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Zusammenfassung

Im Laufe der Erdgeschichte waren Mikroben sowohl direkt als auch indirekt fiir teils
dramatische Verdnderungen der Erdoberfliche verantwortlich. Dennoch sind bisher
sowohl AusmaR als auch Art und Weise ungeklért, in welchen Mikroorganismen an
der Bildung und Auflésung von Mineralien teilhaben oder mit der wissrigen
Umgebung interagieren. Weiterhin stellt die eindeutige Unterscheidung zwischen
Biomineralien und Mineralien aus rein anorganischem Ursprung eine der grofiten
Herausforderungen in der Geobiologie dar. Ferner mangelt es an Informationen iiber
jene Faktoren, die die Wechselwirkung zwischen Mikroorganismen und Mineralien
beeinflussen sowie iiber die Folgen dieser Interaktionen innerhalb definierter
Umgebungen.

Die Erforschung der wechselseitigen Beeinflussung von Mikroorganismen und
abiotischen Faktoren erlaubt eine wesentlich bessere Vorhersage zahlreicher
Stoffkreisldufe. Das Wissen dariiber kann sich in vielen Feldern als vorteilhaft
erweisen, etwa zur Verbesserung der Schwermetallextraktion bei der Biolaugung oder
wihrend der Biosanierung belasteter Okosysteme.

Zielstellung dieser Dissertation ist die Gewinnung von Informationen iiber 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. Grofter
Vorteil der Raman-Spektroskopie gegeniiber anderen Techniken ist die Mdoglichkeit,
sowohl organisches als auch anorganisches Material sehr schnell und nach lediglich
minimaler Probenprédparation analysieren zu konnen. Deshalb kann die Raman-
Spektroskopie zur Identifizierung nicht nur von Bakterien, sondern auch von
Mineralien angewandt werden.

Im Zuge dieser Arbeit wurden Bedingungen erforscht, die eine sichere Raman-
spektroskopische 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 iiber Biozonosen und geochemische

Parameter der aquatischen Umwelt filhren zu einem besseren Verstindnis der



Faktoren, welche Art und Umfang mineralogischer Zusammensetzung regulieren.
Zusétzlich konnte die direkte Beteiligung von Mikroorganismen am Prozess der

Eisenoolithbildung durch Raman-Spektroskopie nachgewiesen werden.



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].



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.



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 sifu 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



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 ef 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



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 ef 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].



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 ez 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



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 (Fe*") [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 (Fe’") 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 (y-
FeOOH), goethite (a-FeOOH), jarosite (KFe3;(OH)s(SO4),) and schwertmannite (ideal
formula FegOg3(OH)¢SO4) 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 Fe*" 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 energy-
dispersive 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.
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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(Ill) and Cr(VI) to Fe(Il) 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 [VCI1]) [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
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visible. For the identification of the unknown compound we combined Raman
spectroscopy with fluorescence imaging. 4. 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
[VCI1]). 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 JF-
5 (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 [VCI1]). 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 ef 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 km?, a volume
of ~ 1 km® 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(IIl) concentrations of
about 8§ mM and 2 mM respectively. No Fe(Il) 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(Il) 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(Il) to Fe(IIl) 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(IIl) 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(Il) 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 circum-
neutral 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(Ill) 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
((Mn*",Ag,Ca)Mn*"30,°3(H,0)), hollandite ((Ba(Mn*",Mn*")30,¢) romanechite
((Ba,H,0),(Mn*" ,Mn’")s010),  manjiroite  ((Na,K)(Mn*" Mn*")s01s  *n(H,0)),
todorokite ((Na,Ca,K)z(Mn‘H,MnH)(,O12-34.5(H20)) and pyrolusite (MnO,) 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 (CaSO42H,0), anhydrite (CaSQO,4) and
barite (BaSQO.)), carbonates (calcite (CaCO;) and dolomite (CaMg(COs),)), silicates
(quartz (Si0O,)) and phosphates (apatite (Cas (PO4,CO3);(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™". 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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Abstract Previous studies dealing with bacterial identifi-
cation by means of Raman spectroscopy have demonstrated
that micro-Raman is a suitable technique for single-cell
microbial identification. Raman spectra yield fingerprint-
like information about all chemical components within one
cell, and combined with multivariate methods, differentia-
tion down to species or even strain level is possible. Many

microorganisms may accumulate high amounts of polyhy-
droxyalkanoates (PHA) as carbon and energy storage
materials within the cell and the Raman bands of PHA
might impede the identification and differentiation of cells.
To date, the identification by means of Raman spectroscopy
have never been tested on bacteria which had accumulated
PHA. Therefore, the aim of this study is to investigate the
effect of intracellular polymer accumulation on the bacterial
identification rate. Combining fluorescence imaging and
Raman spectroscopy, we identified polyhydroxybutyrate
(PHB} as a storage polymer accumulating in the investigated
cells. The amount of energy storage material present within
the cells was dependent on the physiological status of the
microorganisms and strongly influenced the identification
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results. Bacteria in the stationary phase formed granules of
crystalline PHB, which obstructed the Raman spectroscopic
identification of bacterial species. The Raman spectra of
bacteria in the exponential phase were dominated by signals
from the storage material. However, the bands from proteins,
lipids, and nucleic acids were not completely obscured by
signals from PHB. Cells growing under either oxic or anoxic

conditions could also be differentiated, suggesting that changes
in Raman spectra can be interpreted as an indicator of different
metabolic pathways. Although the presence of PHB induced
severe changes in the Raman spectra, our results suggest that
Raman spectioscopy can be successfully used for identifica-
tion as long as the bacteria are not in the stationary phase.

Keywords Raman spectroscopy - Polyhydroxybutyrate -
Bacterial identification - Fluorescence staining

Introduction

An important concern in microbiology is to find a rapid
method for reliable microbial identification. Ultimately, the
goal in microbial identification is to link microbial cell
identification with metabolic potentials in situ, ie, on a
single-cell level [ 1]. Microbial ecology studies the interactions
of microorganisms with their biotic and abiotic environment.
Since these interactions determine the occurrence, distribu-
tion, and activities of microbial species, to be able to describe
an interaction, information about microbial species present in
the environment and their activity are required [2].
Culture-dependent approaches are limited because only a
minority of microorganisms can be cultivated with standard
techniques in the laboratory that do not mimic in situ
conditions [3]. The high cost and complexity of the

molecular methods developed over the last two decades,

€) Springer
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currently used for identification, make them unsuitable for
routine analyses [4].

Alternatively, spectroscopic methods can be used for
single-cell identification. Recently, spectroscopic methods
based on the physicochemical property of whole cells have
been used to identify microorganisms [5-11]. Compared
with other spectroscopic techniques, the advantages of this
micro-Raman spectroscopic technique are its non-invasive
character, minimal or no ple preparation, and the fact
that only one bacterial cell is required to record the
fingerprint Raman spectrum, which is used for microbial
identification [12-14]. Variations in the biochemical com-
position between different microbial species enable their

identification by means of Raman spectroscopy [5, 12, 15].
Raman spectroscopy is used not only for bacteria analyses but
also for studies focused on plants and human cells [16-21]. In
general, Raman spectroscopy has the potential for broad
applicability, as it is successfully used in chemistry, material
sciences, mineralogy, art, and archeology [22-24].

Raman spectra yield fingerprint-like information about
all chemical components within the cell. Information about
the functions of microorganisms in complex bacteria
communities can also be collected using Raman spectros-
copy alone [25] or in combination with other methods, e.g.,
FISH [10]. Identification to the strain level is also possible
with Raman spectroscopy [26-32]. To perform Raman
spectroscopic identification, an algorithm to differentiate
between different microorganisms’ taxa is required, and
various statistical methods are applied to analyze the
Raman signals. For a large Raman database, a dimension-
ality reduction of the data can be performed using principal
component analysis (PCA), prior to any spectra classifica-
tion. Classification or identification in previous studies was
accomplished by either an unsupervised method (hierarchical
cluster analysis) or a supervised one (K-nearest neighbor
classifier, nearest mean classifier, linear discriminant analysis,
or support vector machines (SVM)) [8, 26, 30, 31, 33].
Support vector machines have a wide variety of biological
applications, including the classification of proteins and
DNA sequences, microaray gene expression profiles [34,
35], or microorganisms [#, 11].

In order w make the transition from poof-of-principle
studies to studies under field conditions, the influence of
qarious parameters has to be investigated. For example,
many microorganisms produce polyhydroxyalkanoates
(PHA} not only as carbon and energy storage materials
but also as an electron sink, usually under conditions of
limited nutrients [36, 37]. Polyhydroxybutyrate (PHB) is
the simplest and the most common PHA and has strong
potential as a biodegradable polymer [38—40]. Consequent-
ly, numerous studies have been dedicated to increasing the
rate of polymer accumulation in cells [36, 41-43], detection
[44], and quantification [45, 46] of the quantity of PHB

4} Springer

stored by microorganisms. High amounts of these polymers
have been detected in some bacteria, with concentrations of
PHB up to 80% of the total dry weight reported [47]. Thus,
the Raman bands generated by polyhydroxybutyrate might
impede the identification and differentiation of some
bacterial cells. However, none of the microorganisms
identified by means of Raman spectroscopy up to this
point have contained storage materials.

An identification method based on single-cell analysis is
valuable in, e.g., microbial ecology since traditional
cultivation-based methods are slow and, due to their
inevitable selectivity, usually fail to achieve a complete
picture of the true composition of complex communities
[3]. A relatively large number of microorganisms are able
to produce and accumulate within the cells’ various energy
storage polymers [37]; therefore, a study focused on the
effects of PHB on microbial identification using Raman
spectroscopy is required. Furthermore, identification of new
strains which accumulate high amount of storage materials
could positively influence the field of biodegradable
materials since these microbes could be used for the
production of polymers.

In this paper, we evaluate the robustness of the Raman
spectroscopic approach in combination with statistical
methods, for the identification of microorganisms. We
investigate the effect of PHB accumulation in bacterial
cells belonging to different classes on the identification
results obtained by combining Raman spectroscopy with
SVM.

Experimental procedures
Sample preparation

The microorganisms Bacillus megaterium DSM 90 (Firmi-
cutes; Gram positive), three strains of Bacillus thuringiensis
(DSM 530, DSM 5725, and ATCCI0782) (Firmicutes;
Gram positive), Azolvdromonas lata DSM 1122 (Betapro-
teobacteria; Gram negative), and Cupriavidus necator DSM
428 (Betaproteobacteria; Gram negative) were cultivated on
NA (nutrient agar) medium at 30 °C. Acidiphilivm cryvptum
JE-5 (Alphaproteobacteria; Gram negative) was cultivated
either in liquid tryptone soya broth medium enriched with
2 mM glucose at 32 °C under oxic conditions or under
anoxic conditions with amended soluble Fes(SO4)s
(30 mM) as electron acceptor. From each liquid sample,
an amount of 1.5 ml of culture was centrifuged three times
at 12,000=g for 2 min and washed in each case with
distilled water. In case of bacteria cultivated on agar plates,
a part of the colony was scraped from plates using an
inoculating loop, suspended in 1.5 ml of water, and washed
as mentioned above. Thereupon, a droplet of suspension
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was dried on air at room temperature on a fused silica
surface. For all analyzed bacterial strains, the Raman
spectra from at least two independent cultures obtained
from different sets of media were recorded.

Fluorescence staining and observation

A solution with the concentration of 1 g/l was prepared by
dissolving Nile red with dimethyl sulfoxide. A 1-ml aliquot
of the culture was mixed with 0.3 pl of Nile red solution
and incubated for 30 min, Afier incubation, the culture was
centrifuged three times at 12,000xg for 5 min and washed
in each case with distilled water. Afterwards, a droplet of
suspension was dried on air at room temperature on a fused
silica surface, Subsequently, fluorescence imaging observa-
tions were performed. The fluorescence imaging observa-
tions were made by means of an inverse microscope (BX
41, Olympus) coupled to a CCD camera (CC12, Olympus).
The fluorescence excitation is realized with a mercury
lamp: different excitation and emissions wavelengths were
obtained by exchanging the filters in the light path.

Spectroscopic instrumentation

The Raman spectra of the bacteria were recorded with a
micro-Raman setup (HR LabRam inverse system, Jobin
Yvon Horiba). Raman scattering was excited by a
frequency doubled Nd/YAG laser at a wavelength of
532 nm with a laser power of about 2-mW incident on
the sample. The laser beam was focused on individual cells
by means of a Leica PLFluoar #100/0.75 microscope
objective down to a spot diameter of approximately
0.7 pm, which is sufficient 1o resolve a single bacterium
from the background. The dispersive spectrometer has an
entrance slit of 100 pm and a focal length of 800 mm and
is equipped with a grating of 300 lines mm . The Raman
scattered light was detected by a CCD camera operating at
220 K. The acquisition time per spectrum was 60 s, The
data were acquired over the course of several days. For the
calibration procedure, titanium dioxide (anatase) was
measured daily as a reference control.

Chemometric analysis

The analysis of Raman spectra was performed in two steps:
(1) preprocessing of the spectra and (2) identification by
using SVMs. A support vector machine is a computer
algorithm that leamns by example to assign labels to objects
[35]. The SVM always solves two-class problems; there-
fore, a hyperplane is defined in order to discriminate the
two classes. The hyperplane is characterized by the support
veetors, which are data points belonging to one class and
having the highest similarity to the other class [8].

The preprocessing was tested by different methods such
as baseline correction, normalization, first, and second
derivative, Baseline correction using the SNIP algorithm
[52] plus veetor normalization for single-bacterium analysis
are the best obtained results and therefore were used for further
preprocessing of the data. Baseline comrection was applied to
remove the background generated by the fluorescence
emission. The SNIP baseline estimation was used because of
the speed and the reliability of this method. To avoid the
variation in the Raman intensity generated by the difference in
the mass of the microbial cells, the vector normalized finger
print region was used in all further computation. Thereafier, a
PCA [53] was performed, with the first 20 scores being used
for further data analysis. The dimension reduction was done
first to reduce the cost of the computation, second to remove
white noise from the spectrum, and third to aveid overfitting.
With this data set of scores, a one-against-one [54] system of
support vector machines [55] with a radial basis kemel was
trained and tested on a completely independent set. With a
one-against-the-rest schema, it is possible to build up a
multiclass classifier out of single binary classifiers. The
training set was composed from 266 Raman spectra recorded
from five species. For the identification, 102 independent
Raman spectra were used.

Results and discussion

The Raman specttum of a microorganism is the sum of
Raman signals of the individual cell components. There-
fore, contributions from proteins, nucleic acids, and lipids
are expressed in the spectrum. A typical bacterial spectrum
(Fig. 1—spectrum a) shows two bands correlated to the
presence of proteins in the microorganism: two bands at
approx. 1,660 and 1,242 em ' are assigned to amide I and
amide [II vibrations, respectively. Contributions from the
amino acids are detected at 1,001 em ', a sharp band
characteristic of phenylalanine, and approx. 1,610 em '
which is assigned to phenylalanine and tyrosine. The band
at 1,575 em ' is specific to nucleic acid ring stretching
vibration, especially of guanine and adenine, while the band
at 1,314 em s assigned to CH./CH; deformation
vibrations [12, 32]. Another signal belonging to CH,
deformation is the band at 1,342 cm '; the band at
1,450 em ' is given by the CH; scissoring deformation
[12]. The most prominent feature within the Raman
spectrum of bacteria is the broad band centered at
2,932 ¢m ', which is the superposition of the CH stretching
vibrations of CH; and CH; groups in proteins, lipids,
nucleic acids, and carbohydrates [12, 32]. The broad bands
at 785 and 1,075 cm ! labeled with asterisk in Fig. 1 are
generated by the fused silica slides on which the investi-
gated bacteria were located.
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Fig. 1 Average Raman spectra of the Bacillus megaterium DSM 90
cells without (a) and with () PHB

The average spectra displayed in Fig. 1, each spectram
being the average of 20 single-cell spectra, were recorded from
a culture of B megaterium DSM 90. The main difference
between the two speetra is the signal at 1,735 em ' in
spectrum B, which can be assigned to stretching vibration
from a carbonyl bond. The appearance of this C=0 signal is
accompanied by a decrease in the intensity of protein and
nucleic acid bands, while the intensities of CH deformation
bands increase. The outcome seems at first surprising since
the Raman spectra of a single strain cultivated under various
conditions are usually very similar, with chemometrical
methods usually being required to differentiate between
similar bacterial cells grown under different conditions [15].
However, the important differences between the two Raman
spectra can be attributed to a new substance present in large
quantities in the cells. The decrease in the Raman signals of
the other cell components likely influences the Raman
spectroscopy  identification process, as the protein and
nucleic acid bands are crucial for the discrimination between
various bacteria. The same decrease in imtensity of the
protein and nucleic acid bands was also noticed in the Raman
spectra of 4. enptum JF-5 (not shown here). Therefore, the
starting point of this study was the identification of the
substance responsible for the aforementioned changes in
the Raman spectra. The analysis of the influence of this
unknown substance on bacterial identification is vital for
further applications of this spectroscopic method for
classification and identification of microorganisimns.

