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A Gram-stain-positive, rod-shaped, facultatively anaerobic, endospore-forming bacterium
(designated strain SC03") was isolated from the aerobic treatment sludge of a coking plant
(Shaoguan City, China). The optimal pH and temperature for growth were pH 7.0 and 35 °C.
On the basis of 16S rRNA gene sequence analysis, strain SC03" was related to the genus
Lysinibacillus and the similarity between strain SCO3" and the most closely related type strain,
Lysinibacillus macroides LMG 18474, was 94.4 %. The genomic G + C content of the DNA of
strain SC03" was 41.2 mol%. Chemotaxonomic data supported the affiliation of strain SC03"
to the genus Lysinibacillus. These properties include MK-7 as the predominant menaquinone;
is0-Cy5 . o and iso-Cyg . ¢ as major fatty acids; A4« (L-Lys—D-Asp) as the cell-wall
peptidoglycan type; and diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine
plus three unknown phospholipids as polar lipids. The phenotypic, phylogenetic and
chemotaxonomic characters enable the differentiation of strain SC03" from recognized
Lysinibacillus species. Thus, strain SCO3" represents a novel species of the genus
Lysinibacillus, for which the name Lysinibacillus cresolivorans sp. nov. is proposed. The type
strain is SC03" (=NRRL B-59352"=CCTCC M 208210").

Species of the genus Bacillus are endospore-forming bacteria,
most of which are rod-shaped, oval or round with strong
resistance to adverse environmental conditions. They are
very common in soil, water, air and the intestinal tract of
animals. Ash et al. (1991) first separated members of the
genus Bacillus into five clusters based on rRNA gene sequence
analysis, and the genus has since been split into several
genera. The genus Lysinibacillus was first proposed by
Ahmed et al. (2007) with the description of a novel species
and re-examination of Bacillus rRNA group 2 containing
lysine and aspartic acid in the peptidoglycan of the cell
wall. At the time of writing, the genus Lysinibacillus consists
of 18 recognized species: Lysinibacillus boronitolerans,
L. fusiformis, L. sphaericus (Ahmed et al, 2007),
L. parviboronicapiens (Miwa et al, 2009), L. xylanilyticus

The GenBank/EMBL/DDBJ accession number for the 16S rRNA
gene sequence of strain SCO3" is EU043375.

One supplementary table and two supplementary figures are available
with the online Supplementary Material.

(Lee et al, 2010), L. macroides (Coorevits et al, 2012),
L. sinduriensis, L. massiliensis, L. odysseyi (Jung et al., 2012),
L. mangiferahumi (Yang et al., 2012), L. meyeri (Seiler et al.,
2013), L. manganicus (Liu et al, 2013), L. contaminans
(Kéampfer et al, 2013), L. varians (Zhu et al, 2014),
L. tabacifolii (Duan et al, 2013), L. halotolerans (Kong
et al., 2014), L. fluoroglycofenilyticus (Cheng et al., 2015)
and Lysinibacillus acetophenoni (Azmatunnisa et al, 2015).
These species are characterized as endospore-forming,
motile rods, with an Ada-type (Lys—Asp) peptidoglycan cell
wall, is0-C;5 . o or anteiso-C;5 . ¢ as the predominant cellular
fatty acid, MK-7 as the major menaquinone, and a genomic
G+ C content of 35-43.2 mol% (Liu et al., 2013; Zhu et al.,
2014). During a study of m-cresol-degrading bacteria (Zhao
et al., 2014), strain SC03" was isolated from aerobic sludge of
a coking wastewater treatment plant located in Guangdong
Province, China. In this paper, we report the taxonomic
properties of strain SC03', an endospore-forming Gram-
stain-positive bacterium, as a novel member of the genus
Lysinibacillus. To describe this bacterium, the minimal stan-
dards for describing new taxa of aerobic, endospore-forming
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bacteria (Logan et al., 2009) were followed to determine the
morphological, physiological, biochemical and chemotaxo-
nomic characteristics.

