 29. Schumann P, Rainey F, Oren A. 5 - Peptidoglycan structure. 
In: Methods in Microbiology, vol. 38. Academic Press, 2011. pp. 
101–129. 

Five reasons to publish your next article with a Microbiology Society journal
1.  When you submit to our journals, you are supporting Society activities for your community.
2.  Experience a fair, transparent process and critical, constructive review.
3.   If you are at a Publish and Read institution, you’ll enjoy the benefits of Open Access across 

our journal portfolio.
4.  Author feedback says our Editors are ‘thorough and fair’ and ‘patient and caring’.
5.  Increase your reach and impact and share your research more widely.

Find out more and submit your article at microbiologyresearch.org.


	﻿Paenibacillus melissococcoides﻿ sp. nov., isolated from a honey bee colony affected by European foulbrood disease
	Abstract
	Data Summary
	Introduction
	Isolation and ecology﻿﻿﻿﻿
	16S RNA gene phylogeny
	Genome features
	Physiology and chemotaxonomy
	Description of ﻿Paenibacillus melissococcoides﻿ ﻿sp.﻿ nov﻿.﻿
	References


