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Zusammenfassung
Im Laufe der Erdgeschichte waren Mikroben sowohl direkt als auch indirekt für teils
dramatische Veränderungen der Erdoberfläche verantwortlich. Dennoch sind bisher
sowohl Ausmaß als auch Art und Weise ungeklärt, in welchen Mikroorganismen an
der Bildung und Auflösung von Mineralien teilhaben oder mit der wässrigen
Umgebung interagieren. Weiterhin stellt die eindeutige Unterscheidung zwischen
Biomineralien und Mineralien aus rein anorganischem Ursprung eine der größten
Herausforderungen in der Geobiologie dar. Ferner mangelt es an Informationen über
jene Faktoren, die die Wechselwirkung zwischen Mikroorganismen und Mineralien
beeinflussen sowie über die Folgen dieser Interaktionen innerhalb definierter
Umgebungen.
Die Erforschung der wechselseitigen Beeinflussung von Mikroorganismen und
abiotischen Faktoren erlaubt eine wesentlich bessere Vorhersage zahlreicher
Stoffkreisläufe. Das Wissen darüber kann sich in vielen Feldern als vorteilhaft
erweisen, etwa zur Verbesserung der Schwermetallextraktion bei der Biolaugung oder
während der Biosanierung belasteter Ökosysteme.
Zielstellung dieser Dissertation ist die Gewinnung von Informationen über die
Wechselwirkungsprozesse zwischen biotischen und abiotischen Bestandteilen in der
Natur. Um solche Prozesse zwischen Mikroorganismen und Mineralien zu
untersuchen, bietet sich die Raman-Spektroskopie als geeignete Methode an. Größter
Vorteil der Raman-Spektroskopie gegenüber anderen Techniken ist die Möglichkeit,
sowohl organisches als auch anorganisches Material sehr schnell und nach lediglich
minimaler Probenpräparation analysieren zu können. Deshalb kann die RamanSpektroskopie zur Identifizierung nicht nur von Bakterien, sondern auch von
Mineralien angewandt werden.
Im Zuge dieser Arbeit wurden Bedingungen erforscht, die eine sichere Ramanspektroskopische Identifizierung von PHB-produzierenden Bakterien erlauben.
Weiterhin wurde der Effekt mikrobieller Gemeinschaften auf die mineralogische
Zusammensetzung neu gebildeten lake snow in einem sauren Restsee eines
Braunkohletagebaus untersucht. Eine Quantifizierung der mineralischen Phasen in
pelagischen Aggregaten sowie Informationen über Biozönosen und geochemische
Parameter der aquatischen Umwelt führen zu einem besseren Verständnis der
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Faktoren, welche Art und Umfang mineralogischer Zusammensetzung regulieren.
Zusätzlich konnte die direkte Beteiligung von Mikroorganismen am Prozess der
Eisenoolithbildung durch Raman-Spektroskopie nachgewiesen werden.
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1 Summary
1.1 Motivation
During Earth history, the microbes were directly or indirectly responsible for dramatic
changes of the Earth surface. For example, around 2.4 billion years ago, as a result of
oxygenic photosynthesis by cyanobacteria, the Great Oxygenation Event occurred.
The emergence of molecular oxygen as one of the main constituents of the Earth's
atmosphere is a milestone in the history of life [1]. The abiotic oxidation of many
chemical elements led to a tremendous growth in the diversity of minerals [2]. The
Great Oxygenation Event attests the tremendous potential of the microbes to affect the
environment. However the degree to which the microorganisms participate in mineral
dissolution reactions, formation of new minerals or chemical exchange with aqueous
solutions is not clear [3]. To definitively differentiate between a biomineral and an
inorganically formed mineral represents one of the biggest challenges in the
geobiology field. Furthermore, there is a lack of information concerning the factors
which influence the interactions between the microorganisms and minerals as well as
the outcome of these interactions occurring in a defined environment.
By determining how the microorganisms affect the abiotic factors, and how the
abiotic factors influence the microbial consortium, various element cycles in nature
could be predicted better. The implications are enormous, from improving metal
extraction rate of bioleaching processes to bioremediation of polluted environments
[4].
The aim of this doctoral thesis is to gain more information about the interaction
processes which take place in nature between the biotic and abiotic components. The
ultimate goal is to be able to increase the bioremediation rate by modifying
accordingly the factors which influence the bioremediation. To be able to reach this
goal, detailed studies focused on biomineralization, biotransformation and
biodissolution are required. The influences of various geochemical factors on the
microbial communities of an environment, and the response of microorganisms to
those factors have to be studied.
Furthermore, information regarding the identity of the microorganisms forming the
microbial consortium and their role played in the investigated environment is
imperatively necessary [5].
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Since more than 99% of the microbes are currently not cultivable in laboratory [6-8],
an identification method which does not require cultivation is needed. Identification
of the relevant population of a biological system mostly relies on phylogenetic based
molecular techniques such as PCR-based methods or fluorescence in situ
hybridization (FISH) [9]. Application of these genetic-based molecular techniques,
however, is limited to species, for which, part of the genetic information is already
available [10]. As an alternative to these molecular techniques, we propose Raman
spectroscopy as a method for the identification of microorganisms. Previous
investigations have shown that bulk and single cell bacterial identification is doable
by means of Raman spectroscopy [11-20]. In addition, Raman spectroscopy can be
used for identification of minerals [21-26], organic matter[27], liquids [28, 29] or
gases [28-30] presented in the rocks. The high sensitivity, the minimal sample
preparation required for Raman measurements and the possibility to investigate
minerals instable at atmospheric conditions make Raman spectroscopy a valuable tool
for the investigation of the minerals.
Hence, this spectroscopic technique might offer precious information regarding the
bioremediation since it has the ability to investigate the biotic and abiotic elements
involved in the interaction.
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1.2 State of the art
1.2.1 PHB-producing bacteria and Raman spectroscopy
The microbial diversity of aquatic environments was initially studied through
microscopy and cultivation. However, big discrepancies between the initial bacterial
diversity and the outcome of the cultivation processes were noticed (“Great plate
count anomaly”), and the scientific community realized that only a small number of
microorganisms can be cultivated on solid or liquid media [31]. Later, analysis of the
fatty acid methyl ester were performed for the analysis of microbial diversity [32].
However, the sensitivity of the method is low, identification at species level being
impossible. The use of ribosomal DNA enabled investigation of bacterial
communities by fingerprinting methods which separates fragments of rDNA based on
length and/or nucleotide composition [33]. These methods includes: automated rRNA
intergenic

