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Abstract

A thermophilic, spore-forming, rod-shaped bacterium isolated from the Yumthang hot spring in North Sikkim, India was

subjected to taxonomic studies. The thermophilic bacterial isolate was designated as strain AYN2T. Cells were Gram-stain-

positive, aerobic, motile, rod-shaped, catalase-positive and methyl red-negative. Strain AYN2T was able to grow in the pH

range from 6 to 10 (optimum, pH 7.5–8.0), at 40–70
�

C (60
�

C) and in NaCl concentrations of 0–4% (1%). The major cellular

fatty acids were iso-C15 : 0 (12.8%), iso-C16 : 0 (13.9%) and iso-C17 : 0 (13.8%). No matches were found in the RTSBA6 Sherlock

libraries. The G+C content of the genomic DNA was 42.11mol%. Based on phylogenetic analysis of the 16S rRNA gene

sequences, strain AYNT showed highest sequence similarity to the type strain of Geobacillus toebii (96%). However, the

phenotypic properties of strain AYN2T were clearly distinct from those of G. toebii and related species. On the basis of

polyphasic analysis, strain AYN2T represents a novel species in the genus Geobacillus, for which the name Geobacillus

yumthangensis sp. nov. is proposed. The type strain is AYN2T(MTCC=12749=KCTC=33950= JCM 32596).

In 1991, based on 16S rRNA sequences, Ash et al. analysed
many species of Bacillus and further investigations found
that they fell into five distinct groups [1]. Subsequently,
using phylogenetic, physiological and morphological char-
acteristics led to the description of Geobacillus [2]. With
high levels of 16S rRNA sequence similarity of 98.5–99.2%,
the Geobacillus species include a cogent group of thermo-
philic bacilli (Bacillus sterothermophilus, Bacillus thermoleo-
vorans, Bacillus thermocatenulatus, Bacillus kaustophillus,
Bacillus thermodenitrificans and Bacillus thermoglucosida-
sius). Geobacillus species are endospore-forming, Gram-
stain-positive, aerobic or facultative anaerobic rods [3].
They normally grow within the range of temperatures from
35 to 80

�

C, depending on the strain [4]. The Geobacillus
species can be found in various harsh environments that
include high-temperature oilfields [5], marine vents [6],
corroded pipeline in an extremely deep well [4], African [7]
and Russian [8] hot springs, and the Mariana Trench [9]. In
addition, they can also be found in hay compost [10] and
garden soil [11]. Their thermostable characteristics make
members of Geobacillus attractive to the biotechnology
industry as sources of thermostable enzymes [12], as

platforms for biofuel production [13] and as attractive con-
stituents of bioremediation strategies [14]. Here we describe
a novel species of the genus Geobacillus, which can grow in
wide range of pH.

Water samples were taken from the source of the Yumthang
hot spring, North Sikkim, India (27

�

47¢ 34.50¢¢ N 88
�

42¢
30.96¢¢ E). The in situ temperature and pH values were mea-
sured using a Multiparameter Water Quality Checker U-50
Series (Horiba). The temperature of the source was between
42–45

�

C and the pH values ranged from pH 7.5 to 8. Strain
AYN2T was isolated on solid thermus agar containing 8 g
l�1 peptone, 4 g l�1 yeast extract and 2 g l�1 NaCl with an
incubation of 24 h at 60

�

C. Strain AYN2T was also able to
grow on actinomycetes agar with the composition of 2 g l�1

sodium caseinate, 0.1 g l�1
L-asparagine, 4 g l�1 sodium pro-

pionate, 0.5 g l�1 dipotassium phosphate, 0.1 g l�1 magne-
sium sulphate, 0.001 g l�1 ferrous sulphate and 25 g l�1 agar.
The colonies were round and creamy-white coloured. The
Gram-stain reaction and spore staining were performed
using a Gram-staining kit (Difco) and a spore-staining kit,
respectively, following the recommended protocols. Strain
AYN2T was found to be a spore-forming Gram-stain-
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positive bacteria. Scanning electron microscope (SEM) anal-
ysis, i.e. field emission scanning electron microscopy
(FESEM), was performed as per Hagen et al. [15, 16] using
a Sigma FESEM (Zeiss). The SEM analysis showed that cells
were 2.5–5 µm long and 0.4–0.6 µm wide (Fig. S1, available
in the online version of this article).