4} Springer

Many bacteria produce PHA as carbon and energy
storage molecules and can accumulate high amounts of
PHA in the cells [38]. To demonstrate that PHA was
responsible for our observed changes in Raman spectra, a
combination of fluorescence imaging and Raman spectros-
copy technique was used. The bacteria were first stained
with a fluorescent dye (Nile red) to illuminate the cells
under fluorescence, which contained substrate storage
materials. The cells containing PHA were then located on
the slide surface by means of fluorescence imaging. By
comparing the fluorescence images with bright field
pictures, distinctions between cells with and without
storage granules were possible. Further, Raman spectrosco-
py was applied to analyze the chemical composition of
different cells. Figure 2 illustrates stained 4. cryprum JF-3
cells, observed in brightfield image (a) and in fluorescence
illumination (b), respectively. Based on the fluorescence
images, two cells were selected for Raman measurements,
one with and one without storage materials, and the spectra
obtained are presented in Fig. 2c. The Raman spectrum of
the fluorescent cell is dominated by bands assigned to CH
stretching vibrations at 2,935 cm ! CH deformation
vibrations at 1,450 ecm ', and C=0 stretching vibrations
at 1,735 em ', The broad bands at 785 and 1,075 cm ' are
assigned to the fused silica substrate on which the
investigated bacteria were placed, The intensity of the
protein and nucleic acid bands is very low. The Raman
spectrum of the cell without storage materials (b) is
dominated by the signals assigned to amide [, amide [I1I,
and nucleic acids. In addition, the band assigned o C=0
streteching vibration is completely absent. This indicates that
a polyhydroxyalkanoate substance is likely responsible for
the presence of the 1,735 cm ' band.

Next, we identified the polymer produced by A. cryptum
JE-5. Although a large variety of PHA storage granules
may be synthesized by microorganisms, by far, the most
common substance is polyhydroxybutyrate. The Raman
spectrum of crystalline PHB is displayed in Fig. 3 ¢. The
CH stretching band, centered at 2,932 em ', is the
dominant signal in the spectrum, with five clearly separated
bands being observed in this region. The signals are
assigned to CH; and CH; symmetric and asymmetric
stretching vibrations, In the region of 1,350-1,450 cm R
bands from various CH deformation vibrations are present.
The Raman signals at 1,402 and 1,364 cm ' are assigned to
CH; symmetic deformation and the band at 1,450 em ', to
CHy as well as CH; deformation vibrations. The stretching
vibration of the C=0 double bond 15 located at 1,735 cm '
The single bond CC stretching vibration s responsible for
the Raman signal at 840 cm ' and CO stretching vibration
for the band at 1,048 cm ! [15, 48], An overview of the
tentative assignment of the Raman signals obtained from
bacterial cells is presented in Table 1.
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Fig. 2 Microscope images of

stained 4. cryptum JF-3 cells

with or without storage granules

on a fiused silica substrate. a
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A comparison between the PHB crystalline spectrum
(Fig. 3 ¢) and a spectrum recorded from a cell in
exponential growth (Fig. 3 a) reveals important differences.
The bands in the region 1,200 1,300 om ' are observed
cnly in the crystalline PHB spectrum, the intensity of the
CH; symmetric deformation vibrations (1,364 and
1,402 cmfl) are very low in the bacterial spectrum, and

Table 1 Tentative wavenumber assignment of some of the Raman
signals of bacterial cells

Wavenumber (cm ') Tentative assignment

840 Single-bond CC stretching vibration

1,001 Phenylalanine

1,048 CO stretching vibration

~1,242 Amide I

1,314 CH,/CH; deformation vibrations

1,342 CH deformation

1,363 CH; symmetric deformation

1,402 CH; symmetric deformation

1450 CH, scissoring deformation

1,575 Nucleic acid ring stretching vibration,
especially of guanine and adenine

1,610 Phenylalanine and tyrosine

~1,660 Amide 1

1,735 C=0 stretching vibration

4 springer
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Fig. 4 Raman spectra of 4. eryprion JF-5 in different growth phase:
(a) lag phase, (&) exponential phase, and {c) stationary phase

the signal at 1,735 cm ' assigned to (=0 streiching
vibration is much broader in the bacterial spectrum than
in crystalline PHB. Fuwthermore, in the CH stretching
vibration region, five bands are clearly distinguished in the
crystalline spectrum, while in the bacterial spectrum, the
bands are broader and form a single large band. However,
the spectrum of amorphous PHB (Fig. 3 b) is very similar to
the specttum obtained from a cell in the exponential phase with
storage matenials, indicating that PHB is the storage material
present in bacterial cells. This also suggests that bacteria in
exponential growth phase create deposits of polymers in the
amorphous state. In case of bacteria in the stationary phase
(Fig. 4 c), the microorganism spectra are almost identical with
the spectrum of crystalline PHB (Fig. 3 ¢}, suggesting that
mictoorganisms in stationary growth phase accumulate
storage materials in the crystalline form.

With increasing amounts of storage material in cells,
Raman signals from other cell components decrease in
intensity. This behavior likely affects identification since
the protein and nucleic acid bands are used to differentiate
between microorganisms. Therefore, we also investigated
the influence of storage granules on bacterial identification.
To select an appropriate time point for sampling, different
growth phases of the culture were to be investigated
because the age of the cell can influence its chemical
composition. Figure 4 shows differences between spectra of
A eryptum JF-5 obtained during different growing phases.
The main differences between the spectra are due to
different amounts of PHB stored in cells at each time

4} Springer

point. Raman spectra of the cells in the lag phase showed
no polymer accumulation (Fig. 4 a). Starting from the
exponential phase (Fig. 4 b), PHB is stored within the cell,
first as amorphous PHB, then, in the stationary phase
(Fig. 4 ¢), as crystalline. Since we were interested to study
the influence of PHB on the robustness of the microbial
identification by means of Raman spectroscopy, we
determined that the appropriate time points for sampling
were in the late exponential phase, when accumulation of
storage material is still on-going, but the Raman signals of
proteins and nucleic acids are not yet completely obscured
by PHB. Therefore, the bacteria which are in the late
exponential phase will present the highest amount of
amorphous PHB. For microorganisms m the stationary
phase, the Raman bands of crystalline PHB completely
cover the signals from the other cell components, making
the discrimination of the organisms impossible.

Raman spectra from various PHB producing Gram-
positive or Gram-negative bacteria belonging to the
Firmicutes or to different classes of the Proteobacteria were
also recorded. We selected 4. cryprum (Fig. 5 a), B
megaterium (Fig. 5 b), 4. lata (Fig. 5 ¢), C. necator
(Fig. 5 d), and B thuringiensis (Fig. 5 ) for this study
because of their tendency to accumulate PHB. All the
spectra were very similar (Fig., ), requiring a chemo-
metrical method to discriminate between the different
species. Using SVM, a supervised identification method, a

clear distinction between spectra belonging to various

Haman Intensity

: w/w:
J LWWJ

250“
Wavenumber / em”’

Fig. 5 Raman spectra from varions PHB pmdux:mg bacteria: (a)
Acidiphiliven crvptum, (&) Bacill g L (e} Azeh
lata, (dy Cupriavidus necator, () Bacillus r!mrmgiﬂmt
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Table 2 ldentification of PHE

producing bacteria via SVM A lata B thuringiensis  C. necator A cryptum B megaterison. Correct %o
A lata 14 - - - 3 736
B. thuringiensis - 20 - - - 104
C. necator 1 - 22 - - 95.6
A, cryptum 0 - 100
B. megaterium 4 - - - 16 Bl
Recognition rate 9.1

bacteria was possible, with a recognition rate of 90.1%
(Table 2).The taining set was formed by 266 spectra,
belonging to the above-mentioned species. Spectra from
two different strains of B thuringiensis (DSM 530 and
ATCC 10782) were incorporated in the training dataset in
the B. thuringiensis group. For the validation, spectra from
bacteria cultivated in different batches than the micro-
organisms used for the training set were used. In addition,
the Raman spectra were recorded at different days, to avoid
possible errors in identification induced by measurement
artifacts. To challenge the robustness of the identification
model, an external dataset of spectra belonging to B
fuiringiensis DSM 5725 was added 1o the validation
dataset. From 102 spectra, 10 were misclassified: Five 4.
lata spectra were assigned as B megaterium, four B
megaterium spectra were assigned as 4. Jata, and one C
necator spectrum again as A. fata. The spectra belonging to
the B. thuringiensis DSM 5725 (strain which was not
included in the waining set) were all correctly assigned to
the B. thuringiensis group. These results suggest that
microbial identification of single bacterial cells by means
of Raman spectroscopy can be performed, even if the cells
contain high amount of storage materials. However, the
bacteria identification is possible as long as the cells
contain amorphous PHB and not crystalline. Furthermore,
for an ultimate proof of the robustness of bacteria
identification by means of Raman spectroscopy, a larger
database should be used.

It is well known that the microorganisms which do not
present storage materials can be successfully identified by
means of Raman spectroscopy [8, 26, 32]. The present
study suggests that this spectroscopic technique can be
applied for microbes’ identification even if those organisms
accumulate storage material. However, some limitations
related to the physiological staws of the bacteria exist. The
bacteria used in our experiment were collected in the late
exponential phase so that the amount of amorphous PHB
accumulated by microorganisms should be at the highest
level. Since at these high levels of PHB the identification of
bacteria is feasible, we can generalize the outcome and
affirm that the identification of microorganisms by means
of Raman spectroscopy is achievable if bacteria contain
amorphous PHB. In case of bacteria which present

crystalline PHB, the identification using Raman spectros-
copy failed.

In practice, for the mvestigation of an unknown sample,
usually there is no information available regarding the
physiological status of the bacteria. However, this lack of
information does not hinder the bacteria identification
process. If bacteria do not accumulate any storage material,
the identification is possible by means of Raman spectros-
copy, as previous stadies demonstrate. [f bacteria present
storage materials in amorphous form, the identification is
achievable, as our study suggest. In case the bacteria
accumulate crystalline PHB, another technigue should be
used for the identification of the microorganisms.

We also investigated if bacterial cells of the same strain
can be differentiated even if the cells grow under different
conditions and some produce PHA. Raman spectroscopy
can be used to discriminate bacterial cells which contain no
storage granules and belong to the same strain but are
grown in different environmental conditions [15, 49].
However, no information is available for bacteria which
accumulate storage materials. For this investigation, 4.
cryptum JF-5 was used because it is facultative anaerobe
and therefore can grow under both oxic and anoxic
conditions, using oxygen (O5) or ferric ron as an electron
acceptor [30, 511, In this experiment, 4. cryptum JE-5 was
incubated either with Oy or with Fes(SO4); as an electron
acceptor. The cells were harvested in the exponential phase,
measured with Raman spectroscopy, and the spectra were
analyzed using SVM. Performing a classification with 325
spectra, 307 spectra were corvectly identified, which is a
recognition rate of 94.5% (Table 3). Of the 18 spectra that
were misclassified, eight spectra that belonged to A
cryptum JE-5 cells grown anaerobically were assigned as

Table 3 Classification of 4. crypfum JF-5 in function of the utilized
electron acceptor, by means of SVM

With Fe,(304); With O, Correet %
With Fes(S04)s 137 3 245
With O, 10 170 944
Recognition rate 94.5
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spectra from cells grown acrobically. Ten spectra recorded
from aerobically grown cells were assigned as spectra from
anacrobically grown cells, These data suggest that Raman
spectroscopy  can classify bacteria, which use difterent
metabolic processes for energy conservation even it the cells
accumulate polymers as energy source. Because the cells
either use O or ferric ivon as clectron acceptor, the changes
in the Raman spectra can be interpreted to determine the
different metabolic pathways involved in 4. ernptum JF-5
respiration. Therefore, Raman spectroscopy may be a useful
wol to differentiate between cells even on the strain level,
i.e., the lowest classification level, with different growth
histories independent of the presence or absence of storage

materials.

Conclusion

The production of storage materials depends on the
physiological status of the microorganisms. Our study had
to consider the age influence on the biochemical composition
of the microbes and the subsequent effect on identification
results. Bactera accumulate storage materials in different
forms depending on cell activity status. In stationary phase,
crystalline PHA is intracellularly stored, while in exponen-
tial phase, the polymer is present in amorphous state. Since
identification of various bacteria belonging to different
groups was determined only for bacteria which store
amorphous PHA, owr outcome shows the effect of the
microorganisms’ age on identification results. However,
bacteria in the exponential phase were still successfully
identified by means of micro-Raman spectroscopy, with
even discrimination between bacteria belonging to the same
species but grown under different conditions. To summarize,
the present contribution demonstrates that the presence of
polyhydroxybutyrate in microbial cells does not hamper
Raman spectroscopic identification as long as the micro-
organisms are in the exponential growth phase.
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Abstract

We studied the formation of iron-rich particles at steeply opposing gradients of oxygen and Fe(IT) within the
redoxcline of an acidic lignite mine lake (pH 2.9). Particles formed had a diameter of up to 380 um, showed high
sedimentation velocity (~ 2 m h~1), and were dominated by the iron mineral schwertmannite. Although the
particles were highly colonized by ricrobial cells (~ 1019 cells [g dry weight]~1), the organic carbon content was
below 119%. Bathymetry and the inflow of less acidic, Fe(I{}-rich groundwater into the northern basin of the lake
results o two distinct mixing regites in the same lake. The anoxic monimolitunion of the northern basin had
higher pH, Fe(ll), dissolved organic carbon, and CO, values compared with the more central basin. Particles
formed in the northern basin differed in color, were smaller, had higher organic carbon contents, but were still
dominated by schwertmaunite. Microcosm incubations revealed the dominance of microbial Fe(II) oxidation.
Compazison of bacterial clone libraries suggested that pH was a major driving force, shaping the microbial
comimunities responsible for the oxidation of Fe(Il) in both basins. Acidophilic Ferrovim spp. and Chlorobia-
related bacteria were prasent in the central basin, whereas nentrophilic Sideroxydans spp. dominatad the northern
basin. Snow-like particles had a high sinking velocity and acted as a carrier for organic carbon, microorganisms,
trace metals, and Fe(IIL) to the sediment. Because these particles are {undamentally different from organic-rich

“snows™ from lakes, rivers, and oceans, we propose a new term, “iron snow.”

