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Abstract—A nonmotile gram-negative, short, rod-shaped strain, BGMRC 20247, was isolated from the sed-

iment of Rhizophora stylosa collected in the Beibu Gulf, China. The strain BGMRC 20247 exhibited optimal
growth at 25 to 28°C, pH 7.0, and in the presence of 1—4% (wt/v) NaCl. Analysis of the 16S rRNA gene

sequences indicated that BGMRC 20247 was closely related to Pseudooceanicola antarcticus CGMCC
1.126627 (96.23% sequence similarity), P, algae Lw-13eT (96.17%), P. lipolyticus 1577 (96.16%), and P. pacifi-
cus 216_PA32_17 (96.09%). The digital DNA-DNA hybridization (dDDH) values and the average nucleo-

tide identity (ANI) of the strain Pseudooceanicola antarcticus CGMCC 1.126627 were 24.7 and 77.52%,
respectively. The DNA G+C content was 67.4 mol %. The main respiratory quinone was ubiquinone-10. The

polar lipids of strain BGMRC 20247 included four unidentified phospholipids, two unidentified ninhydrin-
positive lipids, one unidentified ninhydrin-positive phospholipid, and three unidentified lipids. The major
fatty acids were Cq. cyclo ®8c, summed feature 8 (Cg.;07c and/or Cig.106¢), and Cy¢,o. Based on these
results, BGMRC 20247 represents a novel species of the genus Pseudooceanicola, for which the name Pseu-
dooceanicola albus sp. nov. is proposed. The type strain is BGMRC 20247 (=KCTC52117T = DSM1020867).

Keywords: mangrove plant, polyphasic taxonomy, Rhodobacteraceae, Pseudooceanicola albus sp. nov.
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The genus Pseudooceanicola, with Pseudooceani-
cola atlanticus 2211-s11gT as the type strain belongs to
the family Rhodobacteraceae. It was proposed by Lai
et al. (2015). Based on their genotypic and phenotypic
characteristics, six misclassified species were subse-
quently transferred from the Oceanicola genus to the
Pseudooceanicola genus (Lai et al., 2015). Currently,
there are 13 Pseudooceanicola species with validly pub-
lished names: Pseudooceanicola aestuarii (Li et al.,
2020), P. algae (Wolter et al., 2021), P. antarcticus
(Huo et al., 2014; Lai et al., 2015), P. atlanticus (Lai
et al., 2015), P. batsensis (Cho et al., 2004; Lai et al.,
2015), P. endophyticus (Zheng et al., 2021), P. flagel-
lates (Huo et al., 2014; Lai et al., 2015), P. lipolyticus
(Huang et al., 2018), P. marinus (Lin et al., 2007; Lai
et al., 2015), P. nanhaiensis (Gu et al., 2007; Lai et al.,
2015), P. nitratireducens (Zheng et al., 2010; Lai et al.,
2015), P. onchidiid (Yin et al., 2020), and P. pacificus
(Lina et al., 2020), (https://lpsn.dsmz.de/genus/
pseudooceanicola). All of them were isolated from
ocean environmental resources such as seawater, sedi-
ments, or invertebrates.

In the course of the investigation of the bacterial
community from offshore areas of the Beibu Gulf,
China, a novel bacterium, designated BGMRC 20247,
was isolated from the soil of Rhizophora stylosa. In the
present study, we conducted a polyphasic taxonomic
study to clarify the taxonomic position of strain
BGMRC 20247,

MATERIALS AND METHODS
Bacterial Isolation and Cultivation

The sediment sample from the Rhizophora stylosa
rhizosphere was obtained from the Beibu Gulf, Beihai,
PR China (21°44’53” N, 108°36’14” E). To obtain
bacterial isolates, sediment samples were homoge-
nized in sterile seawater for 1 h. After 1 h, 200-uL ali-
quots of the suspension were plated on ISP2 medium
(2.0 g yeast extract, 2.0 g malt extract, 2.0 g D-(+)-
glucose anhydrous, 15.0 g agar powder, and 1 L seawa-
ter). The plates were incubated at 28°C for 7 days. An
ivory colony was used to isolate the bacterial strain
BGMRC 2024. The pure culture of the strain was pre-
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served in glycerol suspension (30%, v/v) at —80°C (Li
et al., 2021). For comparative analyzes, P. atlanticus
MCCCI1A09160T and P. lipolyticus MCCC 1K033177
were purchased from the Marine Culture Collection
of China (MCCC), and P  antarcticus
CGMCC1.12662T was obtained from the China Gen-
eral Microbiological Culture Collection Center
(CGMCQ).

