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Extreme Microbiome Through Genomics

Abhishek Gupta, ... Pinaki Sar, in Microbial Diversity in the Genomic Era, 2019

33.3.1.4 Hydrocarbon Degrading Extremophiles

Although a range of extremophiles have been reported from petroleum

reservoir environments with some skepticism toward their

indigenousness, ones capable of hydrocarbon degradation have still not

been reported. However, microbes introduced to the fields due to

anthropogenic handling or coming in contact with surface environment

have shown potential for adaptation and thriving in extreme

environments. An aerobic, thermophilic isolate, identified as Bacillus

thermoleovorans, was reported by Nazina et al. (1995) from a water

flooded high temperature (60°C) reservoir, capable to grow on a plethora

of alkanes as well as crude oil. Belyaev et al. (1993) successfully isolated

halophilic alkane degrading microbes from formation water of 2.5–5.5 M

salinity. Hyperthermophilic mixed SRB culture utilizing crude oil

anaerobically under in situ conditions were isolated by Stetter et al.

(1993) as well as an SRB isolate degrading n-alkanes at 60°C was isolated

by Rueter et al. (1994). Fig. 33.6 summarizes the phylogenetic distribution

of extremophilic organisms reported in this study.
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Figure 33.6. Phylogenetic distribution of extremophiles reported from the

28 petroleum reservoir or oil wells across the world as mentioned in this

review at phylum level (A) and major genus (B). Minor genera is

represented cumulatively as others and consists of Aeribacillus,

Aneurinibacillus, Arcobacter, Bacillus, Caldanaerobacter, Deferribacter,

Deferribacteres, Desulfobacterium, Desulfonauticus, Desulfothiovibrio,

Desulfovermiculus, Desulfurococcus, Halalkalicoccus, Halomonas,

Haloterrigena, Kosmotoga, Methanobacter, Methanobacterium,

Methanobrevibacter, Methanocalculus, Methanosaeta, Methanosarcinales,

Methanothermococcus, Natrinema, Natronomonas, Pseudomonas,

Pyrococcus, Thermanaeromonas, Thermodesulforhabdus,

Thermodesulfovibrio, Thermovenabulum, Thermovibrio, Thermovirga, and

Thermus.

Read full chapter

URL: https://www.sciencedirect.com/science/article/pii/B9780128148495000332

Understanding and Optimizing the Microbial

Degradation of Olive Oil

Peter Becker, in Olives and Olive Oil in Health and Disease Prevention, 2010

42.8 Modeling Kinetics for Bacterial Growth on Olive Oil

Prior to the work with G. thermoleovorans IHI-91, it was difficult to find

investigations describing olive oil consumption (or degradation) kinetics.

Hsu et al. (1983) reported Michaelis–Menten type kinetics for the

consumption of olive oil by activated sludge. The lipid removal from the

suspension showed the following kinetic constants: maximum lipid

removal rate = 1.20 mg mg  biomass day  and a half-saturation constant

K  = 1290 mg L . The early studies with Bacillus thermoleovorans IHI-91

revealed ‘global’ kinetic parameters according to the Monod equation (Eq.

42.3) as: μ  = 1.0 h , K  = 880 mg L  (Becker et al., 1997). Both studies

show that the assumed substrate half-saturation constants are extremely

high compared to non-lipidic substrates such as glucose, where values <

100 mg L  are commonly observed. Generally, the higher the half-

saturation constant, the lower is the affinity to a given substrate. An

− 1 − 1

m
− 1

max
− 1

s
− 1

− 1
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explanation for these apparent high values can be seen in the attempt to

combine several steps, such as lipase production, lipid hydrolysis, fatty

acid uptake and microbial growth in one ‘global’ kinetic equation. As later

studies revealed (see next paragraph), the K  value for oleic acid was

determined as 35 mg L , thus being more in the ‘normal’ range for

microbial substrates.

Read full chapter

URL: https://www.sciencedirect.com/science/article/pii/B9780123744203000425
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Thermophiles and thermophilic hydrolases

Shilpi Ghosh, ... Ayan Kumar Mahanty, in

Physiological and Biotechnological Aspects of Extremophiles, 2020

16.4.5 Lipases

Lipase (triacylglycerol acyl hydrolases; EC 3.1.1.3) catalyzes the hydrolysis

of triacylglycerides to glycerol, esters and fatty acids at the oil-water

interface, as well as the reverse reaction of synthesis of ester from fatty

acid and glycerol. They are ubiquitously distributed in animals, plants and

prokaryotes [192,193]. Lipases from thermophiles have received

considerable attention for various industrial applications, including

organic synthesis, hydrolysis of fats and oils, modification of fats, wood

pulp processing, biofuel production and management of sewage.

Thermostable lipases requiring higher operation temperature allow

higher reactivity, higher product yield due to enhanced substrate

solubility, lower viscosity and fewer contamination problems [193].

Anoxybacillus kamchatkensis and A. flavithermus isolated from the high

temperature factory effluent produced lipases with application in

treatment of waste at oil mills [194]. Similarly, Geobacillus

thermoleovorans produced lipase with optimum activity at 62 °C and the

enzyme showed the ability to degrade animal carcass-associated fats in

tannery wastes [195]. Thermolipase from Rhizomucor sp. was used for

degradation of fatty membrane of tea leaves for better release of

catechins for improvement of tea quality [196]. T. thermophilus and B.

licheniformis showed the capability of producing alkaline lipases for

commercial detergent production [197].

Lipase encoding genes from several thermophiles, like Geobacillus sp. JM6

[198], Geobacillus sp. EPT9, Bacillus sp. HT19 [199], Actinomadura sp. S14

[200], Bacillus thermocatenulatus [201] have been cloned and expressed in

mesophilic strains. Geobacillus sp. TW1 isolated from hot spring of China,

produced a highly thermostable lipase with significant activity up to

90 °C. The enzyme expressed in E. coli had properties similar to the native

ones [202]. In another study, two novel lipase encoding genes from

extremely thermophilic and strictly anaerobic bacteria,

Thermoanaerobacter thermohydrosulfuricus and Caldanaerobacter

subterraneus subsp. Tengcongensis were expressed in E. coli. The enzymes

showed activity in the temperature range of 40–90 °C and their half-life at

75 °C was about 48 h [34]. A novel lipase gene lip256 was cloned from

Bacillus sp. HT19 isolated from hot spring. The amino acid sequence of the
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lip256 translation product showed <32% homology with other esterases

and contained a unique motif (GTSAG) that differed from other clusters in

the lipase superfamily. The purified lipase (T  70 °C) showed high

tolerance to organic solvents, like glycerol, butyl-alcohol, pyridine, urea,

and acetonitrile [199].

