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ABSTRACT: An antimicrobial bacterium to pathogenic microorganisms, strain W5-1" was isolated from Korean fermented-food Aimchi.
The isolate was Gram-staining-variable, strictly aerobic, rod-shaped, endospore-forming, and motile with peritrichous flagella. It grew
at 15—40°C, at pH 6.0—10.0, and in the presence of 0-4% NaCl. Strain W5-1" could hydrolyze esculin and xylan, and assimilate
D-mannose, but not b-mannitol. Strain W5-1" showed antimicrobial activity against Listeria monocytogens, Pseudomonas aeruginosa,
Staphylococcus aureus, and Salmonella typhi The G+C content of the DNA of strains W5-1" was 52.6 mol%. The predominant respiratory
quinone was menaquinone-7 (MK-7) and the major cellular fatty acids were Cigp, antieiso-Ciso, Cigo, and Cizo. The strain contained
meso-diaminopimelic acid in cell-wall peptidoglycan. On the basis of 165 rRNA gene sequence and phylogenetic analysis, the strain W5-1
was shown to belong to the family Faenibacillaceae and was most closely related to FPaenibacillus ,0/'/7/hur77/'823T (98.4% similarity) and
Paenibacillus tarimensis SA-7-6" (96.4%). The DNA-DNA relatedness between the isolate and Paenibacillus pinthumi 523" was 8.5%,
indicating that strain W5-1" represented a species in the genus Paenibacillus. On the basis of the evidence from this polyphasic study, it
is proposed that strain W5-1" is considered to represent a novel species of the genus Paensbacillus, for which the name Paenibacillus

kimchicus sp. nov. is proposed. The type strain is W5-1" (=KACC 15046" = LMG 25970").
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The genus Paenibacillus (the family Paenibacillaceae;
De Vos et al., 2009) was proposed by Ash et al. (1993) to
accommodate a phylogenetically coherent group of 11 species
of the genus Bacillus and subsequently emended by Shida ez al.
(1997). Members of the genus Paenibacillus are aerobic or
facultative anaerobic, rod-shaped, and endospore-forming in
swollen sporangia. Members of the genus possess anteiso-Cis.o
as the major cellular fatty acid and MK-7 as the predominant
menaquinone, and the DNA G+C content ranges from 39 to 54
mol% (Shida et al., 1997). At the time of writing, the genus
Paenibacillus comprised over 182 species and 4 subspecies

(Euzeby, 1997). Species belonging to the genus Paenibacillus

*For correspondence. E-mail: dhroh@chungbuk.ac kr;
Tel.: +82-43-261-3368; Fax: +82-43-264-9600

excrete many kinds of enzymes that degrade natural biopolymers
such as xylan (Choi ef al., 2008) and produce antibacterial
compounds such as polymyxin, oxtoptin, and baciphelacin
(Slepecky and Hemphill, 1992) and an antifungal compound
(Chung et al., 2000). Especially, type species of the genus
Paenibacillus polymyxa was known to promote plant growth
and produce various peptide antibiotics, for example, polymyxin
group (Vogler and Studer, 1966), gatavalin (Nakajima et al.,
1972), LI-F complex (Kurusu et al., 1987), fusaricidin A
(Kajimura and Kaneda, 1996), gacaserin, and saltavalin (Pichard
et al., 1995). In this study, we report the polyphasic characteristics
of a Paenibacillus-like bacterium, having antimicrobial activity
against some pathogens, isolated from Kimchi, a traditional

food of Korea.



320 - Parketal

Materials and Methods

Bacterial isolation and culture conditions

In order to isolate antimicrobial bacteria against Staphylococcus
aureus (KCCM 40881), Listeria monocytogenes (ATCC 15313),
Salmonella typhi (KNIH 100), Pseudomonas aeruginosa (ATCC
27853), and Candida albicans (ATCC 10231), Kimchi samples
were suspended and serially diluted in sterile distilled water
and the suspensions were plated onto a hundred times diluted
tryptic soy agar (TSA; Difco). After the plates were incubated
at 25°C for 4 days, antimicrobial activity of every single
colonies were assessed by agar spot test as described in Fleming
et al. (1975). Bacterial strains having antimicrobial activity
were selected and purified by repeated streaking on TSA.
Among those bacterial strains strain W5-1" had broad
antibacterial activity to S. aureus, L. monocytogenes, S. typhi,
and P. aeruginosa. Strain W5-1" stored at -80°C in TSB
supplemented with 25% (v/v) glycerol. The related type strains
of the genus Paenibacillus, P. pinihumi KACC 14199", P.
tarimensis KACC 14087T, P. castaneae KACC 14162T, P.
daejeonensis KACC 11453", and P. mendelii KACC 11472"
were obtained from Korean Agricultural Culture Collection
(KACC, Korea) and used for reference strains in polyphasic
taxonomic tests. Strain W5-1" and reference strains were
routinely grown on TSA or tryptic soy broth (TSB; Difco) at
30°C for 3 days.

