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Chapter

Geobacillus Bacteria: Potential
Commercial Applications in
Industry, Bioremediation, and
Bioenergy Production

Galina Novik, Victoria Savich and Olga Meerovskaya

Abstract

The genus Geobacillus is represented by obligately thermophilic bacteria able
to grow in the temperature range of 35-75°C. They are modest bacteria isolated
from various sources on routine media such as nutrient agar. Originally classified
as representatives of Bacillus, the species of Geobacillus were established in 2001
as a new genus. However, sequence similarity between all species indicates that
at least some species need to be reclassified at the genus level. In addition to 16S
rRNA, housekeeping genes, 16S-23S rRNA gene internal transcribed spacer, and
repetitive sequences can be used in classification and identification of thermophilic
bacteria. The ability to survive and grow at high temperatures as well as utiliza-
tion and synthesis of a wide range of compounds makes these bacteria and their
products attractive for use in various spheres: food, paper, biotechnology industries,
medicine, bioremediation, etc. A broad spectrum of applications arouses increased
interest in the study of physiological and biochemical characteristics and triggers
emergence of new usage areas for Geobacillus, such as bioenergy. The growing
demand for energy leads to the development of alternative technologic options.
Geobacillus species demonstrated the ability to generate or enhance productivity
of important sources of bioenergy such as ethanol, isobutanol, 2,3-butanediol,
biodiesel, and biogas.

Keywords: Geobacillus bacteria, biotechnology industry, production of thermostable
enzymes, food enzyme applications, bioenergy, biogas, technologies,
energy efficiency

1. Introduction

The Geobacillus species are Gram-positive, aerobic or facultatively anaerobic,
spore-forming, rod-shaped cells with the temperature range for growth 35-75°C
(optimum at 55-65°C) (Figure 1). Neutrophilic bacteria multiply at pH 6.0-8.5,
with optimal pH values 6.2-7.5. Most species are modest bacteria able to develop
without growth factors or vitamins and to utilize n-alkanes as carbon and energy
sources [1].

As obligate thermopbhiles, Geobacillus might have been expected to be found
only in the warmest regions of the planet, such as equatorial deserts or naturally
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Figure 1.

Cell morphology of Geobacillus stearothermophilus (basonym Bacillus stearothermophilus) BIM B-202 from
Belarusian collection of nonpathogenic microorganisms. Legend: phase-contrast microscopy, magnification
1000x, 16 h cultivation; — — spoves.

occurring geothermal and hydrothermal springs. However, Geobacillus can be
isolated in large numbers anywhere, even from cool soils and permanently cold
ocean sediments. It was shown that these bacteria are also minor opportunistic
decomposers of plant-derived organic matter, capable of rapid growth under tran-
sient thermophilic conditions, but endowed with mechanisms to survive extended
time spans when growth is impossible. Nevertheless, Geobacillus species play only
a modest role in large microbial communities. High populations of bacteria have
gradually accumulated in long-term perspective due to spore formation. Adaptive
teatures of Geobacillus spores ensure their mobilization in the atmosphere and
transport over long distances. Their spores are suggested to remain viable for long
periods of time [2]. Spores of Bacillus species related to geobacilli have shown
resistance to heat, radiation, and chemicals [3].

Growth at high temperatures makes Geobacillus species promising agents in
biotechnological processes. They can be sources of various thermostable enzymes,
such as proteases, amylases, lipases, and pullulanases. Geobacillus species can also
generate exopolysaccharides and bacteriocins and take part in production of biofuel
and bioremediation. New applications are constantly emerging for this group of
thermophilic bacteria.

2. Cultivation of Geobacillus bacteria

Geobacillus species are obligately thermophilic chemoorganotrophs.
Temperature ranges for growth generally lie between 37 and 75°C, with optima
between 55 and 65°C. They are neutrophilic bacteria growing within pH range
6.0-8.5 at optimal values 6.2-7.5. Growth factors, vitamins, NaCl, and KCl are not
required; So that, most strains will grow on routine media such as nutrient agar. A
wide range of substrates is utilized, including carbohydrates, organic acids, pep-
tone, tryptone, and yeast extract. The ability to utilize hydrocarbons as carbon and
energy sources is a widely distributed property in the genus [1].

Thermophiles may be obtained easily by incubating environmental or other
samples in conventional cultivation media at high temperatures. A selective method
for the isolation of thermophilic flat sour organisms from food was described
in 1963 by Shapton and Hindes. The method used yeast-glucose-tryptone agar
containing peptone (5 g), beef extract (3 g), tryptone (2.5 g), yeast extract (1g),
and glucose (1 g) diluted in distilled water (1000 ml) [4]. This procedure was used
for the isolation of Geobacillus stearothermophilus [1]. A prototrophic strain of G.
stearothermophilus has been shown to grow in the medium containing only glucose
and mineral salts, while auxotrophic strains additionally required biotin, thiamine,
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nicotinic acid, and DL-methionine. The presence of L-leucine in minimal medium
necessitated the addition of L-valine; however, growth occurred in the absence of
both amino acids [5]. The use of medium containing 0.5% beef extract, 0.9% soy
peptone, 0.2% NaCl, 0.1% K,HPOy,, and 0.075% KH,PO, resulted in 10 times higher
biomass production by G. stearothermophilus than the application of the standard
fermentation medium [6].

Geobacillus caldoxylosilyticus was isolated from soil by adding 0.1-0.2 g sample
to the minimal medium and incubating at 65°C for up to 24 h. After two transfers of
1 ml culture into the fresh medium, enrichments were plated on solidified minimal
medium and incubated at 65°C for 24 h [7]. Further isolations were made by heating
samples at 90°C for 10 min, plating on CESP agar (casitone, 15 g; yeast extract, 5 g;
soytone, 3 g; peptone, 2 g; MgSQOy,, 0.015 g; FeCl;, 0.007 g; MnCl,-4H,0, 0.002 g;
water, 1000 ml; pH, 7.2.) and incubating at 65°C for 24 h [8]. The strain G. caldoxy-
losilyticus UTM6 demonstrated ability to reduce toxic chromium (VI) to nonharm-
ful chromium (III). It was found to grow optimally in nutrient broth medium
supplemented with 250 ppm of glucose at 55°C and pH 6.5, with the highest ODgq
reading of 0.910 [9].

Geobacillus gargensis was isolated from the upper layer of a microbial mat
of Garga hot spring by serial dilutions and inoculation onto the agar medium
supplemented with 15 mM sucrose: TES [N-tris (hydroxymethyl) methyl-2-amino-
ethanesulfonic acid], 10 g; NH,Cl, 1 g; NaCl, 0.8 g; MgSO,-7H,0, 0.2 g; CaCO;
(precipitated chalk), 0.2 g; KCl, 0.1 g; K,;HPO,, 0.1 g; CaCl,-2H,0, 0.02 g; yeast
extract, 0.2 g; trace metal solution, 5 ml; vitamin solution, 10 ml; water to 1000 ml,
pH, 7.0 [10, 11].

Geobacillus kaustophilus was isolated from uncooled pasteurized milk by plat-
ing on peptonized milk agar, followed by subculturing on the same medium or on
nutrient agar supplemented with 1% yeast extract, 0.25% tryptophan broth, and
0.05% glucose [1]. Strains of Geobacillus kaustophilus are capable to grow optimally
on rich media, including tryptic soy broth and Luria broth. G. kaustophilus Al
grown on minimal defined medium at 55°C and pH 6.5 demonstrated the ability
to utilize maltose, glucose, sucrose, glycerol, fructose, galactose, citric acid, acetic
acid, pyruvic acid, lactic acid, or succinic acid. Cells did not utilize dodecane,
m-xylene, cellulose, oxalic acid, tartaric acid, maleic acid, propanoic acid, benzoic
acid, or picolinic acid as the sole carbon sources. G. kaustophilus DSM7263 displayed
similar characteristics, but it did not metabolize citric acid [12].

Geobacillus thermoleovorans was isolated by adding soil, mud, and water
samples to L-salts basal medium supplemented with 0.1% n-heptadecane and
incubated at 60°C for 1-2 weeks, followed by transfer from turbid cultures
to fresh medium of the same composition. After several such transfers, pure
cultures were obtained by streaking on plates with L-salts basal medium supple-
mented with 0.2% n-heptadecane and solidified with 2% agar [13, 14]. Strain
G. thermoleovorans T80 displayed extremely specific glucose utilization leading
to high growth rates, followed by extensive cell death and lysis with the onset of
substrate exhaustion. The addition of extra carbon substrate did not halt the rapid
death and lysis. Lytic phenomenon was observed for a range of different carbon
substrates (glucose, pyruvate, acetate, n-hexadecane, and nutrient broth), as
well as ammonium (the nitrogen source). Batch cultures grown at reduced initial
substrate concentration, at lower temperatures, or at lower dilution rates than
continuous-flow cultures exhibited lesser rates and degree of cell death and lysis
[15]. Optical density of G. thermoleovorans DSM 5366 increased in casein digest
medium supplemented solely with Ca** or Mg*". Na*, and to a greater extent K",
with concerted action of Ca** or Mg”* also induced increased optical density read-
ings of the strain [16].
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Geobacillus subterraneus and Geobacillus uzenensis were isolated from serial
dilutions of thermophilic hydrocarbon-oxidizing enrichment cultures derived from
oil fields. The cultures were inoculated on agar medium supplemented with 0.1%
n-hexadecane and incubated at 55-60°C [17]. Geobacillus jurassicus was isolated
from oil field formation water by diluting enrichment cultures grown on the follow-
ing medium (NH4CI, 1 g; KCI, 0.1 g; KH,POy,, 0.75 g; K;HPOy, 1.4 g; MgSO,-7H,0,
0.2 g; CaCl,-2H,0, 0.02 g; NaCl, 1.0 g; water, 1000 ml; pH 7.0) supplemented with
4% crude oil, incubated at 60°C, and plated on the same medium solidified with 2%
agar [18].

Geobacillus thermocatenulatus was isolated from a slimy bloom at about 60°C
on the inside surface of a pipe in a steam and gas thermal borehole using potato-
peptone and meat-peptone media [19]. Some studies showed that G. thermocatenu-
latus strain does not hydrolyze starch and gelatine. It neither produces acid from
xylose and lactose nor generates acetoin [20]. Trypticase soy agar can be used as the
medium for cultivation of representatives of this species. Addition of 5 mg/l MnSO,
encourages sporulation of the species [21].

Strains of Geobacillus thermodenitrificans were isolated from soil by suspend-
ing 1 g soil sample in 5 ml of sterile distilled water and heating at 90°C for 10 min,
then plating 1 ml aliquot on nutrient agar and incubating at 65°C for 24 h [22]. G.
thermodenitrificans showing L-arabinose isomerase activity was grown in media
containing 1.5% pancreatic digest of casein, 0.2% yeast extract, 0.2% beef extract,
0.2% glycerol, 0.2% K,HPOy,, 0.2% KH,PO,, 0.01% MgSO,, 0.0004% D-biotin,
and pH 6.8. Inocula were prepared by culturing the organisms for 10 h at 65°C and
200 rpm in a rotary shaking incubator using 250-ml flasks containing 50 ml of the
above-described medium. These cultures were used to inoculate the fermenter
where the mixture was incubated for 14 h at 65°C with agitation (400 rpm) and
aeration (1.0 vvm) [23]. Some strains of G. thermodenitrificans were isolated and
suspended in 100 ml of 0.1 mol/l potassium phosphate buffer solution (pH 7.0)
with 1.0% (w/v) gelatinized potato starch in 500-ml conical flasks. The flasks
were incubated at 50°C for 2 days, then 1 ml portions were transferred to 10 ml of
0.1 mol/l phosphate buffer (pH 7.0) and agitated for 6 h followed by suspension
onto starch agar plates (10 g peptone, 5 g yeast extract, 10 g potato starch, and 15 g
agar in 11 of a 0.1 mol/l potassium phosphate buffer, pH 7.0) and incubation at 60°C
for 24 h [24].

Geobacillus thermoglucosidasius was isolated from Japanese soil by adding 0.1 g
sample to 5 ml of medium I (peptone, 5 g; meat extract, 3 g; yeast extract, 3 g;
K;HPOy,, 3 g; KH,POy,, 1 g; water, 1000 ml; pH 7.0) in test tubes and incubating at
65°C for 18 h, with the tubes leaning at an angle of about 10°, followed by further
enrichments in tubes with the same medium and then purification on plates con-
taining medium I solidified with 3% agar [25, 26]. Studies showed that Geobacillus
thermoglucosidasius strains grew well and gave reproducible and comparable viable
cell counts on the semi-defined agar medium (SDM) with glycerol and pyruvate
as carbon sources under aerobic conditions at 70°C. SDM contains a dual carbon
source (glycerol and pyruvate) and low levels of yeast extract, tryptone, and inor-
ganic salts. The main components of the SDM are (g/1): glycerol 5.0, pyruvate 5.0,
tryptone 0.2; yeast extract 0.2; citric acid 0.32; di-sodium hydrogen orthophosphate
(anhydrous) 2.0; magnesium sulfate (heptahydrate) 0.4; potassium sulfate 0.3;
ammonium chloride 2.0; manganese chloride (tetrahydrate) 0.003; ferric chloride
0.007; agar 15, and 1 ml of trace elements solution. SDM formulation suggests joint
preparation of glycerol and pyruvate separated from the other constituents and
mixing after sterilization at 121°C [27].

Geobacillus lituanicus was isolated using 10-fold serial dilutions of crude
oil. The dilutions were inoculated onto Czapek agar and plates were incubated
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aerobically at 60°C for 48 h [28]. Geobacillus toebii was isolated from a suspen-
sion of hay compost plated onto solid modified basal medium (polypeptone, 5 g;
K,HPOy,, 6 g; KH,POy,, 2 g; yeast extract, 1 g; MgS0,47H,0, 0.5 g; L-tyrosine, 0.5 g;
agar to solidify; and deionized water, 1000 ml) and incubated at 60°C for 3 days
[29]. G. toebii subsp. decanicus was cultivated in medium containing 8 g/l peptone,
4 g/l yeast extract, 2 g/l NaCl at pH 7.0 [30]. Geobacillus vulcani was isolated from
a marine sediment sample by inoculating into Bacto marine broth and medium D
and incubating aerobically for 3 days at 65°C, followed by plating positive cultures
again onto Bacto marine agar [31]. Geobacillus galactosidasius was isolated from

a compost sample and inoculated in 10 ml of enrichment media cultured within
pH range 5.5-7.2 and the temperature range 60-80°C for 3 days. The enrichment
growth media used were medium A containing 8 g/l peptone, 4 g/l yeast extract,
and 2 g/l NaCl at pH 7.2, and medium B containing 6 g/l yeast extract and 6 g/1
NaCl at pH 5.5 [32]. Geobacillus icigianus was isolated from sludge samples of an
explosive hydrothermal spring located near the Troinoy geyser and purified on LB
agar medium at 55-65°C [33].

3. Geobacillus bacteria: taxonomy and identification

Thermophilic bacterium known as Bacillus stearothermophilus (now typical
species Geobacillus stearothermophilus) was discovered in 1920 [34]. For many years,
geobacilli have been referred to Bacillus species. The development of molecular
genetic methods resulted in the division of bacilli into several phylogenetically
distinct genera. Group 5 including B. stearothermophilus, Bacillus kaustophilus, and
Bacillus thermoglucosidasius formed a generic lineage distinct from Bacillus spe-
cies [35]. In 2001, Nazina et al. proposed that the six species of bacilli, namely B.
steavothermophilus, B. kaustophilus, B. thermoglucosidasius, B. thermocatenulatus,

B. thermoleovorans, and B. thermodenitrificans, should be incorporated into a new
genus, Geobacillus, along with two novel species, Geobacillus subterraneus and
Geobacillus uzenensis based on 16S rRNA gene sequence analysis and a variety of
physical and biochemical characteristics [17].