Disulfide bridges are one of the most common post translational

modifications in protein structures and have been identified to improve

lipase stability [203]. The thermal stability of lipase B from Candida

antartica (CalB-WT) was improved by introduction of a new disulfide

bond. Among the five pairs of amino acids selected for mutation to Cys,

one pair CalB A162C-K308C achieved significantly greater thermostability

while maintaining the catalytic efficiency. Moreover, the half-life of the

mutant CalB A162C-K308C was 4.5 times higher than that of CalB-WT

[204].

Read full chapter

URL: https://www.sciencedirect.com/science/article/pii/B9780128183229000162
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Insights into upstreaming and downstreaming

processes of microbial extremozymes

Baljinder Singh Kauldhar, ... Balwinder Singh Sooch, in

Extremozymes and Their Industrial Applications, 2022

12.4.3 Extremozymes in food industry

Liquefaction, saccharification and isomerization are the processes that

occur during processing of starch, where amylases (α and β form),

glucoamylase, transglutaminase and pullulanase play an important role in

the starch processing sector. Enzymes possessing high heat stability are

required in the starch processing industry, because most of the

processes/operations occur at higher temperatures. Extremoplhilic

amylases having low pH and high temperature optimum have shown to

be promising candidates in the starch processing industry.

Amylopullunase extracted from G. thermoleovorans, Geobacillus

thermocatenulatus and Thermofilum pendens is a key candidate for use in

food industry, chemical industry and pharmaceutics [121]. Thermostable

glucoamylase for starch saccharification was also reported from A. flavus

and Thermomucor indicaeseudaticae [122,123]. Most thermostable

amylases and pullulanases were isolated from P. woesei, P. furiosus, P.

sbyssi, S. marinus and D. mucosus [124].

Thermoactive proteases from Pyrococcus sp., Thermococcus,

Staphylothermus, Desulfurococcus, and Sulfolobus showing optimal activity

at temperature 90°C–110°C and pH 2–10 found applications in the bread

industry. Psychrophilic xylanases were found to be effective in improving

properties of dough and increasing its final bread volume. Cold-active

xylanases being extracted from psychrophilic Flavobacterium sp. MSY-2

and Pseudoalteromonas haloplanktis TAH3A are employed in the bread

industry [125]. It is also observed that thermostable xylanases isolated

from Thermotoga maritime was also impressive to be used in bread

manufacturing to improve its quality [126,127]. Cold-active α-amylases
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extracted from bacterium Microbacterium foliorum GA2 (Gangotriglacier)

and marine inhabitant bacterium Z. profunda [107,128] were found to be

potent candidates for food and beverage industry. Psychrophilic

xylanases, from Flavobacterium sp. MSY-2 and P. haloplanktis TAH3A have

great potential to improve juice extraction from the fruit pulp [125].

Psychrophilic β- galactosidases from marine psychrophilic bacterium

were reported to hydrolyze 80% of the lactose present in raw milk having

pH 6.5 and temperature of 20°C [129]. This enzyme was also used in the

production of tagtose during lactose hydrolysis. Psychrophilic β-

galactosidases from P. haloplanktis (Antarctic marine bacterium) has

potential application in hydrolysis of lactose from whey permeate at

refrigeration conditions [130]. Lipases of “Biocon,” lipase “Pro-L100K,”

“Lipase FE-01” are commercially available extremozymes used in the food

industry for baking, food processing and as flavoring agents [119]. These

lipases are operational at pH ranges from 3–10 and temperature of 50°C–

70°C. Psychrophilic pectinases are used in processing and clarification of

fruit juice, reducing the viscosity and extraction of oils from plants.

Pectin-methyl esterase present in “Novoshape,” obtained from Aspergillus

oryzae after genetic modification, was capable of working at temperature

range of 10°C–60°C. A product named “Lallzyme” consists of

polygalacturonase, pectin esterase and pectinlyase is used to clarify juices,

musts and wine at 5°C–20°C [121]. Thermostable β-mannanase from B.

subtilis has the potential applicability in the food industry.

Mannoligosaccharides formed after mannan hydrolysis by mannanase are

used in functional food preparation. This extremozyme has the capability

to work at a wide range of temperatures (2°C–100°C) [131]. Alcalase play

a crucial role in formation of soluble and nonbitter hydrolyzate which

further is used in formation of soft drinks fortified with proteins and

dietetic food during soy meal processing [132].

Read full chapter
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Biotechnological platforms of the moderate

thermophiles, Geobacillus species: notable

properties and genetic tools

Keisuke Wada, Hirokazu Suzuki, in

Physiological and Biotechnological Aspects of Extremophiles, 2020

15.2 Overview of the genus Geobacillus

Aerobic or facultative anaerobic endospore formers were roughly

categorized into the genus Bacillus during early classification; however,

currently, numerous strains have been reclassified into other or new

genera including the genus Geobacillus [4]. Since the reclassification

activities have led to confusion regarding the nomenclature of Geobacillus

spp., we first review the history and transitional classification of the
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genus in the following subsections. Habitats and general features of

Geobacillus spp. are also examined.

15.2.1 History

In 1917, an endospore former with the capacity to propagate between

45 °C and 76 °C was isolated from spoiled samples of canned corn [5]. The

strain was designated as Bacillus stearothermophilus. Although a similar

bacterium, termed Bacillus coagulans, has been isolated from spoiled

samples of evaporated milk [6], the strain grew more rapidly at 37 °C than

55 °C; therefore, B. stearothermophilus was distinguished from B. coagulans

based on its optimum growth temperature. Gordon and Smith analyzed

216 isolates of endospore formers and categorized 87 and 73 isolates as B.

stearothermophilus and B. coagulans, respectively [7], which confirmed

that B. stearothermophilus was widely distributed in nature. B.

stearothermophilus was isolated even from cool environments [8,9]. The

observation is peculiar considering B. stearothermophilus is an obligate

thermophile that hardly grows below 45 °C [5]. Consequently, obligate

thermophiles in cool environments were described as alien bacteria [9].

