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Over the past few decades, due to the large industrial development, enormous quantities of
industrial pollutants have been released into the environment, which is a critical problem
not only for their accumulation in environment but also for public health. Volatile organic
compounds (VOCs) are one of the most important pollutants emitted from chemical,
petrochemical and allied industries. VOCs emissions have heavy impact on human and
animal health, vegetation and climate. Due to increasing levels of environmental pollution,
there has been a concerted effort to explore the use of biological processes to remove
organic pollutants from environment. This alternative is attractive because of its low energy
consumption, relatively moderate operating costs and minimal by-products generation.
Frequently, microorganisms in biofilters are used to break down pollutants present in air
streams from chemical industry and other sources. Organisms that live at extreme
temperatures, pH, pressure, salinity and in high concentrations of recalcitrant substrates
represent one of the last frontiers for biotechnological and industrial discovery.
Extremophiles are a rich source of enzymes that are useful in biotechnological processes
due to the fact that these enzymes are better suited for harsh industrial processes. Studies
suggest that some thermophilic strains occurring in natural high-temperature habitats could
be efficiently used for degradation of VOCs. In this work, we isolated thermophilic
microorganisms from soil samples and tested them with OxiTop® System for
biodegradation of propionic acid. Tested isolates, Aeribacillus Th4 and Geobacillus Th7,
have successfully utilized propionic acid at concentration of 500 mg/L. Further, we used
Biolog EcoPlate™ system for the analysis of ability of isolates to utilize different carbon
sources. The results showed that there are significant differences in the use of different
carbon sources for growth among selected isolates.
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Industrija je eden glavnih krivcev za onesnaževanje okolja. Strupene snovi in delci, ki so
preko industrijskih odpadkov spuščeni v ozračje, tla in vodo, pa ne predstavljajo nevarnosti
le za okolje, temveč tudi za zdravje ljudi. Hlapne organske spojine (HOS) so skupina
pomembnih onesnaževalcev, ki jih najdemo v vročih parah, sproščenih iz kemičnih,
petrokemičnih in podobnih industrijskih obratov. Emisije hlapnih organskih snovi imajo
škodljiv vpliv na zdravje ljudi in živali ter rastlinstvo in podnebje. V skrbi za okolje se v
zadnjih letih za odstranjevanje biološko razgradljivih odpadkov vse bolj razvijajo in
uporabljajo biološki procesi, pri katerih sodelujejo mikroorganizmi. Prednosti teh
alternativnih procesov so v zmanjšani porabi energije, nižjih investicijskih stroških,
prilagodljivosti procesa ter zmanjšanem negativnem vplivu na okolje. Organizmi, ki živijo
v ekstremnih okoljih (ekstremne vrednosti pH, temperature, tlaka, slanosti ...), predstavljajo
pomembno razvijajočo se vejo v biotehnoloških procesih. Ekstremofili so biotehnološko
pomembni, saj predstavljajo bogat vir encimov, ki imajo optimum delovanja pri ekstremnih
pogojih. Predhodne študije so pokazale, da so nekateri termofilni sevi sposobni degradacije
HOS. Iz vzorcev tal smo izolirali termofilne mikroorganizme ter jih testirali za sposobnost
izrabe propionske kisline s sistemom OxiTop®. Testirana izolata Aeribacillus Th4 in
Geobacillus Th7 sta bila sposobna biodegradacije propionske kisline, ki je bila v gojišče
dodana v koncentaciji 500 mg/L. Nadalje smo z uporabo mikroplošč Biolog EcoPlate™
analizirali metabolno aktivnost izolatov. Rezultati so pokazali, da se sposobnost izrabe
različnih virov ogljika med različnimi izolati razlikuje.
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1 INTRODUCTION
Pollution is one of the most important issues the world is facing nowadays. Many organic
compounds used in many branches of industry can be emitted to the atmosphere (Zagorskis
and Vaiskunaite, 2014). One of the most important groups of air pollutants are volatile
organic compounds (VOCs). Many types of VOCs are toxic and have harmful effects to
human health and to entire environment (Berenjian et al., 2012). VOCs have been known as
major precursors in the formation of ground-level ozone and carcinogenic smog (Srivastava
and Mazumdar, 2011). Due to increasing public concern of air quality, a number of
techniques have been improved for controlling and removing of VOCs.
Biological treatment is an environmentally friendly alternative to other traditional methods
and has a broad spectrum of applications, it has low operating costs and no secondary
pollutants generation. Biological waste gas treatment techniques, such as biofiltration,
biotrickling filtration and bioscrubbling, can be successfully applied to hot air flows (Riazi
et al., 2017). Currently, biofiltration is regarded as best available biological technology for
treating waste gases. In biofilters, organic pollutants are metabolized to carbon dioxide and
water by the activity of microbes (Nanda et al., 2012).
Soil is a complex and dynamic system, therefore it is hard to determine the composition of
microbial communities. However in general, soil microorganisms play a role as a
decomposers of organic matter in ecosystems, therefore learning their metabolic abilities and
genetic diversity is meaningful (Xu et al., 2015; Nannipieri et al., 2003). There are many
studies on extremophiles isolated from contaminated soil and their potential use in
bioremediation. Among them thermophiles possess a substantial potential for the
degradation of environmental pollutants. Thermophiles are the most investigated
extremophiles, due to the fact that they produce biotechnologically valuable compounds
(Kikani et al., 2010).
1.1 AIM AND SCOPE
In this study, the propionic acid degradation ability by thermophilic microorganisms from
the genus Aeribacillus and genus Geobacillus was investigated. First part of the study was
focused on the isolation and identification of thermophilic bacteria from soil and the
determination of their ability to utilize different carbon sources using Biolog EcoPlate™. In
second part of this work, we studied the ability of Aeribacillus Th4 and Geobacillus Th7
isolates to utilize propionic acid as the sole carbon source.
We hypothesised:



Thermophilic bacteria can utilize different sources of carbon.
Some thermophilic isolates are able to degrade propionic acid at 50°C.
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2 LITERATURE REVIEW
2.1 EXTREMOPHILES
The term ‘extremophiles’ refers to microbes that are able to grow in harsh extreme
environments, with conditions of high salinity, high pressures, high or low temperatures,
high level of ionising radiation, pH. Due to the ability of extremophiles to survive extreme
conditions, they might be useful for biotechnological applications requiring tolerance to
extreme conditions. The existence of extremophiles has been known since the late 1960s,
when first microorganism capable of growth at temperature greater than 70°C was isolated
from hot springs of Yellowstone National Park (Evans and Furlong, 2003; Verma and
Kanwar, 2012; Brock and Freeze, 1969; Pikuta et al., 2007).
2.1.1 Extremozymes
Extremozymes are biocatalytic proteins, produced by extremophile microorganisms that
function under extreme conditions. Such enzymes have found a number of commercial
applications (Table 1), due to the fact that these enzymes are better suited for harsh industrial
processes. Thermostability is usually an absolute necessity in biotechnological processes. At
present, by far the most important large-scale application of thermophilic enzymes is the use
of thermostable DNA polymerases in the polymerase chain reaction (PCR) (Gomes and
Steiner, 2004, Verma and Kanwar, 2012).
Table 1: Examples of use of extremophiles in industry and biotechnology. Extremophilic bacteria produce
a variety of biotechnologically valuable compounds and have a great economic potential in many industrial
processes, including agriculture, chemical synthesis, production of detergents and pharmaceuticals and food
industry (Rotschild and Mancinelli, 2001).
Preglednica 1: Uporabnost ekstremofilnih bakterij v industriji in biotehnologiji. Ekstremofilne bakterije
so vir različnih biotehnološko pomembnih snovi, ki imajo pomemben ekonomski potencial v različnih
industrijskih procesih, kot so kmetijstvo, kemična sinteza snovi, proizvodnja detergentov, farmacevtska in
prehrambena industrija (Rotschild in Mancinelli, 2001).
Industrial process

Biomolecule

Advantages

Source organism

Hydrolysis of starch for
production of dextrins and
corn syrups

α-Amylase

High stability, aciduric

Bacillus
stearothermophilus



Paper bleaching

Xylanases



Food processing, baking,
brewing

Proteases



PCR reaction

DNA polymerase



Decrease the amount
of bleach needed
Stable at high
temperatures
No need to add
additional enzyme
after each cycle

Thermophiles
Thermophiles

Thermophiles

Continues on the next page...
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Continued Table 1: Examples of use of extremophiles in industry and biotechnology.

Industrial process


Pharmaceuticals




Antibiotic productions
Degradation of polymers in
detergents
Bioremediation



Biomolecule

Advantages

Glycerol, compatible
solutes
Antibiotics
Proteases, amylases,
lipases, cellulases
Reduction of oil spills

Inexpensive to
produce
Antimicrobial activity

Source organism
Halophiles
Alkaliphiles

Stable at high pH

Alkaliphiles

Efficient in cold waters

Psychrophiles

2.1.2 Thermophiles
The thermophiles are amongst the best investigated extremophiles. Temperature is one of
the most important variables in the environment, and based on temperature ranges of growth
the microorganisms have been divided into 4 main groups: psychrophiles, mesophiles,
thermophiles and hyperthermophiles (Figure 1).

Figure 1: Categories of microbes based on temperature ranges of growth (Slonczewski and Foster, 2010).
Psychrophiles grow best at temperature between –5 and +20°C, mesophiles between 15 and 45°C, thermophiles
have an optimal range between 45 and 80°C, and hyperthermophiles can live at temperatures between 65 and
105°C.
Slika 1: Razvrstitev mikroorganizmov glede na temperaturne razpone rasti (Slonczewski in Foster, 2010).
Temperaturni optimum za rast psihrofilov je med –5 °C in +20 °C, mezofilov med 15 °C in 45 °C, termofilov
med 45 °C in 80 °C ter hipertermofilov med 65 °C in 105 °C.

There are some adaptations in cells of thermophilic microorganisms, which provide
tolerance to high temperatures. Thermophiles contain thermostable proteins, which help
enzymes to resist denaturation and proteolysis (for example chaperonins). The cell
membrane contains more saturated fatty acids that keep the cell rigid enough to resist
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elevated temperatures. Further, there are also important adaptations at the DNA level.
Thermophiles contain a reverse DNA gyrase, which produces positive super coils in the
DNA and thereby raises the melting point of the DNA (the temperature at which the strands
of DNA double helix separate) (Singh et al., 2011).
2.1.3.1 Genus Geobacillus
Geobacillus spp. are Gram-positive obligately thermophilic bacteria with a growth range of
37–75°C. Prior to 2001, they were grouped together as thermophilic variants of Bacillus spp.
Based on a 16S rRNA gene sequence analysis and a variety of physical and biochemical
characteristics, Nazina et al. (2001) established new genus, Geobacillus that contains eight
species. Two were novel species (G. subterraneus and G. unzenensis), while six were
transferred from genus Bacillus (G. stearothermophilus, G. thermoleovorans, G.
thermocatenulatus, G. kaustophilus, G. thermoglucosidasius and G. thermodenitrificans).
Geobacillus are aerobic, thermophilic, motile, Gram-positive, spore forming rods (4.7 ‒ 8.0
µm length and 0.8 ‒ 1.5 µm width) (Figure 2). Colonies are round, mucous and colourless
(Nazina et al., 2001; Marchant and Banat, 2010).

Figure 2: Scanning electron micrography of Geobacillus sp. strain 12AMOR1 (Wissuwa et al., 2016: 3).
Slika 2: Vrstična elektronska mikrografija bakterije Geobacillus sp. sev 12AMOR1 (Wissuwa in sod.,
2016: 3).

For biotechnology Geobacillus spp. are of interest as source of thermostable enzymes, which
include lipase, protease, glycoside hydrolases, DNA polymerase I, and enzymes degrading
natural products, for example lingocellulose. As bioremediators, Geobacillius spp. strains
degrade hydrocarbons and they are known as producers of biofuel (Hussein et al., 2015;
Studholme, 2015; Zheng et al., 2011).
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2.1.3.2 Genus Aeribacillus
Thermophilic Bacillus pallidus, originally isolated from thermophilically-treated wastes,
was first described in 1987 by Scholz et al. Later in 2004 due to a closer examination of
characteristics and the sequence similarity with Geobacillus isolates, B. pallidus was
transferred and renamed to Geobacillus pallidus (Banat et al., 2004). Based on 16S rRNA
sequence divergence and comparison of DNA G+C content, the strain was reclassified to the
new genus Aeribacillus as A. pallidus by Minana-Galbis et al. (2010). Untill today this
species is the type and sole species of the genus.
Aeribacillus are aerobic, thermophilic, alkali-tolerant, motile, Gram-positive, spore forming
rods (2.0 ‒ 5.0 µm length and 0.8 ‒ 0.9 µm width), that occur singly, in pairs or in chains
(Minana-Galbis et al., 2010).

Figure 3: Scanning electron micrography of Aeribacillus pallidus TD1 (Yasawong et al., 2011: 5296).
Slika 3: Vrstična elektronska mikrografija bakterije Aeribacillus pallidus TD1 (Yasawong in sod., 2011:
5296).

