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Abstract
The taxonomic position of two isolates, SGD-V-76T and SGD-M-37, isolated from sediment sample of Veraval coast, India, 
was examined using the polyphasic taxonomic approach. The morphological and chemotaxonomic characteristics of these 
two organisms are typical of the genus Priestia. The phylogenetic analyses performed using almost complete 16S rRNA gene 
sequences demonstrated that the isolate belongs to the Bacillaceae family, and forms a clade within the cluster containing 
Priestia flexus MTCC  2909T, Priestia aryabhattai  B8W22T and Priestia megaterium KCTC  3007T and both strains showed 
highest similarity of > 98% with 3–29 nucleotide differences. The cell wall contained meso-diaminopimelic acid as the diag-
nostic diamino acid. The predominant isoprenoid quinone was MK-7 and the G + C content of strains was 37.5–37.7 mol%. 
However, the DNA–DNA hybridization and the phenotypic characteristics revealed that, the strain SGD-V-76T and strain 
SGD-M-37 are similar species but different from any known Priestia species with ANI values of 79.2, 79.3 and 79.2 and 
the dDDH values of 17.7, 17.8 and 18.0% respectively. On the basis of phenotypic characteristics, phylogenetic analysis 
and the results of biochemical and physiological tests, and genomic data strain SGD-V-76T was clearly distinguished from 
closely related members of the Priestia genus. Based on the above data analysis strain SGD-V-76T (=  DSM28242T =  KCT
C33802T =  CIP111056T =  NCIM5510T) represents a novel species of the genus Priestia, and we propose the name Priestia 
veravalensis sp. nov.
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Introduction

Marine communities are the most diverse and complex group 
of organisms. Conventional methods used for identification 
of Bacillaceae is done mainly using biochemical assay and 
FAME analysis (Heyrman et al. 1999), and is being fur-
ther confirmed by 16S rRNA gene sequence analysis. This 
method helped identification of those species that lack dis-
tinguishable phenotypic characteristics and is a benchmark 
for the modern classification of bacteria, including those 
in the genus Bacillus. Many new species i.e., Shewanella 
gaetbuli, Erythrobacter aquimaris, Erythrobacter flavus and 

Bacillus marisflavi, have recently been isolated from marine 
sediments in Korea (Yi et al. 2003; Yoon et al. 2003a, b, 
2004a; b). Many novel bacteria are frequently isolated from 
the saline and hyper saline environments, such as saline soils 
and saline aquatic habitats (Arahal et al. 2002; Sánchez-
Porro et al. 2009; Ventosa 2006; Ventosa et al. 1998). Very 
recently a robust demarcation of 17 distinct Bacillus species 
clades, were proposed as novel Bacillaceae genera, by phy-
logenomics and comparative genomic analyses (Gupta et al. 
2020). In the course of investigation of bacterial diversity in 
the Veraval coast, Gujarat, India, two isolates namely, SGD-
V-76T and SGD-M-37 were isolated from sediment sample 
collected from the coast. The aim of this study was to deter-
mine the taxonomic position of both the strains SGD-V-76T 
and SGD-M-37 by phylogenetic analyses, chemotaxonomic, 
physiological and genomic properties.
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Materials and method

Isolation and cultivation

Two isolates SGD-V-76T and SGD-M-37 were isolated 
from coastal sediment sample which coordinates 20.91° 
N 70.37° E on marine agar (Hi-Media, Mumbai) by stand-
ard serial dilution method and were incubated at 28 ± 2 °C 
for 3–5 days. Isolated colonies were purified by repeated 
streaking on fresh marine agar plates, and further main-
tained on nutrient agar (NA) slants at 4 °C and as well as 
glycerol suspensions (20%, v/v) at − 80 °C. References 
strains were obtained from JCM Japan and used as controls 
in the phenotypic and FAME analysis.