At present, geobacilli include about 20 species [36]. However, the lowest level of
16S rRNA gene sequence similarity between all Geobacillus species is around 93%,
which indicates that at least some species need to be reclassified at the genus level
[1]. Full-length recN and 16S rRNA gene sequence analysis clustered 68 isolates from
the genus Geobacillus into 9 similarity groups. Some of these groups corresponded
unambiguously to the known species, whereas the others contained two or more
type strains from species with validly published names. recN was clearly superior to
the 16S rRNA gene, with nearly an order of magnitude greater resolving power at the
species-subspecies level, but the analysis was much less effective for higher taxa [37].
The availability of complete genome sequence data offers higher resolution of the
phylogenetic relationships of Geobacillus species than the use of a single housekeep-
ing gene. For example, the two strains of G. kaustophilus do not form a phylogeneti-
cally coherent monophyletic clade, while the two strains of G. thermoleovorans are
closely related and share 99.4% nucleotide sequence identity [38]. The use of the
phylogenomic metrics such as average amino acid identity (AAI), average nucleotide
identity (ANI), and digital DNA-DNA hybridization (dDDH) indicated that the
current genus Geobacillus is composed of 16 distinct genomospecies. Phylogeny
constructed on the basis of the core genes demonstrated that the genus clustered
into two monopbhyletic clades differing in terms of nucleotide base composition. The
G + C content ranges for clade I and II were 48.8-53.1 and 42.1-44.4%, respectively.
The Geobacillus species within clade II can be considered as a new genus [39].
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It was shown that evolutionary conservatism of 16S rRNA leads to the case, when
different bacterial strains belonging to the same species or closely related species may
have identical sequences. It decreases efficiency of 16S rRNA analysis and provokes the
search for alternative approaches, like comparative analysis of the nucleotide sequences
of “housekeeping genes” determining the main metabolic processes. These genes have
some advantages similar to those of 16S rRNA genes: universal distribution, evolution-
ary conservatism, and vertical inheritance. At the same time, comparative phyloge-
netic analysis of “housekeeping genes” may be more efficient at the lowest taxonomic
levels for the following reasons: (1) the level of conservatism varies for different genes
and distinctions between the nucleotide sequences may be more pronounced as com-
pared to sequences of 16S rRNA; (2) “housekeeping genes” code for proteins allowing
to better determine the frequency of synonymous substitutions and locate taxonomic
position; (3) the majority of these genes are represented by a single copy. Besides the
abovementioned recN gene, application prospects have been demonstrated for other
genes. Genes encoding the f-subunits of a type II topoisomerase (gyrase, gyrB) and
atype IV topoisomerase (parE) provided for a more precise determination of the
phylogenetic position of bacteria at the species level as compared to 16S rRNA analysis
of Geobacillus [40]. Additionally, genes recA and rpoB can be used in identification and
taxonomic affiliation of Geobacillus species [41]. Gene spoOA codes for protein serving
as the master regulator of the endospore formation process in the endosporulating
bacteria and can be engaged in taxonomic positioning of these bacterial groups. The
gene cannot be used as the phylogenetic marker within the genus Geobacillus, although
it was shown to be helpful for the identification of G. thermodenitrificans, G. stearother-
mophilus, G. jurassicus, and cluster G. subterraneus-G. uzenensis [42].

16S-23S rRNA gene internal transcribed spacer (ITS) separates 16S and 23S
rRNA genes and may contain tRNA genes. ITS exhibits larger variations in both the
length and the sequence of this region and can be more useful in identification than
16S rRNA. Geobacillus genus-specific primers GEOBAC allowed to amplify the DNA
from 13 species. Different species could be grouped according to the number and
size of the PCR products and identified on the basis of the restriction analysis of
these products [43].

Repetitive DNA is also a promising tool for identification of bacteria. Usually,
repetitive DNA is applied for genotyping of medically important microorganisms,
but it may be employed in analysis of biotechnologically important Geobacillus spe-
cies. In total, 33 Geobacillus genus-specific motifs with length over 20 nucleotides
were determined: 3 were genus-specific, 15—species-specific, and 15—species
cluster-specific. Motifs have been used for the construction of the genus- and
species-specific (G. thermodenitrificans and G. toebii) primer pairs [44]. Rep-PCR
molecular method based on the usage of outwardly facing oligonucleotide PCR
primers complementary to interspersed repetitive sequences is widely applied in the
characterization of different groups of bacteria. BOX, ERIC, REP, and (GTG)s are
examples of evolutionarily conserved repetitive sequences. Rep-PCR fingerprint-
ing technique using (GTG)s- and BOX-PCR has been shown as a rapid, easy-to-
conduct, and reproducible tool for differentiation of thermophilic bacteria at the
species, subspecies, and potentially up to the strain level, with a single-performance
protocol [45]. Multilocus variable-number tandem-repeat (VNTR) analysis
(MLVA) has been used to discriminate between different genotypes within species
by analyzing length polymorphism of several VNTR loci, while high-resolution
melt analysis (HRMA) has been shown as post-PCR method for analysis of genetic
variations in PCR products using DNA-binding fluorescent dyes and a PCR machine
with a highly precise temperature control. HRMA in conjunction with MLVA (MLV-
HRMA) displayed a stronger discriminatory power and better reproducibility than
RAPD-PCR and hence can be used for genotyping Geobacillus species [46].
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Amplified ribosomal DNA restriction analysis (ARDRA) using Alul was
shown to be a valuable, easy, and accurate technique for the identification of G.
stearothermophilus. The presence of a fragment 162 bp in size and the absence of
76 and 86 bp fragments were recognized to be characteristic traits of this species.
However, the potential of the method for the identification of other species of
geobacilli is limited [47].

4. Applications of Geobacillus bacteria

Geobacillus species are represented by thermophilic chemoorganotrophs. They
are able to utilize a wide range of substrates, including hydrocarbons, and produce
various metabolites of commercial use, like enzymes (proteases, lipases, and amy-
lases), ethanol, bacteriocins, etc. Such metabolic diversity coupled to high tempera-
ture resistance makes the bacteria attractive for various applications. On the other
hand, Geobacillus species are known to be a major cause of spoilage in canned food.
The use of thermostable enzymes and biofuel production are considered in the next
chapters.

Petroleum is a complex compound consisting of hydrocarbons, a small ratio of
nonhydrocarbon components, and trace metals. In order to increase oil produc-
tion, traditional water flooding method is used. Heavy oil, the largest potentially
recoverable petroleum energy resource, is very viscous and has a high freezing
point. It is problematic to extract the residual crude oil by the conventional
method, so that alternative techniques, like use of microorganisms, for enhanced
oil recovery have been proposed. Microorganisms and their metabolites help
to retrieve residual oil by promoting its emulsification and reducing viscosity.
Since high temperature reservoirs are more difficult to exploit by this method,
thermophilic bacteria are advantageous in this case. G. stearothermophilus A-2
shows strong surface hydrophobicity and produces a bioemulsifier. The fermenta-
tion broth of strain A-2 induced crude oil dispersion and decreased oil viscosity.
Moreover, strain A-2 preferentially degraded heavy oil components and polycyclic
aromatic hydrocarbons. These features make the strain an excellent candidate for
enhanced microbial oil recovery from high-temperature deposits [48]. Geobacillus
sp. ZY-10 could utilize tridecane, hexadecane, octacosane, and hexatridecane as
the sole carbon sources, and the digestion rate of long-chain alkanes was lower
than that of short-chain alkanes. Addition of inorganic salts and trace yeast extract
led to the significantly increased concentration of short-chain alkanes and the
decreased content of long-chain alkanes, suggesting that the larger hydrocarbon
components in crude oil were converted into shorter-chain alkanes. Thus, strain
ZY-10 proved effective for improving the mobility and upgrading quality of heavy
crude oil [49]. G. pallidus H9 was able to grow in temperature range 45-80°C at
salinity 0-15% and synthesize biosurfactant using crude oil as the sole carbon
source under aerobic or anaerobic conditions. After incubation in LB medium,

20 ml bacterial suspension was transferred to 500 ml triangular flask with 10 g

of sterile crude oil-containing mineral medium, and incubated at 65°C and

180 rpm for 100 days under aerobic or anaerobic conditions. The medium was
boiled for 30 min in order to expel all dissolved oxygen prior to incubation under
anaerobic conditions; L-cysteine and resazurin as oxygen indicators were added
to the medium to final concentrations of 0.05% and 0.01 (g/1), respectively.

The yields of biosurfactant were ~9.8 and ~2.8 g/l under aerobic and anaerobic
conditions, respectively. The fractionated components and composition of the
purified biosurfactant differed between aerobic (glycosides=50.3%, lipids=~34.5%,
and peptides~15.2%, w/w) and anaerobic (glycosides=53.8%, lipids=31.2%, and
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peptides=~26.0%, w/w) cultures. The maximum production of biosurfactant under
aerobic conditions is determined by the different electron acceptors, resulting in
the different pathways of biodegradation with different reaction activation energy
and generation of different catabolic enzymes. The strain H9 showed preference
for utilization of medium- and long-chain alkanes (C23-C43) under aerobic condi-
tions, and degradation of long alkanes (C33-C43) under anaerobic conditions.

The evident difference in the metabolic pathways between aerobic and anaerobic
degradation was possibly due to a change in redox potential during the biochemi-
cal reaction. The strain H9 and its biosurfactant are potentially promising agents
intensifying microbial oil recovery, especially in high temperature and salinity

oil reservoirs [50]. Besides, the ability to utilize hydrocarbons makes geobacilli
indispensable in bioremediation of environment, like removal of oil spills [51].

Bacteriocins are ribosomally synthesized antimicrobial peptides or proteins,
usually possessing the narrow antagonistic activity spectrum against bacterial
strains closely related to the strain-producer. The activity of this group of molecules
against foodborne and pathogenic bacteria opens wide opportunities for their
application in medicine and food industry. Little is known about bacteriocins of
thermophilic bacteria; however, Geobacillus species demonstrated antibacterial
activity. Geobacillus strains isolated from the surface soil above oil deposits were
active against at least 1 of 19 tested pathogenic bacteria. The derived antibacterial
compounds were stable in broad temperature and pH ranges, sensitive to proteo-
lytic enzymes, proving their proteinaceous nature. They were active against closely
related thermophilic bacteria, which suggests that these substances are most likely
bacteriocins [52]. Geobacillus species have been shown to produce antimicrobials
such as antibiotics. G. thermodenitrificans NG80-2 synthesizes two antibiotics:
geobacillin I and II. The former antibiotic is nisin analog showing antimicrobial
spectrum similar to nisin A, with increased activity against Streptococcus dysga-
lactiae, one of the causative agents of bovine mastitis. Geobacillin I demonstrated
increased stability compared to nisin A. Geobacillin II displayed antimicrobial
activity only against Bacillus strains [53].

Nanomaterials are defined as engineered materials with a least one dimension
in the range of 1-100 nm. They often exhibit unique and considerably modified
physical, chemical, and biological properties. Nanomaterials are used in cosmetics,
chemical, and food industries, construction, medicine, agriculture, production
of electronic equipment and sensors, etc. [54, 55]. The available physical methods
for the metal nanoparticle synthesis such as gas condensation and irradiation
with ultraviolet or gamma rays usually resulted in low production rate and high
expenditure. The large scale synthesis of metal nanomaterials suffers from certain
drawbacks such as polydispersity and lack of stability, especially if the reduction
is carried out in aqueous media. Biological synthesis of nanoparticles can be an
alternative choice. The exposure of G. stearothermophilus cell-free extract to the
metal salts leads to the formation of stable silver and gold nanoparticles in the solu-
tion. The stability of nanoparticle solution could be due to the secretion of certain
reducing enzymes and capping proteins by the bacterium. Preliminary gel electro-
phoresis indicates that the bacterium secretes not less than seven different proteins
of molecular mass ranging between 12 and 98 kDa. One or more of these proteins
could be a reductase enzyme that reduces metal ions [56]. Silver nanoparticles
can be produced from silver nitrate using spore extract of G. stearothermophilus.
Cytotoxicity of nanoparticles derived from this extract toward microbial pathogens
such as Candida albicans, Candida glabrata, Streptococcus mutans, and Streptococcus
sobrinus was generally higher than cytotoxic effect of silver nanoparticles stemming
from spore extract of Bacillus subtilis. Moreover, antibacterial effects significantly
surpassed antifungal effects [57].
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Various human activities generate wastewater containing nitrogenous com-
pounds. In the natural environment, nitrogen removal often occurs at 20-30°C,
temperatures suitable for growth of nitrifying and denitrifying bacteria. As a result,
many wastewater treatment plants use mesophilic bacteria for bioremediation.
Thermophilic bacteria are expected to have increased enzyme activity and stability
in comparison with mesophilic ones in such applications. The thermophilic denitri-
tying bacterium Geobacillus sp. strain TDNO1 showed 12 times higher specific
nitrate removal rate on media with ammonia than without ammonia. The consump-
tion rates of nitrate and succinate were proportional. The growth rates with 120
and 150 mM nitrate were only slightly lower than those with 60 mM, not leading to
notable growth inhibition. The maximum denitrification rate was six times higher
than that of mesophilic bacteria [58]. Organophosphonates are characterized by
the presence of a stable, covalent C—P bond. One of important applications for
synthetic organophosphonates is manufacturing of herbicides, such as glyphosate.
Glyphosate is the most widely used nonselective herbicide worldwide. It can cause a
wide range of clinical manifestations in human beings, like skin and throat irrita-
tion to hypotension, oliguria, and death [59]. Strain G. caldoxylosilyticus T20 could
utilize a number of organophosphonates as the sole phosphorus source for growth
at 60°C. During growth on glyphosate, aminomethylphosphonate release to the
medium was observed [60]. Azo dyes are characterized by the presence of one or
more azo bonds (—N=N—) in association with one or more aromatic systems, which
may carry sulfonic acid groups. The pigments are extensively used in the dyeing and
textile industries and can provoke grave problems when discharged in the environ-
ment. G. stearothermophilus UCP 986 was able to degrade 96-98% of the azo dye
after 24 h of incubation on LB medium under aeration. The brine shrimp Artemia
salina showed the absence of toxic metabolites during the decolorization process.
However, increased concentration of the dye and vigorous agitation led to high
mortality rate of the shrimp [61]. Synthetic polymers generally display strong resis-
tance to biodegradation, causing serious pollution problems as wastes persisting in
the environment for a long time. Aliphatic polyamides (nylons), like nylon 6, nylon
66, and nylon 12, are produced in large amounts and are regarded as recalcitrant to
biodegradation. At 60°C, G. thermocatenulatus grew on 5 g/l nylon 12, decreasing
its molecular weight from 41,000 to 11,000 over 20 days. The strain also degraded
nylon 66 with a decline in its molecular weight from 43,000 to 17,000 in 20 days at
60°C. However, nylon 6 was not utilized [62].