Strain TD1 of A. pallidus (Figure 3) can produce extracellular pectate lyase, which may have
useful industrial application (Yasawong et al., 2011). Strain ST3, a solvent-tolerant isolate
of A. pallidus, showed successful biodegradation of 2-propanol, which is one of the most
widely used VOC (Bustard et al., 2002).
2.2 BIOLOGICAL TREATMENT
Due to increasing levels of environmental pollution, there has been a concerted effort to
explore the use of biological processes to remove organic pollutants as an effective
alternative to conventional methods (Table 3). Microbes are very flexible and have a simple
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life cycle and their diet is based primarily on carbon-based compounds, water, oxygen (for
aerobic reactions) and macronutrients. Through oxidative and occasionally reductive
microbial reactions, the pollutants are converted to carbon dioxide, water vapour and organic
biomass. There are many advantages (Table 2) in biological processes, especially with lower
operating, capital costs, and low energy consumption. In general, biological processes tend
to be ecologically and economically desirable. However, bioreactors use living organisms,
which are affected by many variables and limitations (such as temperature, moisture, feeds,
acidity, microbial inoculums, pollutant concentration) (USEPA, 2016; Berenjian et al., 2012;
Jeong et al., 2006).
Table 2: Advantages and disadvantages of biological treatment (Evans and Furlong, 2003).
Preglednica 2: Prednosti in slabosti biološkega čiščenja (Evans in Furlong, 2003).
Advantages of biological treatment







Low initial investment and operating costs
Easy to operate and maintain
Degrades a wide range of compounds
No unnecessary waste stream is produced
Smaller carbon footprint
Safe processes with highly ‘green’ profile

Disadvantages of biological treatment







Large land requirement for traditional
design
Less treatment efficiency at high
concentrations of pollutants
Close control of operating conditions is
required
Natural bed media must be replaced every
2 to 5 years (replacement takes 2 to 6
weeks)
Longer periods of inactivity cause a lower
removal efficiency

2.2.1 Thermophilic biofiltration
Biofiltration is the oldest biotechnological method for the removal of pollutants from air.
Thermophilic biofilters (Figure 4) are inoculated with thermophilic microorganisms and
contain thermostable packing materials (Van Groenestijn and Hesselink, 1993). Since
biofilters work under high operating temperatures, they represent a suitable solution for
cleaning hot waste air from variety of industries. For biological treatment, the ability of
microbes to consume organic pollutants from a contaminated air stream is important, and
because pollutants-degrading bacteria usually live in an aqueous environment, the pollutants
should be water-soluble. In biofilters, polluted air stream passes through a packed bed with
immobilized pollutant-degrading microorganisms. Beds provide a surface on which
microbes live and are made from naturally occurring organic materials. The beds must be
replaced every 2–5 years, depending on the material. As air passes through the bed, the
pollutants are adsorbed into the biofilm and onto the biofilter medium. The microorganisms
in the biofilm attached to the bed on the surface of biofilter form a slim layer of a viscous,
jelly-like structure. Once the pollutants are adsorbed into the biofilm and dissolved in the
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water layer surrounding the biofilm, they are available to the microorganisms as a food
source and are biodegraded. Air that is free of pollutants is then exhausted from the biofilter
(Kumar et al., 2011; USEPA, 2003).

Figure 4: Schematic diagram of a thermophilic biofilter (Zhang et al., 2015: 6). 1: high-pressure cylinder;
2: mass flow meter; 3: air pump; 4: inlet sampling point; 5: biofiltration column; 6: packing layer; 7: thermostat;
8: heating layer; 9: packing sample point; 10: outlet sampling point; 11: sprinkler; 12: circulating pool; 13:
water pump.
Slika 4: Shema termofilnega biofiltra (Zhang in sod., 2015: 6). 1: visokotlačni cilinder; 2: merilnik masnega
pretoka; 3: zračna tlačilka; 4: vhodna točka vzorca; 5: biofiltracijski stolpec; 6: pakirni sloj; 7: termostat; 8:
ogrevalni sloj; 9: pakirna točka vzorca; 10: izhodna točka vzorca; 11: brizgalka; 12: krožni bazen; 13: vodna
tlačilka.

2.2.2 Biotrickling filtration
In biotrickling filter, aqueous phase is trickled over the filter bed, which is made of synthetic
or natural material. Polluted air is carried through a packed inoculated bed, which is
continuously irrigated with an aqueous solution with essential nutrients, required by the
biological system. Microorganisms grow as biofilm on the packing material. In general,
biotrickling filters are operated in the temperature range between 10 and 40°C. In compare
with biofilters, they are more effective for treatment of compounds difficult to degrade or
compounds that generate acidic by-products (Cox and Deshusses, 2001).
2.2.3 Bioscrubbling
Bioscrubber technology is an enhancement to the biotrickling filter and tries to improve the
absorption of pollutants into the liquid and lengthen the time the microbes have to consume
the pollutants. Bioscrubbing consist of two departments: the absorber column for absorption
of odors in the liquid phase and a liquid-phase bioreactor for biological treatment. The main
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advantages of bioscrubber technology are operational stability and effective control of
operating parameters (USEPA, 2003; Singh et al., 2005).
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Table 3: Examples of microbial biodegradation of different pollutants.
Preglednica 3: Primeri mikrobne biodegradacije različnih polutantov.
Microorganisms

Pollutant used

Observations

References

Aeribacillus pallidus

2-propanol (IPA),
Acetone

Bustard et al., 2002

Thermus aquaticus ATCC 25104

BTEX
(benzene,
toluene,
ethylbenzene,
xylene)
Formaldehyde

First example of a solvent-tolerant thermophile B. pallidus (reclassified to
Aeribacillus as A. pallidus by Minana-Galbis et al. (2010) to utilize high
concentrations of IPA and acetone, as a sole carbon source, at 60°C.
Acetone was a preferred substrate at concentrations up to 8 g/L
Two thermophilic microorganisms with the ability to degrade BTEX, which
is a major component of hot waste gases from many industrial processes.

Analyses of the ability to use reeds (Phragmites australis) as biofilter filler
to treat the air polluted with VOC such as formaldehyde showed that
efficiency of biological air treatment varies depending on pollutant
concentrations.
Strains were isolated from a deep subterranean oil reservoir in northern
China. The Bacillus strain NG8o-2, identified as Geobacillus
thermodenitrificans, was able to utilize liquid paraffin as a sole carbon
source for growth. Further examination showed that isolate was able to
utilize only long-chain n-alkanes (C15-C36), but not short chain (C8-C14).
This study demonstrated a biodegradation of hot mixed gases of benzene
and toluene (BT) in thermophilic biofilter.

Nausediene
and
Vaiskunaite, 2014

Different VOCs were applied individually to the toluene-acclimated
bioactive foam reactor at the inlet concentration of 0.75 g/m3. The
biodegradation of toluene in the absence of other VOCs by P. putida TDB4
showed high removal efficiency. However, removal efficiency was reduced
in presence of other VOCs. Further, the styrene biodegradation was
enhanced by the presence of toluene.

Song
2007

Thermus sp. ATCC 27987
Aerobic mesophilic bacteria, that live
under certain conditions in the charge
of reeds (Phragmites australis)
Bacillus NG8o-2
(Geobacillus thermodenitrificans)

Paraffin,
Crude oil

Microbial community from hightemperature compost

Benzene,
Toluene

Pseudomonas putida TDB4

BTXS
toluene,
styrene)

Microbial culture from a wastewater
treatment plant

(benzene,
p-xylene,

Chen and Taylor,
1995

Wang et al., 2006

Cho et al., 2007
and

Shin,

Continues on the next page...
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Continued Table 3: Examples of microbial biodegradation of different pollutants.
Microorganisms

Pollutant used

Observations

References

B. cereus
B. subtilis
P. aeruginosa
S. aureus
Rhodococcus sp.
Thermophiles
Mesophiles

Acetone

Analysis of the biofiltration efficiency of acetone vapour with different
concentrations (from 0.0256 g/m3 to 0.997 g/m3). Biofiltration cleaning
efficiency was increasing until it reached the concentration of 0.295 g/m3.
Later, with the higher pollutant concentration, the amount of bacteria in the
biological packing material and cleaning efficiency decreased.
Comparison of the removal of a mixture of benzene, toluene, ethylbenzene,
and all three xylene isomers in mesophilic and thermophilic bioreactors. In
mesophilic bioreactors the removal efficiency was about 96% and in
thermophilic reactor about 83%.

Baltrenas
2015

BTEX
(benzene,
toluene,
ethylbenzene,
xylene)

et

al.,

Mohammad et al.,
2007
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2.3 VOLATILE ORGANIC COMPOUNDS (VOCs)
Over the past few decades, due to rapid industrialization especially in developed countries,
enormous quantities of industrial pollutants have been released into the environment, which
is a critical problem not only for their accumulation in environment but also for a public
health (Gee and Sollars, 1998). Among the different pollutants, volatile organic compounds
(VOCs), emitted from chemical, petrochemical and allied industries, present one of the most
important groups of air pollutants (Kumar et al., 2011; Khan and Ghoshal, 2000).
According to EU Directive 1999/13/EC, VOCs are interpreted as organic compounds that
have at 293.15 K a vapor pressure of 10 Pa or more, or have corresponding volatility under
particular conditions of use (Council Directive 1999/13/EC, 1999). Further, according to EU
Directive 2001/81/EC, VOC means all organic compounds arising from human activities,
other than methane, which are capable of producing photochemical oxidants by reactions
with nitrogen oxides in the presence of sunlight (Directive 2001/81/EC, 2001).
VOCs are part of the large hydrocarbon family that are highly reactive and participate in
atmospheric photochemical reactions. They have received much attention in recent years due
to their direct and indirect effects. International concerns arise due to their ability of longterm accumulation in various components of environment and their toxic nature. VOCs have
been known as major precursors in the formation of ground-level ozone and carcinogenic
smog, and have important direct as well as indirect impact on climate changes, ecology and
human health (Srivastava and Mazumdar, 2011).
2.3.1 Ground-level ozone
Ground-level ozone is not emitted directly into the air like other pollutants, but is formed by
the photochemical reactions between available nitrogen oxides (NOx) and a variety of VOCs
under the influence of sunlight, and it could be formed hundreds of kilometres from the
source of emissions. Anaerobic biological processes, lightning, volcanic activity, trees and
plants are the main biogenic sources of ground-level ozone precursors. Anthropogenic
sources of VOCs include emission from the chemical and petroleum industries, motor
vehicles, from organic solvents and other industrial processes (Ackermann et al., 1999).
2.3.2 Health impact
The quality of the air is closely related to morbidity and mortality from respiratory and
cardiovascular disease. Many of the VOCs are included in the USEPA list of 188 hazardous
air pollutants (HAPs) which are known as being or suspected to be carcinogenic or cause
other serious health issues (Table 4) (Talapatra and Srivastava, 2011). VOCs, in general,
cause eye irritation or watering, nose and throat irritation, headaches, nausea or vomiting,
dizziness, asthma exacerbation, chronic liver damage, kidney damage, central nervous
system damage and cancer (Navaladian et al., 2007).
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VOCs have indirect impact in relation to health risk due their ability to form ground-level
ozone. The main health concern is its effect on the respiratory system, especially long-term
exposure may result in permanent damage to the lungs, irritating the nose, throat, causing
chest pain, coughing and nausea (Ackermann et al., 1999).
Table 4: Different types of volatile organic compounds (VOCs) and their harmful effects on humans and
environment (Navaladian et al., 2007).
Preglednica 4: Skupine hlapnih organskih spojin (HOC) ter njihovi negativni vplivi na ljudi in okolje
(Navaladian et al., 2007).
VOCs

HARMFUL EFFECT

Benzene

Carcinogenic

Toluene

Headache and dizziness

Xylene

Eye and respiratory tract irritation, narcotic effect, central
nervous system depression and death

Chloroform

Affects central nervous system causing depression,
dizziness, liver and kidney damages, skin infection

Ethylene, Styrene

Depletion of ozone layer

Acetaldehyde, acetone

Producing powerful oxidizing agents such as peroxyacyl
nitrates which cause respiratory and eye irritations

Phenol

Offensive odour and toxicity

Epoxides

Toxic, carcinogenic and explosive

Ethers

Producing peroxides, affecting the reproductive systems

Vinyl chloride, Freon

Ozone hole formation, carcinogenic, toxic, greenhouse
effect and climate changes

Nitrogen containing organic
compounds (Amines)

Bad odour, aryl amines are carcinogenic (affecting urinary
bladder)

2.3.3 Sources of VOCs
VOCs are emitted from a variety of sources, including anthropogenic and biogenic sources
(Figure 5). On the global scale, biogenic emission exceeds anthropogenic emission of VOCs.
However, the relative emission varies from region to region depending on the level of
industrial activities, climate and vegetation. For example, in the forested Nordic areas the
biogenic VOC emissions are generally higher than the anthropogenic emissions (USEPA,
2016).
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Figure 5: Sources of volatile organic compounds (VOCs) (NOAA, 2005).
Slika 5: Viri hlapnih organskih spojin (HOS) (NOAA, 2005).

2.3.3.1 Natural sources
Biogenic VOCs are mostly produced by plants. Predominant non-methane VOC emitted
from vegetation is isoprene and constitutes about 40% of all biogenic hydrocarbons emitted
into the atmosphere by plants. Isoprene is highly reactive and has a high photochemical
ozone-creation potential value. Many plants also emit terpenes, responsible for formation of
acid rain. However, VOCs are not produced only by vegetation, but also by animals,
microbes and fungi (Talapatra and Srivastava, 2011).
2.3.3.2 Anthropogenic sources
Anthropogenic VOCs usually dominate in urban areas and are primarily emitted by chemical
processes in industries like in the manufacture of paints, liquid fuels, adhesives, petroleum
products, and pharmaceuticals. Many are also used for production of solvents, dry cleaning
agents, and hydraulic fluids (Evuti, 2013). Important source of VOCs emission in urban
areas in industrialized countries is traffic. Vehicles using unleaded fuels without catalytic
converters generate more VOCs (Wang and Zhao, 2008).
2.3.4 Hot waste gases from industry
In some processes, that include boiling, drying or other thermal treatment of organic
material, waste gas with odour is formed. Such hot waste gases can arise from the food
processing and rendering facilities, grain extrudes, oil mills, thermal treatment of textile and
other specific chemical processes (Smet and Deboosere, 2014).
The food industry is often the target of public complaints due to the odorous gas emissions,
and the most usual air pollutants released into environment are VOCs, H2S and ammonia.
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Biological or chemical reactions from VOCs, that cause the undesirable odours in the food
industry, are usually related to thermal processing steps (such as cooking, evaporative
condensation, heating, drying, or smoking of foods) or other processing steps performed in
open vessels. They are released as the intermediate metabolites in the degradation of organic
matter (Riazi et al., 2017).
Odour pollutants in food industry usually appear in low concentrations and are hydrosoluble
and biodegradable. Therefore, the biological treatment, due its lower operating and capital
cost and low energy consumption, seems to be appropriate treatment solution. Under aerobic
conditions, microbes can utilize some VOCs and degrade them to water and carbon dioxide.
Biological waste gas treatment techniques, such as biofiltration, biotrickling filtration and
bioscrubbling, can be successfully applied to hot air flows (Smet and Deboosere, 2014; Riazi
et al., 2017).
2.3.4.1 Propionic acid
The VOC propionic acid is carboxylic acid and is a colorless, oily liquid, rancid odor. It
occurs naturally in dairy products and is a byproduct of human metabolism. Propionic acid
and its salts are widely used in industry, especially in the food industry as anti-bacterial and
anti-fungal agents, a preservative known as E280 (Al-Lahham et al., 2010). They are also
used to make propionates like cellulose acetate propionate (CAP), which is a known
thermoplastic material. Furthermore, propionic acid is also an intermediate chemical in the
manufacture of herbicides, solvent esters, flavours, antioxidant in pharmaceuticals,
plasticizers, dyes, textile and leather (Boyaval and Corre, 1995).
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3 MATERIAL AND METHODS
3.1 MATERIAL
3.1.1 Chemicals and reagents


