
Three novel strains, (D17T, D13, and D25T) isolated from the 
gut of the Korean dark sleeper (Odontobutis platycephala), 
Kumgang fat minnow (Rhynchocypris kumgangensis), and 
the Korean oily bitterling (Tanakia koreensis) were identified 
as two novel species. Strains D17T and D13 showed the highest 
similarities in 16S rRNA gene and complete genome sequences 
to Deefgea rivuli WB 3.4-79T (98.0% and 97.9%, respectively, 
of 16S rRNA gene sequence similarity, 77.8% and 77.7%, re-
spectively, of orthologous average nucleotide identity, Ortho-
ANI, and 21.9% and 21.9%, respectively, of digital DNA-DNA 
hybridization, dDDH). Strain D17T showed the highest simil-
arities in 16S rRNA gene and complete genome sequences to 
D13 (99.9% of 16S rRNA gene sequence similarity, 91.8% of 
OrthoANI, and 45.1% of dDDH); therefore, strains D17T and 
D13 were assigned as the same species. Strain D25T showed the 
highest similarities in 16S rRNA gene and complete genome 
sequences to D. chitinilytica Nsw-4T (98.2% of 16S rRNA gene 
sequence similarity, 82.4% of OrthoANI, and 25.1% of dDDH). 
Strains D17T and D13 were Gram-stain-negative, facultative 
anaerobes, rod-shaped, non-motile, and non-flagellated. Strain 
D25T was Gram-stain-negative, facultative anaerobe, rod- 
shaped, and motile by a single polar flagellum. These strains 
had C16:0 and summed feature 3 (C16:1 ω7c and/or C16:1 ω6c) as 
the major cellular fatty acids and possessed Q-8 as a major 
respiratory ubiquinone. All three strains contained phospha-
tidylethanolamine and phosphatidylglycerol as the major polar 
lipids. Based on polyphasic taxonomic data, strains D17T, D13, 
and D25T represent two novel species of the genus Deefgea. 
We propose the name Deefgea piscis sp. nov. for strains D17T 
(= KCTC 82958T = JCM 34941T) and D13 (= KCTC 92368), 
and Deefgea tanakiae sp. nov. for strain D25T (= KCTC 82959T 
= JCM 34942T).
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Introduction

Gut microbiota has an important role in host metabolism, 
immune system, digestion, and fitness (Yang et al., 2018; 
Huan et al., 2020; Zhou et al., 2021). Although the gut micro-
bial community of mammals is well known, that of wild fish 
remains largely unexplored (Kim et al., 2021b). Hence, we 
investigated the gut microbiota of three Korean indigenous 
fish and isolated 67 bacterial strains belonging to six genera 
and 13 species. Among 67 strains, three putative novel strains 
were identified as two candidate novel species closely related 
to the genus Deefgea from the gut of the Korean dark sleeper 
(Odontobutis platycephala), Kumgang fat minnow (Rhyncho-
cypris kumgangensis), and the Korean oily bitterling (Tanakia 
koreensis), respectively. The genus Deefgea was first identi-
fied as a member of the family Chromobacteriaceae belong-
ing to the order Neisseriales, class Betaproteobacteria, and 
phylum Pseudomonadota by Stackebrandt et al. (2007). The 
genus currently consists of two validly published species: D. 
rivuli (Stackebrandt et al., 2007) and D. chitinilytica (Chen et 
al., 2010). These two species are characterized as being Gram- 
stain-negative, obligate aerobes or facultative aerobes, mo-
tile, and rod-shaped. Both species are positive for catalase and 
oxidase and contain Q-8 as the predominant ubiquinone. The 
genome sizes range from 3.4 to 3.7 Mb, and the DNA G + C 
contents range from 48.3% to 49.0%. D. rivuli WB 3.4-79T 
and D. chitinilytica Nsw-4T had been isolated from a hard- 
water sample of Westerhöfer Bach, Harz Mountains in Lower 
Saxony, Germany (Stackebrandt et al., 2007), and from a 
water sample of Niao-Song Wetland Park, Taiwan (Chen et 
al., 2010). Considering the overall isolation sources, the mem-
bers of the genus Deefgea seem to be distributed in freshwater 
environments. Korean dark sleeper, Kumgang fat minnow, 
and the Korean oily bitterling are endemic freshwater species 
in the Korean peninsula. The Korean dark sleeper belonging 
to the order Perciformes, family Odontobutidae, has been 
known to inhabit most rivers in the Korean peninsula (Sohn 
et al., 2018). Kumgang fat minnow and the Korean oily bit-
terling belong to the order Cypriniformes, family Cyprinidae, 
mainly inhabit the upper reaches of the Han River and dis-
tribute in the rivers flowing into the South Sea or the West 
Sea toward the south of Geumgang. (Lee et al., 2008; Hwang 
et al., 2013). In this study, we isolated three novel strains 
(D17T, D13, and D25T) during investigations of the gut mi-
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crobiota of the three fish using culture-dependent methods. 
We also reported the phylogenetic, genomic, physiological, 
morphological, and chemotaxonomic characteristics of these 
putative novel strains, suggesting that strains D17T, D13, 
and D25T represent two novel species of the genus Deefgea.