The heavy metals are well-known toxicants and their determination is vital for
ecological control of soils, food, and water. Cells of G. thermoleovorans subsp. strom-
boliensis, immobilized on Amberlite XAD-4, showed the sorption capacity of 0.0373
and 0.0557 mmol/g for Cd(II) and Ni(II), respectively. The detection limits were
0.24 pg/l for cadmium and 0.3 pg/1 for nickel. The system sustained 20 operation
cycles without any loss in its sorption potential and can be used for metal determi-
nation in water and food samples [63]. Bacteria may be also applied in biosorption
and removal of toxic metals from aqueous solutions. Dead biomass of G. thermode-
nitrificans MTCC 8341 in the synthetic metal solutions reduced the concentration
of Fe*® (91.31%), Cr** (80.80%), Co*? (79.71%), Cu*? (57.14%), Zn** (55.14%), Cd"*
(49.02%), Ag* (43.25%), and Pb*? (36.86%) at different optimum pH values within
720 min. The strain in the industrial wastewater reduced concentrations to 43.94%
for Fe*?, 39.2% for Cr*, 35.88% for Cd"?, 18.22% for Pb*?, 13.03% for Cu'?, 11.43%
for Co*?, 9.02% for Zn*?, and 7.65% for Ag* within 120 min. [64]. In turn, Cd*,
Cu™, Co™, and Mn** removal at 50 mg/1 concentration in 60 min by 50 mg of dry
G. thermantarcticus cells at optimum growth temperatures was 85.4, 46.3, 43.6, and
65.1%, respectively [65]. Thus, Geobacillus strains may be used for disposal of heavy
metals.
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Thermophilic bacteria can be the sources of valuable biomolecules, like complex
polysaccharides for medical application. Extracellular polysaccharide produced
by strain of G. thermodenitrificans hinders HSV-2 replication in human peripheral
blood mononuclear cells (PBMC). High levels of IFN-a, IL-12, IFN-y, TNF-a, and
IL-18 were detected in exopolysaccharide supernatants following PBMC treatment.
This effect was dose-dependent. Therefore, the immunological disorders deter-
mined by HSV-2 could be partially resolved by treatment with polysaccharide [66].

The biosurfactants, amphiphilic molecules consisting of hydrophobic and
hydrophilic groups, are used in cosmetic formulas, pharmaceutical, chemical, food
industries, agriculture, production of cleansers, enhanced oil recovery, and in bio-
remediation of oil-contaminated sites. Biosurfactant of G. stearothermophilus UCP
0986 grown on corn steep liquor and palm oil medium is capable of reducing the
surface and interfacial water tensions to significantly lower values, and possesses
excellent emulsifying and dispersion properties. The biosurfactant was isolated by
precipitation of metabolic cell-free liquid with acetone 1:1 (v/v). The precipitate
was allowed to stand for 24 h at 4°C, and then, it was centrifuged at 4000 rpm for
15 min at 5°C. The supernatant was discarded and the isolated biosurfactant was
subjected to dialysis against deionized water for 72 h at 5°C. Properties of the com-
pound arouse interest in terms of bioremediation of hydrophobic molecules [67].

Lactic acid is used in several industrial sectors producing food, pharmaceu-
ticals, chemicals, and cosmetics. Around 90% of its entire production is derived
from fermentation by lactic acid bacteria. However, application of thermophilic
bacteria may reduce the risk of contamination and sterilization cost. G. stearo-
thermophilus DSM494 generated lactic acid as the major product of anaerobic
metabolism. The strain produced 37 g/l optically pure (98%) L-lactic acid in 20 h
from 50 g/1 raw potato starch. Smaller amounts (<7%w/v) of acetate, formate,
and ethanol were also formed. Yields of lactic acid increased from 66 to 81% when
potato residues from food processing were used as a starchy substrate in place of
raw potato starch [68].

Non-standard application for Geobacillus has been demonstrated in the
enhancement of cement-sand mortar properties. The G. stearothermophilus was
chosen for the ability to resist extreme environmental factors. Bacteria at concen-
tration 1 x 10° CFU/ml improved the performance of cement-sand mortar in terms
of compressive strength and water absorption as compared to the control mortar.
The incorporation of G. stearothermophilus has catalyzed the occurrence of wol-
lastonite (CaSiO;) capable to upgrade concrete properties by modifying its pore
structure [69].

Geobacillus species can be used for cultivation and study of other bacteria. Many
microorganisms in nature cannot be successfully cultured under artificial condi-
tions, even in the presence of appropriate nutrients. Symbiobacterium toebii requires
some growth-supporting factors from its partner bacterium G. toebii and does not
show sustainable growth in artificial culture in the absence of the partner or its
supernatant/cell-free extract [70]. Geobacillus sp. W2-10 enhances the cellulose-
degrading activity of cellulolytic bacteria Clostridium thermocellum CTL-6 in
peptone-cellulose solution medium under aerobic conditions. Cellulose degradation
efficiency of filter paper and alkaline-treated wheat straw significantly increased up
to 72.45 and 37.79%, respectively. The carboxymethyl cellulase activity and biomass
productively of CTL-6 also rose from 0.23 U/ml and 45.1 pg/ml up to 0.47 U/ml and
112.2 pg/ml, respectively. In addition, coculture resulted in the accumulation of
acetate and propionate up to 4.26 and 2.76 mg/ml [71].

Geobacillus species are able to reduce effects of osmotic stress in plants. G. cal-
doxylosilyticus IRD, halophilic facultative aerobic bacterium, inoculated into 5-day-
old maize cultivars prior to treatment with 350 mM NaCl for 10 days improved

10



Geobacillus Bacteria: Potential Commercial Applications in Industry, Bioremediation...
DOI: http://dx.doi.org/10.5772/intechopen.76053

maize growth and dry weight. The number of vascular bundles decreased in roots
and increased in leaves upon inoculation with bacteria. In addition, the accumula-
tion of toxic Na" and Cl” was much lower in treated seedlings. Proline level, stress
indicator, became two to four times higher in seedlings exposed to salt without
Geobacillus [72].

Crystalline bacterial cell surface layers (S-layers) are composed of identical
proteins or glycoprotein subunits which can self-assemble into two-dimensional
crystalline arrays. It has been shown that S-layers of Geobacillus could be used
as a biological template for immobilization of molecular array and provide new
approaches for nanoelectronic biosensor design [73].

Probiotics are health-promoting microbial agents. Mechanisms of probiotic
action are diverse. Positive effect can be expressed as direct action on the organism,
like enhancement of barrier function, metabolism, immunomodulatory effects, or
action on pathogenic microorganisms via secretion of bioactive compounds and/
or competition with pathogens (Figure 2). The global probiotics market reached
$31.8 and $34.0 billion in 2014 and 2015, respectively. The market capacity is likely
to expand to $50.0 billion by 2020, growing at compound annual growth rate of
8.0% from 2015 to 2020 (Figure 3) [74]. Lactic acid bacteria are main sources of
probiotics. However, it was reported that a number of bacteria such us Bacillus
spp., Aevomonas hydrophila, and yeasts such us Saccharomyces boulardii, Candida
famata, and Candida parapsilosis possess probiotic potential. Geobacillus species are
not usually regarded as probiotic candidates, but these bacteria are able to produce
a number of beneficial compounds that can favorably influence the organism or
demonstrate antimicrobial features. Some bacteria show the adherence ability.
Thus, Geobacillus species can be considered as potential sources of probiotics [75].

Due to their resistance and spore formation, geobacilli may be used as biologi-
cal indicators of sterility. They are usually applied in the studies on efficiency of
sterilization processes [76-78]. Finally, Geobacillus species can find use in engi-
neering applications, such as directed evolution of robust variants of mesophilic
proteins [79].

Mechanisms of probiotic
bacteria beneficial action
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Figure 2.
Mechanisms of beneficial action of probiotic bacteria.
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Figure 3.
Probiotics market (USD billion dollars) growth (years 2007—-2020).

5. Production and applications of thermostable enzymes of Geobacillus
bacteria

Pectinases or pectinolytic enzymes hydrolyze pectic substances. Pectinolytic
enzymes are involved in fruit juice extraction and clarification, scouring of cotton,
degumming of plant fibers, wastewater treatment, vegetable oil extraction, tea and
coffee fermentations, bleaching of paper, in fabrication of poultry feed additives
and alcoholic beverages, and in food industries [80]. The raw pressed juice is rich
in insoluble particles mainly made up by pectic substances. It is difficult to extract
juice by pressing or using other mechanical methods. The addition of pectinases
decreases viscosity of the fruit juice, leading to its higher yields. These enzymes are
produced by numerous bacteria, including Geobacillus species. The purified pectin
lyase of G. pallidus P26 retained stability and full activity after 24 h incubation in
temperature range from 40 to 50°C. Its activity decreased when the temperature
increased above 70°C. However, the purified enzyme from thermophilic bacteria
can keep its activity for 2 and 5 h at 80 and 70°C, respectively. In addition, the activ-
ity fell only by 50% after 24 h at 60°C. The optimal pH value for pectin lyase was 9,
and it remained active between pH 5 and 11. Compared to the control, the enzyme
increased juice yield from apple, banana, carrot, and peach pulps. Nevertheless, the
results obtained for purified enzyme were less than those for commercial Pectinex
100 L Plus [81].

a-Amylase is one of the enzymes of worldwide interest in food, pharmaceutical,
and fermentation industries. The moderate thermostability and Ca** requirement of
a-amylases limit their industrial potential. The supplementation of wheat flour with
hyperthermostable and Ca**-independent a-amylase of G. thermoleovorans NP54
accelerated the rate of fermentation and reduced the viscosity of dough, resulting in
the improved volume and texture of bread, its increased shelf life and softness [82].
The same amylase used in starch saccharification produced hydrolysate containing
a high proportion of maltose. As a consequence, this enzyme can find use in the
manufacture of high maltose syrups consumed by the food, chemical, and phar-
maceutical industries [83]. The amylase from Geobacillus sp. IIPTN was stable over
a broad range of temperatures from 40 to 120°C and pH from 5 to 10 and showed
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resistance to protease. These characteristics emphasize the enzyme potential in
industrial applications [84]. Engineered a-amylase of G. stearothermophilus US100
with its significantly lower requirement for calcium ions, high resistance to thermal
inactivation, to chelators, to protease, and to oxidative additives, in conjunction
with well-preserved activity after storage, may be an excellent candidate for manu-
facturing enzyme detergent [85].

a-Glucosidases are hydrolases releasing a-glucose from the ends of the sub-
strates such as oligo- and polysaccharides. They are usually found in association
with other amylolytic enzymes which accomplish complete degradation of starch.
a-Glucosidases show diversity in substrate specificity and transglycosylation
activities, and such specificity differs considerably with the enzyme source. They
have a number of potential applications in fundamental research, industrial
starch processes, a-amylase assay Kkits for clinical laboratories, and synthesis of
oligo-, di-, and trisaccharides. The thermostable exo-a-1,4-glucosidase of strain
G. thermodenitrificans F84a remained active over temperature range 35-70°C and
pH range 4.5-11.0, with optimum activity at 60°C and pH 7.0. The a-glucosidase
hydrolyzed a-1,6, a-1,3, and a-1,4 bonds of substrate molecules in addition to a
high transglycosylation activity. The enzyme was also found to be resistant to most
of the denaturing agents and inhibitors. The characteristics of a-glucosidase make
it a promising agent for biotechnological processes. It can be used for enzymatic
synthesis of novel tri- and oligosaccharides due to high conformational stability
and transglycosylation activity [86]. a-Glucosidase from Geobacillus sp. strain
HTA-462 isolated from sediment of the Mariana Trench exclusively hydrolyzed
a-1,4-glycosidic linkages of oligosaccharides in an exo-type manner. The enzyme
showed an overwhelming transglycosylation activity and glycosylated various non-
sugar molecules when maltose was used as a sugar donor. It converted maltose to
isomaltose. a-Glucosidase is also a potential catalyst in the biosynthesis of complex
carbohydrates [87].

Cellulose is the major component of plant biomass. The enzymes degrading it
are applied in the textile industry for cotton softening, in the production of deter-
gents for color care and cleaning, in the food industry for mashing, and in the pulp
and paper industries for deinking, drainage promotion, and fiber modification.
Thermophilic cellulases show advantages in many industrial applications because
elevated processing temperatures provide for accelerated reaction rates, increased
solubility of reagents and reduced contamination. Endoglucanase of Geobacillus
sp. 70PC53 expressed an optimal activity at 65°C and pH 5.0, and it exhibited
10-fold higher specific activity than the commercially available Trichoderma reesei
endoglucanase. The enzyme displayed activity over a broad temperature range
from 45 to 75°C and good prospects in biomass conversion, detergent upgrading,
paper pulping, textile manufacturing, and juice clarification [88]. The thermophilic
Geobacillus sp. T1 is able to grow and produce cellulase efficiently on untreated
wheat and barley straw as the sole carbon sources. It harbors the potential for con-
version of agricultural biomass to fuels [89]. Endocellulase of G. thermoleovorans T4
can hydrolyze carboxymethylcellulose, phosphoric acid-swollen cellulose, Avicel,
filter paper, and salicin. When the strain was grown in medium with carboxymeth-
ylcellulose, the cellulolytic enzyme activity in culture supernatants was stable up
to 70°C. More than 10% of the original activity was still detectable after heating to
100°C at pH 7.0 for 1 h [90].

Lipase catalyzes hydrolysis of triglycerides and produces esters by esterification
reaction. They are used in many sectors such as food, pharmaceutical, chemical,
petrochemical, biodiesel, and in detergent industries. Their main application is the
enantioselective synthesis of precursors of pharmaceutically active compounds
and the conversion of natural fats and oils into high-value products such as cocoa,
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butter, and oil enriched with omega-3 fatty acids. Thermostable lipases are char-
acterized by inherent stability, so that they can find use in various industries and
biotechnological sectors as additives to detergents, food processing aids, environ-
mental bioremediation agents, and molecular biology tools. Lipase from Geobacillus
sp. immobilized by surface adsorption onto silica showed maximum activity at
temperature 55°C and 82.94% yield of methyl salicylate. The latter has various
medicinal applications, like control of muscular pain [91]. In leather industry, the
addition of hydrolytic enzymes such as lipases and proteases in the soaking step
facilitates fat degradation and raises leather quality. Thermoalkaliphilic lipase from
G. thermoleovorans DA?2 is produced in high amounts using cheap substrate, such

as fatty restaurant wastes, thus making the production process cost-effective. The
lipase with Triton X-100 proved the best degreasing agent by lowering the total
lipid content to 2.6% as compared to kerosene, commonly utilized organic solvent,
(7.5%) or the sole crude enzyme (8.9%). As a result, the chemical leather process
can be substituted with thermoalkaliphilic lipase treatment to upgrade the quality
of leather and reduce the environmental hazards [92]. Thermostable lipase from

G. thermodenitrificans IBRL-nra exhibited the highest stability in the presence

of acetone, ethanol, and acetonitrile and showed elevated activity (220%) when
pretreated with Triton X-100. It could preserve 100% of its activity in the presence
of protease up to 4 h and could retain 70% of its initial activity after 24 h of incuba-
tion; hence, the enzyme can be applied in biotechnological processes and industries
[93]. Lipase from G. thermodenitrificans nr68 has expressed great enzymatic
biodeinking activity toward a laser jet printed paper, with deinkability brightness
test of 55%, a value that was slightly lower than that shown by a commercial lipase
(63%). Such lipases can be used in the recycling of waste paper [94]. Geobacillus sp.
T1 lipase fused with a cellulose binding domain has a strong medium chain (C8:0
and C10:0) preference and acts weakly on C18:1 n-9 in acidolysis reactions. This
enzyme could be used as a potential biocatalyst in the synthesis of structured lipids.
The latter are triacylglycerols carrying particular fatty acids in certain positions of
the glycerol backbone, which provide for nutritive or therapeutic purposes [95].

Pullulanases are debranching enzymes able to hydrolyze the alpha-1,6 glycosidic
linkage in pullulan, starch, amylopectin, and related oligosaccharides. Pullulanase
is used for the production of glucose or maltose syrups in a two-stage liquefaction
and saccharification process. Temperature variation in the saccharification process
causes deactivation of enzymes and therefore the increase of enzyme costs, so that
application of thermostable pullulanase could decrease the industrial costs and
increase the process efficiency by merging the two-step liquefaction and sacchari-
fication scheme into one stage. The enzyme from strain Geobacillus sp. LM14-3
showed maximum activity at 60°C and pH 6.5 with a half-life time about 56 h,
which favors the potential industrial application [96].

