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Abstract A rod shaped, Gram-stain positive, non-
motile, facultative anaerobic and gelatin hydrolysing
bacterium, strain PG17, was isolated from reclaimed land
soil in Kyehwa-do, Republic of Korea. Strain PG1*
showed highest 16S rRNA gene sequence similarity (97.4
and 96.5 %, respectively) to Paenibacillus shenyangen-
sis A9T and Paenibacillus hunanensis FeL05", and
clustered closely with the members of the family
Paenibacillaceae. DNA-DNA hybridization studies
revealed a genomic relatedness of 47 £ 9 % with P.
shenyangensis A9". The predominant fatty acids of strain
PG1" were identified to be anteiso-Cs.q (46.7 %) and
Ci6:0 (22.7 %). Diphosphatidylglycerol, phosphatidyl-
glycerol, phosphatidylethanolamine and an unidentified
phospholipid were found to be the major polar lipids. The
genomic DNA G+-C content was found to be 47.7 mol%.
This polyphasic characterisation of the newly isolated

The GenBank/EMBL/DDBIJ accession number for the 16S
rRNA gene sequence of strain PG1T is KP231650.
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strain PG17 justifies its description as representative of a
novel species in the genus Paenibacillus, for which the
name Paenibacillus gelatinilyticus sp. nov., (type
strain = PG1" = KCTC 33642" = JCM 30624") is
proposed.
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Introduction

The genus Paenibacillus was described by Ash et al.
(1993) based on the analysis of 16S rRNA gene
sequences of group 3 bacilli. Members of the genus
Paenibacillus are facultatively anaerobic or strictly
aerobic, Gram-stain positive or Gram-variable endo-
spore forming rods with oval endospores and swollen
sporangia. The major fatty acid is anteiso-C;s., and
meso-diaminopimelic acid (meso-DAP) is commonly
present in the peptidoglycan (Priest 2009). They are
widely distributed in different environments and are of
interest because of their ability to promote plant
growth (Jin et al. 2011), degrade complex organic
molecules (Wang et al. 2012) and act as bio-control
agents (Kim et al. 2004). In this communication we
describe the isolation and characterisation of a rod
shaped, psychrotolerant bacterium, strain PG17, and
propose it as the type strain of a novel species
belonging to the genus Paenibacillus based on
polyphasic taxonomy.
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Materials and methods
Strains and culture conditions

Strain PG1" was isolated from reclaimed land soil in
Kyehwa-do, Republic of Korea. Purification of the isolate
was achieved by repeated streaking on tryptone soy agar
plates at 30 °C. The strain was maintained under refrig-
eration at 4 °C and also preserved as glycerol stocks at
—80 °C. For comparative taxonomic studies, the type
strain of Paenibacillus shenyangensis A9" (=ICM19307")
was obtained from Dr. Xiaomin Hu (Jiang et al. 2015) and
also procured from Japan Collection of Microorganisms.
Comparative polyphasic characterisation of strain PG1"
with P. shenyangensis A9" was performed in this study
following the recommended standards proposed by Tin-
dall et al. (2010) and Logan et al. (2009).

Phenotypic characterisation

Morphological properties (cell shape and cell size) of strain
PG1" were observed by phase contrast light microscopy
(Zeiss Primo Star) after 24 h incubation in tryptone soy
broth. Motility was examined using the same microscopy
after 24 and 48 h of incubation in nutrient agar at 25 °C.
Gram reaction was performed by the non-staining method
according to Buck (1982). Spore formation was observed
after growing strain PG1” in tryptone soy broth supple-
mented with MnCl, (50 pM), CaCl, (700 pM) and MgCl,
(1 mM) (Priest 2009). Growth at different concentrations
of NaCl was tested in 1 % tryptone soy broth supple-
mented with varying amounts of NaCl (0-10 % w/v).
Ability to grow at different pH was tested in tryptone soy
broth adjusted to varying pH using phosphate buffer and
glycine-NaOH buffer. Similarly growth temperature range
was tested in tryptone soy broth with incubation at different
temperatures (5-50 °C). Utilisation of various substrates
as sole carbon source and growth in the presence of
inhibitory compounds was determined using GEN III
MicroPlate test panel (BIOLOG) following the manufac-
turer’s instructions. In addition, production of acid from
carbohydrates, enzyme activities and other biochemical
tests were performed using API SOCHB and API 20E strips
(bioMérieux).