Morphological, physiological and biochemical 
properties

Morphological and chemotaxonomic studies were per-
formed for both isolates to confirm whether they exhibited 
properties similar to those of the genus Priestia. Morphol-
ogy was observed under a light microscope and a scan-
ning electron microscope ((Philips XL30; ESEM-TMP) 
of 72 h old cultures on nutrient agar. Biomass for chemot-
axonomy and molecular-systematic analysis was obtained 
following growth in tryptic soy broth (Hi-media, Mumbai) 
under shaking condition of 150 rpm at 28 ± 2 °C for 72 h. 
Gram staining was carried out using the standard Gram 
reaction (Smibert and Krieg 1994) and cell motility was 
confirmed by the development of turbidity throughout a 
tube containing semisolid medium. To test for motility, a 
well-isolated colony and stab the 0.4% semisolid nutrient 
agar medium upto 1 cm of the bottom of the tube and incu-
bated at 28 ± 2 °C for 18 h or until growth is evident from 
the slant. A positive motility test is indicated by a turbid 
area extending away from the line of inoculation (Leifson 
1960). Growth at different temperatures (4, 10, 20, 30, 
37, 42, 45, 50 and 55 °C) was tested on nutrient broth by 
incubating the cultures for 72 h and measured the optical 
density of growth at 660 nm and the sterile distilled water 
used as a control. The pH range for growth (pH 4, 5, 6, 
7, 8, 9, 10 and 12), was analyzed using the buffer system 
described by Xu et al. (2005) at an interval 1.0 pH unit and 
NaCl tolerance (0, 1, 3, 5, 7, 9, 10, 12 and 15% w/v) was 
tested at 28 ± 2 °C for 72 h by culturing the strains in nutri-
ent broth. Catalase activity was determined by production 
of bubbles after the addition of a drop of 3%  H2O2. Oxi-
dase activity was determined using API oxidase reagent. 
Hydrolysis of urea was determined on peptone-glucose 
agar (g/L): peptone 1.0, glucose 1.0, NaCl 5.0,  KH2PO4 
2.0, containing 2% (w/v) urea and 0.001% (w/v) phenol 

red as a indicator. Gelatin liquefaction was determined 
by incubation on peptone-gelatin medium (g/L) (peptone 
5.0, gelatin 120.0) and milk coagulation and peptoniza-
tion was determined using 20% (w/v) of skimmed milk as 
medium and incubation for 48–72 h at 28 ± 2 °C. Hydroly-
sis of starch was determined on peptone-beef extract agar 
containing 0.2% (w/v) soluble starch by flooding of the 
plates with iodine solution. Nitrate reduction and urease 
were assessed as described by Smibert and Krieg (1994). 
The strain was characterized biochemically using the 
API CH50 and API ZYM systems (bioMérieux). Nutri-
ent agar plates were used to examine hydrolysis of starch 
and Tweens 20, 40, 60 and 80 (at a final concentration of 
1%; v/v).

Chemotaxonomic characterization

Analysis of cell wall amino acids was performed using the 
methods of Collins et al (1983). Polar lipids were extracted, 
examined using two-dimensional TLC and identified by 
standard procedures of Minnikin et al. (1984). Polar lipids 
were extracted using a chloroform/methanol system and 
analyzed using one & two-dimensional TLC, as described 
previously (Kates 1986). Merck silica gel 60 F254 alu-
minum-backed thin-layer plates were used in TLC analysis. 
Menaquinones were isolated according to Minnikin et al. 
(1984) and were separated using HPLC (Kroppenstedt 
1982). For fatty acids analysis, both strains, SGD-V-76T 
and SGD-M-37 were cultured on TSA at 28 ± 2 °C for 72 h. 
Preparation and analysis of fatty acid methyl esters (FAME) 
were performed as described by Sasser (1990) using the 
Microbial Identification System software package (Sherlock 
Version 6.1; TSBA6).

Phylogenetic characterization

Extractions of genomic DNA, PCR amplification and 
sequencing of the 16S rRNA gene from both strains SGD-
V-76T and SGD-M-37 were performed as described by Li 
et al. (2007). The resulting 16S rRNA gene sequence was 
compared with available 16S rRNA gene sequences from 
Eztaxon-e server database (Kim et al. 2012) to determine 
the phylogenetic affiliation of strains. Multiple sequence 
alignments and distance levels of closely related neighbor 
were calculated using CLUSTAL_X (Thompson et al. 1997). 
Phylogenetic analyses were performed using three tree-
making algorithms like, neighbor joining (Saitou and Nei 
1987), maximum-likelihood (Felsenstein 1981) and maxi-
mum-parsimony (Fitch 1971). A phylogenetic tree was con-
structed using the neighbor joining from Knuc values using 
MEGA version 7.0 (Tamura et al. 2013). The topologies of 
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the phylogenetic tree were evaluated by the bootstrap resa-
mpling method of Felsenstein (1985) with 1000 replicates.