Materials and Methods

Bacterial isolation and deposition
Whole gut tissue and content samples of the Korean oily bit-
terling (Tanakia koreensis), Korean dark sleeper (Odontobutis 
platycephala), and Kumgang fat minnow (Rhynchocypris kum-
gangensis) were homogenized and then serially diluted to 
10-1 to 10-4 with sterile phosphate-buffered saline (PBS). The 
diluted gut samples were individually spread on tryptic soy 
broth (TSB, Bacto) with 1.5% agar, marine broth (MB, Difco) 
with 1.5% agar, and Reasoner’s 2A agar (R2A, Difco) and 
incubated at 30°C under aerobic conditions. Single colonies 
were collected during three subcultivations, and the obtained 
pure colonies were preserved at -80°C in glycerol stocks con-
taining 40% (v/v) glycerol. The representative isolates were 
deposited at the Korean Collection for Type Cultures (KCTC) 
and the Japan Collection of Microorganisms (JCM). The ac-
cession numbers are KCTC 82958 and JCM 34941 for strain 
D17T, KCTC 92368 for strain D13, and KCTC 82959 and 
JCM 34942 for strain D25T.

Phylogenetic analyses based on 16S rRNA gene
To determine the taxonomic positions of strains D17T, D13, 
and D25T, phylogenetic analyses were performed based on 
the 16S rRNA gene sequences. We suspended a single colony 
of the three strains in the PCR PreMix (Bioneer) with bac-
teria-specific universal primers 27F and 1492R (Lane, 1991) 
and performed colony PCR using a C1000 Touch Thermal 
Cycler (Bio-Rad). The nearly full-length 16S rRNA gene se-
quences were assembled with 27F, 785F, 800R, and 1492R 
using the SeqMan Pro 5.0 software program (DNASTAR), 
and phylogenetically related species were selected using a bac-
terial identification service, which is available on the EzBio-
Cloud server (Yoon et al., 2017). Then, we aligned assembled 
sequences with the 16S rRNA gene sequences of closely re-
lated species using CLUSTAL W software (Thompson et al., 
1994). Phylogenetic trees were constructed based on the alig-
ned sequences using neighbor-joining (NJ) (Saitou and Nei, 
1987), maximum-likelihood (ML) (Felsenstein, 1981), and 
maximum-parsimony (MP) algorithms (Kluge and Farris, 
1969), available in MEGA (version 7.0.26) software with 1,000 
bootstrap replicates. Moraxella lacunata NBRC 102154T was 
used as an outgroup.

Genome sequencing and analysis
To obtain the whole-genome sequences of strains D17T, D13, 
and D25T, we extracted the genomic DNA using the Qiagen 
MagAttract HMW DNA Kit. To purify extracted genomic 
DNA, we used a chloroform wash protocol of PacBio Guide-
lines. Then, a 20-kb library was prepared using the PacBio 
DNA Template Prep Kit 1.0, SMRT Cell 8Pac V3, and DNA 
Polymerase Binding Kit P6. The RS HGAP Assembly v3.0 

software was used for de novo assembly (Chin et al., 2013). 
To further validate the taxonomic positions of the three 
novel strains in the genus Deefgea, we constructed an up-to- 
date bacterial core gene (UBCG) tree (Na et al., 2018) using 
the FastTree program (Price et al., 2009). In order to eluci-
date the genomic relatedness, we calculated the digital DNA- 
DNA hybridization (dDDH) and the orthologous average 
nucleotide identity (OrthoANI) values using the Genome- 
to-Genome Distance Calculator (GGDC) (version 3.0) (http:// 
ggdc.dsmz.de/) (Meier-Kolthoff et al., 2013) and OAT soft-
ware (Lee et al., 2016), respectively. In addition, we also cal-
culated the average amino acid identity (AAI) values based on 
MMseqs2 (AAIm) and produced an unweighted pair group 
method with arithmetic mean (UPGMA) dendrogram using 
the EzAAI tool (Kim et al., 2021a). Using the Rapid Annota-
tion using Subsystem Technology (RAST) server (https://rast. 
nmpdr.org/) (Aziz et al., 2008) and IMG-Expert Review (IMG- 
ER) platform (https://img.jgi.doe.gov/) (Chen et al., 2019), 
we annotated the genomes of strains D17T, D13, D25T, and 
closely related species. Using the TrueBac ID service (https:// 
www.truebacid.com/) (Ha et al., 2019), we identified genome- 
encoded antimicrobial resistance (AMR) genes and virulence 
factor (VF) genes. Carbohydrate-active enzyme (CAZyme) 
analysis was performed through a meta-server for automated 
carbohydrate-active enzyme annotation (dbCAN) (http:// 
bcb.unl.edu/dbCAN2/index.php) (Zhang et al., 2018) with 
HMMER, DIAMOND, and Hotpep tools. To identify ortho-
logous protein sequence groups, we performed a pan-genome 
analysis using the OrthoMCL software (version 2.0) (Fischer 
et al., 2011) available on the KBase server (https://www.kbase. 
us/) (Arkin et al., 2018).

Comparative analyses
We obtained each type strain of D. rivuli WB 3.4-79T and 
D. chitinilytica Nsw-4T from the German Collection of Mic-
roorganisms (Deutsche Sammlung von Mikroorganismen 
und Zellkulturen GmbH, DSMZ) and then compared the 
phenotypic characteristics of those type strains with strains 
D17T, D13, and D25T. To perform comparative genome an-
alyses, we obtained publicly available genomic data of D. rivuli 
WB 3.4-79T and D. chitinilytica Nsw-4T from the National 
Center for Biotechnology Information (NCBI) database. Pair-
wise comparisons of OrthoANI, dDDH, and AAIm values 
were also performed.