Chemotaxonomic characterisation

Polar lipids were extracted from 1 g freeze-dried cells
using methanol/chloroform/saline (2:1:0.8, v/v/v), as
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described by Kates (1986). Separation of the lipids
was achieved by two-dimensional chromatography on
silica gel TLC plates (Kieselgel 60 F254, Merck) using
chloroform:methanol:water (65:25:4, v/v/v) in the first
dimension and chloroform:methanol:acetic acid:water
(80:12:15:4, v/v/v/v) in the second dimension as
mobile phase (Tindall et al. 2007). Total polar lipids
were detected using 5 % ethanolic molybdophospho-
ric acid and specific functional groups were detected
using spray reagents, i.e. ninhydrin (specific for amino
groups), molybdenum blue (specific for phosphates) or
a-naphthol (specific for sugars) (Kates 1972; Oren
et al. 1996). Quinones were extracted with a chloro-
form—methanol (2:1 v/v) mixture, purified by TLC and
analysed by HPLC as described by Tamaoka et al.
(1983). For the detection of meso-DAP in the cell wall,
whole cell hydrolysates were prepared (6 N HCI,
100 °C, 18 h) and examined by TLC on cellulose
plates (DC Cellulose F, Merck) using n-butanol:wa-
ter:acetic acid (50:25:25) as the solvent system
(Komagata and Suzuki 1987; Rhuland et al. 1955).
For determination of cellular fatty acid composition,
strain PG1T was grown on tryptone soy agar (Difco) at
30 °C for 2 days. Fatty acid methyl esters were
prepared, separated and identified according to the
instructions for the Microbial Identification System
(Microbial ID; MIDI 6.0 version) (Sasser 2001).

Molecular and phylogenetic analysis

For 16S rRNA gene sequencing, biomass of strain
PG1" was taken from 1.5 ml of well-grown liquid
cultures. DNA was extracted and purified by using the
GeneAll Exgene'™ Cell SV kit. PCR amplification of
16S rRNA gene and sequencing were performed as
described previously (Imhoff et al. 1998). Recombi-
nant Taq polymerase and universal primers 27F (5'-
AGAGTTTGATCATGGCTCAG-3) and 1522R (5'-
AAGGAGGTGATCCAGCCGAC-3') were used for
PCR. Sequencing were performed by a chain termi-
nation reaction (Sanger et al. 1977) using the BigDye®
Terminator v3.1 Cycle Sequencing Kit and an ABI
3730x1 DNA Analyzer (Applied Biosystems). The 16S
rRNA gene sequences obtained were compiled using
SeqMan software (DNASTAR) and the almost com-
plete sequence (1,470 bp) was compared with avail-
able 16S rRNA gene sequences of cultured species by
NCBI-BLAST search (Altschul et al. 1990) and the
EzTaxon-e server (http://eztaxon-e.ezbiocloud.net/;
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Kim et al. 2012). For phylogenetic analysis, 16S rRNA
gene sequences of the most closely related type strains
of the species belonging to the genus Paenibacillus
and of strain PG1T were aligned using the CLUS-
TAL_W algorithm and MEGAG6 software (Tamura
et al. 2013) was used for phylogenetic analyses.
Evolutionary distances were calculated by using the
Kimura 2-parameter correction (Kimura 1983) in a
pair-wise deletion procedure. Neighbour-joining
(Saitou and Nei 1987) and the maximum-parsimony
method (Fitch 1972) were used to construct phyloge-
netic trees. Percentage support values were obtained
using a bootstrap procedure with 1000 replications.

Genomic DNA was extracted and purified accord-
ing to the method of Marmur (1961) and the mol%
G+C of the DNA was determined following the
fluorimetric procedure described by Gonzalez and
Saiz-Jimenez (2002). The degree of DNA-DNA
relatedness between strain PG1" and P. shenyangen-
sis A9T was determined by the fluorimetric method
described by Gonzalez and Saiz-Jimenez (2005). This
method measures the divergence between the thermal
denaturation midpoint of homoduplex DNA and
heteroduplex DNA (AT,) using a real-time PCR
thermocycler that obtains fluorescence determina-
tions. Prior to analysis, isolated DNA was renatured
at the optimum temperature for renaturation (7,)
which was approximated according to the method of
De Ley et al. (1970) using the equation T,,, = 0.51(%
G+C) + 47.0. Renaturation conditions consisted of a
denaturation step of 99 °C for 10 min, followed by an
annealing period of 8 h at T,. and by progressive
60 min steps, each at 10 °C below the previous one,
until room temperature was reached. To the renatured
DNA, SYBR Green I (LONZA) dye was added at a
final concentration of 1:100000. The thermal denatu-
ration of the labeled mixture and measurement of
fluorescence during denaturation was carried out using
areal-time PCR machine (CFX Connect™ Real-Time
System, Bio-Rad). The thermal profile consisted of a
15 min hold at 25 °C followed by a 25-99 °C ramp in
0.2 °C steps with a 12 s hold. The mean of three
replicates was used to determine the 7;, (melting
temperature). Using the associated software, Bio-Rad
CFX Manager, T, values of homologous and hybrid
DNAs were calculated as the temperatures corre-
sponding to a 50 % decrease in fluorescence. Percent-
age similarity was estimated based on the AT, values
(Gonzalez and Saiz-Jimenez 2005).