spacer

analysis

(ARISA),

terminal

restriction

fragment

length

polymorphism (T-RFLP), temperature gradient gel electrophoresis (TGGE) or
denaturing gradient gel electrophoresis (DGGE). The disadvantage of the
fingerprinting approaches represents the poor sensitivity of the methods [33]. In
addition, the abundance of various species can not be calculated using fingerprinting
methods [34]. Other molecular methods for the study of microbial diversity include
fluorescence in situ hybridization (FISH) and cloning/sequencing approaches [33].
The polymerase chain reaction (PCR) step used by the molecular methods for the
amplification of targeted genes introduce discrepancies in microbial diversity since
the DNA fragments are unequally amplified, depending on the DNA polymerase used
and number of PCR cycles performed [33]. As alternative, PCR free approaches, for
example whole-genome amplification (WGA) or whole-genome sequencing (WGS)
could be used [35, 36]. However, the costs and complexity of the above mentioned
methods represent important impediments for the large scale use [33, 36]. In addition,
the DNA extraction step required by some of the molecular approaches can bias the
outcome [37].
As an alternative to molecular methods for microbial identification, Raman
spectroscopy is a technique relatively often applied for the identification of clinically
relevant microorganisms [12, 16-20, 38-42]. The limited number of pathogens, the
high sensitivity and specificity of Raman spectroscopy, minimal sample preparation
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and the short time required for the spectroscopic measurements made Raman
spectroscopy an attractive tool for the identification of clinically relevant
microorganisms. Identification of microorganisms by means of Raman spectroscopy
can be performed on bulk samples [11, 17-19] or on single cells [12, 43]. In case of
bulk measurements, the acquired Raman spectrum represents the average Raman
signal over thousands or millions of cells in a sample. Therefore, the phenotypic
heterogeneity of a genetically homogeneous microbial culture is usually masked for
bulk measurements [44]. For single cell measurements the phenotypic heterogeneity
of a culture has much higher influence on the Raman outcome. This is particularly
true when the microorganisms can accumulate storage materials within the cells,
produce various dyes or sporulate [44, 45]. However, by performing single cell
identification, the microorganisms’ cultivation step can be omitted. This allows a fast
identification process (very important in clinical investigations) and also identification
of microorganisms which can not be cultivated in laboratory. Since only a minute
number of bacteria can be currently cultivated in laboratory, a bacterial identification
method independent of cultivation is essential in microbial ecology field.
Seldom Raman spectroscopy was used for the microbial identification from
environmental samples. One of the reasons represent the high diversity of
microorganism species present in natural environments [46]. A high diversity of
microorganisms will impede the use of Raman spectroscopy for the study of bacterial
community, since for the identification of microorganisms a Raman database is
required. It is believed that the bacterial diversity and abundance in aquatic
environments is usually orders of magnitude smaller than in soils and sediments [47].
In addition, geochemical factors like pH, salinity or heavy metals’ concentrations
have capital influence on the microorganisms’ diversity. Torsvik et al. used a genomic
approach for the study of bacterial consortium from various natural environments and
found more than 11000 different genomes in sediments and soils with high organic
content while in a salt-crystallizing pond (22% salinity) only 7 different genomes
were detected [47]. Analysis of the microbial consortium of an ecosystem affected by
the acid mine drainage reveal that few organism types dominate the analyzed
communities [48]. Therefore, Raman spectroscopy could be used for the microbial
identification from extreme environments.
Microorganisms which are able to live in extreme environments use various
protection strategies for survival. One common strategy of microorganisms growing
7

