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A Gram-stain-positive, aerobic, non-motile, non-spore-form-
1ng, and rod-shaped bacterium, designated strain CHu64-
6-1", was isolated from a 67-cm-long sediment core collected
from the Daechung Reservoir at a water depth of 17-m in
Daejeon, Republic of Korea. Comparative 16S rRNA gene
sequence studies placed the new isolate in the class Sphingo-
bacteriia, and the isolate is notably most closely related to
Flavihumibacter sedzmzms CJ663" (98.1% similarity), Flavi-
humzbacter solisilvae 3-3" (97.8%), Flavihumibacter petaseus
T41" (97.5%), Flavihumibacter cheonanensts WS16" (97.4%),
and Flavihumibacter stibioxidans YS-17" (97.2%). The cells of
strain CHu64-6-1" formed yellow colonies on R2A agar and
contained MK-7 as the only menaquinone, phosphatidy-
lethanolamine, an unidentified phospholipid, and two un-
identified aminolipids as the major polar lipids, and Cis,
is0, Ci7 iso 3-OH, Cis; iso G, and Cie1 w5c¢ as the major
fatty acids (> 5%). The DNA G + C content of the genome
was determined to be 46.5 mol%. The DNA-DNA hybndl—
zation values of strain CHu64-6- l with F. sediminis C]663
F. solisilvae 3-3", F. petaseus T41", F. cheonanensis WS16',
and F. stlbloxldans YS-17" were 12 4-33.2%. Based on the
combined genotyprlc and phenotypic data, we propose that
strain CHu64-6-1" represents a novel species of the genus
Flavihumibacter, for which the name Flavihumibacter pro-
fundi sp. nov. is proposed The type stram is CHu64-6-1"
(=KCTC 62290" = CCTCC AB 2018060 )
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Introduction

Zhang et al. (2010) established the genus Flavihumibacter,
based on the single species Flavihumibacter petaseus within
the family Chitinophagaceae. Five species have been validly
described, F. cheonanensis (Kim et al., 2014), F. petaseus, F.
sediminis (Lee and Cha, 2016), F. solisilvae (Lee et al., 2014),
and F. stibioxidans (Han et al., 2016). All the members of
this genus were isolated from soil or sediment producing
flexirubin-type pigments and are Gram-stain-positive, non-
motile, aerobic and rod-shaped, and positive for oxidase but
negative for nitrate reductlon We recovered a novel strain,
designated CHu64-6-1", during the course of a study on iron
and sulphur oxidizing m1crob1a1 diversity in the sediment
of the Daechung Reservoir (Jin et al., 2017). Here, we esta-
blish the taxonomic position of strain CHu64-6-1", which
should represent a new species within the genus Flavzhumi—
bacter based on the 16S rRNA gene sequence analysis, using
a polyphasic approach.

Materials and Methods

Isolation and culture condition

A bacterial strain, designated CHu64-6-1", was isolated us-
ing diluted R2A agar (Difco) (per L: 0.05 g peptone, 0.05 g
yeast extract, 0.05 g casamino acid, 0.05 g dextrose, 0.05 g
soluble starch, 0.03 g K;HPO,, 0.005 g MgSOs, 0.03 g sodium
pyruvate, and 15 g agar) from a 67-cm-long sediment core
collected from the Daechung Reservoir at a water depth of
17 m in Daejeon, South Korea. The strain CHu64- 6 1" was
recovered using several dilutions to extinction (10° or 107)
in R2A medium. A 100 pl sub-sample of the suspended ma-
terial was aseptically spread onto modified 1/10 R2A agar
and incubated at 25°C under heterotrophic conditions. A
yellow-pigmented bacterial strain was isolated after 6 days
and routinely subcultivated on R2A agar at 30°C for 48 h
and kept in a glycerol solution (20%, v/v) at -70°C for long-
term preservation. For the next experiments, all strains were
cultivated on R2A agar (Difco) at 30°C for 48 h F. cheona-
nensis KACC 17467", F. petaseus KACC 17385", F. sediminis
KACC 18874 F. solzsdvae KACC 17917, and F. stibioxidans
KCTC 52205" were used as reference strains under the same
conditions. The reference strains were purchased from the
KACC (Korean Agricultural Culture Collection) and KCTC
(Korean Collection for Type Cultures).
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Morphological, physiological, and biochemical characteriza-
tion