Similar strains were increasingly identified and transiently classified into

several species, including Bacillus acidocaldarius [10], Bacillus kaustophilus

[11], Bacillus pallidus [12], Bacillus thermocloaceae [13], Bacillus

thermoglucosidasius [14], and Bacillus thermoleovorans [15]. Phylogenetic

analyses based on 16S rRNA gene sequences were subsequently

performed to reveal that B. stearothermophilus is distinct from the genus

Bacillus [16] and forms a separate phylogenetic cluster with B.

kaustophilus and B. thermoglucosidasius [17]. In 2001, several species were

validly reclassified from the genus Bacillus to the new genus Geobacillus

[2] along with Geobacillus caldoxylosilyticus from the genus Saccharococcus

[18].

15.2.2 Species placed under the genus Geobacillus

Sixteen species are presently described in the genus Geobacillus with a

bacteriological code (Table 15.1). Certain strains initially defined as B.

stearothermophilus (later G. stearothermophilus) may be other species

because the nomenclature was roughly assigned during early

classification (see above) [17]. This view is supported by a phylogenetic

analysis based on 16S rRNA genes, which suggests that G.

stearothermophilus strains K1041 and NUB3621 are Geobacillus

thermodenitrificans and Geobacillus thermoglucosidasius, respectively [30].

Based on recN similarities, G. stearothermophilus NUB3621 belongs to G.

caldoxylosilyticus [31]. G. stearothermophilus ATCC 8005 has already been

recategorized as G. kaustophilus ATCC 8005 [32]. Although organisms are

commonly classified based on partial genotypic and phenotypic

properties, the approach is suggested to be inadequate for classifying

novel strains into G. stearothermophilus because of their phenotypic

diversity [33]. Suspicious classification is reported even for other species.

Geobacillus debilis [34], Geobacillus pallidis [12], and Geobacillus

tepidamans [35] were reclassified into the genera Caldibacillus [24],

Aeribacillus [36], and Anoxybacillus [24], respectively. Geobacillus gargensis

was incorporated into Geobacillus thermocatenulatus [37,38]. In addition,

recN sequences suggest that Geobacillus thermantarcticus is placed under
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G. thermoglucosidasius [31]. A comparative analysis of genome sequences

suggests that G. kaustophilus strains HTA426 and GBlys are not

monophyletic [39]. Aliyu et al. employed genome-wide metrics (i.e.,

average amino acid identity, average nucleotide identity, and digital DNA-

DNA hybridization) to classify Geobacillus spp., suggesting that G.

kaustophilus and Geobacillus thermoleovorans are monophyletic and that G.

caldoxylosilyticus, G. thermoglucosidasius, G. thermantarcticus, and

Geobacillus toebii are reclassified into a novel genus, Parageobacillus, along

with G. stearothermophilus NUB3621 [19]. Geobacillus yumthangensis has

been recently reported as a novel species [40]. The following species have

been effectively published but are not validly described under

bacteriological code regulations: Geobacillus anatolicus [41], Geobacillus

bogazici [42], Geobacillus kaue [42], Geobacillus mahadia [43], Geobacillus

thermopakistaniensis [44], Geobacillus thermoparaffinivorans [45],

Geobacillus uralicus [46], and Geobacillus zalihae [47]. In the following

sections, the 16 species with bacteriological codes are described as

Geobacillus to avoid confusion, even if original articles had adopted other

nomenclatures.

Table 15.1. Geobacillus spp. validly described with bacterial codes.

Empty Cell

Em

Cel

G. caldoxylosilyticus DSM

12041

65 (43–75) 6.8–

7.2

Parageobacillus

caldoxylosilyticus

[19

Saccharococcus

caldoxylosilyticus

G. galactosidasius DSM

18751

70 (50–75) 6.0–

7.0

[22

G. icigianus DSM

28325

60–65 (50–

75)

6.5–

7.0

[23

G. jurassicus DSM

15726

58–60 (45–

65)

7.0–

7.2

[24

G. kaustophilus DSM

7263

60–65 (37–

65)

6.0–

7.2

Bacillus

kaustophilus

[2,

G. lituanicus DSM

15325

55–60 (55–

70)

6.5 [27

G.

stearothermophilus

DSM

22

50 (45–76) 6.0–

9.0

B.

stearothermophilus

[2,

G. subterraneus DSM

13552

55–60 (45–

70)

6.0–

7.8

[2,

G. thermantarcticus DSM

9572

60 (37–80) 6.0 B. thermantarcticus [19

P. thermantarcticus

Species

Type

strain

Optimum growth

conditions Synonym Re

Temperature

(°C)a pH
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 

Empty Cell

Em

Cel

G.

thermocatenulatus

DSM

730

60 (37–80) B.

thermocatenulatus

[2,

G. gargensis

G.

thermodenitrificans

DSM

465

50 (50–70) 7.0 B.

thermodenitrificans

[2,

G.

thermoglucosidasius

DSM

2542

50 (40–60) 8.0 B.

thermoglucosidasius

[2,

G.

thermoglucosidans

P.

thermoglucosidasius

G. thermoleovorans DSM

5366

55–65 (42–

75)

6.2–

7.5

B. thermoleovorans [2,

G. toebii DSM

14590

60 (37–70) 7.5 P. toebii [19

G. uzenensis DSM

13551

55–60 (45–

65)

6.2–

7.8

[2,

G. vulcani DSM

13174

60 (37–72) 6.0 B. vulcani [2,

a

The numbers in parentheses indicate temperature ranges at which

growth was observed.