in aquatic environments is the production of exopolysaccharides (EPS) which help
them to adhere on hard surfaces, grow, and resist adverse conditions [49-52].
Carotenoids are used by various microbes as protective agents against UV radiation or
as reactive oxygen species scavengers [53-57]. Endospores can be formed by various
Gram-positive bacteria (mainly belonging to Firmicute phylum) in response to
environmental stresses as a means to ensure the preservation and propagation of the
genetic material of the cell [58, 59]. Numerous bacteria can synthesize and
accumulate within the cells various substances as energy materials [60, 61].
Polyhydroxyalkanoates (PHAs) are polyesters of hydroxyalkanoates (HAs) produced
by some bacteria under limiting nutrient conditions and in the presence of excess
carbon source [62, 63]. These polymers are stored in the form of granules within the
cells. Polyhydroxyalkanoates are considered interesting polymers because of their
biodegradation potential. Therefore many investigations were performed towards
increasing the rate of polymers accumulation in microbial cells [64-70], detection [71,
72] and quantification [10, 73-76] of the amounts of polymers stored by
microorganisms or abiotic synthesis [77], and degradation of the biopolymers [78,
79]. Studies performed on various PHA-producing bacteria have shown that the
polymers’ species produced by these microorganisms are dependent on the carbon
source used in the cultivation process [60]. More than 92 different storage polymers
were identified until now in the bacterial cells, however, by far the most common is
polyhydroxybutyrate (PHB) [80]. In addition, also the biosynthesis of copolymers is a
relatively widespread phenomenon among PHA-producing bacteria [81]. However,
very often polyhydroxybutyrate is the main phase of the carbon storage granules,
other polymers being present only in small amounts [60]. The amounts of carbon
storage granules varies from species to species, concentrations of PHB up to 80% of
the total dry weight being measured for Cupriavidus necator (formerly Ralstonia
eutropha, Alcaligenes eutrophus) cells [82]. PHB is considered to be an highly
crystalline polymer, with a crystallinity between 50 and 80% [83]. However, X-ray
diffractometry measurements performed by Kawaguchi et al. on native PHB granules
of Cupriavidus necator revealed that the PHB granules in the intact cells were
completely amorphous, but after treatment with sodium hypochlorite the PHB became
crystalline. The authors speculated that a lipid is responsible for the stability of PHB
granules in amorphous form, and only after the removal of the lipid the crystallization
reaction can take place [84].
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Since Raman spectroscopy is a technique which is not strongly affected by the
amorphous state of a substance (in contrast to X-ray diffraction (XRD), for example),
Raman measurements can and were performed for the investigation of the PHB and
other polymers produced by bacteria. The crystallinity of PHB/poly(L-lactic acid)
(PLLA) blends, a promising material in the biomedical applications, was investigated
by means of Raman spectroscopy. In accordance with previous reports, the
investigators found that PHB presented a high crystallinity even when it was mixed
with the other polymer [85].
A semiquantification of the amount of polyhydroxyvalerate (PHV) in the copolymer
PHB-co-PHV was performed by Izumi et al.. Although the Raman spectra of the
copolymers were very similar, the authors showed that using FT Raman spectroscopy,
the amount of PHV in the copolymer could be predicated [85]. Combining Raman
spectroscopy with high-performance liquid chromatography (HPLC), De Gelder et al.
showed that the amount of PHB intracellularly stored by Cupriavidus necator DSM
428 can be monitored using Raman spectroscopy [75]. While De Gelder et al. carried
out Raman measurements on bulk samples, Hermelink et al. opted for single cell
Raman measurements for the study of PHB production as a function of time in a
bacterial culture of Legionella bozemanii [45].
Structural differences between the synthetic PHB, microbial PHB and PHB produced
by genetically modified plants were also investigated using the Raman approach [86].
Based on the Raman signal of various storage molecules synthesized by distinct
bacteria groups, discrimination between functionally relevant populations in enhanced
biological phosphorus removal processes can be achieved [9]. However, to the best of
our knowledge, we were the first research group which investigated the effect of the
carbon storage molecules on the Raman identification results and defined the
conditions required for a successful identification at species level of PHB-producing
bacteria by means of this spectroscopic approach.

1.2.2 Biologically mediated iron oxides and hydroxides
formation/transformation in sediments and their precursors
Iron is the most common element on Earth [87]. It can form a multitude of minerals,
among these iron oxides and hydroxides being probably the most investigated forms
of iron-containing minerals. The iron oxides are ubiquitous in almost all the
9

