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Strain CO 4-7" was isolated from greenhouse soil used for
cultivation of cucumbers in Korea. The 16S rRNA gene se-
quence of strain CO 4-7" showed the highest sequence sim-
ilarity with Paenibacillus contaminans CKOBP-6" (94.2%)
among the type strains. Strain CO 4-7" was a strictly aerobic,
Gram-staining-positive, endospore-forming, and motile rod-
shaped bacterium. Strain CO 4-7" grew at 10-45°C (optimum,
30°C), at pH 6.0-7.5 (optimum, pH 6.5) and in the pre-
sence of 0-5% NaCl g_optimum, 0.5%). The DNA G+C con-
tent of strain CO 4-7 " was 48.5 mol%. It contained MK-7 as
the major isoprenoid quinone and anteiso-Ciso (51.8%),
Ciso (12.7%), and iso-Cie0 (8.6%) as the major fatty acids.
The cell wall contained meso-diaminopimelic acid. Based
on evidence from our polyphasic taxonomic study, it was
concluded that strain CO 4-7" should be classified as a nov-
el species of the genus Paenibacillus, for which, the name
Paenibacillus cucumis sp. nov. is proposed. The type strain
is CO 4-7" (=KACC 17444"=JCM 19515").

Keywords: Paenibacillus cucumis, polyphasic taxonomy, novel
species, soil

Introduction

The genus Paenibacillus, previously classified as the genus
Bacillus, was proposed as a new genus based on 16S rRNA
gene sequence by Ash et al. (1993). The genus was charac-
terized as rod-shaped, Gram-positive or variable, endospore-
forming, motile by peritrichous flagella, and facultatively
anaerobic or strictly aerobic bacterium (Priest, 2009). The
members of the genus Paenibacillus have anteiso-Cisyp as
the major fatty acid, meso-diaminopimelic acid (DAP) as the
cell wall peptidoglycan, and DNA G+C contents ranging from
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40-59%. There is no phenotypic characteristic that allows
for the differentiation of the genus Paenibacillus from other
aerobic and endospore-forming genera although the presence
of an endospore that distinctly swells the sporangium is in-
dicative (Priest, 2009). The normal habitat of the genus is
the soil and several species have been associated with the
rhizosphere of plants, enhancing the growth of the plants
by the production of phytohormones or by providing nu-
trients including nitrogen. Currently, the genus comprises
more than 150 recognized species with P. polymyxa as the
type species (http://www.bacterio.net). We describe one iso-
late, discovered during the course of an investigation of bac-
terial communities in agricultural soils, which was shown to
represent a novel species of the genus Paenibacillus based
on phenotypic data and phylogenetic inference.

Materials and Methods

Bacterial strains

Strain CO 4-7" was isolated from a greenhouse soil cultivated
with cucumber located at a height of 216 m in Cheongsong,
Korea (36°24.61'N, 129°3.84'E). The soil sample had the fol-
lowing chemical properties: pH 7.0; total organic carbon,
39 g/kg; total nitrogen, 2.2 g/kg; available P,Os, 642 mg/kg;
exchangeable K, 0.42 cmol./kg; exchangeable Ca, 14.6 cmol/kg,
exchangeable Na, 0.45 cmol./kg, and exchangeable Mg, 4.7
cmol/kg. The soil texture was sandy loam. The soil sample
was diluted serially in saline solution (0.85%, w/v), spread
on R2A agar (Difco, USA) and incubated for 5 days at 28°C.
A selected colony was subcultured repeatedly to isolate a
pure culture. Selected type strains of the genus Paenibacillus
were obtained from the Korean Agricultural Culture Col-
lection (KACC, Suwon, Korea) for comparative taxonomic
analysis.

Phylogenetic analysis

The 16S rRNA gene was amplified by PCR using two uni-
versal primers, as described previously (Kwon et al., 2003)
and sequenced using an Applied Biosystems ABI 3100 DNA
sequencer with the primers 800R (5-TACCAGGGTATCT
AATCC-3), 518F (5'-CCAGCAGCCGCGGTAATACG-3),
and 984F (5'-AACGCGAAGAACCTTAC-3"). The nearly
complete 165 rRNA gene sequence of strain CO 4-7" (1,471
nucleotides) was obtained from the sequence fragments us-
ing the SeqMan software (DNASTAR) and imported along
with the 16S rRNA gene sequences of the selected type strains
belonging to the genus Paenibacillus into the ARB software
package (version 5.5) (Ludwig et al., 2004). These sequences
were aligned by the SINA aligner, (version 1.1) (Pruesse et
al., 2012) using the SILVA 16S rRNA database (SSURef-111)



(Pruesse et al., 2007) for the reference sequences, and ex-
ported to the MEGA program (version 5.1) (Tamura et al.,
2011). The maximum-likelihood, neighbor-joining, and
maximum-parsimony trees were constructed using the po-
sitional variability filter for bacteria provided by the ARB
package. Nucleotide similarity values were calculated using
EzTaxon-e server (Kim et al., 2012).