Phenotypic and Biochemical Characteristics

The cells of strain BGMRC 2024T were grown in
ISP2 at 28°C for 48 h for morphological observation
and physiological tests. Scanning electron microscopy
(FEI Quanta 250 environmental scanning electron
microscope) was used to observe the morphology and
size of the cells. The presence of flagella was observed
using transmission electron microscopy (HITACHI
transmission electron microscope HT7700). Gram
staining was tested using a Gram stain kit (Difco)
according to the manufacturer’s instructions. Hydro-
lysis tests for casein, gelatin, starch, urea, and Tweens
20 and 40 were carried out by conventional methods
(Dong and Cai, 2001). Strain BGMRC 20247 was
incubated in ISP2 medium at different temperatures
(4, 10, 15, 20, 25, 28, 37, 40, and 45°C), different con-
centrations of NaCl (0—5%, w/v, at a 0.5% interval),
and different pH values (pH 4.0—12.0 at 1 pH unit
intervals) to measure its growth (ODyg) using an UV-
1800 spectrometer (Lai et al., 2015). Oxidase activity
was determined with 1% (w/v) N,N,N' N'-
tetramethyl-p-phenylenediamine, and catalase activ-
ity was determined by formation of bubbles upon addi-
tion of 3% H,0, (Choi et al., 2014). The GEN 111
microplate (Biolog, Inc., United States) was used to
test the utilization of acid production from different
carbon sources. Other enzyme activities and physio-
logical tests were determined using the API ZYM, API
20E, and API 50 CH system strips (bioMérieux),
which were used to test the biochemical characteristics
of the strain.

Phylogenetic Analysis

Genomic DNA was extracted using a bacterial
genomic DNA Mini kit following the manufacturer’s
recommendations. The 16S rRNA gene was amplified
using AccuPower PCR PreMix (Bioneer, Daejeon,
Korea) and the bacteria-specific primers 27F and
1492R (Yang et al., 2018). The 16S rRNA gene
sequence was used for pairwise sequence alignment
performed by the EzBioCloud server
(http://www.ezbiocloud.net) (Kim et al., 2012). Mul-
tiple sequence alignment was performed with the
CLUSTAL W program of the MEGA 7 package
(Tamura et al., 2011). Evolutionary distances for the
phylogenetic trees were calculated with the Kimura
two-parameter model (Kimura et al., 1980). Phyloge-
netic trees were constructed by using the neighbor-
2023
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joining (Saitou and Nei, 1987), maximum-likelihood
(Felsenstein, 1981), and maximum-parsimony (Fitch
et al., 1971), algorithms using the MEGA?7.0 version
(Tamura et al., 2011). The topologies of the phyloge-
netic trees were assessed by bootstrap analysis based
on 1000 replicates (Felsenstein, 1985).

Genome Analysis

The draft genome sequence of strain BGMRC
20247 was determined using the Illumina Hiseq 4000
system (Illumina, San Diego, CA, United States) and
was sequenced by BGI (Wuhan, China). Genomic
information of Pseudooceanicola antarcticus Ar-457
(GCA_002786285.1), P.  atlanticus  2211-sll1g’
(GCA_000768315.1), P lipolyticus 1577
(GCA 002786325.1), P. nanhaiensis DSM 180657
(GCA_000688295.1), P batsensis HTCC25977,
P. marinus CECT7751T (GCA_900172385.1), and
P. nitratireducens DSM 296197 (GCA_900112545.1)
was downloaded from GenBank, and the new strain
BGMRC 2024T (WUMU00000000) was sequenced in
BGI. The G + C DNA contents of strain BGMRC
20247 and closely related type strains were calculated
from their whole genome sequence. The average
nucleotide identity (ANI) and digital DNA-DNA
hybridization (dDDH) values between strain
BGMRC 20247 and closely related type strains were
calculated using the ANI calculator tool (https://
www.ezbiocloud.net/tools/ani) and the genome-to-
genome distance calculator tool (https://ggdc.
dsmz.de/ggdc.php) (Meier-Kolthoff et al., 2013),
respectively. Gene function prediction was performed
using the Rapid Annotation using Subsystem Tech-
nology (RAST) server (https://rast.nmpdr.org) (Aziz
et al., 2008). The codon Tree method selects single-
copy PATRIC PGFams and analyzes aligned proteins
and coding DNA from single-copy genes using the
program RAxXxML (Stamatakis et al., 2008).

