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Cytobacillus spongiae sp. nov. isolated from sponge
Diacarnus spinipoculum

Luyao Gao, Qiangian Song, Jin Sang, Yilin Xiao and Zhiyong Li*

Abstract

A novel Gram-stain-positive, aerobic and motile bacterium, designated strain CY-G', was isolated from a sponge (Diacarnus
spinipoculum) collected from the Red Sea. The strain grew at 13-43 °C (optimum 30 °C), pH 5.5-10.0 (optimum pH 9.0)
and with 0-8.0% (w/v) (0-1.37 M) NaCl (optimum 0%). The results of phylogenetic analysis based on the 16S rRNA gene
sequences indicated that CY-G" represents a member of the genus Cytobacillus, with the highest sequence identity to Cyto-
bacillus oceanisediminis H2" (97.05%), followed by Cytobacillus firmus IAM 124647 (96.76%). The major cellular fatty acids
(>5% of the total) of CY-G" were C,, jiso, C,, ;iso, C,, ,@7c alcohol,C,, . C . iso w10c and C,, jiso. The major polar lipids were
glycolipid, diphosphatidylglycerol, phosphatidylethanolamine and phosphatidylglycerol. The major respiratory quinone is
menaquinone-7 (MK-7). The cell-wall peptidoglycan contains meso-diaminopimelic acid. The total genome size of CY-G'
is 4789051 bp. The DNA G+C content is 38.83mol%. The average nucleotide identity and DNA-DNA hybridization among
CY-G" and type strains of other species of the genus Cytobacillus were 76.79-78.97% and 20.10-24.90%, respectively. On
the basis of the results of phylogenetic analysis, physiological and biochemical characterization, strain CY-G' represents
a novel species of the genus Cytobacillus, for which the name Cytobacillus spongiae sp. nov. is proposed. The type strain is
CY-G" (=MCCC 1K06383™=KCTC 43348").

At the time of writing the genus Cytobacillus contained 14 species with validly published names and one species with a non-validly
published name, according to IJSEM Validation Lists and IJSEM articles, including Cytobacillus firmus (type species), Cytobacillus
ciccensis, Cytobacillus depressus, Cytobacillus eiseniae, Cytobacillus formosensis, Cytobacillus gottheilii, Cytobacillus horneckiae,
Cytobacillus kochii, Cytobacillus luteolus, Cytobacillus oceanisediminis, Cytobacillus praedii, Cytobacillus purgationiresistens, Cyto-
bacillus solani, Cytobacillus suaedae and 'Cytobacillus stercorigallinarum'. Species of the genus Cytobacillus have been isolated
from plants [1, 2], soil [3-7], the intestinal tract of an earthworm [8], water [9, 10], a pharmaceutical manufacturing site [11], a
spacecraft-assembly clean room [12] and food [13] (Table 1).

Sponges are sources of novel microbes [14]. In this study, a strain, designated CY-GT, was isolated from a sponge collected
from the Red Sea (29° 31’ 28.1" N, 34° 56’ 05.5" E) in December 2020. The sponge sample was identified on the basis of 28S
rRNA and cytochrome oxidase subunit I (COI) gene sequences with 99.39 and 99.55% identity to Diacarnus spinipoculum,
respectively. The sponge sample’s 28S rRNA and COI gene sequences have been deposited into the GenBank database under
the accession numbers OP895662 and OQ384973, respectively. In this study, we report the taxonomy of the novel strain
CY-GT. The results of phenotypic, chemotaxonomic, genetic and phylogenetic analyses establish the affiliation of this strain
to a novel species of the genus Cytobacillus.

