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Abstract

A novel bacterial strain A7.6" was isolated from the sediments collected near the Zhairuo Island located in the East China
Sea and characterized using a polyphasic approach. Cells were Gram-stain-negative, rod-shaped, non-spore forming, non-
flagellated but motile by gliding. The strain was aerobic, positive for oxidase and catalase activities. The strain can grow at
4-35 °C, pH 5.5-9.0, and 0-3% (w/v) NaCl concentration. The major polar lipid was phosphatidylethanolamine, the predomi-
nant fatty acids (> 10%) were is0-C,s., and summed feature 3 (C.; ®7c and/or C¢.; w6c¢). The genomic G+C content was
33.6 mol% and the major respiratory quinone was menaquinone 6. Phylogenetic analysis based on 16S rRNA gene sequences
revealed that strain A7.6" belonged to the genus Flavobacterium and was closely related to Flavobacterium tistrianum GB
56.17 (98.4% similarity), F. nitrogenifigens NXU-44" (98.4%), F. ginsenosidimutans THG 017 (98.0%) and F. anhuiense D3"
(97.7%). Average nucleotide identities and digital DNA-DNA hybridizations values for genomes ranged from 75.9 to 91.4%
and 21.4 to 43.9% between strain A7.6" and its closest phylogenetic neighbors. The polyphasic characterization indicated that
strain A7.6" represented a novel species of the genus Flavobacterium, for which the name Flavobacterium sharifuzzamanii
is proposed. The type strain is A7.6" (= KCTC 624057 =MCCC 1K034857). The NCBI GenBank accession number for the
16S rRNA gene of A7.6" is MH396692, and for the genome sequence is QIGZ00000000. The digital protologue database
(DPD) Taxon Number is TA00643.

Abbreviations

PE Phosphatidylethanolamine

ANI Average nucleotide identity
dDDH Digital DNA-DNA hybridization

Sanjit C. Debnath and Can Chen have contributed equally to this

work.

The GenBank/EMBL/DDBIJ accession number for the 16S rRNA
gene sequence of strain A7.6T is MH396692. The GenBank/
EMBL/DDBJ accession numbers for the genome sequence of
strain A7.6", F. tistrianum KCTC 426797, F. nitrogenifigens DSM
299827 F. ginsenosidimutans KCTC 429807 are QJGZ00000000,
QJRH00000000, QIRI00000000, and QJRJO0000000,
respectively. The Digital protologue database (DPD) Taxon
Number for strain A7.6T is TA00643.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00284-018-1609-7) contains
supplementary material, which is available to authorized users.

P4 Jin-Zhong Xu
xujinzhong @zju.edu.cn

P4 Pin-Mei Wang
wangpinmei @zju.edu.cn

Extended author information available on the last page of the article

Published online: 02 January 2019

Introduction

The genus Flavobacterium belonging to the family Flavo-
bacteriaceae was first proposed in 1923 by Bergey et al.
[4] and since then it has been emended several times [0,
10, 17, 22]. At the time of writing, more than 200 species
comprise in the genus Flavobacterium with validly pub-
lished names (http://www.bacterio.net/flavobacterium.html),
among which F. aquatile is the type species [6]. Members
of this genus have been isolated from various environmen-
tal sources, such as soil, aquatic environments, fresh and
marine water sediments, glaciers, microbial mat, Antarctic
and Arctic habitats, animal, plants, marine organisms includ-
ing fish, mammals, oysters, algae, and also from cyanobacte-
rial aggregates, activated sludge, oil contaminated soils, and
waste treatment plants [8, 15]. This present study focuses on
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the description of a novel strain of the genus Flavobacte-
rium, designated A7.6" using polyphasic approach.