Growth conditions and morphological analyses
To identify the optimal growth conditions for the strains D17T, 
D13, and D25T, we cultured the strains under various tem-
peratures (4, 10, 15, 20, 25, 30, 37, 45, 55, and 65°C), vari-
ous pH (4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, and 11.0) buffered 
by 10 mM 2-(N-morpholino)-ethanesulfonic acid (MES, for 
pH 4.0–6.0), 10 mM N-tris(hydroxymethyl)-methyl-3-ami-
nopropanesulfonic acid (TAPS, for pH 7.0–9.0), or 10 mM 
Na2HPO4 (for pH 10.0–11.0), and various NaCl concen-
trations (0, 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 10, and 
12% w/v NaCl) in TSB. After incubation for 1, 2, and 7 days 
under the above conditions, the optimal growth conditions 
were identified by measuring the turbidity of the media at 
600 nm (OD600) using a Synergy Mx spectrophotometer (Bio-
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Tek). Through this analysis, we identified optimal growth 
conditions of the three strains and incubated the strains for 
2 days under the optimal growth conditions for following 
analyses. To determine the oxygen dependence, we incubated 
the three strains on TSB with 1.5% agar (TSA) for 7 days in 
a Bactron II-2 anaerobic chamber (Sheldon Manufacturing) 
filled with N2 (90%), CO2 (5%), and H2 (5%). Additionally, 
Gram-staining was performed using a Gram-stain kit (bio-
Mérieux), and cells were observed under a light microscope 
(Eclipse 50i; Nikon). Cell morphologies were observed using 
an energy-filtering transmission electron microscope (LIBRA 
120; Zeiss). The motility of cells was tested using semi-solid 
TSB containing 0.4% agar (Lee et al., 2020).

Biochemical characterization
To determine the biochemical characteristics, including en-
zymatic activity, assimilation reaction, and utilization of car-
bon sources, we used API ZYM, API 20E, API 20NE, and 
API 50CH test strips (bioMérieux), and GEN III MicroPlate 
(Biolog). Catalase activity was assessed by observation of bub-
bles in the presence of 3% (v/v) hydrogen peroxide solution 

(Lee et al., 2019). Oxidase activity was assessed by observa-
tion of indophenol blue after adding 1% (w/v) tetramethyl 
p-phenylenediamine solution (bioMérieux).

Chemotaxonomic characteristics
The cellular fatty acids of strains D17T, D13, D25T, and the 
closely related reference strains were extracted following the 
protocol of the Sherlock Microbial Identification System 
(MIDI) operating manual (version 4.5). The extracted fatty 
acids were separated and analyzed by gas chromatography 
(6890 GC system; Agilent Technologies) with the Microbial 
Identification software package (Sherlock version 6.3) based 
on the TSBA6 library (Sasser, 1990). Freeze-dried cell harvests 
were used to extract the bacterial quinones and polar lipids. 
Isoprenoid quinones were extracted following a previously 
published method performed in the dark (Collins and Jones, 
1981) and analyzed using a reverse-phase HPLC instrument 
(Younglin) (Hiraishi et al., 1996). The polar lipids of strains 
D17T, D13, and D25T were extracted according to the pro-
tocols previously described (Minnikin et al., 1984). The ex-
tracted polar lipids were analyzed through two-dimensional 

Fig. 1. The 16S rRNA gene-based NJ phylogenetic consensus tree of Deefgea piscis D17T, D. piscis D13, D. tanakiae D25T, and the closely related species affiliated 
to the order Neisseriales. Moraxella lacunata NBRC 102154T was used as an outgroup. Filled diamonds indicate that overlapping nodes were also generated 
with ML and MP algorithms. The bootstrap value (NJ/ML/MP) algorithms based on 1,000 replications are presented at the nodes. Only bootstrap values > 70% 
are marked on the corresponding nodes. Bar, 0.02 substitutions per nucleotide position.
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thin-layer chromatography (TLC) using silica gel 60 F254 plates 
(Merck). The extracted polar lipids were spotted on the edge 
of TLC plates and subsequently separated by two types of 
solvent. We used a mixture of chloroform:methanol:distilled 
water (DW) (65:25:4, v/v/v) and a mixture of chloroform: 
acetic acid:methanol:DW (80:15:12:4, v/v/v/v) for the first and 
second dimensions of separation, respectively. Three types of 
spray reagent were used to detect polar lipid spots on TLC 
plates: 10% ethanolic phosphomolybdic acid (Merck) for total 
lipid, molybdenum blue spray reagent (Sigma-Aldrich) for 
phospholipid (PL), and ninhydrin (Merck) reagent for ami-
nolipid (AL) detection. To further clarify PL spots, one-di-
mensional TLC was performed with a chloroform:acetic acid: 
methanol:DW (50:6:6:1, v/v/v/v) mixture. The standard solu-

tions of phosphatidylethanolamine (PE), phosphatidylgly-
cerol (PG), phosphatidylcholine (PC), phosphatidylinositol 
(PI), phosphatidylserine (PS), and diphosphatidylglycerol 
(DPG) were used to define each PL spot on the TLC plates.

Accession numbers
The DDBJ/ENA/GenBank accession numbers for the 16S 
rRNA gene sequences of strains D17T, D13, and D25T are 
MN513212, MZ677328, and MZ677329, respectively. The 
DDBJ/ENA/GenBank accession numbers for the whole-ge-
nome sequences of strains D17T, D13, and D25T are GCA_ 
013284055.1, GCA_019665785.1, and GCA_019665765.1, 
respectively.