compartments of the global system: pedosphere, lithosphere, hydrosphere, atmosphere
or biosphere [88], playing a tremendous role in soil science, geology, corrosion
science, biology and industry [89]. Iron oxides have a multitude of commercial
applications, being hard to imagine the world without them. However, there is also a
negative side regarding them. Iron oxides and hydroxides appear all around the world
as pollutants in acid mine drainage (AMD). A famous case of pollution by AMD is
the Rio Tinto river from Spain, well known for the intense orange color of its water.
AMD refers to acidic water rich in iron which appears as a result of biotic and abiotic
oxidation of iron sulfides (mainly pyrite and marcasite) from metal and coal mines
[26, 90, 91]. The products of iron sulfide oxidation are sulfuric acid which lowers the
pH of the water and ferrous iron (Fe2+) [90]. In addition, other heavy metals which
were adsorbed or coprecititated with the pyrite or marcasite can be mobilized. Ferrous
iron is soluble in slightly acidic waters, in contrast to the oxidized form of iron, ferric
iron (Fe3+) which has a high solubility only at pH lower than ~2.5 [92, 93]. The
orange color of the water affected by AMD is given by the precipitation of ferric
hydroxides in the aquatic environment, formed as a result of the oxidation of ferrous
iron [26]. The composition of the ferric precipitates is thought to be mainly
determined by the pH and the concentration of sulfate in the aquatic system [94].
Analyses of various mine drainage ochres using XRD, scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and Fourier transform infrared
spectroscopy (FTIR) have identified poorly crystalline ferrihydrite, lepidocrocite (γFeOOH), goethite (α-FeOOH), jarosite (KFe3(OH)6(SO4)2) and schwertmannite (ideal
formula Fe8O8(OH)6SO4) as the main iron phases precipitated from acid main
drainage [92, 95, 96]. To the best of our knowledge, no investigations of the inorganic
phase of newly formed suspended particulate matter in iron rich aquatic environments
were performed.
The study on the stability of different phases of iron oxides and hydroxides have
revealed that, concentration, temperature, pH, size of the crystals or organic additives
are factors which can decide the stable iron oxide/hydroxide phase in a particular
environment [90, 97, 98]. The phase of the iron oxide/hydroxide present in a
particular environment can influence the mobility of other elements since sorption
processes can occur at the surface of the iron mineral [99, 100]. Not only the abiotic
components are affected by the iron mineral phase, but also the biotic components.
Dissolved organic compounds adsorbed by the iron minerals can serve as potential
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electron donor for the activity of heterotrophic microorganisms. In addition, many
bacteria use iron as electron donor or electron acceptor [101]. Investigations of the
bacteria interaction with iron minerals have shown that the microorganisms usually
prefer minerals with high surface area, for example ferrihydrite or schwertmannite
[92, 102, 103]. It is well known that a high diversity of iron-reducing microorganisms
can use ferrihydrite or schwertmannite as electron acceptor substrate [87, 104].
The iron minerals can influence the bacterial community structure, but also vice versa.
In acidic aquatic environments, the abiotic oxidation of ferrous iron is a very slow
process, bacteria being able to readily compete with the chemical oxidation [87]. As a
result, microorganisms are responsible for the initiation of iron mineral formation.
Not only in acidic aquatic environments bacteria play an important role in mineral
formation; bacteria can oxidize ferrous iron also at circumneutral pH, however, in
aerobic conditions the chemical oxidation of Fe2+ by oxygen is a fast process.
Therefore many iron-oxidizing bacteria prefer microoxic or anoxic conditions, where
the concurrence for ferrous iron is lower [87].
The initial iron colloids produced as a result of the biotic oxidation of ferrous iron
have a poor crystallinity and can undergo transformations into more crystalline iron
species. The transformations of the initial precipitates are dependent on the
geochemistry of the environment and can involve a dissolution/reprecipitation step to
form goethite, or a solid-state conversion to form hematite or magnetite [88, 105]. The
precipitated iron minerals accumulate on the bottom of the aquatic environment where
the iron-reducing microorganisms can use the precipitates as electron donor. In this
way an iron cycle is created at water/sediment interface between the iron-oxidizing
and iron-reducing microorganisms [92].
Redeposition of the freshly deposited iron minerals and their diagenesis in the
sediments are common phenomena in the nature. As a result, in nature, the iron oxides
and hydroxides tend to transform in time into their most thermodynamic stable forms
under atmospheric surface conditions, goethite and hematite, respectively [89]. A
common sedimentary rock type rich in ferrous minerals, often goethite and/or
hematite is ironstone. Ironstones are defined as fine-grained sedimentary rocks having
more than 15 wt.% iron [106, 107]. If the ironstones contain more that 5 vol.% ooids
(spherical or ellipsoidal coated grains smaller than 2 mm), the rocks are called ooidal
ironstones [107]. The origin of the ooids and the environmental conditions where the
formation of those coated grains took place is still controversial, although the ooidal
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ironstones are the most studied ironstone species [106, 108-110]. However, it is
believed that at least in the case of some ooidal ironstones, bacteria, algae and/or
fungi were directly involved in the formation of the laminar structure in ooids [109,
111-113].
Common techniques used for the study of ooidal ironstones include XRD [110-113],
electron/proton microprobe [110, 113, 114], SEM [109, 111, 112] or energydispersive X-ray spectroscopy (EDX) [108, 114]. The structures similar with the
bacterial, algal or fungal cells observed in some SEM images of oncoids made a
number of researchers to conclude that microorganisms were intimately involved in
the process of formation of the laminar structures. However, for a direct confirmation
of the biotic origin of those structures, samples very well conserved (which contain
organic matter) are required. To the best of our knowledge, our investigation was the
first Raman spectroscopy study on ooidal ironstones.
For the analysis of various rocks, XRD is probably the most common technique
employed [90, 96]. The main mineral phases of investigated samples can be detected
by means of XRD, however problems appear for the identification of poorly
crystalline or amorphous materials [115]. Other methods like SEM and TEM have a
very good spatial resolution and provide information regarding the minerals’
structures of the probe. Usually imaging techniques are combined with EDX or X-ray
fluorescence (XRF), approaches which provide information regarding the elemental
composition of the sample, for an unambiguously identification of the minerals [116,
117].
Raman spectroscopy became in the last decade a fast and reliable tool in the field of
mineral identification. The minimal sample preparation required for analysis of
minerals, the high sensitivity and specificity of the method and the possibility to
analyze matter in solid, liquid or gaseous state made this spectroscopic technique
attractive for mineralogists and geologists. However, the biggest advantage of Raman
spectroscopy in comparison with other techniques represents the possibility to
investigate both organic and inorganic materials very fast and with minor sample
preparation. Therefore, for the study of interactions between the microbes and
minerals, the potential of Raman spectroscopy is enormous.

12

1.3 Own research results
In the following sections, results obtained within the framework of the thesis are
presented. Our aim was to investigate the interaction between the biotic and the
abiotic components of an iron contaminated aquatic environment. The investigation of
the bacterial-mineral interactions implies two studies: the influence of the microbial
communities on the mineral phases of the pelagic aggregates, and the effect of the
geochemical conditions of the aquatic environment on the microbial consortia. To be
able to study differences in the bacterial communities by means of Raman
spectroscopy, the identification of the microbes is required.
The starting point of the research was the Raman investigation of microorganisms
which could play an important role in bioremediation of freshwater habitats affected
by acid mine drainage.