Xylan is a major component of hemicellulose. Its complete hydrolysis requires
the combined action of various enzymes, like endo-1,4-B-xylanase, p-xylosidase,
a-arabinofuranosidase, acetylxylan esterase, a-glucuronidase, and feruloyl esterase.
Applications of xylanases include food, pulp and paper industry, and agriculture.
The great majority of these enzymes are optimally active in the acidic or neutral pH
range at temperatures up to 60°C. Since the incoming pulp for enzymatic bleach-
ing is hot and alkaline, the use of thermostable alkaline xylanases is very attractive
from economical and technical point of view. Geobacillus sp. 71 produces xylanase
at optimum temperature 75°C and pH 8.0, but it is active over a broad pH range.
The action of the enzyme on oat spelt xylan produced xylobiose and xylotetrose.
Due to its characteristics, the enzyme is a promising candidate for the production
of xylosaccharides in the pulp and paper and food industries [97]. Xylanase of G.
thermoleovorans was optimally active at pH 8.5 and 80°C, and it was found to be
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useful in the pulp prebleaching process, since cellulases may adversely affect the
quality of the paper pulp by destroying the structure of cellulose [98]. The immo-
bilized xylanase from thermophilic Geobacillus sp. TF16 displayed an increase in
optimum temperature from 55 to 65°C and shift in the pH value from 6.0 to 8.5 as
compared to the free enzyme. The enzyme was found to be effective in release of
the reducing sugars from juice and poultry feed and oven spring in bakery [99]. The
B-xylosidase of the extremely thermophilic G. thermodenitrificans is optimally active
at 60°C and pH 7.0 and it catalyzes transxylosylation reactions in the presence

of alcohols as acceptors. The pharmaceutically important f-methyl-D-xylosides
could be produced using f-xyloside as the donor and methanol as acceptor [100].
L-Arabinosyl residues widely distributed in hemicelluloses constitute monomeric
and/or oligomeric side chains on the $-(1 — 4)-linked xylose or galactose backbones
in xylans, arabinoxylans, and arabinogalactans and make up the core in arabinans
forming a-(1 — 5)-linkages. a-L-Arabinofuranosidases are enzymes hydrolyzing
terminal nonreducing a-L-arabinofuranosyl groups in L-arabinose-containing
polysaccharides. a-L-Arabinofuranosidase from G. caldoxylolyticus TK4 released
L-arabinose from arabinan and arabinooligosaccharides. No endoarabinanase
activity was detected. L-Arabinose has a sweet taste, is not readily assimilated by the
body, hence it can be used as a food additive [101].

Gellan synthesized by Sphingomonas paucimobilis is the microbial exopolysac-
charide finding recently extensive use in food, pharmaceutical industries and in
microbial cultivation media. Gellan lyase lowers the gellan viscosity in solutions
and might broaden its current spectrum of application. However, gellan is soluble
at temperatures higher than 50°C, so that industries need a thermostable gellan
lyase. The enzyme from G. stearothermophilus 98 demonstrated maximum activity
at 70°C. The thermal denaturation curve of the enzyme at 214 nm showed a highly
cooperative transition with a midpoint at about 75°C. Kinetic studies indicated high
affinity of the enzyme to gellan as a substrate. A single product was identified after
enzyme action on gellan [102].

p-Galactosidases catalyze hydrolysis of lactose into glucose and galactose and
take part in transgalactosylation reaction that produces galactooligosaccharide.
B-Galactosidase has been used in biopharmaceutical, food, and dairy industries to
prevent crystallization of lactose, to improve sweetness, to increase the solubility
of milk products, to prepare low lactose-containing food products for relatively
lactose-intolerant people, and to utilize cheese whey, which would otherwise
become an environmental pollutant [103]. Some Geobacillus species possess these
enzymes. Evolved p-galactosidases BgaB from G. stearothermophilus KVE39 provide
for transglycosylation of lactose into oligosaccharide characterized as 3'-galactosyl-
lactose. Galactooligosaccharides are established prebiotic food ingredients used to
promote the development of bifidobacteria and lactobacilli in the large intestine in
order to reduce growth of pathogenic microorganisms [104].

Monosaccharides are applied as low-calorie sweeteners, bulking agents, anti-
oxidants, glycosidase inhibitors, and nucleoside analogs. Production of monosac-
charides can be catalyzed by isomerases. A recombinant mannose-6-phosphate
isomerase from G. thermodenitrificans isomerizes aldose substrates possessing
hydroxyl groups oriented in the same direction at the C2 and C3 positions such as
the D- and L-forms of ribose, lyxose, talose, mannose, and allose. The enzyme was
shown to catalyze the conversion of D-lyxose to D-xylulose with 38% yield after
3 h, and conversion of L-ribose to L-ribulose with 29% yield [105].

Keratin is the insoluble fibrous hard-to-degrade protein of feathers, wool, hair,
including other epidermal appendages. It accounts for nearly 90-95% of feather
weight, which constitutes up to 10% of the total chicken weight. The increased
amounts of keratin by-products may represent a pollution problem. Keratinolytic
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proteinases or keratinases are known to utilize insoluble substrates such as fibrin,
keratin, elastin, and collagen, and soluble substrates such as sodium caseinate,
albumin, and gelatin. These enzymes have potential outlets in biomedicine, phar-
maceutics, cosmetics, and waste bioconversion. A keratinolytic proteinase from

G. stearothermophilus AD-11 shows optimal activity at pH 9 and 60°C and degrades
keratin from wool > collagen > sodium caseinate > gelatin > and bovine serum
albumin in descending order with production of high-value small peptides suitable
for industrial applications [106].

Hydroxamic acids are weak organic acids. They are key pharmacophores in
chemotherapeutic formulas possessing a wide spectrum of activities as growth
factors, food additives, tumor inhibitors, antimicrobial, antituberculosis and
antileukemic agents. Acetohydroxamic acid is a potent and irreversible inhibi-
tor of bacterial and plant urease used in adjunctive therapy of chronic urinary
infections. It also selectively shows anti-HIV activity and inhibits arachido-
nate 5-lipoxygenase, demonstrating potential use in the treatment of asthma.
Intracellular amidase of G. pallidus BTP-5x MTCC 9225 showed complete conver-
sion of acetamide to acetohydroxamic acid in 1 h at 50°C. At 65°C, the rate of
reverse reaction was found to be higher. The acetamide bioconversion rate for the
strain was 90-95% and 51 g powder containing 40% acetohydroxamic acid was
recovered after lyophilization [107].

Chiral a-hydroxy acids are used in the production of pharmaceuticals and
other fine chemicals. L-Lactate dehydrogenase from the thermophilic organism G.
stearothermophilus may be employed for the industrial synthesis of chiral a-hydroxy
acids. It is also possible to engineer the enzyme with enhanced activity toward the
selected a-keto acids, besides natural substrates [108].

Recombinant alcohol dehydrogenase from G. stearothermophilus takes part in
the biocatalytic synthesis of m-oxo lauric acid methyl ester (OLAMe), a key inter-
mediate in bio-based polyamide 12 production from the corresponding long-chain
alcohol. The enzyme provides for up to 23% conversion of the substrate to OLAMe
after 30 min. No overoxidation to the dodecanoic diacid monomethyl ester was
detected. Thus, the engineered alcohol dehydrogenase is a promising biocatalyst for
industrial polymer production [109].

Amidases are among the most widely used amide-hydrolyzing enzymes. They
find use as catalysts in the treatment of industrial effluents containing toxic amides,
in organic synthesis, and as therapeutic agents. The amidase of G. pallidus RAPc8
exhibited high thermal stability at 50 and 60°C, with half-lives over 5 h at both
temperatures. At 70 and 80°C, the half-life values were 43 and 10 min, respectively.
The enzyme catalyzed the hydrolysis of low molecular weight aliphatic amides,
with D-selectivity toward lactamide. Acyl transfer reactions were demonstrated
with acetamide, propionamide, isobutyramide, and acrylamide as substrates and
hydroxylamine as the acyl acceptor. This amidase shows potential for application
as a biocatalyst for D-selective amide hydrolysis yielding enantiomerically pure
carboxylic acids and for the production of novel amides by acyl transfer [110].
Acrylamide is extensively used as a monomer in the synthesis of polyacrylamides,
in dye composition, in gels for electrophoresis, in contact lenses, in food wraps, and
in construction grouts. However, it displays many toxic properties such as neuro-
toxicity, genotoxicity, and carcinogenicity and can cause water and soil pollution.
Acrylamidase from G. thermoglucosidasius AUT-01 is able to transform acrylamide to
acrylic acid with pH and temperature optima of 6.2 and 70°C [111].

L-Nucleosides have been widely used as nucleoside-analog drugs in the treat-
ment of severe viral diseases because they have more potent biological activities
and lower toxicities than the corresponding D-nucleosides. L-Ribose is a potential
starting material for the synthesis of many antiviral drugs, such as L-nucleoside

16



Geobacillus Bacteria: Potential Commercial Applications in Industry, Bioremediation...
DOI: http://dx.doi.org/10.5772/intechopen.76053

derivatives. A triple-site variant of mannose-6-phosphate isomerase from G.
thermodenitrificans demonstrated 3.1 and 7.1 times higher specific activity and
catalytic efficiency, respectively, for L-ribulose isomerization compared to the
wild-type enzyme at pH 7.0 and 70°C. The triple-site variant produced 213 g/I
L-ribose from 300 g/1 L-ribulose by 60 min, which exceeded 4.5 times the level of
the wild-type enzyme. The specific activity, catalytic efficiency, and productivity of
the variant were approximately two-fold higher than those of the Thermus ther-
mophilus R142N isomerase, which exhibited the highest values previously reported
[112]. Recombinant thermostable enzymes purine nucleoside phosphorylase II and
pyrimidine nucleoside phosphorylase from G. stearothermophilus B-2194 retained
high activity after 20 reuses in nucleoside transglycosylation reactions at 70-75°C
with yields of the target products as high as 96%. These enzymes are suitable for the
production of pharmacologically important natural and modified nucleosides [113].

Phytic acid is the most important storage form of inositol and phosphate in
plants constituting approximately 5% of the dry weight of seeds in legumes and
grain cereals. Phytic acid can form complexes with proteins and ions such as magne-
sium, calcium, zinc, and iron and act as antinutritional factor. Addition of phytases
to animal feed can be an effective strategy to decrease phosphorus contamination
and increase the bioavailability of phosphorus and essential minerals to animals.
After 4 h incubation, hydrolysis capacity of chitosan- and Ca-alginate immobilized
phytases of Geobacillus sp. TF-16 for soy milk phytate was calculated as 24 and 33%,
respectively. The chitosan- and Ca-alginate immobilized enzymes conserved their
original activity after 8 and 6 cycles of reuse, respectively [114].

Bacteria modulate their population density via the regulatory mechanism called
quorum sensing. The latter takes part in bioluminescence, antibiosis, biofilm devel-
opment, and control of expression of virulence genes. The Gram-negative bacteria
use N-acylhomoserine lactone (AHL) as the quorum sensing signal. G. caldoxy-
losilyticus YS-8 was found to produce AHL lactonase degrading various AHLs. This
enzyme can be further used in medical applications [115].

Some enzymes of Geobacillus species can be engaged in biotechnologies. GeolCI
from Geobacillus sp., a member of atypical IIS restriction endonucleases, recog-
nizing/cleaving 5'-GCAGC(Ng,1;)-3" DNA sequences is highly active at elevated
temperatures, up to 73°C and over a very wide salt concentration range, and hence
can be applied in DNA manipulations [116]. f-Galactosidases are also objects
for molecular applications in thermophiles and under anaerobic conditions. The
enzyme from G. stearothermophilus functions both as a marker, when it cleaves
thermostable dye, 3,4-cyclohexenoesculetin 8-d-galactopyranoside (S-gal) to black
product, and as a reporter enabling quantitative measurement by a simple colori-
metric assay [117].

Aldehyde dehydrogenases are a group of diverse enzymes catalyzing the oxida-
tion of aldehydes to carboxylic acids, using NAD" or NADP" as the coenzyme.

The enzyme from G. thermodenitrificans NG80-2 demonstrated a broad substrate
range including both aliphatic and aromatic aldehydes. It is expected to play a role
in the degradation of alkanes and aromatic hydrocarbons present in crude oil.

The aldehyde dehydrogenase activity was detected in the temperature range from
40 to 70°C, and in the pH range from 6.0 to 8.8. The optimum temperature was
determined to be 60°C and the optimum pH 8.0. The enzyme was inactivated after
incubation at 80°C [118].

Purification protocols for enzymes include several steps. The initial step is the
release of the enzyme from the cell material, if the protein is not secreted by the
organism into the surrounding solution. This procedure requires either a mechani-
cal or chemical lysis of the cells. Techniques vary from gentle methods such as
osmotic shock, detergent lysis, or enzymatic digestion to more vigorous methods
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Bacteriophage lytic and lysogenic cycles.

such as homogenization in a blender, grinding with an abrasive substance or
ultrasonication. The selected procedure must not damage the target enzyme, and
therefore, the conditions must be optimized for each cell type and target enzyme

in terms of the pH of the extraction buffer, the temperature, and the concentration
of certain components of the buffer such as detergents, salts, or reducing agents.
The next step after clarification is the concentration of the enzyme preparation.
Dialysis can be performed prior to this procedure in order to remove salts from

the cell extract. The most common concentration procedures are ammonium
sulfate precipitation, ultrafiltration, and ion exchange chromatography [119].
Purification of Geobacillus proteins follows the same steps. Cell-free supernatant of
exo-a-1,4-glucosidase-producing strain G. thermodenitrificans F84a was removed
from the medium by centrifugation, fractioned with solid ammonium sulfate,
dialyzed overnight and centrifuged to remove insoluble residues. Then, the sample
was concentrated 6.5-fold by centrifugation, suspended in Tris-HCI buffer (pH

8.0) and applied to cation-exchange chromatography [86]. The culture broth

with amylase-producing Geobacillussp. IIPTN was centrifuged; then supernatant
was collected and filtered followed by ion-exchange chromatography [84]. Cells

of amidase-producing G. pallidus RAPc8 were harvested by centrifugation and
resuspended in an appropriate amount of potassium phosphate buffer. Cell lysis was
achieved by freezing the cells at -20°C overnight, thawing at room temperature and
sonication for 6-10 cycles. After subsequent centrifugation, the soluble fraction was
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heat-treated. Then, precipitated proteins were removed by centrifugation. Further
purification was performed by gel exclusion chromatography [110].

Besides bacteria themselves, their bacteriophages are also potential sources of
enzymes. Viruses constitute a major component of the biosphere, playing a significant
role in nutrient and energy turnover of carbon, nitrogen, and phosphorus, and produc-
ing important impact on the evolution of their hosts. Thermophilic viruses are worse
studied compared to the mesophilic viruses, and the majority of them infect archaeal
genera. Generally, the life cycle of bacteriophage includes several programmed steps,
such as phage adsorption to host cell surface, injection of phage genomic DNA into
bacterial cell, metabolic transition from host to phage, phage genome replication, phage
morphogenesis, phage package, and lysis of the host (Figure 4). Bacteriophage-host
protein interactions in high-temperature environment remain poorly understood.
Nevertheless, studies are carried out, like the discovery that the host’s aspartate amino-
transferase, chaperone GroEL, and viral capsid protein VP371 of bacteriophage GVE2
(host Geobacillus sp. E263) formed a linearly interacted complex for protection of the
virus reproduction in high-temperature environment [120]. Because of adaptation to
extreme conditions, such bacteriophages can be used as sources of ligases, polymerases,
and nucleases for biotechnological processes [121].