16S rRNA gene sequencing and phylogenetic analysis

The 16S rRNA gene was amplified from a single colony by
PCR with 2X DyeMIX DNA Polymerase (EnzynomicsTM) and
universal bacterial primer pair, 27F (5'-AGAGTTTGATCMT
GGCTCAG-3") and 1492R (5'-TACGGYTACCTTGTTACG
ACTT-3"). PCR was run for 30 cycles with a DNA thermal
cycler (MJ Mini; Bio-Rad). The following thermal profiles
were used for PCR: predenaturation at 95°C for 3 min and a
repeated cycle of denaturation at 95°C for 20 sec, primer
annealing at 55°C for 40 sec and extension at 72°C for 45 sec.
The final cycle included an extension at 72°C for 10 min. The
PCR product was purified using HiYield Gel/PCR DNA
Fragments Extraction Kit (RBC) and purified PCR products
were sequenced by Solgent Co. Ltd. The full sequences of

16S rRNA gene were assembled using SeqMan software

=32l A Als2d Al3E

(DNASTAR). The 16S rRNA gene sequences of related taxa
were obtained from the GenBank database. The multiple
alignments were performed by Clustal X2 program (Larkin et
al., 2007). Gaps were edited in the BioEdit program (Hall,
1999). The evolutionary distances were calculated using the
Kimura two-parameter model (Kimura, 1980). The phylogenic
tree was constructed by using a neighbor-joining method
(Saitou and Nei, 1987), maximum parsimony (Kluge and
Farris, 1969) and maximum likelihood (Felsenstein, 1981) in
MEGA7 Program (Kumar et al., 2016) with bootstrap values

based on 1,000 replications.

Phenotypic and biochemical characterization

Strain W5-1" and reference strains were routinely grown on
TSA or tryptic soy broth (TSB; Difco) at 30°C for 3 days. Cell
morphology, size and motility were observed by phase contrast
microscopy (801, Nikon) on cells under these conditions and
flagella staining were carried out according to Heimbrook
(1989). The production of endospores was examined on cells
grown at 30°C for 7 days on NA and endospores were detected
by using malachite green staining described as Schaeffer and
Fulton (1933). Gram staining was performed with BD Gram
stain kits according to the instructions of the manufacturer and
with the non-staining method as described by Buck (1982).
Catalase activity was determined by bubble production in 3%
(v/v) H,O, and oxidase activity was assessed using oxidase
reagent (bioMérieux) according to the manufacturer’s instructions
after cultivation for 3 days. Acid production from glucose,
single-carbon-source assimilations and additional physiological
characteristics were determined using the API 20NE and API
ID32GN galleries (bioMérieux). All tests were performed
according to the instructions of the manufacturer. Hydrolylsis
of casein (1%, w/v), starch (1%, w/v), xylan (1%, w/v) and
Tween 80 (1%, v/v) were tested as described by Smibert and
Krieg (1994), using TSA as basal medium. DNase test was
performed using DNase test agar (Difco). The reference type
strains were included in these comparisons and all tests were
performed under the same conditions. Salt tolerance was
evaluated after incubation at 30°C for 7 days in nutrient broth
(NB; Difco) containing 0-5% (w/v; interval of 1%) NaCl. The
temperature range for growth was assessed on NA incubated
for 7 days at 0, 4, 10, 15, 20, 25, 30, 37, 40, 45, and 50°C. The
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pH range for growth was tested in NB adjusted with HCI and
NaOH to pH values between 5.0 and 12.0 (interval of 1.0).
Antibiotic sensitivity test was performed on NA medium by
disc-diffusion method with laboratory-prepared discs containing
of ampicillin (50 pg), spectinomycin (20 pg) streptomycin (10
ng), tetracycline (10 pg), kanamycin (50 pg), penicillin G (50
ug), gentamycin (10 pg), and chloramphenicol (25 pg).