Fig. 2. The UBCG tree of Deefgea piscis D17T, D. piscis D13, D. tanakiae D25T, and the closely related species. Moraxella lacunata NBRC 102154T was used as 
an outgroup. The numbers on nodes are gene support index (GSI) values indicating the number of single-gene trees supporting the branch. Bar, 0.05 substitutions 
per nucleotide position.

Table 1. The genomic features of Deefgea piscis D17T, D. piscis D13, D. tanakiae D25T, and the closely related species
Strains: 1, D. piscis D17T; 2, D. piscis D13; 3, D. tanakiae D25T; 4, D. rivuli WB 3.4-79T; 5, D. chitinilytica Nsw-4T.

Feature 1 2 3 4 5
NCBI accession number GCA_013284055.1 GCA_01966578.1 GCA_019665765.1 GCA_000620145.1 GCA_016881405.1
Numbers of contig 3 1 1 29 24
Genome size (bp) 3,428,786 3,575,158 3,557,673 3,711,979 3,402,224
G + C content (%) 48.2 48.1 48.1 49.0 48.3
Numbers of total genes 3,265 3,458 3,420 3,468 3,220
Numbers of rRNA genes (5S/16S/23S) 24 (8/8/8) 21 (7/7/7) 21 (7/7/7) 14 (7/3/4) 2 (0/1/1)
Numbers of tRNA genes 81 78 80 58 64
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Results

Phylogenetic and genomic analyses
Based on comparisons of nearly full-length 16S rRNA gene 
sequences, the strains D17T, D13, and D25T were identified as 
members of the genus Deefgea, family Chromobacteriaceae, 
order Neisseriales, class Betaproteobacteria, and phylum Pseu-
domonadota. Strains D17T and D13 were most closely related 
to D. rivuli WB 3.4-79T (98.0% and 97.9%, respectively) and 
subsequently closely related to D. chitinilytica Nsw-4T (96.8% 
and 96.7%, respectively), while strain D25T was most closely 
related to D. chitinilytica Nsw-4T (98.2%) and subsequently 
closely related to D. rivuli WB 3.4-79T (98.0%). Strain D17T 
and D13 showed 99.9% of 16S rRNA gene sequence simil-
arity. In a phylogenetic tree based on 16S rRNA gene sequ-
ences, the three novel strains formed a monophyletic clade 
with D. rivuli WB 3.4-79T and D. chitinilytica Nsw-4T (Fig. 1).
  Whole-genome sequences of strains D17T, D13, and D25T 
contained 3,428,786 bp with a 48.2% DNA G+C content, 
3,575,158 bp with a 48.1% DNA G + C content, and 3,557,673 
bp with a 48.1% DNA G + C content, respectively (Table 1). 
Strains D17T, D13, and D25T harbored a total of 3,265, 3,458, 
and 3,420 genes, respectively. Strains D17T, D13, and D25T 
had 24 rRNA genes and 81 tRNA genes, 21 rRNA genes and 
78 tRNA genes, and 21 rRNA genes and 80 tRNA genes, 
respectively. Again, in the UBCG tree based on genome se-
quences, the strains D17T, D13, and D25T formed a mono-
phyletic clade with D. rivuli WB 3.4-79T and D. chitinilytica 
Nsw-4T (Fig. 2). To determine the genome sequence simil-
arities, we calculated OrthoANI, dDDH, and AAIm values 
(see Supplementary data Table S1). A dendrogram based on 
the AAIm matrix is presented in Supplementary data Fig. S1. 
The genomes of D. rivuli WB 3.4-79T and D. chitinilytica 
Nsw-4T showed the highest similarities to that of strain D25T: 
80.1% OrthoANI, 23.3% dDDH, and 85.9% AAIm values, 
and 82.4% OrthoANI, 25.1% dDDH, and 89.5% AAIm values, 
respectively, while these genomes showed lower similarities 
to that of strain D17T: 77.8% OrthoANI, 21.9% dDDH, and 
81.6% AAIm values, and 76.6% OrthoANI, 21.4% dDDH, 
and 80.8% AAIm values, respectively. These values were much 
lower than the species demarcation thresholds (95–96% for 
ANI, 70% for dDDH, and 95% for AAI values) (Luo et al., 
2014; Chun et al., 2018). Thus, these novel strains had a dis-
tinct identity from the reference strains proposed in the pre-
sent study. Strain D17T and D13 showed the highest sim-
ilarities in complete genome sequences (91.8% of OrthoANI, 
45.1% of dDDH, and 95.9% AAIm values). Considering the 
16S rRNA gene and complete genome sequences similari-
ties, D17T and D13 were assigned as the same species.
  Using the RAST server, we annotated the genome sequ-
ences of strain D17T, strain D13, strain D25T, D. rivuli WB 
3.4-79T, and D. chitinilytica Nsw-4T. Then, annotated genes 
were clustered into several subsystems. The major subsys-
tems associated with all the compared strains were ‘cofactors, 
vitamins, prosthetic groups, pigments’, ‘protein metabo-
lism’, ‘amino acids and derivatives’, and ‘carbohydrates’ (Sup-
plementary data Table S2). By referring to the Clusters of 
Orthologous Groups (COGs) database, a total of 2,590, 2,689, 
and 2,692 protein-coding genes of strains D17T, D13, and 
D25T were assigned to COG functional categories, respecti-

