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Abstract: A yellow bacterium from marine agar, strain WHA3T, was isolated from the mantel of the
Pacific oysters Crassostrea gigas in the Wilhelmshaven Sea in northern Germany. Based on the 16S
rRNA gene sequence, strain WHA3T had a high similarity to Pacificimonas flava JLT2015T (95.80%)
and 94.79% to Pacificimonas aurantium JLT2012T. Furthermore, the dDDH and ANI value analysis
between WHA3T and other closest type strains were lower than 70% and 95%, respectively. The
percentage of conserved proteins (POCP) and the average amino acid identity (AAI) value against
Pacificimonas flava JLT2015T and Pacificimonas aurantium JLT2012T represented in the ranges of higher
than 50% and 60%, respectively. Strain WHA3T contained ubiquinone-10 (Q-10) as the predominant
quinone, and the major fatty acids were C16:1 ω7c and C18:1 ω7c. Granules of polyhydroxyalkanoates
(PHAs) were absent. The main polar lipids were diphosphatidylglycerol, phosphatidylethanolamine,
phosphatidylglycerol, several sphingoglycolipids, an unknown phospholipid, an unknown glycolipid,
and an unknown polar lipid. The polyamines contained spermidine and spermine. The DNA G + C
content of strain WHA3T was 61.69%. An analysis of the whole-genome sequence in the frame of
genome mining strain WHA3T predicted the presence of genomes for one-carbon metabolism, TonB-
dependent transporters, vitamin B12 transporter, iron siderophore receptor protein, and other genes,
some of which play important roles against restricted nutrient sources. The extract of strain WHA3T

moderately inhibited the growth of Candida albicans DSM 1665. The polyphasic taxonomic analysis
results suggested that strain WHA3T could be separated from its closest type strains. Strain WHA3T

represents a novel species in the genus Pacificimonas, for which we propose the name Pacificimonas
pallium sp. nov., with the type strain WHA3T (= DSM 111825T = NCCB 100832T).

Keywords: pacific oyster Crassostrea gigas; one-carbon metabolism; genome mining; TonB-dependent
transporters; Pacificimonas

1. Introduction

Pacificimonas, a genus in the family Sphingomonadaceae [1] (class Sphingomonadida), was
first reported by Liu et al. [2]. There are currently two species in this genus, Pacificimonas
flava [2] and Pacificimonas aurantium [3]. All representatives of the family Sphingomon-
adaceae have an oligotrophic lifestyle, marked by slow growth rates in the nutrient-scarce
marine environment [4]. Oligotrophic bacteria, which are key participants in the global
cycling of carbon, nitrogen, and other biochemical reactions, generate bacterial biomass [5].
A variety of phenotypic characteristics are shared by members of Sphingomonadaceae,
such as small cell size, yellow colony appearance, prevalent quinone types (Q-10), and
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spermidine as main polyamine trends [3,6,7]. Marine dissolved organic carbon (DOC)
has a wide range of C1 and methylated compounds that might be used as C1 oxidation
substrates. Many new bacteria have been discovered from oligotrophic oceans due to the
application of more modern methods, and novel metabolic pathways have been known
from these microbes [3,8,9]. TonB-dependent transporters (TBDTs) are outer membrane
proteins found in Gram-negative bacteria to bind and transport restricted resources, such
siderophore (ferric chelates), as well as vitamin B12, nickel complexes, and carbohydrates,
from nutrient-limiting conditions. Thus, the prediction of TBDT distribution and function
is critical for a better understanding of absorption and its effects on nutrient cycling in the
environment [10]. The transport mechanism needs energy in the form of proton motive
force, which is transferred to the outer membrane by a combination of three inner mem-
brane proteins called TonB-ExbB-ExbD. In recent years many new structures of TBDTs
have been solved in various states, resulting in a complete picture of siderophore selec-
tivity and binding, signal transduction across the outer membrane, and interaction with
TonB-ExbB-ExbD [11].

The Pacificimonas flava genome has been reported to contain a great number of TonB-
dependent transporter genes. The bacteria are able to adapt effectively because of the
existence of these transporters, which help the bacteria to obtain adequate resources from
their habitats [10]. In this article, we identify a novel strain (WHA3T) with polyphasic
taxonomy from the genus Pacificimonas isolated from a wild oyster mantel.

2. Materials and Methods
2.1. Isolation

In December 2019, following the collection of wild oysters from the coastal site of
Wilhelmshaven, situated in northern Germany (Latitude: 53.5131 Longitude: 08.14714),
the WHA3T strain was isolated by the dilution plate method from the mantel of the Pacific
oyster Crassostrea gigas. Preliminary isolation was conducted utilizing the artificial seawater
medium (ASW) supplemented with vitamin and antifungal agent (ATI Coral Ocean salt
(39 g/L), agar (15 g/L), biotin (vitamin B7, 2 mg/L), nicotinic acid (20 mg/L), thiamine
(vitamin B1, 10 mg/L), 4-aminobenzoic acid (10 mg/L), pantothenic acid (5 mg/L), pyridox-
amine (vitamin B6, 50 mg/L), cyanocobalamin (vitamin B12, 20 mg/L), and cycloheximide
(100 mg/L), pH 7.3) and the incubation was conducted for 12 days at 30 ◦C. The yellow
slime colonies were selected and transferred to Bacto marine agar (MA, Difco 2216) where
they were purified by streaking over the same medium sequentially. The strain WHA3T

was isolated and stored at −80 ◦C as a bacterial suspension for long-term preservation.