Chemotaxonomic and genomic analyses

For the analysis of cellular fatty acids, strain W5-1" and
other type strains of the genus Paenibacillus were cultivated
for 3 days on TSA. The cellular fatty acids were saponified,
methylated, and extracted according to the protocol of the
Sherlock Microbial Identification System (MIDI) by using the
TSBA 40 method. Extracts were then analyzed by gas
chromatograph (Hewlett Packard 6890N) using the Microbial
Identification software package (Sasser, 1990). Isoprenoid
quinones were extracted with chloroform/methanol (2:1, v/v),
evaporated under vacuum conditions, and reextracted in n-
hexane-water (1:1, v/v). Then, the crude quinone in n-hexane
was purified using Sep-Pak® Vac Cartridges Silica (Waters)
and subsequently analyzed by HPLC, as previously described
Hiraishi ez al. (1996). Peptidoglycan analysis was determined
according to Schleifer and Kandler (1972).

For the measurement of G+C content of the chromosomal
DNA, genomic DNA of the strain was extracted and purified
using a genomic DNA extraction kit (Solgent), and was
enzymatically degraded into nucleosides, and then the G+C
content of DNA was determined as described by Mesbah and
Whitman (1989) using a reverse-phase HPLC.

To verify the new taxon of strain W5-1", DNA-DNA
hybridization experiments were performed between a strain
W5-1" and related five type strains of members of the genus
Paenibacillus using photobiotin-labelled DNA probes and
microdilution wells as described by Ezaki et al. (1989). The
hybridizations were performed with five replications of each
sample, where the highest and lowest values obtained were
excluded, and the means of the remaining three values were

quoted as the DNA-relatedness value.

Results and Discussion

Morphological and phenotypic characteristics

Strain W5-1" was Gram-staining-variable depending on the
used experimental methods. Cell was not strained by Gram
straining, however, KOH method showed Gram-positive reaction.
Cells were strictly aerobic, rod-shaped approximately 0.5-1.1
um in diameter and 2.8-4.3 um in length, and motile by
peritrichous flagella. Subterminal ellipsoidal spores were
formed in swellen sporangia. Dimorphic colonies were formed
on TSA and translucent, circular with slightly irregular margin
measuring and ivory with faintly brown in center. Growth
occurred at 15-40°C (optimum, 37°C), pH 6.0-10.0 (optimum,
pH 8) and in the presence of 0-4% (w/v) NaCl (optimum, 0%).
The other phenotypic characteristics of W5-1" are given in the
species description and compared to those of related other type

strains of the genus Paenibacillus in Table 1.

Phylogenetic analysis

The 16S rRNA gene sequence of strain W5-1" determined in
this study was a continuous stretch of 1,524 bp. The NCBI/
EMBL/DDBJ accession number for the 16S rRNA sequence
of strain W5-1" is HM625713. Strain W5-1" belonged to the
genus Paenibacillus in family Paenibacillaceae on the basis of
16S rRNA gene sequence analysis. The 16S rRNA gene sequence
similarity values between strain W5-1" and the other related
type strains of the genus Paenibacillus ranged from 91.5-
98.4%. Strain W5-1" showed the highest similarity to P. pinihumi
KACC 14199" (98.4%) and the second highest similarities was
96.4% to Paenibacillus tarimensis KACC 14087". Phylogenetic
analyses based on the neighbour-joining, maximum parsimony
and maximum-likelihood method revealed that strain W5-1" fell
within the evolutionary radiation enclosed by the genus

Paenibacillus and formed a cluster with P. pinihumi (Fig. 1).