1.3.1 Towards the identification of microorganisms potentially involved
in the biomineralization processes by means of Raman spectroscopy
Preliminary investigations of our collaborators have shown that Acidiphilium cryptum
JF-5 was present in different samples collected from various locations of the lignite
mine lake and this strain might be important for the ferric iron reduction process in
the lake (Lake 77, located in the Lusatian mining area in east-central Germany).
Therefore, the first bacterium investigated by means of Raman spectroscopic
technique was Acidiphilium cryptum JF-5. A. cryptum JF-5 is an acidophilic
facultative anaerobe bacterium which can reduce both Fe(III) and Cr(VI) to Fe(II) and
Cr(IV), respectively. Bacteria using different electron acceptors (oxygen and ferric
iron), and in various physiological status (lag phase, exponential phase and stationary
phase), were investigated using micro-Raman spectroscopy. Surprisingly, the
obtained Raman spectra showed important differences in comparison with the Raman
spectra of various microorganisms reported in literature (Fig. 1 in [VC1]) [11, 12]. In
addition, important differences in the Raman spectra of the cells both in exponential
phase and stationary phase were detected (Fig. 4 in [VC1]). In the Raman spectra of
the microbial cells in stationary phase, the signals from an unknown substance
completely covered the Raman signals from the other cell components. In case of the
bacteria in exponential phase, the signals from the unidentified compound were
weaker, the Raman bands of the nucleic acids and proteins, for example, being still
13

visible. For the identification of the unknown compound we combined Raman
spectroscopy with fluorescence imaging. A. cryptum JF-5 cells were stained with Nile
red, a fluorescent dye used for the detection of polyhydroxybutyrate (PHB) in
microorganisms [118]. Both types of cells, fluorescent and non-fluorescent, were
afterwards measured by means of Raman spectroscopy. The Raman spectra of the
fluorescent cells were similar with the Raman spectra of the cells containing the
unknown compound, while the Raman spectra of the non-fluorescent cells resembled
the bacterial Raman spectra reported by various researchers in literature (Fig. 2 in
[VC1]). Based on this outcome, we were able to conclude that the unknown
compound stored in the cells was PHB. Polyhydroxybutyrate is a polymer produced
by a large number of microorganisms as carbon and energy storage [119, 120]. The
compound is usually produced by bacteria growing under stress conditions, and can
be accumulated intracellularly by microbes in high amounts [69]. Therefore, it is
expected that a high number of microorganisms living in contaminated habitats have
the ability to produce storage materials. Since our ultimate aim is to investigate
microorganisms

from polluted

environments,

an

investigation

focused

on

identification of PHB-producing bacteria was imperative. Furthermore, the conditions
required for a successful identification by means of Raman spectroscopy should be
determined.
Bacillus megaterium DSM 90 (Firmicutes; Gram positive), three strains of Bacillus
thuringiensis (DSM 530, DSM 5725 and ATCC10782) (Firmicutes; Gram positive),
Azohydromonas lata DSM 1122 (Betaproteobacteria; Gram negative), Cupriavidus
necator DSM 428 (Betaproteobacteria; Gram negative) and Acidiphilium cryptum JF5 (Alphaproteobacteria; Gram negative) were used in this study. Single bacterial cell
Raman measurements were performed on the above mentioned bacterial culture in
exponential phase.
By combining Raman spectroscopy with chemometrical methods, circa 90% of the
measured microorganisms have been correctly identified using a Support Vector
Machine (SVM) (Table 2 in [VC1]). Since the production of storage materials
depends on the physiological status of the microorganisms, the identification rate is
influenced by the age of the investigated culture. In case of a culture of bacteria
producing high amounts of PHB in stationary phase, the identification by means of
Raman spectroscopy is not doable due to the fact that the Raman spectra of the
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microorganisms will contain only signals from the storage material, the signals from
the other components of the cell will be completely overlapped.
The present contribution demonstrates that the presence of PHB in microbial cells
does not hamper Raman spectroscopic identification as long as the microorganisms
are in the exponential growth phase.
The outcome of the study defines the conditions required for a successful
identification of PHB producing bacteria. Since a high number of bacteria can
produce carbon storage molecules, the implications of the above presented study are
enormous. As we already mentioned in the second chapter, production of carbon
storage molecules is a strategy used by some bacteria to survive in harsh conditions
[121]. Ayub et al. have suggested a connection between PHB accumulation and high
stress resistance developed by the bacteria adopted to extreme environments [122].
Therefore, it is expected (and our preliminary results have shown) that many
microorganisms living in an extreme environment to be able to produce and
accumulate PHB. Consequently, for a successful identification of microorganisms
grown in a harsh environment using Raman spectroscopy, the outcome of the present
study should be considered.