2.2. Morphological, Physiological, and Biochemical Studies

A light microscope (Zeiss Axio Scope A1 microscope- HZI, Braunschweig, Germany)
was used to examine cell growth and morphology from a marine broth medium after
2 days of incubation at 30 ◦C. To prepare for electron microscopy observation, cells were
grown for 2 days at 30 ◦C in MB (marine broth) medium, fixed with aldehydes (final
concentrations: 5% formaldehyde and 2% glutaraldehyde), dehydrated in a gradient
series of acetone, critical point dried, and coated with gold-palladium as previously de-
scribed [12]. At different magnifications, images were obtained using a Zeiss Merlin field
emission scanning electron microscope (FESEM- HZI, Braunschweig, Germany) with a
25:75% Everhart–Thornley SE detector and an Inlens-SEM detector. A morphology com-
parison of strain WHA3T with the only two species of this genus, Pacificimonas flava DSM
107612T and Pacificimonas aurantium DSM 107782T, was carried out on plates containing
MB, YTSS agar, CSY-3, YED,1.5LBM, TSA, TCBS (thiosulphate/citrate/bile salts/sucrose
agar), SSM+T (synthetic Suter medium with tyrosine), SSM-T (synthetic Suter medium
without tyrosine), YEA (yeast extract agar), ASG (artificial sea glutamine) with cyclohex-
imide, and 216L marine medium agar after 9 days of incubation at 30 ◦C. The growth in
various temperatures (4, 15, 20, 25, 30, 35, 40, and 45 ◦C) and pH conditions (pH 5, 6, 7, 8,
9, 10, and 11) was assessed on MB. To find out the colors of colonies and the diffusible
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pigments, the RAL-code was used (https://www.ralfarben.de (accessed on 14 September
2020)). The sodium chloride tolerance of WHA3T was evaluated using some NaCl (w/v)
concentrations: 0%, 2.5%, 5.0%, 7.5%, 10%, 15%, 25%, and 30% following the method of
Kutzner [13]. The growth of bacteria on sole carbon and nitrogen sources was determined
using Microlog GENIII plates (Biolog) according to Rüger’s method [14]. Sudan black B
staining 3% (w/v in 70% ethanol) was used to detect granules of polyhydroxyalkanoates
(PHAs) [15]. An antibiotic susceptibility test was performed on MA medium for 48 h with
the following antibiotics: polymyxin (50 µg/mL), gentamycin (10 µg/mL), oxytetracy-
cline (10 µg/mL), ampicillin (10 µg/mL), chloramphenicol (30 µg/mL), spectinomycin
(50 µg/mL), kanamycin (30 µg/mL), cephalosporin (50 µg/mL), fusidic acid (50 µg/mL),
bacitracin (50 µg/mL), thiostrepton (50 µg/mL), trimethoprim (50 µg/mL), erythromycin
(15 µg/mL), and tetracycline (50 µg/mL).

2.3. 16S rRNA Gene Analysis

Genomic DNA was extracted using the Invisorb Spin Plant Mini Kit according to the
manufacturer’s instructions (Stratec molecular, Germany). Following the DNA extraction,
the 16S rRNA gene sequence was amplified with the PCR method using two primers:
F27 (5′AGAGTTTGATCMTGGCTCAG3′) and R1492 (5′TACGGYTACCTTGTTACGACTT-
3′) [16]. The purified PCR product was sequenced on an Applied Biosystems 3730XL auto-
mated sequencer (ABI). BioEdit software was used to modify and assemble the sequence
(version 7.0.5.3) [17]. The almost complete 16S rRNA gene sequence of strain WHA3T

(1293 bp) was submitted in GenBank under the accession number MW888980. The closest
strains of strain WHA3T were identified based on 16S rRNA gene sequence similarity using
the EZBioCloud database (https://www.ezbiocloud.net/ accessed on 12 October 2021) [18].
The GGDC web service (http://ggdc.dsmz.de/ accessed on 15 November 2021) was em-
ployed for identifying phylogenetic relationships between strain WH24T and its closely
related strains based on the 16S rRNA gene sequence [19]. A single-gene adaption of the
DSMZ phylogenomics algorithm was used to analyze the sequence [20], and a pairwise
sequence similarity evaluation was carried out according to Meier-Kolthoff et al. [21].
Sequence alignments were determined using MUSCLE [22]. Maximum likelihood (ML)
and maximum parsimony (MP) trees were estimated using the randomized axelerated
maximum likelihood (RAxML) [23] and TNT (tree analysis using new technology) [24]
algorithms, respectively. Rapid bootstrapping was carried out using the autoMRE (ex-
tended majority rule) bootstrapping criterion for the ML analysis [25]. For the MP analysis,
1000 bootstrapping replicates, tree bisection, reconnection branch switching, and ten ran-
dom sequence addition repetitions were used. The sequences were analyzed using the X2

tests as implemented in PAUP* (phylogenetic analysis using parsimony*) [26].

2.4. Chemotaxonomy

Bacterial biomass was collected after 2 days (for polyamine analysis) and 7 days
from a rotating shaker in a 250 mL flask containing 100 mL of MB medium (160 rpm,
30 ◦C). The freeze-dried biomass was used for the chemotaxonomic study. Polyamine was
extracted according to Scherer and Kneifel’s method (Scherer and Kneifel 1983). Isoprenoid
quinone extraction was carried out based on Minnikin’s method [27] and combined with
the analysis using high-performance liquid chromatography coupled with diode-array
detection and mass spectrometry (HPLC-DAD-MS) based on the method described by
Risdian [28], with some modification. The column was a Waters ACQUITY UPLC BEH
C18 column (2.1 × 50 mm, 1.7 m), and the isocratic condition with two different solvents
was 35% of solvent A (isopropanol with 1% water and 0.1% formic acid) and 65% of
solvent B (acetonitrile with 0.1% formic acid) with the flow rate of 0.3 mL/min. Fatty
acid extraction and methylation were carried out in line with Sasser’s procedure [29] and
were investigated utilizing an Agilent 6890N gas chromatography system with a Macherey
Nagel Optima 5 column (5% phenyl, 95% dimethylpolysiloxane; 50 m length; 0.32 mm
inner diameter; 0.25 m film thickness) equipped with an FID (flame ionization detector).

https://www.ralfarben.de
https://www.ezbiocloud.net/
http://ggdc.dsmz.de/
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To identify particular fatty acid methyl esters, their retention times were compared to our
in-house database.