15.2.3 Diverse habitats and their implications

Table 15.2 summarizes isolates described as Geobacillus spp. Their

habitats are remarkably diverse, including not only hot environments but

also cool or ambient environments such as temperate soils, deep-sea

sediments, ocean core, foods, wood slime, plants, seaweeds, and air

samples. Notably, Geobacillus spp. are abundant in soils in which

temperatures never exceed 27 °C [111]. Since Geobacillus spp. are detected

even in the air and rainwater, the organisms apparently diffuse through

atmospheric bridges and settle on diverse environments in the geosphere

[112,113]. Considering Geobacillus spp. are obligate thermophiles that can

form endospores, it is likely that they exist as endospores in ambient

environments and reproduce in narrow hot environments [114]. Cells

reproduced in hot environments eventually form endospores and diffuse

again via atmospheric bridges. Cells reproduce when the endospores

reach appropriate environments; however, they remain viability as

endospores for ages, which explain why Geobacillus spp. are frequently

identified from numerous locations including cool environments. In

addition, it is possible that Geobacillus spp. reproduce slightly in ambient

environments because isolates from such environments often exhibit a

unique capacity to reproduce in the respective ambient habitats (Table

15.2). A good example is G. thermodenitrificans OS27 isolated from

seaweed, which utilizes polysaccharides abundant on the seaweed

Species

Type

strain

Optimum growth

conditions Synonym Re

Temperature

(°C)a pH
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surface. Similarly, numerous isolates from oily environments and

composts can degrade oil compounds and hemicelluloses, respectively.

When a microorganism inhabits a niche, it has to adapt to numerous

environmental factors; [4] therefore, diverse habitats of Geobacillus spp.

imply that they possess excellent capacity for environmental adaptation.

Intriguingly, evidence suggest that Geobacillus spp. evolved from Bacillus

spp. via remarkable genomic diversification through horizontal gene

transfer [114,115], and that Geobacillus spp. can rapidly diversify their

genomes using inductive mutations and transposable elements when

subjected to environmental stress [4,116]. The observation indicates that

Geobacillus spp. have diversified their niches by environmental adaptation

via an active genetic alteration to acquire different properties that confer

selective advantages.

Table 15.2. Isolates described as Geobacillus spp.

G. icigianus G1w1 Hydrothermal

outlet

[48]

G. jurassicus DS1 Oilfield Oil degradation [25]

G. kaustophilus A1 Geothermal

field

Arsenic resistance [49]

G. kaustophilus DSM

7263

Pasteurized

milk

[50]

G. kaustophilus HTA426 Deep-sea

sediment

[51]

G. kaustophilus

TERINSM

Oily soil Paraffinic wax

utilization

[52]

G. pallidus C5 Oilfield Tyrosol

degradation

[53]

G. pallidus DSM 16016 Temperate soil [34]

G. pallidus XS2 Oilfield Hydrocarbon

degradation

[54]

G. stearothermophilus 10 Hot spring [50]

G. stearothermophilus 22 Hot spring [55]

G. stearothermophilus A1 Milk powder Biofilm formation [33,56]

G. stearothermophilus

BR219

River sediment Phenol

degradation

[57]

G. stearothermophilus

DSM 458

Sugar beet

juice

Antimicrobial

substance

producer

[58]

G. stearothermophilus

JPL_T2a

Clean room [59]

Strain Origin Notable ability Reference
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G. stearothermophilus

NUB3621

Soil [50]

G. stearothermophilus

UCP 986

Effluent Azo dye

degradation

[60]

G. stearothermophilus

XL-65-6

Rotting wood Cellulose

degradation

[50]

G. subterraneus DSM

13552

Oilfield Hydrocarbon

utilization

[50]

G. subterraneus Ge1 Hot spring [61]

G. subterraneus K Oilfield Hydrocarbon

utilization

[62]

G. tepidamans HB1 Active sludge Poly(vinyl alcohol)

degradation

[63]

G. thermocatenulatus

DSM 730

Thermal pipe [50]

G. thermodenitrificans

DSM 465

Sugar beet

juice

Denitrification [50]

G. thermodenitrificans

DSM 101594

Compost Pectin

degradation

[64]

G. thermodenitrificans

ET 144-2

Compost Transformable

with

electroporation

[65]

G. thermodenitrificans

NG80-2

Oilfield Hydrocarbon

degradation

[66]

G. thermodenitrificans

OS27

Seaweed Seaweed

degradation

[67]

G. thermodenitrificans

T12

Compost Lactate

fermentation

[68]

G. thermoglucosidasius

C56-YS93

Hot spring Biomass

degradation

[69]

G. thermoglucosidasius

DSM 2542

Soil [50]

G. thermoglucosidasius

M10EXG

Compost Ethanol tolerance [70]

G. thermoglucosidasius

NY05

Compost Crystal formation [71–73]

G. thermoglucosidasius

PB94A

Hemp bast

fiber

Pectin

degradation

[74]

G. thermoglucosidasius

TNO-09.020

Dairy plants Biofilm formation [75]

Strain Origin Notable ability Reference
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G. thermoglucosidasius

W-2

Oil reservoir Organosulfur

degradation

[76]

G.

thermoleovoransstrains

B23

Oilfield Hydrocarbon

degradation

[77]

G. thermoleovorans

CCB_US3_UF5

Hot spring [78]

G. thermoleovorans DSM

5366

Soil Hydrocarbon

utilization

[50]

G. thermoleovorans DSM

15393

Volcanic area [50]

G. thermoleovorans N7 Hot spring Protease producer [79]

G. thermoleovorans

SGAir0734

Air sample [80]

G. thermoleovorans T70 Soil Hydrocarbon

degradation

[81]

G. thermopakistaniensis

MAS1

Hot spring [44]

G. toebii L1 Compost Hydrocarbon

degradation

[82]

G. uzenensis DSM 13551 Oilfield Hydrocarbon

utilization

[50]

G. zalihae T1 Palm oil mill

effluent

Lipase producer [47]

Geobacillus sp. 8 Soil on oil pool [83]

Geobacillus sp. 1017 Oil reservoir Hydrocarbon

utilization

[84]

Geobacillus sp.

12AMOR1

Hydrothermal

vent

Starch

degradation

[85]

Geobacillus sp. ARS4 Temperate soil Arsenic resistance [86]

Geobacillus sp.