Oxic-anoxic interfaces are hotspots for the cycling of
elements because they provide continuously favorable
conditions for both biotic and abiotic redox reactions. In
aquatic ecosysterns, these interfaces may appear as pelagic
boundaries by separating an upper oxic and a lower anoxic
waler body, yielding permanently or temporally stratified
conditions. These boundaries, or redoxclines, may occur in
the water column of marine (Jorgensen et al. 1991; Taylor
et al. 2001; Pimenov and Neretin 2006) and of freshwater
bodies (Bochrer and Schultze 2008; Casamayor et al. 2008).
Within such redoxclines, opposing gradients of oxygen and
more reduced components, i.e., Fe(Il), 82 , and CHy, may
establish. While the oxidation of 82 (Jergensen et al. 1991;
Lithy et al. 2000) and CH; (Rudd et al. 1974; Liu et al.
1996; Bédard and Knowles 1997) at redoxclines has been
extensively investigated, less information is available about
the oxidation of Fe(II). Some evidence for the cycling of
iron at pelagic boundaries exists (Campbell and Torgersen
1980; Boehrer and Schultze 2006; Diez et al. 2007), and the
formation of Fe(Ill)-minerals in acidic aquatic environ-
ments has been linked to a microbial oxidation of Fe(Il) in
the water column (Childs et al. 1998; Peine et al. 2000;
Kawano and Tomita 2001). Similar processes might have
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Aguatic Geomicrobiology Group, Institute of
Irich Schiller University Jena, Jena, Germany

occurred in the Late Paleoproterozoic, leading to the
formation of Paleozoic ironstones within the redoxclines of
ancient marine sediments (Bekker et al. 2010). Since Fe(I}
persists under abiotic conditions at pH values below 3.5
despite the presence of oxygen (Singer and Stumm 1970),
acidophilic aerobic Fe(1l)-oxidizing bacteria (FeOB) likely
do not compete with the chemical oxidation of Fe(Il) as
compared to circumneutral conditions. However, no
experiments at pelagic redoxclines have been performed
which demonstrate whether this occurs and identify which
microorganisms are involved in Fe(ll) oxidation.
Opposing gradients of oxygen and Fe(IT) can be found at
redoxclines in iron-rich lakes that have been established
worldwide in pyrite-rich or post-mining landscapes (Blodau
2006; Boehrer and Schultze 2006; Diez et al. 2007). In
Germany, > 500 pit lakes originating from lignite mining
exist with pH values ranging from below 2.5 to above 7
(Nixdorf and Kapfer 1998; Nixdorf et al. 2001). Pit lakes
are characterized by the release of protons, sulfate, and
Fe(Il) from the oxidative weathering of Fe(Il) sulfides in
weakly buffered and dump-affected catchments. The
subsequent oxidation of Fe(II) in ground- or surface waters
leads to dissolved Fe(1ll) species which then transform into
polymeric Fe(II) colloids prior to their precipitation as
poorly crystalline Fe(IIl) oxyhydroxides (Davison 1993;
Cornell and Schwertmann 2003; Hansel et al. 2003).
Consequently, pit lake sediments are dominated by large
quantities of amorphous Fe(OH)s, goethite, or Fe(lIl)

1386

47




Tron snow in an acidic lake

seepage of dump-
effected ground water

/ sampling
location NB

bank

bathymetry (m)
L

So AT it

sampling
location CB

Fig. 1.
after Fleckenstein et al. 2009). Groundwater flows from the north
to the south and enters the lake from the dump area in the
northern part. A bank rising to about 4 m from the surface
separates the northeastern from the southern bottom water layers.

Sampling sites and bathymetry of Lake 77 (modified

oxyvhydroxysulfates, e.g., schwertmannite or jarosite, which
are formed according to the pH and geochemistry (Bigham
¢t al. 1992; Bigham and Murad 1997) present in the water
column above (Peine et al. 2000; Regenspurg et al. 2004).
Since Fe(Ill) oxyhydroxides can coprecipitate or adsorb
organic carbon, heavy metals, and organisms (Eichler and
Pfennig 1990; Martinez and McBride 1998: Eusterhues et
al. 2008), they could play an important role in these pelagic
processes.

In this study, we investigated the potential microbial
formation of iron-rich particles at the pelagic redoxcline of
an acidic lignite mine lake (Lake 77) in east-central
Germany. Because the inflow of less acidic, Fe(Il)- and
sulfate-rich groundwater from the dump area in the
northeast (Blodau et al. 2004) has potential implications
for the pelagic boundary conditions, particles were sampled
from both the central and northeastern basin of the lake
and were characterized with mineralogical and molecular
methods. We hypothesized that the oxidation of Fe(Il) and
the formation of iron-rich particles depends on the activity
of FeOB.

Methods

Site description and sampling—The acidic lignite mine
lake (Lake 77, pH ~ 3) is located in the Lusatian mining
arca in cast-central Germany and was created afier lignite
mining had ceased in the area in 1960s. The lake has a
surface area of ~ 0.24 km?, a volume of ~ 1 km?*, and a
maximum depth of about 9 m. The general pattern of water
exchange is characterized by the Fe(ll)- and sulfate-rich
groundwater inflow from the dump area at the north end of
the lake and the outflow of lake water to the aquifer in the
south (Fig. 1). Exchange rates range from —1.7Lm 2d !
{outflow) to = 200 L m~—2 d ! (inflow) (Fleckenstein et al.
2009),

Sampling sites were located in the central basin of the
lake (location CB, depth 7 m, 51731'8.2"N, 13°41'34.7"E)

and in the northeastern basin of the lake (location NB,
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depth 7 m, 51"31'13.3"N, 13°41'45.8"E) (Fig. 1). On cach
sampling date (April, July, August, September, and
October 2009, and January and April 2010), pH, dissolved
oxygen, conductivity, and temperature were measured over
depth with a multiparameter water quality checker U-10
(Horiba, Japan). High-resolution water samples in steps of
up to 5 cm were obtained using a water sampler (55-cm
length) based on the Ruttner design. For gas analysis, 50-
mL water samples were added to 150-mL glass flasks,
sealed gas tight with rubber stoppers, and treated with 1 mL
of 4 mol L-! HCL Sediment traps (three Plexiglas tubes
sealed with a removable cup at the bottom, 5-cm diameter,
40-cm total length) were installed at a depth of 5.3 m at
location CB from which particles were collected every 3 to
4 wecks from April to October 2009. At location NB,
particles were enriched by centrifugation of water samples
obtained from 5-m depth or collected with sediment traps
(April 2010 only). All samples were transported at 4°C and
processed within 24 h. Sediment cores were obtained in
September 2009 using a gravity corer (5.9-cm inside
diameter) and the upper 5 mm were used for microbial
diversity analysis. The sediment at location CB was
characterized by an upper brownish-orange zone ol about
20 em and a black zone below. In contrast, the brownish-
orange zone was < 3 cm deep at location NB. Below this,
thin orange and black bands appeared. In general, the
sediments contained large amounts of schwertmannite and
gocthite. Detailed geochemical descriptions of the sediment
at location CB have been given elsewhere (Peine et al. 2000;
Regenspurg et al. 2004).

Characterization of particles—The sinking velocity of
single particles in 10 replicates was estimated at 21°Cin a 3-
liter glass cylinder filled with lake water. Sedimentation rate
was calculated per m? d ! and was performed after drying
(105°C for 24 h) of cach subsample of the sediment trap
material. Total cell abundance in the particles from
location CB was enumerated by the 4,6-diamidino-2-
phenylindole (DAPI) method (Porter and Feig 1980) after
fixation (4% formaldehyde buffered with 1 phosphate
bulTered saline [PBS] at pH 7.4, washed three times with 1%
PBS) and oxalate extraction (75 mmol L' oxalate, 15-min
incubation, washed three times with 1 PBS) with a Zeiss
Axiolab microscope at 1000 magnification (Carl Zeiss).
The particle density in the water column was quantified on
white polycarbonate Alters (0.2-pm pore size, 39-mm
diameter; Whatman) after filtration of defined volumes ol
lake water from 0, 3, and 5 m of location CB and 6 m from
location NB with a Zeiss Axiolab microscope (Carl Zeiss)
at 20 magnification. Mineral phases were determined
using Raman spectroscopy and were recorded with a high-
resolution LabRam spectrometer (Jobin Yvon Horiba)
using 532-nm radiations from a frequency-doubled neody-
mium:yttrium-aluminum- garnet laser. The laser beam ol
about 20 uW was focused on the samples by a Leica
PLFluoar 100 (numerical aperture [NA] 0.75) microscope
objective down to a spot diameter of approximately 0.7 pm.
The spectral resolution was around & cm ' and the
acquisition time for each Raman spectrum varied between
60 and 300 s.
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Confocal laser scanning microscopy (CLSM)—To ana-
lyze the distribution of microbial cells in the particles, we
counterstained bacteria in a fixed (3.4% formaldehyde)
subsample of the sediment trap material obtained from
location CB in September 2009 with SYTOX Orange
(Molecular Probes) nucleic acid stain at a dilution of
1: 1000 with deionized water for 5 min. Samples were rinsed
once with tap water and transterred into Cover Well imaging
chambers with a 0.2-mm spacer (Invitrogen), and immedi-
ately examined by CLSM using a true confocal scanner
(TCS SP5X, Leica), equipped with an upright microscope
and 63X NA 1.2 water immersion lens. Samples were
analyzed by CLSM using laser lines at 547 and 633 nm.
Emission signals were detected from 540 to 555 nm
(inorganic and mineral compounds; detected by reflection
signals), 560 to 620 nm (nucleic acid signals of SYTOX
Orange), and from 650 to 750 nm (chlorophylls; detected by
autofluorescence). Optical sections were scanned in the xy
direction up to a depth of 100 zm with a step size of 1 gm.
Images were recorded at a resolution of 1024 X 1024 pixels,
corresponding to a 246-pm edge length. For visualization,
image stacks were presented as overlays as maximum
intensity projections. Blind deconvolution was calculated
with Huygens version 3.5 (Scientific Volume Imaging).

Scanning electron microscopy (SEM | with energy-disper-
sive X-ray spectroscopy (EDX)—A subsample of the
sediment trap material from either location CB or
microcosm incubations was directly dried on adhesive
conductive carbon tabs at 60°C to determine the overall
morphology of the particles. The cell morphotypes present
in the particles were determined after fixation (2.5%
glutaraldehyde n PBS at pH 74, followed by washing
three times with PBS), oxalate extraction (75 mmol L 1!
oxalate, 15-min incubation, washed three times with PBS),
dehydration for § min each in ascending ethanol concen-
trations (10%, 20%, 30%, 50%, 70%, 80%, 90%, and
100%), and critical-point drying using liquid CO,. Samples
were sputter coated with platinum for high-resolution SEM
or carbon coated by vacuum evaporation for EDX and

finally examined under the SEM (LEO 1530 Gemini, Carl
Z at magnifications of up to 20,000X. Elemental

distribution was investigated using EDX (Quantax 200
with XFlash detector, Bruker) at a SEM (LEO 1450 VP,
Carl Zeiss).

Determination of microbial Fe(Il) oxidation in micro-
cosms—At location CB, water was sampled from depths of
either 3 m (oxic zone) or 6 m (anoxic zone) and at location
NB, water was sampled from depths of 4.8 m (redoxcline)
or 5.5 m (anoxic zone) in September and October 2009.
Fifty milliliters of untreated lake water was transferred to
sterile 150-mL incubation flasks (Mueller and Krempel) in

triplicates. Headspace was air with an oxygen content of
21%. Samples poor in Fe(I) from 3 m were amended with

sterile Fe(1D)SO4 solution to yield 3 and 12 mmol L !
Fe(Il). Microcosms were closed with rubber stoppers,
screw-capped, and incubated in the dark at 15°C for 9 d.
Potential chemical Fe(Il) oxidation was determined in
abiotic controls after sterile filtration (0.2 gm).

Reiche et al.

Analytical iechnigues—The oxidation of Fe(Il) was
determined by measuring the amount of Fe(ll) after acid
extraction. Aliquots (0.5 mL) were removed daily from the
microcosms with sterile syringes, transferred to 9.5 mL of
0.5 mol L. ! HCL, and then incubated for 1 h at room
temperature. Fe(ll) concentrations were measured spectro-
photometrically (DR3800, Hach Lange) by the phenan-
throline method (Tamura et al. 1974). Rates of Fe(Il)
oxidation were calculated for the time period over which a
linear decrease in the Fe(II) concentration was observed.
After addition of ascorbic acid, HCl-extractable Fe(I1I)
was calculated from the increase in Fe(ll) concentration.
Sulfate was measured turbidimetrically by the barium
chloride-gelatin method (Tabatabai 1974). Water sample
density was measured with a hydrometer at 6°C. Headspace
CO, and CH, was measured with 5890 series II gas
chromatographs equipped with a thermal conductivity
detector or flame ionization detector (Hewlett-Packard)
(Kiisel and Drake 1995). The elemental composition of
dried (60°C) and milled particles was directly analyzed with
an elemental analyzer (vario Max or vario EL 11,
Elementar) or by inductively coupled plasma mass spec-
trometry (ICP-MS; XSeries II, Thermo Fisher Scientific)
and inductively coupled plasma optical emission spectrom-
etry (ICP-OES; Spectroflame, Spectro) after aqua regia
decomposition. Heavy metal concentrations in lake water
were analyzed with ICP-MS or ICP-OES without further
treatment. Dissolved organic carbon (DOC) and dissolved
nitrogen in water samples from both locations were
measured with a total organic carbon analyzer (TOC-V
CPN equipped with a total nitrogen module, Shimadzu).

Deoxyribonucleic acid (DNA) extraction and polymerase
chain reaction (PCR) amplificaiion of 16S ribosomal
ribonucleic acid (rRNA) genes—CGenomic DNA was
directly extracted from particles captured in the sediment
traps of location CB or obtained from the water column at
location NB, and from the sediments at both locations
using the PowerSoil, DNA Isolation Kit according to the
manufacturer’s instructions (MO BIO Laboratories). Sam-
ples from microcosms were concentrated by centrifugation
(5 min at 10,000 X g) after scraping off the rust-colored
crust or the extraction of rust-colored flakes before
treatment. DNA extracts were PCR. amplified with the
bacteria domain-specific 16S tRNA gene primers 27F and
1492R-2 (Lane 1991) and purified using the NucleoSpin
Extract I PCR purification kit {Macherey el). Ther-
mocycling was performed with a T-Gradient cycler (Primus
Y6advanced, peqlab). Reactions were run for 30 cycles of
amplification at an annealing temperature of 56°C.

Denaturing gradient gel clectrophoresis {DGGE) finger-
printing—Bacterial community DNA extracted from the
particles and sediments was fingerprinted using a nested-
PCR-DGGE approach. Nested amplification of the
bacteria domain-specific 168 rRNA products was executed
with the universal bacterial primers GM5F-GC-clamp and
907R (Muyzer et al. 1995) with an annealing temperature
of 55°C and 20 cycles of amplification. PCR products were
separated on an 8% polyacrylamide gel with a 30% to 70%
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denaturant gradient {Muyzer et al. 1993) in 1 X tris-acetate~
ethylene diamine tetraacetic acid buffer using the DGGE
1001 system (C.B.S. Scientific). DGGE gels were run for
15 h at 60°C and 100 V. To compare the bacterial
community composition between sites, sampling dates,
and sampling sources, Jaccard Similarity values were
calculated (Schloss and Handelsman 2006). These values
consider how many bands are shared between DGGE band
patterns relative to the total number of bands. Similarity
matrices were turned into dendrograms to visualize the
clustering of bacterial communities based on their similar-
ities in band composition, utilizing the Clustering Calcu-
lator programs of Brzustowski (2002) and Interactive Tree
of Life (Letunic and Bork 2006).

Clone library construction and phylogenetic analyses—
Bacteria domain-specific 165 rRNA PCR products ob-
tained in September 2009 from the particles at both
locations were ligated into pCR4-TOPO vector (Invitrogen
Corporation), cloned according to the mamufacturer’s
recommendations, and sequenced at Macrogen. Cloning
and bidirectional sequencing was also done at The Genome
Center at Washington University. Sequences were pro-
cessed with Geneious software (Drummond et al. 2009),
aligned against the 168 Greengenes rRNA gene database
using NAST (DeSantis et al. 20064), and analyzed with the
ARB software package (Ludwig et al. 2004) in combination
with the Greengenes database (DeSantis et al. 20065).
Sequences sharing > 97% similarity were grouped as the
same phylotype using FastGroup II (Yu et al. 2006). The
percentage of coverage between the clone libraries was
calculated with the formula (I — [#/N]) X 100, where n is
the number of unique phylotypes and ¥ is the total number
of phylotypes. Double-reciprocal analysis of rarefaction
data was then used to estimate the maximum amount of
expected phylotypes.

Nucleotide sequence accession numbers—The 168 TRNA
gene sequences determined in this study have been
deposited in the European Molecular Biology Laboratory
database under accession numbers FR667757 to
FR667847.

Results

Biogeochemical characteristic of the water column—A
dimictic stratification scenario, with typical spring and fall
mixes, occurred at CB. Early thermal stratification was
established in April with a decrease from 15°C to 9°C
between 3- and 5-m depths (data not shown), whereas the
other measured parameters remained stable over depth. An
anoxic hypolimnion occurred from July to September
(Fig. 2A and data not shown) with higher Fe(Il) and pH
values as compared to April and no change in sulfate
concentrations and conductivity. Density of both surface
and bottom water was approximately 1.000 g ml. L The
anoxic hypolimnion was separated from the overlaying oxic
mixolimnion by a pronounced redoxcline of about 60-cm
thickness within the thermocline starting at about 4.8 m.
The stratification at CB disappeared due to changing
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temperature in October and parameters returned to spring
values (Fig. 2C). In the winter, the water body was again
thermally stratified, but under ice coverage (data not
shown).