2.5. Whole-Genome Analysis

The whole-genome sequencing was performed using Illumina’s next-generation
sequencing technology MiSeq 600 cycle v3, and de novo genome assembly was per-
formed using Unicycler [30]. ContEst16S was used to determine the purity of the genome
(https://www.ezbiocloud.net/tools/contest16s accessed on 7 July 2021) [31]. Genome an-
notation was performed using NCBI Prokaryotic Genome Annotation Pipeline (PGAP) [32].
The prediction of secondary metabolite gene clusters from the genomic data was carried
out using antiSMASH server (https://antismash.secondarymetabolites.org accessed on
29 September 2021) [33,34]. A phylogenomic tree was generated using the Type (Strain)
Genome Server (TYGS) (https://tygs.dsmz.de accessed on 24 September 2021). The analy-
sis was also carried out with the recent methodological updates and features [35]. The NCBI
databases were used to obtain whole-genome sequences of Pacificimonas flava JLT2015T

(DSM 107612T) and Pacificimonas aurantium JLT2012T (DSM 107782T). All comparisons were
made using Genome BLAST Distance Phylogeny (GBDP) for phylogenomic inference, and
correct intergenomic distances were computed with an algorithm and a distance formula
d5 for ‘trimming’. A total of one hundred distance replicates were computed for each par-
ticipant. A phylogenomic analysis was also performed based on the entire proteomic data
for generating a better resolved phylogeny [19]. To compute digital DDH (dDDH) values
and confidence intervals, the Genome-to-Genome Distance Calculator (GGDC 2.1) was
employed using the recommended parameters (GGDC 2.1) [19]. The obtained intergenomic
distances with branch support were used to construct a balanced minimum evolution tree
using FASTME 2.1.6.1, which included postprocessing for subtree pruning and regrafting
(SPR) [36]. A total of 100 pseudo-bootstrap replications were used to calculate the tree’s
branch support.

A genome-based phylogenetic analysis using the KBase database was also performed
using the Insert Genome Into Species Tree v2.2.0 tool [37]. The process, including genome
annotation with Prokka v1.14.5 [38] and similarity calculation, was based on 49 COG
(clusters of orthologous groups) domains of core universal genes. The genomic data
from strain WHA3T and all closely related strains were put into a curated multiple se-
quence alignment (MSA) for each COG family and concatenated. The inferred phyloge-
netic tree was built by FastTree2 using a maximum-likelihood approach [39]. The aver-
age nucleotide identity (ANI), genome size, and guanine and cytosine (G + C) content
were determined based on the whole-genome data using the OrthoANIu method (https:
//www.ezbiocloud.net/tools/ani accessed on 20 November 2021) [40]. To prove the classi-
fication of strain WHA3T in the appropriate genus, the average amino acid identity (AAI)
value (http://enve-omics.ce.gatech.edu/aai/index accessed on 20 November 2021) and the
percentage of conserved proteins (POCP) value (https://github.com/2015qyliang/POCP
accessed on 20 November 2021) were calculated [41]. Specific genomes involved in C1
metabolism were described by Sun et al. [9]. The tetrahydrofolate (THF)-linked oxida-
tion pathway, which oxidizes C1 units to CO2, releasing energy in the form of reduced
nucleotides and ATP, is crucial to the process of C1 and methylated compound oxidation.
The RAST algorithm v1.073 from the KBase database https://narrative.kbase.us/genes
(accessed on 24 February 2022) (The genome features were functionally annotated using
the following algorithms: Kmers V2; Kmers V1; and protein similarity [42]) was applied
to genome mining and annotated the following genes: MetF, folD, and fhs gene (catalyze
the early steps in the methyl THF-linked oxidation process) [9]; the genes fdhF, fdsB, and
fdhD, which encode formate dehydrogenase (FDH) subunits (catalyzing the pathway’s
last step, formate oxidation to CO2); the genes mobA and moeA, which produce proteins
that synthesize a molybdenum cofactor, which is necessary for the action of most bacterial
molybdoenzymes, such as FDH [9,43,44]; the gene that encodes the glycine cleavage system
T-protein (GcvT), which is a component of the glycine cleavage multi-enzyme complex

https://www.ezbiocloud.net/tools/contest16s
https://antismash.secondarymetabolites.org
https://tygs.dsmz.de
https://www.ezbiocloud.net/tools/ani
https://www.ezbiocloud.net/tools/ani
http://enve-omics.ce.gatech.edu/aai/index
https://github.com/2015qyliang/POCP
https://narrative.kbase.us/genes
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(GCV) found in most bacteria and mitochondria [45] ( GCV catalyzes glycine breakdown
to produce 5, 10-methylene-THF, CO2, and NH3 [46]); the S-formyl-glutathione hydrolase
(FGH) group gene (These proteins catalyze the glutathione (GSH)-dependent pathway
that converts formaldehyde to CO2 in Paracoccus denitrificans [9]); genes related to the
function of sarcosine oxidase subunit beta (soxB) for methylamine oxidation [9] and the
TonB-dependent receptor and iron siderophore receptor proteins; and some iron biomarker
genes, such as bfr (iron storage); exbB and fur (regulation); fbpC and futA (Fe3+ uptake);
feoB, yfeA, yfeB, and yfeC (Fe2+ uptake); fecA (siderophore uptake); and isiA, sodA, and sodB
(protection against oxidative stress) [47].

isiA gene encodes the iron-stress chlorophyll-binding protein and has previously been
suggested as an iron biomarker gene [48]. However, the prevalence of isiA is significantly
higher in open ocean sites as opposed to coastal sites [47]. Polysaccharide genes were pre-
dicted and analyzed in WHA3T as the major constituent of the naturally occurring marine
high-molecular-weight DOM [49]. Additionally, RAST (rapid annotation using subsystem
technology) (https://rast.nmpdr.org accessed on 16 June 2021) was also used to reconstruct
metabolic pathways from the draft genome assembly [50]. The draft genome of strain
WHA3T was submitted to NCBI/GenBank with the accession number JAGSPA000000000.