Propionic acid (Sigma-Aldrich, USA)



Agar powder (Sigma-Aldrich, USA)



Ultra Clean® Microbial DNA Isolation Kit (Mo Bio Laboratories, Inc., USA)



QIAquick PCR purification Kit (Qiagen, Germany)



Gram Staining Kit for Microscopy (Sigma-Aldrich, USA)



Agarose (Sigma-Aldrich, USA)



SYBR® Green (Thermo Fisher Scientific, Inc., USA)



LIVE/DEAD® BacLightTM Bacterial Viability Kit, for microscopy (Thermo Fisher
Scientific, Inc., USA)



Glycerin (Roth, Germany)



FastStart PCR Master (Roche, Switzerland)

16
Koler A. Isolation of soil thermophilic bacteria and their ability to utilize propionic acid.
M.Sc. Thesis (Du2). Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, Academic Study in Microbiology, 2017

3.1.2 Culture media
All culture media were autoclaved at 121°C, 105 Pa for 15 min.
3.1.2.1 Castenholz medium
Castenholz medium consisted of chemicals as stated in Table 5. The pH of the medium was
adjusted with NaOH solution to 8.2.
Table 5: Composition of Castenholz medium.
Preglednica 5: Sestava gojišča Castenholz.
Substance
Nitrilotriacetic acid (Titriplex I)
CaSO4 · 2 H2O
MgSO4 · 7 H2O
NaCl
KNO3
NaNO3
Na2HPO4 · 2 H2O
FeCl3 · 6 H2O
MnSO4 · H2O
ZnSO4 · 7 H2O
H3BO3
CuSO4 · 5 H2O
Na2MoO4 · 2 H2O
CoCl2 · 6 H2O
Tryptone
Yeast extract

Amount
[mg·per 1 L of distilled water]
100.00
30.00
100.00
8.00
103.00
689.00
140.00
0.47
2.20
0.50
0.50
25.00
25.00
46.00
1.00
1.00

3.1.2.2 M2 medium
M2 medium consisted of chemicals as stated in Table 6. The pH of the medium was
adjusted with NaOH to 7.3.
Table 6: Composition of M2 medium.
Preglednica 6: Sestava gojišča M2.
Substance
Yeast extract
Glucose
Malt extract

Amount
[g per 1 L of distilled water]
10.00
4.00
4.00
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3.1.2.3 BSM medium
BSM medium consisted of chemicals as stated in Table 7.
Table 7: Composition of BSM medium.
Preglednica 7: Sestava gojišča BSM.
Substance

Amount
[g per 1 L of distilled water]

K2HPO4
KH2PO4
(NH4)2SO4
MgCl2 · 6 H2O

4.30
3.40
2.00
0.34

Substock

50 µL

Substock for BSM
FeSO4 · 7 H2O
ZnSO4 · 7 H2O
MnSO4
CuSO4
CoCl2
Na2B4O7 · 10 H2O
Na2MoO4 · 2 H2O

Amount
[g per 1 L of distilled water]
5.00
5.00
5.00
7.80
0.18
0.10
0.10
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3.1.3 Laboratory equipment


Microscope Olympus BX60 (Olympus, Japan)



Camera Canon EOS 77D (Canon, Japan)



PCR Machine (Thermal Cycler), 48 well LabCycler 48 (Queenlab, Indonesia),



Desktop Mini Shaking Incubator (NB-205; n-biotek Co., Ltd., Korea)



QuantiFluor dsDNA System (Promega, USA)



The UltraCam Digital Imaging System (Ultra Lum, Inc., USA)



System OxiTop® Control (WTW, Germany)



Laboratory centrifuge (Eppendorf, Germany)



Infinite® 200 PRO Microplate Reader (Tecan, Germany)



Electrophoresis Flexicast Midi-Horizontal Bundled (C.B.S. Scientific Company,
Inc., USA)



Jouan MSC 12 Class II A2 BioSafety Cabinet (Thermo Fisher Scientific Inc., USA)



Thermo Scientific Holten Horizontal Laminar Airflow Clean Bench (Thermo Fisher
Scientific Inc., USA)

3.1.4 Laboratory consumables


DURAN® laboratory bottle (Duran Group, Germany)



Modified polyurethane (PUR A) foam



Erlenmeyer flasks (Sigma-Aldrich, USA)



Biolog EcoPlate™ (Biolog, Inc., USA)

3.1.5 Bioinformatics tools


Software Geneious 8.0 (Biomatters, New Zealand)
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3.2 METHODS
3.2.1 Isolation of bacteria
The samples were collected from the packed bed bioreactor enriched by bacteria from soil.
Liquid cultures were obtained by using sterile 50 mL Erlenmeyer flask, filled up with 20 mL
of Castenholz medium, 200 µL glucose (stock concentration was 1 mg/mL) and 20 µL of
soil mixture. The samples were incubated overnight at 60°C by shaking (130 rpm). Serial
dilutions of the overnight culture were prepared in physiological saline solution (0.9% NaCl)
and 100 µL of suspensions were plated on Castenholz agar plates in duplicates. Plates were
incubated for 48h at 60°C. These bacteria were further streaked out on Castenholz agar plates
to obtain pure cultures.
3.2.2 Identification of bacterial isolates
3.2.2.1 DNA isolation
Total genomic DNA was isolated from bacterial cells using the Ultra Clean® Microbial
DNA Isolation Kit (Mo Bio Laboratories, Inc., USA) in accordance with the manufacturer’s
protocol. Four to five colonies from fresh pure bacterial culture were used for each
preparation. The isolated DNA was then quantified using QuantiFluor dsDNA System
(Promega, USA).
3.2.2.2 PCR amplification
PCR amplification of the 16S rRNA gene on the isolated DNA using primers 9bfm (forward)
5´-GAGTTTGATYHTGGCTCAG
-3´
and
1512uR
(reverse)
5´ACGGHTACCTTGTTACGACTT-3´ was performed with the following program: initial
denaturation at 95°C for 3 min, followed by 30 cycles of 1 min denaturation at 95°C,
annealing at 52°C for 1 min, and extension at 72°C for 90 sec. The final extension step was
10 min at 72°C. PCR amplifications were conducted in 25µl volumes, each containing 12.5
µl of FastStart PCR Master, 10.7 µl of sterile water, 0.2 µM of each primer and 0.3 µM of
bovine serum albumin (BSA). Instead of single reagents, we used ready-to-use FastStart
PCR Master (Roche, Switzerland), that contains all the reagents (except PCR primers and
template): FastStart Taq DNA Polymerase, magnesium chloride, double-concentrated
reaction buffer and nucleotides (dATP, dCTP, dGTP, dDTP, 0.4 mM each).
3.2.2.3 PCR product purification
The amplified PCR product was purified for subsequent analysis using QIAquick PCR
purification Kit (Qiagen, Germany) in accordance with the manufacturer’s protocol. The
purified PCR products were visualized by electrophoresis (90V, 45 min) in 1% agarose gel
stained with Syber Green and quantified using QuantiFluor dsDNA System kit (Promega,
USA).
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3.2.2.4 DNA sequencing
Samples for DNA sequencing were prepared according to standard Sanger method and sent
to SEQme Company, Czech Republic, for sequencing. For strain identification, we used
GenBank genetic sequence database and sequencing analysis software Geneious 8.0
(Biomatters, New Zealand).
3.2.3 Cryopreservation
For cryopreservation, single bacterial colony was picked with sterile loop, suspended into
20 mL Castenholz medium and incubated overnight at 60°C by shaking at 130 rpm.
Overnight cultures were centrifuged (12.850 x g, 10 min at 4°C), supernatant was discarded
and harvested cells were re-suspended in 1 mL of M2 medium. Cell suspension (700 µL)
was then transferred to 1.5 mL cryovials mixed with 300 µL of 50% glycerol and stored at
–80°C.
3.2.4 Gram stain of bacterial isolates
A loopful of bacterial colony was spread on a glass microscope slide with a drop of distilled
water. After the smear dried the bacteria cells were heat-fixed by passing them over the
burner. The slide was flooded with crystal violet solution and incubated 1 min. After 1 min,
crystal violet was rinsed off with distilled water and iodine solution was added and left again
for 1 min. Afterwards, it was rinsed again with distilled water and decolourised with ethanol
for 3 sec. Ethanol was then washed with distilled water and bacterial cells were stained with
safranin for 30 sec, and then washed with distilled water. The slide was dried over the burner
and observed under Olympus BX60 microscope (Olympus, Japan).
3.2.5 Observation of live and dead cells by fluorescence microscopy
The LIVE/DEAD® BacLightTM Bacterial Viability Kit (Kit L7007, Thermo Fisher
Scientific Inc., USA) was used to investigate the viability of bacterial cells. The kit utilizes
mixtures of SYTO® 9 (component A) green-fluorescent nucleic acid stain, which generally
labels all bacteria, and the red-fluorescent nucleic acid stain, propidium iodide (component
B), which penetrates only bacteria with damaged membranes. Thus, bacteria with intact cell
membranes stain fluorescent green, whereas bacteria with damaged membranes stain
fluorescent red (Molecular Probes, 2004).
Inoculum was prepared with 20 µL of cryosample transferred into 25 mL of M2 medium
and incubated at 60°C by shaking at 130 rpm. Cell viability and optical density (OD590) was
determined periodically every hour. Bacteria cells were stained with Kit L7007. The working
stock of fluorescent dye mixture of component A and component B was prepared according
to manufacturer’s protocol and stored in the refrigerator at 4°C in the dark. We added 1 µL
of dye mixture to 330 µL of bacterial suspension and incubated at room temperature in the
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dark for 15 mins. Then, a drop of stained bacterial suspension was spread on a glass
microscope slide and covered with a coverslip. Live and dead cells were imaged with
Olympus BX60 microscope (Olympus, Japan) through filter FITC, connected to a Canon
EOS 77D camera (Canon, Japan). Percentages of cells viability were calculated from the
ratio of live and dead cells over the total area.
𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =

(𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠)
(𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠+𝑑𝑒𝑎𝑑 𝑐𝑒𝑙𝑙𝑠)

𝑥 100

… (1)

3.2.6 Biolog EcoPlate™
The metabolic activity of isolates were tested with Biolog EcoPlate™ (Biolog Inc., USA),
which is a rapid method for studying carbon source utilization profile of microorganisms.
The Biolog EcoPlate™ was primarily created specifically for characterizing whole microbial
communities from different environments and compare their physiological profiles, not for
identification of microbial strain (Stefanowicz, 2006). However, Chojniak et al. (2015)
demonstrated the possibility of using the EcoPlate for identification and characterization of
Serratia strain, which constitutes the fluidized bed filter (Chojniak et. al., 2015).
The Biolog EcoPlate™ contains 31 (in triplicates) of the most useful carbon sources for soil
community analysis (Table 8). Each well also contains the redox dye tetrazolium violet,
which turns purple in the presence of electron transfer conferring substrate utilisation. The
rate of utilization of selected carbon source was indicated by the reduction of the tetrazolium
dye that changes from colourless into purple (Biolog, 2007).
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Table 8: Carbon sources contained on Biolog EcoPlate™.
Preglednica 8: Viri ogljika, ki so vključeni na plošči Biolog EcoPlate™.
Amino Acids
L-Arginine

Amines

Carboxylic
Acids

Phenylethylamine

D-Galactonic
Acid γ-Lactone

β-Methyl-DGlucoside

Pyruvic Acid
Methyl Ester

Putrescine

D-Galacturonic
Acid

D-Xylose

Glucose-1Phosphate

Carbohydrate

Miscellaneous

L-Asparagine

Polymers
Tween 40
Tween 80

L-Phenylalanine

α-Cyclodextrin

i-Erythritol
L-Serine
L-Threonine
Glycyl-LGlutamic Acid

2-Hydroxy
Benzoic Acid

D-Mannitol

4-Hydroxy
Benzoic Acid

N-Acetyl-DGlucosamine

D-Glucosaminic
Acid

D-Cellobiose

D,L-αGlycerol
Phosphate

Glycogen

α-D-Lactose

Itaconic Acid
α-Ketobutyric
Acid
D-Malic Acid

For kinetic test in EcoPlate, bacterial culture was incubated overnight in 50 mL Erlenmeyer
flasks, containing 20 mL of M2 medium at temperature 60°C by shaking at 130 rpm. After
incubation, overnight culture was diluted with BSM medium to obtain OD value 0.1. The
inoculum (100 µL) was then transfered on microplate with multichannel pipette. Microplates
were incubated for 24h at 60°C by shaking at 130 rpm. OD590 was measured periodically
every 60 min for the first 6h and once after 24h of incubation, with Infinite® 200 PRO
Microplate Reader (Tecan, Germany), heated at 40°C. Microplate (without cover) was read
for 27 sec.
3.2.7 OxiTop® System
OxiTop® System is based on the pressure measurement in a closed bottle system. The
microorganisms are using oxygen to degrade organic substances in the closed system while
incubated by shaking at the constant temperature. The carbon dioxide (CO2), produced
during microbial activity, is removed from a gas phase with absorption by sodium hydroxide
(NaOH). If bacteria consume organic material, this could be measured with changes in
pressure. This change is detected and stored by the measuring OxiTop® heads (WTW,
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2006). Based on the results of degradation test obtained with Biolog EcoPlate™, 2 most
suitable cultures were selected for OxiTop® test (Figure 6). With this method, propionic
acid as a sole carbon source was tested.
Overnight culture (preculture) was prepared in 50 mL Erlenmeyer flask with 20 mL of BSM
medium, 200 µL of glucose (stock concentration 1g/mL) and 20 µL of cryosample.
Preculture was incubated overnight at 60°C by shaking at 130 rpm.
A 100 mL Duran bottle was filled with 49.5 mL of preculture, washed and adjusted in BSM
medium to OD about 0.1. Propionic acid was added to the cell culture in concentration of
about 500 mg/L. A blank test contained 49.5 mL of BSM medium and propionic acid in
concentration of about 500 mg/L. The bottles were tightly sealed with measurement heads.
The bottles were incubated in an incubator at temperature of 50°C for 3 days by shaking at
130 rpm. Control bottles were set up in duplicates and sample bottles with bacteria in
triplicates per each experiment. The pressure in the bottle was measured periodically, every
12 min. Data were collected after 48h of incubation with OxiTop® OC 100 Controller.
In the second part of OxiTop test, we added modified polyurethane (PUR A) foam to
inoculum to provide a surface for microorganism’s attachment. Foam was weighted before
and after test, to avoid false positive results (microbes could also use foam as a source of
food).
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Figure 6: Scheme of OxiTop® test.
Slika 6: Shema testa OxiTop®.
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4 RESULTS
4.1 IDENTIFICATION OF ISOLATED BACTERIA
Serial dilutions of the soil sample were spread in duplicates onto Castenholz agar and
incubated at 60°C. The colony formation was observed after 2 or 3 days and from each plate
few colonies were subcultured for pure culture isolation. In total 12 bacterial colonies,
designated Th1-Th12, were selected for further identification (Table 9). Before the DNA
isolation isolates were stained by Gram. It was observed that all isolates were Gram-positive
rods.
Table 9: Identification of isolates. Isolates mainly belonged to the genus Geobacillus.
Preglednica 9: Identifikacija izolatov. Izolati večinoma pripadajo rodu Geobacillus.
Sample Code

Bacterial Isolate

Th 1

Geobacillus Th1

Th2

Geobacillus Th2

Th3

Geobacillus Th3

Th4

Aeribacillus Th4

Th5

Geobacillus Th5

Th6

Geobacillus Th6

Th7

Geobacillus Th7

Th8

Geobacillus Th8

Th9

Geobacillus Th9

Th10

Geobacillus Th10

Th11

Geobacillus Th11

Th12

Geobacillus Th12

4.2 FLUORESCENT STAINING OF Aeribacillus AND Geobacillus
The shape and the size of bacterial cells were also observed with fluorescent staining using
dyes from DEAD/LIVE Viability kit.