We used a Gram staining kit (Becton Dickinson) to carry
out the Gram-staining experiment following the manu-
facturer’s instructions. Cellular morphology and the mobi-
lity of strain CHu64-6-1" was observed on a phase-contrast
microscope (Nikon Optiphot, 1,000x magnification) using
cells grown on R2A at 30°C for 24 h. Oxidase activity was
assayed with 1% tetramethyl-p-phenylenediamine (Tarrand
and Groschel, 1982) and catalase activity with 3% H,O,.
The cell growth temperature (4, 8, 15, 20, 30, 37, and 42°C)
was investigated on R2A agar. The pH range for cell growth
from pH 5 to pH 10 at intervals of 1 unit was investigated in
R2A broth, and different buffer systems for alkaline and
acidic solutions were used as previously described (Jin et
al., 2016). NaCl tolerance (0-5.0%, w/v) was determined on
R2A agar for 7 days. API 20NE, ID 32 DN, and API ZYM
kits (bioMérieux) and the Biolog GN2 MicroPlate were used
to determine carbon-source utilization, enzyme activity and
additional physiological characteristics according to the
manufacturer’s instructions. Duplicate antibiotic-suscepti-
bility assays were performed using filter-paper disks con-
taining the following: amikacin (30 pg/ml), ampicillin (10
pg/ml), amoxycillin (10 pg/ml), cefadroxil (30 pg/ml), cefo-
perazone (75 pg/ml), ceftazidime (30 pg/ml), ceftriaxone
(30 pg/ml), chloramphenicol-C (30 pg/ml), ciprofloxacin
(5 pg/ml), cloxacillin (1 ug/ml), co-trimoxazole (25 pg/ml),
erythromycin (15 pg/ml), gentamicin (10 pug/ml), nalidixic
acid (10 pg/ml), netillin (30 pg/ml), nitrofurantoin (300
pg/ml), norfloxacin (10 pg/ml), penicillin (10 units), tobra-
mycin (10 pg/ml), and vancomycin (30 pg/ml). The discs
were placed onto R2A plates that had been already spread
with a culture of strain CHu64-6-1", and then, the plates were
incubated at 30°C for 3 days. Susceptlblhty was considered
positive for zones with diameters greater than 10 mm.

Chemotaxonomic characterization

For whole-cell fatty acid proﬁlmg, strains CHu64-6- 1 F.
cheonanensis KACC 17467 F. petaseus KACC 17385 F.
sediminis KACC 18874, F solzszlvae KACC 17917", and F.
stibioxidans KCTC 52205 were cultured on TSA agar for
48 h, and the harvesting of bacterial cells was standardized
by MIDI (http://www.microbialid. com/PDF/TechNote_101.
pdf). To extract the fatty acids, we harvested the cell mass
when the cells reached the late exponential phase. Separation
and identification of the fatty acids were done by GC (He-
wlett Packard 6890), and the TSBA 6 database provided the
Sherlock software 6.1. Extraction of isoprenoid quinine was
completed as described by Komagata and Suzuki (1987),
and the analysis was done by HPLC (Shimadzu) with an
YMC-Pack ODS-A column. The polar lipids were extracted
and analyzed using two-dimensional TLC and identified
following the method described by Tindall (1990). DNA G +
C contents (mol%) were analyzed by HPLC after hydrolysis
as described by Tamaoka and Komagata (1984).