An approximately 0.2x0.2 cm section of the sponge sample was sonicated at 60 Hz for 2 min in 1 ml 1xPBS buffer solution
(NaCl 136.89 mM; KCI 2.67 mM; Na2HPO4 8.1 mM; KH2PO4 1.76 mM) which is purchased from Sangon Biotech (Shanghai,
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China), and then tenfold serial dilutions to the dilution of 10-° with 1xPBS bufter solution were carried out. Samples (100 pl)
were taken and then spread on ZoBell marine agar plates (AC12065; ACMEC). After incubation at 28 °C for 20 days, indi-
vidual colonies were picked and purified by streaking for isolation. Upon identification of all isolates using 16S rRNA gene
sequence, a novel member of the genus Cytobacillus, strain CY-G7, was identified and maintained on lysogeny broth medium
(LB) solidified with 1.5% w/v agar at 4 °C and stored in 20% (v/v) glycerol suspensions at —80 °C.

DNA was extracted using a TTANamp Bacteria DNA kit (TTANGEN) according to the manufacturer’s instructions. The whole
genome of CY-G" was sequenced using a NovaSeq 6000 PE150 (Illumina) and PromethION 48 apparatus (Oxford Nanopore)
at Guangdong Magigene Biotechnology (Shenzhen, Guangdong, China). After quality control, reads were assembled using
SMRT Link version 5.0.1 [15], and the N50 (defined as the length of the shortest contig at 50% of the total assembly length)
was 4099173 bp. The results of CheckM analysis indicated that the completeness of the CY-G" genome was 98.72%. The
genomic sequence of the strain has been uploaded to the NCBI GenBank with the accession number CP089997. The 16S
rRNA gene was extracted from the whole genome sequence using RNAmmer [16], and the predicted sequence has also
been uploaded to the NCBI GenBank with the accession number OP869988.1. Comparison was carried out using MUSCLE
with default settings by EBI (https://www.ebi.ac.uk/Tools/msa/muscle/) to calculate percentage identities of 16S rRNA gene
sequences with other type strains. As a result, strain CY-G” was found to be closely related to Cytobacillus oceanisediminis
H27 (97.05%), followed by Cytobacillus firmus IAM 12464" (96.76 %), Cytobacillus horneckiae 1P01SC" (96.74%), Cytobacillus
depressus BZ17(96.64%), Cytobacillus gottheilii WCC 4585T (96.62 %), Cytobacillus solani FJAT 18043 (96.45%), Cytobacillus
kochii WCC 4582" (96.36%), Cytobacillus ciccensis 5L6" (96.30%), Cytobacillus praedii FJAT 25547" (96.27%), Cytoba-
cillus suaedae HD4P25" (96.14%), Cytobacillus purgationiresistans DS22" (96.13%), Cytobacillus formosensis CC-LY275"
(95.89%), Cytobacillus eiseniae A1-2" (95.64%) and Cytobacillus luteolus YIM 93174T (94.95%). All the sequence identities
were above the value of 94.5% for genus circumscription [17], indicating that CY-G* potentially represents a novel bacterial
species of the genus Cytobacillus. Phylogenetic trees were reconstructed from a multiple sequence alignment using MUSCLE
(gap open=-400.00; gap extent=0.00; max memory in MB=2048; max iterations=16; cluster method is UPGMA; min diag
length=24) with the neighbour-joining [18], maximum-likelihood [19] and minimum-evolution [20] methods implemented
with MEGA-11 [21]. Bootstrap values were calculated from 1000 replications. In the maximum-likelihood (ML) tree, CY-G”
is closely grouped with Cytobacillus oceanisediminis H2" and Cytobacillus firmus TAM 12464" (Fig. 1). Cytobacillus oceani-
sediminis H2" was obtained from the Marine Culture Collection of China (MCCC) and Cytobacillus firmus IAM 12464 was
obtained from the China Centre for Type Culture Collection (CCTCC). These results, together with the phylogenetic trees
reconstructed using neighbour-joining (NJ) and minimum-evolution (ME) methods (Figs S1 and S2 available in the online
supplementary material), indicate that CY-G" is included in the clusters of species of the genus Cytobacillus.