26
Koler A. Isolation of soil thermophilic bacteria and their ability to utilize propionic acid.
M.Sc. Thesis (Du2). Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, Academic Study in Microbiology, 2017

Figure 7: Fluorescence microscopy of Aeribacillus Th4.
Slika 7: Fluorescentna mikroskopija Aeribacillus Th4.

Figure 8: Fluorescence microscopy of Geobacillus Th7.
Slika 8: Fluorescentna mikroskopija Geobacillus Th7.

Aeribacillus cells are rod-shaped that occur singly, in pairs or in chains (Figure 7).
Geobacillus cells are rod-shaped and occur either singly or in short chains (Figure 8).
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4.2.1 Viability test for Geobacillus Th7
In order to distinguish between live and dead bacterial cells, the LIVE/DEAD Viability Kit
(Thermo Fisher Scientific Inc., USA) was tested on bacterial culture at different incubation
times. The viability test was important for choosing the right time of incubation for
inoculation with OxiTop System.

Figure 9: Fluorescence microscopy of cells of Geobacillus Th7. A: live cell; B: dead cell.
Slika 9: Fluorescentna mikroskopija celic Geobacillus Th7. A: živa celica; B: mrtva celica.

With FITC filter we observed live cells coloured green and dead cells coloured red
(Figure 9). To determine percentage of viability, a direct counting method was applied. Cells
were counted manually. This process was repeated for each captured frame (in total 3
countings per sample) to obtain average percent of live cells at different incubation times.
The percentage of live cells were calculated according to equation (1).
Table 10: Percent of viabile cells at different times of culture incubation. The percent of viable cells for
incubation time 0, 1, 2 and 3h were not determined (n.d.).
Preglednica 10: Odstotek živih celic po različnih dolžinah inkubacije kulture. Odstotek živih celic po 0,
1, 2 in 3 h inkubacije ni bil določen (n. d.).
Time of incubation [h]

OD590

Viabile cells [%]

0
1
2
3
4
5
6
7
19

0.000
0.003
0.003
0.051
0.583
1.149
1.235
1.206
1.106

n.d.
n.d.
n.d.
n.d.
98
90
85
76
50
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Based on the fast growth of isolate Geobacillus Th7 we decided to determine the percentage
of viabile cells at different times of incubation. According to OD measurement and
calculations of cell viability for isolate Geobacillus Th7 (Table 10; Figure 11), we could
assume that Geobacillus culture entered the exponential phase within 3h of aerobic
incubation at 60°C by shaking at 130 rpm. Before bacteria entered the exponential phase,
they were in lag phase for about 2h. From our results we can see, that this period coincided
with the time 3h to 5h of incubation. In that time, OD increased from 0.051 to 1.149 and cell
viability was about 98%. After that time, OD became constant, but cell viability started to
decrease. The cells entered stationary phase and finally after 19h into death phase (Figure
10).
Growth curve for Geobacillus Th7
1,4

100%
80%

1
0,8

60%

0,6

40%

0,4
20%

0,2
0

0%
0

2
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16

18

Time of incubation [h]
live cells

dead cells

optical density

Figure 10: Growth curve and portion of live and dead cells for Geobacillus Th7.
Slika 10: Rastna krivulja in delež živih in mrtvih celic za Geobacillus Th7.
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1,2

29
Koler A. Isolation of soil thermophilic bacteria and their ability to utilize propionic acid.
M.Sc. Thesis (Du2). Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, Academic Study in Microbiology, 2017

Figure 11: Observation of live and dead cells with fluorescence microscopy. The cell samples were
fluorescent stained after different incubation period at 60°C: A: 2h of incubation; B: 4h of incubation; C: 5h of
incubation; D: 7h of incubation; E: 19h of incubation.
Slika 11: Opazovanje živih in mrtvih celic s fluorescentno mikroskopijo. Vzorci so bili odvzeti po različnih
dolžinah inkubacije pri 60 °C: A: po 2 h inkubacije; B: po 4 h inkubacije; C: po 5 h inkubacije; D: po 7 h
inkubacije; E: po 19 h inkubacije.
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4.3 METABOLIC ACTIVITY OF DIFFERENT ISOLATES
In our study, we adapted Biolog EcoPlate™ for investigation of substrate utilization profile
for each selected isolate. Isolates were directly inoculated into the single carbon source wells
on EcoPlate and during incubation followed utilization of various substrates by colour
formation and spectrophotometric quantification of growth (absorbance measurement,
Figure 12). The activity on the plates was measured periodically every hour for 6h and once
after 24h of incubation, using a Microplate reader Infinite (Tecan, Germany) set for
absorbance at 590 nm and heated at 40°C. For final analysis, the absorbance after 5h of
incubation was used. According to the EcoPlate layout (Annex A), there was no substrate in
wells A1, A5 and A9. These wells were controls and the absorbance values from the control
wells were subtracted from the absorbance values from the wells containing substrate.
Average absorbance values were calculated for each substrate. Following graphs (Figure 1217) show changes in optical density on EcoPlate, caused by utilization of present carbon
sources.
For tests, initially 5 isolates, which belonged to different species, were selected. However,
during preparation of overnight cultures, we observed that one of the chosen isolates did not
grow, therefore we continued only with 4 isolates.
We tried to provide the optimal conditions for growth for thermophilic isolates. That is why
we decided to do the tests at 60°C. The main problem was drying of the wells after longer
period of incubation and as a consequence no colour formation. We tested isolates also at
lower temperature. Selected isolates were inoculated and incubated on Biolog EcoPlate tests
at 40°C. However, after first 6h, there was no changes in optical density for tested isolates.
After these results, we decided to incubate EcoPlate tests for shorter time and measure
absorbance in the wells after only 6h of incubation.
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Figure 12: Biolog EcoPlate™, a plastic microtiter plate, which contains 31 substrates in triplicate. A:
Colour development in EcoPlate after inoculation with Geobacillus Th7 and incubation at 60°C; B: One set of
31 various substrates included on EcoPlate; C: Distribution and names of substrates included on EcoPlate.
Slika 12: Biolog EcoPlate™, mikrotitrska plošča, ki vsebuje 31 različnih substratov v treh ponovitvah.
A: Nastanek vijolične barve po inokulaciji EcoPlate z bakterijo Geobacillus Th7 ter inkubaciji na 60 °C;
B: Set 31 različnih substratov, ki so vključeni na EcoPlate mikroploščah; C: Položaj ter ime substrata na
EcoPlate.
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Figure 13: Absorbance values of polymers on Biolog EcoPlate™ after 5h of incubation at 60°C for 4
isolates.
Slika 13: Vrednosti absorbance za polimere na plošči Biolog EcoPlate™ po 5 h inkubacije na 60 °C.

Geobacillus Th7 showed the best utilization ability for two polymers (Figure 13), αcyclodextrin and glycogen. Geobacillus Th8 utilized glycogen, while there was no
significant degradation of other substrates. In contrast, polymer substrates were difficultly
utilized by isolate Aeribacillus Th4, while for isolate Geobacillus Th10 there was no growth
at all.
Carboxylic acids
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Figure 14: Absorbance values of carboxylic acids on Biolog EcoPlate™ after 5h of incubation at 60°C
for 4 isolates.
Slika 14: Vrednosti absorbance za karboksilne kisline na plošči Biolog EcoPlate™ po 5 h inkubacije na
60 °C.

Isolate Geobacillus Th7 showed the best biodegradation potential for carboxylic acids
(Figure 14), especially for D-galacturonic acid, γ-hydroxybutyric acid, itaconic acid, α-
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ketobutyric acid and D-glucosaminic acid. Aeribacillus Th4 and Geobacillus Th8 also
utilized some substrates, while Geobacillus Th10 did not show any metabolic activity.
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Figure 15: Absorbance values of carbohydrates on Biolog EcoPlate™ after 5h of incubation at 60°C for
4 isolates.
Slika 15: Vrednosti absorbance za ogljikove hidrate na plošči Biolog EcoPlate™ po 5 h inkubacije na
60 °C.

Carbohydrates (Figure 15) were good carbon source for Geobacillus Th 7, except of βmethyl-D-glucoside. Geobacillus Th8 showed growth on D-cellobiose and α-D-lactose,
while Aeribacillus Th4 showed only weak growth for some substrates. For Geobacillus Th10
there was no growth detected.
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Figure 16: Absorbance values of amino acids on Biolog EcoPlate™ after 5h of incubation at 60°C for 4
isolates.
Slika 16: Vrednosti absorbance za aminokisline na plošči Biolog EcoPlate™ po 5 h inkubacije na 60 °C.

Geobacillus Th7 utilized all of the amino acids (Figure 16). In contrast, Geobacillus Th8
showed only weak growth on L-serine and glycyl-L-glutamic acid. There was only small
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increase in absorbance detected for Aeribacillus Th4 at L-threonine and glycyl-L-glutamic
acid and none for Geobacillus Th10.
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Figure 17: Absorbance values of amines on Biolog EcoPlate™ after 5h of incubation at 60°C for 4
isolates.
Slika 17: Vrednosti absorbance za amine na plošči Biolog EcoPlate™ po 5 h inkubacije na
60 °C.

Geobacillus Th7 and Geobacillus Th8 were able to utilize phenylethyl-amine and putrescine
(Figure 17). However, Aeribacillus Th4 showed weak growth and Geobacillus Th10 did not
grow on any of selected substrates.
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Figure 18: Absorbance values of substrates on Biolog EcoPlate™ after 5h of incubation at 60°C for 4
isolates.
Slika 18: Vrednosti absorbance za različne substrate na plošči Biolog EcoPlate™ po 5 h inkubacije na
60 °C.

Figure 18 shows, that Geobacillus Th7 utilized all of the 3 substrates (pyruvic acid methy
ester, glucose 1-phosphate and D,L-α-glycerol phosphate), while Aeribacillus Th4 and
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Geobacillus Th8 showed growth only on pyruvic acid methyl ester and glucose-1-phosphate.
For Geobacillus Th10 there was no growth detected.
General analysis of carbon source utilization (Figure 19) implied that the 4 different isolates
appeared to have different metabolic characteristics. Isolate Geobacillus Th7 showed strong
utilization of majority of the available carbon substrates. It could use 26 substrates from all
31 available substrates in EcoPlate. Only carbohydrate β-methyl-D-glucoside, some
carboxylic acids (D-galactonic-γ acid, 2-hydroxy benzoic acid) and polymers (tween 40,
tween 80) were hardly utilized. The other two isolates, Aeribacillus Th4 and Geobacillus
Th8, also metabolized about half of the substrates included on EcoPlate. In contrast,
Geobacillus Th10 was not capable of using any of the available substrates in specified
incubation time.
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Figure 19: Overview of metabolic activity for different isolates: Geobacillus Th7 used most of the substrates; in contrast, Geobacillus Th10 did not utilize any of substrate
present on EcoPlate. 1: amines; 2: amino acids; 3: carbohydrates; 4: carboxylic acids; 5: polymers; 6: other.
Slika 19: Pregled metabolne aktivnosti različnih izolatov: Geobacillus Th7 je sposoben razgradnje večine substratov, medtem ko Geobacillus Th10 ni sposoben razgradnje
nobenega substrata, prisotnega na plošči EcoPlate.1: amini; 2: aminokisline; 3: ogljikovi hidrati; 4: karboksilne kisline; 5: polimeri; 6: ostalo.
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4.4 BIODEGRADATION OF PROPIONIC ACID
We selected 2 isolates, which shown the best biodegradation potential on Biolog EcoPlates.
Selected isolates were tested for biodegradation ability of propionic acid, which was present
in liquid phase in concentration of 500 mg/L. Each experiment contained 2 blank sample
bottles and 3 experimental samples with bacteria (Figure 6).
Data from first hour of incubation were excluded, because this time was needed to reach
experimental conditions. The average mean of values from blank samples was calculated.
The following graphs (Figure 20–22) show variation of pressure during biodegradation of
propionic acid by two different isolates, Aeribacillus Th4 and Geobacillus Th7.

Figure 20: OxiTop experiment with Aeribacillus Th4 subculture prepared from overnight
(15h) preculture. A: withouth addition of a PUR A foam; B: after addition of a PUR A foam.
Slika 20: OxiTop test z Aeribacillus Th4, subkultura pripravljena iz prekonočne (15 h) predkulture. A:
brez dodatka PUR A pene; B: po dodatku PUR A pene.