vely (Supplementary data Fig. S2 and Table S3). Strains D17T, 
D13, and D25T had a high proportion of COGs with genes 
related to ‘amino acid transport and metabolism (code E)’, 
‘carbohydrate transport and metabolism (G)’, ‘cell motility 
(N)’, ‘cell wall/membrane/envelope biogenesis (M)’, ‘coen-
zyme transport and metabolism (H)’, ‘energy production 
and conversion (C)’, ‘inorganic ion transport and metabo-
lism (P)’, ‘posttranslational modification, protein turnover, 
chaperones (O)’, ‘replication, recombination and repair (L)’, 
‘signal transduction mechanisms (T)’, ‘transcription (K)’, and 
‘translation, and ribosomal structure and biogenesis (J)’. These 
distribution patterns were also observed in two reference 
species. Compared with the other strains, strain D17T had the 
highest proportion of COGs related to ‘cell wall/membrane/ 
envelope biogenesis (M)’ and the lowest proportion of COGs 
related to ‘secondary metabolites biosynthesis, transport, and 
catabolism (Q)’, while strain D13 had the highest proportion 
of COGs related to ‘mobilome: prophages, transposons (X)’ 
and the lowest proportion of COGs related to ‘inorganic ion 
transport and metabolism (P)’. We performed pan-genome 
analysis to arrange proteins into orthologous protein clus-
ters by categorizing the protein-coding genes as core, single-
ton, and accessory genes (Supplementary data Fig. S3 and 
Table S4). All the described strains shared 2,200 homologous 
gene clusters. Strain D17T harbored 2,217 (72.3%) core genes 
and 202 (6.6%) singleton genes, while strain D13 harbored 
2,241 (69.1%) core genes and 328 (10.1%) singleton genes. 
Strain D25T harbored 2,241 (69.9%) core genes and 290 (9.1%) 
singleton genes. Additionally, we compared their AMR and 
VF genes. The blaOXA (antibiotic resistance ontology, ARO ID: 
ARO3000075) gene family was found in all the compared 
strains, while the ampC (ARO ID: ARO3000076) gene family 
was only found in strain D17T (Supplementary data Table 
S5). Strains D17T, D13, and D25T contained 31, 26, and 36 
VF-like genes, respectively (Supplementary data Table S6). 
All the compared strains commonly contained 12 VF-like 
genes, including those encoding Hsp60, 60K heat shock pro-
tein HtpB (virulence factors database, VFDB ID: VFG001855), 
twitching ATPase TapT (VFDB ID: VFG038463), type IV 
pilus twitching motility protein PilT (VFDB ID: VFG042870), 
ATP-dependent Clp protease proteolytic subunit ClpP (VFDB 
ID: VFG000077), twitching motility protein PilT (VFDB ID: 
VFG000232), twitching motility protein PilT (VFDB ID: VFG-
001223), isocitrate lyase Icl (isocitrase) (isocitratase) ICL 
(VFDB ID: VFG001381), acyl carrier protein AcpXL (VFDB 
ID: VFG011430), Coxiella Dot/Icm type IVB secretion system 
translocated effector CBU_1566 (VFDB ID: VFG039536), 
phosphoglucomutase PGM (VFDB ID: VFG002220), general 
secretion pathway protein E XcpR (VFDB ID: VFG000182), 
and twitching motility protein PilT2 (VFDB ID: VFG006199). 
Three VF-like genes, namely those encoding the chemotaxis 
regulatory protein CheY (VFDB ID: VFG043206), flagellar 
motor protein MotA (VFDB ID: VFG043213), and twitch-
ing motility protein PilU (VFDB ID: VFG001224), were also 
dominantly found in the compared strains. Specifically, two 
VF-like genes, namely those encoding the 2-dehydro-3-de-
oxyphosphooctonate aldolase KdsA (VFDB ID: VFG013465) 
and outer membrane protein A OmpA (VFDB ID: VFG-
001443), were present only in strain D17T. Based on the ge-
nome sequences of strains D17T, D13, and D25T, 85, 93, and 
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100 proteins were annotated as CAZymes, respectively, by at 
least three tools provided at the dbCAN meta-server (Supple-
mentary data Table S7). Of the six functional family domains 
in strains D17T, D13, and D25T, the most abundant families 
were glycosyltransferases (38, 39, and 39 domains, respec-
tively), followed by glycoside hydrolases (28, 30, and 35 do-
mains, respectively), carbohydrate-binding modules (15, 18, 
and 20 domains, respectively), carbohydrate esterases (one, 
two, and five domains, respectively), auxiliary activity (one, 
two, and one domain, respectively), and polysaccharide lyases 
(two, two, and zero domains, respectively).

Physiological, morphological, and biochemical features
Strain D17T grew on TSA at the range of 10–30°C, at pH 7.0– 
9.0, and in the presence of 0–2.0% (w/v) NaCl. The optimal 
growth of strain D17T was observed on TSA at 20–25°C and 
pH 8.0 and in the presence of 0.5–1.0% (w/v) NaCl. Strain 
D13 grew on TSA at the range of 10–25°C and pH 6.0–9.0 and 

in the presence of 0–2.0% (w/v) NaCl. The optimal growth 
of strain D13 was observed on TSA at 25°C and pH 9.0 and 
in the presence of 0.5% (w/v) NaCl. Strain D25T grew on 
TSA at the range of 10–25°C, at pH 7.0–9.0, and in the pre-
sence of 0–1.5% (w/v) NaCl. The optimal growth of strain 
D25T was observed on TSA at 25°C and pH 8.0 and in the 
presence of 0–0.5% (w/v) NaCl. Given that the strains D17T, 
D13, and D25T grew well on TSA, the following biochemical 
analyses of these strains and the reference strains were per-
formed using cells cultivated on TSA under the same growth 
conditions; 25°C and pH 8.0 and in the presence of 0.5% 
(w/v) NaCl. Strains D17T, D13, and D25T were facultative 
anaerobes, Gram-stain-negative, and rod-shaped. Strains D17T 
and D13 were non-motile and non-flagellated, while D25T 
was motile and had a single polar flagellum (Supplementary 
data Fig. S4). The sizes of the cells are detailed in the descrip-
tion. Colonies of strains D17T, D13, and D25T were ivory- 
colored, circular, opaque, and smooth, with raised elevation 