Materials and Methods
Bacterial Strain Isolation and Culture Conditions

In July 2017, sediment samples were collected near Zhairuo
Island (29°56'53"N, 122°04'55"E) located in the East China
Sea. Approximately 1 g of sediments was suspended in sea-
water and spread onto the mineral salt medium (MM) agar
plates [27]. After incubation at 28 °C for 7 days, strain A7.6"
was picked and purified by repeated streaking on fresh MM
agar plates. After purification, strain A7.67 was routinely
cultured on Luria Bertani (LB; Difco) medium at 28 °C
and preserved as a glycerol suspension (25% v/v) at -80 °C.
The isolate A7.6 has deposited at the KCTC (Korean Col-
lection for Type Cultures) and the MCCC (Marine Culture
Collection of China). For the comparative investigation, the
reference strains F. ristrianum KCTC 426797, F. ginsenosi-
dimutans KCTC 429807, and F. anhuiense KCTC 221287
were obtained from the Korean Collection for Type Cultures
(KCTC) and F. nitrogenifigens DSM 29982" was obtained
from the Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH (DSMZ). All strains were cultured and
tested under the same laboratory conditions.

Cell Growth, Physiology, Morphology,
and Biochemical Characteristics

Strain A7.6T was examined for growth on LB, nutrient agar
(NA; Oxoid), tryptone soya agar (TSA; Oxoid), R2A agar
(R2A; Oxoid), marine agar 2216 (BD), and MM agar at
28 °C for 3 days under aerobic conditions. Anaerobic growth
on LB agar was examined using an anaerobic box (Anaer-
oPack-Anaero; Mitsubishi Gas Chemical Co., INC. Japan)
at 28 °C for 7 days according to the manufacturer’s instruc-
tion. Growth at different temperatures (4, 15, 20, 25, 28, 30,
35,37, 40, 45, and 50 °C), different pH (pH 5.0-10.0, at 0.5
intervals) and different NaCl concentrations (0-5%, w/v, at
0.5 intervals) were investigated in LB broth at 28 °C by read-
ing ODyy, values over 5 days. For adjusting pH of growth,
four different types of buffering agents were used at the final
concentration of 30 mM [7, 23]. Cellular morphology was
examined by light (E100; Nikon) and transmission electron
(JEM1230; Hitachi) microscopy, using cells from exponen-
tially growing on the LB agar plates. Gram staining was
performed with a commercial Gram stain kit (BD) following
the manufacturer’s protocol. Motility was investigated by
motility test medium [3] and gliding motility was examined
by the hanging-drop method following the protocol of Ber-
nardet et al. [5]. Congo-red absorption and flexirubin-type
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pigments production were determined following the proto-
col described by Bernardet et al. [5]. Carotenoid pigments
were extracted, purified and analyzed following the protocol
described by Asker et al. [2]. Tetramethyl p-phenylenedi-
amine (1% w/v) was used to determine the oxidase activity
and catalase activity was determined in a 3% H,0, solu-
tion. Hydrolysis of casein, starch, CM-cellulose, filter paper,
hypoxanthine, xanthine, tyrosine, gelatin, Tweens (20, 40,
60, and 80), nitrate reduction, urease activity, methyl red
and Voges—Proskauer (MR-VP) reactions were determined
according to previously described methods [7]. The bio-
chemical properties, enzyme activities, acid productions,
and carbon source utilization of strain A7.6" and reference
strains were evaluated using API ZYM, API 20NE, and API
50CH (bioMérieux), and GEN III MicroPlates (Biolog) kit
systems following the manufacturer’s instruction.

Phylogenetic Analysis

Bacterial genomic DNA was extracted and purified using a
genomic DNA extraction kit (Takara). The 16S rRNA gene
of strain A7.6" was amplified with the universal primers 27F
and 1492R [26]. The amplified DNA fragment was puri-
fied using gel extraction kits (Cwbio; China), ligated into
the pMD19T vector (Takara) for sequencing. The almost
full-length 16S rRNA gene sequence was used for pairwise
sequence alignment performed by the BLASTN program
(http://www.ncbi.nlm.nih.gov) [1] as well as the EzZTaxon-e
server (https://www.ezbiocloud.net) [36]. To construct the
phylogenetic trees, 16S rRNA gene sequences of related val-
idly published species were obtained from EzTaxon server.
Multiple sequences alignments of all sequences were per-
formed by using ClustalX2 software [32]. Phylogenetic trees
were constructed by using MEGA 7 program [21] following
the neighbor-joining [29], maximum-likelihood [12], and
maximum-parsimony [13] methods. Kimura’s two-parameter
model was used to calculate the evolutionary distance [19]
while 1000 random replicates were used to estimate the
bootstraps values [11].