During 48h of incubation at 50°C, Aeribacillus Th4 consumed oxygen, seen in pressure
decrease, for biodegradation of propionic acid (Figure 20A). The adaptation period took
about 12h. Figure 20B shows the influence of foam addition into liquid phase on
biodegradation of propionic acid by Aeribacillus Th4 in BSM media at 50°C. During the
48h of incubation, no biodegradation was observed.
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Figure 21: OxiTop experiment with Geobacillus Th7 subculture prepared from overnight (15h)
preculture. A: withouth addition of a PUR A foam; B: after addition of a PUR A foam.
Slika 21: OxiTop test s Geobacillus Th7, subkultura pripravljena iz prekonočne (15 h) predkulture. A:
brez dodatka PUR A pene; B: po dodatku PUR A pene.

During 48h of incubation at 50°C, Geobacillus Th7 successfully assimilated propionic acid,
which is seen by pressure decreasing in a bottle (Figure 21A). The adaptation period was
about 8h. Figure 21B shows the influence of foam addition on biodegradation of propionic
acid by Geobacillus Th7 in BSM media at 50°C. The pressure drop was detected after 35h
(40h for sample 3) of incubation. The adaptation phase was longer than in the test with only
propionic acid. Data for sample 1 are not shown because of the operating problems of
measurement head during experiment.

Figure 22: OxiTop experiment with Geobacillus Th7 subculture prepared from 4 hour old preculture.
A: withouth addition of a PUR A foam; B: after addition of a PUR A foam.
Slika 22: OxiTop test z Geobacillus Th7, subkultura pripravljena iz 4 ure stare predkulture. A: brez
dodatka PUR A pene; B: po dodatku PUR A pene.
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During 50h of incubation at 50°C, Geobacillus Th7, which subculture was prepared from 4hour old preculture, successfully assimilated propionic acid (Figure 22A). The adaptation
phase is barely seen; because subculture was prepared from 4 hour old preculture, when cells
were in lag phase and the cell viability was about 98%. Geobacillus Th7 successfully
biodegraded propionic acid. Figure 22B shows the influence of foam addition on
biodegradation of propionic acid by Geobacillus Th7 in BSM media at 50°C. We detected a
significant drop of preasure in first 5h of incbation, while in test without foam, the final level
of drop pressure was detected within 10h.
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Figure 23: Comparison of pressure drop caused by oxygen consumption during propionic acid
biodegradation by studied isolates measured by OxiTop system.
Slika 23: Primerjava padca tlaka, ki je posledica porabe kisika izbranih izolatov za biorazgradnjo
propionske kisline merjeno s sistemom OxiTop.
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5 DISCUSSION
Examination of the soil environment for thermophilic bacteria showed that the diversity in
the sample is large (Banat et al., 2004). Such diversity in the soil sample was revealed also
in our study, as 5 different species were identified among 12 isolates. Isolates mainly
belonged to the genus Geobacillus (Table 9). This was not surprising, as Geobacillus is
common in soil (Fields and Chen Lee, 1974). However, one of the studied isolates belonged
to the genus Aeribacillus.
Further, 4 of 12 isolates were selected and cultivated using Biolog EcoPlate™ test at 60°C.
For tests, initially 5 isolates, which belonged to different species, were selected. However,
during preparation of overnight cultures, we observed that one of the chosen isolates did not
grow, therefore we continued only with 4 isolates. During the experiment, we were faced
with some issues. Since we investigated thermophilic microorganisms, we tried to provide
them optimal conditions for growth, such as high temperature. The main problem was drying
of the wells after longer period of incubation and as a consequence no colour formation. That
is why we decided to incubate EcoPlate tests for shorter time and measure absorbance in the
wells after only 6h of incubation. We tested also the effects of incubation temperature.
Selected isolates were inoculated and incubated on Biolog EcoPlate tests at 40°C. However,
after first 6h, there was no changes in optical density for tested isolates (data not shown).
Despite having some problems related to operation procedure, cultivating processes and data
analysis, Biolog EcoPlate tests has a number of prospects in the research of microbial
communities in soil and profiling their metabolic status. Bacteria are at the bottom of the
food chain and changes in microbial communities can be indicator of vitality of the
environment (Xu et al., 2015).
The best growth on the most tested carbon sources was detected in isolate Geobacillus Th7.
In contrast, isolate Geobacillus Th10 did not grow on the EcoPlate. Isolates Aeribacillus
Th4, and Geobacillus Th8, showed weak growth on some selected carbon sources (Figure
19). Such difference in growth could have been caused by short incubation time and that the
bacteria did not have enough time to pass the adaptation phase and enter into the exponential
growth phase. In contrast, consumption of some of the substrates by Geobacillus Th7 started
in the first 2h of incubation. With viability test for Geobacillus Th7, we found that bacterial
culture achieved a stationary phase within 5 to 6h of incubation at 60°C, compared to
Aeribacillus Th4, which grew slower (data not shown).
In our study we observed utilization of phenylethylamine, which has a similar molecular
structure as toluene, by Geobacillus Th7 and Geobacillus Th8. The biodegradation of
toluene was already reported in various studies (Cho et al., 2007; Kyung-Suk et al., 2007).
Cho et al. (2007) demonstrated that toluene could be degraded in biofilter, using
thermophilic microorganisms. Further investigation may show also success in
biodegradation of toluene from polluted waste gases by our isolates.
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Among carbohydrates (Figure 15), Geobacillus Th7 successfully assimilated available
substrates, except β-methyl-D-glucoside, which coincides with the research of metabolic
clusters of six different Geobacillus strains. Brumm et al. (2015) in their study identified and
located the region in the Geobacillus genome which contains the xylan utilization cluster.
This large super-cluster of metabolic clusters appears to be unique feature of the genus
Geobacillus and contains fructose, cellobiose, gluconate, and mannitol utilization clusters.
In the addition to carbohydrate utilization clusters, some of the strains contain also urea
utilization cluster, 4-gene nitrate reductase cluster and 4-gene nitrite reductase cluster
(Brumm et al., 2015).
The results of Biolog EcoPlate™ tests show weak growth of Aeribacillus Th4 on selected
carbohydrates. Previous studies have shown that the utilization of carbohydrates differed
between strains. Aeribacillus pallidus DSM3670, used in study by Scholz et al. (1987), and
our isolate Aeribacillus Th7 did not show growth on xylose, while A. pallidus strain TD1,
isolated by Yasawong et al. (2011) from hot spring in Thailand, showed strong growth on
xylose.
With tests of metabolic activity on Biolog EcoPlate™ we confirmed our first hypothesis that
thermophilic bacteria can utilize different sources of carbon.
Acording to the best utilization abilites of different substrates on Biolog EcoPlate™ we
selected 2 isolates and tested them for biodegradation ability of propionic acid, which was
present in liquid phase in concentration of 500 mg/L. Propionic acid was selected as a model
of VOCs and it presented the sole carbon source in tested bottles. At the starting phase of
experiment, we observed adaptation period, in which microbes adapt in order to be able to
biodegrade propionic acid. For Geobacillus Th7 (Figure 21A) this period was shorter (about
8h) than for Aeribacillus Th4 (about 12h) (Figure 20A). Bustard et al. (2002) already
demonstrated the ability of B. pallidus (renamed to A. pallidus) to grow on high
concentration of IPA up to 8 g/L at 60°C. Adaptation phase took about 20h. In comparison,
Kaakinen et al. (2007) used respirometric OxiTop® system to study soil biodegradation of
oils at 20°C. In their experiments, adaptation period was relatively long, about few days. In
study of, Korshunova et al. (2011) they also observed difference in time length of bacterial
adaptation phase, when G. subterraneus strain K was tested on biodegradation of
hydrocarbons. Exponential growth phase started earlier in the medium containing nhexadecane than in medium with n-docosane.
However, both of our isolates were able to consume propionic acid. Previously it was also
reported that A. pallidus TD1 could utilize propionate, a salt of propionic acid (Yasawong et
al., 2011).
In the second phase of the propionic acid biodegradation ability experiment, we added
modified polyurethane foam to the liquid culture to provide surface for bacterial
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attachements. Biofilter bed provides specific surface area for development of microbial
biofilm. The most used materials in biofilter beds are peat, compost, wood chips, glass beads,
polyurethane foam, polystyrene, etc. (Kumar et al., 2011). The addition of foam significantly
extended adaptation period in experiment with Geobacillus Th7, where subculture was
prepared from overnight preculture. We observed pressure drop after 35h of incubation,
which is why we decided to run the experiment for longer time (70h). In contrast, when
subculture was prepared from 4 hour old preculture of Geobacillus Th7, there was very short
adaptation phase (Figure 22A). With viability test for Geobacillus Th7, we found that
bacterial cell culture entered exponential phase within 3h of incubation and that 50% of cells
were dead after 19 hours of incubation (Table 10), and due to this facts, we decided to test
with OxiTop® system also subculture prepared from 4 hour old preculture of Geobacillus
Th7. Aeribacillus Th4 did not grow on propionic acid with foam.
Results (Figure 23) showed that whichever isolate was used, there was a consumption of
oxygen. Hence, growth and multiplying of these aerobic isolates occured and their ability to
assimilate propionic acid as sole carbon source was demonstrated. The main difference
between isolates was in length of adaptation period. Moreover, after 24h consumption of
oxygen stopped. This could be due to bacteria running out of oxygen or carbon source and
their entry into the death phase.
Experiments with system OxiTop® confirmed our second hypothesis, that some
thermophilic isolates are able to degrade propionic acid at 50°C.
We showed that the system OxiTop® could be a suitable tool to monitor biodegradation of
propionic acid. We chose system OxiTop® because it is accessible and easy to use. It gives
a kinetic vision of soil respiration through consumption of oxygen, and data could be
collected anytime during the experiment by infrared signal transmission. The limit is in
operating temperature, which is about 50°C. In the future, it would be interesting to
determine the quantity of trapped CO2 by chemical titration and viability of bacterial cells at
the end of the experiment. In order to ensure more effective control of biodegradation also
final concentration of propionic acid in liquid phase should be determined. During their
experiment, Bustard et al. (2002) monitored the presence of IPA and acetone, the
intermediate of aerobic biodegradation of IPA. The results showed significant coincidences
in IPA decreasing and production of acetone.
With this research, we showed the ability of Geobacillus and Aeribacillus isolates to utilize
propionic acid as a sole carbon source. Members of the genus Geobacillus appear to be
present in most soil environments, and most of them have the ability to grow on
hydrocarbons and may therefore be exploited in bioremediation applications in the future
(Banat et al., 2004). It is important for biotechnology to study enzymes responsible for
biodegradation and the genes encoding these proteins. It is known that Geobacillus strains
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contain various homologs of gene alkB, responsible for hydrocarbon biodegradation
(Korshunova et al., 2011).
A wide range of organic pollutants are released from industrial processes and previous
studies already showed that these pollutants are biodegradable (Table 3), especially by
extremophiles, which are adapted to extreme conditions. It is important to know that these
bacteria have genes that allow microorganisms to not only survive in polluted environments
but also to remove pollutants from waste sites (Dhamwichukorn et al., 2001; Leahy and
Colwell, 1990; Lee et al., 2010, 2013). The ability of our isolates to efficiently degrade
propionic acid as the sole carbon source makes them good candidates for applications in
environmental biotechnology. Thermophilic bioremediation of pollutants in environment
has potential to be important part of microbial biotreatment.
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6 CONCLUSIONS
In this work, we investigated the metabolic activity of thermophilic strains from Geobacillus
and Aeribacillus genera isolated from soil. The study applied Biolog EcoPlate™ test, which
contains 3 replications of 31 different substrates that are similar to many nutrients found in
natural environments. EcoPlate is a rapid and inexpensive tool for finding similarities and
differences between isolates. The ability of aerobic biodegradation of propionic acid in liquid
medium was detected by the pressure variations in a closed respirometer, using OxiTop®
system Control.
Our conclusions are as follows:


We successfully isolated microorganisms from soil sample, which were
found to be Gram positive thermophilic bacteria belonging to genera
Geobacillus and Aeribacillus.



The ability of utilization of different carbon sources varied between
different thermophilic isolates from genera Geobacillus and
Aeribacillus.



We demonstrated that two selected thermophilic bacteria, strains
Aeribacillus Th4 and Geobacillus Th7, were able to utilize propionic
acid.



The hypothesis, that addition of foam to medium improves the
biodegradation of propionic acid, was not confirmed.