6. Bioenergy technologies: the potential of biological processes

The growing demand for energy to keep up with the industrial spurt and the
rampant urbanization has created a huge shortfall, urging to resort to alternative
energy options. The global bioenergy market is anticipated to reach $246.52 billion
by 2024 from $158.39 billion in 2015. During the forecast period of 2016-2024, the
global market is expected to rise at a compound annual growth rate of 4.9% [122].
Bioenergy is renewable resource derived from organic matter (biomass), i.e., all
materials of biological origin not embedded in geological formations (fossilized).
Biomass can be used in its original form as fuel, or be refined to different kinds
of solid, gaseous, or liquid biofuels. The supply of biomass can be provided from
forestry, agriculture, industrial, and municipal waste [123].

Bioenergy is divided into three broad categories: solid biomass (e.g., wood, har-
vesting residues), liquid biofuels (e.g., bioethanol, biodiesel), and gaseous biofuels
(e.g., biogas). Bioenergy accounted for 14% of the global energy consumption in 2012
with roughly 2.6 billion people dependent on traditional biomass for power supply
(Figure 5). USA and Brazil lead the world in production and consumption of liquid
biofuels for transport accounting for almost 80% of the market. The production of
all biofuels in the Americas increased from about 16 billion liters in 2000 to 79 billion
liters in 2012. The use of biomass for electricity is prominent in Europe and North
America—predominantly produced from forestry products and residues. The Europe
and American continent contribute more than 70% of overall consumption of biomass
for electricity. In 2013, 462 TWh of electricity was produced globally from biomass.
The major use of biomass is household heating in rural and developing countries [123].

Bioethanol is a biodegradable, renewable energy resource which is produced
from biomass through sugar fermentation and chemical process. It forms an
attractive alternative to conventional fuel sources owing to its high octane value
and lower greenhouse gas emissions. Bioethanol can be used as a motor fuel, fuel
for power generation, feedstock for chemical industry, substrate for fuel cells and
cogeneration systems, in cosmetic technology, and in manufacturing processes due
to its clean burning and ready availability [124]. The global bioethanol market is
projected to reach USD 68.95 billion by 2022, at a compound annual growth rate of
5.3% between 2017 and 2022 [125].
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Ethanol produced from renewable sources by fermentation is the most promis-
ing biofuel and the starting material for various chemicals. Substrates for ethanol
production can be classified into three main groups: (1) those containing consider-
able amounts of readily fermentable sugars (sugarcane, sugar beet, and sweet
sorghum), (2) starches and fructosans (corn, potatoes, rice, wheat, and agave),
and (3) cellulosics (stover, grasses, corn cobs, wood, and sugarcane bagasse) [126].
Ethanol-producing microorganisms such as Saccharomyces cerevisiae and Zymomonas
mobilis lack amylases and cellulases and are unable to directly convert starch and
cellulosics into ethanol. Traditionally, the starch is hydrolyzed enzymatically into
fermentable sugars via liquefaction and saccharification processes prior to ethanol
fermentation [82].

Biodiesel is a mixture of long-chain monoalkylic esters of fatty acids obtained
from renewable resources, to be used in diesel engines, alone or blended with diesel
oil. The global biodiesel market size was estimated as USD 28.04 billion in 2016 and
is likely to reach USD 54.8 billion by 2025. The market is expected to expand at 7.3%
compound annual growth rate owing to increasing demand for biodiesel as automo-
bile fuel with eco-friendly characteristics. The automotive fuel segment accounts
for over 75% of the market [127]. The raw materials for biodiesel production are
vegetable oils, animal fats, and short-chain alcohols. Biodiesel is produced by trans-
esterification reaction. This chemical reaction converts vegetable oil or animal fat
into a mixture of esters of the fatty acids that make up oil or fat. Biodiesel is derived
by purification of the mixture of fatty acid methyl esters. Transesterification can be
basic, acidic, or enzymatic. In the latter case, lipases are used [128].

Global isobutanol market demand was estimated at 552.4 kilo tons in 2014. It is
used as a raw material for the production of various chemicals, including cleaners
and coating solvents, isobutyl esters, extractants for pharmaceuticals, textiles,
polish additive, gasoline admixture, agricultural products, and biofuel. The global
isobutanol market is expected to reach USD 1.18 billion by 2022. Synthetic isobu-
tanol was the largest product segment accounting for 58.1% of total market volume
in 2014. Bio-based isobutanol is estimated to witness the highest growth of 7.0%
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from 2015 to 2022 [129]. Isobutanol can be a better biofuel than ethanol due to its
higher energy capacity and lower hygroscopicity. Furthermore, the branched-chain
structure of isobutanol gives a higher octane number than the isomeric z-butanol.
Bacteria have been shown to produce this compound, but isobutanol demonstrated
toxicity to cells, forcing to use more resistant microorganisms [130].

Biogas, a mixture of methane and carbon dioxide, is produced from the metha-
nogenic decomposition of organic waste under anaerobic conditions. Between
2009 and 2015, the number of biogas plants in Europe increased significantly
from around 6000 to nearly 17,000. Total European Union biogas primary energy
production in 2014 was estimated at 14.9 Mtoe, up 6.6% from the previous year.
About 57 TWh of EU electricity was produced from biogas in 2014, up 9% from
2013. However, biogas share is only 1.9% of the total electricity generation. USA has
been slower in launching biogas plants, with around 2200 in operation, of which
the majority are run at wastewater treatment facilities [131].

Geobacillus species have been shown to produce or stimulate synthesis of some
biofuels. Nevertheless, investigations of Geobacillus role in these processes started
recently.

7. Geobacillus bacteria in bioenergy technologies and applications

The demand for energy production is at an all-time high level. Fossil materi-
als, like coal and oil, are important fuels; however, they are considered as non-
renewable resources raising serious environmental concerns. Bioenergy is the
alternative source of fuels. Multiple approaches are currently explored for the use
of microorganisms in the production of biofuel (alcohols, hydrogen, biodiesel, and
biogas) from various starting materials. Geobacillus species able to synthesize a
wide range of enzymes and resistant to high temperatures, allowing to minimize the
risk of contamination and reduce energy consumption for product separation and
fermenter cooling, appear excellent agents for bioenergy production.

Ethanol can be produced through fermentation by various strains of meso-
philic bacteria, yeasts, and fungi. Thermophiles are able to utilize a wide range of
sugars at high temperature converting them into ethanol. Most organisms in this
class do not naturally carry out homoethanol fermentation and do not naturally
exhibit high product tolerance, demanding additional metabolic engineering
[132]. Thermophilic bacterium G. thermoglucosidasius MIOEXG fermented a range
of C5 (e.g., xylose) and C6 sugars (e.g., glucose) and was tolerant to high ethanol
concentrations (10%, v/v). The carbon flux during microaerobic growth was
directed to ethanol, L-lactate (>99% optical purity), acetate, and formate. Under
fully anaerobic conditions, the strain was involved in a mixed acid fermentation
process, achieving a maximum ethanol yield of 0.38 + 0.07 mol/mol glucose [133].
Strains of G. thermoglucosidasius have been engineered to divert their fermentative
carbon flux from a mixed acid pathway to that where ethanol becomes the major
product. The triple mutant TM242 generated ethanol from glucose at yields higher
than 90% of the theoretical value 0.51 g/g with productivity 2.85 g/1/h. In addition,
it was particularly rapid in the metabolism of cellobiose (productivity 3.2 g/1/h)
[134]. Bacterial enzymes can be used in ethanol production. About 20 and 30%
raw pearl millet starch exposure to the above-mentioned hyperthermostable and
Ca’*-independent a-amylase of G. thermoleovorans NP54 for 3 h resulted in the
sugar yields of 68 and 55.8%, respectively. Upon subsequent treatment with amy-
lopullulanase of G. thermoleovorans NP33 for 4 h, 85 and 80% starch saccharifica-
tion rates were attained from 20 and 30% raw starch, respectively. Saccharification
was further enhanced to 98 and 92.4%, respectively, when the hydrolysate was
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treated with glucoamylase of Thermomucor indicae-sedaticae for 12 h. Following
fermentation of reducing sugars in the hydrolysates, ethanol production levels by
S. cerevisiae were 35.40 and 28.0 g/1 [82].

As mentioned above, biodiesel is produced via transesterification reaction,
and in some cases, lipases are used. Lipase from G. thermodenitrificans AV-5
showed molecular weight 50 kDa, temperature and pH optima, 65°C and pH 9.0,
respectively, and was able to efficiently convert waste cooking oil and coconut oil
to biodiesel with yields 76 and 45.5%, respectively [135]. The enzymatic reaction
system enables to utilize low-grade and low-cost feedstock with high free fatty acid
or water content. It reduces the amount of alkali wastewater that requires treatment
and promotes easy recovery of the main product and the by-product glycerol. In
addition, the biocatalyst is biodegradable and when immobilized can be reused for
many production cycles and can lower the operation cost of the process. However,
the major drawbacks of the enzymatic system are relatively high biocatalyst cost
and its limited stability in the presence of high methanol concentrations. In order
to achieve complete conversion of one oil molar equivalent to fatty acid methyl
ester, three molar equivalents of methanol are necessary. Nevertheless, in reaction
systems with more than 1.5 methanol equivalents, the methanol is not completely
dissolved and its droplets stay in the mixture leading to enzyme unfolding and
inactivation. The triple mutant lipase of G. stearothermophilus T6 showed a half-life
value of 324 min in the presence of 70% methanol, which reflects 87-fold enhanced
stability as compared to the wild type. This variant also exhibited an improved bio-
diesel yield from waste chicken oil when compared to commercial Lipolase 100L®
and Novozyme® CALB [136]. The recombinant lipase from G. stearothermophilus
G3 immobilized on the aminated silica gel can be used as a biocatalyst for the
preparation of fatty acid methyl esters from vegetable oils. The optimum reaction
parameters allowed to produce fatty acid methyl esters with 40-43% yield within
96 h [137].

Isobutanol biosynthesis shares intermediates with the valine biosynthesis
pathway, which exists in most microorganisms, including Geobacillus. Engineered
G. thermoglucosidasius variant produced 3.3 g/1 of isobutanol from glucose and
0.6 g/1 of isobutanol from cellobiose by 48 h at 50°C, demonstrating stable isobuta-
nol generation in recombinant bacteria at an elevated temperature [138]. The other
G. thermoglucosidasius culture was able to produce isobutanol in amounts around
50 mg/1 via the conversion of isobutyryl-CoA to isobutyraldehyde by aldehyde
dehydrogenase and from isobutyraldehyde to isobutanol by alcohol dehydrogenase.
It was observed that supplementing the growth medium with an intermediate of
the valine biosynthesis pathway, 2-ketoisovalerate, resulted in increased isobutanol
titers [139].

Acetoin is widely used in food processing, flavoring, cosmetic formulation and
chemical synthesis, while its reduced form, 2,3-butanediol, compares favorably
with ethanol (29,100 J/g) and methanol (22,100 J/g) in heating value (27,200 J/g),
so that 2,3-butanediol can be used as a liquid fuel or fuel additive. Its dehydra-
tion yields the industrial solvent methyl ethyl ketone, which can be hydrogenated
to high octane isomers, suitable for high-quality aviation fuels. Acetoin and
2,3-butanediol are currently fermented below 40°C using mesophilic strains, but
the processes often suffer from bacterial contamination. The application of thermo-
philic strains is able to meet the challenge. Geobacillus strain XT15 generated 7.7 g/1
of acetoin and 14.5 g/l of 2,3-butanediol when incubated with corn steep liquor as
a nitrogen source at 55°C. Acetoin, 2,3-butanediol, and their derivatives accounted
for about 96% of total volatile products, while organic acids and other metabolites
were minor by-products [140].
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Due to its high organic content, sewage sludge is used as a substrate for anaero-
bic digestion to recover biogas. Anaerobic digestion of organic waste material is an
effective technology for both waste disposal and energy generation. The addition of
sludge with aerobic thermophilic (AT) bacteria (closely related to G. thermodenit-
rificans) to methanogenic sludge enhanced the production of biogas. The optimum
added volume and the pretreatment temperature of the AT sludge for optimum
biogas production were 5% and 65°C. The AT sludge inoculated with the AT seed
sludge (mass of sludge containing populations of microorganisms) improved biogas
production by 2.2 times. The addition of bacterial culture reduced volatile solids by
21%, which was higher than 12.6% achieved with the sewage sludge addition. The
bacteria enhanced biogas production more than AT seed sludge [141]. The increased
biogas production from anaerobic digestion of sewage sludge can be caused by the
protease activity [142].

Microbial fuel cells (MFCs), another power-generating system, utilize bacte-
ria acting as living catalysts to convert organic substrates into electricity. MFCs
lack viability in most applications and demand optimization. Recently, it has
been shown that Geobacillus species can be used for energy generation. However,
Geobacillus strain could not produce current in the absence of an exogenous electron
shuttle [143].

8. Conclusion

The Geobacillus species are represented by Gram-positive, aerobic or facultatively
anaerobic, spore-forming, rod-shaped cells. The bacteria able to survive and grow at
high temperatures can be found everywhere. At present, Geobacillus genus comprises
about 20 species, but they are quite heterogeneous and require reclassification.

Owing to the ability of geobacilli to utilize and to produce a wide range of
substances, coupled with resistance to high temperatures, they are considered as
promising agents for many biological processes. Geobacillus genus is a source of a
vast array of thermostable enzymes: amylases, lipases, pectinases, f-galactosidases,
endonucleases, etc. Applications of bacteria and their enzymes range from food
industry and medicine to molecular biology and bioremediation. New investiga-
tions concerning Geobacillus characteristics and spheres of use are carried out every
year.

The growing demand for energy urges researchers and manufacturers to resort
to alternative options. Bioenergy is the attractive source of fuels. It accounted for
14% of the global energy consumption in 2012. Multiple approaches are currently
being probed to use microorganisms in the production of various fuels from diverse
materials. Geobacillus genus demonstrated ability to produce or stimulate synthesis
of some biofuels. Generation of biofuels coupled with resistance to high tempera-
tures allows to enlist Geobacillus bacteria as potential candidates for bioenergy
projects.

Acknowledgements

The work and chapter were funded through the FP7—Seventh Framework
Programme of the European Community for Research and Technological
Development (The ener2i project—Energy to Innovation—Reinforcing coopera-
tion with ENP countries on bridging the gap between energy research and energy
innovation. Reference of the Grant Agreement no: 609532).

23



Growing and Handling of Bacterial Cultures

Author details
Galina Novik™, Victoria Savich' and Olga Meerovskaya®

1 National Academy of Sciences of Belarus, Institute of Microbiology, Minsk,
Belarus

2 Belarusian Institute of System Analysis and Information Support for Scientific
and Technical Sphere, Minsk, Belarus

*Address all correspondence to: galina_novik@mbio.bas-net.by

IntechOpen

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

24



Geobacillus Bacteria: Potential Commercial Applications in Industry, Bioremediation...

DOI: http://dx.doi.org/10.5772/intechopen.76053

References

[1] Logan NA, Vos PD, Dinsdale A.
Geobacillus. In: Whitman WB, editor.
Bergey’s Manual of Systematics of
Archaea and Bacteria. Hoboken, New

Jersey: John Wiley & Sons; 2015. pp. 1-26.