Phylogenetic analysis

To extract the genomic DNA, we used the FastDNA™ SPIN
kit for soil DNA Extraction MP according to the manufac-

turer’s instructions for Gram-negative bacteria. The purity
of the DNA was checked on a ND1000 spectrometer (Nano-
drop Technologies Inc.). To amplify the 16S rRNA gene,
universal bacterial primer sets, 27F (5-AGA GTT TGA
TCM TGG CTC AG-3'; Escherichia coli position 8-27) and
1492R (5'-TAC GGY TAC CTT GTT ACG ACT T-3; E.
coli position 1492-1510) (Lane, 1991), were used, and the
conditions for the PCR cycling were as follows: 95°C for 5
min and 30 cycles of 95°C for 1 min, 55°C for 1 min and
72°C for 1.5 min followed by a final extension step for 7 min
at 72°C. Two more primers, 785F (5'-GGA TTA GAT ACC
CTG GTA-3') and 800R (5'-TAC CAG GGT ATC TAA
TCC-3'), were used for the sequence analysis (Lane, 1991).
The purified PCR products were then sequenced with the
BigDye Terminator v3.1 Cycle Sequencing kit (Applied Bio-
systems). To construct the phylogenetic trees, the sequence
aligning software CLUSTAL X (Thompson et al., 1997), the
editing software BIOEDIT (Hall, 1999) and MEGA 6 (Ta-
mura et al., 2013) software were used. The close neighbor
taxa of strain CHu64-6-1" with validly published names were

Table 1. Phenotypic characteristics that differentiate strain CHu64-6-1"
from the most closely related species in the genus Flawhumzbucter
Strains: 1, CHu64 6-15 2, F. cheonanenszs KACC 17467"; 3, F. petaseus
KACC 17385'; 4, F. sedzmmzs KACC 18874"; 5, F. solisilvae KACC 17917
6, F. stzhzoxzdans KCTC 52205". All data are from this study, unless 1nd1-
cated. All strains were positive for aesculin hydrolysis, oxidase, N-acetyl-
B-glucosaminidase, acid phosphatase, alkaline phosphatase, cystine aryla-
midase, esterase (C4), esterase lipase (C8), a-galactosidase, S-galactosidase,
a-glucosidase, B-glucosidase, leucine arylamidase, naphthol-AS-BI-phos-
phohydrolase, trypsin, and valine arylamidase, but negative for nitrate re-
duction, indole production, glucose acidification, S-glucuronidase, or lipase
(C14). None of them assimilated acetate, adipate, L-alanine, caprate, citrate,
L-fucose, gluconate, L-histidine, 3-hydroxybenzoate, 4-hydroxybenzoate,
3-hydroxybutyrate, itaconate, 2-ketogluconate, 5-ketogluconate, DL-lac-
tate, malate, malonate, D-mannitol, phenylacetate, propionate, D-ribose,
L-serine, D-sorbitol, suberate, or valerate. +, positive; -, negative; w, weakly
positive.

Characteristics 1 2 3 4 5 6
Catalase . : + + +
Arginine dihydrolase - - +
Urease - - - + - -
Gelatine hydrolysis + + + + + -
Carbon utilization :

N-Acetyl-Glucosamine - + + + + +
L-Arabinose - + + + + +
D-Glucose - + + + +
Glycogen - + - - - +
Inositol = + - - -
Maltose - + + + + +
D-Melibiose - + & & + +
L-Proline 5 + - - - +
Rhamnose - + = - +
Salicin - + + + + +
D-Sucrose - + + + 4+ +
Enzyme activity :
a-Chymotrypsin - = - + . W
a-Fucosidase + + - + + -
a-Mannosidase + = . - - w

DNA G + C content (mol%) 465 45.9° 48.1° 47.7° 495% 47.8°

a‘Datat from Kim et al. (2014)
"Data from Zhang et al. (2010)
Data from Lee and Cha (2016)
4Data from Lee et al. (2014)
‘Data from Han et al. (2016)



Table 2. Cellular fatty acid compositions (%) of strain CHu64-6-1" and
the type strains of related species of the genus Flawhumtbacter

Strains: 1, CHu64 6-1; 2, F. cheonanenszs KACC 17467"; 3, F. petaseus
KACC 17385; 4, F. sediminis KACC 18874"; 5, F. solisilvae KACC 17917
6, F. stzbzoxzdans KCTC 52205". Data are from the present study. tr, trace
amount < 1%; -, not detected.