2.6. Secondary Metabolite Production and Antimicrobial Activity

The strain WHA3T was grown for 5 days at 30 ◦C in 250 mL Erlenmeyer flasks contain-
ing 100 mL MB medium with 2% (v/v) XAD-2 polymeric resin (160 revolutions per minute).
The secondary metabolites were extracted from the XAD-2 using acetone according to
Pira et al. [51]. A rotary evaporator was used to dry the extract at a temperature of 40 ◦C.
After being diluted in one milliliter of methanol, the extract was tested for antimicrobial
activity against a range of microorganisms: Escherichia coli wild type BW25113T, Escherichia
coli acrB JW25113T, Pseudomonas aeruginosa DSM 19882T, Staphylococcus aureus Newman,
Citrobacter freundii DSM 30039T, Acinetobacter baumannii DSM 30008T, Bacillus subtilis DSM
10T, Mycobacterium smegmatis ATCC 700,084T, Mucor hiemalis DSM 2656T, Wickerhamomyces
anomalus DSM 6766T, and Candida albicans DSM 1665T. The antimicrobial test was con-
ducted using the serial dilution method in 96-well microplates described by Khosravi
Babadi et al. [52].

2.7. Chromatogram and Mass Analysis for Extraction of WHA3T

The extract of strain WHA3T was analyzed using an Agilent 1260 series HPLC-DAD
system equipped with a MaXis ESI–TOF (time of flight) mass spectrometer (Bruker Dalton-
ics, Bremen, Germany). The separation of the compounds was performed using a column
C18 Acquity UPLC BEH (Ultra Performance Liquid Chromatography Ethylene Bridged
Hybrid, Waters) and the gradient system with two mobile phases (solvent A: H2O + 0.1%
formic acid; solvent B: ACN + 0.1% formic acid). The gradient condition was 5% B (0.5 min),
5–100% B (0.5–20 min), and 100% B (20–25 min), and the flow rate was 0.6 mL/min (40 ◦C)
(Primahana et al., 2021). The chromatogram and mass analysis were carried out using
Compass DataAnalysis version 4.4 (Bruker Daltonics). Major peaks (cut-off intensity of
30%) were chosen from the retention time of 1.5–20 min in the base peak chromatogram
(BPC). The Dictionary of Natural Products database (DNP on USB, version 30.1, CRC Press,
Taylor & Francis, Boca Raton, FL, USA) was used to determine the compounds based on
the accurate mass with ±0.01 Da.

3. Result and Discussion
3.1. Morphological, Physiological, and Biochemical Results

The strain WHA3T was Gram-negative, motile by gliding, rod-shaped, aerobic, with
no spore form, and devoid of flagella; a cell size measurement demonstrated a diameter of
0.3–0.4 µm in width and 0.7–2.2 µm in length (Figure 1).

https://rast.nmpdr.org
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Figure 1. Scanning electron microscopy image of strain WHA3T.

On CSY-3, 1.5LBM, and MB, the highest growth for WHA3T was observed. There
was no growth or very restricted growth on YEA, 216L, ASG + Cycloheximide, YTSS, TSA,
SSM-T, SSM + T, and TCBS. On YED, intermediate growth was observed. The colony’s form
was a concave curve with undamaged margins. The growth range on MB was observed
at 15–40 ◦C and in the pH range of 5–11, with the optimum growth at 30 ◦C and a pH of
5–9. The growth range for NaCl was 2.5–5% and was optimum with 2.5% (w/v) NaCl. The
strain WHA3T had catalase and oxidase enzyme function. Sudan black B did not indicate
any preference for PHA granules. The colors of the colonies for WHA3T, P. falava DSM
107612T, and P. aurantium DSM 107782T are shown in Table 1.

Table 1. Colony color comparison of the three strains, WHA3T, Pacificimonas flava DSM 107612T, and
Pacificimonas aurantium DSM 107782T, in various culture media according to Ralcolor code.

Culture Media Pacificimonas pallium
WHA3T

Pacificimonas flava
DSM 107612T

Pacificimonas aurantium
DSM 107782T

MB 514f RAL2003 Pastel orange RAL1037 Sun yellow RAL1032 Broom yellow
CSY-3 RAL2008 Bright red orange RAL1002 Sand yellow RAL1002 Sand yellow

1.5 LBM RAL2003 Pastel orange RAL1033 Dahlia yellow RAL1037 Sun yellow
YED RAL2000 Yellow orange RAL1002 Sand yellow RAL1005 Honey yellow
TSA NG RAL2000 Yellow orange NG

SSM + T NG RAL1011 Brown beige NG
SSM-T NG RAL1002 Sand yellow NG
YTSS RAL1017 Saffron yellow RAL1003 Signal yellow RAL1003 Signal yellow

ASG + Cycloheximide NG NG RAL1015 Light ivory
YEA NG RAL1023 Traffic yellow NG

NG: No growth or very restricted; RAL codes available at (https://www.ralfarben.de accessed on 14
September 2020).