Chemotaxonomic and genomic analyses

The cellular fatty acid contents of strain W5-1" and other
type strains of the genus Paenibacillus are shown in Table 2.
The major cellular fatty acids (>10%) of strain W5-1" were
Cieo (22.4%), anteiso-Cis. (15.9%), Ciso (12.4%), and Ciay
(11.3%). This fatty acid profile is characteristic of the genus

Korean Journal of Microbiology, Vol. 52, No. 3
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Paenibacillus. Interestingly, anteiso-Cis.o was known as the
major cellular fatty acid in the genus Paenibacillus (Shida et
al., 1997), but C,e occupied first position in the proportion of
cellular fatty acid in strain W5-1" and Paenibacillus daejeonensis
AP-20". In addition, the proportions of Cgo and Ciao were
somewhat higher in strain W5-1" than those of other related
type strains. Although the antieiso-Cisy in strain W5-1" took
the second position in the proportion, it showed significant
lower proportion than those of other type strains (Table 2).
Strain W5-1" contained menaquinone-7 (MK-7) as the major
respiratory quinone and meso-diamiopimelic acid in the cell-
wall peptidoglycan as in most other members of the genus
Paenibacillus (Shida et al., 1997). The DNA G+C base comp-
osition of W5-1" was 52.6 mol%, placing it within the range

other members of the genus Paenibacillus (Shida et al., 1997).

DNA-DNA relatedness values with type strains of the genus
Paenibacillus have shown that strain W5-1" has 8.5% with P.
pinihumi KACC 14199', 6.5% with P. mendelii KACC 11472",
5.3% with P. castaneae KACC 14162", 4.2% with P. tarimensis
KACC 14087", 2.0% with P. daejeonensis KACC 11453",
respectively. These low DNA-relatedness values are enough
for strain W5-1" to be classified as a novel species in the genus
(Wayne, 1987).

Therefore, based on data from this polyphasic study, strain
W5-1" should be classified in the genus Paenibacillus as
a representative of a novel species, for which the name

Paenibacillus W5-1" sp. nov. is proposed.

Description of Paenibacillus kimchicus sp. nov.

Paenibacillus kimchicus (kimchicus: kimchi'cus. N.L. n.

Table 1. Differential characteristics of strain W5-1" with closely related and representative type strains of the genus Paenibacillus species. Strain: 1,
Paenibacillus kimchicus W5-1T; 2, Paenibacillus pinihumi KACC 14199T; 3, Paenibacillus tarimensis KACC 14087T; 4, Paenibacillus castaneae KACC
14162"; 5, Paenibacillus daejeonensis KACC 11453"; 6, Paenibacillus mendelii KACC 11472". All data are from this study. All stains were able to
assimilate maltose, but could not capric acid, adipic acid, malic acid, citric acid, phenylacetic acid, p-sorbitol, propionate, valerate, ( -histidine, 2-ketogluconate,
3-hydroxy-butilate, 4-hydroxy-benzoate, . -proline, inositol, itaconate, suberate, molonate, acetate, p.-lactate, | -alanine, 5-ketogluconate, 3-hydroxy-benzoate,
-serine. All strains were not detected reduction of nitrate, indole production, acidification of glucose, arginine dihydrolase, urease, and hydrolysis of starch

and casein. +, positive reaction; w, weakly positive; -, negative reaction

Characteristics 1 2

Growth temperature (°C):

Range 15-40 20-37
Optimum 37 25
Hydrolysis of:
Esculin + -
Xylan + -
3-Galactosidase + -
Assimilation of:
p-Glucose + +
L-Arabinose + +
p-Mannose + -
p-Mannitol - +
N-Acetyl-glucosamine (PNPG) - -
Potassium gluconate - -
Salicin + -
p-Melibiose + A
L-Fucose - -
Rhamnose + -
p-Ribose + +
p-Sucrose + -
Glycogen - +
DNA G+C content (mol%) 52.6 49.5

3 4 5 6
10-30 25-45 15-37 15-30
30 25 30 25
+ + - -
- + + -
+ + - -

+ - w
+ - -
- + - -
- + + -
- - + +
+ R - -
+ + -
+ + -
+ - + -
w - w +
- - +
w + - +
+ - + -
53.7 46.0 53.0 50.8

=32l A Als2d Al3E
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P. cineris LMG 18439T(AJ575658)
A{j P. rhizosphaerae CECAPO6T(AY751754)
89 > P. favisporus GMPO1T(AY208751)

_E P. chibensis ICM 9905T(AB073194)
83 P. cookii LMG 18419T(AJ250317)