Fatty acids 1 2 3 4 5 6
Cizg is0 tr tr tr tr - tr
Ci30 anteiso tr - - tr - -
Cis01s0 tr - - tr 1.5 -
Cuao tr tr tr tr - tr
Cis1iso G 7.7 18.1 17.3 9.8 12.8 25.2
Cis. anteiso A tr 1.1 tr 1.8 - 2.3
Ciso iSO 34.0 41.0 33.0 31.5 33.3 32.3
Cisanteiso 5.8 3.5 1.1 13.5 5.9 2.9
Cig1is0 G - tr tr 1.9 - tr
Ciso is0 2.6 1.4 1.2 5.3 5.2 1.4
Ci6:1 W5¢ 7.3 3.8 6.2 2.2 5.6 6.4
Ciso 3.4 2.8 2.7 3.1 3.4 2.1
Cis0is0 3 OH 4.1 3.3 4.1 2.4 6.1 4.2
Cis02 OH tr tr tr tr - -
CIS:O 3 OH tr tr 1.1 = 2.4 tr
Cy7.1 anteiso A - - - tr - -
Ci701s0 1.2 tr tr tr - tr
Ci70anteiso 1.2 - - tr - -
Ci7.1 w6¢ 1.3 - tr tr - -
Cizo tr - - - - -
Cisoiso 3 OH tr tr tr 2.0 - tr
Ci602 OH tr - - - - -
Ci60 3 OH 1.0 1.5 2.7 1.5 3.7 1.3
Cizoiso 3 OH 14.9 18.2 16.2 14.5 16.0 16.0
Ci702 OH 5.0 tr tr 4.6 - tr
Ci703 OH tr 1.3 1.9 tr 2.2 1.4

Summed Feature 3° 4.9 tr 8.7 1.4 1.9 0.8

*Summed feature 3 contains Cye. w7¢ and/or Cyg1 w6C.
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identified with EzBioCloud (Yoon et al., 2017). The phylo-
genetic trees were completed using 3 different algorithms,
neighbor-joining (Saitou and Nei, 1987), maximum-parsi-
mony (Felsenstein, 1981) and maximum-likelihood (Fitch,
1971). Bootstrap values were calculated on 1,000 resamplings
of the sequences (Felsenstem 1985). The DNA-DNA relat-
edness of strain CHu64 6-1" to the type strains E cheona-
nensis KACC 17467 F. petaseus KACC 17385 F. sedi-
minis KACC 18874, F. solzszlvae KACC 17917", and F. sti-
bioxidans KCTC 52205" was performed with the fluoro-
metric method described by Ezaki et al. (1989), and Salmon
sperm DNA (Sigma; D7656) was used as a control.

Results and Discussion

Morphological, physiological, and biochemical characteri-
stics

Visible colonies formed within 24 h on R2A agar when in-
cubated at 30°C. Growth was found to occur at temperatures
ranging from 15 to 37°C (weakly); however, no growth was
observed at 8 and 42°C. Growth was found to occur at pH
5-8; however, no growth was observed at pH 4 or 9. The
colonies were observed to be yellow, opaque, convex, smooth
and circular with entire edges. The cells were found to be
Gram-stain-positive, oxidase-positive but catalase-negative,
non-motile, and rod-shaped. More detailed physiological
and biochemical characteristics are listed in Tables 1 and 2
and in the species description.