The results of the biochemical property-based Api ZYM (Table 2), Api Coryne, Api
20E, and GENIII microplate tests indicated that strain WHA3T exhibited high activity
or was positive for some biochemical properties, such as phosphatase alkaline, esterase
(C4), esterase lipase (C8), leucine arylamidase, trypsin, α-chymotrypsin, reduction to N2
gas, acetoacetic acid utilization, propionic acid utilization, acetic acid utilization, formic
acid utilization, sodium butyrate, potassium tellurite, lithium chloride, β-hydroxy-D, L-
butyric acid, L-alanine, L-serin, and D-aspartic acid. The isolate WHA3T had negative
results for gelatinase, α-galactosidase, β-galactosidase, β-glucuronidase, α-glucosidase,
β-glucosidase, N-acetyl-beta-glucosaminidase, α-mannosidase, α-fucosidase, nitrate re-
duction, pyrazinamidase, pyrrolidonyl arylamidase, Tween 40, D-fructose, D-raffinose, D-
trehalose, D-Turanose, α -keto glutaric acid, L-glutamic acid, urease, glucose fermentation,
ribose fermentation, xylose fermentation, mannitol fermentation, maltose fermentation,
lactose fermentation, sucrose fermentation, glycogen fermentation, O-nitrophenyl-ß-D-

https://www.ralfarben.de
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galactopyranoside, utilization of citrate, production of hydrogen sulphide, tryptophan
deaminase, indole, detection of acetoin (acetyl methylcarbinol), fermentation of mannose,
fermentation of inositol, fermentation of sorbitol, fermentation of rhamnose, fermentation
of melibiose, fermentation of amygdalin, fermentation of arabinose, and was absent of
NO2 production (Table 3). Strain WHA3T was sensitive to gentamycin, oxytetracycline,
chloramphenicol, kanamycin, fusidic acid, thiostrepton, spectinomycin, trimethoprim, and
erythromycin, whereas it was resistant to polymyxin, ampicillin, cephalosporin, bacitracin,
and tetracyclin, as shown in Table 3. The extract of strain WHA3T showed no inhibition
against the most tested microbes except Candida albicans DSM 1665T, which represented
1.67–0.42% (moderate activity) for antimicrobial activity in the MIC value (%).

Table 2. Different enzymes produced by strain WHA3T detected by the ApiZym system.

Enzyme Observation Enzyme Observation

Phosphatase alkaline ++ Naphtol-AS-BI-phosphohydrolase (+)
Esterase (C4) + α-galactosidase -

Esterase lipase (C8) + β-galactosidase -
Lipase (C14) (+) β-glucurunidase -

Leucin arylamidase ++ α-glucosidase -
Valine arylamidase (+) β-glucosidase -

Cystine arylamidase (+) N-acetyl-beta- glucosaminidase -
Trypsin + α-mannosidase -

Chymotrypsin ++ α-fucosidase -
Phosphatase acid (+)

++ strong; + good; (+) weak; - no activity.

Table 3. Comparison of phenotypic characteristics that distinguish strain WHA3T from the most
closely related type strains. Strains: 1, Pacificimonas pallium WHA3T; 2, Pacificimonas flava DSM
107612T; 3, Pacificimonas aurantium DSM 107782T.

Characteristics 1 2 3

Color of colony orange orange orange
Temperature range for growth (◦C) 15–40 20–30 * 10–40 †

pH spectrum for growth 5–11 5–12 * 5–10 †
NaCl optimum for growth (%) 2.5–5 0.5–7 * 0.5–4 †

Trypsin + + (+)
α-Chymotrypsin ++ (+) -
Acid phosphatase (+) ++ (+)

Naphthol-AS-BI-phosphohydrolase (+) + (+)
N-acetyl-β-glucosaminidase - (+) (+)

gelatine (hydrolysis) - + +
Oxidation of (Biolog GN2)

Acetic acid + + * - †
Methyl pyruvate - + * - †

D-galactose - ND * + †
D-raffinose - - * + †
D-trehalose - - * + †
D-Turanose - - * + †

α -keto glutaric acid - - * + †
L-alanine + - * + †

L-glutamic acid - - * + †
L-aspartic acid - - * + †

γ-amino butyric acid - ND * + †
Dextrin - + * + †

D-fructose - + * + †
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Table 3. Cont.

Characteristics 1 2 3

α-D-glucose (+) + * + †
Tween 40 - + * + †

Susceptibility to
Ampicillin - - * + †

Gentamycin + - * + †
Kanamycin + - * + †
Polar lipids DPG-PE-PG-SGL-PL-GL-L DPG-PE-PG-SGL-L DPG-PE-PG-SGL †

Major fatty acid C18:1ω7c
C16:1ω7c

C18:1ω7c
C14:02-OH

C18:1ω7c
C14:02-OH

Unknown fatty acid
Contigs 11 32 12

No. of proteins 2794 2908 3104
rRNA 3 4 3
tRNA 44 45 45

No. of Genes 2859 3038 3185
Other RNA 3 4 4

Pseudogenes 15 77 29
G + C content (%) 61.69 64.2 * 65.5 †

Total sequence length (Mbp) 3.01 3.25 3.34

++ strong; + good; (+) weak; - no activity; ND no data * Data from Liu et al. [2] † Data from Li et al. [3]
Diphosphatidylglycerol (DPG), phosphatidylcholine (PC), phosphatidylinositol (PI), phosphatidylglycerol (PG),
phosphatidylethanolamine (PE), sphingoglycolipid (SGL), unidentified phospholipids (PL), unidentified glycol-
ipid (GL), and unidentified polar lipid (L).

The difference of characteristics of strain WHA3T and the closely related type strains
are shown in Table 3.