The genome size of CY-G” was estimated to be 4789051 bp, including one chromosome and one plasmid. The total DNA G+C
content was calculated from the genome with 282.0xfold coverage. The value for CY-G” was 38.83 mol%, which lies within the
range of values reported for members of the genus Cytobacillus (Table 1). The value is below the 10 mol% threshold cut-off
for recognition of species [17]. The single-copy orthologous cluster protein sequences were extracted using Proteinortho
version 6. After multi-sequence alignment of amino acid sequences using the MUSCLE programme with default settings,
the maximum-likelihood phylogenetic tree was reconstructed using MEGA version 11 (Fig. 2). It indicates that Cytobacillus
spongiae CY-G™ is a member of genus Cytobacillus. The average nucleotide identity (ANI) value was calculated using FastANI
V.1.1 [22]. The alignment fraction (AF) value was calculated using JGI MiSI [23]. The ANI values between CY-G" and other
type strains of species of the genus Cytobacillus are 76.79-78.97 %, which are below the 95% threshold cut-oft for recognition
of prokaryotic species [22]. The AF values between CY-G" and other species of the genus Cytobacillus are 0-0.15, which are
far below the value of 0.6 [23]. DNA-DNA hybridization (DDH) was performed using the Genome-to-Genome Distance
Calculator 2.1 web service with Formula 2 (https://ggdc.dsmz.de/ggdc.php) [24]. CY-G" showed DNA-DNA relatedness of
20.10-24.90% with type strains of other species of the genus Cytobacillus, which is also below the value of 70% for species
circumscription [25], indicating that CY-G™ should be considered as representing a novel species of the genus Cytobacillus.
The detailed values of ANI, AF and DDH are shown in Table 1. Genome annotation was carried out using the NCBI Prokary-
otic Genome Annotation Pipeline. The results indicated that there are 4666 CDSs, 4606 genes, 147 putative rRNA genes,
11 putative 5S (rrf) rRNA genes, 11 putative 16S (rrs) rRNA genes, 11 putative 23S (rr]) rRNA genes, 108 putative tRNA
genes, 6 putative ncRNA genes and 60 putative pseudogenes. Secondary metabolite biosynthetic gene clusters were predicted
using antiSMASH 6.0 [26], terpene and T3PKS gene clusters were found in the genome of CY-G", which are common in the
genomes of other members of the genus Cytobacillus (Table S1).

Cells were observed using scanning electron microscopy (SEM, Sirion 200, FEI) after incubation in LB medium at 28 °C for
2 days. Colony morphology was examined after 3 days of incubation on LB agar plates at 28 °C CY-G" was cultured over a
10-46 °C temperature range (at intervals of 3 °C) and a 5.5-10.5 pH range (at intervals of 0.5 pH units) in LB medium. Growth
at various NaCl concentrations was tested over the range of 0-16.0% (w/v) NaCl (at intervals of 1%, added externally) with
incubation at 28 °C and pH 7.0 in LB medium. Anaerobic growth was determined using the AnaeroPack-Anaero (MGC)
according to the manufacturer’s instructions. The Gram reaction was performed using a Gram-staining kit (Solarbio).
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Fig. 1. Maximum-Llikelihood phylogenetic tree based on 16S rRNA gene sequences, showing the relationship of CY-G™ and other related type strains
of species in the genus Cytobacillus using the general time reversible model. The tree with the highest log likelihood (-3321.42) is shown. Bootstrap
values based on 1000 resampled datasets are shown at branch nodes. Initial tree(s) for the heuristic search were obtained automatically by applying
Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the maximum composite likelihood (MCL) approach and then
selecting the topology with the superior log likelihood value. A discrete Gamma distribution was used to model evolutionary rate differences among
sites [five categories (+G, parameter=0.1000)]. The rate variation model allowed for some sites to be evolutionarily invariable ([+/], 45.08% sites).
The gaps/missing data treatment was used for all sites. The branch swap filter was very strong. Bar, 0.02 substitutions per nucleotide position. This
analysis involved 16 nucleotide sequences. GenBank accession numbers are included in parentheses. There were a total of 1305 positions in the final
dataset. The sequence of Bacillus subtilis IAM 121187 served as an outgroup.