To screen for m-cresol-degrading bacteria, coking waste-
water treatment sludge, which contains more than 15
different phenolic compounds, was collected, aerated for
48 h and the supernatant then used as inoculum. The iso-
lation medium contained (per litre): 2.24 g K,HPO,,
2.75 g KH2PO4, 1.00 g (NH4)ZSO4, 0.2 g MgClZ . 6H20,
0.1 g NaCl, 0.02g FeCl;-6H,0O and 0.01 g CaCl,
(pH 7.0-7.2) (Yao et al., 2011). m-Cresol was added at
50 mg ml™" via a 0.22 pm membrane filter to a 100 ml
mixture of sludge supernatant and sterile medium (1 : 9,
v/v). After initial growth was observed by an increase in
turbidity, 10 ml of the suspension was transferred into
a fresh sterile isolation medium containing 100 mg 17"
m-cresol. This procedure was repeated six times until the
concentration of m-cresol was increased to 500 mg 1.
The final enriched culture was spread on agar plates with
200 mg 1~" m-cresol as the sole carbon source. After incu-
bation for 24 h, different colonies were selected and
isolated using the streak plating method three times on
agar plates at 35 °C. One isolate, designated strain SC03",
was purified for further characterization. The origin of
the strain is from the aerobic sludge of a coking

plant (Shaoguan City, China; 24° 42’ 21.99" N 113° 38’
46.46" E). L. macroides DSM 54", L. boronitolerans DSM
171407, L. xylanilyticus KCTC 134237, L. fusiformis
KACC 10903 and L. sphaericus KCTC 3346" were used
as reference strains in this study and all the testing was con-
ducted using fresh cultures of purified strains under the
same conditions.

The biodegradation abilities of the new isolate and the
reference strains were tested with m-cresol as sole carbon
and energy source in the isolation medium. First, all strains
were activated under optimal conditions and one loop of
each culture was inoculated into the enrichment culture
medium in 100 ml flasks at 35 °C. Next, the bacterial sus-
pensions were inoculated into the medium with 20, 50 or
100 mg 17" m-cresol as sole carbon and energy source.
All cultures were placed into flasks, which were incubated
on a horizontal shaker at 28 °C for 72 h. The concen-
trations of m-cresol were measured with an HPLC system
after centrifugation of the liquid culture to estimate the
biodegradation by the strains. Strain SC03" and the refer-
ence strains were able to degrade m-cresol at 20 mg 1.
As shown in Table 1, when the initial concentration of
m-cresol was increased to 50 mg1™', it was degraded
by strain SC03Y, L. boronitolerans DSM 17140" and
L. xylanilyticus KCTC 13423". Among these strains, only

Table 1. Phenotypic characteristics of strain SCO3" and related Lysinibacillus species

Strains: 1, SC03"; 2, L. macroides DSM 54%; 3, L. boronitolerans DSM 17140%; 4, L. xylanilyticus KCTC 13423% 5, L. fusiformis KACC 10903%; 6,
L. sphaericus KCTC 3346". Data are from this study, except for the utilization of different carbon sources for L. fusiformis and L. sphaericus,

which are taken from Priest et al. (1988).+, Positive; —, negative.
Characteristic 1 2 3 4 5 6
Cell length (um) 3.3-5.0 1.4-2.0 2.8-3.0 1.8-4.5 2.0-4.0 1.4-4.8
Cell diameter (um) 1.1-1.3 0.8-0.9 1.1-1.2 0.9-1.2 0.5-1.5 0.6-1.0
Endospore shape and position* O,T RT R/O, T RT R/C,T R, T
Temperature range for growth (°C) 25-40 20-45 1545 1040 15-40 1040
pH range for growth 5.0-9.5 6.5-9.5 5.0-9.5 5.0-9.5 6.0-9.5 6.0-9.0
Anaerobic growth + - - - - -
NaCl range for growth (%) 0-5 0.5-4 04 04 0-7 0-4
Voges—Proskauer test - + - - - -
Nitrate reduction + + + + - -
Hydrolysis of:
Gelatin - - - + - -
Urea + - + - - -
Aesculin - + + + + +
Utilization of:
Citrate - + + + + +
Tween 40 + + - - + +
Acetate + - - - + +
o-Ketoglutaric acid - - - - + +
L-Malic acid - + + + - -
Biodegradation of m-cresol at:
50 mg 17! + - + + - -
100 mg 17! + - + - - -
*C, Central; O, oval or slightly oval; R, round; T, terminal.
http://ijs.microbiologyresearch.org 4251
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SC03" and L. boronitolerans DSM 17140" were able to
degrade m-cresol at 100 mg 17",