3.2. 16S rRNA Gene Analysis

According to the EZBioCloud server’s results, strain WHA3T was most closely related
to the following strain types: 95.80% to Pacificimonas flava JLT2015T and 94.79% to Pacifici-
monas aurantium JLT2012T. A phylogenetic tree based on the 16S rRNA gene sequences of
strain WHA3T strain WHA3T and its closely related type strains is shown in Figure 2. It
shows that strain WHA3T formed a very high supported cluster with Pacificimonas species
(P. flava JLT2015T and P. aurantium JLT2012T). Moreover, strain WHA3T was located in the
well-supported branch together with P. flava JLT2015T.
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3.3. Chemotaxonomic Characterization

The major cellular fatty acids of WHA3T were C16:1ω7c and C18:1ω7c (Table 4). The
fatty acid C18:1ω7c was also detected as one of the major fatty acids in P. flava DSM 107612T

and P. aurantium DSM 107782T. However, C16:1ω7c was not detected in P. aurantium DSM
107782T, and C16:02-OH was only found in WHA3T. Therefore, from the fatty acid content,
WHA3T can be distinguished from P. flava DSM 107612T and P. aurantium DSM 107782T.

Table 4. The fatty acid content of strain WHA3T and its closest Pacificimonas type strains.

Pacificimonas
pallium WHA3T

Pacificimonas flava
DSM 107612T

Pacificimonas
aurantium DSM 107782T

Fatty acid
C14:0 – 5.0 –
C15:0 – 2.2 –
C16:0 4.2 9.1 9.8
C17:0 – – 5.2
C19:0 – 2.4 8.3

anteiso-C15:0 – 5.7 –
anteiso-C17:0 – 1.9 –

iso-C16:0 – 4.1 –
C16:1ω7c 20.5 5.8 –
C17:1ω6c 5.1 4.0 5.3
C18:1ω7c 50.6 26.9 22.0

C14:02-OH 8.4 22.8 27.6
C16:02-OH 3.6 – –

cyclo-C19:0d8,9 1.3 5.7 4.0
Unknown fatty acid 6.3 4.4 17.8

–: Not detected.

The dominant polar lipids of strain WHA3T were diphosphatidylglycerol, phos-
phatidylethanolamine, phosphatidylglycerol, several sphingoglycolipids, an unknown
phospholipid, an unknown glycolipid, and an unknown polar lipid. Ubiquinone-10 (Q-10)
was found to be the major respiratory quinone in WHA3T. Sphingoglycolipids and Q-10
were also detected in the type strains of Pacificimonas from the previous study [2,3].

3.4. Genomic Characteristics and Phylogenomic Analysis

In the whole-genome data of strain WHA3T, only one 16S rRNA gene sequence was
identified, indicating that other organisms did not contaminate the genomic data. The
draft assembled genome sequence of strain WHA3T comprised the following: 3,017,344 bp
with a G + C content of 61.69% (GenBank accession No. JAGSPA000000000). The genome
included 2859 genes comprising 2794 protein-coding genes, 44 tRNA genes, 3 rRNA genes,
and 3 non-coding RNA.

The phylogenomic tree (Figure S1) shows that strain WHA3T falls in a cluster, al-
though it was not well supported with Parasphingopyxis lamellibrachiae DSM 26725T and
Henriciella pelagia CGMCC 1.15928T, instead of with the other Pacificimonas species. More-
over, P. flava DSM 107612T and P. aurantium DSM 107782T were not closely related to the
resulting phylogenomic tree. Therefore, the further study is based on the whole-proteome-
based GBDP distances resulting from a phylogenetic tree with a very high average branch
support of 94.1%, which is more reliable than the phylogenomic tree result (Figure 3).
The strain WHA3T was in the same clade, with the very high support score, with other
Pacificimonas species.

In the whole-proteome-based phylogenetic tree, strain WHA3T was located in a very
highly supported clade together with P. flava DSM 107612T and P. aurantium DSM 107782T.
Another phylogenomic tree result based on 49 COG (clusters of orthologous groups) also
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shows that strain WHA3T formed a clade with other Pacificimonas species with a very high
support value (Figure 4).
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Further study using genomic data to determine the genus classification was performed
using the average amino acid identity (AAI) [53] value and the percentage of conserved
proteins (POCP) value. The AAI values between the genomes of strain WHA3T and
Pacificimonas flava DSM 107612T, Pacificimonas aurantium DSM 107782T, Parasphingopyxis
lamellibrachiae DSM 26725T, and Henriciella pelagia CGMCC 1.15928T were 66.00%, 64.48%,
54.47%, and 46.38%, respectively. In contrast, the POCP values between the genomes of
strain WHA3T and Pacificimonas flava DSM 107612T, Pacificimonas aurantium DSM 107782T,
Parasphingopyxis lamellibrachiae DSM 26725T, and Henriciella pelagia CGMCC 1.15928T were
60.36%, 60.55%, 49.96%, and 33.01%, respectively (Table 5). It is suggested that the strains
can be classified in the same genus if the AAI and the POCP values are higher than 60% and
50%, respectively [41,53]. Therefore, strain WHA3T could be determined to be a member of
the genus Pacificimonas instead of Parasphingopyxis or Henriciella.

Furthermore, all of the type strains exhibited an ANI value less than the species cut-off
value of 95% and dDDH scores less than the threshold value of 70%, as shown in Table 6 [54],
suggesting that strain WHA3T can be separated from the other Pacificimonas species.

The genomes involved in C1 (one-carbon) metabolism for WHA3T are reported in
Table 7.

The genes related to TonB-dependent transporters (TBDTs) and iron siderophore
receptor protein in Pacificimonas pallium WHA3T and the other closest type strains are
reported in Table 8.

https://tygs.dsmz.de/
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Table 5. Genome relatedness between the strain WHA3T, the genus of Pacificimonas, and other
closet type strains according to the average amino acid identity (AAI) value and the percentage
of conserved proteins (POCP) value. 1, Pacificimonas flava DSM 107612T (JACHGC010000001);
2, Pacificimonas aurantium DSM 107782T (JAGSGB000000000); 3, Parasphingopyxis lamellibrachiae DSM
26725T (NZ_QRDP00000000), 4; Henriciella pelagia CGMCC 1.15928T (GCA_014644035.1).