1.3.2 Qualitative analysis of the pelagic particulate matter from Lake 77
To investigate the effect of bacterial community on the formation process of pelagic
aggregates, data regarding the mineralogy of the freshly formed colloids are required.
In addition, identification of the microbes forming the bacterial community is needed.
Microbial consortium of a natural aquatic environment is dependent on a multitude of
geochemical factors. Therefore, the information regarding the bacterial identity and
the mineralogy of the freshly formed pelagic aggregates has to be correlated with the
data concerning the geochemical parameters for a correct understanding of the
interaction processes which occur in the aquatic environment.
Our aim was to perform a qualitative analysis on the mineralogy of the pelagic
aggregates formed in Lake 77 and to correlate the Raman outcome with the
information concerning other biogeochemical parameters.
Lake 77 is an acidic lignite mine lake having a surface area of ~ 0.24 km2, a volume
of ~ 1 km3 and a maximum depth of about 9 m. The Northern basin of the lake is
separated from the rest by a sill in the bottom of the lake that rise to about 4 m depth
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(Fig. 1 in [VC2]). Central basin shows a dimictic stratification scenario with spring
and fall mixes, while the stratification remains stable in the Northern basin with an
oxic surface water layer and a deeper anoxic water layer separated by a sharp
redoxcline. The oxic water layer showed similar characteristics in both basins with pH
values of about 3, sulfate concentrations of circa 8 mM and Fe(III) concentrations of
about 8 mM and 2 mM respectively. No Fe(II) was detected in the two basins in the
oxic region (Fig. 2 in [VC2]). In the anoxic layer of the Central and Northern basin,
the pH has a value of 3 and 6, sulfate concentrations reach 10.3 and 15.4 mM,
whereas Fe(II) concentrations increased to 1.1 and 1.7 mM, respectively (Table 1 in
[VC3]).
The analysis of the microbes habiting the anoxic layer from Northern and Central
basin of the lake reveal important differences in the bacterial consortia (Fig. 7 in
[VC2]).
Due to the considerable variations in the bacterial communities and water chemistry
of the Central basin and Northern basins, different mineral phases of iron minerals
were expected to be present in the two anoxic regions.
Pelagic aggregates called Iron Snow (IS), formed in the Lake 77 were collected from
the anoxic regions of the Northern and Central basins. These aggregates are formed in
the redoxcline region of the aquatic environment and contain a relatively low amount
of organic matter. Since the pH values of the redoxcline basins are around 3, the
oxidation of the Fe(II) to Fe(III) is mainly biologically mediated. Therefore, the iron
oxidizing bacteria are directly involved in the initiation of the mineral formation
process.
Preliminary Raman measurements of the IS samples performed under anoxic
conditions (the samples were measured in a glass cell in the absence of oxygen) and
oxic conditions (the samples were dried on the substrate and measured in atmospheric
conditions) revealed no difference in the mineral phases of the samples. Since a
higher signal noise ratio was obtained for the spectra measured under oxic conditions,
therefore, all further measurements of IS samples were performed in atmospheric
conditions.
A detailed Raman analysis of the inorganic phase of the IS from the two locations has
revealed the presence of schwertmannite in many of the investigated spots.
Schwertmannite is a mineral which is usually formed in acidic fresh waters rich in
dissolved iron and sulfate, and is stable at a pH falling in the range of 3 to 5.
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However, in anoxic conditions at higher pH values and in the presence of ferrous iron,
the stability of the schwertmannite decrease drastically [123]. The interactions
between Fe(III) and (SO4)2- in schwertmannite and in acidic liquid solution are
similar, being probably the reason why schwertmannite is a common mineral of the
acid main drainage [124]. The transformation rate of schwertmannite into goethite is
enhanced a few order of magnitude by the sorption of Fe(II) cations on the surface of
the mineral.
Goethite was identified in samples from the Central basin. Goethite might appear in
the samples as a result of the dissolution/recrystallization process of the
schwertmannite colloids. Alternatively, goethite could be a direct product of the biotic
oxidation of ferrous iron.
Using Raman spectroscopy, ferrihydrite was detected in a small amount in the lake
aggregates from the anoxic layer of the Central basin. Due to the poor crystallinity of
schwertmannite and ferrihydrite, discrimination between the two minerals is difficult
by means of conventional X-ray diffraction approach [125]. However, the Raman
spectra of the two iron minerals are quite different, a fast and reliable identification of
the two minerals by means of Raman spectroscopy being doable.
Ferrihydrite is a common iron mineral, utilized by various bacteria as a sink for
electrons or produced by other iron oxidizing microorganisms, especially at circumneutral pH conditions. The presence of ferrihydrite in a region where the pH of the
water is 3 could be due to a number of acidophilic or acid tolerant microorganisms
which preferentially dictate the formation of this mineral in the anoxic layer of the
Central basin.
Jarosite was also detected by means of Raman spectroscopy in the samples from the
Central basin. Jarosite is a mineral which can be formed only in acid environments,
being stable at pH lower than 3 [90, 94, 126].
In addition to the above mentioned iron minerals, disordered carbon, quartz and
gypsum were detected in samples from the Central basin.
The probes originating from the Northern basin mainly consists of schwertmannite,
ferrihydrite, disordered carbon and gypsum as revealed by the Raman investigation.
The presence of ferrihydrite in the samples collected from Central basin (pH 3), and
of schwertmannite in the probes from Northern basin (pH 6) could be explained by
the biotic influence on the inorganic phase of the pelagic aggregates. The formation of
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schwertmannite appeared to be a microbial mediated process, which is independent of
the pH and the microbial community structures.
Our investigation attests that the microbes affect the inorganic phases of the
aggregates formed in an iron-contaminated environment.
However, the magnitude of the biotic effect on the mineralogy of the aggregates is not
clear from the qualitative results presented here. In addition, it is difficult to correlate
the Raman results with the microbial identification results obtained by our
collaborators.
Therefore, for a better understanding of the influence of microbes on the geochemical
parameters of the environment, a semi-quantitative investigation of the mineralogy of
the pelagic aggregates is required.