Nucleotide sequence accession number

The GenBank/EMBL/DDB]J accession number for the 16S
rRNA gene sequence of strain CO 4-7" is KF289905.

Determination of DNA G+C content

The DNA G+C content was determined as described by
Gonzalez and Saiz-Jimenez (2002), using the CFX96 system
(Bio-Rad, USA). The genomic DNA of strain CO 4- 7" was ex-
tracted using PureHelix Genomic DNA Prep Kit (NanoHelix,
Korea). A 50-pl reaction consisted of 5 pg of genomic DNA,
SYBR Green I (Molecular Probes, USA; 1:100,000 final di-
lution), and 0.1x standard saline citrate (SSC). Thermal
conditions consisted in a ramp from 25-100°C at a rate of

1°C/min. The DNA G+C content of strain CO 4-7" was
calculated using the meltmg temperature of the genomic
DNA of strain CO 4-7" and formula proposed by Gonzalez
and Saiz-Jimenez (2002).

Morphological, physiological, and biochemical characteri-
zation

The cell morphology and motility of strain CO 4-7" was
examined using oil-immersion phase-contrast microscopy
(Axioplan 2; Zeiss, Germany) with cells grown for 3 days
on R2A agar at 28°C. In addition to R2A agar, growth of
strain CO 4-7" was tested on trypticase soy agar (TSA), nu-
trient agar (NA), Luria-Bertani agar (LB), and marine agar
2216 (MA). Growth at 0%, 0.5%, 1.0%, 2.0%, 3.0%, and
4.0% NaCl (w/v), and at various temperatures (5-50°C at
intervals of 5°C) was investigated after 7 days of incubation
on R2A agar. Growth was monitored for 20 days of in-
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cubation in R2A broth at pH 5.0-10.0 in increments of 0.5
units. pH was adjusted by using following buffer systems:
citric acid/Na,HPO, (pH 5.0-6.0), NaH,PO./Na,HPO, (pH
6.5-8.0), Tris/HCI (pH 8.5 and 9.0), and Na,CO3/NaHCO;
(pH 9.5 and 10.0) (Gomori, 1955). Gram staining behavior
was determined by means of the KOH test (Smibert and
Krieg, 1994) and L-alanine aminopeptidase activity (Bactident
Aminopeptidase test kit; Merck, Germany). Activities of
catalase and oxidase, and hydrolyses of starch (1.0%, w/v),
casein (10% skimmed milk, w/v), lipid (1.0% tributyrin),
chitin (0.5%, w/v), and carboxy-methylcellulose (CM-cel-
lulose, 0.1%, w/v) were conducted as described by Smibert
and Krieg (1994). Growth under anaerobic condition was
tested by incubating R2A agar plates in AnaeroGen sachet
pouches (Oxoid, UK) at 28°C for 2 weeks. Other biochemical
characteristics were determined using the API 20E, 20NE,
and 50CH systems, following the instructions of the manu-
facturer (bioMérieux, France). The API test strips were ex-
amined after 7 days at 28°C.

Chemotaxonomy

Cells were grown on R2A agar for 3 days at 28°C and fatty
acid methyl esters (FAMEs) were extracted and prepared
according to the standard protocol of the Microbial Identi-
fication System (MIDIL; Microbial ID, USA). Briefly, the
method entailed: (i) saponification of whole-cell prepara-
tions (40 mg of cells from plate culture) at 100°C with 1 ml
of methanolic NaOH (15% [w/v] NaOH in 50% [v/v] me-
thanol); (ii) esterification of the fatty acids at 80°C with 2
ml of 3.25 N HCl in 46% (v/v) methanol; (iii) extraction of
the FAMEs into 1.25 ml of 1:1 (v/v) methyl-tert-butyl ether-
hexane; and (iv) aqueous washing of the organic extract
with 3 ml of 1.2% (w/v) NaOH. The washed extracts were
then analyzed on a gas chromatograph (Agilent Ultra 2 co-
lumn; carrier gas, hydrogen; temperature ramping from
120 to 260°C at a rate of 5°C/min) with a flame ionization
detector. Individual fatty acids were identified using MIDI
standards and the TSBA6 database (version 6.10) (Microbial
ID, USA).