The cell morphological and motility features were observed
using light microscopy (Eclipse E200; Nikon) with cells
grown for 48 h at 28 °C on tryptone soy agar (TSA;
Bioway). Cell form and flagellation were observed using
the phosphotungstic acid staining method (for 1.5 min)
with a transmission electron microscope (H-7650; Hita-
chi). Growth of the strain at different temperatures (4,
10, 15, 20, 25, 30, 37, 40 and 45 °C), NaCl concentrations
(0,0.5,1,2,3,4,5,6,7,8,9 and 10 %) and pH (range
4-10, with an interval of 0.5 pH units; CH;COONa-
CH;COOH buffer for pH 4-5, K;HPO,-KH,PO, buffer
for pH 5.5-8 and NaHCO;-NaOH buffer for pH 8.5-10)
was determined on nutrient agar (NA) plates for 1 week.
The Gram reaction was performed as described by Greger-
sen (1978). Enzyme activity, hydrolysis reactions, catalase
activity, oxidase activity, indole production, and nitrate
and nitrite reduction were determined by standard
methods (Chang et al, 2002; Smibert & Krieg, 1994).
Growth under anaerobic conditions was determined after
2 weeks of incubation. The Voges—Proskauer test was
determined in Voges—Proskauer broth for 6-10 days.
Resistance to antibiotics was assessed using the Oxford
cup method (Abraham et al, 1941) at the following
concentrations: penicillin, 10 pg; chloromycetin, 30 pg;
streptomycin, 10 pg; tetracycline, 30 pg; and rifampicin,
5 pg. Liquefaction of gelatin was tested on peptone gelatin
medium at 20 °C using the new isolate and related
strains grown for 18-24 h. Utilization of carbon sources
and other organic compounds was tested using the GP2
MicroPlate system (Biolog) according to the manufac-
turer’s instructions.

A transmission micrograph of cells of strain SC03" is
shown in Fig. S1 (available in the online Supplementary
Material). Cells of the strain produced oval endospores in
the terminal position in a swollen sporangium. Strain
SC03" grew at pH 5.0-9.5 with optimum growth at
pH 7.0 and no growth at pH 4.5. This pH range is similar
to those of most species of Lysinibacillus, with the excep-
tion of L. contaminans, which can even tolerate pH 11.5
(Kdampfer et al., 2013). Growth of strain SC03"T occurred
at 25-40 °C with optimum growth at 35 °C; there was no
growth at =45 °C and weak growth after several days at
20 °C. Strain SC03" tolerated 0-5 % (w/v) NaCl on NA
plates. Nearly all members of the genus Lysinibacillus
have this NaCl tolerance range, except for L. fusiformis,
which can tolerate up to 7 % (Priest et al., 1988). Strain
SC03" was resistant to tetracycline, chloromycetin and
rifampicin, but sensitive to penicillin and streptomycin.
Other differential phenotypic characteristics are listed in
Table 1.

Genomic DNA of strain SC03" was extracted using the
method described by Zhou et al. (1996) and the nearly
complete 16S rRNA gene sequence was amplified using pri-
mers F27 (5'-AGAGTTTGATCCTGGCTCAG-3') and

R1522 (5'-AAGGAGGTGATCCAGCCGCA-3'). The puri-
fied PCR product (1452 nt) was sequenced by Shanghai
Bioasia (Invitrogen) Biotechnology. The EzTaxon-e server
was used to analyse the sequences (Kim et al., 2012). Phy-
logenetic trees of strain SC03" and related taxa were recon-
structed using the neighbour-joining (Saitou & Nei, 1987),
maximum-parsimony (Fitch, 1971) and minimum-
evolution (Rzhetsky & Nei, 1992) algorithms with 1000
bootstrap replications (Felsenstein, 1985) using MEGA ver-
sion 4.0 software (Kumar et al., 2004) after alignment of
the data using cLUSTAL X (Thompson et al., 1997).