1.3.3 Quantification of the inorganic phase of the pelagic aggregates
formed in the acidic lignite mine lake
The pelagic aggregates are thought to be formed in the redoxcline region of the
aquatic environment. Therefore, investigation of the mineral phase of the aggregates
collected from the redoxcline and the anoxic region of a basin would provide
information about the transformations of the metastable minerals which could occur
after the formation of the aggregates and till their deposition on the bottom of the
lake. Therefore, we decided to investigate the organic and inorganic phases of the
aggregates collected from the redoxcline and anoxic regions of the Central and
Northern basin.
Analysis of the bacterial communities from the Central basin (redoxcline and anoxic
layers) revealed similar communities. Surprisingly, also the microbial consortia from
the Northern basins are extremely similar, although the differences in the pH value
and the concentration of ferrous iron between the two layers are important. These
similarities suggested the majority of the microorganisms are metabolically active
over the broad pH and oxygen range detected from redoxcline to the deeper water
layer. However, communities of IS particles sampled in the Central and in the
Northern basin were in accordance with our previous study - dissimilar (Fig. 4 in
[VC3]).
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For the quantification of the inorganic phase of the IS, we use the Raman imaging
approach. The IS samples were spread in a thin layer on a glass substrate and dried at
room temperature.
The Raman analysis of the lake aggregates revealed that the dominated mineral in all
four locations was schwertmannite (Table 2, in [VC3]). The amount of
schwertmannite in the IS varies from 88% in the samples from the anoxic layer of the
Northern basin to 97% in the samples from the redoxcline of the Central basin. The
high amounts of schwertmannite detected also in the samples from the anoxic
monimolimnion of the north site could be explained by the presence of organic matter
on the surface of the aggregates which hinders the sorption of Fe(II) on the IS [127].
The other mineral presented in all the investigated samples is disordered carbon, a
typical compound of an acidic lignite mine lake.
Ferrihydrite was detected in small amounts in the anoxic waters of both basins and in
the microcline region of the Northern basin. In the samples from the anoxic region of
the Northern basin goethite was identified by means of Raman spectroscopy. Goethite
represents probably the product of the abiotic transformation of schwertmannite at
higher pH values. In the microoxic layer of the same basin, hematite was detected.
The occurrence of the iron oxide only in the redoxcline of the Northern basin and not
in the anoxic region might be due to the enhanced activity of Fe(III) reducing
bacteria, the reduction of the mineral taking place before reaching the bottom layer of
the lake. Other minerals detected by means of Raman spectroscopy in the IS samples
were quartz, calcite, barite, anatase and rutile.
In our previous Raman investigation, small amount of jarosite and goethite were
detected in the aggregates from Central basin. However, no jarosite was found in this
study while goethite was detected only in anoxic layer of the Northern basin. This
could be due to sampling variation or different sampling time, or the above mentioned
minerals were formed only under some known specific conditions from
schwertmannite, and/or might be present in the IS in very small amounts, below the
Raman detection limit.
The Raman imaging results have shown that schwertmannite represent the dominated
mineral phase in the Iron Snow, irrespective to the microbial communities from
different spots of the lake. Although the microorganisms initiate the process of
formation of iron minerals, the geochemical conditions of the aquatic environment
dictate the main mineral phases of the aggregates. However, the microorganisms
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influence the stability of the newly formed particulates by reducing the number of
available sorption sites on the surface of the iron minerals.

1.3.4 Investigation of Middle Eocene ironstones – confirmation of the
microorganisms’ involvement in the ooidal ironstone formation process
Till now we saw that Raman spectroscopy can be reliably applied to study the newly
formed precipitates. The next step was to apply the same technique for investigations
of million of years old sediments, which were subjected to various diagenesis
processes.
Micro-Raman spectroscopy was applied in the solution of a geological problem
concerning the origin of the Egyptian Middle Eocene ironstones. These ironstone
deposits are subdivided into two, lower and upper, sequences. The ironstone
sequences investigated in this study consist of four shallow marine iron ore types:
manganiferous mud-ironstone, fossiliferous ironstone, stromatolitic ironstone and
nummulitic-ooidal-oncoidal ironstone. Due to the subaerial weathering of the upper
surfaces of these sequences, a lateritic iron ore type was formed.
The aim of the investigation was to gain more information about the complex
environmental conditions prevailed during and after the ironstone formation.
As the name of the rocks suggests, the main components of the stones are the iron
minerals. Raman spectroscopic analysis of the mud and fossiliferous ironstones
reveals that goethite and hematite are the main components of the rocks. A high
diversity of manganese minerals was identified in these stones: aurorite
((Mn2+,Ag,Ca)Mn4+3O7•3(H2O)),
((Ba,H2O)2(Mn4+,Mn3+)5O10),