Genome analysis

For investigation of genome relatedness, whole genome 
sequencing was attempted for strain SGD-V-76T, since 
SGD-M-37 showed closer 16S rRNA similarity with 
SGD-V-76T and compared with available closest reference 
genomes Priestia flexus IFO  15715T, Priestia megaterium 
IAM  13418T and Priestia aryabhattai  B8W22T. Genomic 
DNA samples were extracted using a Hi-PUR A™ Bacterial 
genomic DNA purification kit (Hi-Media, Mumbai) and the 
draft genome of strain SGD-V-76T was generated at the DOE 
Joint Genome Institute (JGI) using the Illumina technology 
(Bennett 2004). An Illumina shotgun library was constructed 
and sequenced using the Illumina HiSeq 2000 platform, 
which generated 4,326,908, reads totaling 653.4 Mb. All 
general aspects of library construction and sequencing per-
formed at the JGI can be found at http:// www. jgi. doe. gov. 
All raw Illumina sequence data was passed through DUK, a 
filtering program developed at JGI, which removes known 
Illumina sequencing and library preparation artifacts. Fol-
lowing steps were then performed for assembly: (1) filtered 
Illumina reads were assembled using Velvet (version 1.2.07) 
(Zerbino and Birney 2008), (2) 1–3 kb simulated paired end 
reads were created from Velvet contigs using wgsim (ver-
sion 0.3.0) (https:// github. com/ lh3/ wgsim), (3) Illumina 
reads were assembled with simulated read pairs using All-
paths–LG (version r46652) (Gnerre et al. 2011), Parame-
ters for assembly steps were: (1) Velvet (velvet h: 63 –short 
Paired and velvet g: –very clean yes –export Filtered yes 
–min contig length 500–scaffolding no –cov cutoff 10) (2) 
wgsim (–e 0 –1 100 –2 100 –r 0 –R 0 –X 0) (3) Allpaths–LG 
(Prepare Allpaths In puts:, Run Allpaths LG:) The final draft 
assembly contained 158 contigs in 146 scaffolds, totalling 
4.1 Mb in size. The final assembly was based on 285.4 Mb 
of Illumina data. 57.1X input read coverage was used for 
the final assembly.

Genome annotation

Genes were identified using Prodigal (Hyatt et al. 2010), 
followed by a round of manual curation using Gene PRIMP 
(Pati et al. 2010) for finished genomes and Draft genomes 
in fewer than 20 scaffolds. The predicted CDSs were 
translated and used to search the National Center for Bio-
technology Information (NCBI) non-redundant database, 
UniProt, TIGRFam, Pfam, KEGG, COG, and InterPro 
databases. The tRNAScanSE tool (Lowe and Eddy 1997) 
was used to find tRNA genes, whereas ribosomal RNA 
genes were found by searches against models of the ribo-
somal RNA genes built from SILVA (Pruesse et al. 2007). 

Other non–coding RNAs such as the RNA components 
of the protein secretion complex and the RNase P were 
identified by searching the genome for the correspond-
ing Rfam profiles using INFERNAL (http:// infer nal. janel 
ia. org). Additional gene prediction analysis and manual 
functional annotation was performed within the Integrated 
Microbial Genomes (IMG) platform (Markowitz et al. 
2014) developed by the Joint Genome Institute, Walnut 
Creek, CA, USA (Markowitz et al. 2009). The degree of 
pairwise genome-based relatedness was estimated by both 
an average nucleotide identity (ANI) value following the 
BLAST-based ANI calculation method described by Goris 
et al. (2007), and the genome-to-genome distance calcula-
tion (GGDC) method described by Alexander et al. (2010). 
The genomic DNA G + C content was calculated directly 
from the genome sequence. The draft genome sequence of 
Priestia veravalensis NIO-V-76T was retrieved from the 
shotgun assembly sequences. GenBank accession number 
for draft genome is LNQJ01000000.