Fig. 1. Maximum-likelihood tree based on a
comparative analysis of 16S rRNA gene se-
quences, showing the relationships of strain
CO 4-7" with selected type strains belonging
to the genus Paenibacillus. Bootstrap values
(>70%) based on 500 resamplings are shown
at branching points. The dots indicate that
the corresponding branches were also reco-
vered in the neighbor-joining and maximum-
parsimony trees. The scale bar indicates 0.01
estimated change per n nucleotlde Thermoba-
cillus composti KWC4" was used as an out-

group.
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The presence of isoprenoid quinones was investigated us-
ing high-performance liquid chromatography (HPLC), as
described previously (Groth et al., 1996). Isoprenoid qui-
none-containing extracts were dissolved in acetone and
were applied as 4-cm bands to 20 x 20-cm TLC plates of
aluminum-backed silica gel 60 F254 sheets. After develop-
ment with hexane-ethyl ether (9:1, v/v), separated compo-
nents were revealed using short wave (254 nm) ultraviolet
light. Bands were marked with a pencil, cut from the plates,
and extracted with 1-ml diethyl ether; the solvent was re-
moved by evaporation under a stream of nitrogen. The ex-
tracts were resuspended in 200 pl isopropanol. The filtered
samples were analyzed by reverse-phase HPLC. Extraction
and analysis of polar lipids by two-dimensional thin layer
chromatography (TLC), were performed according to Minni-
kin et al. (1984).

The cell-wall diamino acid was determined using whole-

cell hydrolysates (6 N HCI, 100°C, 18 h) subjected to thin-
layer chromatography on cellulose plates as previously de-
scribed (Rhuland et al., 1955).

Results and Discussion

Phylogenetic analysis

Analyses of the 16S rRNA gene sequences showed that

strain CO 4-7" shared the highest sequence similarity with
Paenibacillus contaminans CKOBP-6" (94.2%) among the
previously identified type strains. Phylogenetic analysis
based on the maximum-likelihood tree showed that strain
CO 4-7" formed a clade with Paenibacillus contaminans
CKOBP-6" with a 98% bootstrap value (Fig. 1), which was
also supported by the neighbor-joining and maximum-par-
simony trees.

Table 1. leferentlal characterization of strain CO 4 7" and selected type strains of Paembaczllus speices

Strains: 1, CO4 7% 2, P. contaminans KACC 17159; 3, P. tianmuensis KACC 16677"; 4, P. elgii KACC 15271"; 5, P. chinjuensis KACC 12279"; 6, P. filicis
KACC 14197". +, Positive; -, negative; v, variable dependmg on the growth stage; ng, no growth. All strains are positive for hydrolysis of starch and
Voges-Proskauer test but negative for H,S production, indole production, arginine dihydrolase, lysine decarboxylase, ornithine decarboxylase, urease,
tryptophane deaminase, fermentation of D-glucose, D-manitol, inositol, D-sorbitol, L-rhamnose, D-sucrose, D-melibiose, amygdalin, and L-arabinose. All
strains assimilate D-glucose, methyl-a-D-glucopyranoside, esculin ferric citrate, D-cellobiose, D-maltose, D-saccharose, and D-trehalose but not assimilate
arabinose, capric acid, adipic acid, citrate, phenyl acetic acid, L-xylose, D-adonitol, L-sorbose, dulcitol, inulin, D-melezitose, D-lyxose, D-tagatose, L-arabi-

tol, gluconate, 2-ketogluconate, and 5-ketogluconate.

Characteristics 1 2

3 4 5 6

Anaerobic growth - +
Oxidase - +
Hydrolysis of
Casein - ng
Lipid - +
Chitin - -
CM-cellulose + -
Tween 20 ng ng
Tween 40 + -
Tween 60 + -
Tween 80 - -
Esculin - +
Nitrate reduction - -
Assimilation of
D-Mannose
D-Manitol + -
N-Acetyl-glucosamine - -
Potassium gluconate ar =
Erythritol - +
D-Galactose - -
D-Fructose - -
D-Mannose - -
D-Mannitol - -
D-Sorbitol - -
Xylitol - -
D-arabitol - -
Enzyme activity
f-Galactosidase + +
Gelatinase - -
Urease - -
DNA G+C content (mol%) 48.5 51.2°
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*Data are taken from Chou et al. (2009).
Data are taken from Wu et al. (2011).
Data are taken from Kim et al. (2004).