CAMR5420

Culture

collection

Hemicellulose

degradation

[87]

Geobacillus sp. DC3 Temperate

wood slime

Lignocellulose

degradation

[88]

Geobacillus sp. EPT3 Hydrothermal

field

Superoxide

dismutase

producer

[89]

Geobacillus sp. FW23 Oil well [90]

Geobacillus sp. GHH01 Temperate soil Lipase producer [91]

Strain Origin Notable ability Reference
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Geobacillus sp. GWE1 Sterilization

oven

[92,93]

Geobacillus sp. H6a Hot spring Vitamin B

producer

[94]

Geobacillus sp. ID17 Hot soil Gold

nanoparticles

accumulation

[95]

Geobacillus sp. JF8 Compost Polychlorinated

biphenyls

degradation

[96]

Geobacillus sp. LC300 Contaminant Rapid growth [97]

Geobacillus sp.

LEMMY01

Hot soil [98]

Geobacillus sp. Sah69 Soil Carbohydrate

degradation

[99]

Geobacillus sp. SBS-4S Hot spring Lipase producer [100]

Geobacillus sp. SG-01 Compost Denitrification [101]

Geobacillus sp. SH-1 Deep oil well Oil degradation [102]

Geobacillus sp. T1 Temperate soil Cellulose

utilization

[103]

Geobacillus sp. T6 Hot spring [104]

Geobacillus sp. WCH70 Wood compost [105]

Geobacillus sp. WSUCF1 Compost Lignocellulose

degradation

[106]

Geobacillus sp. XT15 Oilfield Hydrocarbon

utilization

[107]

Geobacillus sp.

Y412MC52

Hot spring Xylan degradation [108]

Geobacillus sp. ZGt-1 Hot spring Antibacterial

peptide producer

[109]

Geobacillus sp. ZY-10 Oilfield Crude oil

degradation

[110]

15.2.4 Cellular characterization

Geobacillus spp. are aerobic or facultatively anaerobic bacteria that grow

preferentially at neutral or moderate alkaline conditions and at

temperatures generally between 55 °C and 65 °C (Table 15.1). Growth

occurs on wide range of nutrients. Some strains grow in media with

minimal nutrients, which contain only a carbon source and inorganic

elements [117,118]. Some display motility and swarm on agar surfaces

[114]. Some lyse under nutrient starvation; however, most other isolates

Strain Origin Notable ability Reference
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form endospores on solid media under laboratory conditions [114].

Similarly to other thermophilic species, Geobacillus spp. potentially

produce polyamines [119,120], which are aliphatic compounds with

positive charges and that facilitate the stabilization of nucleic-acid

structures at elevated temperatures via ionic interactions [121]. Cellular

fatty acids mainly comprise 13-methyltetradecanoic acid (iso-C ), 14-

methylpentadecanoic acid (iso-C ), and 15-methylhexadecanoic acid

(iso-C ) [2,24].

15.2.5 Genomic features

Complete and draft genome sequences have been published for 27 and 67

strains, respectively. The genome sizes range between 3.4 and 4.0 Mb,

which are substantially smaller than those of mesophiles that are

phylogenetically related to the genus Geobacillus (e.g., B. subtilis 168;

4.2 Mb). This is consistent with a negative correlation observed between

genome size and growth temperature of microorganisms [122], and can

be explained by the energy burden on DNA replication at elevated

temperatures [123]. In contrast, there is no clear difference in GC contents

between Geobacillus spp. (42%–55%) and B. subtilis 168 (44%). Although

higher GC contents facilitate stable base-pair formation at elevated

temperatures, it is known that GC contents are not correlated with

optimum growth temperatures in prokaryotes [124]. Geobacillus genomes

contain genes that potentially respond to cold or heat shocks. In fact,

numerous proteins are induced in response to heat shock in G.

stearothermophilus NUB3621 [125] and to cold shock in G.

stearothermophilus TLS33 [126]. Such observations imply that Geobacillus

spp. could maintain cellular functions at both elevated and ambient

temperatures, which is consistent with the view that Geobacillus spp.

reproduce even in ambient environments (see above). Hemicellulose

utilization genes often assemble in Geobacillus genomes and form the

echD-npd island [127]. This feature is unique to Geobacillus genomes.

Read full chapter

URL: https://www.sciencedirect.com/science/article/pii/B9780128183229000150
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Surfactants in microbiology and biotechnology: Part

2. Application aspects

Ajay Singh, ... Owen P. Ward, in Biotechnology Advances, 2007

In his extensive early research on Trichoderma cellulase production and

characterization, Reese and Maguire (1969) observed that incorporation

of Triton-X into the culture medium increased extracellular cellulase

activity. Surfactants enhanced secretion of a hyperthermostable and Ca -

independent α-amylase of Geobacillus thermoleovorans (Uma Maheswar

Rao and Satyanarayana, 2003). Polyethyleneglycols (PEGs) caused a slight

increase while Tween-20, Tween-40 and Tween-60 (0.03%, w/v)

significant increased enzyme titre. With the application of SDS, Tween-80

and cholic acid (0.03%, w/v), enzyme production was nearly twice the

control level. The anionic (SDS, cholic acid) and nonionic (Tweens)

detergents increased the cell membrane permeability, and thus, enhanced

α-amylase secretion. PEG 8000 and the ionic detergents (SDS, cholic acid

2+
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and Tween-80) were more effective in the solubilization of cell

membrane components, and enhancing enzyme yields than the cationic

detergents such as CTAB (N,Cetyl-N,N,N-trimethyl ammonium bromide).

Anionic surfactants additionally exhibited a stabilizing effect on the

enzyme during preservation at 4 °C. Below critical inhibitory

concentrations (the concentration at which the growth was completely

inhibited) for growth of Saccharomyces cerevisiae WSH-J70, the anionic

surfactant sodium dedecyl sulfate (SDS) and the cationic surfactant CTAB

increased the extracellular glutathione (GSH) concentration by 10 and

15%, respectively (Wei et al., 2003). Above their critical inhibitory

concentrations, these surfactants increased extracellular GSH

concentration by 35 and 60%, respectively. Nonionic surfactants such as

polyoxyethylene lauryl ether (Brij 30) and polyoxyethylene sorbitan

monooleate (Tween-80) also affected cell growth, but only at much

higher concentrations. Addition of the surfactant Pluronik, a

polyethoxypolypropoxy polymer, significantly increased alkaloid

biosynthesis by immobilized Claviceps paspali mycelia in a semi-

continuous process (Matosic et al., 1998).