At NB, values for Fe(Il), sulfate, pH, and conductivity
increased sharply within the redoxcline and reached the
highest values in the hyoplimnion, respectively (Fig. 2B.D).
Fe(l) and oxygen coincided within the redoxcline by
forming a distinct transition zone of about 30 cm (Fig. 2).
The density of the bottom water was always higher
(1.001 g ml 1!) than that of the surface water
(1.000 g mL 1!). As stratification did not disappear at
NB, the water column was continucusly divided into an
oxic mixolimnion and an anoxic monimolimnion by the
sharp redoxcline centered at about 4.3 m (Fig. 2B.D).
Even when the surface water was colder than the bottom
water, complete vertical mixing was inhibited (Fig. 213),
suggesting a permanent separation of the bottom water
bodies at CB and NB, which might be due to a bank (4 m
deep) separating the central and the northern basins
(Fig. 1}

Lake 77 can therefore be classified as meromictic with a
distinct monimolimnion in the northern basin. In contrast
to location CB, acid-releasable CO, increased from
0.4 mmol L 1!in the mixolimnion within the bottom water
layer up to 11.3 mmol L ! (Table 1). Concentrations for
CH, were always below the detection limit (< 40 nmol L 1)
at both locations. Water from the bottom at NB was
slightly opaque and characterized by a yellowish color.
Water from the surface and water samples obtained from
CB never showed visible coloration.

Dissolved Ni, Co, Cu, Zn, Pb, As, Cd, and U
concentrations were below 4 umol L ! and appeared
similar at CB and NB during stratification in September
(data not shown). In contrast, concentrations for Al were
lowest in the monimolimnion of location NB (% yumol L 1)
as compared to the hypolimnion at CB (152 gmol L 1) and
the connected surface mixolimnion (264 pmol L 1). Con-
centrations of DOC were high, ranging from about
0.4 mmol L ! in the mixolimnion to about 2.3 mmol L 1
in the monimolimnion at NB (Table 1).

Characteristics of luke particles—Particles obtained from
the oxic mixolimnion were up to 380 pm in size. Single
particles in samples collected directly from the anoxic
hypolimnion typically ranged from 60 to about 240 pm at
CB, and from 20 to 120 um in the anoxic monimolimnion
at NB (Table 2). The sinking velocity of single particles
from location CB was 1.5 to 2 m h ! which equals 3.5 to
4.7 h for horizontal passage through the whole water
column or <C 1.8 h through the anoxic water layers at the
bottom of Lake 77 under undisturbed conditions. Particle
densities were lower in the mixolimnion than the hypolim-
nion at CB and the monimolimnion at NB in September
(Table 2). The sedimentation rate of particles obtained with
sediment traps from August to October was approximately
39+ 11 g (dry wy m 2d ! at CB, yielding an annual
precipitation of about 1400 g (dry wt) m 2. A single
measurement in July 2010 at NB revealed 5.5 g (dry wt)
m 2d Land 2000 g (dry wt) m 2 over 1 yr.
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Fig. 2. Water profiles of biogeochemical d at two ling locations within the acidic lignite mine Lake 77 in

September (A and B) and October (C and D) 2009, CB (A and C) has a dimictive regime with an anoxic hypolimnion in summer and NB
(B and D) has a continuous anoxic monimolimnion.

Particles obtained at location CB appeared as rust-
colored floating fakes. Flakes were composed of aggre-
gates of hedgehog-like spheres with diameters of 0.7 to
13 pm determined by SEM (Fig. 3A). The hedgehog-like

morphology of the aggregates is characteristic for schwert-
mannite (ideal formula: FegOg(OH)sS0,), a poorly crys-
talline, yellowish-brown Fe(Il1) oxyhydroxysulfate mineral
(Bigham et al. 1990, 1994; Regenspurg et al. 2004). Mass

Table 1. Water characteristics in different water layers of the acidic lignite mine Lake 77, Samples were obtained at two locations
(central basin [CB] and northeastern basin [NB]), which differ in their stratification patterns.

DOC CO.¥ Fe* Al*

Water layer Location Depth (m) pli* (mmol L-1) (mmol L 1) (mmol L) (mmol L 1)
Mixolimnion CB 3 2.6 0.4 0.4 1.8 0.26
Hypolimnion CB 6 29 04 0.4 8 015
Monimolimnion NB 5 3.6 23 1.3 1.7 (.01

* Samples obtained in September 2009,
¥ Samples obtained in January 2010,
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Table 2.
obtained during lake s
their stratification patterns.

Iron-rich particle {iron snow) characteristics in different water layers of the acidic lignite mine Lake 77. Samples were
ratification during the summer at two locations (central basin [CB] and northeastern basin [NB]), which differ in

Particle size range Sinking velocity Sedimentation rate

Water layer Location Depth (m) Particles (L~1) (pim) (mh-1) (g [dry wt] m~2d-1)
Mixolimnion CB 3 =10 60380 n.d. n.d.
Hypolimnion CB 6 ~10% 60240 1.5-2 39
Monimolimnion NB 5 =10 20-120 n.d. 5.5

n.d.. not determined,

ratios of elements detected using SEM-EDX and direct
scanning using Raman spectroscopy revealed schwertman-
nite as the dominant mineral (Fig. 4 and data not shown).
Minor amounts of the Fe(Ill) minerals goethite, ferrihy-
drite, and jarosite, as well as quartz, coal, and gypsum,
were also identified by Raman spectroscopy (Fig. 4).
Raman spectra did not reveal Fe(IT) minerals like pyrite,
marcasite, siderite, vivianite, or magnetite. The precipitated
particles in the central basin contained 6.9 mmol Fe (g dry
wi)~ !, which is 39% of the dry weight mass, followed by S
(5.0%), C (3.1%). Al (1.8%), Ca (0.4%), and nitrogen
(0.2%) (Table 3). The proportions of Ni, Co, Cu, £n, Pb,
As, Cd, and U were all below 0.07% (data not shown).

At NB, particles were more vellowish-orange than those
at CB. Spherical structures were about 1 um in diameter
and less structured. Raman spectra revealed high amounts
rertmannite, gypsum, and other unidentified sulfate-
g minerals. Minor amounts of non-coal carbon
and ferrihydrite were also detected. Again, no Fe(ll)
minerals appeared. These particles contained 35% Fe
{equal to 6.3 mmol Fe [g dry wt] '), followed by C
(10.9%), S (3.8%), nitrogen (0.3%). Al (0.2%), and Ca
(0.29%) (Table 3). Proportions of Ni, Co, Cu, Zn, Pb, As,
Cd, and U were all below 0.04% (data not shown),

Biotic vs. abiotic Fe(ll) oxidation—Oxic microcosms
incubated with Fe(Il)-poor surface water (initial pH 2.9)
obtained from the mixolimnion at CB showed a decrease in
Fe(Il) concentrations over time after addition of Fe(II).

Potential Fe(Il) oxidation rates were approximately 0.2 or
0.6 mmol L-" Fe(Il) d-' when 3 or 12 mmol L' Fe(Il)
were added, respectively (Fig. 5A and data not shown).
HCl-extractable Fe(Ill) concentrations increased similarly
with rates of 0.2 and 0.5 mmol L1 Fe(111) d- ! (data not
shown). No chemical Fe(ll) oxidation occurred. Oxic
microcosms incubated with Fe(Il)-rich water (3.1 mmol
LU Fe(Il), initial pH 3.1) obtained from the anoxic
hypolimnion at CB yielded an initial potential Fe(Il)
oxidation rate of 0.7 mmol L1 Fe(II) d ! (Fig. 5B). Fe(Il)
was totally oxidized within 5 d of incubation and the rate of
Fe(I1I) formation was 0.4 mmol L1 Fe(1II) d ! (data not
shown). Again, no chemical Fe(lI) oxidation occurred.

Initial potential Fe(Il) oxidation in Fe(lI)-rich water
samples (4.3 mmol L' Fe(ll), initial pH 3.2) obtained
from the redoxcline at NB yiclded potential oxidation rates
of 0.3 mmol L-! Fe(ll} d-' (Fig. 5B), and Fe(ll)
concentrations in sterile filtrated or poisoned samples did
not change over time.

Tron particles formed in microcosms—Fe(11) oxidation led
to an iron crust attached to the inner glass surface of the
microcosms in water samples obtained from CB, whereas
iron flakes sedimented in microcosms with water from NB.
However, Raman spectroscopy revealed no difference in
composition between locations, showing schwertmannite as
the dominant Fe(lll) oxide. The morphology of the
minerals in NB samples was dominated by hedgehog-like
spheres as compared (o the crumb- and clod-like structures

Fig. 3.

crystalline, yellowish-browr

Micrographs of iron-rich particles (iron snow) captured in sediment traps at CB of the acidic lignite mine Lake 77 in
September 2009, (A) Scanning electron micrograph showing hedgehog-

like spheres characteristic for schwertmannite, a poorly

Fe(lIl) oxyvhydroxysulfate mineral. (B) Confocal laser scanning microscopy (CLSM) of an aggregate

colonized by bacteria of different morphology. (C) Close-up of a single bacterium inside reflective material after deconvolution. CLSM
color allocation: reflection signal = white, nucleic acid stain = red, phototrophic signals = blue.
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(gray lines), The main mineral detected was schwertmannite, The
particles contained also small amounts of goethite, ferrhydrite,
and jarosite.

Fig. 4.

in CB samples. Recently, Lu et al. (2010) also demonstrated
that acidophilic and acid-tolerant Fe(Il)-oxidizing bacteria
isolated from this lake form schwertmannite.

Biotic composition of lake particles Stained microbial
cells and unstained phototrophs were detected in precipi-
tated particles obtained at location CB using CLSM
(Fig. 3B). Microbial cells were homogeneously distributed
and cells were often present within the reflective schwert-
mannite spheres (Fig. 3C). Total DAPI counts yielded up
to 101 cells (g dry wt) !, Cell morphology was generally
dominated by filamentous (up to 200-pum length), cocci (up
to 2.3-um diameter), rods (up to 5-um length). and club
rods (up to 2.5-um length). Phototrophic signals were rare
at a maximum ol two algal cells per particle. Two
unicellular diatom species with a length of about 22 um

Tahle 3.
the tempora

location (NB) in April 2010,
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Fig. 5. Fe(ll) oxidation in oxic microcosm flasks over time in

water samples obtained from different water zones at the central
(CB: A and B) and northern basin (NB: B) of the acidic lignite
mine Lake 77 in September 2004,

were morphologically similar to Ewnotia spp. as identified
by SEM after oxalate extraction. One of these diatoms and
several rod-shaped bacteria, covered or decorated by
needle- and coral-like iron minerals, were present in close
association with the schwertmannite spheres as detected by
SEM. Eunotia spp. are widely distributed in both acidic
aquatic environments and lignite mining associated lakes
(Nixdorf et al. 2001).

165 rRNA gene-based compnmity analysis—PCR. prod-
ucts obtained from particles sampled at CB and NB at

Elemental composition of iron-rich particles (iron snow) in the acidic lignite mine Lake 77 obtained from sediment traps at
v stratified central location (CB) in September 2009 and obtained from water samples at the permanently stratified northern

Depth C N Fe{mmol g S{mmolg Alimmol g Ca(gmolg Mg {umolg Mn (gmol g

Water layer  Location (m) (%) (%) [dry wt]" ') [dry wt] ') [dry wt] ') [dry wi] ') [dry wt] ') [dry wit] )
Hypolimnion B 6 i1 02 6.9 1.6 0.7 105 30 1
Monimolimnion NB 5 109 03 6.3 1.2 0.1 6l 15 |
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[—— NB, 28 Sep (9, sediment (0-0.5 cm)
L NB,230ct09,iron snow

CB, 23 Apr 09, iron snow

1

CB, 11 Aug 09, iron snow

I— CB, 28 Sep 09, sediment (0-0.5 em)

0.5

Fig. 6.

I_|—I:

Similarities of DGGE patterns of bacterial 168 rRNA genes in iron-rich particles

CB, 27 Oct 09, iron snow
CB, 08 Sep 09, iron snow
CB, 28 Sep 09, iron snow

(iron snow) and the sediment surface obtained from the northern (NB) and central basin (CB) of

Lake 77 based on Jaccard Similarity values.

different times of the year and their respective sediment
surfaces produced different DGGE patterns (data not
shown). A maximum of 38 different bands was differen-
tiated in each pattern. Clustering of bacterial communities
based on their similarities in band composition demon-
strated that particles at location CB differed in April and
August but appeared to be more similar at the beginning
and end of September, and of October (Fig. 6), Conse-
quently, clone library construction was done with the CB
particles from the end of September, as it was likely most
representative for the period of late stratification. DGGE
patterns from particles and sediment surfaces shared great
similarity within NB and CB. Patterns were most
dissimilar between NB and CB (Fig. 6), suggesting that
the different pelagic conditions at each location were
responsible for shaping the microbial communities of the
particles.

Screening of the clone libraries obtained in September
2009 from CB and NB revealed the presence of 52 and 46
phylotypes out of 90 and 74 clones in the particles,
respectively. Both clone libraries shared about 5.5%
similarity and had 62% and 66% saturation with respect

A) Location CB

Nitrospira | _
Verrucomicrobia | 3u; Afnnnbuererm
1% =

16%

Acidobacteria

unclassified b
1% 6%
Alphaproteobacteria _ Bacteroidia
3% 8%
|
<\
Betaproteobacteria
24% AN -
Chlorobia

24%

De!'.'qnm.‘é:m.'eﬂa
13%

Fig. 7. Frequencies of bacterial phylogenetic lineages detected

to the expected number of phylotypes in locations CB and
NB, respectively. Many of the clones obtained at CB
belonged to four classes (Fig. 7), and were related to
acidophilic FeOB, ec.g., nine clones were related to
Ferrovum myxofaciens (Betaproteobacteria, sequence sim-
ilarity up to 96%). five clones to Acidimicrobim ferroox-
idans {Actinobacteria, sequence similarity up to 89%), and
two clones to Chlorobium ferrooxidans (Chlorobia, se-
quence similarity up to 98%). Some clones were also related
to neutrophilic Fe(Ill)-reducing bacteria like Geobacter
chapellei (Deltaproteobacteria, sequence similarity up to
97%) and Geobacter psychrophilus (sequence similarity up
to 99%).

In contrast, particles from NB were dominated only by
Betaproteobacteria (Fig. 7)., within which 44% of the
sequences were related 1o the neutrophilic FeOB Side-
roxydans lithotrophicus (sequence similarity up to 98%).
One Sideroxydans strain is known to oxidize Fe(IT) between
pH 4.0 and 6.0 (Lidecke et al. 2010). Several Fe(IIl)
reducers were also detected with sequences related to
Albidiferax ferrireducens, Pelobacter propionicus, Geobacter
chapellei, and Geobacter psychrophilus strain P35

B) Location NB

unclassified

Alphaproteobacteria 4% Actinobacteria
1% >

Bacterotdia
5%
|_ Chiorobia
= 5%
™ Deltaproteobacteria
/ 4%

\ y
AN /7 Betaproteobacteria
T6%

in 165 rRNA gene-based clone libraries derived from iron-rich

precipitated particles {iron snow) below the redoxcling in September 2009 at two sampling locations of acidic lignite mine Lake 77, which
differ in stratification patterns and water chemistry, (A) CB has a dimictive regime with an anoxic hypolimnion in summer and (B) NB
has a continuous anoxic monimolimnion. Caleulations were based on the total number of clones associated with phylotypes of

sequenced representatives.
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Discussion

The two sampling locations investigated within this iron-
rich, acidic lignite mine lake were similar in total water
depth but differed in stratification patterns and pelagic
boundary conditions. These differences might be caused
both by the bank which rises to about 4-m depth and
separates the bottom water layers of the northeastern basin
from the rest of the lake (Fig. 1) and by local differences in
groundwater inflow. At NB, seepage from the northeastern
dump area enters the lake. This inflow of less acidic, Fe(11)-
and sulfate-rich groundwater (pH 3.8, 3.5 mmol L ' and
10 mmol L ! each; J. Beer pers. comm. 2010) to the
separated northern basin may lead to an advective
accumulation of dissolved substances, resulting in a density
stratification and monimolimnion. In contrast, CB showed
a seasonal thermal stratification with a typical mixolimanion
and hypolimnion during summer. The hypolimnion was
likely less affected by outflow from the dump area and
chemical gradients appeared to be more diffusion lmited.
Dissolved Fe(IT) might then only be suppled by the
ongoing Fe(IIl) reduction in the anoxic sediment (Kiisel
et al. 1999; Blothe et al. 2008).