Strain
1 2 3 4

POCP
(%)

AAI
(%)

POCP
(%)

AAI
(%)

POCP
(%)

AAI
(%)

POCP
(%)

AAI
(%)

Pacificimonas pallium WHA3T

(JAGSPA000000000) 60.36 66.00 60.55 64.48 49.96 54.47 33.01 46.38

Pacificimonas flava
DSM 107612T (JACHGC010000001) 100 100 63.39 69.22 46.92 55.02 32.12 46.42

Pacificimonas aurantium DSM 107782T

(JAGSGB000000000) 63.39 69.22 100 100 47.20 54.58 33.63 46.85

POCP less than 50% is a different (or new) genus, and more than 50% (bold) is the same genus. AAI less than 60%
is a different (or new) genus, and more than 60% (bold) is the same genus.
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Table 6. ANI and dDDH values of the strain Pacificimonas sp. WHA3T and its closely related type
strains. 1, Pacificimonas aurantium DSM 107782T (JAGSGB000000000); 2, Pacificimonas flava DSM
107612T (JACHGC010000001); 3, Parasphingopyxis lamellibrachiae DSM 26725T(NZ_QRDP00000000);
4, Henriciella pelagia CGMCC 1.15928T (GCA_014644035.1).

1 2 3 4

Strain
Ortho
ANIu

(%)

dDDH
(%)

Ortho
ANIu

(%)

dDDH
(%)

Ortho
ANIu

(%)

dDDH
(%)

Ortho
ANIu

(%)

dDDH
(%)

Pacificimonas pallium WHA3T

(JAGSPA000000000) 71.95 19.20 72.25 18.40 68.84 19.00 66.73 17.90

Pacificimonas flava
DSM 107612T (JACHGC010000001) 74.36 20.30 100 100 69.17 19.20 67.15 16.30

Pacificimonas aurantium DSM 107782T

(JAGSGB000000000) 100 100 74.36 20.30 69.13 18.90 67.05 18.30

OrthoANIu values ≥ 95% and dDDH values > 70% are demonstrated.

Table 7. Distribution of genes involved in C1 metabolism in 1, Pacificimonas pallium WHA3T;
2, Pacificimonas flava DSM 107612T; 3, Pacificimonas aurantium DSM 107782T genomes using https:
//narrative.kbase.us/ accessed on 24 February 2022.

Genes for C1 Oxidation and Methylotrophy 1 2 3
THF-linked oxidation

Methylene -THF methylenetetrahydrofolate reductase metF + - -
Bifunctional methylene-THF dehydrogenase-methenyl-THF

cyclohydrolase folD + - -

AMTs
Glycine system cleavage T-protein gcvT + - -
Glycine cleavage system H protein gcvH + - -

GSH-dependent pathway
S-formyl-glutathione hydrolase (FGH) fghA + - -

methylamine oxidation
Sarcosine oxidase subunit beta soxB + - -

Table 8. Distribution of genes involved in TonB-dependent transporters (TBDTs) in 1, Pacificimonas
pallium WHA3T; 2, Pacificimonas flava DSM 107612T; 3, Pacificimonas aurantium DSM 107782T genomes
using https://narrative.kbase.us/ accessed on 24 February 2022.

Genes TonB-Dependent Transporters (TBDTs) 1 2 3

btuB_1
btuB_3
btuB_4
btuB_6
btuB_8
btuB_9

btuB_10
btuB_12
btuB_13
btuB_14
btuB_15
btuB_17
btuB_19
btuB_20
btuB_21
btuB_23

btuB btuB

fyuA_1
fyuA_2 TonB TonB

putative TonB-dependent receptor BfrD + - -

TonB-dependent hemin and ferrichrome receptor hemR + - -

TonB-dependent receptor and iron siderophore receptor protein btuB_7 + - -

+: Presence of gene.

https://narrative.kbase.us/
https://narrative.kbase.us/
https://narrative.kbase.us/
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The iron biomarker genes for Pacificimonas pallium WHA3T were related to the FbpC,
fur, FeoB, and sodB genes; the vitamin B12 transporter reported for btuB; the biopolymer
transport protein reported for exbD; and a variety of polysaccharides, including lptB, kpsT,
lptA, lptF, lptG, kpsS, and kpsM, were observed (Table 9).

Table 9. Distribution of genes involved iron biomarker, vitamin B12 uptake, biopolymer transport
protein, and polysaccharides proteins in 1, Pacificimonas pallium WHA3T; 2, Pacificimonas flava DSM
107612T; 3, Pacificimonas aurantium DSM 107782T genomes using https://narrative.kbase.us/ accessed
on 24 February 2022.

1 2 3
Vitamin B12 transporter btuB + - -

Outer membrane vitamin B12 receptor btuB + + +

Biopolymer transport protein
exbD_1
exbD_2
exbD_3

exbD exbD

Fe(3+) ions import ATP-binding protein FbpC + - -
Ferric uptake regulation protein fur + + +

Fe(2+) transporter FeoB + + +
Superoxide dismutase [Fe] sodB + - -

Lipopolysaccharide ABC transporter, ATP-binding protein lptB + + +
Capsular polysaccharide ABC transporter, ATP-binding protein kpsT + + -

Lipopolysaccharide export system protein lptA + - +
Lipopolysaccharide export system permease protein lptF-lptG + + +

Capsular polysaccharide export system protein kpsS + + -
Capsular polysaccharide ABC transporter, permease protein kpsM + + -

+: Presence of gene.

Additionally, gene annotation using RAST analysis (https://rast.nmpdr.org) predicted
2934 coding sequences in the genome of WHA3T. A dominant fraction of the subsystem
feature was amino acids and derivatives (243), carbohydrates (146), protein metabolism
(128), and fatty acids, lipids, and isoprenoids (100) (Figure S2, Table S1). Other genes,
such as ones having a role for stress response (34), virulence, disease, and defense (28),
metabolism of aromatic compounds (10), and motility and chemotaxis (5), were also
detected. For the stress response genes, the major percentage was for oxidative stress,
whereas in the virulence, disease, and defense genes, the genes for resistance to antibiotics
and toxic compounds were the dominant ones, which are needed for the strain’s survival.