The effect of temperature, pH and NaCl on growth of bac-
teria was determined as per Aaniz et al. [17]. Strain AYN2T

could grow between 40 and 70
�

C with the optimal tem-
perature of 60

�

C and in the pH ranges from 6 to 10 with
the optimum pH of 7.5–8.0 at the optimum growth tem-
perature. The NaCl concentration for the growth of strain
AYN2T was found to be in the range between 0 and 4%,
with the optimum NaCl concentration of 1% at the opti-
mum pH and temperature, as shown in Fig. S2(a–c). By
comparing these results with the closely related species of
Geobacillus, especially Geobacillus toebii (the closest one), it

was found that there is considerable distinction between
them. For example, if we compare the pH ranges, strain
AYN2Tgrows over a wide range of pH, i.e. from pH 6–10
as compared to other Geobacillus species which thus adds
to its novelty (Table 1). Also, many biochemical character-
istics such as: production of acids from various sugars such
as ribose, inositol, glycerol and cellobiose; hydrolysis of
casein, gelatin and starch; utilization of acetate, formate
and lactate; and fermentation of glucose are quite different
from those of G. toebii and other related species as shown
in Table 1. All of the phenotypic and biochemical tests
were performed manually or by using the Biolog system.

The fatty acid analysis of 16 h grown culture of strain
AYN2Twas performed at 50

�

C. The fatty acid extraction
and analysis were performed by following the instructions
of the Microbial Identification System (MIDI) as reported
previously [18]. The RTSBA6 method was used and the

Table 1. Phenotypic characteristics that differentiate Geobacillus yumthangensis sp. nov. strain AYN2T from its phylogenetic neighbours

Strains: 1, AYN2T (manual); 2,AYN2T (Biolog); 3, Geobacillus toebii [10]; 4, Geobacillus thermoglucosidasius [32]; 5, Geobacillus uzenensis [2]; 6, Geoba-

cillus subterraneus [2]; 7, Geobacillus stearothermophilus [33]; 8, Geobacillus thermocatenulatus [34]; 9, Geobacillus thermoleovorans [35]; 10, Geobacil-

lus kaustophilus [36]; 11, Geobacillus thermodenitrifcans [37]. +, Positive; �, negative; D, 11±89% of strains positive; ND, not determined.

1 2 3 4 5 6 7 8 9 10 11

Cell width (µm) 0.4–0.6 ND 0.5–0.9 <3 0.9–1.3 0.8–1.5 0.6–1 0.5–1.2 0.9 1.5 0.5–1.0

Cell length (µm) 2.5–5 ND 2–3.5 <0.9 4.7–8 4.7–8 2–3.5 3.0–7.0 6.0–8 3.5 1.5–2.5

Motility + ND + ND + + + + + � ND

Production of acid from:

Adonitol ND ND � + � � ND � ND ND ND

L-Arabinose � ND � � + � D � � D +

Cellobiose + + � + + + � + + + +

Galactose � + � D + + � � + + +

Ribose + ND � � + + ND ND ND + +

Glycerol ND + � � + + + + + D +

Inositol � + + + � � � � � � ND

Lactose � + � � � � � � � � +

Rhamnose � + � � � � � + � � �

Sorbitol � + � � � � � + ND � ND

D-Xylose � ND � + � � D + � D +

Hydrolysis of:

Gelatin � + � + + � D � � ND ND

Casein � � + + � � D + ND + �

Starch + + � + + + + + � D +

Aesculin � ND � � + + ND + ND ND ND

Utilization of:

Formate ND + � D � + � ND ND ND ND

Acetate ND + � � + + � ND ND ND ND

Lactate ND + � � + + � ND ND ND ND

Citrate � � � + – – D D + ND ND

Fermentation of glucose + + � � � � D � + � ND

Methyl red test � ND � � � + D D ND ND ND

Denitrification ND ND + ND � + � � + ND +

NaCl concentration for growth (%, w/v) 0–5 0–5 0–5 0–5 0–4 0–5 0–5 0–1.5 0–4 ND 0–3

pH range for growth 6.0–10 >6.0 6.0–9.0 6.0–8.0 6.2–7.8 6.0–7.8 6.0–8.0 6.5–8.5 6.2–7.8 6.2–7.5 6.0–8.0