High amounts of snow-like particles occurred in the
anoxic bottom water layers at both locations. Pelagic
particles formed in freshwater or marine environments are
generally called “lake snow,” “river snow,” or “marine
snow’” depending on their respective environment (Gros-
sart and Simon 1993; Neu 2000). These “snows” are
important for the turnover and sinking flux of organic and
inorganic matter (Simon et al. 2002) and usually contain a
large organic fraction dominated by transparent exopoly-
mers, copepod carcasses, phytoplankton, bacteria, proto-
zoa, and fungi (Simon et al. 2002; Rother and Kohler 2005;
Tang et al. 2006). Aggregates in oceans and lakes are
usually larger than 500 um (Alldredge and Silver 1988;
Grossart and Simon 1993), whereas the median size in
rivers is generally < 60 pm (Berger et al. 1996; Rother and
Kohler 2005). Due to their slow sinking velocities and long
residence times within the water column, these snow-like
particles become hotspots for microbial respiration and
growth efficiency (Ploug et al. 1999; Grossart and Ploug
2000; Luef et al. 2007). Particles formed in Lake 77 were
generally smaller than 380 um in diameter and were
dominated by an Fe(IlD)-rich fraction of > 35% rather
than organic matter. These Fe(III}-dominated, microscopic
particles and aggregates sedimented as visible rust-colored
snow, yvielding an estimated Fe(I1l) sedimentation rate of
about L.Sand 1.9gFem 2d !at CBand NB, respectively.
Their higher sinking velocity compared to classical lake
snow may not allow all of the potentially complex aspects
of aggregate formation, microbial colonization, and
decomposition to occur. Therefore, we propose a new
term, “iron snow,” for these types of aggregates.

That the size, color, composition, and mineral morphol-
ogy of iron snow differed at both locations apparently was
caused by the different pelagic boundary conditions and
microbial communities present during formation. Particle
characteristics may have shown even greater variety were
samples analyzed that had been taken with higher temporal

Reiche et al.

and spatial variation. Raman spectroscopy and SEM-EDX
revealed schwertmannite as the dominant iron mineral in all
samples. Schwertmannite typically forms in acidic, sulfate-
rich waters (Bigham et al. 1990; Schwertmann et al. 1995;
Childs et al. 1998) but can form at pH values up to 6.3
(Murad and Rojik 2005). Due to its high specific surlface area
of a range of 75 to 200 m? g ! (Bigham et al. 1994;
Regenspurg et al. 2004), iron snow provides reactive Fe(11)
as electron acceptor for anaerobic microbial respiration not
only after, but also during, sedimentation. Indeed, iron snow
clone libraries harbored numerous clones related to Fe(11I)-
reducing bacteria like Geobacter spp. (Deltaproteobacteria),
although Geobacter species are not known to inhabit such
acidic environments (Lovley et al. 2004). The similarity of
the DGGE patterns obtained from the iron snow and
sediment surface at both locations suggest further that the
iron snow may serve as carrier for general microbial
transport to the sediment. It appeared to also have a carrier
function for Al, Ca, Mn, Mg, and heavy metals which likely
either coprecipitated during iron snow formation or
adsorbed to its surface similarly to what is known for other
Fe(lII)-precipitates (Spark et al. 1995; Martinez and
McBride 1998).

Aquatic particles generally contribute to the sedimentary
organic carbon pool (de Vicente et al. 2009). The carbon
(C) content of irom snow was 3.1% and 10.9% at CB and
NB, respectively, and was mainly attributed to microbes
and associated organic matter. The equivalent C sinking
loss of iron snow estimated from its C content and
sedimentation rate is approximately 121 and 600 mg C
m 2d !at CB and NB, respectively. However, this rough
estimate is one to two orders of magnitude lower than C
sedimentation rates observed in pH-neutral lakes (Grossart
and Simon 1998; Moreira-Turcq et al. 2004), where less
extreme geochemical conditions result in a higher plank-
tonic primary production (Gyure et al. 1987; Nixdorf et al.
2003; Kamjunke et al. 2005).

The amount of particles was highest in the anoxic
bottom water layer, indicating that they are formed within
or next to the redoxcline. Steep gradients of oxygen and
Fe(Il) formed a transition zone 30 to 60 cm deep within the
redoxcline during stratification with suitable conditions for
aerobic Fe(Il) oxidation. The lack of nitrate in the water
column should exclude nitrate-dependent Fe(ll) oxidation
in the anoxic water depths below the redoxcline. Morphol-
ogy and mineral composition of the rust-colored aggregates
formed during oxic microcosm incubations was similar to
iron snow sampled from the lake. Because chemical
oxidation was never observed, microorganisms appeared
to mediate both Fe(Il) oxidation and iron snow formation
as was assumed in previous studies (Bigham et al. 1990;
Childs et al. 1998; Kawano and Tomita 2001). Bacterial cell
surfaces may trigger the precipitation of mineral phases as
indicated by the CLSM data (Fig. 3C). The capacity for
aerobic Fe(II) oxidation was not restricted to water samples
obtained from the oxic-anoxic transition zone, but could
be initiated both in Fe(ID)-poor surface water and in anoxic
bottom water (Fig. 5). The zone of acrobic microbial Fe(Il)
oxidation is likely to span several centimeters within the
redoxcline similar to the Fe(Il) oxidation zone observed in
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an acidic, iron-rich fen (Liidecke et al. 2010). After mixis in
fall, this zone will be temporarily enlarged to the whole
water body in the central basin. The oxic—anoxic interface
will then move to the sediment surface, similar to what is
observed in more pH-neutral environments, where the zone
of microbial Fe(Il) oxidation is restricted to a few
millimeters or less (Mendelssohn et al. 1995; Roden et al.
2004; Druschel et al. 2008).

DGGE analyses revealed the presence of different
microbial communities colonizing the iron snow at CB
during the beginning and late stratification. However, the
differences between sampling locations was more pro-
nounced. Additionally, the libraries from these locations
shared only 5.5% similarity, which might be due to the pH
discrepancy. Sideroxydans-related clones were highly abun-
dant in the NB clone library but did not appear in the CB
clone library. These clones have been isolated from a
number of pH-neutral to moderately acidic soils and
sediments (Emerson and Moyer 1997; Weiss et al. 2007;
Liidecke et al. 2010). Species of this genus are microaero-
philes that use Fe(ll) as energy for chemolithotrophic
growth with CO; as the sole carbon source (Emerson and
Moyer 1997). Clones closely related to Ferrovum myxofa-
ciens were the most prominent species in the CB clone
library. These acidophilic, obligate autotrophs use Fe(II)
solely as an energy source (Rowe and Johnson 2008).
Within the Actinobacteria, several of our clones were
related to the acidophilic, Fe(IT)-oxidizing organism
Acidimicrobium ferrooxidans. Members of this species have
been isolated or identified molecularly from warm, acidic,
iron-, sulphur-, or mineral-sulfide-rich environments {Clum
et al. 2009). The average Secchi depth of about 3 m (data
not shown) should provide favorable conditions for
phototrophic FeOB as well within and below the redox-
cline. At CB, several clones clustered within the phylum
Chlorobia, which contains phototrophic sulfur bactenia. A
member of this phylum, the green sulfur bacterium
Chlorobium ferrooxidans strain KoFox, oxidizes Fe(ll)
under pH-neutral conditions {Heising et al. 1999), even in
the presence of low light saturation (Hegler et al. 2008).
The NB clone library did not contain clones related to
phototrophic bacteria, apparently due to the high particle
density and the opaque-yellowish color of the water below
the redoxcline which would restrict the light available for
phototrophic bacteria near the bottom.

Our data highlight the importance of pelagic boundary
conditions on the microbial oxidation of Fe(Il) and the
formation of iron-rich particles, here introduced as “iron
snow,” in an iron-rich, acidic lake. The redoxcline favored
the activity of aerobic FeOB by providing strong vertical
gradients of oxygen and Fe(II) within a centimeter range and
the formation of schwertmannite appeared to result from a
biological process independent of the pH and the microbial
communities involved. Therefore, Fe(ll) oxidation in this
lake can be attributed primarily to microbial activity. The
formation of iron snow links the redoxcline strongly with the
sediment, providing a mechanism for rapid removal of not
only iron, but also of microbial cells, organic carbon, and
trace metals from the water column down to the sediment.
This microbially mediated formation of iron snow might
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occur not only in lignite mine lakes but also in other lakes
with redoxclines of opposing oxygen and Fe(II) gradients.
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Identification of minerals and organic materials
in Middle Eocene ironstones from the Bahariya
Depression in the Western Desert of Egypt by
means of micro-Raman spectroscopy

Valerian Ciobota,® Walid Salama,® Nicolae Tarcea,® Petra Rosch,?
Mourtada El Aref,” Reinhard Gaupp® and Jiirgen Popp®“*

The Middle Eocene ironstones of Ihe Bahariya Depression consist of four iron ore types: manganiferous mud-ironstone,
fossiliferous ironst str toliti st and litic-ooidal-oncoidal ironstone. The upper surfaces of these
sequences were subjected to subaerial weathering and a lateritic iron ore type was formed. The chemical composition of
these ironstone types was investigated by means of micro-Raman spectroscopy. Various closely related iron-containing and
were detected by means of the above-mentioned approach. The high spatial resolution
and ity of this d us to identify minerals that could not be detected by other techniques. Well-preserved
organic materials were observed in one type of ironstones. Therefore, using Raman spectroscopy, we were able to provide
evidence that the formation of some of the investigated rocks was biologically mediated. The application of Raman
spectroscopy is considered a powerful technique for the identification of both organic and inorganic substances in the studied

iron ore deposits. Copyright © 2011 John Wiley & Sons, Ltd.
Supporting information may be found in the onfine version of this article,

thad all.

Keyweords: micro-Raman spectroscopy; mud-ironstone; stromatolitic ironstone; fossiliferous ironstone; nummulitic-ooidal-oncoidal ironstone
I

Introduction

Ironstones  are  sedimentary rocks with  =15wt% iron,
corresponding to 21.4wt% Fey0.."? The ironstones may or
may not contain >5vol.% ooids, pisoids, peloids and oncoids.
Qoids are spherical or ellipsoidal coated grains ~2mm in
diameter displaying regular concentric laminae surrounding a
central core. Grains similar to ooids but >2mm are known as
pisoids. Oncoids are similar to pisoids, but have a biogenic
origin and irregular concentric laminae, Peloids are grains of fine-
grained material with diameters in the range of ooids to pisoids,
but without recognizable internal structure, These coated grains
were formed in either continental or marine depositional environ-
ments. " The distribution of the ooidal ironstones was generally
abundant during the Early and Middle Eocene period because of
the major changes in the paleosgeographic position of the
shoreline that occurred during the Eocene Epoch.*™

The main ooidal-oncoidal ironstone deposits of Egypt are well
represented in the Western Desert of Egypt. They are located in
the northeastern part of the Bahariya Depression in three mine
areas, i.e. Ghorabi, El Harra and El Gedida The Middle Eocene
ironstones of the Bahariya Depression are subdivided into two
sequences: lower and upper. These ironstone sequences consist
of four shallow marine iron ore types. The marine ironstone
types include black manganiferous mud-ironstone and yellowish-
brown stromatolitic ironstone types, which were formed from
colloidal suspension in quiet waters in lagoonal-tidal flat environ-
ments, and storm-related black fossiliferous ironstone and shallow
subtidal-intertidal yellowish-brown nummulitic-ooidal-oncoidal

ironstone types, which were formed during agitated water
conditions. The upper surfaces of these sequences were subjected
to subaerial weathering, along which lateritic iron ores were
formed." 1 & more detailed description of the investigated
samples can be found in the supporting information.

For a fundamental understanding of the origin and evolution
of planets, detailed information regarding the crust surface is
required. Mineralogical analysis of the surface can be performed
successfully using Raman spectroscopy; the identification of
inorganic and organic minerals and biological compounds
being possible because of it/*™ Not only solid state materials
but also liquids and gases, which could be present as inclusions
in crystalline minerals and glasses, can be investigated by
means of Raman spectroscopy. The spatial resolution of the
technique can be improved by combining the spectrometer with
a microscope allowing for a lateral resolution below 1pm. In
addition, the morphology of wvarious minerals at the rock

Comespondence to: Jirgen Popp, Institute of Physical Chemistry, Friedrich
Schiler University Jena, Germany. E-mail: fuergen. poppr@uni-fena.de

o

Institute of Physical Chemistry, Friedrich Schiller University Jena, Germany

[,

Geology Department, Faculty of Science, Cairo University, Eqypt

]

Institute of Earth Sciences, Friedrich Schiller University Jena, Germany

a

Institute of Photonic Technology, Jena, Germany

A Raman Spectrosc, 2012, 43, 405-410

Copyright © 2011 John Wiley & 5ons, Ltd.

61




B oscore

V. Ciobotd et af.

surface can ke investigated using Raman spectroscopy. All the
above-mentioned properties of the Raman technique make this
method a powerful tool for i sy planetary studies.

A number of studies have been dedicated to the application
of Raman spectroscopy in archaeology and the ants73
Investigation of pigments used in paintings """ of vamishes
and binding media utilized for art conservation or discrimina-
tion between genuine and fake artifacts and gems ™ are com-
mon applications of Raman spectroscopy in this field. Raman
spectroscopy alone, or in combkination with other techniques,
has also keen successfully applied to mineral and organic
rmaterial characterization and identification."*-2"1 Determination
of the chemical composition of various metearites " and rocks
derived from the Earth's surface" %37 discrimination between
closely related minerals’” ¥ or detection of biosignatures from
geological spem’mensm:‘a] are possicle by means of Raman
spectroscopy.

The aim of this study was to gain more information about the
formation of ironstones. Here, we were especially interested
in investigating if biotic components were nvolved in the
formation of ooids and oncoids.

[9.141

Experimental

For Raman measurements, two types of sam ples were used: {1) rough
and {2) polished. No other sam ple preparation was performed. Point
measurements were carted out on both types of samples. In
addition, Raman maps of the polished samples were recorded. On
the basis of the frequency of detection of various minerals when
point measurements were pedformed, we conduded that some
mirnerals were more abundant than others.

Raman setup

The Raman measurements of the rocks were performed with a
commercial micro-Raman setuz (HR LabRam inverse system, Jokin
‘fvon Horka). The Raman scattering was excited by a frequency-
doukled MNd: YAG laser at a wavelength of 532nm with a laser
power between 20 and 200pW incident on the sample. The
laser beam was focused on the sample by means of a Leica
PLFluotar » 100/0.75 microscope ohjective down to a spot diarr-
eter of approximately 0.7 uwm. The dispersive spectrometer has an
entrance slitof 100 pum, a focal length of 800 mm and is equipped
with @ grating of 300 lines/mm. The Raman scattered light was
detected by a Peltier-cooled charge coupled device (CCD) detector.
The integration time for one Raman spectrum ranged from &0 to
240 5. The low values forthe laser power and the relatively short ac-
quisition times were chosen to avoid any possible changes in the
samples.

Results and Discussion

The five different ironstone types can be grouped into three iron-
storie groups based on optical microscopic evaluation, revealing
their mineralogical composition:

1. The black manganiferous mud and fossiliferous ironstone types
2. The vellovash-brown microbially-mediated ironstone types

(stromatolitic and nummulitic-ooidal-oncoidal ironstone types).
3. The dark browm |ateritic iron ore.