The nearly complete 16S rRNA gene sequence for strain
SC03" was used to reconstruct phylogenetic trees. Com-
parative 16S rRNA gene sequence analysis placed strain
SC03" within the genus Lysinibacillus. Strain SCO03"
showed highest similarity to the sequence of L. macroides
LMG 184747 (94.4 %), L. boronitolerans 10a’ (94.0 %),
L. xylanilyticus XDB9' (93.5 %), L. fusiformis NBRC
15717" (93.4 %) and L. sphaericus KCTC 3346 (93.2 %),
and lower sequence similarity (<93 %) to other type
strains of Lysinibacillus species. Based on the 16S rRNA
gene sequence phylogeny, strain SC03" branched closest
to L. boronitolerans 10a® and L. macroides LMG 18474".
The relationship among strain SC03", L. boronitolerans
10a’ and L. macroides LMG 18474 was similar in the
trees built using the maximum-parsimony and mini-
mum-evolution algorithms and was supported by high
bootstrap values (Fig. 1).

L. boronitolerans DSM 17140%, L. xylanilyticus KCTC
13423" and L. macroides DSM 54" were used to assay the
fatty acids in comparison with strain SC03". For cellular
fatty acid analysis, cell biomass was harvested from TSA
plates after cultivation for 24 h at 28 °C. Three to four
inoculation loops of cell material were collected from the
plates and used for the analysis. The cellular fatty acid com-
position of the strain was examined by GC using the
Microbial Identification system (MIDIL; version 4.0)
according to the manufacturer’s instructions. The genomic
G+C content of the DNA was determined using HPLC
according to Mesbah et al. (1989).

Cell biomass for the analysis of cell-wall components, polar
lipids and respiratory quinones was harvested from cul-
tures grown on TSA at 30 °C for 48 h. The menaquinones
were extracted and investigated according to the method
described by Collins (1981) and Groth et al. (1996) via
HPLC. A purified cell-wall preparation was obtained and
hydrolysed as described by Schleifer & Kandler (1972).
The cell-wall peptidoglycan was obtained and purified
according to the description given by Schleifer (1985).
The amino acid contents of the cell wall were determined
by HPLC according to Tang et al. (2009). Polar lipids
were extracted and identified using two-dimensional TLC
(Minnikin et al., 1979; Collins & Jones, 1980) after staining
with molybdatophosphoric acid.

The major menaquinone of strain SC03" was MK-7
(89.2 %), and a minor amount of MK-6 (10.8 %) was
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L Lysinibacillus massiliensis 4400831 T(AY677116)
Planococcus maitriensis S17 (AJ544622)
ﬁL Planomicrobium koreense JGO7T (AF144750)
Psychrobacillus insolitus DSM 57 (X60642)
Psychrobacillus psychrotolerans DSM 11706 (AJ277983)

Paenibacillus polymyxa NCDO 17747 (X60632)

Fig. 1. Neighbour-joining tree based on nearly complete 16S rRNA gene sequences, demonstrating the phylogenetic pos-
ition of strain SCO3" and closely related Lysinibacillus species. Paenibacillus polymyxa NCDO 1774 (X60632) was used
as the outgroup. Bootstrap values at the nodes are based on 1000 replications. Filled circles indicate nodes that were
obtained by all treeing methods (neighbour-joining, minimum-evolution and maximum-parsimony) and open circles nodes that
were recovered by the neighbour-joining and minimum-evolution methods. Bar, 1 substitution per 100 nt.

detected as well; this corresponds to what has been
reported previously for the genus (Ahmed e al, 2007).
The major cellular fatty acids of strain SC03" were iso-
CIS ) (595 0/0), iSO-C16 ) (135 %) and anteiSO-CIS )
(8.6 %). Strain SC03" shared the same major fatty acids
as recognized species of the genus Lysinibacillus; however,
the relative abundances of these cellular fatty acids were
distinctly different (Table S1). Thus, the fatty acid profiles
can be used to differentiate these species. The major polar
lipids were diphosphatidylglycerol, phosphatidylglycerol
and phosphatidylethanolamine, while three unknown
phospholipids were also detected in minor amounts
(Fig. S2). This result is consistent with other Lysinibacillus
species except for L. massiliensis (Jung et al., 2012). Com-
pared with the polar lipid profiles of other Lysinibacillus

species, strain SC03" showed a very similar pattern to
those of L. odysseyi, L. sinduriensis (Jung et al., 2012) and
L. contaminans (Kimpfer et al, 2013). The genomic
G+C content of the DNA of strain SC03" was
41.2 mol%; other Lysinibacillus species have genomic
G+ C contents of 35-43.2 mol% (Liu et al, 2013; Zhu
et al., 2014).