4 Data are taken from Yoon et al. (2002).
¢ Data are taken from Kim et al. (2009).



Morphological, physiological, and biochemical character-
istics

Strain CO 4-7" formed yellowish-pink, irregular, convex
colonies with entire margins, 1.0-2.0 mm in diameter, on
R2A agar after a 3 day-incubation at 28°C. Cells of strain
CO 4-7" were strictly aerobic, Gram-staining-positive, and
motile rods, 0.4-0.7 pum wide and 2.5-3.2 pm long and have
a middle or terminal ellipsoidal spore in a swollen sporan-
gium (Supplementary data Fig. S1). In addition to R2A agar,
strain CO 4-7" showed growth on TSA, NA, LB, and MA
media. The temperature range for growth was 10-45°C
with an optimum at 30°C. The pH range for growth was
6.0-7.5 with an optimum at pH 6.5. Growth was observed
in the presence of 0-5% NaCl with optlmum at 0.5%. Other
phenotypic characteristics of strain CO 4-7' and selected
type strains of Paenibacillus species are shown 1n Table 1.

Strain CO 4-7" and P. tianmuensis KACC 16677" did not
grow in anaerobic condition and was negative for 0X1dase
activity. Lipid was not hydrolyzed only by strain CO 4-7"

and esculin was not hydrolyzed by strain CO 4-7" and P.
chinjuensis KACC 12279".

Chemotaxonomy

Strain CO 4-7' had menaquinone 7 (MK-7) as the major
isoprenoid quinone and the polar lipids of the strain were
diphosphatidylglycerol (DPG), phosphatidylethanolamine
(PE), phosphatidylglycerol (PG), unidentified aminophos-
pholipids, an unidentified phospholipid, and an unidenti-
fied polar lipid (Supplementary data Fig. S2), similar o what
is reported for the P. contammans strain CKOBP-6" (Chou
et al., 2009). Strain CO 4-7" had anteiso-Cis, (51.8%) as the
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major fatty acid, which is characterlstlc of the genus Paeni-
bacillus (Priest, 2009). Strain CO 4-7, P. contamznans KACC
17159", and P. chinjuensis KACC 12279" had Cigy as the
second most abundant fatty acid (12.7-19.9%) wh11e P.
tianmuensis KACC 16677", P. elgii KACC 15271", and P.
filicis KACC 14197" had iso-Cys as the second most abun-
dant fatty ac1d (13.8-19.0%). Cis1w9c was present only in
strain CO 4-7" and P. chinjuensis KACC 12279". The com-
plete fatty acid composition is given in Table 2. Strain CO
4-7" contained meso-diaminopimelic acid in the cell wall.

Taxonomic conclusion

In conclusion, strain CO 4-7" is similar to other type strains
of the genus Paenibacillus because it clusters with them
with high confidence based on 16S rRNA gene sequence
similarity and has anteiso-C;s, as the major fatty acid and
meso-diaminopimelic acid as the cell-wall diamino acid,
which are characteristic of the genus Paenibacillus. However,
it can be distinguished from them because of its low se-
quence similarities with the 16S rRNA genes of other type
strains, and distinct phenotypic characteristics including a
lack of oxidase activity, no lipid hydr01y31s, and a distinct
fatty acids profile. Thus, strain CO 4- 7" represents a novel
species of the genus Paenibacillus, for which the name
Paenibacillus cucumis sp. nov. is proposed.

Description of Paenibacillus cucumis sp. nov.

Paenibacillus cucumis (cu’cu.mis. L. gen. n. cucumis of the
cucumber, referring to the isolation source of the type
strain, a soil cultivated with cucumber plants).

Cells are strictly aerobic, Gram-staining-positive, endo-

Table 2. Cellular fatty acid compositions of strain CO 4-7" and selected type strains of Paenibacillus speices

Strains: 1, CO 4-7"; 2, P. contaminans KACC 17159; 3, P. tianmuensis KACC 16677"; 4, P. elgii KACC 15271"; 5, P. chinjuensis KACC 12279'; 6, P. filicis
KACC 14197". All ‘data are from this study. Only fatty acids that represent more than 1% of the total fatty acids are indicated. All strains were grown on
R2A agar at 28°C for 3 days. Values are percentages of total fatty acids. -, Not detected.