The investigated stromatolitic and nummulitic—ooidal-oncoidal
ironstone samples of the present study indicate that the main iron
mineral detected by means of Raman spectroscopy in these
two types is goethite (Fig. 1). Goethite is an iron oxyhydroxide

Figure 1. (&) A hand sample shows the even to wavy stromatolitic laminations of the stratiform stromatolites; (B) A hand sample shows stromatolite
columng (C) A& hand cample of the nummulitic-eoidal-oneeidal irenstone type shows feriferous ooids and few oneoids; and (O) A hand sample of the

ferriferous mncoids,

wileyonlinelibrary.com/journal fjrs
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(-FeQOH), which presents a Pbnm space group symmetry. The
Raman bands assigned to «-FeQOH are located at 291, 390,
471, 543, 681 and 990cm ™’ {Fig. 23 In addition to goethite,
hematite was also detected in the investigated rock samples
as the next dominant iron mineral. In contrast to the stromatolitic
and nummulitic-ooidal-oncoidal ironstone samples, hematite
was the main iron | in the iiferous mud and
fossiliferous ironstone samples. Hematite, «-Fe; 04, has a structural
type of corundum, the space group is R3¢ with two formula unit
per unit cell. Raman signals at 288, 406, 496, 607 and 1314cm™
(Fig. 2lg)) are characteristic of this mineral.® Because goethite
and hematite exhibit larger Raman cross-sections than the man-
ganese-containing minerals and are present in high concentra-
tion within the samples, the most intense bands of these two
iron oxides are often detected together with signals from the
other manganese minerals. For example, in Fig. 2 the spectra
assigned to romanechite {{Ba,H;0),(Mn** Mn®*150,,), todorokite
(Na,Ca, K2 (Mn ™" Mn*'}50,5-3-4.5(H,0)}, manjiroite ((Na,K)(Mn*",
Mn?* 1504 &-n{H; 00, hollandite (BatMn™ Mn**)40,4) and pyrolusite
(MnQ,} show low wavenumber bands because of the presence of
iron oxides/oxyhydroxides. However, the main Raman bands of
various manganese oxides are located in the wavenumber region
500-650cm ', thus away from the wavenumber area where
goethite and hematite exhibit the strongest Raman signals
(200-400em ™). Therefore, the identification of Mn-containing
minerals is not hindered by the presence of various iron oxides
and/or oxyhydroxides.

Figure 2{a) shows the Raman spectrum of pyrolusite, with
bands at 332, 534, 660 and 748cm™". The Raman signals at 200,

:
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Figure 2. Raman spectra of various manganese and iron minerals recorded
fram varous parts of the investigated samples: a - pyrolusite; b - hollandite;
© - manjiroite; d - todorokite; e - romanechite; f - goethite; f - hematite.

407 and 1314cm™" are characteristic for hematite, which can be

found in large amounts in the sample. The very weak Raman
signals of pyrolusite at lower wavenumbers reported by other
authors were probably completely overlapped by the intense
Raman signals of the iron oxide™ The hollandite spectrum
presented in Fig. 2(b) is dominated by the peak at 582 cm™ with a
shoulder at 624 cm ™' The manjiroite and todorokite Raman spec-
tra are presented in Figs 2(c) and (d}, respectively. The main band
of the two minerals is located at 643 and 645 cm™, respectively.
The major difference between the two spectra is the appearance
of a shoulder at 595¢m™ in the spectrum of todorokite. The
Raman bands appearing at lower wavenumbers can be assigned
as well to iron oxides/oxyhydroxides. Figure 2(e) depicts the
Raman spectrum of romanechite which is dominated by two
partially overlapping bands at 583 and 644 cm™". The assignment
of the Raman bands of the Mn-containing minerals are in
concordance with previously reported investigations,”™

The samples under study contain a large variety of manganese
oxides. In the investigated samples, Mn forms oxides alone
(pyrolusite} or in combination with barium (romanechite and
hollandite} or sodium {manjiroite and todorokite). Although the
provenience of the rock samples is from an arid zone (Western
Dessert, Egypt), minerals which incorporate water inside the
cell structure were also detected (todorokite and manjiroite).
Interestingly, in all the Mn-containing minerals, Mn in the 4+ ox-
idation state was present. This suggests that the formation of the
rocks took place in an acidic environment.

Pyrolusite, hollandite and romanechite were the most
abundant Mn-containing minerals detected in all three types of
the investigated samples. The other manganese minerals were
detected only in the mud and fossiliferous ironstone samples.

Besides Mn in various forms, the rock samples also contained
calcium-containing minerals. Figure 3 shows Raman spectra
obtained from different calcium-containing minerals. In combina-
tion with phosphate, calcium was detected in the investigated
materials as apatite in the lateritic and microbially-mediated iron-
stones. The Raman spectrum is dominated by the stretching vi-
bration of the P-O bond at 960cm”™’ (Fig. 3(a}). Other Raman
bands assigned to apatite can be found at 585 and 1076cm .
As with the Mn-containing minerals, the low wavenumber Raman
bands are attributed to the presence of iron oxides. Two different
calcium carbonates were detected in the samples. Calcite
{CaCO,) (Fig. 3(b}) and dolomite (CaMg(CO4},) (Fig. 3(e)} show in-
tense Raman bands at 1086 and 1098¢m™, respectively, which
can be assigned to the symmetric stretching vibrations of the
C-0 bonds in CO; tetrahedra.”™ Aside from the Raman band at
1086 cm™, two other bands are assigned to calcite: the bands at
282 and 712cm™'. Because very small amounts of dolomite are
present in the microbially-mediated ironstone samples, only the
most intense Raman band of this mineral appears in the Raman
spectra of the investigated rocks. The remaining Raman bands
in the spectrum shown in Fig. 3{e} belong to goethite (Fig. 2(f)}.
Figure 3(c) displays the Raman spectrum of anhydrite. The Raman
bands which are attributed to this calcium sulfate mineral are
found at 414, 497, 605, 624, 672, 1013, 1108, 1126 and
1158 cm™". The most intense Raman signal at 1013em ™’ can be
assigned to the 5-0 symmetric stretching vibration. In the case
of gypsum (CaS0,-2H,0} (Fig. 3{d}}, the 5-0 band is shifted to
lower wavenumbers at 1009¢m™". The Raman signals at 416,
624, 672 and 1135cm™" are also assigned to this mineral. The
remaining Raman bands shown in Fig. 3(d) belong to goethite.
The last spectrumn plotted in Fig. 3(f) is attributed to rapidcreekite,

A Raman Spectrosc. 2012, 43, 405-410
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Figure 3. Raman spectra of different minerals containing calcium:
a - apatite; b - calcite; ¢ - anhydrite; d - gypsum; e - dolomite;
f - rapidereekite.

Ca;50.C044H,0. The C-O symmetric stretching vibration band
is located at 1003 cm ™', whereas the 5-0 symmetric stretching vi-
bration band shows up at 1080em ™. The Raman bands at 382,
411, 486, 611, 664 and 1129¢m " are typical for rapidcrcekiﬂ:."“'

Figure 4 shows the Raman spectra of other minerals detected
in the investigated rock samples. The Raman bands at 265, 288,
457, 480, 517, 658, 751 and 816em ™" are assigned to microcline
(KAISiZOgl (Fig. 4{al). Microcline and orthoclase are polymorphs,
microcling having a triclinic structure while orthoclase a mono-
clinic one. The main difference between the Raman spectra of
the two minerals represents the triplet bands at 656, 751 and
816em”", which are much more intense in the case of microcling
compared to orthoclase™" (Fig. 4 (b}}. Another difference be-
tween the two spectra is the number of Raman bands exhibited
by the two minerals. Makreski et al. showed that the spectra of
the more ordered feldspars are richer in bands than the spectra
of feldspars with a lower structural symmetry.” Another mineral
detected in the samples was quartz {Si0;) (Fig. 4{c}} with its main
Raman band, the 5i-0 stretching vibration, leading to the very in-
tense Raman signal at 464 cm ' Additionally, bands at 357, 3590,
698 and 798¢m ™ are also attributed to quartz. Figure 4(d) pre-
sents the Raman spectrum of barite (BaSO,) with its characteristic
Raman signals at 383, 453, 613, 644 and 938 em ' 9

A further indication of an acidic pH of the environment during
mineral formation (vide supra) can be seen in the detection of jar-
osite (KFe{50,):{0H}.} and anglesite (PbSO.,). Jarosite and angle-
site can only be formed in an acidic pH in arid climates via
oxidation of iron and lead sulfides, respectively. Raman signals
at 434, 626, 1005, 1105 and 1154em™’ (Fig. 4{e}} are assigned to
these minerals, ™
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Figure 4. Various minerals detected by means of Raman spoctroscopy: a
- microcling; b - arthoclase; ¢ - quartz; d - baryte; e - jarosite.

Besides inorganic minerals, Raman signals for organic matter
can also be found in the ironstone spectra, Figure 5{a) displays
the Raman spectrum of a carotenoid with its three characteristic
Raman bands at 1000, 1150 and 1515¢m ™. The position and the
sharpness of the Raman bands suggest that the organic com-
pounds were very well preserved in the rocks.*"! The size of
the spots where carotenoids were detected has a diameter of a
few micrometers., A large variety of organisms can produce differ-
ent types of pigments (chromophores); therefore, the carote-
noids can represent a biomarker for bacteria, fungi andfor
algae. The presence of carotenoids in the samples demonstrates
that the formation of the second group of ironstone samples was
biologically mediated.

Much more difficult to interpret are the Raman spectra {b) and
{c) of Fig. 5. Spectrum (b} can be assigned to a proteinaceous
matter'™ while spectrum {c} presents the main bands of a lipid
compound.? A possible explanation of the origin of those mate-
rials can be that they are from marine organisms such as mol-
lusks, echinoderms and nummulites, and also  microbial
arganisms.

Cellulose was also detected in the oncoids (Fig. 5(d}). The cellu-
lose particles have usual rod shapes and are a few tens of micro-
meters in length. In the supporting information, a Raman image
of such a particle is presented. However, no lignin was detected
in the samples. Therefore, the absence of lignin might suggest
that the cellulose originated from algae, fungi or bacteria and
not from plants.*¥

Raman measurements performed on freshly broken samples
also show bands from organic matter and thus prove that organic
matter is really a component of the ironstones and not just an
artifact.

wileyonlinelibrary.com/journal/jrs
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Identification of minerals and organic materials by micro-Raman spectroscopy
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Figure 5. Organic materials detected by means of micro-Raman spec-
toscopy: a - carotenoid; b - proteinaceous compound; ¢ - lipid com-
pound; d - cellulose.

The main iron-containing minerals detected in the mud and
fossiliferous ironstones were hematite and goethite, whereas
the main manganese minerals were todorokite, birnessite, man-
jiroite, aurorite, pyrolusite, hollandite and romanechite. The detri-
tal {transported] minerals such as quarnz, orthoclase, microcline,
rutile and late-cementing minerals such as barite, calcite and
anhydrite were also identified in the samples.

The mineralogical compaosition of the stromatolitic laminae
and the cortical laminae of the ferriferous oncoids and ooids
consisted of ferric iron oxyhydroxides (goethite) mixed with ferric
iron hydroxysulfate (jarosite), whereas the ferric iron oxide
(hematite} was mainly detected as cement surrounding the ooids
and oncoids. Other mineral groups were also identified, including
phosphates {apatite), carbonates (calcite and dolomite), sulfates
(gypsum, anhydrite and barite), manganese minerals (pyrolusite,
hollandite and romanechite) and silicates (quartz). In addition,
various preserved organic materials inside the stromatolitic lami-
nae and the cortical laminae of the ferriferous oncoids and ooids
were detected by means of Raman spectroscopy.

The lateritic ironstones were mainly made up of ferric iron
oxides and oxyhydroxides (hematite and goethite), ferric iron
hydroxysulfate (jarosite] and manganese minerals (pyrolusite,
hollandite and romanechite). Other mineral groups such as
authigenic phosphates {apatite), late cement carbonate (calcite)
and sulfates (gypsum, anhydrite, rapidcreekite and barite), and
detrital silicates (quartz) were also identified.

Goethite, hematite, quartz and calcite are common minerals in
all ironstone types. They were also identified with the optical
microscope and the conventional X-ray diffraction technique.
On the other hand, the black color of the manganese minerals,

yellowish-brown color of goethite and jarosite and the colorless
minerals such as gypsum, anhydrite, rapidereekite, barite, angle-
site, nitratine, dolomite and apatite did not allow their identifica-
tion under the optical microscope. Moreover, the small crystal sizes
andfor inhomogeneous  distribution [cavity and fracture-filling
phases) of such minerals did not allow the collection of enough
materials for the X-ray diffraction (XRD} analyses.

Information about the diagenetic modifications in the studied
materials was obtained by combining Raman spectroscopy with
optical and scanning electron microscopy (SEM). The original iron
oxyhydroxide precipitates were amorphous or nanocrystalline
that were transformed by recrystallization into goethite and then
by dehydration to hematite.”*! The organic matter degradation
can release substantial amounts of phosphorus into pore waters.
The supersaturation of the pore waters with phosphorus resulted
in the development of diagenetic apatite crystals.""' Moreover,
diagenetic clay minerals, such as kaolinite and illite develop at
the expense of detrital feldspar crystals, such as orthoclase and
microcline. The clay minerals were identified by XRD, SEM and
energy-dispersive X-ray spectroscopy (EDX).2

Conclusions

The present study illustrates the application of micro-Raman
spectroscopy for the solution of a geological problem concerning
the origin of the Egyptian Middle Eocene ironstones. Information
about the complex environmental conditions prevailing during
and after the ironstone formation can be gained by analyzing
all the organic and inorganic mineral phases of these ironstones,

The application of micro-Raman spectroscopy provides impor-
tant and precise information concerning the identification of iron
oxides and oxyhydroxide minerals {goethite and hematite),
manganese minerals (todorokite, birnessite, pyrolusite, hollan-
dite, romanechite, aurorite and manjiroite), sulfates (jarosite,
gypsum, anhydrite, rapidereekite, barite and anglesite), nitrates
(nitratine, carbonates (calcite and dolomite}, silicates (quartz,
orthoclase, microcline), heavy minerals (rutile} and phosphate
(apatite} minerals. Attempts to identify such mineral species with
optical microscopy and the conventional X-ray diffraction technique
were difficult or impossible.

However, we were not able to identify clay minerals by means
of Raman spectroscopy.

The detection of romanechite, anglesite and jarosite is a good
indication of low pH acidic conditions during the formation of
these minerals. The presence of sulfate, nitrate and carbonate
minerals (calcite, gypsum, anhydrite, rapidcreekite, nitratine and
halite), which occurs as cavity filling, indicate recent to subrecent
mineralogical and chemical alterations typical for the young
weathering crusts in the arid zone of NE Africa’s desert. Further-
more, the detection of organic materials and apatite within the
ferriferous ooids and oncoids provides a clear evidence of the bi-
ological mediation involved in the process of mineral formation.

Supporting information

Supporting information may be found in the online version of
this article.
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Abstract

A quantitative investigation of the inorganic phase of pelagic, iron-rich aggregates (iron
snow, IS) formed in an iron polluted aquatic environment was performed by means of
Raman spectroscopy. IS samples were collected from two basins of an acidic lignite mine
lake and from two different water depths. Although the water chemistry differed at all
four sites with respect to oxygen, pH, and, Fe(Il) concentrations, the Raman analyses
showed that the main mineral formed was schwertmannite (ideal formula:
FegOg(OH)sSO4) with concentrations of more than 88% in all IS samples. To determine
potential differences in the microbial communities of the IS samples we used denaturing
gradient gel electrophoresis. Microbial communities differed between two basins, but
showed similarities between redoxcline and deeper water layers of IS samples from the
same basin. Surprisingly, these microbiological differences did not lead to strikingly
qualitative similarities in the mineral composition, although the initial step in mineral
formation, the oxidation of Fe(II) to Fe(III), is a pure microbial process at low pH. Thus,
a quantitative method was necessary to elucidate differences in the consecutive
mineralization process which is apparently more controlled by water geochemical
conditions.

Keywords: acidic lignite mine lake, iron snow, mineral quantification, Raman
spectroscopy, schwertmannite
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1. Introduction

Raman spectroscopy uses the inelastic scattered radiation by the investigated samples
to gain information about their vibrational and rotational energy levels. The energy levels
of the molecules are highly specific, therefore it is possible using Raman spectroscopy to
distinguish between molecules with very similar chemical composition or between
substances with the same chemical compositions but different crystal structures. In
contrast to other methods (XRD or magnetic techniques), Raman spectroscopy can be
successfully applied for the identification of minerals with crystals in the nanometer
range [1, 2]. In the mineralogy field, Raman spectroscopic approaches were used for the
identification of various soil components [3-5], characterization of different rocks [6-10],
discrimination between closely related minerals [11-17] or identification of minerals used
as dyes in paintings [18-21], for example. In addition, Raman imaging techniques were
applied to distribution studies of various minerals [22], or for quantification of the
amount of various minerals in different samples [4, 23].