Motility was examined on motility agar [27]. The presence of oxidase and catalase were demonstrated by the oxidation of 1%
(w/v) N, N, N', N'-tetramethyl-1,4-phenylenediamine and by bubble production in 10% (v/v) aqueous hydrogen peroxide
solution, respectively.

The fatty acids were analysed by gas chromatography (model 6850; Agilent Technologies) and identified using the TSBA6.0
database of the Microbial Identification System [28]. Isoprenoid quinones were determined according to the method of
Collins [29]. Polar lipids were extracted and separated on silica gel 60 aluminium-backed thin-layer plates according to the
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Fig. 2. Maximum-likelihood phylogenetic tree based on genome sequences, showing the relationship of CY-G" and other related type strains of species
of the genus Cytobacillus using the Le Gascuel 2008 model. The tree with the highest log likelihood (-2701917.23) is shown. Bootstrap values based
on 250 resampled datasets are shown at branch nodes. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join
and BioNJ algorithms to a matrix of pairwise distances estimated using the Jones—Taylor-Thornton (JTT) model and then selecting the topology
with the superior log likelihood value. A discrete Gamma distribution was used to model evolutionary rate differences among sites [five categories
(+G, parameter=0.4266)]. The rate variation model allowed for some sites to be evolutionarily invariable ([+/], 25.59% sites). The gaps/missing data
treatment was used for all sites. The branch swap filter was very strong. Bar, 0.10 substitutions per nucleotide position. This analysis involved 11
amino acid sequences. GenBank accession numbers are included in parentheses. There were a total of 290211 positions in the final dataset. The
sequence of Bacillus subtilis IAM 12118" serves as an outgroup.

method of Minnikin et al. [30]. Ninhydrin, a-naphthol and molybdatophosphoric acid were used to detect other polar lipids
according to the method of Tindall [31]. The amino acids of the cell wall were determined as described previously [32]. API
50CH, API ZYM (bioMérieux), Biolog GNIII MicroPlate (Biolog) and API 20NE (bioMérieux) kits were used according to
the manufacturers' instructions to further determine the physiological and biochemical characteristics of CY-G" including
acid production, enzyme activities, carbon source utilization and other biochemical characteristics, respectively. Resistance
to antibiotics was examined by the agar diffusion technique, using commercial antibiotic discs [33] on LB agar medium and
incubation at 28 °C for up to 7 days.

CY-GT formed yellowish, round and smooth colonies and exhibited swarming after growth on LB agar plates at 28 °C for
3 days. Cells were Gram-stain-positive, like those of almost all species of the genus Cytobacillus, 0.7 um in width and 3.0 um
in length and contained subterminal endospores in slightly swollen sporangia (Fig. S3). Growth was observed at 13-43 °C,
pH 5.5-10.0 and with 0-8.0% (w/v) (0-1.37 M) NaCl. Optimum growth was observed at 30 °C, pH 9.0 and with 0% (w/v)
NaCl (Fig. S4). The detailed physiological and biochemical characteristics of CY-G" in comparison with other species of the
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genus Cytobacillus. are presented in Table 1, which shows many differences between CY-GT and other strains. For example,
CY-GT is weakly positive for the activity of f-glucuronidase but other strains are negative.

The predominant respiratory quinone in CY-G" was identified as menaquinone-7 (MK-7), which is in agreement with the
description of the genus Cytobacillus (Table 1). The polar lipids detected include glycolipid, diphosphatidylglycerol, phos-
phatidylethanolamine and phosphatidylglycerol (Fig. S5). The polar lipids of CY-G™ are different from those of other strains
of species of the genus Cytobacillus (Table 1). The major fatty acids are C15 ,is0, C, iso, C, . @7calcohol, C,, , C _ iso w10c
and C__ jiso (Table 1), which are also distinct from those of other species of the genus Cytobaczllus Marginal quantitative
differences were observed in the profile of fatty acids compared with other species of the genus Cytobacillus (Table 1). The

primary cell-wall amino acids were glycine and ornithine, the diagnostic cell-wall diamino acid was meso-DAP (Fig. S6).