DNA G+C Content and DNA-DNA Relatedness

The genome of strain A7.6T and type strains F. tistrianum
KCTC 42679, F. nitrogenifigens DSM 299827, and F. gin-
senosidimutans KCTC 42980" were sequenced for inves-
tigating the DNA-DNA relatedness. The sequencing was
performed at the Beijing Genomics Institute with HiSeq
platform by Solexa PE150 sequencing technology. The Vel-
vet algorithms were used for de novo assembly of the short
reads [38]. The genome sequence of F. anhuiense KCTC
221287 (FMVC00000000), and those from the top 20 clos-
est neighbors available in GenBank were also retrieved for
the comparison. The DNA G+C content of strain A7.6" and
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the four reference strains were calculated from their genome
sequence. The digital DNA-DNA hybridization (dDDH)
values between the strain A7.67 and type strains were deter-
mined by Genome-to-Genome Distance Calculator (GGDC)
2.1 web server (http://ggdc.dsmz.de/distcalc2.php). Formula
2 was used for the analysis of dDDH, as suggested previ-
ously by GGDC [25]. The average nucleotide identity (ANI)
calculations were determined using the ANI calculator with
the EzTaxon-e server (https://www.ezbiocloud.net/tools/ani)
[37].

Chemotaxonomic Characterization

For analysis of the whole cell fatty acid profile, strain A7.6"
and the four reference strains were grown on LB broth under
the same conditions (at 28 °C, 180 rpm) and the cells were
harvested at the exponential growth phase (optical den-
sity=1.0 at 600 nm). The cellular fatty acids were extracted
and analyzed according to the guidelines of the Microbial
Identification System (MIDI) [30] using the RTSBAG6 data-
base. For the extraction and identification of polar lipids of
A7.6", the isolate was grown on LB broth at 28 °C, 180 rpm
for 2 days, and harvested at the exponential growth phase.
Then polar lipids were extracted with chloroform/methanol
(1:2, v/v) and identified by two-dimensional TLC on silica
gel 60 F,s, (Merck) plates (10 cm X 10 cm) as described
by Tindall [33]. To determine respiratory quinones, strain
A7.6" was cultured on LB broth for 2 days at 28 °C, har-
vested at the exponential growth phase and freeze-dried.
Then respiratory quinones were extracted and analyzed fol-
lowing previously described method [20].

Results and Discussion

Cell Growth, Physiology, Morphology,
and Biochemical Characteristics

Detailed phenotypic features of strain A7.6" that differenti-
ate it from its most closely related members are summarized
in species description, Table 1 and Table S1. Additionally,
the pigments extracted from strain A7.6" exhibited peaks
with an absorption maximum at approximately 450 nm. The
mass spectrum of the main peak gave [M+H]" at m/z 569.3,
which was identical to the standard zeaxanthin indicating
that the main carotenoid identified from strain A7.6T was
zeaxanthin, a carotenoid already reported in several mem-
bers of the family Flavobacteriaceae [2, 9, 18, 22, 34].

Phylogenetic Analysis

The nearly complete 16S rRNA gene sequence of strain
A7.6" contains 1475 bp. On the basis of 16S rRNA gene

sequence similarity, the close relatives of strain A7.6" were
identified to be F. tistrianum GB 56.17 (98.4%), F. nitro-
genifigens NXU-44T (98.4%), F. ginsenosidimutans THG
017 (98.0%), and F. anhuiense D3T (97.7%). The sequence
similarity between strain A7.6" and other Flavobacterium
species was less than 97.5%. As Flavobacterium species are
the closest neighbors of strain A7.6%, it is obvious that it
branches in the Flavobacterium clade which is revealed by
the neighbor-joining tree (Fig. 1) and also by the maximum-
likelihood, maximum-parsimony trees (Fig. S2, S3).