P. ginsengisoli Gsoil 1638 (AB245382)

P. polymyxa ATCC 842T(AFOX01000032)

P. taiwanensis BCRC 174117 (DQ890521)
P. alvei DSM 297 (AJ320491)

P. terrigena A35T (AB248087)

P. gansuensis B518T (AY839866)

P. chitinolyticus IFO 15660 (AB021183)

P. daejeonensis AP-20T (AF290916)

EP. agaridevorans DSM 13557 (AJ345023)
| P. nanensis MX2-3T (AB265206)

—

—

P. granivorans A30T (AF237682)
P. thailandensis S3-4AT (AB265205)
P. sputi KIT00200-70066-1T (FN394513)
IO(E P. alkaliterrae KSL-134T (AY960748)
76 > P. harenae B519T (AY839867)
P. agarexedens DSM 13277 (AJ345020)
| ﬂneae Ch-32T(EU099594)
b P. prosopidis PW21T (F1820995)
97 _:P glycanilyticus DS-1T (AB042938)
93 P. xinjiangensis B538T (AY839868)
_90|:P.mendelii C/2T (AF537343)
P. sepulcri CCM 73117 (DQ291142)
: P. kobensis DSM 10249T (AB073363)
100 P. cellulosilyticus PALXILO8T (DQ407282)
P. humicus PC-147" (AM411528)
P. phyllosphaerae PALXILO04T (AY598818)
P. tarimensis SA-7-6T (EF125184)
{. kimchicus W5-1T (HM625713)
100 P.pinihumi S23T (GQ423057)
C. thermotolerans CCUG 47242T(AJ971483)
—

0.01

Fig. 1. Neighbour-joining tree based on 16S rRNA gene sequences showing the phylogenetic relationship of W5-1" within the Paenibacillus. Bootstrap
values (expressed as percentage of 1,000 replications) greater than 70% are given at the nodes. Filled circles indicate nodes also recovered reproducibly with
the maximum parsimony and maximum-likelihood. The sequence of Colnia thermotolerans CCUG 47242" was used as an outgroup and GenBank accession
numbers are given in parentheses. Bar, 0.01 substitutions per nucleotide position.

kimchium, kimchi; L. masc. suff. -icus, suffix used with the
sense of pertaining to; N.L. masc. adj. kimchicus, pertaining to
kimchi, isolated from kimchi, a traditional Korean fermented-
vegetable food made by Chinese cabbage)

Cells are Gram-staining-variable, strictly aerobic, rod-shaped
approximately 0.5-1.1 um in diameter and 2.8-4.3 um in
length, and motile by peritrichous flagella. Subterminal ellip-

soidal spores are formed in swellen sporangia. Dimorphic
colonies are formed on TSA: translucent, circular with slightly
irregular margin measuring and ivory with faintly brown in
center. Growth occurs at 15-40°C (optimum, 37°C), pH 6.0~
10.0 (optimum, pH 8) and in the presence of 0-4% (w/v) NaCl
(optimum, 0%). Starch, esculin, casein, and xylan are hydro-

lysed, but Tween 80, gelatin, and DNA are not. Nitrate is not

Korean Journal of Microbiology, Vol. 52, No. 3
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Table 2. Fatty acids composition of strain W5-1" with closely related and representative type strains of the Paenibacillus species. Strain: 1, Paenibacillus
kimchicus WS-lT; 2, Paenibacillus pinihumi KACC 14199T; 3, Paenibacillus tarimensis KACC 14087T; 4, Paenibacillus castaneae KACC 14162T; 5,
Paenibacillus daejeonensis KACC 1 1453"; 6, Paenibacillus mendelii KACC 11472". All data are from this study. -, Not detected; ECL, equivalent chain
length; Fatty acids comprising less than 0.5% of the total were excluded. All strains were cultured on TSA at 30°C.

Fatty acids 1 2

Saturated straight-chain

Cioo 1.2 -

Cizo 11.3 2.8

Ciso 9.5 10.2

Cuao 4.5 2.1

Ciso 0.9 43

Ciso 224 113

Cizo 0.6 -

Ciso 12.4 7.5

Cao0 35 1.6
Saturated iso-branched

is0-Cia0 0.9 2.4

is0-Cis.0 1.5 7.4

is0-Cies:0 3.7 8.0

iso-Ci70 - -
Saturated anteiso-branched

anteiso-Cis;o 159 31.2

anteiso-Ci7.0 1.9 2.3
Unsaturated

Cis1ollc 1.5 -

Cis aBc 35 1.1

Cao:1 a¥c 2.1 2.4
Hydroxylated

Cis030H - 1.5
Summed features’