The observed physiological properties of Geobacillus Th7 are promising for biotechnology
research and this strain may be a good candidate to use in thermophilic biofilters for
biological waste gas treatment. In the future, useful information could be obtained by
extending this research to include different VOCs, different types of bacteria and different
combinations of VOCs and bacteria species.
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7 SUMMARY
Industrial revolution over time has led to an increase in the rate of pollution, particularly air
pollution. The most important group of air pollutants are VOCs. Due to their toxicity, many
technologies for their removal have been developed. A wide range of VOCs are
biodegradable, therefore a biological treatment could be used. Biofiltration has been
successfully applied to control many VOCs and other toxic emissions from a wide range of
industrial sources. One of the many advantages of using biofiltration is that organic
pollutants will be totally degraded and there is no secondary pollutants generation. It is
important for biological treatment to select appropriate microorganisms. Thermophiles
produce some valuable compounds, such as extremozymes and they are adapted to high
temperature so therefore they have a significant value in biotechnology.
Our goal was to isolate thermophilic microorganisms from soil and test them for
biodegradation of propionic acid. We identified 12 isolates and among them there were 5
different species. Isolates mainly belonged to the genus Geobacillus. However, one of the
isolates belonged to the genus Aeribacillus. Four of these isolates were tested on Biolog
EcoPlate™ for metabolic activity and the results showed that there are significant differences
in the use of different carbon sources for growth among them. Two most promising strains
were further tested for biodegradation of propionic acid. For biodegradation effect, system
OxiTop® was selected. The respiration of microorganisms was observed through
consumption of oxygen in closed bottle, which was measured by pressure decrease.
Propionic acid was selected as a model of VOCs and it presented the sole carbon source in
tested bottles. Both isolates have successfully utilized propionic acid. Additionally, we
added modified polyurethane foam to the liquid medium to provide surface for bacterial
attachments. The test did not confirm our hypothesis that addition of foam will optimize
biodegradation abilities. Aeribacillus Th4 did not grow on propionic acid with foam, while
Geobacillus Th7 grew. However, the adaptation phase for this strain was significantly
prolonged after addition of foam. During our work, we observed that also incubation time of
preculture has an important influence on biodegradation abilities. With fluorescent viability
test we demonstrated that Geobacillus Th7 entered exponential phase after 3h of incubation
and reached stationary phase after 5h of incubation. Due to this fact we decided to compare
biodegradation effect according to the different incubation time of bacterial preculture. We
found that liquid subculture, which was prepared from 4 hour old preculture of Geobacillus
Th7, started to utilize propionic acid earlier than liquid subculture which was prepared from
overnight preculture. Adaptation phase was significantly reduced.
The results of this work just opened new questions. Is it possible to use this isolates in
biofilters? Are they able to biodegrade different VOCs, not only propionic acid? Additional
studies are needed to further characterize thermophilic bacteria, their ability to utilize VOCs
and their potential use in biofilters.
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8 POVZETEK
Ekstremofilni mikroorganizmi so sposobni preživeti v ekstremnih razmerah, kot so visoka
slanost, tlak, ekstremne temperature in pH. Obstoj ekstremnih mikroorganizmov je poznan
od poznih 60. let, ko so odkrili prve mikroorganizme, sposobne rasti pri temperaturah, višjih
od 70 °C (Verma in Kanwar, 2012; Brock in Freeze, 1969). Termofilni organizmi
proizvajajo encime, ki delujejo pod ekstremnimi pogoji. Termostabilnost teh encimov je
pomembna za biotehnološke procese. Do sedaj verjetno najbolj revolucionarno je bilo
odkritje termostabilne DNA-polimeraze (Gomes in Steiner, 2004; Verma in Kanwar, 2012).
Ekstremofilni mikroorganizmi so vir različnih biotehnološko pomembnih snovi, ki imajo
pomemben ekonomski potencial v različnih industrijskih procesih, kot so kemična sinteza
snovi, industrija detergentov, v farmaciji in prehrambni industriji (preglednica 1).
Termofilne ksilanaze, ki so stabilne pri višjih obratovalnih temperaturah, so pomembne v
papirni industriji, proteaze pa v prehrambni industriji. Alkalofilni encimi, stabilni pri višjih
vrednostih pH, so pomembni v proizvodnji detergentov (Rotschild in Mancinelli, 2001).
Temperatura je eden izmed pomembnejših dejavnikov za uvrščanje mikroorganizmov v
skupine. Glede na sposobnost mikroorganizmov, da živijo pri različnih temperaturah, jih
razvrščamo v štiri skupine: psihrofili, mezofili, termofili in hipertermofili (slika 1). Termofili
so najbolje raziskani ekstremofili ravno zaradi njihovih potencialnih aplikacij v
biotehnologiji. Termofili so se prilagodili na višje temperature tako, da proizvajajo
termostabilne proteine, šaperone, ki preprečujejo denaturacijo encimov, vsebujejo reverzno
DNA girazo ter še mnogo drugih prilagoditev (Singh in sod., 2011).
Bakterije rodu Geobacillus so po Gramu pozitivni termofilni mikroorganizmi, ki rastejo v
temperaturnem območju med 37 °C in 75 °C. Celice imajo obliko palčke (4,7 – 8,0 µm dolge
in 0,8 – 1,5 µm široke) (slika 2), kolonije, ki jih tvorijo, pa so okrogle in brezbarvne (Nazina
in sod., 2001). Za biotehnologijo predstavljajo pomemben vir termostabilnih encimov, kot
so lipaze, proteaze, DNA-polimeraze, pomembni pa so tudi kot razgrajevalci lingoceluloze
in ogljikovodikov (Studholme, 2015).
Termofilne bakterije rodu Aeribacillus so prvi opisali Scholz in sod. (1987) kot Bacillus
pallidus. Pozneje so, po podrobnejši raziskavi ter genomskem sekvenciranju, ugotovili
podobnosti z bakterijami iz rodu Geobacillus ter B. pallidus preimenovali ter prerazvrstili v
nov rod in vrsto Geobacillus pallidus (Banat in sod., 2004). Minana-Galbis in sod. (2010)
so pozneje glede na 16S rRNA analizo ter primerjavo vsebnosti G+C bakterijo uvrstili v
povsem nov rod Aeribacillus, in sicer kot Aeribacillus pallidus. Celice A. pallidus so
aerobne, alkalno tolerantne, gibljive, gram-pozitivne palčke (2,0 – 5,0 µm dolge in 0,8 – 0,9
µm široke) (slika 3), ki se pojavljajo posamezno, v parih ali v verigah (Minana-Galbis in
sod., 2010). Aeribacillus pallidus izloča zunajcelično pektat liazo, ki ima industrijski
potencial (Yasawong in sod., 2011).
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Številne študije proučujejo sposobnost biodegradacije različnih spojin (preglednica 3). Chen
in Taylor (1995) sta dokazala, da so termofilini mikroorganizmi sposobni razgradnje
benzena, toluena, etilbenzena ter ksilena, ki so pogosto osnaževalci v vročih parah iz
industrijskih obratov. Termofil A. pallidus je sposoben razgradnje 2-propanola ter acetona
pri 60 °C (Bustard in sod., 2002). Druga študija je pokazala, da so v bioreaktorju inokulirani
mikroorganizmi sposobni razgradnje benzena, toluena, p-ksilena, stirena (Song in Shin,
2007). Nekatere študije so pokazale tudi mikrobno biorazgradnjo acetona (Baltrenas in sod.,
2015; Bustard in sod., 2002).
Onesnaževanje je eden največjih problemov, s katerim se danes soočamo v svetu. Industrija
je eden glavnih virov izpustov organskih spojin v ozračje (Zagorskis in Vaiskunaite, 2014).
Ena pomembnejših skupin onesnaževalcev zraka so hlapne organske spojine (HOS). Mnoge
med njimi so toksične in imajo škodljiv vpliv na zdravje ljudi ter okolje (Berenjian in sod.,
2012). HOS spadajo v skupino ogljikovodikov in so v zadnjih letih pritegnile veliko
pozornost zaradi njihovih neposrednih in posrednih vplivov na okolje. HOS sodelujejo pri
nastanku prizemnega ozona in karcinogenega smoga (Srivastava in Mazumdar, 2011).
Kvaliteta zraka pa vpliva na morbidnost ter stopnjo umrljivosti zaradi dihalnih in
kardiovaskularnih bolezni (Talapatra in Srivastava, 2011). HOS v splošnem povzročajo
težave z očmi, z dihanjem, glavobole, kihanje, astmo, kronične težave z ledvicami, bolezni
centralnega živčnega sistema ter obolevanje za rakom (preglednica 4) (Navaladian in sod.,
2007).
HOS so izpuščene v ozračje iz različnih antropogenih in biogenih virov (slika 5). Biogene
HOS večinoma proizvedejo rastline. Izopreni, proizvedeni v rastlinah, predstavljajo okrog
40 % vseh biogenih ogljikovodikov, izpuščenih v ozračje preko vegetacije (Talapatra in
Srivastava, 2011). Antropogeni viri HOS večinoma prevladujejo v urbanih predelih, kjer je
industrija eden pomembnejših virov izpusta onesnaževalcev v okolje (Evuti, 2013).
Zaradi vse večje težnje po kvalitetnem zraku so se razvile ter izboljšale številne tehnike za
nadzorovanje ter odstranjevanje HOS. Biološko čiščenje je okolju prijazna alternativa za
odstranjevanje onesnaževalcev iz okolja. Poleg tega, da pri tej obliki čiščenja ni produkcije
sekundarnih onesnaževalcev ter so stroški obratovanja nizki, ima biološko čiščenje številne
druge prednosti (preglednica 2) pred bolj tradicionalnimi metodami (Riazi in sod., 2017).
Biofiltri so trenutno najbolj uporabljena metoda za biološko čiščenje onesnaženega zraka
(slika 4). Mikroorganizmi v biofiltru v procesu oksidacije organske onesnaževalce razgradijo
v ogljikov dioksid in vodo (Nanda in sod., 2012). Termofilni biofiltri za svoje delovanje
uporabljajo termofilne mikroorganizme. Ker ti biofiltri delujejo pri visokih obratovalnih
temperaturah, so primerni za uporabo čiščenja vročih par iz industrije, ki vsebujejo
onesnaževalce. V biofiltru onesnažen zrak potuje preko mikrobne postelje, kjer so pritrjeni
mikroorganizmi, sposobni razgradnje organskih onesnaževalcev, in tvorijo biofilm. Ko zrak
potuje preko te mikrobne postelje, se onesnaževalci absorbirajo v bakterijski biofilm ter
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tekoče gojišče okrog biofilma in tako postanejo dostopni za mikroorganizme. Zrak, očiščen
onesnaževalcev, je nato izpuščen v ozračje (Kumar in sod., 2011; USEPA, 2003).
Namen tega dela je bil izolirati termofilne bakterije iz vzorcev prsti ter preveriti njihovo
sposobnost izrabe propionske kisline, ki smo jo izbrali kot primer HOS. Pred testiranjem
izolatov za razgradnjo propionske kisline smo za različne izolate preverili njihovo
sposobnost uporabe različnih virov ogljika. Nato smo glede na rezultate izbrali dva izolata
ter ju testirali z metodo OxiTop® (slika 6). Dodatno smo preverili vpliv dodatka
modificirane poliuretanske pene na razgradnjo propionske kisline.
Iz vzorcev prsti smo dobili 12 čistih bakterijskih kultur – izolati Th1 – Th12. Barvanje po
Gramu je pokazalo, da so vsi izolati po Gramu pozitivne palčke. Izolirane seve smo nadalje
identificirali do vrste (preglednica 9). Ugotovili smo, da so prevladovale bakterije rodu
Geobacillus, prisoten pa je bil tudi izolat rodu Aeribacillus. Za 4 izbrane izolate smo z
metodo Biolog EcoPlate preverili njihovo metabolno aktivnost pri različnih virih ogljika.
Glede na dobljene rezultate smo izbrali dva seva, Geobacillus Th7 (slika 7) in Aeribacillus
Th4 (slika 8), ki smo ju testirali na sposobnost izrabe propionske kisline.
Pri pripravah prekonočnih kultur smo opazili hitro in krepko rast izolata Geobacillus Th7,
zato smo se odločili preveriti, kakšna je živost bakterijskih celic ob določenih časih
inkubacije (preglednica 10; slika 9-11). Za določanje živosti celic smo uporabili metodo
direktnega štetja celic, ki smo jih predhodno obdelali s kompletom LIVE/DEAD®
BacLight™ (Thermo Fisher Inc., ZDA). Celice smo opazovali pod fluorescentnim
mikroskopom s filtrom FITC. Za vsak inkubacijski čas smo izbrali 3 vidna polja ter prešteli
vse celice; žive celice, ki so se obarvale zeleno ter mrtve celice, ki so se obarvale rdeče.
Odstotek živih celic smo izračunali po enačbi (1). Kulturo celic smo inkubirali 24 h,
preživetje celic pa smo spremljali ob vmesnih časih inkubacije. Ob spremljanju optične
gostote ter odstotka živih celic smo ugotovili, da kultura celic Geobacillus Th7 vstopi v
eksponentno fazo rasti po 3 h inkubacije pri 60 °C in da eksponentna faza rasti traja približno
2 h. Celice so dosegle stacionarno fazo rasti po približno 5 h inkubacije. Rezultati tega testa
so bili pomembni za testiranje s sistemom OxiTop®.
Sposobnost izolatov, da razgrajujejo različne vire ogljika, smo testirali z mikrotitrskimi
ploščami Biolog EcoPlate (Biolog Inc., ZDA). Plošča EcoPlate vsebuje 31 različnih virov
ogljika (preglednica 8), ki se uporabljajo za analizo talne mikrobiote. Substrati so na
mikrotitrski plošči nanizani v treh ponovitvah (slika 12). V vsaki jamici na plošči EcoPlate
pa je poleg substrata dodano tudi tetrazolijevo barvilo, ki se ob prisotnosti elektronov iz
celične dihalne verige reducira v vijolično obarvan formazan. Izrabo specifičnega substrata
smo tako opazovali preko redukcije barvila, pri kateri se razvije vijolična barva (Biolog,
2007). Intenzivnost razgradnje izbranih substratov oziroma količino tvorjenega formazana
smo spremljali z merjenjem absorbance pri valovni dolžini 590 nm. Štiri izbrane izolate
(Aeribacillus Th4, Geobacillus Th7, Geobacillus Th8 in Geobacillus Th10) smo inokulirali
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v vdolbinice plošče EcoPlate ter jih inkubirali 24 h pri 60 °C. Absorbanco smo prvih 6 h
inkubacije spremljali periodično, vsako uro. Ob koncu inkubacije smo še enkrat izmerili
absorbanco. Pri tej metodi smo naleteli na določene težave. Ker smo opazovali metabolne
sposobnosti termofilnih mikroorganizmov, smo ploščo EcoPlate inkubirali pri višjih
temperaturah, kot je navedeno v literaturi (Biolog, 2007). Posledično je prišlo do izsuševanja
jamic ter nezmožnosti celične respiracije in formacije formazana. Kljub temu, je najbolj
izrazit metabolni potencial bil zaznan za izolat Geobacillus Th7 (slika 13-18). Geobacillus
Th7 je uspešno razgradil skorajda vse substrate, prisotne na plošči EcoPlate. Za ta izolat smo
že pri pripravah prekonočnih kultur opazili hitro in močno rast celične kulture. V nasprotju
izolat Geobacillus Th10 ni rasel na nobenem od izbranih substratov na plošči EcoPlate.
Izolat Aeribacillus Th4 ter izolat Geobacillus Th10 sta pokazala delno rast na določenih
substratih vključenih na plošči EcoPlate, ob izbranem času inkubacije. S testom smo torej
ugotovili, da se sposobnost izrabe različnih virov ogljika med različnimi izolati razlikuje
(slika 19). Pogosto so tudi med sevi iste vrste razlike v metabolni aktivnosti. Tako je na
primer A. pallidus sev TD1 sposoben razgradnje ksiloze (Yasawong in sod., 2011), medtem
ko izolat Aeribacillus Th4 ni bil sposoben rasti na ksilozi. Vseeno pa ne smemo delati
prehitrih zaključkov, saj razlog za nesposobnost razgradnje določenih substratov lahko tiči
v skrajšanem inkubacijskem času ter izsuševanju jamic in tako določeni sevi niso bili
sposobni preiti iz adaptacijske faze v fazo rasti. Test živosti celic za Geobacillus Th7, ki je
najizraziteje rasel na plošči EcoPlate, je pokazal, da celice vstopijo v fazo rasti že po 3 h
inkubacije (slika 10). Tako smo za ta izolat opazili razvoj nežno vijolične barve na EcoPlate
že po 2 h inkubacije pri 60 °C. Oba izolata, Aeribacillus Th4 in Geobacillus Th7, sta bila
sposobna tudi razgradnje feniletil amina. Ta amin ima zelo podobno molekulsko zgradbo
kot toluen, ki spada med HOS. Biodegradacija toluena z uporabo termofilnih
mikroorganizmov je pogosta tema študij možnosti biofiltracije HOS (Cho in sod., 2007;
Chen in Taylor, 1995; Song in Shin, 2007; Mohammad in sod., 2007). Nadaljnje raziskave
bi morebiti pokazale sposobnost naših izolatov biodegradacije toluena ter potencialne
uporabe v biofiltrih.
S testi metabolne aktivnosti izbranih izolatov na mikroploščah Biolog EcoPlate™ smo
potrdili našo prvo hipotezo, da so termofilne bakterije sposobne izrabe različnih virov
ogljika.
V nadaljevanju raziskave smo se posvetili biorazgradnji propionske kisline. Test smo izvedli
s sistemom OxiTop®, ki temelji na merjenju tlaka v zaprti steklenici, inkubirani pri stalni
temperaturi. Mikroorganizmi porabljajo kisik za razgradnjo organskih snovi, ogljikov
dioksid, ki pri tem nastane, pa iz plinske faze absorbira natrijev hidroksid. Tako se v
steklenici spremlja sprememba tlaka, ki je posledica le porabe kisika (WTW, 2006). Izbrana
2 izolata, Aeribacillus Th4 in Geobacillus Th7, smo testirali, ali sta sposobna izrabe
propionske kisline, ki je bila dodana v tekočo bakterijsko kulturo v koncentraciji 500 mg/L.
Zaradi omejitve delovanja merilnih glav OxiTop® pri višjih temperaturah smo test izvedli
pri temperaturi 50 °C. Za oba izolata smo po 48 h inkubacije opazili padec tlaka v
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stekleničkah, zato lahko sklepamo, da sta oba izolata uspešno izrabljala propionsko kislino
kot vir ogljika za rast in razmnoževanje. Za A. pallidus je bilo pokazano, da je sposoben rasti
na 2-propanolu, (Bustard in sod., 2002), ki prav tako spada v skupino HOS.
Izolata sta se razlikovala v trajanju prilagoditvene faze ter začetnem času izrabe propionske
kisline. Pri izolatu Aeribacillus Th4 je prilagoditvena faza trajala okrog 12 h (slika 20A),
medtem ko je bila za Geobacillus Th7 nekoliko krajša, okrog 8 h (slika 21A). Pri obeh smo
po zaključku prilagoditvene faze izmerili hitro in znatno znižanje tlaka v steklenici, kar je
posledica porabe kisika za biodegradacijo. V podobnih študijah so s sistemom OxiTop®
preverjali sposobnost mikroorganizmov za razgradnjo različnih organskih substratov.
Dolžina adaptacijske faze je lahko odvisna od izbrane temperature inkubacije (Kaakinen in
sod., 2007) oziroma od izbire substrata (Korshunova in sod., 2011). Korshunova in sod.
(2011) so v študiji testirali G. subterraneus sev K za biodegradacijo n-heksadekana in ndokosana. Ugotovili so, da je bakterija razgradila oba substrata, vendar se je razlikoval čas
začetka razgradnje. Razgradnja se je prej začela v gojišču, ki je vseboval n-heksadekan.
V drugem delu študije smo preverili vpliv dodatka modificirane poliuretanske pene na
biodegradacijske sposobnosti izolatov. Peno smo dodali kot pripomoček oziroma površino
za pritrjanje mikroorganizmov ter razvoj biofilma (Kumar in sod., 2011). Dodatek pene
tekoči celični kulturi je znatno podaljšal adaptacijsko fazo pri Geobacillus Th7 in s tem
vplival na kasnejši začetek izrabe propionske kisline (slika 21B). Prilagoditvena faza je bila
podaljšana za približno 20 h. Pri Aeribacillus Th4 je dodatek pene negativno vplival na
biodegradacijo, saj po 48 h inkubacije ni bilo zaznane spremembe tlaka v steklenički (slika
20B). Nadalje nas je zanimalo, kakšna je razlika, če za inokulacijo stekleničk OxiTop
pripravimo subkulturo Geobacillus Th7 iz prekonočne predkulture (15 h) oziroma iz 4 ure
stare predkulture. Iz rezultatov testa preživetja celic smo ugotovili, da je živost celic po 4 h
inkubacije skoraj 100 %. Zaradi tega smo se odločili preveriti, ali vpliva na hitrost razgradnje
propionske kisline tudi čas inkubacije predkulture. Iz rezultatov testa OxiTop® je razvidno,
da je prišlo do spremembe tlaka že takoj na začetku inkubacije. Subkultura Geobacillus Th7,
pripravljena iz 4 ure stare predkulture, je propionsko kislino razgradila v prvih 18 h po
inkubaciji (slika 22A). Dodatek pene je nekoliko pospešil biorazgradnjo propionske kisline
(slika 22B).
S testiranjem s sistemom OxiTop® smo potrdili tudi našo drugo hipotezo, in sicer da so
nekateri termofilni izolati sposobni razgradnje propionske kisline pri temperaturi 50 °C.
Sistem OxiTop® se je izkazal za enostaven in hiter način preverjanja biodegradacijskih
sposobnosti mikroorganizmov. V prihodnosti bi bilo zanimivo razširiti raziskavo ter
podkrepiti dobljene rezultate s kvantifikacijo absorbiranega ogljikovega dioksida ter
preveriti živost celic ob koncu testa. Za večji nadzor uspešnosti razgradnje organske snovi
bi bilo pomembno določiti tudi koncentracijo substrata v tekočem gojišču po koncu
eksperimenta. V prihodnje bi lahko pridobili pomembne informacije z razširitvijo te
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raziskave, tako da bi v testiranje vključili tudi več različnih HOS ter testirali različne
kombinacije le teh. Poleg tega bi bilo zanimivo testirati tudi biodegradacijske sposobnosti
različnih mikrobnih združb.
S tem delom smo pokazali, da sta oba izolata sposobna razgradnje propionske kisline, razlika
je le v dolžini prilagoditvene faze (slika 23). Kljub temu so potrebne še številne nadaljnje
raziskave. Za biotehnologijo je pomembno raziskati encime, ki omogočajo biorazgradnjo ter
gene, ki kodirajo te proteine. Znano je, da so v genomu bakterij rodu Geobacillus številni
homologi gena alkB, ki nosijo zapise za biodegradacijo ogljikovodikov (Korshunova in sod.,
2011). Opažena metabolna aktivnost izolata Geobacillus Th7 daje obete za nadaljnje
biotehnološke raziskave in bi morebiti bil dober kandidat za uporabo v termofilnih biofiltrih.