Results and discussion

Phenotypic, physiological and biochemical
characteristics

Strain PG1T was observed to be a rod shaped, aerobic
or facultatively anaerobic, Gram-positive and non-
motile bacterium measuring 5.0-6.0 pm long and
0.5-0.7 pm wide (Fig. S1), with terminal endospores
and swollen sporangia (Fig. S2). Aerobically grown
colonies of strain PG1T on tryptone soy agar were
observed to be orange pink in colour, elastic, circular,
convex with entire margins (Fig. S3). Strain PG1"
does not require NaCl for its growth but can tolerate
NaCl concentrations up to 8 % (w/v). Growth was
observed at a pH range of 5.0-9.5 (optimum at 7.0)
and temperature of 10-45 °C (optimum at 25-30 °C).
Comparison of different morphological, physiological
and biochemical characteristics of strain PG1" and the
closely related strains P. shenyangensis A9" and P.
hunanensis FeL05", is shown in Table 1 and Supple-
mentary Table S1. It was reported in the species
description by Jiang et al. (2015) that P. shenyangensis
A9" could hydrolyse gelatin and also utilise citrate as
sole carbon source. When the tests were repeated in
the present study using API 20E strips (bioMérieux)
and following the manufacturer’s instructions, it was
observed that P. shenyangensis A9" showed negative
reactions for gelatin hydrolysis and citrate utilisation.

Genetic characteristics

Phylogenetic analysis based on the 16S rRNA gene
sequence of strain PG1" demonstrated its relationship
with members of the genus Paenibacillus and the
highest 16S rRNA gene sequence similarity with P.
shenyangensis A9T 97.4 %) and P. hunanensis
FeL05" (96.5 %) supported its affiliation to the genus.
The neighbor-joining phylogenetic tree showed that
strain PG17 clustered with P. shenyangensis A9" with
high bootstrap support (Fig. 1) and a similar topology
was also observed in the maximum parsimony tree
(Fig. S4). The G+C content of strain PGl was
47.7 mol% as determined by fluorimetric method. The
AT, between genomic DNA of strain PG1™ and P.
shenyangensis A9" and their hybrid DNA mixture was
8.6 £ 1.6 °C, equivalent to DNA-DNA relatedness
similarity of about 47 £+ 9 % (Gonzalez and Saiz-
Jimenez 2005), indicating a relatedness below the
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Table 1 Comparison of characteristics of the strain PG1", Paenibacillus shenyangensis A9™, and Paenibacillus hunanensis FeL05"

Characteristic

Strain PG1™ A9T?

FeL05™

Cell shape and size (um) (length x diameter)
Growth temperature range and optimum (°C)
pH range (Optimum)
NaCl tolerance % (w/v) 8 %
Nitrate Reduction -
Hydrolysis of
Gelatin
Starch
Aesculin
Tween 40
Utilization of

+ 4+ + +

+

p-Cellobiose

+

Sucrose
p-Fructose-6-phosphate -
D- Galacturonic acid -
L- Lactic acid

D- Raffinose
N-Acetyl-B-p-mannosamin
Acetic Acid

L-Rhamnose

£+ 4+ + + =

3-Methyl glucose

Myo-inositol
D-Fructose-6-PO,

L-Alanine w

L-Aspartic acid -
L-Glutamic acid -
DNA G + C content (mol %) 47.73

5.0-6.0 x 0.5-0.7
10-45 (25-30)
5.0-9.5 (7.0)

2.0-2.5 x 0.5-0.6 2.1-3.0 x 0.7-1.0

20-45 (30) 4-44 (30)
5.0-11.0 (7.0) 5.0-10.0
7 % 7 %
+ +
+ +
+ +
+ -
+ +
+ +
w +
+ +
w -
+ +
+
+ -
_|_ -
+ ND
w +
+ ND
+ f—
54.12 53.3

+ substrate utilized/present, —, substrate not utilized/absent, w weak growth, ND not determined

? Data obtained from this study
® Data from Jiang et al. (2015) and Liu et al. (2010)

70 % cut-off point for the circumscription of bacterial
species according to Wayne et al. (1987).