DOI: 10.1002/9781118960608.gbm00533

[2] Zeigler DR. The Geobacillus paradox:
Why is a thermophilic bacterial genus
so prevalent on a mesophilic planet?
Microbiology. 2014;160(Pt 1):1-11. DOI:
10.1099/mic.0.071696-0

[3] Setlow P. Spores of Bacillus subtilis:
Their resistance to and killing by
radiation, heat and chemicals.
Journal of Applied Microbiology.
2006;101(3):514-525. DOI:
10.1111/j.1365-2672.2005.02736.x

[4] Shapton DA, Hindes WR. The
standardisation of a spore count
technique. Chemistry and Industry.
1963;41(6):230-234

[5] Ren XY, Cai HS, Lin X]J, Qiu

HD, Chen JC. Optimum medium
composition for Geobacillus
stearothermophilus CHB1 fermentation.
Fujian Journal of Agricultural Sciences.

2007;2007(1):54-57

[6] Lee YH, Brown MRW, Cheung

HY. Defined minimal media for the
growth of prototrophic and auxotrophic
strains of Bacillus stearothermophilus.
Journal of Applied Bacteriology.
1982;53(2):179-187. DOI: 10.1111/j.1365-
2672.1982.tb04675.x

[7]1 Ahmad S, Scopes RK, Rees GN, Patel
BKC. Saccharococcus caldoxylosilyticus
sp. nov., an obligately thermophilic,
xylose-utilizing, endospore-forming
bacterium. International Journal

of Systematic and Evolutionary
Microbiology. 2000;50 (Pt 2):517-523.
DOI: 10.1099/00207713-50-2-517

[8] Fortina MG, Mora D, Schumann
P, Parini C, Manachini PL,

25

Stackebrandt E. Re-classification of
Saccharococcus caldoxylosilyticus as
Geobacillus caldoxylosilyticus (Ah-mad

et al. 2000) comb. nov. International
Journal of Systematic and Evolutionary
Micro-biology. 2001;51(Pt 6):2063-2071.
DOI: 10.1099/00207713-51-6-2063

[9] Ibrahim MAC, Ahmad WA. Growth
optimization of a thermophilic

strain Geobacillus caldoxylosilyticus
UTME6 isolated from Selayang hot
spring. eProceedings Chemistry.
2017;2(1):119-123

[10] Adkins JP, Cornell LA, Tanner
RS. Microbial composition of
carbonate petroleum reservoir
fluids. Geomicrobiology

Journal. 1992;10(2):87-97. DOI:
10.1080/01490459209377909

[11] Nazina TN, Lebedeva EV, Poltaraus
AB, Tourova TP, Grigoryan AA,
Sokolova DS, Lysenko AM, Osipov

GA. Geobacillus gargensis sp. nov., a
novel thermophile from a hot spring,
and the reclassification of Bacillus
vulcani as Geobacillus vulcani comb.
nov. International Journal of Systematic
and Evolutionary Microbiology.
2004;54(Pt 6):2019-2024. DOI: 10.1099/
ijs.0.02932-0

[12] Cuebas M, Sannino D, Bini

E. Isolation and characterization of
arsenic resistant Geobacillus kaustophilus
strain from geothermal soils. Journal of
Basic Microbiology. 2011;51(4):364-371.
DOI: 10.1002/jobm.201000314

[13] Merkel GJ, Underwood WH, Perry
JJ. Isolation of thermophilic bacteria
capable of growth solely in long-chain
hydrocarbons. FEMS Microbiology
Letters. 1978;3(2):81-83

[14] Zarilla KA, Perry J]. Bacillus
thermoleovorans, sp. nov., a species of
obligately thermophilic hydrocarbon

utilizing endospore-forming bacteria.



Growing and Handling of Bacterial Cultures

Systematic and Applied Microbiology.
1987;9(3):258-264. DOI: 10.1016/
S0723-2020(87)80031-0

[15] Pavlostathis SG, Marchant R, Banat
IM, Ternan NG, McMullan G. High
growth rate and substrate exhaustion
results in rapid cell death and lysis in
the thermophilic bacterium Geobacillus
thermoleovorans. Biotechnology and
Bioengineering. 2006;95(1):84-95. DOL:
10.1002/bit.20962

[16] Somerton B, Palmer ], Brooks

J, Smolinski E, Lindsay D, Flint

S. Influence of cations on growth of
thermophilic Geobacillus spp. and
Anoxybacillus flavithermus in planktonic
culture. Applied and Environmental
Microbiology. 2012;78(7):2477-2481.
DOI: 10.1128/AEM.06951-11

[17] Nazina TN, Tourova TP, Poltaraus
AB, Novikova EV, Grigoryan AA,
Ivanova AE, Lysenko AM, Petrunyaka
VYV, Osipov GA, Belyaev SS, Ivanov
MV. Taxonomic study of aerobic
thermophilic bacilli: Descriptions of
Geobacillus subterraneus gen. nov.,

sp. nov. and Geobacillus uzenensis sp.
nov. from petroleum reservoirs and
transfer of Bacillus stearothermophilus,
Bacillus thermocatenulatus, Bacillus
thermoleovorans, Bacillus kaustophilus,
Bacillus thermodenitrificans to
Geobacillus as the new combinations G.
stearothermophilus, G. th. International
Journal of Systematic and Evolutionary
Microbiology. 2001;51(Pt 2):433-446.
DOI: 10.1099/00207713-51-2-433

[18] Nazina TN, Sokolova DS, Grigoryan
AA, Shestakova NM, Mikhailova EM,
Poltaraus AB, Tourova TP, Lysenko AM,
Osipov GA, Belyaev SS. Geobacillus
Jurassicus sp. nov., a new thermophilic
bacterium isolated from a high-
temperature petroleum reservoir, and
the validation of the Geobacillus species.
Systematic and Applied Microbiology.
2005;28(1):43-53. DOI: 10.1016/j.
syapm.2004.09.001

26

[19] Golovacheva RS, Loginova LG,
Salikhov TA, Kolesnikov AA, Zaitseva
GN. New species of thermophilic
bacilli—Bacillus thermocatenulatus nov.
sp. Mikrobiologiia. 1975;44(2):265-268

[20] Souza AND, Martins

MLL. Isolation, properties and kinetics
of growth of a thermophilic Bacillus.
Brazilian Journal of Microbiology.
2001;32(4):271-275. DOI: 10.1590/
S1517-83822001000400003

[21] Dinsdale AE, Halket G, Coorevits
A, Van Landschoot A, Busse HJ, De Vos
P, Logan NA. Emended descriptions

of Geobacillus thermoleovorans and
Geobacillus thermocatenulatus.
International Journal of Systematic
and Evolutionary Microbiology.
2011;61(Pt 8):1802-1810. DOI: 10.1099/
ijs.0.025445-0

[22] Mora D, Fortina MG, Nicastro G,
Parini C, Manachini PL. Genotypic
characterization of thermophilic
bacilli: A study on new soil isolates and
several reference strains. Research in
Microbiology. 1998;149(10):711-722.
DOI: 10.1016/S0923-2508(99)80018-7

[23] Baek DH, Lee Y], Sin HS, Oh DK. A
new thermophile strain of Geobacillus
thermodenitrificans having L-arabinose
isomerase activity for tagatose

production. Journal of Microbiology
and Biotechnology. 2004;14(2):312-316

[24] Ezeji TC, Wolf A, Bahl H. Isolation,
characterization, and identification

of Geobacillus thermodenitrificans
HRO10, an alpha-amylase and alpha-
glucosidase producing thermophile.
Canadian Journal of Microbiology.
2005;51(8):685-693. DOI: 10.1139/
wO05-054

[25] Suzuki Y, Kishigami T, Abe
S. Production of extracellular alpha-
glucosidase by a thermophilic Bacillus

species. Applied and Environmental
Microbiology. 1976;31(6):807-812



Geobacillus Bacteria: Potential Commercial Applications in Industry, Bioremediation...

DOI: http://dx.doi.org/10.5772/intechopen.76053

[26] Suzuki Y, Kishigami T, Inoue K,
MizoguchiY, Eto N, Takagi M, Abe S.
Bacillus thermoglucosidasius sp. nov., a
new species of obligately thermophilic
bacilli. Systematic and Applied
Microbiology. 1983;4(4):487-495. DOL:
10.1016/50723-2020(83)80006-X

[27] Javed M, Baghaei-Yazdi N, Qin
W, Amartey S. An improved agar
medium for growth of Geobacillus
thermoglucosidasius strains. Journal
of Microbiological Methods.
2017;132:116-118. DOI: 10.1016/j.
mimet.2016.11.014

[28] Kuisiene N, Raugalas ], Chitavichius
D. Geobacillus lituanicus sp. nov.
International Journal of Systematic

and Evolutionary Microbiology.
2004;54 (Pt 6):1991-1995. DOI: 10.1099/
ijs.0.02976-0

[29] Sung MH, Kim H, Bae JW, Rhee
SK, Jeon CO, Kim K, Kim JJ, Hong

SP, Lee SG, Yoon JH, Park YH, Baek
DH. Geobacillus toebii sp. nov., a novel
thermophilic bacterium isolated from
hay compost. International Journal

of Systematic and Evolutionary
Microbiology. 2002;52 (Pt 6):2251-2255.
DOI: 10.1099/00207713-52-6-2251

[30] Poli A, Romano I, Caliendo G,
Nicolaus G, Orlando P, Falco A, Lama L,
Gambacorta A, Nicolaus B. Geobacillus
toebii subsp. decanicus subsp. nov., a
hydrocarbon-degrading, heavy metal
resistant bacterium from hot compost.
The Journal of General and Applied
Microbiology. 2006;52(4):223-234. DOI:
10.2323/jgam.52.223

[31] Caccamo D, Gugliandolo C,
Stackebrandt E, Maugeri TL.
Bacillus vulcani sp. nov., a novel
thermophilic species isolated from a
shallow marine hydrothermal vent.
International Journal of Systematic
and Evolutionary Microbiology.
2000;50(Pt 6):2009-2012. DOI:
10.1099/00207713-50-6-2009

27

[32] Poli A, Laezza G, Gul-Guven R,
Orlando P, Nicolaus B. Geobacillus
galactosidasius sp. nov., a new
thermophilic galactosidase-producing
bacterium isolated from compost.
Systematic and Applied Microbiology.
2011;34(6):419-423. DOI: 10.1016/j.
syapm.2011.03.009

[33] Bryanskaya AV, Rozanov AS,
Slynko NM, Shekhovtsov SV, Peltek
SE. Geobacillus icigianus sp. nov., a
thermophilic bacterium isolated from
a hot spring. International Journal

of Systematic and Evolutionary
Microbiology. 2015;65(Pt 3):864-869.
DOI: 10.1099/ijs.0.000029

[34] Donk PJ. A highly resistant
thermophilic organism. Journal of
Bacteriology. 1920;5(4):373-374

[35] Ash C, Farrow JAE, Wallbanks S,
Collins MD. Phylogenetic heterogeneity
of the genus Bacillus revealed by
comparative analysis of small-subunit-
ribosomal RNA sequences. Letters in
Applied Microbiology. 1991;13(4):202-
206. DOI: 10.1111/j.1472-765X.1991.
tb00608.x

[36] List of Prokaryotic Names with
Standing in Nomenclature: LPSN
[Internet]. 2018. Available from: http://
www.bacterio.net/geobacillus.html
[Accessed: Feb 10, 2018]

[37] Zeigler DR. Application of a recN
sequence similarity analysis to the
identification of species within the
bacterial genus Geobacillus. International
Journal of Systematic and Evolutionary
Microbiology. 2005;55(Pt 3):1171-1179.
DOI: 10.1099/ijs.0.63452-0

[38] Studholme D]J. Some (bacilli) like
it hot: Genomics of Geobacillus species.
Microbial Biotechnology. 2015;8(1):40-
48. DOI: 10.1111/1751-7915.12161

[39] Aliyu H, Lebre P, Blom ], Cowan
D, De Maayer P. Phylogenomic



Growing and Handling of Bacterial Cultures

re-assessment of the thermophilic genus
Geobacillus. Systematic and Applied
Microbiology. 2016;39(8):527-533. DOL:
10.1016/j.syapm.2016.09.004

[40] Tourova TP, Korshunova AV,
Mikhailova EM, Sokolova DS, Poltaraus
AB, Nazina TN. Application of gyrB
and parE sequence similarity analyses
for differentiation of species within

the genus Geobacillus. Microbiology.
2010;79(3):356-369. DOI: 10.1134/
S0026261710030124

[41] Weng FY, Chiou CS, Lin PH,

Yang SS. Application of recA and

rpoB sequence analysis on phylogeny
and molecular identification of
Geobacillus species. Journal of Applied
Microbiology. 2009;107(2):452-464.
DOI: 10.1111/j.1365-2672.2009.
04235.x

[42] Kuisiene N, Raugalas ], Chitavichius
D. Phylogenetic, inter, and intraspecific
sequence analysis of spo0A gene

of the genus Geobacillus. Current
Microbiology. 2009;58(6):547-553. DOI:
10.1007/s00284-009-9366-2

[43] Kuisiene N, Raugalas ], Stuknyte
M, Chitavichius D. Identification

of the genus Geobacillus using
genus-specific primers, based on

the 16S-23S rRNA gene internal
transcribed spacer. FEMS Microbiology
Letters. 2007;277(2):165-172. DOL:
10.1111/j.1574-6968.2007.00954.x

[44] Krilaviciute A, Kuisiene

N. Characterization and evaluation of
tandem repeats for the identification of
Geobacillus. Central European Journal
of Biology. 2013;8(6):549-560. DOI:
10.2478/s11535-013-0168-3

[45] Adiguzel A, Ozkan H, Baris O, Inan
K, Gulluce M, Sahin F. Identification
and characterization of thermophilic
bacteria isolated from hot springs in
Turkey. Journal of Microbiological
Methods. 2009;79(3):321-328. DOI:
10.1016/j.mimet.2009.09.026

28

[46] Seale RB, Dhakal R, Chauhan K,
Craven HM, Deeth HC, Pillidge CJ,
Powell IB, Turner MS. Genotyping of
present day and historical Geobacillus
spp. isolates from milk powders

using high resolution melt analysis
(HRMA) of multiple variable number
tandem repeat (VNTR) loci. Applied
and Environmental Microbiology.
2012;78(19):7090-7097. DOI: 10.1128/
AEM.01817-12

[47] Kuisiene N, Raugalas J, Citavitius
D. Identification of Geobacillus
stearothermophilus by restriction

the amplified 16S rDNA with Alul.
Biologija. 2007;53(4):62-66. DOLI:
10.6001/biologijav53i4.767

[48] Zhou JF, Gao PK, Dai XH, Cui

XY, Tian HM, XieJJ, Li GQ, Ma

T. Heavy hydrocarbon degradation

of crude oil by a novel thermophilic
Geobacillus stearothermophilus strain
A-2. International Biodeterioration and
Biodegradation. 2018;126:224-230. DOI:
10.1016/j.ibiod.2016.09.031

[49] SunY, Ning Z, Yang F, Li

X. Characteristics of newly isolated
Geobacillus sp. ZY-10 degrading
hydrocarbons in crude oil. Polish Journal
of Microbiology. 2015;64(3):253-263

[50] Wenjie X, Li Y, Ping W, Jianlong
X, Hanping D. Characterization

of a thermophilic and halotolerant
Geobacillus pallidus H9 and its
application in microbial enhanced
oil recovery (MEOR). Annals of
Microbiology. 2012;62(4):1779-1789.
DOI: 10.1007/s13213-012-0436-5

[51] Banat IM, Marchant R. Geobacillus
activities in soil and oil contamination
remediation. In: Logan NA, De

Vos P, editors. Endospore-Forming
Soil Bacteria. Berlin, Heidelberg:
Springer; 2011. pp. 259-270. DOL:
10.1007/978-3-642-19577-8_13

[52] Pranckute R, Kaunietis A,
Kananaviciute R, Lebedeva J, Kuisiene



Geobacillus Bacteria: Potential Commercial Applications in Industry, Bioremediation...