Read full article

URL: https://www.sciencedirect.com/science/article/pii/S0734975006001376

A review on hydrolytic enzymes in the treatment of

wastewater with high oil and grease content

M.C. Cammarota, D.M.G. Freire, in Bioresource Technology, 2006

Thermophilic processes for the treatment of wastewaters generated in

various industries have been studied on a laboratory scale. Becker et al.

(1999) studied the biodegradation of olive oil and the treatment of the

lipid-rich wool scouring wastewater under aerobic thermophilic (65 °C)

conditions using the newly isolated strain Bacillus thermoleovorans IHI-91.

A severe growth inhibition was observed when the delivered olive oil

concentration was increased to more than 4 g COD/L. Lipid removal

efficiencies from the highly loaded wool scouring wastewater (COD of

77,000 mg/L and lipid concentration of 17,000 mg/L) were 20–30% at a

residence time of 10–20 h, while the COD removal efficiencies were 15–

20%. The lipid degradation rates obtained under thermophilic conditions

were markedly greater than that obtained with mesophilic processes.

Lapara and Alleman (1999) attributed this difference to the fact that the

biology of thermophilic aerobic systems differs from conventional

activated sludge systems in that nitrifying bacteria, floc-forming

organisms and higher organisms that aid flocculation are not present,

which affects sludge sedimentation.

Read full article
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Microbial Amylase: Old but still at the forefront of all

major industrial enzymes

Subhadeep Mondal, ... Keshab Chandra Mondal, in

Biocatalysis and Agricultural Biotechnology, 2022

5.1 Food industry

Amylases act as processing agents, and thus they are often used in

different processed food industries, including baking, brewing, beverages,

starch syrup, etc. The α-amylases have been extensively used in bread

production. Amylases alone or together with other enzymes are added to

the flour, increasing the shelf life of baked products. Alpha-amylase, when

mixed with the dough, degrades the flour starch to form smaller dextrin

and makes it suitable for subsequent fermentation by yeast. Alpha-

amylase ameliorates the fermentation rate that resulted in increment of

dough volume, which ultimately improves the volume and texture of the

final product (Paula and Perola, 2010). It also improves the taste and

toasting of the bread by producing glucose and maltose that enhances the

Millard reaction responsible for browning the crust and developing the

flavor of bread. The α-amylase served as an anti-staling agent in bread

baking and improved baked products’ softness and shelf life. A

thermostable amylase from Bacillus stearothermophilus is extensively used

in the bakery industry (Banerjee et al., 2012; Sundarram and Murthy,

2014). High maltose forming native type α-amylase from Geobacillus

thermoleovorans is applied for enhancing crumb structure, texture, and

shelf life (Rao and Satyanarayana, 2007). The bread made by adding the

dough with α-amylase from Bacillus acidicola has higher moisture content,

reducing sugars and soluble protein than bread prepared with the

commercial enzyme. Such bread has improved softness and texture with

an extended shelf life of 3 day at ambient room temperature (Sharma and

Satyanarayana, 2010). In the bread industry, glucoamylase assists in the

saccharification of starch to glucose that facilitates the fermentation by

yeast, resulting in improved bread crust color (Kumar and Satyanarayana,

2009). For chocolate syrup production, amylase treatment of cocoa

slurries led to the chocolate starch's dextrinizing, thereby maintaining the

syrup thickness. Amylolytic enzymes produce flavored cocoa syrups

enriched with a high cocoa volume associated with outstanding stability

and flow properties at average temperatures (Saini et al., 2017).

Maltose is naturally found disaccharide widely utilized as a sweetener in

the production of candy, confectionery, “tsukundani” (food boiled in soy

sauce), ice cream, and intravenous sugar supplement as well (Hull, 2010).

The apparently non-crystalline and non-hygroscopic nature of maltose

validates its application in food industry (Saini et al., 2017). High maltose

syrups are categorized as a mixture of saccharides that have more than

70% maltose content. Maltose syrup finds wide applications in the food

industry as a sweetener, humectant, stabilizer, preservative, and enhances

the product's shelf life. These syrups are usually replaced with glucose

syrups, particularly in producing hard candies having improved

characteristics like crystallization, glossiness, and stickiness. High purity
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maltose acquired by crystallizing maltose syrups is applicable in the

pharmaceutical industry to produce antibiotics, vaccines, maltitol, etc.

Anhydrous crystalline maltose is used as a desiccant (Das and Kayastha,

2019). These syrups are conventionally produced from starch through

thermostable α-amylases mediated starch liquefaction followed by

treatment with exo-amylases (β-amylases) and debranching enzymes

(pullulanase) that facilitated saccharification. However, β-amylases are

found to be less efficient than maltogenic amylases (mainly procured

from Bacillus stearothermophilus) as it supports improved production of

maltose content (Park et al., 2018; Sun et al., 2016).

Read full article

URL: https://www.sciencedirect.com/science/article/pii/S1878818122002365

Enhancing the functional properties of thermophilic

enzymes by chemical modification and

immobilization

Don A. Cowan, Roberto Fernandez-Lafuente, in

Enzyme and Microbial Technology, 2011

3.1.6 Immobilization of thermophilic esterases and lipases

Esterases and lipases are among the most widely used enzymes in

biocatalysis, in part due to their wide substrate specificities and regio- or

enantioselective properties. Interest in this group of enzymes is reflected

in the large number of review papers on these enzymes and their

applications that have been published over the past 2–3 years (e.g.,

[132,198–206]).

Among the thermophilic lipases, the most commonly used (probably due

to its wide commercial availability) is the lipase from the fungus

Thermomyces lanuginosus. This enzyme has been immobilized on diverse

materials, but as this work has been very recently reviewed [132] it will

not be covered here.

Numerous lipases and esterases from thermophilic representatives of the

genus Bacillus have been reported. The reader should note that many

members of these genera have been recently reclassified as Geobacillus,

Axoxybacillus etc. but here we use the term Bacillus in a generic sense.