Iron-containing minerals were widely investigated by means of Raman spectroscopy.
Various authors showed that using this spectroscopic technique discrimination between
polymorphic iron oxides, hydroxides or similar iron sulfides, for example, was achievable
[1, 2, 7, 24, 25]. Iron-rich minerals were extensively studied for their pollution or
remediation potential in acid mine drainage and other polluted sites [26-29]. However,
the mineral composition of pelagic aggregates formed in aquatic ecosystems has been
rarely studied. The particulate matter formed in lakes and oceans consists of both organic
and inorganic materials derived from a variety of sources like authigenic production by
biota, colonization by microorganisms, precipitation of inorganic minerals, fluvial and
aeolian inputs, suspension of sedimentary material, etc. [30]. Most pelagic aggregates,
named lake snow or marine snow depending on the environment where they appear, are
dominated by dead organic matter and living biomass consisting of bacteria, protozoa,
and, fungi [31]. A number of studies were devoted to the organic phase of different
pelagic particles formed in various aquatic environments [32-34]. In aquatic ecosystems
characterized by many terrestrial-aquatic coupling processes, the mineral fraction is very
important for many biological and chemical processes taking place in the water [32, 35].
However, the quantification of the inorganic phase of the pelagic particles has not been
investigated in detail.

Recently, the term iron snow (IS) was defined for specific pelagic aggregates which
are formed in lakes with opposing oxygen and Fe(Il) gradients to highlight their
predominant iron fraction [36]. Under low pH conditions, the oxidation of Fe(II) to
Fe(III), which is the first step in the iron mineral formation, is dominated by autotrophic
bacteria. In contrast to lake snow, which reach an aggregate size of more than 500 um, IS
aggregates are smaller and precipitate faster due to their higher amount of iron-containing
minerals. Thus, microbial colonization of IS aggregates has to occur rapid due their
limited residence time in the water [36]. The high surface area of the iron minerals
present in the IS will alleviate adsorption of dissolved organic compounds serving as
potential electron donor for the activity of heterotrophic microorganisms colonizing the
aggregates. Similarly, anaerobic iron-reducing microorganisms would profit, because a
high surface area allows better access to iron as alternative electron acceptor when the
aggregates reach the anoxic water layer [37]. Since the amount and type of iron-
containing minerals will drastically influence the activity of iron-reducing bacteria [38],
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not only a descriptive but also quantitative information regarding the inorganic phase of
the aggregates is required to achieve a better understanding of the biological iron-cycling
processes. By determining the relations between the mineralogy of the pelagic aggregates
and the bacterial communities, information of capital importance for a future
bioremediation attempt are obtained.

To our knowledge, the only analysis of the mineral phase of the pelagic particulate
matter was performed on the inorganic colloids from a slightly alkaline ultra-oligotrophic
lake [39, 40]. The authors used a combination of three techniques (energy dispersive X-
ray spectroscopy, selected area electron diffraction and transmission electron
microscopy) to gain semi-quantitative information about the mineral phase of the pelagic
aggregates. Different types of aluminosilicates were detected and characterized, however
problems appear in the identification of different oxides and hydroxides [40]. In addition,
a limited number of measurements were performed and the size of the particles was not
considered. Since Raman spectroscopy is a powerful technique capable to distinguish
between various oxides and hydroxides [1], we propose Raman imaging as an approach
for the quantification of various minerals which form the particulate matter of an aquatic
environment. Beside the advantage that a single method (implicit a single device) is used
for the quantification of the minerals which form the pelagic aggregates, no sample
preparation is required for the investigation of the minerals. Raman measurements can be
performed even under anoxic conditions if the sample is introduced in a glass cell
containing an inert gas, and measured thorough the glass window. Thus the
transformations which could take place when metastable components come in contact
with air can be avoided. Furthermore, the Raman mapping results are not influenced by
the size of the particles. By selecting the distance between two adjacent measurement
points equal to the laser spot and the thickness of the sample layer equal to the
penetration depth of the laser, all particles located in the scanned area are measured
during the Raman mapping. The big particles are measured at different points, and the
number of measurements is proportional to the surface area of the particle. However, a
relatively long running time is required using this spectroscopic approach for a single
Raman scan.

In this report, a semi-quantitative study has been established and carried out to
quantify the inorganic phase of pelagic aggregates formed in an acidic iron-rich mine
lake using Raman spectroscopy. In addition, the microbial communities of the aggregates
were compared using a DN A-based fingerprinting method called denaturing gradient gel
electrophoresis (DGGE) to evaluate if potential differences in the mineral composition
are reflected by differences of the microbial communities potentially involved in iron
cycling.

2. Material and methods

2.1 Site description and sampling

The acidic lignite mine lake (Lake 77) is located in the Lusatian mine area in east
central Germany. A bank on the bottom of the lake rising to about 4 m depth separates
the bottom water of the northern basin from the rest of the lake (Fig. 1). The central basin
shows a dimictic stratification scenario with typical 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 inflow of less acidic,

71




127
128
129
130
131
132
133
134
135

136
137
138
139

141
142

143

145

146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161

162
163
164
165
166
167
168
169
170
171

Fe(ID)- and sulfate- rich groundwater reaches the northern basin [36]. Sediment traps (3
plexiglas tubes with removable cups at the bottom of each tube, 5 cm diameter, 40 cm
total length) were installed for two weeks at both central and northern basins for
collecting IS formed within redoxcline and in deeper (bottom) anoxic water layer,
respectively. The sample name CR stands for central basin redoxcline, CB for central
basin bottom; NR for northern basin redoxcline and NB for northern basin bottom. Fresh
samples were collected on July 2010 and transferred to the laboratory in an ice box
before using for Raman microscopy investigation and molecular microbial community
analysis.

2.2 Lake water chemistry

Dissolved oxygen, pH, conductivity and temperature were measured over depth with
the multi-parameter water quality checker U-10 (Horiba, Japan). Water samples were
collected with a water sampler based on Ruttner design and transported at 4 °C and
processed within 24 h. Fe(II) and Fe(III) contents of water sample were measured after
acidification with 1 M HCI [41]. Sulfate concentration was measured using the barium-
chloride method [42].

2.3 Sample preparation for Raman investigations
A very thin layer of each IS was spread on the fused silica glass slide and dried at
room temperature. Raman measurements were carried out on the dried samples.

2.4 Raman setup

The Raman measurements of IS were performed with a commercial micro-Raman
setup (HR LabRam inverse system, Jobin Yvon Horiba). A frequency doubled Nd:YAG
laser at a wavelength of 532 nm was used to excite the Raman scattering. To avoid
changes in the mineral structure or composition due to heat generated by the laser, a
power of 20 uW was chosen for Raman imaging measurements. The laser beam was
focused on the sample by means of a Zeiss LD EC Epiplan-Neofluar 100x/0.75
microscope objective down to a spot diameter of approximately 1 um. The dispersive
spectrometer had an entrance slit of 100 um, a focal length of 800 mm and was equipped
with a grating of 300 lines/'mm. The Raman scattered light was detected by a Peltier
cooled CCD detector. Each Raman spectrum was collected with 40 s total integration
time. For the Raman mapping experiments, an automatically tunable x-y stage
(Merzhduser) was used. The distance between two adjacent points in the x and vy direction
was 1 um. On average, 28 scans for each location were performed. which correspond to a
total number of circa 20000 spectra. The size of a scan varied between 30X30 pum and
60X35 pm.

2.5 Data analysis of the Raman outcome

The spectra were first background corrected to minimize the effect of the
fluorescence background. The presence or absence of a mineral in the sample was
decided based on the intensity of the characteristic Raman band or the intensity ratio of
two bands (in case of ferrihydrite). The threshold value of the Raman marker band used
for the detection of the mineral was manually set for each scan. If the intensity of a
Raman band was higher or lower than the selected threshold value, then the mineral was
considered present or absent in the probe, respectively. The decision to manually select
the threshold values for all the Raman bands used for the identification of the minerals
was taken due to the high variance of the fluorescence background observed in various
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samples. The amount (in percentage) of a mineral present at a location was calculated as
the ratio between the number of spectra which presented the Raman marker band of the
mineral divided by the total number of spectra recorded on the samples from the analyzed
site.

2.6 Deoxyribonucleic acid (DNA) extraction and denaturing gradient gel
electrophoresis (DGGE) fingerprinting analysis

Total genomic DNA was directly extracted from fresh IS samples captured in the
sediment traps using the PowerSoil DNA Isolation Kit (MO BIO laboratories, USA)
according to the manufacturer’s instructions. Bacterial community was fingerprinted
using a nested-polymerase chain reaction (PCR)-DGGE approach. First, bacterial 16S
ribosomal ribonucleic acid (rRNA) genes were amplified using universal primer set 27F
(Lane, 1991) and 1492R (Loy et al. 2003). The nested amplification was then executed
with the primer EUB-341F-GC with GC-clamp (5’-CGC CCG CCG CGC CCC GCG
CCC GTC CCG CCG CCC CCG CCC GCC TAC GGG AGG CAG CAG-3’) and
reverse primer 907R (5’-CCG TCA ATT CMT TTR AGT TT-3") (Muyzer et al. 1993)
with an annealing temperature of 65 °C for 20 cycles of amplification, followed by 10
cycles with annealing temperature of 55 °C. The Taq enzyme for PCR was from Jena
Bioscience (Jena Bioscience, Germany) and other reagents were from Sigma (Sigma-
Aldrich, Germany). The PCR Thermocycling was performed with a T-Gradient cycler
(Primus 96advanced, peqLab). PCR products were separated on a polyacrylamide gel
with denature reagent concentration ranging from 20% to 70% at the consistent
temperature of 60 °C for 15 hours. The polyacrylamide gel was stained with SYBR Gold
before documentation.

3. Results and discussion

3.1 Water geochemistry

The microbial oxidation of Fe(II) to Fe(IIl) is the initial step in iron oxide formation
at low pH, however it is still unclear to which extent the subsequent mineralization is
controlled by microorganisms. Mineral formation and mineral stability is also influenced
by geochemical conditions of the surrounding water phase [27, 43]. Thus, we studied the
water chemistry to obtain a better understanding of the biogeochemical processes. The
oxic overlaying water layer showed similar characteristics in both basins with pH values
of about 3, similar sulfate and Fe(III) concentrations of about 8 mM and 2 mM,
respectively, but lacking Fe(I). In the redoxcline of the central and northern basin,
oxygen concentrations declined to 2.9 and 1.7 mg/L. whereas Fe(Il) concentrations
increased to 1.1 and 1.7 mM, respectively (Table 1). Highest pH value, sulfate and Fe(II)
concentrations were observed in the bottom water of the northern basin (Table 1) which
is affected by the inflow of less acidic iron-rich groundwater [36]. Due to the
considerable variations in pH between deeper water layers in central basin and northern
basins different mineral phases of iron oxyhydroxides were expected to be formed.
Fe(III) sedimentation rates approximate 1.5 and 1.9 g Fe m™ d” at central and northern
basin [36]. Biologically mediated transformation reactions are not likely to occur due to
the low residence time of the particles in the lake.
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3.2 Qualitative analysis of the mineral phase

Preliminary 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) showed no
difference in the mineral phases of the samples. In addition, no changes in the color of the
IS was noticed during the drying process, therefore transformation of metastable iron
sulfides (black minerals) to schwertmannite (yellow mineral) can be excluded. Because
the spectra measured in atmospheric conditions had a higher signal to noise ratio than the
spectra measured through a glass window, we decided for the further investigations to
perform Raman measurements only under oxic conditions. Therefore, all the data
presented in this contribution were measured under atmospheric conditions.

For the assignment of the Raman spectra we used an in-house constructed library.
The iron minerals were synthesized according to the methods reported by Cornell and
Schwertmann [44]. The Raman spectra of the synthesized minerals were similar with
those reported in the literature [1, 44].

In a previous study we showed that these lake snow aggregates contain high amounts
of inorganic materials [36]. The mineral phase of the investigated pelagic aggregates was
dominated by the iron-containing minerals. Fig. 2 showed the Raman spectra of various
minerals detected in the investigated IS samples and the corresponding Raman marker
bands which were used for the identification of the minerals in the Raman imaging
experiments (the grey boxes). By far, the most abundant mineral detected in the samples
was schwertmannite, an Fe(IIl) oxyhydroxysulfate (Fig. 2(a), Table 2). Schwertmannite
is a mineral which is usually formed in acidic fresh waters rich in dissolved iron and
sulfate [44]. The interaction between Fe(Ill) and (SO4)* in schwertmannite is via
hydrogen bonds. In an acidic liquid solution, the Fe cations form a complex with the
sulfates trough hydrogen bonds. These similarities of the interaction between Fe(III) and
(SO4)2' is likely the reason why schwertmannite is a common mineral of the acid mine
drainage precipitates [45]. Therefore, the dominance of schwertmannite in the IS from an
acidic lignite mine lake with a pH around 3 was not surprising. Schwertmannite is also
the dominant mineral of the upper sediment collected in the central basin [46, 47].
Schwertmannite is a stable mineral at a pH in the range of 3 to 5, however in anoxic
conditions at higher pH values and in the presence of Fe(II) cations, the stability of the
schwertmannite decrease drastically [48]. Interestingly, high amounts of schwertmannite
were detected also in the samples from the anoxic monimolimnion of the north site,
although there the pH value of the water was around 6. The Raman spectrum of
schwertmannite consists of five relatively intense bands, among them the most prominent
band at 712 cm’ served as marker band for the analysis of the distribution of
schwertmannite mineral in the samples. In the region around 700 cm™ not only
schwertmannite gives a Raman signal but also ferrihydrite (Fe,03-0.5H,0) (Fig. 2(b)).
The Raman band of ferrihydrite at circa 700 cm™ is very broad and has a low intensity
compared to the 712 ecm™ band of schwertmannite, although it is the strongest Raman
band of ferrihydrite. The Raman spectrum of schwertmannite presents also a strong
Raman signal at circa 420 em™, while ferrihydrite has no Raman band in that region.
Therefore, the ratio of the intensities of the bands at 712 cm™ and 420 cm™ (I112/L420) 18
higher for ferrihydrite than for schwertmannite. On the basis of the intensity ratio of the
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above mentioned bands, we were able to identify and distinguish ferrihydrite and
schwertmannite in the Raman maps.

Another Fe(IlI)-mineral identified in the samples from the transition zone of the north
site was hematite (a-Fe,O3) (Fig. 2(c)). The Raman spectrum of hematite can be
distinguished easily from the spectra of other minerals by the strong Raman signal at
approximate 1314 cm’, which was thus used as a marker band for the presence of
hematite in the samples. Fig. 2(d) shows the Raman spectrum of goethite, an iron
oxyhydroxide (a-FeOOH). The characteristic Raman band of this mineral used in this
study is located at 391 em™. The goethite mineral was detected only in the anoxic
samples from the north site where the pH of the water is around 6. The formation of
goethite at this site can be connected to the mineral transformation from schwertmannite
at higher pH [44].

Not only iron-containing minerals were detected by means of Raman spectroscopy in
the IS samples. Quartz (SiO;) was detected in three locations (Table 2). The typical
Raman band for this mineral is located at 464 cm™. Titanium dioxide (rutile and anatase),
gypsum (CaSO42H,0), barite (BaSO4) and graphite (C) were also detected. The
presence of graphite in relatively high amounts in all the samples was expected since the
samples were obtained from a lignite mine lake.

Interestingly, no iron mineral in the 2* oxidation state was detected in the samples,
although the Raman technique has been successfully used in the past for the identification
of various Fe(Il)-minerals like siderite (FeCOj;), magnetite (Fe;Os), pyrite (FeS,), or
vivianite (Fe3(PO4),'8H,0) in earlier studies [1, 23, 49]. Hypothetically speaking, if iron
sulfides (pyrrhotite (Feq.xS), mackinawite (Fe, Ni)Soo or greigite (FesSy), for example)
were part of the IS, elemental sulfur and iron oxyhydroxide (goethite, ferrihydrite and/or
lepidocrocite (y-FeOOH)) should be present in the samples after the air drying process, as
end products of the aerobic oxidation [50-52]. No elemental sulfur was detected in IS,
hence the presence of ferrous sulfides in the pelagic aggregates is highly unlikely.
Therefore it could be concluded that Fe(Il) ions might be found in water as soluble iron
and/or forming complexes with the organic matter.