Phylogenetic analysis

The almost-complete 16S rRNA gene sequence of strain

Fig. 1. Neighbour-joining phylogenetic tree

Flavihumibacter sediminis CJ663T (KP126826
(i ( ) based on the 16S rRNA gene sequences of
Flavihumibacter cheonanensis WS167 (KF309176) strain CHu64-6- 1 and related species. Num-
100 Flavihumibacter stibioxidans YS-177 (KX014806) bers at branching points refer to bootstrap per-

CHu64-6-17 (MF770247)

100

Flavihumibacter solisilvae 3-3T (JSVC01000053)

centage (1,000 resamplings, only values above
50% shown). Bar, 1 substitution per 100 nt
positions.

Flavihumibacter petaseus NBRC 1060547 (BBWV01000016)
Niveitalea solisilvae 6-47 (KX268597)
71 Tertimonas arctica R9-867 (KJ631121)
Terrimonas crocea M1-331087 (KX139009)
99 Terrimonas ferruginea DSM 301937 (AUDS01000006)
m Terrimonas lutea DYT AB192292
495‘7_(: Terrimonas pekingensis QHT (JF834159)
74 Terrimonas rhizosphaerae CR947 (FJ772030)
Parasegetibacter terrae SGM2-107 (KJ634465)
Parasegetibacter luojiensis RHYL-377 (EU877263)
96 Sediminibacterium aquarii AAST (KR812546)
Sediminibacterium ginsengisoli DCY 13T (EF067860)
Panacibacter ginsenosidivorans Gsoil 15507 (KT950744)
100 Filimonas endophytica SR 2-06T (KJ572396)
100 |: Filimonas zeae 7727 (KR610522)
Filimonas lacunae YT21T (AB362776)
Parafilimonas terrae 5GHs7-2T (KF934397)
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CHu64-6-1" (approximately 1,465 nt) was compared with
the 16S rRNA gene sequences of the representative species
within the genus Flavihumibacter and related genera. The
novel strain showed the highest levels of 16S rRNA gene
sequence s1m11ar1ty to F. cheonanensis KACC 17467 F. pe-
taseus KACC 17385 F. sediminis KACC 18874", F solzszlvae
KACC 17917, and F. stibioxidans KCTC 52205 with sim-
ilarities of 97.2%-98.1%. The levels of the 16S rRNA gene
sequence similarity with the type strains of other members
of the family Chitinophagaceae were less than 94%. However,
a closely related species in this genus, F. sediminis sharing
98.3% pairwise similarity with F. cheonanensis, has been de-
scribed recently (Lee and Cha, 2016). Strain CHu64-6- 1" also
shared high similarities with other species than just mem-
bers of Flavihumibacter, but it was evident from the topology
of the phylogenetic tree (F1g 1 and Supplementary data Fig.
S1) that strain CHu64-6-1" clustered clearly with the species
of Flavihumibacter. To support this conclusion, the geno-
mic delineation between the novel strain and the species of
Flavihumibacter was supported by the DNA-DNA related-
ness (the mean of triplicate experiments) data, for which
strain CHu64-6-1" shared DNA-DNA relatedness values of
12.4% with F. cheonanensw KACC 17467, 17.1% with F.
petaseus KACC 17385, 33.2% with F. sedzmmzs KACC
18874", 21.7% with F. solzstlvae KACC 17917", and 15.1%
with F. stzbzoxzdcms KCTC 52205". These values are well be-
low the 70% cut-off point indicating the designation of the
isolate as representative of a novel species (Wayne et al.,
1987).

Chemotaxonomic characteristics

The G + C content of the genomic DNA was determined to
be 46.5 mol%. The major polar lipids were composed of
phosphatidylethanolamine (PE), an unidentified phospho-
lipid (PL1), and two unidentified aminolipids (AL1, AL2)

Fig. 2. Polar lipid profile for strain CHu64-6-1". AL, unidentified amino-
lipid; GL, unidentified glycolipid; L, unidentified lipids; PE, phosphatidy-
lethanolamine; PL, unidentified phospholipid. 1, first dimension of TLC;
2, second dimension of TLC.