DOI: http://dx.doi.org/10.5772/intechopen.76053

N, Saleikiene J, Citavicius D. Differences
of antibacterial activity spectra and
properties of bacteriocins, produced by
Geobacillus sp. bacteria isolated from
different environments. The Journal

of Microbiology, Biotechnology and
Food Sciences. 2015;5(2):155-161. DOI:
10.15414/jmbfs.2015.5.2.155-161

[53] Garg N, Tang W, Goto Y, Nair

SK, van der Donk WA. Lantibiotics
from Geobacillus thermodenitrificans.
Proceedings of the National Academy
of Sciences of the United States of
America. 2012;109(14):5241-5246. DOI:
10.1073/pnas.1116815109

[54] Arivalagan K, Ravichandran
S, Rangasamy K, Karthikeyan
E. Nanomaterials and its potential

applications. International Journal of
ChemTech Research. 2011;3(2):534-538

[55] Salata O. Applications of
nanoparticles in biology and medicine.

Journal of Nanobio-technology.
2004;2:3. DOI: 10.1186/1477-3155-2-3

[56] Fayaz AM, Girilal M, Rahman

M, Venkatesan R, Kalaichelvan

PT. Biosynthesis of silver

and gold nanoparticles using
thermophilic bacterium Geobacillus
steavothermophilus. Process
Biochemistry. 2011;46(10):1958-1962.
DOI: 10.1016/j.procbio.2011.07.003

[57] Ghasemi SM, Dormanesh B,
Hosseini-Abari AS, Aliasghari

A, Farahnejad Z. Comparative
characterization of silver nanoparticles
synthesized by spore extract of

Bacillus subtilis and Geobacillus
stearothermophilus. Nanomedicine
Journal. 2018;5(1):46-51. DOI: 10.22038/
nm;j.2018.05.007

[58] Nara K, Iwata K, Matsui T, Shigeno
T, Omori T. Functional analysis of the
thermophilic denitrifying bacterium
Geobacillus sp. strain TDNO1 in
continuous culture. The Journal of
General and Applied Microbiology.

29

2009;55(2):87-92. DOI: 10.2323/
jgam.55.87

[59] Mahendrakar K, Venkategowda
PM, Rao SM, Mutkule DP. Glyphosate
surfactant herbicide poisoning

and management. Indian Society

of Critical Care Medicine.
2014;18(5):328-330. DOI:
10.4103/0972-5229.132508

[60] Obojska A, Ternan NG, Lejczak B,
Kafarski P, McMullan G.
Organophosphonate utilization

by the thermophile Geobacillus
caldoxylosilyticus T20. Applied

and Environmental Microbiology.
2002;68(4):2081-2084. DOI: 10.1128/
AEM.68.4.2081-2084.2002

[61] Evangelista-Barreto NS,
Albuquerque CD, Vieira RHS, Campos-
Takaki GM. Cometabolic decolori-
zation of the reactive azo dye orange

I1 by Geobacillus stearothermophilus
UCP 986. Textile Research Journal.
2009;79(14):1266-1273. DOL:
10.1177/0040517508087858

[62] Tomita K, Ikeda N, Ueno

A. Isolation and characterization of a
thermophilic bacterium, Geobacillus
thermocatenulatus, degrading nylon
12 and nylon 66. Biotechnology
Letters. 2003;25(20):1743-1746. DOI:
10.1023/A:1026091711130

[63] Ozdemir S, Gul-Guven R, Kilinc E,
Dogru M, Erdogan S. Preconcentration
of cadmium and nickel using

the bioadsorbent Geobacillus
thermoleovorans subsp. stromboliensis
immobilized on Amberlite XAD-4.
Microchimica Acta. 2010;169(1-2):79-
85. DOI: 10.1007/s00604-010-0300-x

[64] Chatterjee SK, Bhattacharjee I,
Chandra G. Biosorption of heavy
metals from industrial waste water
by Geobacillus thermodenitrificans.
Journal of Hazardous Materials.
2010;175(1-3):117-125. DOI: 10.1016/j.
jhazmat.2009.09.136



Growing and Handling of Bacterial Cultures

[65] Ozdemir S, Kiling E, Poli A,
Nicolaus B. Biosorption of heavy
metals (Cd*, Cu**, Co*, and Mn*")
by thermophilic bacteria, Geobacillus
thermantarcticus and Anoxybacillus
amylolyticus: Equilibrium and
kinetic studies. Bioremediation
Journal. 2013;17(2):86-96. DOI:
10.1080/10889868.2012.751961

[66] Arena A, Gugliandolo C,

Stassi G, Pavone B, Iannello D,
Bisignano G, Maugeri TL. An
exopolysaccharide produced by
Geobacillus thermodenitrificans strain
B3-72: Antiviral activity on immuno-
competent cells. Immunology Letters.
2009;123(2):132-137. DOI: 10.1016/j.
imlet.2009.03.001

[67] Jara AM, Andrade RF, Campos-
Takaki GM. Physicochemical
characterization of tensio-

active produced by Geobacillus
stearothermophilus isolated from
petroleum-contaminated soil. Colloids
and Surfaces. B, Biointerfaces.
2013;101:315-318. DOI: 10.1016/j.
colsurfb.2012.05.021

[68] Smerilli M, Neureiter M, Wurz S,
Haas C, Frihauf S, Fuchs W. Direct
fermentation of potato starch and potato
residues to lactic acid by Geobacillus
stearothermophilus under non-sterile
conditions. Journal of Chemical
Technology and Biotechnology.
2015;90(4):648-657. DOI: 10.1002/
jctb.4627

[69] Mohd Azam RMA, Mohd
Saman H, Kamaruddin K, Hussain
N. Enhancement of thermophilic
(Geobacillus stearothermophilus)
cement-sand mortar properties.

In: Yacob N, Mohamed M, Megat
Hanafiah M, editors. Regional
Conference on Science, Technology
and Social Sciences (RCSTSS 2014).
Singapore: Springer; 2016. pp. 79-92.
DOI: 10.1007/978-981-10-0534-3_8

30

[70] Kim JJ, Masui R, Kuramitsu S, Seo
JH, Kim K, Sung MH. Characterization
of growth-supporting factors produced
by Geobacillus toebii for the commensal
thermophile Symbiobacterium

toebii. Journal of Microbiology and
Biotechnology. 2008;18(3):490-496

[71]1 L4Y, Li N, Yuan X, Hua B, Wang J,
Ishii M, Igarashi Y, Cui Z. Enhancing
the cellulose-degrading activity of
cellulolytic bacteria CTL-6 (Clostridium
thermocellum) by co-culture with non-
cellulolytic bacteria W2-10 (Geobacillus
sp.). Applied Biochemistry and
Biotechnology. 2013;171(7):1578-1588.
DOI: 10.1007/s12010-013-0431-8

[72] Kader AEA, Aly MS, Esawy

MA. Inoculation of Geobacillus
caldoxylosilyticus IRD into maize (Zea
mays L.) to sustain tolerance against

high salt stress. Journal of American
Science. 2011;7(1):71-79

[73] Park TJ, Lee SJ, Park JP, Yang MH,
Choi JH, Lee SY. Characterization

of a bacterial self-assembly surface
layer protein and its application as an
electrical nanobiosensor. Journal of
Nanoscience and Nanotechnology.
2011;11(1):402-407. DOI: 10.1166/
jnn.2011.3264

[74] Kumar A. The Probiotics Market:
Ingredients, Supplements, Foods.

2018. Available from:https://www.
bceresearch.com/market-research/
food-and-beverage/probiotics-market-
ingredients-supplements-foods-report-
fod035e.html [Accessed: Sep 20, 2017]

[75] Mahdhi A, Hmila Z, Behi

A, Bakhrouf A. Preliminary
characterization of the probiotic
properties of Candida famata
and Geobacillus thermoleovorans.

Iranian Journal of Microbiology.
2011;3(3):129-134

[76] Mau T, Hartmann V, Burmeister J,
Langguth P, Hiusler H. Development



Geobacillus Bacteria: Potential Commercial Applications in Industry, Bioremediation...

DOI: http://dx.doi.org/10.5772/intechopen.76053

of a sterilizing in-place application for

a production machine using vaporized
hydrogen peroxide. PDA Journal of
Pharmaceutical Science and Technology.
2004;58(3):130-146

[77] Kawamura K, Sakuma A,
Nakamura Y, Oguri T, Sato N, Kido

N. Evaluation of bactericidal effects

of low-temperature nitrogen gas
plasma towards application to short-
time sterilization. Microbiology and
Immunology. 2012;56(7):431-440. DOI:
10.1111/j.1348-0421.2012.00457.x

[78] Szulc M, Schein S, Schaup J,
Zimmermann S, Schein J. Suitability
of thermal plasmas for large-area
bacteria inactivation on temperature-
sensitive surfaces—First results

with Geobacillus stearothermophilus
spores. Journal of Physics: Conference
Series. 2017;825(1):012017. DOI:
10.1088/1742-6596/825/1/012017

[79] Blanchard K, Robic S,

Matsumura I. Transformable
facultative thermophile Geobacillus
steavothermophilus NUB3621 as a host
strain for metabolic engineering.
Applied Micro-biology and
Biotechnology. 2014;98(15):6715-6723.
DOI: 10.1007/s00253-014-5746-z

[80] Jayani RS, Saxena S, Gupta

R. Microbial pectinolytic enzymes:

A review. Process Biochemistry.
2005;40(9):2931-2944. DOI: 10.1016/j.
procbio.2005.03.026

[81] Celik SY, Demir N, Demir',
Adiguzel A, Gulluce M. Production of
pectin lyase from Geobacillus pallidus
p26, purification, characterization and
fruit juice application. Acta Chimica
Slovaca. 2014;7(1):57-63. DOI: 10.2478/
acs-2014-0011

[82] Rao JUM, Satyanarayana

T. Improving production of
hyperthermostable and high maltose-
forming a-amylase by an extreme

31

thermophile Geobacillus thermoleovorans
using response surface methodology
and its applications. Bioresource
Technology. 2007;98(2):345-352. DOL:
10.1016/j.biortech.2005.12.022

[83] Rao JUM, Satyanarayana

T. Statistical optimization of a high
maltose-forming, hyperthermostable
and Ca2+-independent alpha-amylase
production by an extreme thermophile
Geobacillus thermoleovorans using
response surface methodology.
Journal of Applied Microbiology.
2003;95(4):712-718. DOI:
10.1046/j.1365-2672.2003.02036.x

[84] Dheeran P, Kumar S, Jaiswal YK,
Adhikari DK. Characterization of
hyperthermostable alpha-amylase
from Geobacillus sp. IIPTN. Applied
Microbiology and Biotechnology.
2010;86(6):1857-1866. DOI: 10.1007/
s00253-009-2430-9

[85] Khemakhem B, Ali MB, Aghajari
N, Juy M, Haser R, Bejar S. Engineering
of the alpha-amylase from Geobacillus
stearothermophilus US100 for detergent
incorporation. Biotechnology and
Bioengineering. 2009;102(2):380-389.
DOI: 10.1002/bit.22083

[86] Cihan AC, Ozcan B, Tekin N,
Cokmus C. Characterization of a
thermostable a-glucosidase from
Geobacillus thermodenitrificans F84a.
In: Mendez-Vilas A, editor. Current
Research, Technology and Education
Topics in Applied Microbiology and
Microbial Biotechnology, Microbiology
Books Series. Vol. 2. Badajoz, Spain:
Formatex Research Center; 2010.

pp. 945-955

[87] Hung VS, Hatada Y, Goda S, Lu

J, HidakaV, Li Z, Akita M, OhtaY,
Watanabe K, Matsui H, Ito S, Horikoshi
K. Alpha-Glucosidase from a strain

of deep-sea Geobacillus: A potential
enzyme for the biosynthesis of complex
carbohydrates. Applied Microbiology



Growing and Handling of Bacterial Cultures

and Biotechnology. 2005;68(6):757-765.
DOI: 10.1007/s00253-005-1977-3

[88] Ng IS, Li CW, Yeh YF, Chen PT,
Chir JL, Ma CH, Yu SM, Ho TH,

Tong CG. A novel endo-glucanase
from the thermophilic bacterium
Geobacillus sp. 70PC53 with high
activity and stability over a broad
range of temperatures. Extremophiles.
2009;13(3):425-435. DOI: 10.1007/
s00792-009-0228-4

[89] Assareh R, Shahbani Zahiri H,
Akbari Noghabi K, Aminzadeh S,
Bakhshi Khaniki G. Characterization

of the newly isolated Geobacillus sp.

T1, the efficient cellulase-producer

on untreated barley and wheat straws.
Bioresource Technology. 2012;120:99-
105. DOI: 10.1016/j.biortech.2012.06.027

[90] Tai SK, Lin HP, Kuo J, Liu

JK. Isolation and characterization

of a cellulolytic Geobacillus
thermoleovorans T4 strain from sugar
refinery wastewater. Extremopbhiles.
2004;8(5):345-349. DOI: 10.1007/
s00792-004-0395-2

[91] Bhardwaj KK, Saun NK, Gupta

R. Immobilization of lipase from
Geobacillus sp. and its application in
synthesis of methyl salicylate. Journal of
Oleo Science. 2017;66(4):391-398. DOI:
10.5650/jos.ess16153

[92] Abol Fotouh DM, Bayoumi

RA, Hassan MA. Production of
thermoalkaliphilic lipase from
Geobacillus thermoleovorans DA2

and application in leather industry.
Enzyme Research. 2016;2016:1-9. DOLI:
10.1155/2016/9034364

[93] Balan A, Ibrahim D, Rahim

RA. Organic-solvent and surfactant
tolerant thermostable lipase, isolated
from a thermophilic bacterium,
Geobacillus thermodenitrificans IBRL-
nra. Advanced Studies in Biology.
2013;5(9):389-401. DOI: 10.12988/
asb.2013.3624

32

[94] Nik Raikhan NH. Purification

of a thermostable lipase Geobacillus
thermodenitrificans nr68 (Lip.

nr-68) with potential for enzymatic
deinking. Journal of Life Sciences and
Technologies. 2016;4(2):70-74. DOLI:
10.18178/jolst.4.2.70-74

[95] Qin XL, Huang HH, Lan DM, Wang
YH, Yang B. Typoselectivity of crude
Geobacillus sp. T1 lipase fused with a
cellulose-binding domain and its use

in the synthesis of structured lipids.
Journal of the American Oil Chemists’
Society. 2014;91(1):55-62. DOI: 10.1007/
s11746-013-2347-4

[96] Sun S, Lu F, Song H, Xu ],
Jiang N, Zhang Y, Li L, Ming T,
Zheng W. Cloning, expression and
characterization of a thermostable
pullulanase from newly isolated
thermophilic Geobacillus sp. LM14-3.
In: 4th International Conference
on Biomedical Engineering and
Informatics (BMEI), Shanghai,
China. Vol. 3. October 15-17, 2011.
pp- 1567-1570. DOI: 10.1109/
BMEI.2011.6098577

[97] Canakc1 S, Cevher Z, Inan K,
Tokgoz M, Bahar F, Kacagan M, Sal
FA, Belduz AO. Cloning, purification
and characterization of an alkali-stable
endoxylanase from thermophilic
Geobacillus sp. 71. World Journal of
Microbiology and Biotechnology.
2012;28(5):1981-1988. DOI: 10.1007/
s11274-011-1000-3

[98] Sharma A, Adhikari S,
Satyanarayana T. Alkali-thermostable
and cellulase-free xylanase production
by an extreme thermophile Geobacillus
thermoleovorans. World Journal of
Microbiology and Biotechnology.
2007;23(4):483-490. DOI: 10.1007/
s11274-006-9250-1

[99] Cakmak U, Ertunga NS. Gene
cloning, expression, immobilization and
characterization of endo-xylanase from
Geobacillus sp. TF16 and investigation



Geobacillus Bacteria: Potential Commercial Applications in Industry, Bioremediation...