Temperature range for growth (
�

C) 40–70 ND 45–70 37–68 45–65 45–70 37–65 42–69 35–78 40–75 45–70
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results were analysed by using Sherlock version 6.2. The
predominant fatty acids were iso-C15 : 0 (12.8 %), iso-C16 : 0

(13.9%) and iso-C17 : 0 (13.7%). The results of a comparison
between the various fatty acids of strain AYN2T and its clos-
est relatives are shown in Table 2. Although the major fatty
acids are similar, the total amount or the percentage of total
fatty acids vary considerably. Thus these fatty acid profiles
supports the inclusion of strain AYN2T in the genus Geoba-
cillus. When analysing the results, no matches were found
in the RTSBA6 Sherlock libraries, thus suggesting that strain
AYN2T is novel.

The 16S rRNA sequence was amplified by using universal
primers (27F and 1492R) as described by Hugenholtz [19]
and the product was purified by using the QIAquick PCR
purification kit (Qiagen). The purified 16S rRNA gene was
further sequenced by using the BigDye Terminator cycle
sequencing kit (version 3.1, Applied Biosystems) in an auto-
mated DNA Sequencer (ABS/Genetic 3500 Analyzer). The
sequences were assembled by CodonCode Aligner (version
7.1) and the assembled sequences were identified by per-
forming BLAST searches. Strain AYN2T shared only 96%
identity with the G. toebii strain R-35642, which confirms
the novelty of strain AYN2T. The 16S rRNA gene sequence
of strain AYN2T was aligned with representative 16S rRNA
gene sequences of related taxa using CLUSTAL_W software
[20]. A phylogenetic tree was reconstructed by using the
neighbour-joining method [21] and the software package
MEGA 7 to demonstrate the relationship of strain AYN2T to
other members of the family Geobacillus (Fig. 1). Also, three
more conserved genes, i.e. rpoB, DnaK and dnaJ genes, were
investigated using primers rpoB1698F (5¢-
AACATCGGTTTGATCAAC-3¢; corresponding to E. coli
position 1643) and rpoB2041R (5¢-CGTTGCATGTTGG-
TACCCAT-3¢; corresponding to E. coli position 2041) [22];
dnaKF (5¢-CTCCGTGGACCTTCTCTTGG-3¢) and dnaKR
(5¢-ATGATCTGCTTGTGGGCCTC-3¢) [23]; and dnaJF
(5¢-CAGATCGAGGTSACCTTCGAC-3¢) and dnaJR (5¢-
CGTCRYCATMGAGATCGGCAC-3¢) [24]. After perform-
ing BLAST searches for the rpoB gene, the results showed

88% identity with G. thermoglucosidasius. The heat shock
chaperone genes, i.e. dnaK and dnaJ, showed 89 and 90%
identity with G. thermoglucosidasius and Bacillus thermoglu-
cosidasius respectively. Thus, these lower values shown for
the rpoB, Dnak and DnaJ genes support AYN2T being a
novel species.

The draft genome sequence of the species Geobacillus yum-
thangensis AYN2T has been published recently [25]. The
whole genome accession numbers are given in Table S1.
RAST (version 2.0) [26] was employed, which annotated 962
proteins. The genome of AYN2T was 3.4 Mbp and con-
tained 3721 predicted genes [25]. The number of rRNA
genes and tRNA genes were 5 and 71, respectively. The
absence of any photosynthetic apparatus and gene clusters
indicated that strain AYN2T may be adapted to a heterotro-
phic metabolism. The G+C content of AYN2Twas also
checked using Valvet (version 1.1.10) and SSPACE (version
3.0) in our previous study [25]. The G+C content was found
to be 42.11mol%, which is quite different from the other
species of genus Geobacillus (Table S4). Whole genome
sequencing results [25] showed that the novel organism
does not possess any plasmid, as compared to the other
closest Geobacillus species such as G. thermoglucosidasius
[27], G. sp, WCH70 [28], G. stearothermophilus [29], etc.
The original methods of determining average nucleotide
identity and average nucleotide identity of orthologous
genes were calculated using the Orthologous Average
Nucleotide Identity Tool (version 0.93) [30]. The original
average nucleotide identity and the average nucleotide iden-
tity of orthologous genes between strain AYN2T and the
closest species, G. toebii, were 97.6 and 97.8%, respectively.
Digital DNA–DNA hybridization values were determined
using the Genome-to-Genome Distance Calculator (version
2.1) [31]. The digital DNA–DNA hybridization values were
69.10%. Although the average nucleotide identity and digi-
tal DNA–DNA hybridization values were a little higher or
comparable to the cut-off values of ~96 and <70%, respec-
tively. However, the cell morphology, biochemical charac-
teristics, sugar fermentation, 16S rRNA, rpoB, dnaJ and