Secondary metabolite prediction based on the antiSMASH program suggested that
there were only two detected secondary metabolite regions: PKS type 3 and terpene. There
was an unknown cluster for PKS type 3, while the terpene region was 50% similar to
carotenoid (Figure S3).

3.5. Chromatogram and Mass Analysis for Extraction of WHA3T

Ten major peaks were detected in the base peak chromatogram (BPC) of the extract of
strain WHA3T. All of them were located in 1.5–7 min, suggesting that their characteristics
are relatively polar. The detected ion masses ranged from 197.1276 Da to 1122.5594 Da
(Figure 5, Table S2).

https://narrative.kbase.us/
https://rast.nmpdr.org
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4. Conclusions

According to the results from this polyphasic study, strain WHA3T is a novel species
that belongs to the genus Pacificimonas. Therefore, we suggest Pacificimonas pallium sp.
nov. as the name for this newly discovered bacterium. We also predict that methylovory
was possible in strain WHA3T. Based on these data, we hypothesize that WHA3T may
have a role in the C1 oxidation pathways in the marine carbon cycle. The presence of
genomes for TonB-dependent transporters (TBDTs) as outer membrane proteins could
emphasize the capability of WHA3T to use restricted nutrient sources as well as vitamin
B12 transporter and iron siderophore receptor protein. Chromatogram and mass analysis
determined that there is no information about the compounds isolated from Pacificimonas
bacteria in the Dictionary of Natural Products database. The majority of the detected
masses were identified as many hits from the database. Only three masses were indicated
as less than five hits, with one of them only showing one hit. Given that none of these
hits were isolated from Pacificimonas bacterial strains, further study is needed to isolate the
compounds, elucidate their structures, and reveal their bioactivities.

Description of Pacificimonas pallium sp. nov.

Pacificimonas pallium (pal.li.um is N. genitive palliı̄ or pallı̄ refers to the strain’s isolation
from the mantel in the pacific oyster Crassostrea gigas). Optimal growth was observed at
30 ◦C, pH 5–9 and 2.5% (w/v) NaCl. This species is Gram-negative, motile by gliding,
rod-shaped, aerobic, with no spore form, and without flagellum (Figure 1). Orange-colored
colonies and concave curves with undamaged margins are significant. The optimum
growth was observed on On CSY-3, 1.5LBM, and MB. The strain WHA3T has oxidase
and catalase enzyme function. There is no PHA granulate. Cell size averages approxi-
mately 0.3–0.4 µm in width and 0.7–2.2 µm in length (Figure 1). Analysis for Api ZYM,
Api Coryne, Api 20E, and GENIII microplate tests indicated that strain WHA3T exhibits
high activity or is positive for alkaline, esterase (C4), esterase lipase (C8), leucine ary-
lamidase, trypsin, α-chymotrypsin, reduction to N2gas, utilization of acetoacetic acid,
utilization of propionic acid, utilization of acetic acid, utilization of formic acid, sodium
butyrate, potassium tellurite, lithium chloride, β-hydroxy-D, L-butyric acid, L-alanine, L-
serin, and D-aspartic acid. The strain WHA3T is sensitive against gentamycin (10 µg/mL),
oxytetracycline (10 µg/mL), chloramphenicol (30 µg/mL), kanamycin (30 µg/mL), fu-
sidic acid (50 µg/mL), thiostrepton (50 µg/mL), spectinomycin (50 µg/mL), trimethoprim
(50 µg/mL), and erythromycin (15 µg/mL). The polyamine pattern is dominated by sper-
midine and spermine. The major cellular fatty acids are C16:1ω7c and C18:1ω7c. The
dominant polar lipids are diphosphatidylglycerol (DFG), phosphatidylethanolamine (PE),
phosphatidylglycerol (PG), several sphingoglycolipids (SGL), an unknown phospholipid
(PL), an unknown glycolipid (GL), and an unknown polar lipid (L) (Figure S4). The major
quinone is ubiquinone-10 (Q-10).

The type strain is WHA3T (= DSM 111825T = NCCB 100832 T), isolated from the
mantle of the pacific oyster Crassostrea gigas collected from the Whilmshaven, Germany.
The DNA G + C content is 61.69%. The genome size is 3,017,344 bp with 2794 coding
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sequences, 44 tRNA genes, and 3 rRNA operons. The complete genome and the 16S rRNA
sequence of strain WHA3T were deposited in the NCBI GenBank with accession numbers
JAGSPA000000000 and MW888980, respectively.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d14030181/s1, Figure S1: Phylogenomic tree inferred from GBDP distances based on genomic
data between strain WHA3T and the closely related type strains based on Type (Strain) Genome
Server (TYGS) (https://tygs.dsmz.de/ accessed on 24 September 2021). The nodes are GBDP pseudo-
bootstrap support values > 60% from 100 replications, with an average branch support of 50.8%,
Figure S2: Subsystem category distribution of strain WHA3T based on the RAST annotation server
(https://rast.nmpdr.org/ accessed on 16 June 2021), Figure S3: Prediction of secondary metabolite
gene clusters of strain WHA3T using the antiSMASH server (https://antismash.secondarymetabolites.
org/ accessed on 29 September 2021). Figure S4: Two -dimensional thin-layer chromatogram of polar
lipids extracted from strain WHA3T. Table S1: RAST analysis result (https://rast.nmpdr.org accessed
on 16 June 2021) of the draft genome of strain Pacificimonas pallium WHA3T. Table S2: Peak analysis
of the base peak chromatogram (BPC) of the extract of strain WHA3T.
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