(Fig. 2). The major fatty acids were Cis, is0, Ci70 iso 3-OH,
Cisa iso G, and Cis1 w5c. The major fatty acids in strain
CHu64-6-1" were consistent with the major fatty acid com-
ponents in the species from the genus Flavihumibacter al-
though there were differences in the proportions of some
fatty acids (Table 2).

Based on the morphological, physiological (Table 1) and
phylogenetic characteristics, our new isolate could be con-
sidered to be a member of the genus Flavihumibacter. Some
physiological characteristics were found differentiating the
novel strain from its closest formally described relatives.
Especially, strain CHu64-6-1" could be differentiated from
all members in this genus by not assimilating N-acetyl-glu-
cosamine, L-arabinose, maltose, D-melibiose, salicin, or D-
sucrose. Therefore, we suggest that strain CHu64-6-1" repre-
sents a novel species of the genus Flavihumibacter, for which
the name Flavihumibacter profundi sp. nov. is proposed.

Description of Flavihumibacter profundi sp. nov.

Flavihumibacter profundi (pro.fun’di. L. gen. neut. n. pro-
fundi of a deep place).

Cells are Gram-stain-positive, non-motile, and rod-shaped.
Colonies grown on R2A agar are yellow in color. Cells are
oxidase-positive but catalase-negative. Growth occurs on
R2A at temperatures from 15 to 37°C (optimum temperature
30°C), but not at 8 or 42°C. The pH range of growth is from
pH 5.0 to 8.0 (optimum pH 7) but not at pH 4.0 and 9.0.
Cells are positive for aesculin and gelatin hydrolysis, but
negative for nitrate reduction, indole production, glucose
acidification, arginine dihydrolase, or urease (API 20NE
test strip). Cells assimilate succinic acid, but does not assi-
milate rest of carbon sources of test trips of API 20NE, API
ID 32GN and Biolog GN2 microplates. Cells are positive for
the following enzyme activities (API ZYM test strip): N-
acetyl-B-glucosaminidase, acid phosphatase, alkaline phos-
phatase, cystine arylamidase, esterase (C4), esterase lipase
(C8), a-fucosidase, a-galactosidase, $-galactosidase, a-glu-
cosidase, f-glucosidase, leucine arylamidase, a-mannosi-
dase, naphthol-AS-BI-phosphohydrolase, trypsin, and valine
arylamidase. Cells arenegative for the following enzyme ac-
tivities: a-chymotrypsin, lipase (C14), and $-glucuronidase.
The cells are susceptible to amikacin (30 pg/ml), ampicillin
(10 pg/ml), amoxycillin (10 pug/ml), cefadroxil (30 pg/ml),
cefoperazone (75 pg/ml), chlorampheniol-C (30 pg/ml), ci-
profloxacin (5 pg/ml), co-trimoxazole (25 ug/ml), eryth-
romycin (15 pug/ml), gentamicin (10 pg/ml), nalidixic acid
(10 pg/ml), netillin (30 pg/ml), nitrofurantoin (300 pg/ml),
norfloxacin (10 pg/ml), penicillin (10 units), tobramycin
(10 pg/ml), and vancomycin (30 pg/ml) but resistant to cef-
tazidime (30 pg/ml), ceftriaxone (30 pg/ml), and cloxacillin
(1 ug/ml). The only respiratory quinone is MK-7. The major
polar lipids are phosphatidylethanolamine, an unidentified
phospholipid, and two unidentified aminolipids. The ma-
jor fatty acids are Cisyp iso, Ci70 iso 3-OH, Cis, iso G, and
Ci61 w5c. The G + C content of the DNA is 46.5 mol%

The type stram CHu64-6-1" (= KCTC 62290" = CCTCC
AB 2018060") was isolated from a 67-cm-long sediment core
taken from the Daechung Reservoir, Republic of Korea.
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