Further wet lab experiments were performed for the 
DNA G + C content (mol%) analysis according to Gon-
zalez and Saiz-Jimenez (2005). ∆Tm values between 
homologous and hybrid DNA is analyzed by Real-Time 
PCR (Saitou and Nei 1987). For DNA–DNA hybridiza-
tion experiments, genomic DNA was extracted and puri-
fied according to the method of Marmur (1961) with addi-
tional RNAse treatment. DNA–DNA hybridization was 
carried out to reconfirm the ANI and digital DDH analysis 
as described by De Ley et al. (1970) under the consid-
eration of modifications done by Huss et al. (1983) with 
optimized fluorimetric procedure evaluated by Loveland-
Curtze et al. (2011), using a Step One Plus Real-Time PCR 
system (Applied Biosystems) fitted with 96 well thermal 
cycling blocks. DNA suspended in the 2X SSC is used 
for the analysis in triplicates. The reassociation was car-
ried out at optimum renaturation temperature 70 °C. The 
relatedness values are expressed by the means of three 
independent values.

To further study the genetic relatedness of SGD-V-76T, 
SGD-M-37 with the three closest type strains, Priestia flexus 
IFO  15715T, Priestia megaterium IAM  13418T and Pries-
tia aryabhattai  B8W22T were analyzed by AP-PCR. In this 
method, arbitrarily selected primers are annealed to template 
DNA under low stringency conditions for the initial cycles 
of DNA amplifications, which allows interactions between 
the primers and target DNA in regions containing base mis-
matches. The AP-PCR fingerprinting were performed using 
the M13F primer [(− 20): GTA AAA CGA CGG CCAGT] and 
the following PCR program: two cycles of 94 °C for 5 min, 
40 °C for 5 min, and 72 °C for 5 min; followed by 40 high-
stringency cycles of 94 °C for 1 min, 60 °C for 1 min and 
72° for 2 min. Amplified DNA product were resolved by 
electrophoresis using 2% (w/v) agarose gels.

http://www.jgi.doe.gov
https://github.com/lh3/wgsim
http://infernal.janelia.org
http://infernal.janelia.org
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Results and discussion

Morphological and physiological characteristics

The colonies of strains SGD-V-76T and SGD-M-37 were 
aerobic, Gram positive, motile rods of 0.7–0.8 × 1.2–1.9 µm 
in diameter (Supplementary Fig. 1). A detailed species 
description is presented below. A phenotypic comparison 
of strain SGD-V76T and related species of the genus bacil-
lus is presented in Table 1, and in the species description. It 
is evident from Table 1 that there were similar phenotypic 
properties observed between strains SGD-V76T with SGD-
M-37, but signature difference were observed Priestia flexus 
IFO  15715T, Priestia megaterium IAM  13418T and Priestia 
aryabhattai  B8W22T.

Phylogenetic and genomic analysis

The nearly complete 16S rRNA gene sequence of strain 
SGD-V-76T and SGD-M-37 was determined and compared 
with the corresponding sequences of other bacterial strains 
in the GenBank database. Phylogenetic analysis based on 
16S rRNA gene sequences revealed that strains SGD-V-76T 

and SGD-M-37 are having 99% similarity with three nucleo-
tide variation and confirms their assignment to the genus 
Priestia. The phylogenetic tree, based on 16S rRNA gene 
sequence data from strains SGD-V-76T and SGD-M-37 and 
corresponding sequences from the type strains of the genus 
Priestia, was constructed according to the neighbor-joining 
algorithm (Fig. 1). The comparative analysis of 16S rRNA 
gene sequences and phylogenetic relationships showed that 
both strain SGD-V-76T and SGD-M-37 lies in a subclade in 
the tree with Priestia flexus IFO  15715T, Priestia megate-
rium IAM  13418T and Priestia aryabhattai  B8W22T and is 
supported by a high bootstrap value (Fig. 1), with which it 
shares a 16S rRNA gene sequence similarity, thus suggesting 
that the strain SGD-V-76T should be considered as a novel 
member of the genus Priestia. The genomic DNA G + C 
content of strain SGD-V-76T was 37.7 mol%.