Chemotaxonomic characteristics

The major polar lipids of strain PG1” were identified
as diphosphatidylglycerol, phosphatidylglycerol,
phosphatidylethanolamine and an unidentified phos-
pholipid (PL1). The presence of three unidentified
phospholipids (PL2, 3, and 4), two amino phospho-
lipids (APL1 and 2) and three unidentified lipids (UL1,
2 and 3) in minor amounts was also observed (Fig. S5).
The presence of a phospholipid of unknown structure
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containing glucosamine (NPG) in P. shenyangensis
A9" as reported by Jiang et al. (2015) could not be
confirmed in the present study because the spot was
stained only with phosphomolybdic acid and molyb-
denum blue reagents but not with a-naphthol reagent.
Hence the spot is labeled as an unknown phospholipid
(PL1) in Supplementary Fig. S5. Also minor quantities
of three unidentified lipids (UL1, 2 and 3), three
unknown phospholipids (PL2, 3, and 4) and two amino
phospholipids (APL1 and APL2) were detected in the
present study in P. shenyangensis A9" which were not
reported by Jiang et al. (2015). Two glycolipids (GL1
and GL2) which were reported earlier in P.
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‘Bacillus subtilis DSM10T (AJ276351)

Paenibacillus sediminis GTH-3T (GQ355277)

100 —Paenibacillus favisporus GMPO1T (AY208751)
‘Paenibaci//us cineris LMG18439T (AJ575658)

Paenibacillus lentus CMG1240T (KC800716)

68

Paenibacillus shirakamiensis P-1T (AB769168)
Paenibacillus selenii W126" (KF923806)
Paenibacillus anaericanus MH21T (AJ318909)

92

71

Paenibacillus wynnii LMG22176" (AJ633647)
Paenibacillus stellifer IS1T (AJ316013)
Paenibacillus odorifer TOD45T (AJ223990)
Paenibacillus borealis KK19T (AJ011322)
Paenibacillus provencensis 4401170T (EF212893)
Paenibacillus urinalis 54024037 (EF212892)
Paenibacillus terrae AM141T (AF391124)

%Paenibacillus peoriae DSM8320T (AJ320494)
Paenibacillus jamilae CECT5266" (AJ271157)

Paenibacillus puldeungensis CAU9324T (GU187433)
100 [ Paenibacillus panacisoli Gsoil1411T (AB245384)

Paenibacillus massiliensis Smarlab BioMol-2301065" (AY230766)
Paenibacillus hunanensis FeL05T (EU741036)
Paenibacillus shenyangensis A9T (KF834270)

100

0.01

Fig. 1 Phylogenetic analysis based on 16S rRNA gene
sequences showing the relationship of strain PG1T to closely
related species. Accession numbers are given in parentheses.
Multiple alignment, distance calculations (distance options
according to the Kimura 2-parameter model) and clustering with

shenyangensis A9" was not detected in the present
study (Fig. S5).

MK-7 was detected as the predominant menaqui-
none in strain PG1" as is in accordance with the
description of the genus Paenibacillus. Whole-cell
fatty acid analysis revealed that anteiso-C;5.o and Cy¢.9
are the predominant fatty acids (Table 2). The cell
wall peptidoglycan of strain PG1T was found to
contain meso-DAP.

On the basis of differentiating physiological, bio-
chemical, and genotypic characteristics (Table 1), we
conclude that strain PG1" represents a new species
belonging to the genus Paenibacillus, for which the
name Paenibacillus gelatinilyticus sp. nov. is

Paenibacillus sp. strain PG1T (KP231650)

i‘quenihacillus illinoisensis NRRL NRS-1356T (D85397)

Paenibacillus xylanilyticus XIL14T (AY427832)

89 [ Paenibacillus barcinonensis BP-23" (AJ716019)

Paenibacillus oceanisediminis L10T (JF811909)
Paenibacillus xylanexedens B22a™ (EU558281)
Paenibacillus tundrae A10bT (EU558284)
Paenibacillus amylolyticus NRRL NRS-290T (D85396)
Paenibacillus dongdonensis KUDCO114T (KF425513)
Paenibacillus taichungensis BCRC17757T (EU179327)
Paenibacillus pabuli JCM9074T (AB073191)

the neighbour-joining method were performed by using the
software MEGA version 6. Bootstrap values based on 1,000
replications are listed as percentages at the branching points.
Bar 0.01 nucleotide substitutions per nucleotide position

proposed. During the present study it was also
observed that biochemical characteristics and polar
lipid profile of P. shenyangensis A9' are not in
accordance with the species description by Jiang et al.
(2015). Hence, we also propose an emended descrip-
tion of the species P. shenyangensis.