Chemotaxonomic Analysis

The strain BGMRC 20247 and the reference
strains P. atlanticus MCCC1A09160", P. lipolyticus
MCCC 1K03317T, and P antarcticus
CGMCC1.12662T were grown in ISP2 medium sup-
plemented with 3% sea salt at 28°C for three days and
then the biomass was collected for chemotaxonomic
analysis.

The composition of cellular fatty acids was deter-
mined at Yunnan University (Yunnan, China)
using the Sherlock Microbial Identification System
(Version 6.0). Fatty acids were analyzed using gas
chromatography and identified using the microbial
identification software package based on the TSBA6
6.0 database (Kampfer et al., 1996). Polar lipids were
extracted with chloroform/methanol (1 : 2, v/v) sol-
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vent (Komagata and Suzuki, 1987) and analyzed by
the method described previously (Cao et al., 2014).
The respiratory quinones were extracted from freeze
dried cells of strain BGMRC 2024T with chloro-
form/methanol (2 : 1, vol/vol) (Komagata and Suzuki,
1987) and analyzed by ultra-performance liquid chro-
matography (Nakagawa et al., 1993).

RESULTS AND DISCUSSION
Phenotypic and Physiological Characteristics

Cells of strain BGMRC 2024T were short nonmo-
tile rods, 0.8 wm wide and 0.5—1.0 um long (Fig. S1),
and stained gram-negative. The colonies were white.
The growth of strain BGMRC 2024 was observed at
1.0—7.0% (w/v) NaCl, (optimum at 3% w/v), the tem-
perature range of 20—37°C (optimum at 28°C), and
pH 6.0—9.0 (optimum at pH 7.0) (Table 1). The activ-
ities of oxidase and catalase were positive. The com-
parison of the morphological, physiological, and bio-
chemical characteristics between strain BGMRC
20247 and the reference strains P atlanticus
MCCCI1A091607, P. lipolyticus MCCC 1K03317T, and
P, antarcticus CGMCCI1.126627 is presented in
Tables 1 and S1.

The strain BGMRC 20247 shared most of the fea-
tures with other members of the genus Pseudooceani-
cola. However, there were some differences between
the novel isolate and the closely related species. For
example, strain BGMRC 2024T was negative for
Tween 20 and Tween 40 hydrolysis (Table 1). In the
API ZYM, strain BGMRC 2046 showed positive
activity for o-glucanase and [B-glucosidase, unlike
P. atlanticus MCCCI1A09160T and P lipolyticus
MCCC 1K03317T. In API 50CH, strain BGMRC
20247 produced acid from L-arabinose, D-fructose,
D-sorbitol, D-melibiose, D-turanose, and D-man-
nose, unike P. atlanticus MCCC1A091607, P. antarcti-
cus CGMCCI1.12662T, and P lipolyticus MCCC
1K03317T (Table 1 and Table S1).

Phylogenetic Analysis

The sequenced length of the 16S rRNA gene of the
strain BGMRC 20247 was 4588940 bp. Phylogenetic
analysis of strain BGMRC 20247 based on 16S rRNA
gene sequences indicated that the novel strain
belonged to the genus Pseudooceanicola and exhibited
16S rRNA gene sequence similarities with the type
strains  Pseudooceanicola  antarcticus CGMCC
1.12662T (96.23% sequence identity), P. algae Lw-13eT
(96.17%), P. lipolyticus 1577 (96.16%), and P. pacificus
216_PA32 1T (96.09%), respectively. In the analysis
of the neighbor-joining tree, strain BGMRC 20247
formed a distinct clade with P. antarcticus CGMCC
1.12662T, P. marinus CECT 77517 (96.17%), and P. lip-
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olyticus 1577 (Fig. 1). The maximum-parsimony and
maximum-likelihood trees also showed the closely
phylogenetic relationship of the strain BGMRC 20247
and the reference strains (Figs. S3 and S4).

The ANI and dDDH values of strain BGMRC
20247 to its closely related species (P. antarcticus Ar-
457, P. atlanticus 2211-s11g", P. lipolyticus 1577, P. nan-
haiensis DSM 180657, P batsensis HTCC2597T,
P. marinus CECT77517, and P. nitratireducens DSM
296197) ranged from 74.3 to 77.5% and 23.3 to 24.7%,
the recommended cutoff for genus delineation at
genome level ( Goris et al., 2007; Richter et al., 2009)
(Table 2). However, the protein-based core genome
phylogeny indicated that the strain BGMRC 20247
formed a subgroup with P. endophyticus CBS1P-1T,
P. marinus CECT 77517, and P. antarcticus CGMCC
1.12662T and a robust clade with genus Pseudooceani-
cola (Fig. S5). Thus, strain BGMRC 20247 represents
a novel species of the genus Pseudooceanicola.