Table 2. Differential biochemical characteristics of Deefgea piscis D17T, D. piscis D13, D. tanakiae D25T, and the closely related species
All strains were positive for the following: utilization of glucuronamide as a sole carbon source (Biolog GEN III); chemical tolerance to rifamycin SV 
(Biolog GEN III); acid production from ribose, glucose, fructose, N-acetyl-glucosamine, esculin, and gluconate (API 50CHB); enzymatic activities of leu-
cine arylamidase, naphthol-AS-BI-phosphohydrolase, and acid phospatase (API ZYM, API 20NE); assimilation of potassium gluconate (API 20NE); and 
oxidase and catalase. All strains were negative for the following: utilization of dextrin, D-galactose, D-trehalose, α-keto-butyric acid, D-melibiose, D-salicin, 
α-D-lactose, gentiobiose, N-acetyl-D-galactosamine, D-raffinose, D-cellobiose, γ-amino-butryic acid, stachyose, β-methyl-D-glucoside, glycerol, acetoacetic 
acid, D-fucose, L-fucose, L-rhamnose, L-arginine, D-turanose, D-galacturonic acid, L-galactonic acid lactone, N-acetyl neuraminic acid, Tween 40, acetic 
acid, methyl pyruvate, and L-lactic acid as a sole carbon source (Biolog GEN III); chemical tolerance to troleandomycin, D-serine, and lithium chloride 
(Biolog GEN III); acid production from erythritol, D-xylose, L-xylose, adonitol, methyl-β-D-xylopyranoside, sorbose, dulcitol, inositol, mannitol, sorbitol, 
methyl-α-D-mannopyranoside, methyl-α-D-glucoside, amygdalin, arbutin, inulin, melezitose, starch, glycogen, xylitol, D-tagatose, D-arabitol, L-arabitol, 
and 2-keto-gluconate (API 50CHB); enzymatic activities of α-chymotrpsin, α-galactosidase, β-galactosidase, β-glucosidase, β-glucuronidase, and arginine 
dihydrolase (API ZYM, 20NE); and assimilation of maltose and arabinose (API 20NE).
Strains: 1, D. piscis D17T; 2, D. piscis D13; 3, D. tanakiae D25T; 4, D. rivuli WB 3.4-79T; 5, D. chitinilytica Nsw-4T. Data for growth conditions of D. rivuli 
WB 3.4-79T and D. chitinilytica Nsw-4T are from Stackebrandt et al. (2007) and Chen et al. (2010), respectively. +, Positive; w, weakly positive; –, negative. 

Characteristic 1 2 3 4 5
Growth conditions:

Temperature range (°C) 10–30 10–25 10–25 4–32 15–37
NaCl range (%, w/v) 0–2 0–2 0–1.5 0–1 0–2
pH range (pH) 7–9 6–9 7–9 5.8–8.5 6–8

Utilization as a sole carbon source (Biolog GEN III):
D-Maltose – – – w +
N-Acetyl-β-D-mannosamine + – – – –
Sucrose, pectin – – – + –
D-Glucose-6-PO4, D-fructose-6-PO4 + w w w w
D-Glucuronic acid – – – – w

Chemical tolerance (Biolog GEN III):
Potassium tellurite, minocycline, sodium butyrate + w w – w
1% Sodium lactate – – – – w
Fusidic acid + – – – –
Aztreonam + + w + w
Niaproof 4 + w – – +
Lincomycin + w + + +
Sodium bromate + w w – w
Vancomycin + w + + +
Tetrazolium violet – w – + w

Acid production from (API 50CHB):
Mannose + + + – +
D-Lyxose – – w – –
5-Keto-gluconate – w w w w

Enzymatic activities of (API ZYM, 20NE):
Esterase lipase (C8) w – – – w
Esterase (C4) w w w – +
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and an undulate margin on TSA. The differential biochemical 
features of all the compared strains are presented in Table 2, 
and the phenotypic features of strains D17T, D13, and D25T 
are presented in the description.