hollandite
manjiroite

((Ba(Mn2+,Mn4+)8O16)
((Na,K)(Mn4+,Mn2+)8O16

romanechite
•n(H2O)),

todorokite ((Na,Ca,K)2(Mn4+,Mn3+)6O12•3–4.5(H2O)) and pyrolusite (MnO2) were
detected. In addition to iron and manganese minerals, detrital minerals such as
microcline, orthoclase, quartz, rutile and late-cementic minerals as anhydrite, calcite
and barite were identified in the samples.
The stromatolitic laminae and the cortical laminae of the ooids and oncoids are
primarily composed of goethite mixed with small amounts of jarosite, whereas
hematite is mainly detected as cement surrounding the ooids and oncoids. As we
already mentioned earlier, jarosite is a mineral that can only be formed in acidic
environments via oxidation of iron sulfates. The identification of another mineral
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formed in acidic conditions, romanechite, supports the conclusion that during the
formation or diagenesis of the stromatolites, ooids and oncoids, the aquatic
environment became acidic.
Other manganese minerals detected in the laminae using the Raman approach were
pyrolusite and hollandite. Sulfates (gypsum (CaSO4·2H2O), anhydrite (CaSO4) and
barite (BaSO4)), carbonates (calcite (CaCO3) and dolomite (CaMg(CO3)2)), silicates
(quartz (SiO2)) and phosphates (apatite (Ca5 (PO4,CO3)3(F, Cl, OH, CO3))) were also
detected in the stromatolitic and ooidal-oncoidal ironstones. The presence of apatite
demonstrates the involvement of biotic components in the formation of these
ironstones, since phosphorous is thought to originate from the decay of organic matter
[128, 129].
In addition to minerals, organic matter was detected in the laminae of the stromatolitic
and ooidal-oncoidal ironstones, as well (Figure 5, in [VC3]). Figure 5(a) displays the
Raman spectrum of a carotenoid with its characteristic sharp Raman bands at 1000,
1150 and 1515 cm–1. The position and the sharpness of the Raman bands suggest that
the organic compounds were very well preserved in the rocks. A large variety of
organisms can produce different types of carotenoids, therefore the carotenoids can
represent biomarkers for bacteria, fungi and/or algae. Also cellulose was detected in
the investigated laminae. However, no lignin was detected in the samples, therefore
the cellulose probably originates from algae and/or cyanobacteria and not from more
complex organisms.
In conclusion, detection of various preserved organic materials inside the stromatolitic
laminae and the cortical laminae of the ferrous oncoids and ooids support the
hypothesis that the formation of the laminae was a biological mediated process.
Earlier studies of the stromatolitic and oncoidal-ooidal cortical laminae performed
mostly by means of electron microscopy suggested that cyanobacteria or in some
cases fungi were the main microorganisms involved in the formation process of these
structures [109, 111, 130, 131]. Almost all cyanobacteria produce carotenoids,
therefore the Raman outcome support the hypothesis regarding the involvement of
cyanobacteria in the minerals’ formation process. Furthermore, the Raman results
suggest that also algae might be involved in the bio-mediated process of minerals’
formation.
In addition, Raman spectroscopic investigations of the mineral phase of the iron
stones reveal information regarding changes in the environmental conditions during
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the ironstones formation/diagenesis. The detection of romanechite, jarosite and
anglesite attests that during the rocks formation/diagenesis process, the aquatic
environment became acidic. The presence of sulfate and carbonate minerals as cavity
filling materials indicates mineralogical and chemical alterations typical for the young
weathering crusts in the arid zone of NE Africa’s desert.
To the best of our knowledge, this contribution is the first which directly confirms the
active role of microorganisms in the formation of stromatolites, oncoids and ooids.
Until now, the only data attesting the involvement of microorganisms in the formation
of the laminae structures were provided by the SEM images showing structures
similar with bacterial or algal cells. Using Raman spectroscopy we were able to
undoubtedly identify organic compounds, typical for cyanobacteria and algae, in the
stromatolitic and oncoidal-ooidal cortical laminae.

1.4. Conclusions and further work
The outcome of the investigations presented in the previous chapter demonstrates that
spectroscopic techniques, especially Raman spectroscopy, can be successfully applied
to gain valuable information regarding the interaction between microorganisms and
minerals. By detecting organic material within the laminae of stromatolites, ooids and
oncoids, we were able to demonstrate that the microorganisms were intimately
involved in the formation of the Eocene ironstones from Bahariya Depression, West
Desert, Egypt. Furthermore, the Raman results suggest that not only cyanobacteria
could be involved in the minerals formation process but also algae.
This spectroscopic technique can be used not only for the analysis of millions years
old stones but also for the investigation of recently formed minerals. Combining
Raman spectroscopy with denaturing gradient gel electrophoresis (DGGE) and water
chemistry measurements, we were able to investigate the role played by
microorganisms in the process of minerals formation in an acidic iron-rich mine lake.
Quantitative analysis of freshly formed minerals in an acidic lignite mine lake
performed by means of Raman spectroscopy showed that, although the iron oxidation
is mainly a microbial process, the iron mineral species forming the pelagic aggregates
are dictated by the geochemical conditions of the aquatic environment. Only minor
amounts of iron minerals species could be directly related to bacterial activity.
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For a better understanding of the role played by bacteria in the biomineralization
process, identification of the microorganisms’ species which form the bacterial
community of the aquatic environment is required. A possible approach of this
problem is single cell bacterial identification by means of micro-Raman spectroscopy.
A preliminary analysis of Acidiphilium cryptum JF-5, a microorganism isolated from
the investigated lignite mine lake, showed that storage materials are produced in large
amounts within the bacterial cells belonging to this strain. Therefore, investigation of
the influence on storage materials on the identification ability of Raman spectroscopy
in combination with chemometrical methods was performed. The outcome suggests
that the bacterial identification by means of Raman spectroscopy is still doable as
long as the bacterial cell do not present PHB in crystalline form.
Further work should be focused on the direct identification of bacteria from the
studied aquatic environment. A bacterial extraction procedure based on the
dissolution of iron minerals has been already established in our laboratory. A Raman
database of the microbial isolates from the investigated lake should be constructed.
Based on this database, an attempt to identify the elements of the microbial
community of the lake should be made. The above proposed approach can be applied
for the identification of the cultivable bacteria which were isolated from the studied
aquatic environment. If the large majority of the microorganisms forming the bacterial
community of the lake are cultivable species, then the Raman output will provide
valuable information about the microbial consortium and the role played by various
species in the aquatic environment. However, if only a minute part of the bacterial
community is represented by the cultivable microorganisms, then a new approach is
required. An alternative is to combine Raman spectroscopy with other bacterial
identification technique which does not require microorganisms’ cultivation, for the
creation of the Raman database. For example, Raman spectroscopy can be elegantly
combined with fluorescence in situ hybridization (FISH). However, in this case the
accuracy of the Raman results will be directly related to the accuracy of the method
used for the identification of the microbes which were measured for the Raman
database.
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