DNA G+C Content and DNA-DNA Relatedness

The DNA G+C content of strain A7.6T is 33.6 mol%
(Table 1), which is within the range of 30-52 mol% reported
for the members of the genus Flavobacterium [22]. The
genome sequences of strain A7.6" and F. tistrianum KCTC
42679", F. nitrogenifigens DSM 29982", and F. ginsenosi-
dimutans KCTC 42980" have registered into the GenBank
and the GenBank/EMBL/DDBJ accession number for the
genome sequences of these strains are presented in Table 2.
The genome size of A7.67 was determined to be 5.3 Mbp,
which is similar to the ones of the reference strains (Table 2).
As shown in Table 2, the genome-based dDDH value and
ANI score between the strain A7.67 and the reference
strains were significantly lower than the 70% cut-off value
for dDDH and 95% for ANI, proposed for the delineation
of bacterial species [14, 28]. According to dDDH and ANI
results, it is clearly indicated that the strain A7.6T should
represent a novel species of the genus Flavobacterium.

Chemotaxonomic Characterization

The major fatty acids (> 10%) of A7.6" were iso-C,s,, and
summed feature 3 (comprising C,¢.; ®7c and/or C,¢.; 06c).
Strain A7.6" showed a similar fatty acid profile to the closest
related reference strains, but there were remarkable quantita-
tive differences under the same growth condition (Table 3).
Total polar lipids of strain A7.6" were composed of phos-
phatidylethanolamine (PE), phosphatidylinositol manno-
side (PIM), three unidentified polar lipids (L1-3), and two
unidentified aminophospholipids (APL1-2) (Fig. S4). The
presence of a large amount of PE in polar lipids profile of
A7.6T was common in other Flavobacterium species [10].
The predominant respiratory quinone of strain A7.6" was
menaquinone-6 (MK-6), which is the only one or major qui-
none found in all members of Flavobacterium [5]. These
chemotaxonomic results reveal that strain A7.6 is a novel
species in the genus Flavobacterium.

Based on the polyphasic characterization, strain A7.67
represents a novel species of the genus Flavobacterium, for
which the name Flavobacterium sharifuzzamanii sp. nov.
is proposed.
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Table 1 Differential characteristics of A7.6T and closely related species of the genus Flavobacterium

Characteristic 1 2 3 4 5
Isolation source Marine sediments Biospere reserve soil® Rhizos- Ginseng field soil° Field-soil®
phere of
switchgrass®
Colony pigmentation LY BY PY BY Y
Temperature range for growth, °C (opti- 4-35 (28) 15-30 (25-30)* 15-30 (28)° 10-37(25-30)° 5-37 (25-30)¢

mum)
pH range for growth (optimum)
NaCl range for growth, % w/v (optimum)
Gliding motility
Oxidase activity
Methyl red test
Nitrite reduction
Hydrolysis of
Gelatin
Enzyme activity (API ZYM)

Esterase (C4), esterase lipase (C8), lipase
(C14), a-chymotrypsin, f-galactosidase,
B-glucuronidase, B-glucosidase

a-galactosidase
a-fucosidase
API 20NE test
Arginine dihydrolase
Urease activity
Assimilation of malate
Acid production from (API 50CH)
D-arabinose
Salicin
D-melibiose
D-saccharose
Amidon
Glycogen
Carbon source utilization (GEN III)
D-melibiose
D-salicin
DNA G+C content (mol%)

5.5-9.0 (6.0-8.0)
0-3 (0-0.5)
Motile by gliding
+

+

+

33.6

6.0-8.0 (6.0-7.0)* 5.5-10.5° 5.0-10.0 (7.0)° 4.0-10.0 (6.0-8.0)¢

0-2 (0-1) 1° 0-1 (0)° 0-2 (0-1)¢
Motile by gliding Non-motile Non-motile Motile by gliding
- + + +

p— + p— p—

- + + +

- + + +

+ - - +

- + - +

- + + +

— + — —

- - + +

+ - + +

pa— —_ + p—

+ + - -

+ + + -

+ + + +

+ - + +

34.0 34.1 33.5 344

All data were obtained in this study unless otherwise stated

Strain: 1 A7.6", 2 F. tistrianum KCTC 426797, 3 F. nitrogenifigens DSM 299827, 4 F. ginsenosidimutans KCTC 42980, 5 F. anhuiense KCTC
221287 LY Light yellow, BY Bright yellow, PY Pale yellow, Y Yellow; + positive reaction, — negative reaction

4Suwannachart et al. [31]
"Kiampfer et al. [16]
“Yang et al. [35]

Liu et al. [24]

Description of Flavobacterium sharifuzzamanii sp.

nov.