52
Koler A. Isolation of soil thermophilic bacteria and their ability to utilize propionic acid.
M.Sc. Thesis (Du2). Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, Academic Study in Microbiology, 2017

9 REFERENCES
Ackermann R.O., Aggarwal S., Dixon J.R., Fitzgerald A.D., Hanrahan D.C., Hughes G.A.,
Kunte A., Lovei M., Lvovsky K., Somani A.H. 1999. Pollution prevention and abatement
handbook 1998: toward cleaner production. Washington D.C., The World Bank Group:
471 p.
Al-Lahham S.H., Peppelenbosch M.P., Roelofsen H., Vonk R.J., Venema K. 2010.
Biological effects of propionic acid in humans; metabolism, potential applications and
underlying mechanisms. Biochimica et Biophysica Acta, 1801, 11: 1175-1183
Baltrenas P., Zagorskis A., Misevicius A. 2015. Research into acetone removal from air by
biofiltration using a biofilter with straight structure plates. Biotechnology &
Biotechnological Equipment, 29, 2: 404-413
Banat I.M., Marchant R., Rahman T.J. 2004. Geobacillus debilis sp. nov., a novel obligately
thermophilic bacterium isolated from a cool soil environment, and reassignment of
Bacillus pallidus to Geobacillus pallidus comb. nov. International Journal of Systematic
and Evolutionary Microbiology, 54: 2197-2201
Berenjian A., Chan N., Malmiri H.J. 2012. Volatile organic compounds removal methods: a
review. American Journal of Biochemistry and Biotechnology, 8, 4: 220-229
Biolog. 2007. Microbial community analysis: ecoplate. Hayward, Biolog: 2 p.
http://www.biolog.com/pdf/milit/00A_012_EcoPlate_Sell_Sheet.pdf (April 2016)
Boyaval P., Corre C. 1995. Production of propionic acid. Le Lait, 75, 4-5: 453-461
Brock T.D., Freeze H. 1969. Thermus aquaticus gen. n. and sp. n., a nonsporulating extreme
thermophile. Journal of Bacteriology, 98: 289-297
Brumm P.J., De Maayer P., Mead D.A., Cowan D.A. 2015. Genomic analysis of six new
Geobacillus strains reveals highly conserved carbohydrate degradation architectures and
strategies. Frontiers in Microbiology, 6: 430, doi: 10.3389/fmicb.2015.00430: 15 p.
Bustard M.T., Whiting S., Cowan D.A., Wright P.C. 2002. Biodegradation of highconcentration isopropanol by a solvent-tolerant thermophile, Bacillus pallidus.
Extremophiles, 6, 4: 319-323
Chen C.I., Taylor R.T. 1995. Thermophilic biodegradation of BTEX by two Thermus
species. Biotechnology and Bioengineering, 48, 6: 614-624
Cho K., Yoo S., Ryu H.W. 2007. Thermophilic biofiltration of benzene and toluene. Journal
of Microbiology and Biotechnology, 17, 12: 1976-1982

53
Koler A. Isolation of soil thermophilic bacteria and their ability to utilize propionic acid.
M.Sc. Thesis (Du2). Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, Academic Study in Microbiology, 2017

Chojniak J., Jalowiecki L., Dorgeloh E., Hegedusova B., Ejhed H., Magner J., Plaza G. 2015.
Application of the Biolog system for characterization of Serratia marcescens ss
marcescens isolated from onsite wastewater technology (OSWT). Acta Biochimica
Polonica, 62: 799-805
Cox H.H.J., Deshusses M.A. 2001. Biotrickling filters. In: Bioreactors for waste gas
treatment. Kennes C., Veiga M.C. (eds.). Dordrecht, Kluwer: 133-162
Council Directive 1999/13/EC of 11 March 1999 on the limitation of emissions of volatile
organic compounds due to the use of organic solvents in certain activities and
installations. 1999. Official Journal of the European Communities, L 085: 1–22
Dhamwichukorn S., Kleinheinz G.T., Bagley S. 2001. Thermophilic biofiltration of
methanol and alpha-pinene. Journal of Industrial Microbiology & Biotechnology, 26, 3:
127-133
Directive 2001/81/EC of the European Parliament and of the Council of 23 October 2001 on
national emission ceilings for certain atmospheric pollutants. 2001. Official Journal of
the European Communities, L309: 22-30
Evans G.M., Furlong J.C. 2003. Environmental biotechnology: theory and application.
Chichester, John Wiley and Sons: 285 p.
Evuti A.M. 2013. A Synopsis on biogenic and anthropogenic volatile organic compounds
emissions: hazards and control. International Journal of Engineering Sciences, 2, 5: 145153
Fields M.L., Chen Lee P.P. 1974. Bacillus stearothermophilus in soils of Iceland. Applied
Microbiology, 28: 638-640
Gee I.L., Sollars C.J. 1998. Ambient air levels of volatile organic compounds in Latin
American and Asian cities. Chemosphere, 36, 11: 2497-2506.
Gomes J., Steiner W. 2004. The biocatalytic potential of extremophiles and extremozymes.
Food Technology and Biotechnology, 42, 4: 223-235
Hussein A.H., Lisowska B.K., Leak D.J. 2015. The genus Geobacillus and their
biotechnological potential. Advances in Applied Microbiology, 92: 1-48
Jeong J., Hidaka T., Tsuno H., Oda T. 2006. Development of biological filter as tertiary
treatment for effective nitrogen removal: Biological filter for tertiary treatment. Water
Research, 40, 6: 1127-1136

54
Koler A. Isolation of soil thermophilic bacteria and their ability to utilize propionic acid.
M.Sc. Thesis (Du2). Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, Academic Study in Microbiology, 2017

Kaakinen J., Vahaoja P., Kuokkanen T., Roppola K. 2007. Studies on the effects of certain
soil properties on the biodegradation of oils determined by the manometric respirometric
method. Journal of Automated Methods and Management in Chemistry, 2007: 34601,
doi: 10.1155/2007/34601: 7 p.
Khan F.I., Ghoshal A.K. 2000. Removal of volatile compounds from polluted air. Journal of
Loss Prevention in the Process Industries, 13, 6: 527-545
Kikani B.A., Shukla R.J., Singh S.P. 2010. Biocatalytic potential of thermophilic bacteria
and actinomycetes. In: Current research, technology and education topics in applied
microbiology and microbial biotechnology Vol. 2. Mendez-Vilas A. (ed.). Badajoz,
Formatex: 1000-1007
Korshunova A.V., Tourova T.P., Shestakova N.M., Mikhailova E.M., Poltaraus A.B.,
Nazina T.N. 2011. Detection and transcription of n-alkane biodegradation genes (alkB)
in the genome of a hydrocarbon-oxidizing bacterium Geobacillus subterraneus K.
Microbiology, 80: 682-691
Kumar T.P., Rahul, Kumar M.A., Chandrajit B. 2011. Biofiltration of volatile organic
compounds (VOCs): an overview. Research Journal of Chemical Sciences, 1, 8: 83-92
Kyung-Suk C., Sun-Kyung Y., Ryu H.W. 2007. Thermophilic biofiltration of benzene and
toluene. Journal of Microbiology and Biotechnology, 17: 1976-1982
Leahy J.G., Colwell R.R. 1990. Microbial degradation of hydrocarbons in the environment.
Microbiology and Molecular Biology Reviews, 54, 3: 305–315
Lee E.H., Kim J., Cho K.S., Ahn Y.G., Hwang G.S. 2010. Degradation of hexane and other
recalcitrant hydrocarbons by a novel isolate, Rhodococcus sp. EH831. Environmental
Science and Pollution Research, 17, 1: 64–77
Lee S., Oh H., Kim O. 2013. Isolation and characterization of volatile organic compoundsdegrading Bacillus strains from Loess. Journal of Environmental Protection, 4: 50–57
Marchant R., Banat I.M. 2010. The genus Geobacillus and hydrocarbon utilization. In:
Handbook of hydrocarbon and lipid microbiology. Timmis K.N. (ed.). Berlin, Springer:
1887-1896
Minana-Galbis D., Pinzon D.L., Loren G., Manresa A., Oliart-Ros R.M. 2010.
Reclassification of Geobacillus pallidus (Scholz et al. 1988) Banat et al. 2004 as
Aeribacillus pallidus gen. nov., comb. nov. International Journal of Systematic and
Evolutionary Microbiology, 60: 1600-1604