Description of Paenibacillus gelatinilyticus sp.
nov.

Paenibacillus gelatinilyticus (ge.la.ti.ni.ly’ti.cus. N.L.
neut n. gelatinum, gelatin; N.L. adj. lyticus (from Gr.
adj. lytikos), able to loosen, able to dissolve; N.L.
masc. adj. gelatinilyticus, gelatin-dissolving).

@ Springer
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Table 2 Cellular fatty acid contents (%) of strain PG17,
Paenibacillus shenyangensis A9", and Paenibacillus huna-
nensis FeL05™

Fatty Acid Strain PG1T A9™? FeL05™
Ciao 45 1.8 1.8
Cie:0 22.7 16.4 16.9
Ci70 TR TR TR
Ciso TR 15 15
Cis.1o11c 5.8 ND ND
i50-C 4.0 4.7 ND 0.9
is0-Cys.0 3.1 10.4 9.2
i80-C6.0 5.7 4.0 4.0
i50-Cy7:0 1 32 3.2
anteiso-Cys.o 46.7 22.8 23.5
anteiso-Cy7.o 4.7 4.4 4.5

TR trace (<0.5 %), ND not detected
* Data from Jiang et al. (2015)

Cells are rod shaped, 5.0-6.0 um long and
0.5-0.7 um wide with terminal endospores and swollen
sporangia, aerobic or facultatively anaerobic, Gram-
positive, non-motile, alkali tolerant (pH range 5.0-9.5;
optimum 7.0) and psychrotolerant (temperature range
10-45 °C; optimum 25-30 °C). On tryptone soy agar,
aerobically grown colonies are orange pink in colour,
elastic, circular, convex with entire margins. NaCl is
not required for growth but can tolerate NaCl concen-
trations up to 8 % (w/v). Positive for catalase, [3-
galactosidase, MR, VP test, hydrolysis of gelatin,
starch, esculin and Tween 40, but negative for arginine
dihydrolase, lysine decarboxylase, ornithine decar-
boxylase, citrate utilisation, urea hydrolysis, nitrate
reduction, H,S production, indole production, and
oxidase. Assimilation of the following carbon sources
is positive: glycerol, L-arabinose, ribose, D-xylose,
galactose, glucose, fructose, mannose, mannitol, N-
acetyl-glucosamine, amygdalin, arbutin, salicin, D-
cellobiose, p-maltose, lactose, melibiose, sucrose, tre-
halose, Dp-raffinose, starch, glycogen, 3-gentiobiose,
dextrin, p-turanose, stachyose, B-methyl-p-glucoside,
N-acetyl-B-pD-mannosamine, 3-methyl glucose, L-rham-
nose, inosine, D-sorbitol, L-alanine, pectin, L-galactonic
acid lactone, p-gluconic acid, methyl pyruvate, L-lactic
acid, acetoacetic acid, acetic acid and formic acid. Can
tolerate and grow in the presence of 1 % sodium lactate,
guanidine HCI, nalidixic acid, lithium chloride,
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potassium tellurite and aztreonam. The cell wall
peptidoglycan contains meso-DAP. Predominant fatty
acids include anteiso-Cs.g and C,¢,0. MK7 is the major
quinone. Major polar lipids are diphosphatidylglycerol,
phosphatidylglycerol, phosphatidylethanolamine and
an unidentified phospholipid, along with three uniden-
tified phospholipids (PL2, 3, 4), two amino phospho-
lipids (APL1, 2) and three unidentified lipids (ULI, 2,
3) in minor quantities. The DNA G + C content of the
type strain is 47.7 mol%.

The type strain PG1T (=KCTC 33642" = JCM
30624T) was isolated from a reclaimed land soil in
Kyehwa-do, Republic of Korea. The GenBank/
EMBL/DDBJ accession number for the 16S rRNA
gene sequence of strain PG17 is KP231650.

Emended description of Paenibacillus
shenyangensis

The description of the species is as given previously
(Jiang et al. 2015) except that the type strain is not able
to hydrolyse gelatin and cannot utilise citrate as sole
carbon source. The polar lipid profile is composed of
diphosphatidylglycerol, phosphatidylglycerol, phos-
phatidylethanolamine and an unidentified phospholipid
(PL1) as major components. Minor quantities of three
unidentified lipids (UL1, 2 and 3), three unknown
phospholipids (PL2, 3 and 4), two amino phospholipid
(APL1 and 2) and a glycolipid (GL1) are present.
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