Genomic Characteristics

The draft genome size of strain BGMRC 20247
(4.6 Mb) was much smaller than that of P. atlanticus
2211-s11g™ (4.9 Mb). The draft genome of strain
BGMRC 20247 was deposited in DDBJ/ENA/Gen-
Bank under the accession number WUMUO00000000.

The G + C content of genomic DNA is 67.4 mol %,
which is close to the values for P. nanhaiensis (67.9%)
and P. marinus (66.8%). Gene prediction allowed the
annotation of 5068 protein-coding genes. The genome
of BGMRC 20247 is much larger than those of P. ant-
arcticus Ar-457 (4.3 Mb), P. batsensis HTCC2597T
(4.4 Mb), P marinus CECT7751T (4.5 Mb), and
P. nitratireducens DSM 29619" (4.1 Mb). The numbers
of genes putatively involved in various aspects of the
stress response, iron acquisition and metabolism, reg-
ulation and cell signaling, protein metabolism, respi-
ration, amino acids, and derivatives in the genome of
BGMRC 2024T was higher than those of P. antarcticus
Ar-45T and P, atlanticus 2211-s11gT, while the numbers
of genes putatively involved in nitrogen metabolism,
lipids, fatty acids, motility and chemotaxis, iso-
prenoids, membrane transport, and virulence, dis-
ease, and defense in the genome of BGMRC 20247
was lower than those of P. antarcticus Ar-457 and
P. atlanticus 2211-s11g" (Supplementary Table S2).
Furthermore, denitrification genes were present in
P. antarcticus Ar-45" and P. atlanticus 2211-s11g", but
not in strain BGMRC 2024T. Based on the strain
annotation, the genome sequences of BGMRC 20247
unraveled the presence of genes involved in ectoine
biosynthesis (Supplementary Table S3). Moreover,
the new strain and the other three types strains
P. atlanticus  MCCCIA09160T, P antarcticus
CGMCCI1.126627, and P. lipolyticus MCCC 1K033177
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Pseudooceanicola nitratireducens DSM 296197 (FOLX01000011)
Pseudooceanicola flagellates DY470T (KF434118)
Pseudooceanicola nanhaiensis DSM 180657 (JHZF01000008)
Pseudooceanicola pacificus 216_PA32_ 1T (MN719637)
Pseudooceanicola atlanticus 2211-s11GT (AQQX01000038)
Pseudooceanicola onchidii XY-99T (SPUWO01000007)
Pseudooceanicola batsensis HTCC2597T (AAMO01000005)
Pseudooceanicola aestuarii E2-1T (MN929131)

71 Pseudooceanicola marinus CECT7751T (FWFN01000016)
ﬁdooceanicola lipolyticus 1577 (KY273603)

Pseudooceanicola sediminis BGMRC 2024™ (MN06774)

61

67

E— Pseudooceanicola antarcticus CGMCC 1.12662T (OBEA01000013)
8tL— Pseudooceanicola algae Lw-13eT (CP060436)
Primorskyibacter insulae SSK3-2T (KR818861)

77
_|— Thalassococcus profundi WRAS1T (KY352637)

9 Marivita byusanensis SMK-114T (FI467624)

9
{ Marivita litorea CL-JM1T (EU512918)

Aestuariivita boseongensis BS-B2T (JXYH01000050)
Amaricoccus kaplicensis Ben 1017 (U88041)

0.01

I — |

Fig. 1. Neighbor-joining phylogenetic tree based on the 16S rRNA gene sequences showing the relationships between strain
BGMRC 20247 and related taxa. Amaricoccus kaplicensis Ben101T was used as the outgroup. The numerals at the nodes represent
the percentage bootstrap values (>50%) of 1000 bootstrap replicates from NJ algorithms. Bar, 0.01 substitutions per nucleotide

position.

possessed the genes putatively encoding riboflavin
synthesis clusters.