The phenotypic and chemotaxonomic properties of CY-G" and its 16S rRNA gene sequence, along with ANI, AF and DDH
values, distinguish it from other strains of species in the genus Cytobacillus. On the basis of the results of the present polyphasic
analysis, strain CY-G" is considered to represent a novel species within the genus of Cytobacillus, for which the name Cytobacillus
spongiae sp. nov. is proposed.

DESCRIPTION OF CYTOBACILLUS SPONGIAE SP. NOV

Cytobacillus spongiae (spon'gi.ae. L. gen. n. spongiae, of a sponge, the source of the type strain)

Cells are 0.7 um in width and 3.0 um in length, rod-shaped, Gram-stain-positive, aerobic and motile. Cells can grow well
on LB, TSB and ZoBell marine media but not on Reasoner’s 2A agar medium (yeast extract 0.5g1"}; peptone 0.5 g 1}; casein
hydrolysate 0.5 g 1'}; glucose 0.5 g I'*; soluble starch 0.5 g 1"}; potassium dihydrogen phosphate 0.3 g 1"'; magnesium sulphate
0.024 g I'; sodium pyruvate 0.3 g 1"'; agar 15.0 g 1"; pH 7.2+0.2). After 3 days of incubation at 28 °C on LB agar, colonies are
round, smooth and yellowish. Endospores are formed at the subterminal position of sporangia. The growth conditions are
13-43 °C (optimum 30 °C), pH 5.5-10.0 (optimum pH 9.0) and 0-8% (w/v) (0-1.37 M) NaCl [optimum 0% (w/v) NaCl].
Catalase (EC 1.11.1.6) activity is positive while oxidase (EC 1.1.3.13) activity is weakly positive. In the API 20NE system, posi-
tive reactions were obtained for the reduction of nitrate to nitrite, (+)-glucose fermentation and assimilation of (+)-glucose
and (+)-maltose, whereas weak gelatin hydrolysis activity of was detected. Negative for nitrite reduction, indole production,
aesculin hydrolysis, arginine dihydrolase (EC 3.5.3.6), urease (EC 3.5.1.5), p-galactosidase (EC 3.2.1.23) and assimila-
tion of (+)-arabinose, (+)-mannose, (—)-mannitol, N-acetylglucosamine, gluconate, capric acid, adipic acid, malic acid,
citrate and phenylacetic acid. In the API ZYM system, positive reactions are obtained for alkaline phosphatase (EC 3.1.3.1),
esterase (EC 3.1.1.1) (C4), esterase lipase (EC 3.1.1.1) (C8), leucine arylamidase (EC 3.4.11.1), a-chymotrypsin (EC 3.4.21.1),
acid phosphatase (EC 3.1.3.2) and a-glucosidase (EC 3.2.1.20). Valine arylamidase (EC 3.4.11.2), trypsin (EC 3.4.21.4),
B-glucuronidase (EC 3.2.1.31) and B-glucosidase (EC3.2.1.21) activities are weakly positive. Negative for lipase (EC 3.1.1.3)
(C14), a- and B-galactosidase (EC 3.2.1.22 and EC3.2.1.23), N-acetyl-p-glucosaminidase (EC 3.2.1.30), a-mannosidase (EC
3.2.1.24) and a-fucosidase (EC 3.2.1.51). In the API 50 CH system, acid production occurs using (+)-glucose, (-)-fructose,
(+)-maltose and (+)-trehalose. But no acid is produced from glycerol, erythritol, (-) and (+)-arabinose, (—)-ribose, (+)- and
(-)-xylose, (+)-adonitol, methyl-B-xylopyranoside, (+)-galactose, (+)-mannose, (—)-sorbose, (+)-rhamnose, dulcitol, inositol,
(-)-mannitol, (—)-sorbitol, methyl-a-mannopyranoside, methyl-a-glucopyranoside, N-acetylglucosamine, amygdalin, arbutin,