Table 2. Fatty acid composition of strain AYN2T and type strains of Geobacillus with validly published names

Strains: AYN2T; Geobacillus toebii [10]; Geobacillus thermodenitrificans [2]; Geobacillus thermoleovorans [2]; Geobacillus thermocatenulatus [2]; Geoba-

cillus stearothermophilus [38]; Geobacillus thermoglucosidasius [38]. The values in bold signifies the major fatty acids present in individual bacterial

strains.

iso-

C14 : 0

C14 : 0 iso-

C15 : 0

a-

C15 : 0

C15 : 0 iso-

C16 : 0

C16 : 0 Iso-

C17 : 0

a-

C17 : 0

C-17 : 0 Iso-

C18 : 0

C18 : 1 C18 : 0 References

G. yumthangensis

AYN2T
– 3.3 12.8 – – 13.9 7.0 13.7 3.2 4.7 2.3 3.2 2.6 This paper

G. toebii – – 34.0 – – 17.0 – 34.0 – – – – – [10]

G. thermodenitrificans 0.4 1.8 33.6 1.8 2.3 9.5 11.0 26.6 7.3 2.9 0.2 1.3 1.3 [2]

G. thermoleovorans 1.0 1.4 22.6 1.3 2.1 21.0 11.2 18.5 4.6 1.3 0.9 1.2 3.4 [2]

G. thermocatenulatus 1.3 0.6 25.5 0.6 1.3 31.8 8.3 21.0 3.1 2.3 1.3 0.7 2.2 [2]

G. stearothermophilus 0.1 1.5 39.8 6.4 0.5 6.2 9.2 17.1 13.3 – – – – [38]

G. thermoglucosidasius – 0.6 22.0 1.6 – 10.4 11.6 30.3 16.6 0.8 – – – [38]
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dnaK gene similarity, G+C content, absence of plasmids,

and fatty acid methyl ester analysis suggested that strain

AYN2T represents a novel species.

DESCRIPTION OF GEOBACILLUS

YUMTHANGENSIS SP. NOV.

Geobacillus yumthangensis (yum.thang.en.sis.N.L.masc.adj.
yumthangensis of Yumthang referring to Yumthang Hot
Spring from where the type strain was isolated).

Cells are Gram-stain-positive, aerobic, rod-shaped, 2.5–
5 µm long and 0.4–0.6 µm wide. They form endospores
located at the sub-terminal to terminal positions. Growth
is observed between 40 and 70

�

C with the optimum tem-
perature of 60

�

C. The pH for growth ranges from pH 6 to
10 with the optimum pH of 7.5–8 at the optimum growth
temperature. The NaCl concentration for the growth of
AYN2T is in the range between 0 and 5%, with the opti-
mum NaCl concentration of 1% at the optimum pH and
temperature. No growth is observed at 80

�

C and at pH
below 6 and above 10. No growth is observed at concentra-
tions of 5% NaCl and above. Cells are catalase-positive
and methyl red-negative. Able to utilize lactate, formate
and acetate. Acids are produced from cellobiose, lactose,
galactose, sorbitol and glucose, but not from arabinose,
ribose or xylose. The major cellular fatty acids are iso-
C15 : 0, iso-C16 : 0 and iso-C17 : 0. The G+C content is
42.11mol%. The isolate was isolated from Yumthang
hot spring, North Sikkim, India. The type strain is

strain AYN2T (MTCC=12749=KCTC=33950=JCM=32596)
(Table S3).
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