Bacillus thermoleovorans CCR11 lipase has been immobilized by

adsorption on porous polypropylene (Accurel EP-100) in the presence and

absence of 0.1% Triton X-100 [207]. Immobilization increased enzyme

thermostability (activity recovered after 1 h of incubation at 70 °C for free

enzyme was lower than that for immobilized enzyme at 90 °C) and

reduced specific activity with short chain ester substrates (e.g., with C6,

down to 25%), but did not alter the optimum pH.

A lipase from an unidentified thermophilic Bacillus was immobilized on

different solid supports and used in esterification reactions [208]. The

enzyme was adsorbed on silica and HP-20 beads (a hydrophobic support)

followed by cross-linking with glutaraldehyde on HP-20. This protocol

improved the thermostability of enzyme: the optimum temperature was

nearly 5 °C higher for the immobilized enzyme while the half-life of the
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immobilized lipase was nearly 2.5 higher than that of the free enzyme at

70 °C.

The lipase from Bacillus coagulans immobilized on silica has been used in

esterification reactions. Immobilization significantly enhanced

thermostability and the esterification of ethanol and propionic acid

generated reaction yields of in excess of 95% in 12 h at 55 °C [209].

There are several published examples of immobilization of enzymes from

different strains of B. stearothermophilus, a well known moderate

thermophile. An esterase from this organism [210] was immobilized by

multipoint covalent attachment to glyoxyl agarose [211]. After

optimization of the immobilization conditions, increases in the stability

of the esterase preparations by factors of up to 600-fold were obtained

(depending on the pH) when compared to single-point covalent

derivatives, with a retention of 65% of the initial activity after multipoint

covalent attachment. Multipoint covalently linked esterase derivatives

retained more than 70% of the initial activity after 1 week in 50% DMF or

DMS at 30 °C. This structural stabilization was also evident under various

denaturing conditions (e.g., in the presence of high concentrations of

sodium chloride and organic solvents) [212]. Medium chain (C8) aliphatic

p-nitrophenyl ester substrates, which inactivate the soluble enzyme, were

shown to be more readily hydrolyzed by the immobilized enzyme.

The thermostable lipase from a thermophilic B. stearothermophilus MC 7

was immobilized by different techniques [213]. The most advantageous

method for immobilization was found to be ionic exchange on DEAE

Cellulose.

Possibly the most studied thermophilic Bacillus lipase is that derived from

B. thermocatenulatus, first described by Schmidt-Dannert and co-workers

in 1994 [214]. The authors found that the lipase bound almost irreversibly

on various chromatography matrices, such as Amberlite and Serolite, and

was very stable in this form. The structure of the enzyme has been

recently resolved, showing an unusual double ‘lid’ structure covering the

active centre. Complex conformational changes are involved in the

transition from the closed to the open form [215]. Various immobilized

forms of this lipase have been generated, and demonstrate that functional

properties can be modulated by immobilization [216] but that full

functionality (i.e., an ‘open’ lid structure) is retained on immobilization.

The enzyme was strongly adsorbed onto hydrophobic supports, with the

immobilized preparations exhibiting both hyperactivation and

stabilization [217–219]. B. thermocatenulatus lipase immobilized on

octadecyl-Sepabeads maintained 100% of initial activity at 65 °C after

several days [218]. This enzyme was also used as a model for the

immobilization of enzymes on glyoxyl supports at neutral pH, where thiol

compounds were used to stabilize the imino group chemistry [220].

Thermophilic lipases from other microbial sources have also been

immobilized. For example, the lipase from a thermophilic Rhizopus oryzae

strain was immobilized to various matrices (Duolites, Celite, and

Amberlites), with Amberlite IRC 50 being selected as the most suitable

adsorbent [221]. Repeated use of the immobilized lipase in organic media

to esterify equimolar amount of oleic acid with hexanol in cyclohexane at
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30 °C over a period of three weeks resulted in a decrease by 18% of

synthetic activity. In contrast, the ability to hydrolyze trioctanoin

decreased up to 80% over the same period. Enzyme leakage in aqueous

media (but not in anhydrous media) may be the explanation for these

results.

The lipases from Thermus thermophilus and T. aquaticus were immobilized

on decaoctyl-Sepabeads, yielding preparations with 10-fold enhanced

activities at mesophilic temperatures and increased functional stabilities

[222]. The authors speculated that the increased activity at mesophilic

temperatures might be due to retention of the lipase in its open form, and

that the requirement for the conformational activation might account for

the low activity of the native enzyme at low temperatures.

Read full article

URL: https://www.sciencedirect.com/science/article/pii/S0141022911001517

Thermophilic bacilli and their importance in dairy

processing

Sara A. Burgess, ... Steve H. Flint, in International Journal of Food Microbiology,

2010

5.3 Identification of milk powder isolates

Traditionally, biochemical tests have been used in the dairy industry to

identify bacterial contaminants, including the thermophilic bacilli.

However, these tests are time consuming, can be difficult to interpret and

do not have the taxonomic resolution required for the thermophilic

bacilli. In the late 1990s and early 2000s, PCR-based identification

techniques, such as partial 16S rDNA sequencing, group-specific PCR and

randomly amplified polymorphic DNA (RAPD) profiling, were developed

to identify and type thermophilic isolates from milk powder (Flint et al.,

2001b; Ronimus et al., 1997, 2003). Results from this type of work have

suggested that strains of A. flavithermus may have been described

previously as G. stearothermophilus before the advent of molecular

techniques (Flint et al., 2001b; Ronimus et al., 1997, 2003).

5.3.1 Partial 16S rDNA sequencing

16S rDNA sequencing is one of the most commonly used methods to

identify and determine the phylogenetic relationship of bacterial species.

During the mid 1970s, Carl Woese discovered the use of 16S rDNA for

studying phylogenetic relationships and, with the advent of sequencing, it

became an important tool for bacterial identification (Woese et al., 1975).

Many identification techniques are now based on PCR amplification and

sequence analysis of the 16S ribosomal genes using databases such as

GenBank.

One disadvantage of using 16S rDNA for identification and phylogenetic

studies is that it cannot differentiate between closely related species

(Rainey et al., 1994). For example, those species belonging to the Bacillus

genus and other genera that are closely related, such as Anoxybacillus and

Geobacillus, may not be reliably differentiated. Weng et al. (2009)

demonstrated that some Geobacillus species (including Geobacillus
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kaustophilus, Geobacillus thermoleovorans and G. stearothermophilus) were

greater than 99% similar when comparing their 16S rRNA gene sequences.