aesculin ferric citrate, salicin, (+)-cellobiose, (+)-lactose, (+)-melibiose, (+)-sucrose, inulin, (+)-melezitose, (+)-raffinose,
starch, glycogen, xylitol, gentiobiose, (+)-turanose, (-)-lyxose, (-)-tagatose, (+)- and (-)-fucose, (+)- and (-)-arabitol,
gluconate, potassium 2-ketogluconate and potassium 5-ktogluconate. Can utilize (+)-maltose, (+)-trehalose, a-(+)-glucose,
inosine, (+)-lactic acid, acetoacetic acid, acetic acid, glycerol (weakly) and (-)-lactic acid methyl ester (weakly) as sole carbon
and energy sources, rather than (+)-cellobiose, gentiobiose, sucrose, (+)-turanose, stachyose, (+)-raffinose, a-(+)-lactose,
(+)-melibiose, B-methyl-(+)-glucoside, (—)-salicin, N-acetyl-(+)-glucosamine, N-acetyl-p-(+)-mannosamine, N-acetyl-(+)-
galactosamine, N-acetyl neuraminic acid, (+)-mannose, (—)-fructose, (+)-galactose, 3-methyl glucose, (+)- and (-)-fucose,
(+)-rhamnose, (-)-sorbitol, (-)-mannitol, (+)-arabitol, myo-inositol, (+)-glucose-6-phosphate, (-)-fructose-6-phosphate,
(—)-aspartic acid, (+)-serine, gelatin, glycyl-(-)-proline, (+)-alanine, (+)-arginine, (+)-aspartic acid, (+)-glutamic acid,
(+)-histidine, (+)-pyroglutamic acid, (-)-serine, pectin, (+)-galacturonic acid, (+)-galactonic acid lactone, (+)-gluconic
acid, (+)-glucuronic acid, glucuronamide, mucic acid, quinic acid, (+)-saccharic acid, p-hydroxyphenylacetic acid, methyl
pyruvate, citric acid, a-ketoglutaric acid, (+)- and (—)-malic acid, bromosuccinic acid, tween 40, y-aminobutryric acid,
a-hydroxybutyric acid, p-hydroxy-p,L butyric acid, a-ketobutyric acid, propionic acid and formic acid. Resistant to (ug
per disc unless otherwise stated) streptomycin (10), gentamicin (10), kanamycin (30), tobramycin (10), penicillin (10U),
ampicillin (10) and amoxicillin/clavulanic acid (20/10) but susceptible to mezlocillin (75), ceftazidime (30), cefatriaxone (30),
cefotaxime (30), tetracycline (30), rifampin (5), clindamycin (2), erythromycin (15), chloramphenicol (30) and clarithromycin
(15). MK-7 is the predominant isoprenoid quinone. Predominant fatty acids are C,_ jiso, C, iso, C ®7c alcohol, C .

C,,.iso ®10c and C_ jiso. The major cellular polar lipids are glycolipid, diphosphatidylglycerol, phosphatidylethanolamine

17:1

and phosphatldylglycerol The diagnostic cell-wall diamino acid is meso-DAP.
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The type strain CY-GT (=MCCC 1K06383"=KCTC 43348") was isolated from a sponge Diacarnus spinipoculum from the shallow
reef in front of the Interuniversity Institute for Marine Sciences in Eilat, Israel. The genomic DNA G+C content of the type
strain is 38.83 mol%. The GenBank accession numbers of the 16S rRNA gene and whole genome sequence of strain CY-G*
are OP869988.1 and CP089997, respectively. The GenBank accession numbers of the COI gene and 28S rRNA gene of sponge
Diacarnus spinipoculum are 0Q384973 and OP895662, respectively.
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