Chemotaxonomic Analysis

The main cellular fatty acids (>5%) of strain
BGMRC 2024T were identified as C,q, cyclo ®8¢
(37.14%), summed feature 8 (C,5.,07c and/or C5.,06¢
(28.32%)), Cio (17.92%), and Cg.,®7c 11-methyl
(6.18%) (Table 2). Overall, strain BGMRC 2024T had
a fatty acid profile similar to those of reference strains
P. atlanticus MCCC1A091607, P. lipolyticus MCCC
1K033177, and P, antarcticus CGMCC1.12662T. How-
ever, strain BGMRC 20247 possessed relatively higher
amounts of C,g, cyclo ®8c and summed feature 8
(Ci5.;07¢ and/or C5.,w6¢), and lower amounts of
Ci4:0- Cis:00 Cio:0 3-OH, and C,,,, 3-OH (Table 2). The
polar lipids profile of strain BGMRC 2024T consisted
of two unidentified phospholipids (PL,z), one
unidentified ninhydrin-positive phospholipids
(NPL), four unidentified ninhydrin-positive lipids
(AL,_4), and three unidentified lipids (L;4)
(Fig. S2). Howeyver, the presence of one unidentified

ninhydrin-positive phospholipid (NPL), one uniden-
tified phospholipid (PLg), one unidentified ninhy-
drin-positive lipid (AL,), and one unidentified lipid
(L,)) differentiates the novel strain from those refer-
ence strains (Fig. S2). The predominant respiratory
quinone was the ubiquinone Q-10, which was identi-
cal to that of other type strains of the genus Pseudooce-
anicola.

Description of Pseudooceanicola albus sp. nov.

Pseudooceanicola albus. (al’bus. L. masc. adj. albus
white, referring to the color of the colonies).

The cells are short nonmotile rods with a size 0.4—
0.8 um wide and 0.5—1.0 um long, and stain gram-
negative. The colonies are white. The oxidase and cat-
alase activities are positive. Growth occurs at 20 to
37°C (optimum at 28°C), pH 6.0 to 9.0 (optimum at
pH 7.0) and 1.0 to 7.0% (w/v) NaCl (optimum, 1—
3%). The main fatty acids are C,,., cyclo ®8c, summed
feature 8 (Cg.,07¢ and/or C5.,06¢), and Co. The
main respiratory quinone is ubiquinone-10. The DNA
G+C content is 67.4 mol %. In the API 20E tests, the
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Table 2. Comparative fatty acid compositions of strains BGMRC 2024 and related strainst

Fatty acid, % 1 3 4
Cio - 2.34 -
Cio 1.42 - _
Cis0 17.92 18.51 24.09 6.50
Ciro - 1.44 -
Cig0 1.89 1.73 2.39 —
C9.0 cyclo m8c 37.14 34.17 — 15.22
Ci003-OH 3.16 1.84 5.94
Ci2.03-OH 2.26 5.94 3.70 —
Ci6:02-OH - — 7.44
Cg.107¢ 11-methyl 6.18 5.43 27.00 2.44
Summed feature 3 - 1.04 — —
Summed feature § 28.32 29.33 35.06 57.11

Strains: 1, BGMRC 2024T; 2, Pseudooceanicola antarcticus CGMCC 1.12662T; 3, Pseudooceanicola atlanticus MCCC 1A09160T; 4,
Pseudooceanicola lipolyticus MCCC 1K03317T. All data were from this study. Trace amount (<1.0%). Not detected.
+ Summed feature 2 contains iso 1-Cy¢.1/Cy4.9 3-OH; Summed feature 3 contains Cyg,;07¢/C1g.;06c; Summed feature 8 contains

Cig.107¢/C 3.1 ®.

strain was positive for O-nitrophenyl-B-D-galactopy-
ranoside, urease test, and the VP test. Inthe API ZYM
system, positive reactions are observed with leucine
arylamidase, esterase (C4), esterase lipase (C8), naph-
thol-ASBI-phosphohydrolase, alkaline phosphatase,
acid phosphatase, o-glucanase, and PB-glucosidase.
The results for D-fructose, D-sorbitol, D-melibiose,
D-sucrose, D-turanose, L-arabinose and D-man-
nose, and ferric citrate of esculin are positive in the
API 50CH system.

The type strain, BGMRC 2024 (=KCTC52117T=
DSM102086T), was isolated from the rhizosphere soil
of Rhizophora stylosa collected from the Beibu Gulf of
China. The GenBank/EMBL/DDBJ accession num-
bers for the draft genome and 16S rRNA gene
sequences of strain BGMRC 20247 are
WUMUO00000000 and MNO067774, respectively.
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