Chemotaxonomic characterization
The major fatty acids (> 20%) of strains D17T, D13, and D25T 
were C16:0 and summed feature 3 (C16:1 ω7c and/or C16:1 ω6c). 
The detailed fatty acid profiles of the strains are presented 
in Table 3. The polar lipids of strain D17T were composed 
of one PE, one PG, one DPG, one aminophospholipid (APL), 
two unidentified ALs, one unidentified PL, and one un-
identified lipid. The polar lipids of strain D13 contained one 
PE, one PG, one DPG, two unidentified APLs, one uniden-
tified AL, three unidentified PLs, and two unidentified lipids. 
The polar lipids of strain D25T contained one PE, one PG, 
one DPG, two unidentified APLs, three unidentified PLs, 
and two unidentified lipids but did not contain AL. Strains 
D17T, D13, and D25T contained PE and PG as major polar 
lipids, as observed in other Deefgea species (Supplementary 
data Fig. S5). Strains D17T, D13, and D25T contained ubiq-
uinone Q-8 as a predominant respiratory quinone, as ob-
served in other Deefgea species (Supplementary data Fig. S6).
  Taken together, strains D17T, D13, and D25T were Gram- 
stain-negative, rod-shaped, facultative anaerobes and con-
tained C16:0 and C16:1 ω7c as major fatty acids, ubiquinone 
Q-8 as a predominant respiratory quinone, and PE and PG 
as major polar lipids, as observed in other Deefgea species. 
However, these strains showed distinct differences in pheno-
typic and genomic features compared to D. rivuli WB 3.4-79T 
and D. chitinilytica Nsw-4T. Furthermore, D17T and D13 
were non-motile and non-flagellated, while D25T was motile 
and had one flagellum, as observed in other Deefgea species. 
Therefore, the overall phylogenetic, genomic, chemotaxo-
nomic, physiological, biochemical, and phenotypic findings 
suggest that strains D17T, D13, and D25T represent two novel 

species within the genus Deefgea. We propose the name D. 
piscis sp. nov. for strains D17T and D13, and D. tanakiae sp. 
nov. for strain D25T.

Description of Deefgea piscis sp. nov.
Deefgea piscis (pis'cis. L. gen. n. piscis, of a fish, from which 
the strain was first isolated).
  Cells are Gram-stain-negative, facultative anaerobe, non- 
motile, non-flagellated, and rod-shaped (1.0–2.0 μm × 2.5– 
5.1 μm). Colonies are ivory-colored, circular form, opaque, 
smooth texture, and raised elevation with an undulate mar-
gin on TSA after 48 h. Cells grow at 10–30°C and pH 7.0–9.0 
and in the presence of 0–2.0% (w/v) NaCl. Optimal growth 
occurs at 20–25°C and pH 8.0 and in the presence of 0.5–1.0% 
(w/v) NaCl. Cells are positive for oxidase and catalase and 
utilize glucuronamide, N-acetyl-β-D-mannosamine, D-glu-
cose-6-PO4, and D-α-6-PO4 as a sole carbon source (Biolog 
GEN III). Cells are tolerant to potassium tellurite, minocy-
cline, rifamycin SV, fusidic acid, aztreonam, sodium buty-
rate, Niaproof 4, lincomycin, sodium bromate, and vanco-
mycin (Biolog GEN III), and are positive for nitrate reduc-
tion and glucose fermentation, and enzyme activities of 
leucine arylamidase, esterase lipase (C8), naphthol-AS-BI- 
phosphohydrolase, esterase (C4), and acid phosphatase (API 
ZYM, 20NE). Cells can assimilate potassium gluconate (API 
20NE). Cells can produce acid from mannose, ribose, glu-
cose, fructose, N-acetyl-glucosamine, esculin, and gluconate 
(API 50CHB). Cells are unable to utilize dextrin, D-galactose, 
D-trehalose, D-maltose, α-keto-butyric acid, D-melibiose, D- 
salicin, sucrose, α-D-lactose, gentiobiose, N-acetyl-D-galac-
tosamine, D-raffinose, D-cellobiose, pectin, γ-aminobutyric 
acid, stachyose, β-methyl-D-glucoside, glycerol, acetoacetic 
acid, D-fucose, L-fucose, L-rhamnose, L-arginine, D-turanose, 
D-galacturonic acid, L-galactonic acid lactone, N-acetyl neu-
raminic acid, Tween 40, acetic acid, D-glucuronic acid, methyl 
pyruvate, and L-lactic acid as a sole carbon source (Biolog 
GEN III). Cells are not tolerant to 1% sodium lactate, trolean-
domycin, D-serine, lithium chloride, and tetrazolium violet 
(Biolog GEN III). Cells are negative for enzyme activities of 
α-chymotrypsin, α-galactosidase, β-galactosidase, β-glucosi-
dase, β-glucuronidase, and arginine dihydrolase (API ZYM, 
20NE), and indole production (API 20NE). Cells do not as-
similate maltose and arabinose (API 20NE). Cells do not pro-
duce acid from 5-keto-gluconate, erythritol, D-xylose, L-xy-
lose, adonitol, methyl-β-D-xylopyranoside, sorbose, dulcitol, 
inositol, mannitol, sorbitol, methyl-α-D-mannopyranoside, 
methyl-α-D-glucoside, amygdalin, arbutin, inulin, melezitose, 
starch, glycogen, xylitol, D-lyxose, D-tagatose, D-arabitol, L- 
arabitol, and 2-keto-gluconate (API 50CHB). The major fatty 
acids are C16:0 and summed feature 3 (C16:1 ω7c and/or C16:1 
ω6c), while ubiquinone Q-8 is a predominant respiratory 
quinone. Strain D17T contains one PE, one PG, one DPG, one 
APL, two unidentified ALs, one unidentified PL, and one un-
identified lipid. The genomic DNA G + C content is 48.2%.
  Type strain D17T (= KCTC 82958T = JCM 34941T) was iso-
lated from the gut of the Korean dark sleeper Odontobutis 
platycephala. The DDBJ/ENA/GenBank accession numbers 
for the 16S rRNA gene sequence and genome sequences of 
strain D17T are MN513212 and GCA_013284055.1, respec-
tively.