The ANI values for strains SGD-V-76T with Pries-
tia flexus IFO  15715T, Priestia megaterium IAM  13418T 
and Priestia aryabhattai  B8W22T are 79.2, 79.3 and 79.2 
respectively, and the dDDH values are 17.7, 17.8 and 18.0%, 
(average of three formula) respectively (Table S1), which 
are both significantly lower than the thresholds (95% for 
ANI and 70% for dDDH) for prokaryotic species deline-
ation (Wayne et al. 1987; Chun et al. 2018). Genome to 

Table 1  Phenotypic traits that differentiate Priestia sp SGD-V-76T and SGD-M-37 from the type strains of closely related members Priestia 
genus

All five strains tested are negative for β-galactosidase activity, urease activity, phenylalanine deamination, Voges Proskauer’s test, methyl red, 
indole production, utilization of arabinose, adonitol, rhamnose and xylose

Biochemical characters Priestia sp 
SGD-V-76T

Priestia sp 
SGD-M-37

Priestia. flexus 
IFO  15715T

Priestia. megaterium 
IAM  13418T

Priestia. aryabhattai  B8W22T

Cell shape Short rods Short rods Long rods Rods Rods
Endospore position Terminal Terminal Terminal Central Central
Optimum temperature (°C) 30 30 35 37 28
NaCl (w/v, %) tolerance 0–7.0 0–7.0 2.0–7.0 0–5.8 0–5.8
Lysine decarboxylase + + − − −
Ornithine decarboxylase + + − − −
Nitrate reduction − − − − −
H2S production − − + − −
Citrate utilization + + + − −
Malonate − − − + +
Esculin + + − − −
Cellobiose − − + − −
Melibiose + + + − +
Saccharose + + + − −
Raffinose + + + − −
Trehalose + + + − −
Glucose + + + − −
Lactose − − + − −
Oxidase + + + − +
G + C mol (%) 37.7 37.5 37.0–39.0 37.0 38.0
Source of Isolation Sediment Sediment Poultry feces soil Upper atmosphere
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genome-based hybridization demonstrated that strain SGD-
V-76T showed 16.6–20.0% similarity with nearest reference 
strains by all three formula calculation (Supplementary 
Table 1). The genomic information of strain SGD-V-76T is 
listed in Table S2, and the quality of genome sequences meet 
the standards for the taxonomy of prokaryotes (Chun et al. 
2018). The distribution of proteins into COGs functional 
categories is shown in Table S3.

Chemotaxonomic characteristics

Chemotaxonomically strain SGD-V-76T is having meso-
diaminopimelic acid (meso-Dpm) as the diagnostic diamino 
acid. Ribose and glucose were major cell wall sugars, while 
galactose was present in minor quantity. Polar lipid profile 
contained diphosphatidylglycerol (DPG), phosphatidyl 
glycerol (PG) phosphatidylethanolamine (PE), and two 
unidentified aminophospholipids (AL) (Supplementary 
Fig. 2). MK-7 is a major menaquinone detected. The fatty 
acids found for strain SGD-V-76T were  C14:0 (4.0%), iso-
C14:0 (2.7%), iso-C15:0 (11.9%), anteiso-C15:0 (37.9%),  C16:1 
w11c (11.5%),  C16:0 (16.0%), anteiso-C17:0 (6.2%), iso-C16:0 
(2.1%), iso-C17:0 (2.1%),  C18:0 (1.4%),  C18:1w7c alcohol 
(1.1%) and summed feature (iso-C17:1 I/anteiso B) 1.13% 
(Table 2). Arbitrary Prime-PCR fingerprinting were also 
demonstrated the different amplication banding pattern of 
the strain SGD-V-76T with its nearest reference strains (Sup-
plementary Fig. 3).

The observed phenotypic and chemotypic properties of 
strain SGD-V-76T, and the 16S rRNA gene sequence com-
parison results, and genome analysis supports the assign-
ment of strain SGD-V-76T to the genus Priestia. Therefore 
we propose that this isolate represents a novel species within 
the genus, for which the name Priestia veravalensis sp. nov., 
is proposed.