Flavobacterium sharifuzzamanii (sha.ri.fuz.za.mani.i
N.L. gen. n. sharifuzzamanii in honor of the first author’s

teacher, Professor Dr SM Sharifuzzaman).
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Cells are Gram-stain-negative, non-flagellated, non-
spore forming, aerobic, rod-shaped with size approxi-
mately 0.5-0.7 pum in width and 1.3-2.1 pm in length,
and motile by gliding. Colonies are light yellow in color,
smooth, circular and 2-4 mm in diameter after 2 days of
incubation at 28 °C on LB agar medium. Flexirubin-type
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Fig. 1 Neighbor-joining phy-
logenetic tree based on the 16S
rRNA gene sequences, showing
the phylogenetic position of
strain A7.6T with the most
closely related members. Boot-
strap values were expressed as
a percentage of 1000 replicates
at the nodes and only those
higher than 50% were given at
the branch points. Chryseobac-

Flavobacterium tistrianum GB 56.1T (KT223144)
Flavobacterium anhuiense D3T (EU046269)
Flavobacterium ginsenosidimutans THG 01T (GU138377)
Flavobacterium daemonensis THG-DI7T (KF532125)
E Flavobacterium sharifuzzamanii A7.6T (VIH396692)
Flavobacterium nitrogenifigens NXU-44T (KP711654)
Flavobacterium arsenitoxidans S2-3HT (JX001187)

Flavobacterium defluvii DSM 179637 (jgi.1107695)

terium gleum ATCC 359107
(ACKQO01000057) was used as
an outgroup. Bar, 0.02 substitu-
tions per nucleotide position

Flexibacter aurantiacus DSM 67927 (jgi.1107683)
100~ Flavobacterium johnsoniae UW101T (CP000685)
Flavobacterium chungbukense CS100T (HM627539)
Flavobacterium tyrosinilyticum THGDNS.8T (KR232271)
9 Flavobacterium banpakuense 15F3T (GQ281770)

Chiryseobacterium gleum ATCC 359107 (ACKQ01000057)

Table 2 The digital DNA-DNA
hybridization (dIDDH) and
average nucleotide identity

(ANI) values between A7.67
and closely related species of
the genus Flavobacterium

Member of genus Flavobacterium GenBank accession No. Genome size DDH (%) ANI (%)
(Mbp)

A7.6 QJGZ00000000 5.3 - -

F. tistrianum KCTC 426797 QJRHO00000000 5.1 41.3 90.6
F. nitrogenifigens DSM 299827 QJRIO0000000 5.5 439 914
F. ginsenosidimutans KCTC 429807 QJRJ00000000 5.5 32.7 86.8
F. anhuiense KCTC 221287 FMVC00000000* 5.3 37.1 89.0
F. johnsoniae UW1017 CP000685* 6.1 26.8 82.9
F. defluvii DSM 179637 FQWC00000000* 4.9 26.1 82.3
F. cutihirudinis DSM 257957 QRDQ00000000* 4.9 25.6 81.6
F. phragmitis BLN2 T FOMHO00000000* 6.0 28.8 84.4
F. aquidurense DSM 182937 MUGRO00000000* 54 234 80.2
F. seoulense EM1321" JNCA00000000* 3.8 21.4 75.9