DOI: http://dx.doi.org/10.5772/intechopen.76053

of its industrial applications. Journal
of Molecular Catalysis B: Enzymatic.
2017;133(Suppl 1):5288-5298. DOL:
10.1016/j.molcatb.2017.01.016

[100] Jain I, Kumar V, Satyanarayana

T. Applicability of recombinant
B-xylosidase from the extremely
thermophilic bacterium Geobacillus
thermodenitrificans in synthesizing
alkylxylosides. Bioresource Technology.
2014;170:462-469. DOI: 10.1016/j.
biortech.2014.07.113

[101] Canakci S, Belduz AO, Saha

BC, Yasar A, Ayaz FA, Yayli

N. Purification and characterization
of a highly thermostable alpha-L-
arabinofuranosidase from Geobacillus
caldoxylolyticus TK4. Applied
Microbiology and Biotechnology.
2007;75(4):813-820. DOI: 10.1007/
s00253-007-0884-1

[102] Derekova A, Atanassova

M, Christova P, Tchorbanov B,
Shosheva A, Mandeva R, Rodriguez-
Alonso P, Garabal JI, Kambourova

M. Physicochemical characteristics

of a thermostable gellan lyase from
Geobacillus stearothermophilus 98.
Zeitschrift fiir Naturforschung. Section
C. 2010;65(3-4):231-238. DOI: 10.1515/
znc-2010-3-411

[103] Nath A, Mondal S, Chakraborty

S, Bhattacharjee C, Chowdhury

R. Production, purification,
characterization, immobilization,

and application of B-galactosidase: A
review. Asia-Pacific Journal of Chemical
Engineering. 2014;9(3):330-348. DOI:
10.1002/apj1801

[104] Placier G, Watzlawick H, Rabiller
C, Mattes R. Evolved beta-
galactosidases from Geobacillus
stearothermophilus with improved
transgalactosylation yield for galacto-
oligosaccharide production. Applied
and Environmental Microbiology.
2009;75(19):6312-6321. DOI: 10.1128/
AEM.00714-09

33

[105] Yeom SJ, Kim NH, Yoon RY, Kwon
H]J, Park CS, Oh DK. Characterization
of a mannose-6-phosphate isomerase
from Geobacillus thermodenitrificans
that converts monosaccharides.
Biotechnology Letters. 2009;31(8):1273-
1278. DOI: 10.1007/s10529-009-0003-8

[106] Gegeckas A, Gudiukaité R, Debski
], Citavicius D. Keratinous waste
decomposition and peptide production
by keratinase from Geobacillus
stearothermophilus AD-11. International
Journal of Biological Macromolecules.
2015;75:158-165. DOI: 10.1016/j.
ijbiomac.2015.01.031

[107] Sharma M, Sharma NN, Bhalla
TC. Biotransformation of acetamide
to acetohydroxamic acid at bench
scale using acyl transferase activity of
amidase of Geobacillus pallidusBTP-5x
MTCC 9225. Indian Journal of
Microbiology. 2012;52(1):76-82. DOI:
10.1007/s12088-011-0211-5

[108] Aslan AS, Birmingham WR,
Karagiiler NG, Turner NJ, Binay

B. Semi-rational design of Geobacillus
steavothermophilus L-lactate
dehydrogenase to access various chiral
a-hydroxy acids. Applied Biochemistry
and Biotechnology. 2016;179(3):474-
484. DOI: 10.1007/s12010-016-2007-x

[109] Kirmair L, Seiler DL, Skerra

A. Stability engineering of the
Geobacillus stearothermophilus alcohol
dehydrogenase and application for

the synthesis of a polyamide 12
precursor. Applied Microbiology and
Biotechnology. 2015;99(24):10501-
10513. DOI: 10.1007/s00253-015-6930-5

[110] Makhongela HS, Glowacka AE,
Agarkar VB, Sewell BT, Weber B,
Cameron RA, Cowan DA, Burton SG. A
novel thermostable nitrilase superfamily
amidase from Geobacillus pallidus
showing acyl transfer activity. Applied
Microbiology and Biotechnology.
2007;75(4):801-811. DOI: 10.1007/
s00253-007-0883-2



Growing and Handling of Bacterial Cultures

[111] Cha M, Chambliss GH. Cloning
and sequence analysis of the heat-
stable acrylamidase from a newly
isolated thermophilic bacterium,
Geobacillus thermoglucosidasius AUT-01.
Biodegradation. 2013;24(1):57-67. DOL:
10.1007/s10532-012-9557-6

[112] Lim YR, Yeom SJ, Oh

DK. Production of L-ribose from
L-ribulose by a triple-site variant of
mannose-6-phosphate isomerase from
Geobacillus thermodenitrificans. Applied
and Environmental Microbiology.
2012;78(11):3880-3884. DOI: 10.1128/
AEM.07012-11

[113] Taran SA, Verevkina KN, Feofanov
SA, Miroshnikov Al. Enzymatic
transglycosylation of natural and
modified nucleosides by immobilized
thermostable nucleoside phosphorylases
from Geobacillus stearothermophilus.
Russian Journal of Bioorganic
Chemistry. 2009;35(6):739-745. DOL:
10.1134/51068162009060107

[114] Sirin Y, Yildirim Akatin M,

Colak A, Ertunga N. Dephytinization
of food stuffs by the phytase of
Geobacillus sp. TF-16 immobilized

in chitosan and calcium-alginate.
International Journal of Food
Properties. 2017;20(12):2911-2922. DOI:
10.1080/10942912.2016.1261151

[115] Seo M]J, Lee BS, Pyun YR, Park
H. Isolation and characterization of
N-acylhomoserine lactonase from the
thermophilic bacterium, Geobacillus
caldoxylosilyticus YS-8. Bioscience,
Biotechnology, and Biochemistry.
2011;75(9):1789-1795. DOI: 10.1271/
bbb.110322

[116] Zebrowska J, Zolnierkiewicz

O, Skowron MA, Zylicz-Stachula

A, Jezewska-Frackowiak J, Skowron
PM. A putative Type IIS restriction
endonuclease GeolCI from Geobacillus
sp.—A robust, thermostable alternative
to mezophilic prototype Bbvl. Journal
of Biosciences. 2016;41(1):27-38. DOI:
10.1007/s12038-016-9595-z

34

[117] Jensen T@, Pogrebnyakov I,
Falkenberg KB, Redl S, Nielsen

AT. Application of the thermostable
p-galactosidase, BgaB, from Geobacillus
stearothermophilus as a versatile reporter
under anaerobic and aerobic conditions.
AMB Express. 2017;7(1):169. DOI:
10.1186/s13568-017-0469-z

[118] Li X, LiY, Wei D, Li P, Wang

L, Feng L. Characterization of a
broad-range aldehyde dehydrogenase
involved in alkane degradation

in Geobacillus thermodenitrificans
NGB80-2. Microbiological Research.
2010;165(8):706-712. DOI: 10.1016/j.
micres.2010.01.006

[119] Dako E, Bernier AM, Dadie AT,
Jankowski CK. The problems associated
with enzyme purification. In: Ekinci

D, editor. Chemical Biology. Rijeka,
Croatia: InTech; 2012. pp. 19-40. DOL:
10.5772/33307

[120] ChenY, Wei D, Wang Y,
Zhang X. The role of interactions
between bacterial chaperone,
aspartate aminotransferase, and
viral protein during virus infection
in high temperature environment:
The interactions between
bacterium and virus proteins. BMC
Microbiology. 2013;13:48. DOI:
10.1186/1471-2180-13-48

[121] Uldahl K, Peng X. Biology,
biodiversity and application of
thermophilic viruses. In: Satyanarayana
T, Littlechild J, Kawarabayasi Y,

editors. Thermophilic Microbes

in Environmental and Industrial
Biotechnology. Dordrecht:

Springer; 2013. pp. 271-304. DOI:
10.1007/978-94-007-5899-5_10

[122] Bioenergy Market—Global
Industry Analysis, Size, Share, Growth
Trends and Forecast 2016-2024
[Internet]. 2016. Available from: https://
www.transparencymarketresearch.

com/global-bioenergy-market.html
[Accessed: Feb 14, 2018]



Geobacillus Bacteria: Potential Commercial Applications in Industry, Bioremediation...

DOI: http://dx.doi.org/10.5772/intechopen.76053

[123] World Energy Council.
Bioenergy: World Energy Resources
2016 [Internet]. 2016. Available
from: https://wwwworldenergy.org/
publications/2016/world-energy-
resources-2016/ [Accessed: Feb 14,
2018]

[124] Grand View Research. Bioethanol
Market Analysis, Market Size,
Application, Analysis, Regional
Outlook, Competitive Strategies and
Forecasts, 2015 to 2022 [Internet].
2013. Available from: https://www.
grandviewresearch.com/industry-

analysis/bioethanol-market [Accessed:
Feb 14, 2018]

[125] ReportsnReports. Bioethanol
Market by Feedstock (Starch-Based,
Sugar-Based, Cellulose-Based),
End-Use Industry (Transportation,
Pharmaceuticals, Cosmetics, Alcoholic
Beverages), Blend (E5, E10, E15

to E70, E75 to E85), and Region—
Global Forecast to 2022 [Internet].
2017. Available from: http://www.
reportsnreports.com/reports/1171868-

bioethanol-market-by-feedstock-starch-

based-sugar-based-cellulose-based-
end-use-industry-transportation-
pharmaceuticals-cosmetics-alcoholic-
beverages-blend-e5-e10-e15-to-e70-
e75-to-e85-and-region-st-to-2022.html
[Accessed: Feb 14, 2018]

[126] Basso LC, Basso TO, Rocha

SN. Ethanol production in Brazil:
The industrial process and its impact
on yeast fermentation. In: Bernardes
MADS, editor. Biofuel Production—
Recent Developments and Prospects.
Rijeka, Croatia: InTech; 2011.

pp. 85-100. DOI: 10.5772/17047

[127] Grand View Research, Inc.
Biodiesel Market Analysis by Feedstock
[Vegetable Oils (Canola Oil, Soybean
Oil, Palm Oil, Corn Oil), Animal Fats
(Poultry, Tallow, White Grease)], by
Application (Fuel, Power Generation),
and Segment Forecasts, 2014-2025
[Inter-net]. 2017. Available from:

35

https://www.grandviewresearch.com/
industry-analysis/biodiesel-market
[Accessed: Feb 14, 2018]

[128] Romano SD, Sorichetti

PA. Introduction to biodiesel
production. In: Romano SD,
Sorichetti PA, editors. Dielectric
Spectroscopy in Biodiesel Production
and Characterization, Green

Energy and Technology. London:
Springer; 2010. pp. 7-27. DOL:
10.1007/978-1-84996-519-4_2

[129] Grand View Research, Inc.
Isobutanol Market Analysis by Product
(Synthetic, Bio-Based), Application (Oil
& Gas, Solvents & Coatings, Chemical
Intermediates) and Segment Forecasts
to 2022 [Internet]. 2016. Available from:
https://www.grandviewresearch.com/
industry-analysis/isobutanol-market
[Accessed: Feb 14, 2018]

[130] Chen X, Nielsen KF, Borodina

I, Kielland-Brandt MC, Karhumaa

K. Increased isobutanol production

in Saccharomyces cerevisiae by
overexpression of genes in valine
metabolism. Biotechnology for Biofuels.
2011;4:21. DOI: 10.1186/1754-6834-4-21

[131] Lambert M. Biogas: A Significant
Contribution to Decarbonising Gas
Markets? [Internet]. 2017. Available
from: https://www.oxfordenergy.
org/publications/biogas-significant-
contribution-decarbonising-gas-
markets [Accessed: Feb 14, 2018]

[132] Olson DG, Sparling R, Lynd

LR. Ethanol production by engineered
thermophiles. Current Opinion in
Biotechnology. 2015;33:130-141. DOI:
10.1016/j.copbio.2015.02.006

[133] Tang Y], Sapra R, Joyner D,
Hazen TC, Myers S, Reichmuth D,
Blanch H, Keasling JD. Analysis of
metabolic pathways and fluxesin a
newly discovered thermophilic and
ethanol-tolerant Geobacillus strain.
Biotechnology and Bioengineering.



Growing and Handling of Bacterial Cultures

2009;102(5):1377-1386. DOI: 10.1002/
bit.22181

[134] Cripps RE, Eley K, Leak DJ, Rudd
B, Taylor M, Todd M, Boakes S, Martin
S, Atkinson T. Metabolic engineering of
Geobacillus thermoglucosidasius for high
yield ethanol production. Metabolic
Engineering. 2009;11(6):398-408. DOI:
10.1016/jymben.2009.08.005

[135] Christopher LP, Zambare

VP, Zambare A, Kumar H, Malek

L. A thermo-alkaline lipase from

a new thermophile Geobacillus
thermodenitrificans AV-5 with potential
application in biodiesel production.
Journal of Chemical Technology and
Biotechnology. 2015;90(11):2007-2016.
DOI: 10.1002/jctb.4678

[136] Dror A, Kanteev M, Kagan

I, Gihaz S, Shahar A, Fishman

A. Structural insights into methanol-
stable variants of lipase T6 from
Geobacillus stearothermophilus. Applied
Microbiology and Biotechnology.
2015;99(22):9449-9461. DOI: 10.1007/
s00253-015-6700-4

[137] Samoylova YV, Piligaev AV,
Sorokina KN, Rozanov AS, Peltek SE,
Novikov AA, Almyasheva NR, Parmon
VN. Application of the immobilized
bacterial recombinant lipase from
Geobacillus stearothermophilus G3 for the
production of fatty acid methyl esters.
Catalysis in Industry. 2016;8(2):187-193.
DOI: 10.1134/52070050416020082

[138] Lin PP, Rabe KS, Takasumi

JL, Kadisch M, Arnold FH, Liao

JC. Isobutanol production at elevated
temperatures in thermophilic
Geobacillus thermoglucosidasius.
Metabolic Engineering. 2014;24:1-8.
DOI: 10.1016/jymben.2014.03.006

[139] Martinez-Klimova E. Synthetic
biology approaches to the metabolic
engineering of Geobacillus
thermoglucosidans for isobutanol

36

production [thesis]. London: Imperial
College; 2014

[140] Xiao Z, Wang X, Huang

Y, HuoF, Zhu X, XiL, Lu

JR. Thermophilic fermentation of
acetoin and 2,3-butanediol by a novel
Geobacillus strain. Biotechnology

for Biofuels. 2012;5(1):88. DOI:
10.1186/1754-6834-5-88

[141] Miah MS, Tada C, Yang Y,
Sawayama S. Aerobic thermophilic
bacteria enhance biogas production.
Journal of Material Cycles and Waste
Management. 2005;7(1):48-54. DOI:
10.1007/s10163-004-0125-y

[142] Miah MS, Tada C, Sawayama

S. Enhancement of biogas production
from sewage sludge with the addition
of Geobacillus sp. strain AT1 culture.
Japanese Journal of Water Treatment
Biology. 2004;40(3):97-104. DOI:
10.2521/jswtb.40.97

[143] Wrighton KC, Agbo P, Warnecke
F, Weber KA, Brodie EL, DeSantis TZ,
Hugenholtz P, Andersen GL, Coates
JD. A novel ecological role of the
Firmicutes identified in thermophilic
microbial fuel cells. The ISME Journal.
2008;2(11):1146-1156. DOI: 10.1038/
ismej.2008.48