Description of Priestia veravalensis sp. nov.

Priestia veravalensis (ver.val.en’sis. N.L. masc. adj. ver-
avalensis pertaining to Veraval, named thus for being first 
isolated from the Veraval, Gujarat, India).

Cells are Gram-stain positive, aerobic, motile rods of 
0.7–0.8 × 1.2–1.9 µm in diameter. Species grows well on 
marine agar media (MA) and nutrient agar (NA). Species 
formed opaque, cream, circular colonies with entire margins 
after incubation on NA (pH 7.0) at 30 °C for 48–72 h. Strain 
was catalase-positive, but oxidase-negative. It grew between 
25 and 45 °C (optimum at 30 °C), and in the presence of 0–7% 
(w/v) NaCl. NaCl is not required for its growth. Strain hydro-
lyzed starch, but not casein, carboxy methyl cellulose (CMC), 
urea, Tweens 20, 40, 60 or 80. Negative for  H2S production 
and nitrate reduction. Positive for aesculin, citrate, glucose, 
melibiose, raffinose, saccharose, trehalose ornithine decar-
boxylase, lysine decarboxylase and oxidase positive. The fatty 
acids detected are  C14:0, iso-C14:0, iso-C15:0, anteiso-C15:0,  C16:1 
w11c,  C16:0, anteiso-C17:0, iso-C16:0, iso-C17:0,  C18:0,  C18:1w7c 

Fig. 1  Neighbor-Joining tree 
showing the phylogenetic 
positions of SGD-V-76T and 
SGD-M-37 with related species 
of the genus Priestia based on 
16S rRNA gene sequences. 
Bootstrap values (50%) based 
on 1000 replication are shown 
at branch points. Ornith-
inibacillus scaphacae  TW25T 
(AEWH01000025) is used as 
out-group

Neobacillus drentensis LMG 21831T (AJ542506)

Neobacillus bataviensis LMG 21833T (AJ542508)

Bacillus pocheonensis Gsoil 420T (AY667496)

Niallia circulans ATCC 4513T (GQ292772)

Robertmurraya kyonggiensis NB22T (JF896450)

Cytobacillus oceanisediminis H2T (AY724690)

Margalitia shackletonii LMG 18435T (AJ250318)

Cytobacillus purgationiresistens DS22T (FR666703)

Cytobacillus kochii WCC 4582T (FN995265)

Priestia koreensis  BR030T (AY667496)

Metabacillus herbersteinensis  D-1-5aT (AJ781029)

Sutcliffiella cohnii DSM 6307T (X76437)

Priestia megaterium IAM 13418T (EF114313)

Priestia aryabhattai B8W22T (D16273)

Priestia SGD-M-37 (KF265355)
Priestia SGD-V-76T (KF413434)

Priestia flexus IFO 15715T (AB021185)

Ornithinibacillus scapharcae TW25T (AEWH01000025)

100

100

58

100

99

97

56

0.005
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alcohol and summed feature (iso-C17:1 I/ anteiso B). The spe-
cies contained MK-7 as a predominant quinone. Polar lipid 
profile contained diphosphatidylglycerol (DPG), phosphatidyl 
glycerol (PG) phosphatidylethanolamine (PE), and two uniden-
tified aminophospholipids (AL). Genome based DNA–DNA 
hybridization demonstrated that strain showed 16.6–20.0% 
similarity with nearest reference strains. The DNA G + C con-
tent is 37.7 mol%. SGD-V-76T (=  DSM28242T =  KCTC338
02T =  CIP111056T =  NCIM5510T) was isolated from coastal 
sediment sample in Veraval coast, Gujarat Province of India.

The GenBank/EMBL/DDBJ accession numbers for the 
16S rRNA gene sequence of strains SGD-V-76T and SGD-
M-37 are KF413434 and KF265355. The NCBI accession 
numbers for the draft genome sequences of the strains SGD-
V-76Tis LNPQ00000000. The version described in this 
paper is version LNPQ01000000.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00203- 021- 02418-z.
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