From quantitative analysis of the cell-wall peptidoglycan,
strain SC03T contained alanine, glutamic acid, aspartic
acid and lysine in a molar ratio of 1.03 : 1.0 : 0.79 : 0.97.
Peptidoglycan type Ado (Lys—Asp) is a key marker for dis-
tinguishing the genus Lysinibacillus from other members of
Bacillus group 2, with the above diagnostic amino acids at
ratios of 1.83 : 1.0 : 0.63 : 0.69 for L. boronitolerans DSM

http://ijs.microbiologyresearch.org
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17140" (Ahmed et al., 2007). Data have also been published
for L. parviboronicapiens KCTC 131547 (1.93: 1.0 : 0.89 :
0.86) (Miwa et al, 2009), L. xylanilyticus KCTC 134237
(1.43 : 1.0 : 0.43 : 0.33) (Lee et al, 2010), L. sinduriensis
KCTC 13296" (1.3:1.0:1.0:0.9) (Jung et al, 2012),
L. meyeri DSM 25027" (1.5: 1.0 : 0.8 : 0.9) (Seiler et al,
2013) and L. contaminans DSM 25560T (1.6 : 1.0 : 0.9 : 0.8)
(Kampfer et al, 2013). Strain SC03" exhibited a ratio that
most closely matched L. meyeri, and all these species of Lysini-
bacillus share similar peptidoglycan composition ratios
according to Schleifer & Kandler (1972).

The phenotypic and phylogenetic results obtained clearly
indicate that strain SC03' represents a novel species
within the genus Lysinibacillus, for which the name Lysini-
bacillus cresolivorans sp. nov. is proposed.

Description of Lysinibacillus cresolivorans sp. nov.

Lysinibacillus cresolivorans (cre.so.li.vo’rans. N.L. n. cresol-
olis cresol; L. part. adj. vorans devouring; N.L. part. adj.
cresolivorans cresol-degrading).

Cells are Gram-stain-positive, motile rods, 1.1-1.3 X 3.3—
5.0 um in size. Endospores are oval in the terminal position
within a swollen sporangium. Colonies are cream-pigmen-
ted, with irregular margins, rough, opaque and with a
matte surface on NA, and are 0.8-2.0 mm in diameter after
48 h at 30 °C. In liquid culture medium, cells aggregate
and settle to the bottom of the tube. Facultatively anaerobic;
very weak growth is observed when cultivated under anaero-
bic conditions. The temperature range for growth is
25-40 °C, with optimum growth at 35 °C; there is no
growth at >45 °C. Growth is observed at pH 5.0-9.5, with
optimum growth at pH 7.0. The NaCl tolerance range is
0-5 % (w/v) on NA. Catalase-positive and oxidase-negative.
Negative results are obtained for the Voges—Proskauer test,
the methyl red test, hydrolysis of starch, gelatin, casein and
aesculin, phenylalanine deaminase, arginine dihydrolase,
lysine decarboxylase and lecithinase, the production of
indole and H,S, and nitrite reduction. Positive for nitrate
reduction, hydrolysis of urea and Tween 80. Acid is not pro-
duced from D-glucose, L-arabitol, D-mannitol or D-xylose.
The following compounds can be utilized: cyclodextrin,
Tween 40, D-ribose, acetic acid, o-ketovaleric acid, succinic
acid monomethyl ester, L-alaninamide, L-alanine, L-serine,
2,3-butanediol, adenosine, 2’-deoxyadenosine, inosine,
thymidine, uridine, thymidine-5'-monophosphate and
uridine-5'-monophosphate. MK-7 is the predominant
menaquinone. The major cellular fatty acids (>10 %) are
is0-Cy5.¢ and is0-Cy4.o. The cell-wall peptidoglycan
type is Ada (L-Lys—D-Asp). The major polar lipids are
diphosphatidylglycerol, phosphatidylglycerol and phos-
phatidylethanolamine.

The type strain, SCO3" (=NRRL B-59352"=CCTCC M
208210T), was isolated from a coking wastewater treatment
plant in Shaoguan, China. The genomic G+ C content of
the DNA of the type strains is 41.2 mol%.
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