Partial 16S rDNA sequencing of a 300 bp amplicon was used to identify a

variety of milk powder isolates as G. thermoleovorans and A. flavithermus

in our laboratories (Flint et al., 2001b). However, the identification of G.

thermoleovorans may not have been very accurate because of the

sequence similarity of the 16S rDNA within the Geobacillus genus, the

limited amount of sequence data available at the time and the small size

of the amplicon that was sequenced.

5.3.2 Group-specific PCR

Group-specific PCR involves the use of at least one primer (out of a primer

pair) that is specific for the organism/group of organisms of interest. A

number of primers that are specific for different species and groups of

bacilli have been developed (Table 3).

Table 3. Primers used to target specific groups of thermophilic bacilli.

Geobacillus

spp.

16S

rDNA

Y1 (5′-TGG

CTC AGA ACG

AAC GCT GGC

GGC-3′)

Levo (5′-CGC

CGC CCT CTT

CGA ACG GCG

CTC C-3′)

Flint et al.

(2001b)

A. flavithermus 16S

rDNA

Y1 (5′-TGG

CTC AGA ACG

AAC GCT GGC

GGC-3′)

Flavo (5′-TAA

CGC CAG TTA

CTA CGC TAC

TTG-3′)

Flint et al.

(2001b)

Thermophilic

bacilli

16S

rDNA

5′-AGG AAc

ACC AGT GGC

GAA G-3′

5′-GGA TGT

CAA GAC CTG

GTA AGG-3′

Rueckert et al.

(2005a, 2005b)

Thermophilic

bacilli

spo0A 5′-ATY ATG

YTV ACR GCV

TTY GGB CAR

GAA GA-3′

5′-TAK CCT

TTW ATR TGI

GCD GGI ACR

CCG ATT TC-

3′

Rueckert et al.

(2006)

B. licheniformis 16S

rDNA

Lichen F (5′-

GCT TGA TTG

AAC CGC ATG

GTT CAA TT-

3′)

Lichen R (5′-

AGA ACA GAT

TTG TGG GAT

TGG CTT AG-

3′)

Flint et al.

(unpublished)

Bacillus spp. 16S

rDNA

B-K1/F (5′-TCA

CCA AGG CRA

CGA TGC G-3′)

B-K1/R1 (5′-

CGT ATT CAC

CGC GGC

ATG-3′)

Wu et al. (2006

In the study by Flint et al. (2001b), 16S rDNA-derived primers (Flavo and

Levo) were developed and used in combination with the universal primer

Target

group/species

Target Forward

primer

Reverse

primer

Reference
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Y1 (Young et al., 1991) to identify A. flavithermus and members of the

Geobacillus genus. The Flavo primer is specific for A. flavithermus and the

Levo primer is specific for the Geobacillus genus. Despite levo not being a

species-specific primer, it is still frequently used in our laboratories to

identify dairy isolates belonging to the Geobacillus genus.

The primers designed, by Rueckert et al. (2005b), for the thermophilic

bacilli group showed some sequence similarity to other bacteria.

However, these primers were used for a real-time PCR TaqMan assay,

which also required a TaqMan probe. The sequence of this probe was

specific for the thermophilic strains that were tested and was not able to

bind to the DNA amplified from other bacteria that were not Bacillus spp.

5.3.3 RAPD profiling

RAPD profile analysis involves the use of a short arbitrary primer of about

10 nucleotides that binds to random sections of the genome (Williams et

al., 1990). The amplification of these sequences results in different

banding patterns between strains. This method is useful for typing

bacterial strains in order to trace a contaminant through an industrial

process, and evaluate genetic variation (Ronimus et al., 1997; Svensson et

al., 2000). The advantages of RAPD profiling are that it requires no

sequence information, it is quick and easy in comparison with other

profiling methods, such as denaturing gradient gel electrophoresis

(DGGE), and it can detect differences between closely related species. The

disadvantages of this method are that it is a typing rather than an

identification technique, up to 20 different bands can be produced,

making them difficult to interpret. Furthermore, these profiles are not

always reproducible, particularly between laboratories, and mismatches

between the primer and the DNA template may occur, producing weak

bands.

RAPD profile analysis has previously been used to study thermophilic

bacilli. Ronimus et al. (2003) identified seven thermophilic bacterial

strains in milk powder using RAPD profiling. These included one strain of

G. stearothermophilus, three strains of A. flavithermus, two strains of B.

licheniformis and one strain of B. subtilis.

5.3.4 Other identification methods

The techniques (biochemical tests, partial 16S rDNA sequencing and

group-specific PCR) that have been used to date to identify thermophilic

dairy isolates are not accurate enough to identify Geobacillus isolates to

the species level. This would be useful, in order to gain some

understanding around whether one Geobacillus species is responsible for

producing highly heat-resistant spores. It may be that one strain of a

species may be responsible for producing these highly heat-resistant

spores; therefore more accurate typing methods may also be needed.

Other methods used for identifying and typing Geobacillus species,

include restriction fragment length polymorphism (RFLP) (Marchant et

al., 2002), 16S–23S internal spacer region profiling (Flint et al., 2001b;

Kuisiene et al., 2007), fatty acid profiling (Nazina et al., 2001) and gene

sequence analysis of various housekeeping genes such as gyrB (De Clerck

et al., 2004a), recA (Weng et al., 2009), rpoB (Weng et al., 2009), spo0A

(Kuisiene et al., 2009) and recN (Zeigler, 2005). The most promising
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method for differentiating dairy Geobacillus isolates is probably a multi-

locus sequence analysis approach using several housekeeping genes.

Weng et al. (2009) evaluated rpoB as an alternative to 16S rDNA for

identifying Geobacillus species. They demonstrated that some species of

Geobacillus including G. stearothermophilus and G. thermoleovorans are

indistinguishable using 16S rDNA sequence analysis and that rpoB

sequence analysis may be a better tool for identifying Geobacillus species.

Other genes, such as recA and spo0A, have also been studied for their

suitability for sequence analysis of the Geobacillus genus without success

(Kuisiene et al., 2009; Weng et al., 2009).
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