All data were obtained in this study unless otherwise stated

“Retrieved from NCBI GenBank

pigment and carotenoid (zeaxanthin) pigments are pro-
duced. Congo red is not absorbed by the colonies. Cells
grow on LB, TSA, NA, and marine agar 2216, but weak
on R2A agar and MM agar. Growth occurs at 4-35 °C
(optimum at 28 °C), at pH 5.5-9.0 (optimum at 6.0-8.0),
and in 0-3% (w/v) NaCl (optimum in 0-0.5%). Oxidase
and catalase activities are present. Cells are able to hydro-
lyze starch, gelatin, Tween 20, but unable to hydrolyze
CM-Cellulose, hypoxanthine, xanthine, tyrosine, filter
paper (Crystalline cellulose), casein, Tweens 40, 60, and
80, and are positive for nitrate reduction, nitrite reduction,
methyl red and Voges—Proskauer tests. According to API
ZYM Kkits, all enzyme activities except a-mannosidase
and a-fucosidase are positive. The API 20NE results show
that cells are positive for glucose fermentation, arginine

dihydrolase, hydrolysis of f-glucosidase, urease activity,
PNPG (p-galactosidase) activity, assimilation of glucose,
arabinose, mannose, N-acetyl-glucosamine, maltose and
malate. Acid production occurs from p-arabinose, L-ara-
binose, p-xylose, p-galactose, p-glucose, p-fructose,
D-mannose, N-acetyl-glucosamine, amygdalin, esculin,
p-cellobiose, b-maltose, D-lactose, p-saccharose, amidon,
glycogen, and gentiobiose. From the GEN III microplate
system, cells utilize dextrin, p-maltose, p-cellobiose,
gentiobiose, sucrose, stachyose, p-raffinose, N-acetyl-
D-glucosamine, N-acetyl-p-galactosamine, a-D-glucose,
D-mannose, D-fructose, D-galactose, L-rhamnose, L-ser-
ine, pectin, b-galacturonic acid. The dominant fatty acids
(> 10%) are iso-Cys., and summed feature 3 (compris-
ing C4.; ®7c and/or C 4., w6¢). The polar lipid profile

@ Springer
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Table 3 Cellular fatty acid profiles (%) of A7.6T and closely related
species of the genus Flavobacterium

Fatty acids 1 2 3 4 5
Saturated
Cioo 23 tr 1.8 23 -
Ciso 2.7 2.9 tr 1.1 tr
Ciso 3.4 - 2.4 tr 3.7
Ciso 7.9 15.2 6.2 8.7 10.4
Unsaturated
Cs5.1 06C 22 tr 1.5 2.4 tr
C,7.; 06¢ tr 2.7 2.7 1.5 tr
C,7.1 08¢ tr tr tr 1.2 tr
Hydroxy
Ci5.03-OH tr tr tr 1.6 -
Ci60 3-OH 6.1 59 4.6 4.6 6.0
C,73-OH tr - 1.2 - 1.1
Branched chain
is0-Cys. 249 22.5 21.2 23.7 26.6
iso-C, 5., 3-OH 57 6.8 6.4 4.1 52
iso-C5.; G 4.1 3.1 5.7 4.7 44
is0-C 4.0 tr tr 2.1 2.6 1.3
iso-C 4,9 3-OH tr tr 1.6 1.2 1.5
iso-C,-,, 3-OH 7.8 8.6 9.7 8.1 8.4
antesiso-C sy 2.5 tr 1.4 1.2 2.6
antesiso-C g, 1.2 - tr 2.1 -
Summed feature®
2 tr 1.4 1.2 tr -
3 20.7 19.8 19.1 20.6 18.9
9 1.3 1.8 - 1.3 tr

All data were obtained during this study

Strain: 1 A7.6%, 2 F. tistrianum KCTC 426797, 3 F. nitrogenifigens
DSM 299827, 4 F. ginsenosidimutans KCTC 42980", 5 F. anhuiense
KCTC 221287, — not found, r trace amount (< 1%)

2Summed features are groups of two or three fatty acids that could not
be separated by the MIDI system. Summed feature 2 is composed of
i50-C 4. I and/or C,,.( 3-OH; Summed feature 3 is composed of Cyg,,
o7c and/or C 4., 06¢c; Summed feature 9 is composed of iso-C,.; ®9¢c
and/or C,¢., 10-methyl

contains PE, one PIM, two APLs and three Ls. The major
respiratory quinone is MK-6 and the DNA G+C content
is 33.6 mol%.

The type strain is A7.67 (= KCTC 62405T=MCCC
1K03485T), isolated from marine sediments collected near
Zhairuo Island (29°56'53"N, 122°04'55"E) located in the
East China Sea.
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