4; is0-C,7.; I/anteiso-C,7.; B - -

5; Cis2 @w6,9¢/anteiso-Cis.o 2.0 1.6
Unknown

unknown 16.582 0.8 -

unknown 18.814 - 1.5

3 4 5 6
10.0 35 3.9 3.7
12.1 14.6 1.8 1.5

35 2.7 - 1.8
2.1 1.7 53 14.8
13.4 16.9 40.3 13.6
- - - 1.0
6.4 15.1 11.0 4.6
1.7 33 1.0 -
- 0.9 - 2.6
6.5 32 1.1 10.1
1.4 3.0 1.5 6.9
1.8 1.7 - 1.8
243 23.7 29.9 34.8
5.6 1.7 - 1.9
2.0 - - -
2.8 2.5 1.6 -
35 2.9 1.0 1.0
0.9 - - -
2.1 2.8 0.6 -

" Summed features represent groups of two or three fatty acids that could not be separated by GLC with MIDI system.

reduced, indole is not produced and glucose is not fermented.
Catalase, oxidase and [3-galactosidase (para-nitrophenyl [3-
p-galactopyranoside) activities are present, but arginine dihydrolase,
urease activities are absent. Assimilates p-glucose,  -arabinose,
p-mannose, p-maltose, salicin, p-melibiose, rhamnose, p-ribose,
and p-sucrose, but does not assimilate p-mannitol, N-acetyl-
glucosamine, potassium gluconate, capric acid, adipate, malate,
capric acid, trisodium citrate, phenylacetic acid, 1-fucose,

p-sorbitol, propionate, valerate, ;-histidine, 2-ketogluconate,

=32l A Als2d Al3E

3-hydroxy-butyrate, 4-hydroxy-benzoate, -proline, inositol,
itaconate, suberate, malonate, acetate, pi-lactate, | -alanine,
5-ketogluconate, 3-hydroxy-benzoate, and 1 -serine (API 20 NE
and API 32 GN galleries). Susceptible to ampicillin, spectinomycin,
streptomycin, tetracycline, penicillin G, gentamycin, and chlo-
ramphenicol, but resistant to kanamycin. The major cellular
fatty acids are Cig., antieiso-Cis.o, Cis:0, and Ciz0. The major
respiratory quinone is menaquinone-7. DNA G+C content is
52.6 mol%.
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The type strain, W5-1' (=KCTC 15046" =LMG 25970"),

was isolated from Kimchi, a traditional food of Korea.

5 Q
Y v YRS oo SRS Hol WS-l 357t
EERE

share] uha A1) 7170 4 el |9k, of
Ao) A, A 5714, 7k, WAEAR AT ZmA o]
£ 7L 58S e IEE 5= 15-40°C, pH 6.0~
10.0, 04% NaCl ZZAA S35}t #F= esculind}
xylang- 7}=25}5}9 1L, p-mannoseS 5315151 21 p-mannitol
2 31812 Bty Wa-1' 3= Listeria monocytogens,
Pseudomonas aeruginosa, Staphylococcus aureus, Salmonella
typhiol] B B44L BTk W5-1' 452 DNA S| G+C 3
2 52.6 mol% At} 8 554 F+=2 menaquinone-7 (MK-7)
AL, F8 A2 A2 Cie, antieiso-Cis:o, Ciso, and Ciao
At #5= A 2 HE] =227 & meso-diaminopimelic
acid& 51Tk 168 rRNA F-2HA G 24 of] A 5}od
W5-1" #Z= Paenibacillaceae 32 H-E5]2).01 Paenibacillus
pinilumi S23" (98.4% similarity), P. tarimensis SA-7-6' (96.4%)
ot 8 ATALS BYch Bel et P. pinihumi $23" =
8.5%2] DNA-DNA 21432 59) 0 & W5-1" 7227} Paenibacillus
0] 31 5918 Hojaolrh of et tizb qlte] 72 B
W5-1" T2 Paenibacillus 25:2) A0 2 A}2%]0] Paenibacillus
kimchicus 2 8-S A|IshH, EEFF= Ws-1" (=KACC
15046" =LMG 25970")0]t}.
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