In our previous measurements, small amount of jarosite (KFe3;(OH)s(SO4),) was
detected in the IS from central basin [36]. However, no jarosite was found in this study.
This could be due to the sampling variation or different sampling time, or the jarosite was
formed only under some known specific conditions from schwertmannite [53], and/or
might be present in the IS in very small amounts, below the Raman detection limit.

The pelagic aggregates are of great importance for the transformation and cycling of
the elements in the aquatic ecosystem [32]. Being rich in inorganic and organic nutrients,
the aggregates are important sites for adsorption and desorption of soluble compounds
and for biological processes which take place in the water [31]. To understand the
dynamic processes which take place in this aquatic environment, a quantitative analysis
of the aggregates is required.

3.3 Quantitative analysis of the inorganic phase

To quantify the amounts of minerals presented in the IS, Raman imaging was used.
Fig. 3 displays the analysis of the Raman map of a sample collected from the anoxic layer
of the northern basin. Fig. 3(A) shows the brightfield image of an IS sample where the
box mark the region which was scanned by means of Raman spectroscopy. Three
minerals were detected in this investigated sampling field: schwertmannite, graphite and
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above mentioned bands, we were able to identify and distinguish ferrihydrite and
schwertmannite in the Raman maps.

Another Fe(IlI)-mineral identified in the samples from the transition zone of the north
site was hematite (a-Fe,O3) (Fig. 2(c)). The Raman spectrum of hematite can be
distinguished easily from the spectra of other minerals by the strong Raman signal at
approximate 1314 cm’, which was thus used as a marker band for the presence of
hematite in the samples. Fig. 2(d) shows the Raman spectrum of goethite, an iron
oxyhydroxide (a-FeOOH). The characteristic Raman band of this mineral used in this
study is located at 391 em™. The goethite mineral was detected only in the anoxic
samples from the north site where the pH of the water is around 6. The formation of
goethite at this site can be connected to the mineral transformation from schwertmannite
at higher pH [44].

Not only iron-containing minerals were detected by means of Raman spectroscopy in
the IS samples. Quartz (SiO;) was detected in three locations (Table 2). The typical
Raman band for this mineral is located at 464 cm™. Titanium dioxide (rutile and anatase),
gypsum (CaSO42H,0), barite (BaSO4) and graphite (C) were also detected. The
presence of graphite in relatively high amounts in all the samples was expected since the
samples were obtained from a lignite mine lake.

Interestingly, no iron mineral in the 2* oxidation state was detected in the samples,
although the Raman technique has been successfully used in the past for the identification
of various Fe(Il)-minerals like siderite (FeCOj;), magnetite (Fe;Os), pyrite (FeS,), or
vivianite (Fe3(PO4),'8H,0) in earlier studies [1, 23, 49]. Hypothetically speaking, if iron
sulfides (pyrrhotite (Feq.xS), mackinawite (Fe, Ni)Soo or greigite (FesSy), for example)
were part of the IS, elemental sulfur and iron oxyhydroxide (goethite, ferrihydrite and/or
lepidocrocite (y-FeOOH)) should be present in the samples after the air drying process, as
end products of the aerobic oxidation [50-52]. No elemental sulfur was detected in IS,
hence the presence of ferrous sulfides in the pelagic aggregates is highly unlikely.
Therefore it could be concluded that Fe(Il) ions might be found in water as soluble iron
and/or forming complexes with the organic matter.

In our previous measurements, small amount of jarosite (KFe3;(OH)s(SO4),) was
detected in the IS from central basin [36]. However, no jarosite was found in this study.
This could be due to the sampling variation or different sampling time, or the jarosite was
formed only under some known specific conditions from schwertmannite [53], and/or
might be present in the IS in very small amounts, below the Raman detection limit.

The pelagic aggregates are of great importance for the transformation and cycling of
the elements in the aquatic ecosystem [32]. Being rich in inorganic and organic nutrients,
the aggregates are important sites for adsorption and desorption of soluble compounds
and for biological processes which take place in the water [31]. To understand the
dynamic processes which take place in this aquatic environment, a quantitative analysis
of the aggregates is required.

3.3 Quantitative analysis of the inorganic phase

To quantify the amounts of minerals presented in the IS, Raman imaging was used.
Fig. 3 displays the analysis of the Raman map of a sample collected from the anoxic layer
of the northern basin. Fig. 3(A) shows the brightfield image of an IS sample where the
box mark the region which was scanned by means of Raman spectroscopy. Three
minerals were detected in this investigated sampling field: schwertmannite, graphite and
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quartz. The distribution of schwertmannite is presented in Fig. 3(B), where the light grey
pixels represent the spots where the mineral is present while the black pixels show the
regions where schwertmannite is absent. Similarly, the distribution of graphite and quartz
are presented in Fig. 3(C) and Fig. 3(D), respectively. The false color images presented in
Fig. 3 clearly show that the main mineral in the investigated sample is schwertmannite
while graphite and quartz are presented only in minor amounts. Since the sample was
spread on the fused silica slide in a thin and relatively uniform layer, the amount of
various minerals within the sample was directly proportional to the surface region of the
sample where the respective minerals were detected. The surface region of a mineral in a
Raman map is proportional with the number of measured spots (pixels) where that
mineral is identified. Therefore, by counting the number of spots where each mineral was
detected, quantitative information could be obtained regarding to the minerals present in
the sample. Subsequently, an overview over the quantities of different minerals present in
the collected samples was able to be gained, by performing multiple scans on the IS
samples.

The possibility of ferrihydrite and schwertmannite to be present in the same aggregate
was also considered. As we already mentioned, to distinguish between schwertammnite
and ferrihydrite the intensity ratio of the 712 and 420 cm’! bands was used. If (In2/1azo) of
a Raman spectrum was smaller than 2:(I712/lszo) of the reference spectrum of
schwertmannite, the Raman spectrum was assigned as a schwertmannite spectrum. If
(I12/1420) of a Raman spectrum was higher than 0.5:(I712/Ls20) of the reference spectrum of
ferrihydrite, the Raman spectrum was assigned as a ferrihydrite spectrum. In case the
(I12/1420) value of a Raman spectrum was between the above mentioned thresholds, the
Raman spectrum was considered to contain information from both schwertmannite and
ferrihydrite.

We considered our approach semi-quantitative because the variation in Raman
scattering efficiency of different minerals was not taken into account. In addition, errors
appear in the quantification process due to the fact that a pure mineral spectrum is
considered to have the same weight as a mixed spectrum. The error is associated with the
fact that the amount of a specific mineral which give a pure Raman spectrum is higher
than the amount of a mineral which has a contribution in a mixed spectrum. However, in
our experiment the number of mixed spectra is very low, therefore in this case the
outcome is expected to be only slightly affected by errors.

A summary of the minerals detected in the IS are shown in Table 2. Fe(IlI)-minerals
dominate the inorganic phase of the aggregates. In all four IS samples, the main
components of the pelagic aggregates were schwertmannite and graphite. As the IS
originates from a lignite coal mine, the presence of graphite in all the samples was
expected. Ferrihydrite was detected in CB, NR and NB samples in extreme low
concentration (<1%). Goethite was found only in the sample NB (1%), where the bulk
water pH was 5.9. Previous studies have shown that the transformation rate of
schwertmannite to goethite increase markedly at circumneutral pH values in the presence
of soluble Fe(Il) and absence of oxygen [48]. The transformation rate is highly enhanced
by the sorption of Fe(Il) on the surface of schwertmannite. Therefore, the low amount of
gocethite detected in the NB sample could be explained by a low number of sorption sites
on the surface of schwertmannite. This imply that either other cations and organic matter
blocked the dissolution sites of the schwertmannite in the IS samples or that the cations
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and organic matter prevent the polymerization of thermodynamically stable, crystalline
ferric minerals [54]. Actually, the large majority of the Raman spectra collected from NB
exhibit two small broad bands assigned to the C-C stretching vibrations of the aromatic
compounds [55]. Apparently organic matter covered a large surface of the
schwertmannite and in this way hindered the sorption of Fe(II) on the IS. The outcome is
in concordance with the results reported by Collins and coworkers, who showed that
silicate and natural organic matter retard the Fe(II)-catalyzed minerals transformation
[56].

Hematite was identified only in the NR sample (3%). The presence of hematite in
those samples is surprisingly since at a pH of 3 and a temperature of circa 10 °C, goethite
and not hematite should be the most stable form of Fe(Il)-containing minerals [43]. In
addition, a small amount of titanium dioxide was also detected in the northern basin.

The quantification results offered us a nice picture over the iron minerals from IS.
Similar mineral compositions were observed between IS samples from the same basin,
whereas obvious differences were also noticed between basins, mentioning the content of
schwertmannite and graphite. The higher mineral diversity from the northern basin was
probably caused by the seepage water inflow from the northeastern mine tailing dump
area. As to the organic part, the microbial communities were also investigated. For this
purpose we used DGGE.

3.4 Bacterial communities

The microbial community composition is always affected by the geochemical
conditions of its habitat, especially by the oxygen content and the pH. Microbial Fe(II)
oxidation can be mediated in a broad pH range (0 to 8) and can occur under oxic,
microoxic and anoxic conditions. Since chemical Fe (II) oxidation is completely inhibited
at pH values below 4.2 [57], acidophilic or at least acid tolerant iron oxidizing bacteria
are responsible for the initial step in iron oxyhydroxides mineral formation [58, 59]. PCR
products obtained from IS particles sampled form the central basin (CR and CB)
produced similar DGGE patterns indicating similar microbial communities, although
some differences were observed at the upper part of the gel-lane (Fig. 4). Fingerprints of
IS particle samples of the northern basin (NR and NB) were identical to each other,
suggesting high similarities between these two samples. Thus, the stronger pH and Fe(II)
concentration gradients observed in the redoxcline of the northern basin did not affect
apparently the IS microbial community composition which suggested the majority
microorganisms being metabolically active over the broad pH. In contrast, communities
of IS particles sampled in the central and in the northern basin were dissimilar based on
differences of the signal-intensive bands on a respective DGGE gel lane which should be
indicative of abundant microorganisms in each sample. Earlier studies suggest that
acidophilic Ferrovum spp. and Chlorobia-related bacteria are present in the central basin,
whereas neutrophilic Sideroxydans spp. dominate the northern basin (Reiche et al. 2011).
The distinctive microbial communities detected in northern and central IS samples could
have affected iron oxyhydroxides formation, the subsequent mineral colonization by
several groups of microorganisms preferring a solid surface, and the microbial reduction
of Fe(III) back to Fe(II) which can occur under anoxic conditions.

3.5 Mineral-microbe interaction
The microorganisms are the main force which drives the formation of iron minerals
under acidic conditions [60]. The majority of the iron minerals of the IS had high surface
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area and poor crystalline. These properties make them attractive for microbial and abiotic
processes [46, 60]. Schwertmannite has been observed in numerous acidic mine drainage
systems all over the world. The high stability of schwertmannite at pH values higher than
5, in the presence of Fe(II) might be due to the presence of natural organic matter (e.g.
humic substances, exopolysaccharide excretion by biofilm bacteria) in this aquatic
environment.

Hematite was detected only in the redoxcline of the northern basin but not in the
deeper anoxic water. This absence of hematite in the anoxic water layer could be due to
enhanced activity of Fe(Ill)-reducing bacteria, the reduction taking place before reaching
the bottom of the lake, since hematite was shown to be bio-reducible at circum-neutral
pH[61].

Ferrihydrite is widespread in many natural environments and it is used by a number
of Fe(Ill)-reducing bacteria as electron acceptor or it is produced by other Fe(ID)-
oxidizing microorganisms at circum-neutral pH conditions [60]. Previous studies have
shown that ferrihydrite appears mostly at a pH above 5 [27]. The detection of
ferrrihydrite in more acidic IS samples suggest that and it can be also formed by
acidophilic or at least acid tolerant microorganisms.

The aggregation of organic matter, inorganic matter, and, microorganisms to form
sinking snow particles plays a major part in aquatic ecosystems [62]. The high hydrolytic
enzyme activities of bacteria convert the aggregate organic matter into non-sinking
dissolved organic matter (DOM), forming plumes in the ocean. However, formation of
DOM plumes might not occur with IS due to its higher inorganic fraction leading to a
higher sinking velocity [36]. Nonetheless, the intensely colonized aggregates create hot
spots of microbial life having substantial roles in the cycling of iron in the acidic lignite
mine lake. With the means of Raman spectroscopy which is able to reveal slight
quantitative differences in the inorganic phase, we were able to obtain a deeper
understanding on sophisticated microbe-mineral interactions in this aquatic habitat.

4. Conclusions

Raman spectroscopy was applied successfully for the quantification of the mineral
phase of pelagic aggregates formed in an acidic iron- and sulfate-rich aquatic
environment. Discrimination between minerals composed by nanocrystals (e.g.,
schwertmannite and ferrihydrite) or between closely related minerals (e.g., goethite and
hematite) was doable using Raman spectroscopy. Schwertmannite was the main mineral
in all aggregates regardless of the pH in the niche environment and differences in the
bacterial communities inhabiting this aggregate. Although substantial differences in the
microbial communities of the investigated sites were detected, only small variations of
the mineral phase of the Iron Snow were revealed by Raman imaging. The outcome
suggests that the formation of the mineral phase of the IS was mainly dictated by the
geochemical conditions of the aquatic environment, despite the fact that microbial
communities were actively involved in the initiation of iron mineral formation.
Therefore, the implications of these findings should be considered before any attempt of
bioremediation performed on similar polluted ecosystems.
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Tables

Table 1: Geochemical parameters were measured in water samples obtained from the
redoxcline and the deeper, anoxic bottom water layer of the central and the northern basin
of lignite mine Lake 77, from where the Iron Snow samples were obtained. CR strands
for central redoxcline, while CB for central bottom, NR for northern redoxcline, NB for

northern bottom.

depth pH  oxygencontent sulfate Fe(Il) Fe(Ill)* conductivity  temperature
[m] [mg/1] [mm] [mm] [mm] [ms/cm] [°C]
CR 39 33 2.9 83 1.1 23 2.0 16.0
CB 6.0 35 0 10.3 6.9 0.3 2.1 10.0
NR 38 33 1.7 8.2 1.7 1.9 2.0 15.5
NB 6.0 5.9 0 154 20.0 0.0 3.0 113

? Fe(IIT) concentrations were measured from the water phases without IS particles included.
® All data were obtained from the day the sediment traps were placed into the lake.

Table 2: The abundance of various minerals detected in Iron Snow samples at survey

sites given by Raman spectroscopy.

schwertmannite goethite ferrihydrite hematite graphite quartz gypsum barite ;ﬁ::;/se
CR 97% nd? nd. nd. 2% nd. nd. nd  <1%
CB 96% n.d <1% n.d. 3% <1% n.d. n.d. n.d.
NR 90% nd. <1% 3% 5% <1% n.d. nd  <1%
NB 88% 1% <1% n.d. 5% <1% 1% 2%  <1%

*n.d., not detected.
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Figure Legends

Fig. 1: Schematically representation of acidic lignite mine Lake 77 with stratification
scenario during summer season when the Iron Snow (IS) samples were collected.

Fig. 2: Raman spectra of a — schwertmannite, b — ferrihydrite, ¢ — hematite, d — goethite,
and e — quartz. The grey boxes show the regions of the Raman marker bands used for the
quantification of various minerals in the sample.

Fig. 3: A - The brightfield image of a sample from northern basin bottom layer. The
rectangle shows the region where Raman maps were performed. The spatial distribution
of schwertmannite (B), graphite (C) and quartz (D) in the sample is illustrated by the
false color images. The light grey pixels present the positions where the investigated
mineral was detected, while black pixels show the regions where the mineral was not
found. The pixel length represents the distance between two adjacent measurement points
and is equal to 1 um.

Fig. 4: Denaturing gradient gel electrophoresis (DGGE) patterns showing diverse
bacterial communities of Iron Snow samples from central redoxcline (CR); central
bottom (CB); northern redoxcline (NR); northern bottom (NB) of acidic lignite mine
Lake 77.
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