Fatty acids 1 2 3 4 5 6
Cizo - - - - 1.8 -
Ci2:03-OH - - - - 2.7 -
Ci202-OH o = - - 5.1 -
is0-Cy393-OH - - - - 2.6 -
Ciso 2.8 3.6 - 3.9 4.0 1.8
is0-Cis0 2.0 1.6 2.7 2.6 - 4.4
anteiso-Cisy 51.8 63.8 58.2 44.9 34.8 60.3
is0-Ciso 3.7 1.2 19.0 14.6 1.5 13.8
iSO—C15;1 G = = = = 2.3 =
Ciso 12.7 17.6 34 11.2 19.9 6.5
is0-Cig0 8.6 6.0 3.7 54 4.0 7.5
Cieawllc 2.9 - 2.3 43 - -
Cig1w7c OH - - 1.5 - - -
Anteiso-C,7, 4.8 4.1 3.5 3.3 3.1 2.6
is0-Ci70 1.4 - 1.8 - - 2.5
is0-C;71010c¢ - - 2.3 - - -
Ciso 3.6 - 1.7 4.1 7.0 -
Ciga1w9c 1.3 - - - 6.3 -
Summed feature 1* = 5 = 5 1.0 -
Summed feature 4" = 5 = 5.7 - -
Summed feature 8 - - - - 2.2 -

* Summed features are groups of two or three fatty acids that cannot be separated by the MIDI system. Summed feature 1 comprised iso-Cis. H and/or Cy303-OH; summed fea-
ture 4 comprised iso-C7.1 I and/or anteiso Ci7, B; summed feature 8 comprised Cis.jw7¢ and/or Cis.1w6c.
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spore-forming, motile rods, 0.4-0.7 um wide and 2.5-3.2 pm
long. Grows at 10-45°C (optimum, 30°C), at pH 6.0-7.5
(optimum, pH 6.5) and in the presence of 0-5% NaCl (opti-
mum, 0.5%). Colonies on R2A medium are yellowish pink,
irregular, and convex with entire margins. Growth occurs
on TSA, NA, LB, and MA media. Positive for catalase and
negative for oxidase. Starch, CM-cellulose, and Tweens 40
and 60 are hydrolyzed. Casein, lipid, and chitin are not
hydrolyzed. Positive for acetoin production, but negative for
arginine dihydrolase, lysine decarboxylase, ornithine decar-
boxylase, H,S production, urease, tryptophan deaminase,
indole production, gelatinase, and acid production from
D-glucose, D-mannitol, inositol, D-sorbitol, L-rhamnose, D-
sucrose, D-melibiose, and L-arabinose (API 20E). Positive
for f5-galactosidase but negative for nitrate reduction, escu-
lin hydrolysis, and gelatin hydrolysis based on the results
from the API 20NE.

Assimilates glucose, D-mannose, D-mannitol, D-maltose,
gluconate, and malic acid and does not assimilate N-ace-
tyl-glucosamine, capric acid, adipic acid, citrate, and pheny-
lacetic acid (API 20NE). Assimilates D-arabinose, L-arabi-
nose, D-ribose, D-xylose, methyl-f§-D-xylopyranoside, me-
thyl-a-D-mannopyranoside, methyl-a-D-glucopyranoside,
amygdalin, salcin, D-cellobiose, D-maltose, D-lactose, D-me-
libiose, D-saccharose, D-trehalose, D-raffinose, glycogen, gen-
tiobiose, D-turanose, D-fucose, and L-fucose, and does not
assimilate glycerol, erythritol, L-xylose, D-adonitol, D-galac-
tose, D-fructose, D-mannose, L-sorbose, L-rhamnose, dulcitol,
inositol, D-mannitol, D-sorbitol, inulin, D-melezitose, amidon,
xylitol, D-lyxose, D-tagatose, D-arabitol, L-arabitol, gluconate,
2-ketogluconate, and 5-ketogluconate (API 50CH). The ma-
jor isoprenoid quinone is MK-7. The cellular phospholipids
are diphosphatidylglycerol (DPG), phosphatidylethanolamine
(PE), phosphatidylglycerol (PG), unidentified aminophos-
pholipids, an unidentified phospholipid, and an unidentified
polar lipid. The predominant fatty acids (>5%) are anteiso-
Cis:0, Ci6:0, and is0-Ciso. The diamino acid in the cell wall is
meso-diaminopimelic acid. The DNA G+C content of the
type strain is 48.5 mol%. The type strain, CO 4-7' (KACC
17444" = JCM 19515 "), was isolated from a greenhouse soil
cultivated with cucumber in Cheongsong, Korea.
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