55
Koler A. Isolation of soil thermophilic bacteria and their ability to utilize propionic acid.
M.Sc. Thesis (Du2). Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, Academic Study in Microbiology, 2017

Mohammad B.T., Veiga M.C., Kennes C. 2007. Mesophilic and thermophilic biotreatment
of BTEX-polluted air in reactors. Biotechnology and Bioengineering, 97, 6: 1423-1438
Molecular Probes. 2004. Product information LIVE/DEAD® BacLight™ Bacterial viability
kits. Leiden, Molecular Probes, L7007: 8 p.
https://tools.thermofisher.com/content/sfs/manuals/mp07007.pdf (April 2016)
Nanda S., Sarangi P.K., Abraham J. 2012. Microbial biofiltration technology for odour
abatement: an introductory review. Journal of Soil Science and Environmental
Management, 3, 2: 28-35
Nannipieri P., Ascher J., Ceccherini M. T., Landi L., Pietramellara G., Renella G. 2003.
Microbial diversity and soil functions. European Journal of Soil Science, 54: 655-670
Navaladian A., Janet C.M., Viswanathan B., Viswanath R.P. 2007. On the possible treatment
procedures for organic contaminants. In: Photo/electrochemistry and photobiology in the
environment energy and fuel. Kaneco S., Viswanathan B., Katsumata H. (eds.). Kerala,
Research Signpost: 1-51
Nausediene A., Vaiskunaite R. 2014. Formaldehyde removal from the air by biofilter packed
with reed charge. In: Proceedings of 9th International conference environmetal
engineering, May 22-23, 2014. Cygas D., Tollazzi T. (eds.). Vilnius, Technica: 1-7
Nazina T.N., Tourova T.P., Poltaraus A.B., Novikova E.V., Grigoryan A.A., Ivanova A.E.,
Lysenko A.M., Petrunyaka V.V., Osipov G.A., Belyaev S.S., Ivanov M.V. 2001.
Taxonomic study of aerobic thermophilic bacilli: description 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 thermoglucosidasius and
Bacillus thermodenitrificans to Geobacillus as the new combinations G.
stearothermophilus, G. thermocatenulatus, G. thermoleovorans, G. kaustophilus, G.
thermoglucosidasius and G. thermodenitrificans. International Journal of Systematic and
Evolutionary Microbiology, 51: 433-446, doi: 10.1099/00207713-51-2-433: 14 p.
NOAA. 2005. Earth system research laboratory: Chemical Science Division. Silver Spring,
National Oceanic and Atmospheric Administration: 1 p.
https://www.esrl.noaa.gov/csd/projects/neaqs/scienceintro.html (May 2017)
Pikuta E.V., Hoover R.B., Tang J. 2007. Microbial extremophiles in aspect of limits of life.
Critical Reviews in Microbiology, 33, 3: 183-209
Riazi S.S., Pendashteh A., Alizadehdakhel A. 2017. Review of odor control in food industry
units. Journal of Environmental and Analytical Toxicology, 7: 441, doi: 10.4172/21610525.1000441: 10 p.

56
Koler A. Isolation of soil thermophilic bacteria and their ability to utilize propionic acid.
M.Sc. Thesis (Du2). Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, Academic Study in Microbiology, 2017

Rotschild L.J., Mancinelli R.L. 2001. Life in extreme environments. Nature, 409: 1092-1101
Scholz T., Demharter W., Hensel R., Kandler O. 1987. Bacillus pallidus sp. nov., a new
thermophilic species from sewage. Systematic and Applied Microbiology, 9: 91-96
Singh A., Shareefdeen Z., Ward O.P. 2005. Bioscrubber technology. In: Biotechnology for
odor and air pollution control. Shareefdeen Z., Singh A. (eds.). Berlin, Springer: 169-190
Singh G., Bhalla A., Ralhan P.K. 2011. Extremophiles and extremozymes: importance in
current biotechnology. Extreme Life, Biospeology and Astrobiology, 3, 1: 46-54
Slonczewski J., Foster J. W. 2010. Microbiology: an evolving science. 2nd ed. New York,
W. W. Norton & Company: 1100 p.
Smet E., Deboosere S. 2014 Thermophilic biological treatment of hot waste gases:
biotechniques for air pollution control and bioenergy. Gentbrugge, Trevi environmental
solutions: 3 p.
http://www.trevienv.com/files/publicaties/thermophilic%20biological%20treatment%20of%20hot%20w
aste%20gases-En-1.pdf (March 2017)
Song J., Shin S. 2007. Biodegradation of BTXS and substrate interactions in a bioactive
foam reactor. In: Proceedings of the 2nd international congress biotechniques for air
pollution control II, October 3-5, 2007. Kennes C., Veiga M. C. (eds.). Coruna,
University of Coruna: 487-494
Srivastava A., Mazumdar D. 2011. Monitoring and reporting VOCs in ambient air. In: Air
quality monitoring, assessment and management. Mazzeo N.A. (ed.). Rijeka, InTech:
137-148
Stefanowicz A. 2006. The Biolog plates technique as a tool in ecological studies of microbial
communities. Polish Journal of Environmental Studies, 15, 5: 669-676
Studholme D.J. 2015. Some (bacilli) like it hot: genomics of Geobacillus species. Microbial
Biotechnology, 8, 1: 40-48
Talapatra A., Srivastava A. 2011. Ambient air non-methane volatile organic compound
(NMVOC) study initiatives in India: a review. Journal of Environmental Protection, 2:
21-36
USEPA. 2003. Using bioreactors to control air pollution. Washington, D.C., The U.S.
Environmental Protection Agency: 39 p.
https://www3.epa.gov/ttncatc1/dir1/fbiorect.pdf (March 2017)

57
Koler A. Isolation of soil thermophilic bacteria and their ability to utilize propionic acid.
M.Sc. Thesis (Du2). Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, Academic Study in Microbiology, 2017

USEPA. 2016. Report on the environment: volatile organic compounds emissions.
Washington, D.C., The U.S. Environmental Protection Agency: 5 p.
https://cfpub.epa.gov/roe/indicator_pdf.cfm?i=23 (May 2017)
Van Groenestijn J.W., Hesselink P.G.M. 1993. Biotechniques for air pollution control.
Biodegradation, 4: 286-301
Verma M.L., Kanwar S.S. 2012. Harnessing the potential of thermophiles: the variants of
extremophiles. Dynamic Biochemistry, Process Biotechnology and Molecular Biology,
6, 1: 28-39
Wang L., Tang Y., Wang S., Liu R.L., Liu M.Z., Zhang Y., Liang F.L., Feng L. 2006.
Isolation and characterization of a novel thermophilic Bacillus strain degrading longchain n-alkanes. Extremophiles, 10: 347-356
Wang P., Zhao W. 2008. Assessment of ambient volatile organic compounds (VOCs) near
major roads in urban Nanjing, China. Atmospheric Research, 89, 3: 289-297
Wissuwa J., Stokke R., Fedoy A-E., Lian K., Amalas A.O., Steen I.H. 2016. Isolation and
complete genome sequence of the thermophilic Geobacillus sp. 12AMOR1 from an
Arctic deep-sea hydrothermal vent site. Standards in Genomic Sciences, 11: 16, doi:
10.1186/s40793-016-0137-y: 12 p.
WTW. 2006. System OxiTop® control: operating manual. Weilheim, WissenschaftlichTeschnische Werkstätten GmbH: 103 p.
https://www.wtw.com/en/service/downloads/operating-manuals.html (April 2016)
Xu W., Ge Z., Poudel D.R. 2015. Application and optimization of Biolog ecoplates in
functional diversity studies of soil microbial communities. MATEC Web Conferences,
22: 04015, doi: 10.1051/matecconf/20152204015: 6 p.
Yasawong M., Areekit S., Pakpitchareon A., Santiwatanakul S., Chansiri K. 2011.
Characterization of thermophilic halotolerant Aeribacillus pallidus TD1 from Tao Dam
Hot Spring, Thailand. International Journal of Molecular Sciences, 12, 8: 5294-5303
Zagorskis A., Vaiskunaite R. 2014. An investigation on the efficiency of air purification
using a biofilter with activated bed of different origin. Chemical and Process
Engineering, 35, 4: 435-445
Zhang J., Li L., Liu J. 2015. Temporal variation of microbial population in a thermophilic
biofilter for SO2 removal. Journal of Environmental Sciences, 39: 4-12

58
Koler A. Isolation of soil thermophilic bacteria and their ability to utilize propionic acid.
M.Sc. Thesis (Du2). Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, Academic Study in Microbiology, 2017

Zheng C., He J., Wang Y., Wang M., Huang Z. 2011. Hydrocarbon degredation and
bioemulsifier production by thermophilic Geobacillus pallidus strains. Bioresource
Technology, 102, 19: 9155-9161

Koler A. Isolation of soil thermophilic bacteria and their ability to utilize propionic acid.
M.Sc. Thesis (Du2). Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, Academic Study in Microbiology, 2017

ACKNOWLEDGMENTS
I would like to express my deepest gratitude to Ing. Dr. Jiří Bárta for giving me the
opportunity to carry out my thesis in his department. I acknowledge the very interesting topic
he proposed for my thesis. I am very grateful for his support and good scientific advices.
My special thanks go to Assoc. Prof. Dr. Marjanca Starčič Erjavec for helping me with useful
advice and for all the invested time in the supervision of my thesis.
A special mention goes to Pája Staňková and Hanka Petrášková for all the funny and great
moments we had in the lab. I really enjoyed working with you.
I am very grateful to Assist. Prof. Dr. Martina Turk for accepting to be my reviewer and for
her helpful and critical comments on this written work.
I also thank Barbara Slemenik for helping me with detailed technical review of the thesis to
ensure technical accuracy and quality.
Finally, I must express my very profound gratitude to my parents and to my sister for
providing me with unfailing support and continuous encouragement throughout my years of
study. This accomplishment would not have been possible without them. Thank you.

Koler A. Isolation of soil thermophilic bacteria and their ability to utilize propionic acid.
M.Sc. Thesis (Du2). Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, Academic Study in Microbiology, 2017

ANNEXES
Annex A: Distribution of carbon sources on Biolog EcoPlate™ (Biolog, 2007).
Priloga A: Razporeditev substratov na plošči Biolog EcoPlate™ (Biolog, 2007).
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Annex B: Data from OxiTop test with Aeribacillus Th4 and propionic acid at 50°C.
Priloga B: Podatki testa OxiTop z Aeribacillus Th4 in propionsko kislino pri 50 °C.

Continues on the next page...
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Continued Annex B: Data from OxiTop test with Aeribacillus Th4 and propionic acid at 50°C.
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Annex C: Data from OxiTop test with Aeribacillus Th4, propionic acid and modified polyurethane foam at
50°C.
Priloga C: Podatki testa OxiTop z Aeribacillus Th4, propionsko kislino in modificirano poliuretansko peno
pri 50 °C.

Continues on the next page...
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Continued Annex C: Data from OxiTop test with Aeribacillus Th4, propionic acid and modified polyurethane
foam at 50°C.
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Annex D: Data from OxiTop test with Geobacillus Th7 and propionic acid at 50°C. Subculture was prepared
from overnight preculture.
Priloga D: Podatki testa OxiTop z Geobacillus Th7, propionsko kislino in peno pri 50 °C. Subkultura je bila
pripravljena iz prekonočne predkulture.

Continues on the next page...
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Continued Annex D: Data from OxiTop test with Geobacillus Th7 and propionic acid at 50°C. Subculture was
prepared from overnight preculture.
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Annex E: Data from OxiTop test with Geobacillus Th7, propionic acid and modified polyurethane foam at
50°C. Subculture was prepared from overnight preculture.
Priloga E: Podatki testa OxiTop z Geobacillus Th7, propionsko kislino in modificirano poliuretansko pri 50
°C. Subkultura je bila pripravljena iz prekonočne predkulture.

Continues on the next page...

Koler A. Isolation of soil thermophilic bacteria and their ability to utilize propionic acid.
M.Sc. Thesis (Du2). Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, Academic Study in Microbiology, 2017

Continued Annex E: Data from OxiTop test with Geobacillus Th7, propionic acid and modified polyurethane
foam at 50°C. Subculture was prepared from overnight preculture.

Continues on the next page...
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Continued Annex E: Data from OxiTop test with Geobacillus Th7, propionic acid and modified polyurethane
foam at 50°C. Subculture was prepared from overnight preculture.
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Annex F: Data from OxiTop test with Geobacillus Th7 and propionic acid at 50°C. Subculture was prepared
from 4 hour old preculture.
Priloga F: Podatki testa OxiTop z Geobacillus Th7 in propionsko kislino pri 50 °C. Subkultura je bila
pripravljena iz 4 ure stare predkulture.

Continues on the next page...
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Continued Annex F: Data from OxiTop test with Geobacillus Th7 and propionic acid at 50°C. Subculture was
prepared from 4 hour old preculture.
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Annex G: Data from OxiTop test with Geobacillus Th7, propionic acid and modified polyurethane foam at
50°C. Subculture was prepared with 4 hour old preculture.
Priloga G: Podatki testa OxiTop z Geobacillus Th7, propionsko kislino in modificirano poliuretansko peno
pri 50 °C. Subkultura je bila pripravljena iz 4 ure stare predkulture.

Continues on the next page...
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Continued Annex G: Data from OxiTop test with Geobacillus Th7, propionic acid and modified polyurethane
foam at 50°C. Subculture was prepared with 4 hour old preculture.