Table 3. Fatty acid compositions (%) of Deefgea piscis D17T, D. piscis 
D13, D. tanakiae D25T

, and the type strains of the reference species in the 
genus Deefgea
Strains: 1, D. piscis D17T; 2, D. piscis D13; 3, D. tanakiae D25T; 4, D. rivuli
WB 3.4-79T; 5, D. chitinilytica Nsw-4T. All data were obtained in this cur-
rent study. Symbol: TR, trace (< 1%); –, not detected. 

Fatty acid (%) 1 2 3 4 5
Saturated straight-chain

C12:0 5.47 5.36 5.05 2.90 2.72
C14:0 1.67 2.07 1.45 2.36 3.03
C16:0 32.21 39.68 25.70 27.10 21.96
C18:0 TR TR 1.91 TR TR

Saturated branched-chain
C12:0 3OH 3.47 3.15 3.18 2.69 2.20
C16:0 3OH TR 1.06 1.23 TR TR

Unsaturated straight-chain
C15:1 ω6c – TR 2.05  TR TR

Summed features
3 45.90 43.80 51.47 56.02 54.78
8 6.75 1.57 3.70 4.64 10.11

* Summed features were used when two or three fatty acids could not be separated by 
the Microbial Identification System. Summed feature 3 was comprised of C16:1 ω7c 
and/or C16:1 ω6c. Summed feature 8 was comprised of C18:1 ω7c and/or C18:1 ω6c.
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Description of Deefgea tanakiae sp. nov.
Deefgea tanakiae (ta.na'ki.ae. N.L. gen. n. tanakiae, of Tana-
kia, from which the strain was first isolated).
  Cells are Gram-stain-negative, facultative anaerobe, motile, 
one-flagellated, and rod-shaped (1.0–1.1 μm × 2.5–3.0 μm). 
Colonies are ivory-colored, circular form, opaque, smooth 
texture, and raised elevation with an undulate margin on 
TSA after 48 h. Cells grow at 10–25°C and pH 7.0–9.0 and 
in the presence of 0–2.0% (w/v) NaCl. Optimal growth oc-
curs at 25°C and pH 8.0 and in the presence of 0–0.5% (w/v) 
NaCl. Cells are positive for oxidase and catalase and utilize 
glucuronamide, D-glucose-6-PO4, and D-α-6-PO4 as a sole 
carbon source (Biolog GEN III). Cells are tolerant to potas-
sium tellurite, minocycline, rifamycin SV, aztreonam, so-
dium butyrate, lincomycin, sodium bromate, and vancomy-
cin (Biolog GEN III), and are positive for nitrate reduction 
and glucose fermentation, and enzymatic activities of leu-
cine arylamidase, naphthol-AS-BI-phosphohydrolase, es-
terase (C4), and acid phosphatase (API ZYM, 20NE). Cells 
can assimilate potassium gluconate (API 20NE). Cells can 
produce acid from mannose, ribose, glucose, fructose, N- 
acetyl-glucosamine, esculin, D-lyxose, gluconate, and 5-keto- 
gluconate (API 50CHB). Cells are unable to utilize dextrin, 
D-galactose, D-trehalose, D-maltose, N-acetyl-β-D-mannos-
amine, α-keto-butyric acid, D-melibiose, D-salicin, sucrose, 
α-D-lactose, gentiobiose, N-acetyl-D-galactosamine, D-raf-
finose, D-cellobiose, pectin, γ-amino-butyric acid, stachyose, 
β-methyl-D-glucoside, glycerol, acetoacetic acid, D-fucose, 
L-fucose, L-rhamnose, L-arginine, D-turanose, D-galactur-
onic acid, L-galactonic acid lactone, N-acetyl neuraminic acid, 
Tween 40, acetic acid, D-glucuronic acid, methyl pyruvate, 
and L-lactic acid as a sole carbon source (Biolog GEN III). 
Cells are not tolerant to 1 % sodium lactate, troleandomycin, 
D-serine, fusidic acid, Niaproof 4, lithium chloride, and tet-
razolium violet (Biolog GEN III). Cells are negative for en-
zyme activities of α-chymotrypsin, α-galactosidase, β-galac-
tosidase, β-glucosidase, β-glucuronidase, esterase lipase (C8), 
and arginine dihydrolase (API ZYM, 20NE), and indole pro-
duction (API 20NE). Cells do not assimilate maltose and ara-
binose (API 20NE). Cells do not produce acid from eryth-
ritol, D-xylose, L-xylose, adonitol, methyl-β-D-xylopyrano-
side, sorbose, dulcitol, inositol, mannitol, sorbitol, methyl- 
α-D-mannopyranoside, methyl-α-D-glucoside, amygdalin, ar-
butin, inulin, melezitose, starch, glycogen, xylitol, D-tagatose, 
D-arabitol, L-arabitol, and 2-keto-gluconate (API 50CHB). 
The major fatty acids are C16:0 and summed feature 3 (C16:1 
ω7c and/or C16:1 ω6c), while ubiquinone Q-8 is a predom-
inant respiratory quinone. Strain D25T contains one PE, one 
PG, one DPG, two unidentified APLs, three unidentified PLs, 
and two unidentified lipids. The genomic DNA G + C content 
is 48.1%.
  Type strain D25T (= KCTC 82959T = JCM 34942T) was 
isolated from the gut of the Korean oily bitterling Tanakia 
koreensis. The DDBJ/ENA/GenBank accession numbers for 
the 16S rRNA gene sequence and genome sequences of strain 
D25T are MZ677329 and GCA_019665765.1, respectively.
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